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Where is the New Physics?
•Particle Physics is in an interesting cross roads.  

•The LHC is wildly successful and has established the 
Higgs as the primary agent of Electroweak Symmetry-
Breaking.  

•But now the SM does an exquisite job of describing all of 
its data, with deviations largely at the level one would 
expect from an instrument with such a large dynamic 
range of measurements.

• Some people respond to this situation with angst or 
ennui.  

• I don’t really understand this perspective.

• I am reminded that my favorite crystal ball is the one by 
MC Escher to the right.  It reminds me that sometimes 
predicting the future is more about who we are 
ourselves, than what is likely to happen.



New Physics is all around us!
(We’ve been hearing about it all week!)
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Where is the New Physics?

Traditional techniques for predicting physics beyond the Standard Model include: reading tea leaves, 
meditating, casting rune stones, drawing tarot cards, gazing into crystal balls, and (even) talking to 

particle theorists!
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Neutrino Masses
• The observation of neutrino oscillations is clear 

evidence of BSM physics.  All evidence points to 
these oscillations as arising from non-zero 
neutrino masses.

• The SM predicts that neutrino masses are zero.

• Current measurements allow for two 
‘hierarchies’ of masses, with measurements of 
the 12 and 23 mixings.

• There are measurements of the mass 
differences, all three of the real oscillation angles, 
and mild hints that the CP-violating phase is 
large.

• The over-all mass scale, and the ordering of the 
neutrinos remains unknown.

• The main question for BSM physics is how to 
extend the SM to include them, and why they 
display the flavor patterns that we observe.
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Figure 7. Global 3⌫ oscillation analysis. Each panel shows the two-dimensional projection of the
allowed six-dimensional region after minimization with respect to the undisplayed parameters. The
regions in the four lower panels are obtained from ��2 minimized with respect to the mass ordering.
The di↵erent contours correspond to 1�, 90%, 2�, 99%, 3� CL (2 dof). Colored regions (black
contour curves) are without (with) adding the tabulated SK-atm ��2. Note that as atmospheric
mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.
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The νSM?
• From a low energy perspective, there are two possibilities:

• The first is to introduce right-handed partners for the neutrinos (n), and write down Yukawa 
interactions just like we did for the rest of the SM fermions:

• Replacing the Higgs by its VEV results in Dirac neutrino masses :  mν ~  Y v.

• A second option is to invoke a non-renormalizable interactions.  For example, at dimension-5:

• These operators are the unique dimension 5 additions to the SM (e.g. in the SMEFT), often 
referred to as the `Weinberg operator’, and lead to Majorana neutrino masses.  Replacing the 
Higgses by their VEVs, we get the `see-saw’ formula:       mν ~  v2 / Λ.

• The fact that there are two broad categories of solution is part of the reason why we haven’t 
absorbed neutrino masses into some kind of redefined SM to include them.
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UV Completions
• There are many ways to UV-complete the Weinberg operator:

• We can generate it by integrating out a gauge singlet fermion (RH neutrino):

• We can generate it by integrating out an SU(2)-triplet Higgs-like field:

• There are others ways, such as for example via loop diagrams.
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Future Long Baseline
• There are vigorous upcoming programs to 

pin down the remaining unknowns in the 
oscillation parameters, centered in the US 
and Japan.

• These experiments will eventually 
measure every parameter, but will not 
significantly over-constrain the PMNS 
matrix. 

• It seems unlikely that oscillation data will 
be able to determine the UV physics.

• Colliders could potentially produce right-
handed neutrinos or triplet Higgses, but 
these particles could also be heavy  
enough to be far beyond their reach.

• Sterile neutrinos could be dark matter, in 
a narrow window of mass around ~ keV.

DUNE physics for P540

When will CP violation be 
established?

● DUNE can establish CP violation at 3σ in 4 years (if δCP 

= 90°), or 6 years (δCP = 45°), or 14 years (if δCP = 22°), 

or establish that CP is not violated (if δCP = 0°)

● DUNE can establish CP violation at 5σ in 7 years (if δCP 

= 90°), or 10 years (δCP = 45°), or ~16 years (if δCP = 30°)

● With current T2K systematics, and assuming that J-PARC 
turns on at full power, Hyper-K can establish CP 
violation at 3σ in 1 year (if δCP = 90°), or 2 years (δCP = 

45°), becoming systematically limited around δCP = 30°

● With “improved” systematics, 3σ reach goes out to ~24°

● For 5σ, depending on systematics Hyper-K can establish 
CP violation for δCP = 45° between 6-13 years, and 

becomes limited between 35-45°

● Hyper-K reach assumes that the mass ordering is 
determined externally
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High Energy Neutrinos

• High energy neutrinos offer an 
interesting opportunity to test 
whether oscillations work the same at 
high energies as they do at the ~GeV 
energies where neutrino beams 
operate.
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Figure 5-23. Measurements of sin2(✓23) and �m
2
32 with the IceCube Upgrade (inner fiducial volume)

comparing with long-baseline neutrino oscillation facilities and other Cherenkov detectors. From the CF7
report [7].

5.7 Exploring the Unknown: New Particles, New Fields, New
Principles of Nature

5.7.1 Dark Radiation

Dark radiation can be observed in various cosmological epochs while it is still relativistic, before its kinetic
energy redshifts away. Within the Standard Model (SM), neutrinos form an important component of
dark radiation, and constraints from their impact on the cosmic evolution at the epochs of Big Bang
Nucleosynthesis and the CMB provide powerful constraints on the number of neutrino species, typically
reported as Ne↵ , the “e↵ective number of neutrinos”. In addition, determinations of the dark radiation
content of the Universe provide unique opportunities to search for particles produced in the early universe,
even when such particles are extremely weakly interacting with the SM. A few well-motivated examples
include light particles invoked by models that aim to explain the physics of a dark sector, address the strong
CP problem, solve the weak hierarchy problem, account for short baseline neutrino anomalies, and/or models
of warm inflation.

Figure 5-24 shows the current measurement of �Ne↵ , and future prospects from operation of the Simons
Observatory and CMB-S4, via temperature and polarization measurements on small angular scales over a
large fraction of the sky. The projections indicate the contribution to �Ne↵ from a single species of one
of three di↵erent types of relic particles (Goldstone or vector bosons and Weyl fermions) for a particle
which was initially in chemical equilibrium with the SM plasma, but whose interactions decoupled at freeze-
out temperature TF . Current observations constrain �Ne↵ < 0.3 (at 95% c.l.), which probes individual
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Neutrino Masses
• Kinematic experiments attempt to 

infer the absolute scale of the neutrino 
mass by measuring the endpoint in 
beta decays.

• Cosmological bounds based on the 
number of light degrees of freedom in 
the Universe reach similar sensitivity.

• Neutrinoless double-beta decay 
experiments look for a signature that 
exists if neutrinos are Majorana, but 
would be forbidden from taking place if 
they are Dirac.

Kinematic neutrino mass approaches
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Precision SM & Beyond
• There is enormous progress in 

understanding the SM at LHC energies, 
and how to parameterize deviations.

• There is a beautiful dance between the 
exquisitely precise experimental 
results and advances in theoretical 
predictions.

• For example, the SMEFT provides a 
language to search for any small 
deviation in a SM observable induced 
by heavy new physics.

• We’re finally entering an era in which 
we can systematically explore its 
effects via inclusive fits.

• New ideas suggest even more general 
observables!

38 Energy Frontier

Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Table 1-10. Summary of the Les Houches precision wish-list for hadron colliders [154]. HTL stands for
calculations in heavy top limit, VBF* stands for structure function approximation.

process known desired

pp ! h N3LOHTL, N2LO(t)

QCD
, N(1,1)LO(HTL)

QCD⌦EW
N4LOHTL (incl.), N2LO(b,c)

QCD

pp ! h + j N2LOHTL, NLOQCD, N(1,1)LOQCD⌦EW N2LOHTL ⌦ NLOQCD + NLOEW

pp ! h + 2j NLOHTL ⌦ LOQCD N2LOHTL ⌦ NLOQCD + NLOEW,

N3LO(VBF
⇤
)

QCD
(incl.), N2LO(VBF

⇤
)

QCD
, NLO(VBF)

EW
N2LO(VBF)

QCD

pp ! h + 3j NLOHTL, NLO(VBF)

QCD
NLOQCD + NLOEW

pp ! V h N2LOQCD + NLOEW, NLO(t,b)

gg!HZ

pp ! V h + j N2LOQCD N2LOQCD + NLOEW

pp ! hh N3LOHTL ⌦ NLOQCD NLOEW

pp ! h + tt NLOQCD + NLOEW, N2LOQCD (o↵-diag.) N2LOQCD

pp ! h + t/t NLOQCD N2LOQCD, NLOQCD + NLOEW

pp ! V N3LOQCD, N(1,1)LOQCD⌦EW, NLOEW N3LOQCD + N(1,1)LOQCD⌦EW, N2LOEW

pp ! V V
0 N2LOQCD + NLOEW , + NLOQCD (gg) NLOQCD (gg,massive loops)

pp ! V + j N2LOQCD + NLOEW hadronic decays

pp ! V + 2j NLOQCD + NLOEW , NLOEW N2LOQCD

pp ! V + bb NLOQCD N2LOQCD + NLOEW

pp ! V V
0 + 1j NLOQCD + NLOEW N2LOQCD

pp ! V V
0 + 2j NLOQCD (QCD), NLOQCD + NLOEW (EW) Full NLOQCD + NLOEW

pp ! W
+
W

+ + 2j Full NLOQCD + NLOEW

pp ! W
+
W

� + 2j NLOQCD + NLOEW (EW component)

pp ! W
+
Z + 2j NLOQCD + NLOEW (EW component)

pp ! ZZ + 2j Full NLOQCD + NLOEW

pp ! V V
0
V

00 NLOQCD, NLOEW (w/o decays) NLOQCD + NLOEW

pp ! W
±
W

+
W

� NLOQCD + NLOEW

pp ! �� N2LOQCD + NLOEW N3LOQCD

pp ! � + j N2LOQCD + NLOEW N3LOQCD

pp ! �� + j N2LOQCD + NLOEW, + NLOQCD (gg channel)

pp ! ��� N2LOQCD N2LOQCD + NLOEW

pp ! 2 jets N2LOQCD, NLOQCD + NLOEW N3LOQCD + NLOEW

pp ! 3 jets N2LOQCD + NLOEW

pp ! tt

N2LOQCD (w/ decays)+ NLOEW (w/o decays)

NLOQCD + NLOEW (w/ decays, o↵-shell e↵ects)

N2LOQCD

N3LOQCD

pp ! tt + j
NLOQCD (w/ decays, o↵-shell e↵ects)

NLOEW (w/o decays)
N2LOQCD + NLOEW (w/ decays)

pp ! tt + 2j NLOQCD (w/o decays) NLOQCD + NLOEW (w/ decays)

pp ! tt + Z
NLOQCD + NLOEW (w/o decays)

NLOQCD (w/ decays, o↵-shell e↵ects)
N2LOQCD + NLOEW (w/ decays)

pp ! tt + W NLOQCD + NLOEW (w/ decays, o↵-shell e↵ects) N2LOQCD + NLOEW (w/ decays)

pp ! t/t
N2LOQCD*(w/ decays)

NLOEW (w/o decays)
N2LOQCD + NLOEW (w/ decays)

pp ! tZj NLOQCD + NLOEW (w/ decays) N2LOQCD + NLOEW (w/o decays)
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38 Energy Frontier

Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Table 1-10. Summary of the Les Houches precision wish-list for hadron colliders [154]. HTL stands for
calculations in heavy top limit, VBF* stands for structure function approximation.

process known desired

pp ! h N3LOHTL, N2LO(t)

QCD
, N(1,1)LO(HTL)

QCD⌦EW
N4LOHTL (incl.), N2LO(b,c)

QCD

pp ! h + j N2LOHTL, NLOQCD, N(1,1)LOQCD⌦EW N2LOHTL ⌦ NLOQCD + NLOEW

pp ! h + 2j NLOHTL ⌦ LOQCD N2LOHTL ⌦ NLOQCD + NLOEW,

N3LO(VBF
⇤
)

QCD
(incl.), N2LO(VBF

⇤
)

QCD
, NLO(VBF)

EW
N2LO(VBF)

QCD

pp ! h + 3j NLOHTL, NLO(VBF)

QCD
NLOQCD + NLOEW

pp ! V h N2LOQCD + NLOEW, NLO(t,b)

gg!HZ

pp ! V h + j N2LOQCD N2LOQCD + NLOEW

pp ! hh N3LOHTL ⌦ NLOQCD NLOEW

pp ! h + tt NLOQCD + NLOEW, N2LOQCD (o↵-diag.) N2LOQCD

pp ! h + t/t NLOQCD N2LOQCD, NLOQCD + NLOEW

pp ! V N3LOQCD, N(1,1)LOQCD⌦EW, NLOEW N3LOQCD + N(1,1)LOQCD⌦EW, N2LOEW

pp ! V V
0 N2LOQCD + NLOEW , + NLOQCD (gg) NLOQCD (gg,massive loops)

pp ! V + j N2LOQCD + NLOEW hadronic decays

pp ! V + 2j NLOQCD + NLOEW , NLOEW N2LOQCD

pp ! V + bb NLOQCD N2LOQCD + NLOEW

pp ! V V
0 + 1j NLOQCD + NLOEW N2LOQCD

pp ! V V
0 + 2j NLOQCD (QCD), NLOQCD + NLOEW (EW) Full NLOQCD + NLOEW

pp ! W
+
W

+ + 2j Full NLOQCD + NLOEW

pp ! W
+
W

� + 2j NLOQCD + NLOEW (EW component)

pp ! W
+
Z + 2j NLOQCD + NLOEW (EW component)

pp ! ZZ + 2j Full NLOQCD + NLOEW

pp ! V V
0
V

00 NLOQCD, NLOEW (w/o decays) NLOQCD + NLOEW

pp ! W
±
W

+
W

� NLOQCD + NLOEW

pp ! �� N2LOQCD + NLOEW N3LOQCD

pp ! � + j N2LOQCD + NLOEW N3LOQCD

pp ! �� + j N2LOQCD + NLOEW, + NLOQCD (gg channel)

pp ! ��� N2LOQCD N2LOQCD + NLOEW

pp ! 2 jets N2LOQCD, NLOQCD + NLOEW N3LOQCD + NLOEW

pp ! 3 jets N2LOQCD + NLOEW

pp ! tt

N2LOQCD (w/ decays)+ NLOEW (w/o decays)

NLOQCD + NLOEW (w/ decays, o↵-shell e↵ects)

N2LOQCD

N3LOQCD

pp ! tt + j
NLOQCD (w/ decays, o↵-shell e↵ects)

NLOEW (w/o decays)
N2LOQCD + NLOEW (w/ decays)

pp ! tt + 2j NLOQCD (w/o decays) NLOQCD + NLOEW (w/ decays)

pp ! tt + Z
NLOQCD + NLOEW (w/o decays)

NLOQCD (w/ decays, o↵-shell e↵ects)
N2LOQCD + NLOEW (w/ decays)

pp ! tt + W NLOQCD + NLOEW (w/ decays, o↵-shell e↵ects) N2LOQCD + NLOEW (w/ decays)

pp ! t/t
N2LOQCD*(w/ decays)

NLOEW (w/o decays)
N2LOQCD + NLOEW (w/ decays)

pp ! tZj NLOQCD + NLOEW (w/ decays) N2LOQCD + NLOEW (w/o decays)
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Precision SM & Beyond
• There is enormous progress in 

understanding the SM at LHC energies, 
and how to parameterize deviations.

• There is a beautiful dance between the 
exquisitely precise experimental 
results and advances in theoretical 
predictions.

• For example, the SMEFT provides a 
language to search for any small 
deviation in a SM observable induced 
by heavy new physics.

• We’re finally entering an era in which 
we can systematically explore its 
effects via inclusive fits.

• New ideas can suggest even more 
general observables!

HIGGS THEORY:  GENERAL AMPLITUDES 
FOR HIGGS AT COLLIDERS 

SPENCER CHANG (U. OREGON) 
RECONTRES DE BLOIS 15/05/23 

BASED ON 2212.06215 (W/ CHEN, LIU, & LUTY) AND 2304.06063 (W/ BRADSHAW) 
SEE ALSO DURIEUX ET.AL. (1909.10551,2008.09652),  

MA ET.AL. (2211.16515, 2301.11349)

can be written in terms of the masses of the particles, while for 4-point functions these can

be written in terms of the Mandelstam variables s and t and the masses of the SM particles.

An example of a BSM correction to an on-shell 4-point amplitude is

�M(f1f̄2 ! Z3h4) =
chZf̄f

1

v
(ūL2/✏

⇤
3
uL1)


1 + ↵1

s

M2
+ �1

t

M2
+O(E4/M4)

�

+ i
chZf̄f

9

2v3
✏µ⌫⇢�(ūL2�

µuL1)(p1 � p2)
⌫(p⇢

3
✏� ⇤
3

� p�
3
✏⇢ ⇤
3
)


1 + ↵9

s

M2
+ �9

t

M2
+O(E4/M4)

�
+ · · ·

(1.2)

where the numbering scheme matches the convention in the later table. Here, the first term

in each line defines the ‘primary’ vertex, while the infinite series in Mandelstam variables

are the ‘descendants.’ Although the choice of primary operators is not unique, any choice

defines a basis for the same linear space of on-shell amplitudes.

We now consider the relative importance of the various terms above for low-energy ex-

periments. The couplings c1 and c9 depend on the couplings of the heavy particles to the SM

fields, as well as the mass scale M of the new physics. However, very generally, we expect

that the coe�cients ↵1,9 and �1,9 will be of order unity. The reason is that the higher order

terms in the expansion in Mandelstam variables probes the kinematic corrections to the am-

plitudes coming from the momentum expansion of heavy propagators, as in Eq. (1.1). This

tells us that we expect that we can neglect the e↵ects proportional to ↵1 and �1 compared

to the term proportianal to c1, but this argument gives us no information about whether c1
is expected to give larger e↵ects than c9. The second operator has a higher mass dimension

than the first, but the coe�cient c1 may be suppressed compared to c9 due to the structure

of the couplings of the new physics to the SM fields.

The primary e↵ective operators that correspond to Eq. (1.2) are given by

�L ⇠ chZf̄f

1

v
hZµf̄L�

µfL + i
chZf̄f

9

v3
h eZµ⌫

�
 ̄L�

µ
$
@ ⌫ L

�
+ · · · (1.3)

Note that the operators are written in terms of physical mass eigenstate fields, as in HEFT.

Although there is no a priori limit on the dimensionality of the primary operators, there are

finitely many such operators that are relevant for collider searches, because such searches

are only sensitive to 3- and 4-point functions. Therefore, we only need to consider functions

with up to 4 fields, and the expansion in derivatives is truncated if we drop the descendants.1

The result is that there is a finite basis of primary operators relevant for collider searches.

The argument that primary operators dominate over descendants can fail if the fun-

damental physics has special features that suppress the primary operators, but not their

1Note that the derivative expansion is in general ill-defined until an operator basis is specified, since

the equations of motion (field redefinitions) relate operators with di↵erent numbers of derivatives. We are

defining the derivative expansion using the correspondence with on-shell amplitudes.

3

Spencer Chang
Blois 2023



A Future Collider?
• The LHC will continue to provide 

even more information about the 
Higgs and BSM physics, but there 
are great reasons to eventually go 
beyond its capabilities.

• Higher precision would allow us to 
probe loop level modifications of 
the Higgs couplings, and is a clear 
milestone to reach for BSM physics.

• Higher energy would allow direct 
searches for more massive states 
under controlled environments.

• While any such facility is obviously 
rather far away, NOW is the time 
to explore and do the R&D that 
will pave the way for the future!

92 EF Appendix

A.3 Timelines and Costs of Proposed Future Colliders

The projected timelines for R&D, construction, and physics operations for some of the leading proposed
future collider options, such as ILC sited in Japan, CepC in China, LHC, HL-LHC, CLIC and the integrated
FCC option considered during Snowmass 2021, are shown in Fig. A-1. The yellow bar shows the time needed
for preparation and R&D, prior to construction or transformation that are represented by the red bar. The
green and blue boxes represent electron and proton colliders respectively, together with the operating center
of mass energy and the integrated luminosity.
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Figure A-1. Projected timelines for R&D, construction, and physics operations for some of the leading
proposed future collider options.

Timelines for proposals for ILC/CCC and Muon Collier emerging from Snowmass 2021 for a US based collider
option are shown in Fig. A-2. It is important to note that the timelines shown are technologically limited, and
some challenges need to be sorted out, for example, successful R&D and feasibility demonstrations for CCC
and Muon Collider are essential at a short timescale. Additionally, evaluation progress in the international
context and discussion on international cost sharing is a top priority.

Cost estimates, construction start and end dates for the large future collider projects are summarized in
Table A-3. Costs are taken from the collider Implementation Task Force (ITF) report [1] by the Accelerator
Frontier. Please refer to the ITF document for explanations on how they were estimated and associated
caveats.

The R&D cost estimates for medium-scale projects and near-term suggested contributions to be considered
by U.S. EF community (and proponents of the options) are listed in Table A-4. In the spirit of Snowmass,
such numbers are to be taken as an approximate scale of investments.
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Proposals emerging  from Snowmass 2021 for a US based collider

CCC

  Muon Collider
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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

Construction/Transformation

Figure A-2. Approximate timelines for proposals for ILC/CCC and Muon Collier emerging from
Snowmass 2021 for a US based collider option.

Table A-3. Cost estimates, construction start and end dates for the large future collider projects.

Project Construction
Start date (yr) End date (yr) Cost B$

Higgs Factories
CepC 2026 2035 12-18
CCC (higgs Fac) 2030 2040 7-12
ILC (higgs Fac) 2028 2038 7-12
CLIC 2041 2048 7-12
FCC-ee 2033 2048 12-18
Multi-TeV Colliders
Muon Collider (3 TeV) 2038 2045 7-12
Muon Collider (10 TeV) 2042 2052 12-18
SppC 2043 2055 30-80
HE CCC 2055 2065 12-18
HE CLIC (3 TeV) 2062 2068 18-30
FCC-hh 2063 2074 30-50

Table A-4. Suggested R&D investment to be considered by the U.S. EF community with approximate
start and end dates.

Project R&D
Start date (yr) End date (yr) Cost M$

Higgs Factory detector R&D now 2035 100-150
CCC higgs factory 2024 2028 100
CCC High Energy 2045 2050 200
Muon Collider (1-3 TeV) now 2040 300
Muon Collider (10 TeV) 2040 2047 200
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Cosmic Acceleration

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022

Introduction

2

Particle physics aims to understand the fundamental 
constituents of matter and energy, revealing profound 
connections underlying everything we see, from the 
smallest to the largest structures in the Universe. 

The cosmic frontier realizes this vision.

Dark energy and cosmic acceleration is a 
discovery-driven, high-visibility, rigorous and bold 
component of our program, which has matured and 
grown over the last two decades by both leveraging 
and driving new developments across the entire 
community.

1 eV

1 MeV

1 TeV

1 GeV

1015 
TeV

1 meV• Cosmic observations indicate that the 
expansion of the Universe is currently 
accelerating.

• This could be an indication that there 
is a non-zero cosmological constant, or 
it could be a dynamical process that 
changes with time.

• Other puzzling features of the 
Universe point to an early period of 
cosmic inflation, to explain why it is so 
flat and so homogeneous.

• That earlier period of cosmic 
acceleration had to end to give birth 
to the Universe we live in, so it was 
certainly a dynamical process.



Dark Energy

• Future surveys will be able to track the 
influence of dark energy back to early 
times, providing direct determination of 
its cosmic evolution.

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022

Precision cosmology

5

The discovery of dark energy led to a precision measurement program to 
understand its physics.

DES Collaboration (arXiv:2207.05766)
LSST DESC Projection 

arXiv:1809.01669

5.3 Dark Energy 15

Figure 5-3. Projected sensitivity to the fractional dark energy density relative to closure density as a
function of redshift. Solid lines indicate extrapolations to high redshift of current conventional models fitted
to data at low redshift, 0.1 < z < 0.75. Dashed lines indicate predictions of new models designed to
address various tensions in existing datasets. Data points with error bars indicate how the how the 2%-level
sensitivity that should be obtained in ongoing and future high redshift surveys can directly constrain and
discriminate between these models. From the CF4 report [4].

points of synergy with CMB-S4 and will help the community to build a unified picture of the physics
underlying both the early and late-time eras of cosmic acceleration.

A major strength of Spec-S5, in any of its proposed implementations, will be its ability to advance our
understanding on multiple science fronts simultaneously, while also enhancing the science outcomes from
other experiments in the CF portfolio. Cross-correlation measurements that combine Spec-S5 data with other
surveys can be used to improve photometric redshifts for LSST as well as to unlock additional cosmological
information (generally with reduced systematic uncertainties). A Spec-S5 could also play an important role
in obtaining training redshifts for LSST photo-z’s, improving cosmological constraints from this key dataset.
Construction of the instrument for a Spec-S5 facility in collaboration with other partners could build upon
HEP strengths and experience with DESI. Realizing Spec-S5 in any of the funding scenarios that P5 might
consider would play a key role in advancing the scientific goals of the CF community.

5.3.3 Gravitational Waves

The emergence of gravitational wave observatories (GWO) sensitive enough to detect sources at cosmic
distances has revolutionized humanity’s view of the universe. The HEP community, and the Cosmic Frontier
sub-community in particular has been quick in realizing the implications of this new development and has
been working towards incorporating GWO projects in our portfolio. Gravitational-wave standard sirens
(merging compact object binary systems) allow measurement of the luminosity distance of the source
and, together with redshift measurements, can be used to measure H0 via the distance-redshift relation.
Measurement of the Hubble parameter using standard sirens does not require a cosmic distance ladder

Community Planning Exercise: Snowmass 2021

• Modern cosmic surveys 
will pin down the 
equation of state 
parameters for dark 
energy to the ~ % level.

Snowmass CF Report16 Cosmic Frontier

Figure 5-4. Projected sensitivity of current and next-generation high redshift cosmic surveys to the
fractional dark energy density relative to closure density near the CMB recombination epoch. The signal
of early cosmic acceleration is an alteration to the growth of structure as measured as measured via the
matter power spectrum of the large scale structure. In particular, these probes will test models of early dark
energy designed to explain the “Hubble tension,” a discrepancy between high redshift CMB measurements
and low redshift optical survey measurements of the Hubble expansion rate which has increased in statistical
significance. From the CF4 report [4].

and is model-independent: the absolute luminosity distance is directly calibrated by the theory of general
relativity. Aiming to develop standard sirens into fully-fledged probes of dark energy, the DES collaboration
launched a search and discovery program for the electromagnetic (EM) counterparts of events detected by
the current GWO projects LIGO/Virgo. DES participated in the first multi-messenger discovery, of the
binary neutron star merger GW170817, and contributed to the first standard siren-based measurements
of H0. Approximately fifty additional multi-messenger binary neutron star observations would be needed
to reach the required precision to weigh in the Hubble tension debate [13]. The community is currently
planning upgrades to the existing GWO network as well as a next-generation GWO network. One proposed
next-generation project led by the US with participation from international partners is known as Cosmic
Explorer. The CF community plans to use standard sirens from a Cosmic Explorer-like GWO as a powerful
sample of independent distance indicators going all the way up to z = 10. Combined with deep optical-to-
near-infrared Stage IV and Stage V EM observatories, we can reach the required precision for Stage VI dark
energy science. The potential impact of adding GWO data to our dark energy science program is seen in
the top panel of Figure 5-1 based on forecasts performed by the community [4, 5, 13, 14].

Gravitational waves can probe dark energy and cosmic acceleration throughout the entire history of the
universe with an observable that is novel and largely independent from the traditional observables employed
thus far in the field. The next-generation GWO network will also have access to the binary black hole
population when the universe was still in its infancy, to the equation of state of matter at neutron star
cores at supranuclear densities and quark deconfinement phase transitions in hot merger remnants, and the
ability to measure the properties of dark energy and dark matter, to stochastic gravitational-waves from
early-universe phase transitions, and to the highly warped space-time in the strong-field and high-velocity
limit of general relativity.

The CF community plans to incorporate GWO into its portfolio of tools for discovery with a long term
strategic vision. We will pursue EM counterparts of events detected by the growing GWO network while
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Cosmic Inflation

• Cosmic inflation leaves its imprints on the CMB and matter spectrum.  Future 
measurements can distinguish models of inflation and reconstruct the energy 
scale at which inflation took place.

Snowmass 
CF Report

PRIMORDIAL GWS
§ r ≳ 0.01

– Super-Planckian inflaton field 
excursion,

– Evidence for approximate shift 
symmetry in quantum gravity.

§ r ≳ 0.001
– Evidence for the simplest models 

of inflation which naturally predict 
observed ns and have a 
characteristic scale > MP.

§ r ≲ 0.001
– Vast restriction of inflationary 

model space
§



Baryon Asymmetry
• Our Universe is made of matter and not 

anti-matter!  That is surprising because 
the laws of physics mostly treat the two 
equivalently, and cosmic inflation should 
have wiped out any accidental primordial 
asymmetry between the two.

• BBN and CMB measurements infer the 
same value for the baryon asymmetry.

• Sakharov identified three conditions 
under which a baryon-symmetric 
Universe can evolve into an anti-
symmetric one.

1. B violation

2. C & CP violation

3. Period out of equilibrium
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Generating the BAU
• There are a plethora of theories that 

succeed at generating a baryon 
asymmetry, using a variety of mechanisms.

• Two of the most popular are:

• Electroweak baryogenesis, in which BSM 
physics modifies the electroweak phase 
transition to first order and provides 
sufficient CP violation.

• Leptogenesis, in which the out-of-
equilibrium decay of heavy sterile 
neutrinos generates an asymmetry in 
leptons, which the SU(2) instantons 
process into a baryon asymmetry.

• Both use the natural B+L violation present 
non-perturbatively in the SM at high 
temperatures.
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Schematic of the EW Phase Transition



Testing Baryogenesis?
• Baryogenesis models could live 

down at the electroweak scale, 
or up at/beyond the seesaw scale.  
No one type of experimental 
probe can uniquely capture them.

• For example, Precision 
measurements of the Higgs self-
couplings through di-Higgs 
production and interactions with 
other SM particles can reveal 
details of the Higgs potential, and 
suggest it had a first order phase 
transition.

•  A stochastic background of 
gravitational waves can reveal the 
presence of a phase transition in 
the early Universe.
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FIG. 25: Left, SMEFT projected ILC fit to Higgs, electroweak precision and diboson data. The thin (fat) lines allow (do not
allow) for beyond the Standard Model decays of the Higgs boson. [51]. Right, projected SMEFT fit to operators contributing
to Higgs production and decay at a muon collider. The reach of the vertical “T” lines indicate the results assuming only the
corresponding operator is generated by the new physics [64].
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FIG. 26: SMEFT fit to Higgs, electroweak precision and diboson data for future colliders [75].

can be searched for in interactions of the Higgs boson with either fermions or bosons at current and future proposed
facilities. The amount of CP violation is characterized by the quantity,

f
hX
CP ⌘

�CP odd
h!X

�CP odd
h!X + �CP even

h!X

. (2)

The dedicated CP -sensitive measurements of the h provide simple but reliable benchmarks that are compared between
proton, electron-positron, photon, and muon colliders in Table VIII.

Hadron colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
h boson interactions accessible in the collider experiments, with the exception of interactions with light fermions,
such as hµµ. The CP structure of the h boson couplings to gluons cannot be easily measured at a lepton collider,
because the decay to two gluons does not allow easy access to gluon polarization. On the other hand, most other
processes could be studied at an e

+
e
� collider, especially with the beam energy above the tt̄h threshold. Future e

+
e
�

colliders are expected to provide comparable CP sensitivity to HL-LHC in hff couplings, such as htt̄ and h⌧⌧ , and
hZZ/hWW couplings.

A muon collider operating at the h boson pole gives access to the CP structure of the hµµ vertex using the
beam polarization. It is not possible to study the CP structure in the decay because the muon polarization is not
accessible. At a muon collider operating both at the h boson pole and at higher energy, analysis of the h boson decays
is also possible. However, this analysis is similar to the studies performed at other facilities and depends critically
on the number of the h bosons produced and their purity. A photon collider operating at the h boson pole allows
measurement of the CP structure of the h�� vertex using the beam polarization. Otherwise, the measurement of CP
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collider Indirect-h hh combined
HL-LHC [78] 100-200% 50% 50%

ILC250/C3-250 [51, 52] 49% � 49%
ILC500/C3-550 [51, 52] 38% 20% 20%

CLIC380 [54] 50% � 50%
CLIC1500 [54] 49% 36% 29%
CLIC3000 [54] 49% 9% 9%
FCC-ee [55] 33% � 33%

FCC-ee (4 IPs) [55] 24% � 24%
FCC-hh [79] - 3.4-7.8% 3.4-7.8%
µ(3 TeV) [64] - 15-30% 15-30%
µ(10 TeV) [64] - 4% 4%

TABLE IX: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. Values for indirect
extractions of the Higgs self-coupling from single Higgs determinations below the first line are taken from [2]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
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FIG. 27: Limits on the Higgs self-coupling at future machines.

GeV and at hadron machines (FCC-hh).
The proposed e

+
e
� Higgs factories—CEPC, ILC, C3 , CLIC, and FCC-ee—can access the Higgs self-coupling

through analysis of single Higgs measurements. This relies on the fact that these colliders will measure a large
number of individual single Higgs reactions with high precision, allowing an indirect analysis of possible new physics
contributions to the self coupling through loop e↵ects. It will be important to have data at two di↵erent center of
mass energies to increase the level of precision and this requires reaching the second stage of a staged run plan.

The values for the indirect Higgs measurement of the self-coupling given in Table IX are combined with a HL-LHC
projected error of 50% [2, 80]. Thus, only values well below 50% represent a significant improvement. The various
estimates are computed using di↵erent assumptions on the inclusion of SMEFT parameters representing other new
physics e↵ects. On the other hand, many of the values quoted for hh production are derived from fits including the
single parameter � only. At e

+
e
� colliders it is more straightforward to simulate the relevant backgrounds, but

there is less experience with the high-energy regime studied here. The uncertainties in the direct determinations at
e
+
e
� colliders are computed using full-simulation analyses based on current analysis methods. These have much room

for improvement when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but the estimates are
consistent with the improvements in analysis methods that we have seen already at the LHC.

The projected sensitivities to the Higgs boson self-coupling at the various future colliders are presented in Ta-
ble IX and shown graphically in Fig. 27. A measurement with O(20%) on the Higgs self-coupling would allow to
exclude/demonstrate at 5� some models of electroweak baryogenesis as discussed in Section V.

Light quarks contribute to the gluon fusion production of di-Higgs through loop e↵ects and can be used to place
limits on f [81]. The resulting limits on c and b do not improve on limits from single Higgs production. Di-
Higgs production at the HL-LHC does, however, provide some limits on the first generation Yukawa couplings as
shown in Figure 28. Without a UV model these large values of the first generation Yukawa couplings would be
hard to reconcile with other measurements. However, in Section V B1 we discuss how there is a new mechanism
that can easily accommodate shifts in the first and second generation Yukawa couplings without being conflict with
experimental data.

A variety of beyond the Standard Model scenarios predict new resonances decaying to a pair of Higgs bosons.
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Figure 5-25. Future gravitational wave observatories will be sensitive to the stochastic spectrum of GWs
created by cosmic string decay or by boiling of the vacuum in first order phase transitions. This plot shows
an example of the high energy symmetry breaking scales that can be probed in a particular model of thermal
leptogenesis. In other models, the predicted spectrum may be peaked at certain frequencies, in which case
observatories optimized for specific frequency ranges may have greater sensitivity. From reference [165].

A confirmation of a dark matter signal would then provide corroborating evidence for the axion solution to
the strong-CP problem. Alternatively, if the dark matter signal is discovered first in the post-inflationary
scenario with mass between 10�5

�10�2 eV, then this provides a firm target for the sensitivity and frequency
range needed for future gravitational wave observatories to observe the phase transition. Similar strategies
may be employed to search for new fundamental energy scales and test see-saw models in other contexts.

The collection of currently operating gravitational wave observatories include the LIGO facilities in Liv-
ingston, Louisiana and Hanford, Washington, along with the Virgo facility in Italy and the recently con-
structed, underground KAGRA observatory in Japan. LIGO-India will also be online at the end of the
decade, and the space-based LISA observatory is planned for the next decade. Pulsar timing arrays operating
at lower frequencies include NANOGrav in North America, the Parkes Pulsar Timing Array in Australia,
the European Pulsar Timing Array, and the Indian Pulsar Timing Array, while plans are being made for
a future Square Kilometer Array. Near term plans for the U.S. gravitational wave community include the
LIGO Voyager upgrade in which the existing fused silica mirrors may be replaced with crystalline silicon
mirrors which can be more easily thermalized to avoid geometric distortions from heating, and the Cosmic
Explorer proposal which would increase the interferometer arm length and hence antenna size from 4 km
to 40 km. The AMO community is also developing long baseline atom interferometry as a potential new
technique targeting lower frequency gravitational waves as well as oscillatory forces from dark matter in the
1 Hz band. The MAGIS-100 pathfinder experiment will utilize a 100 m vertical beamline access shaft at
Fermilab with possible future expansion to a 2 km drop at SURF and eventually a space mission to avoid
terrestrial Newtonian noise.

Participation of the HEP community may be key to the success of these ambitious projects and to ensure
that optimizations for HEP science can be integrated into the designs, data pipelines, and operations plans.

Community Planning Exercise: Snowmass 2021

Dror et al
1908.03227



Dark Matter
Ordinary Matter
Dark Matter
Dark EnergyCMB Supernova

Structure Lensing



Dark Matter
Ordinary Matter
Dark Matter
Dark EnergyCMB Supernova

Structure Lensing
Xkcd



Dark Matter

Theories of 
Dark Matter
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There are many, many, many theories of what dark matter could be.
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The range of DM masses being studied seriously by the community 
spans many orders of magnitude

Snowmass 2021 developed this cartoon which encapsulates a broad brush 
parameter space of DM mass versus coupling to the Standard Model.
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Probes of DM

Indirect Detection
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The searches we’ve done so far have made in-roads to some regions of 
parameter space, but there is still a wide landscape left to check…

The Current Progress

Snowmass
CF Report
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Delve Deep, Search Wide!



Indirect Detection
• Indirect detection tries to see dark matter 

annihilating.

• Dark Matter particles in the galaxy can occasionally 
encounter one another, and annihilate into SM 
particles which can make their way to the Earth 
where we can detect them.

• In particular, photons and neutrinos interact 
sufficiently weakly with the interstellar medium, and 
might be detected on the Earth with directional 
information.

• Charged particles will generally be deflected on 
their way to us, but high energy anti-matter 
particles are rare enough that an excess of them 
could be noticeable.

χ

χ
SM



Indirect Detection
d
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Figure 5-17. Constraints on the lifetime of dark matter based on null searches for produced X-rays,
gamma rays, and neutrinos, as well as planned improvements in the near term (green) and far term (blue).
The sharp boundaries are artifacts of analysis, rather than instrumental thresholds. From the CF1 report [1].

existing bounds are shaded in tan, potential advances in the probed parameter space of dark matter mass
versus coupling/cross section in the near term (⇠ 5 years) based on existing research investments are shaded
green, whereas those achievable in the far term (longer time scales) are shaded blue. Each shaded region
represents the combined footprint of several experiments.

Low-mass particle dark matter can be detected through its decay or annihilation into Standard Model
messengers. Below a GeV, the available Standard Model channels include photons, neutrinos, electrons,
muons, and the lightest hadrons. Because of poorly understood astrophysical backgrounds and confounding
factors such as Galactic magnetic fields (which scramble the incident direction of charged particles), photons
with energies & keV are typically considered among the most promising messengers.

Indirect searches are uniquely powerful for probing the dark matter lifetime. A compilation of constraints
based on the searches for X-ray, gamma-ray, and neutrino signals across many decades of mass is shown in
Figure 5-17. It is striking that such constraints require the dark matter to live many orders of magnitude
longer than the current age of the Universe.

In thermal freeze-out scenarios, indirect detection probes the same interactions that fix the dark matter
abundance in the early universe. In the sub-GeV mass range, current limits already generically rule out the
simple thermal freeze-out scenario for s-wave annihilation, unless the dark matter annihilation products are
almost exclusively neutrinos, significantly constraining the space of viable dark matter candidates that were
once in thermal contact with the Standard Model (e.g., [63]). In particular, constraints from measurements
of the CMB [30] have a key role in establishing the viable portals by which dark sectors could communicate
with the Standard Model.

At the low end of this energy range, X-ray telescopes have placed stringent constraints on sterile neutrinos,
complementary to cosmic probes of warm dark matter [64]. Upcoming X-ray telescopes (XRISM [65, 66],
Micro-X [67], Athena [68], HEX-P [69], Lynx [70]) will further improve constraints on decaying/annihilating
light dark matter in general, and sterile neutrinos in particular; some will have su�cient energy resolution
to seek to resolve DM-sourced spectral lines.

At higher energies, there is currently a sensitivity gap in the MeV–GeV gamma-ray band. The last major
experiment was NASA’s Imaging Compton Telescope (COMPTEL)[71], which operated from 1991–2000.
Several proposed future experiments aim to address this gap: the Compton Spectrometer and Imager (COSI)
[72] has a planned launch date in 2025, and will survey the gamma-ray sky at energies of 0.2–5 MeV; AMEGO-
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Indirect searches can access unique properties of the dark matter, such as 
its lifetime, which are essentially impossible to test with other 

experimental probes.
Astroparticle probes searching for a variety of decay products bound the 

DM lifetime to be more than many times the age of the Universe.

Snowmass
 CF1 Report



Indirect Detection44 Cosmic Frontier

Figure 5-20. Limits on WIMP annihilations into pairs of bottom quarks (for masses below ⇠ 100 GeV
and W bosons (for larger masses) based on null searches by gamma-ray observatories. The beige regions
indicate the current limits for each mass, whereas the green shaded region indicates near future gains based on
planned missions, and the blue shading indicates the reach that would be enabled by long term investments
in ground- and space-based observatories. From the CF1 report [1].

baryon poor, limiting the expected sources of background. These limits are expected to improve in the near
future, as surveys such as Vera Rubin discover (about a factor of two) more dwarf spheroidal galaxies [134].

In the near future, the SWGO [135] (water Cherenkov) and CTA [136] (air Cherenkov) telescopes, successors
using similar technology to the successful HAWC and VERITAS Cherenkov telescopes but with larger
installations and Southern Hemisphere sites, have the potential to probe the thermal freeze-out scenario
up to 10s of TeV masses (depending on the annihilation channel) [137, 138], approaching the 100 TeV scale
where we can begin to set unitarity-based limits on the capacity for freeze-out to generate the correct relic
abundance. Further in the future, APT [139] is a concept for a space-based successor instrument to the
Fermi-LAT (with a demonstrator suborbital mission scheduled for 2025), which aims to improve sensitivity
at lower masses by an order of magnitude. Figure 5-20 shows the limits on WIMP annihilations into pairs
of bottom quarks (for masses below ⇠ 100 GeV) and W bosons (for larger masses) based on null searches
by gamma-ray observatories. The beige regions indicate the current limits for each mass, whereas the green
shaded region shows improvements expected in the near future based on planned Cherenkov observatories
and including new populations of dwarf spheroidal galaxies expected to be discovered by Rubin LSST. The
blue shading indicates parameter space that could be probed by longer term investment into future large
Cherenkov arrays and new space-based missions. The orange band indicates the benchmark cross section
corresponding to the correct relic abundance from freeze-out. The gray “unitarity bound” region corresponds
to the general mass range (the exact bound is model-dependent and depends on assumptions about long-
range forces, compositeness of the dark matter, etc.) in which obtaining the correct dark matter abundance
via freeze-out becomes inconsistent with unitarity in the early universe, under standard assumptions for the
cosmological history.

Cosmic-ray experiments (primarily AMS-02) currently set competitive constraints on heavy annihilating
or decaying DM, with systematic uncertainties independent from gamma-ray probes. In the near future,
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Indirect searches 
are sensitive to 

thermal relic dark 
matter with masses 

well beyond the 
reach of particle 

accelerators.



• The basic strategy of direct detection is 
to look for the low energy recoil of a 
heavy nucleus, electron, or collective 
excitation in the detector material when 
dark matter brushes against it.

• Direct detection looks for the dark 
matter in our galaxy’s halo, and a positive 
signal would be a direct observation.

• Heavy shielding and secondary 
characteristics of the interaction, such as 
scintillation light or timing help filter out 
backgrounds.

• These searches are rapidly advancing, 
with orders of magnitude improvements 
in sensitivity every few years!

WIMP

Target Nuclei

Signal

Direct Detection
Χ Χ

Nucleus Nucleus



Racing to the Neutrino Fog
42 Cosmic Frontier
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Figure 5-18. Combined Spin-independent dark-matter nucleon scattering cross section space. Current
90% c.l. constraints are shaded beige, while the reach of currently operating experiments are shown in
green (LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC). Future experiments are shown in blue
(SuperCDMS, DarkSide-20k, DarkSide-LowMass, SBC, XLZD, ARGO) and yellow (Snowball and Planned⇥
5). The neutrino fog for a xenon target is shaded light grey. From Ref. [97].

reach of currently operating experiments is shaded in green, whereas proposed upgrades are shown in blue
(including SuperCDMS, DarkSide-LowMass, SBC, XLZD, and ARGO) and the reach of proposals based on
new technologies are shaded in yellow (Snowball and Planned⇥ 5). The region corresponding to the neutrino
fog for a xenon target is shaded light grey.

Similarly, Figure 5-19 shows the current, operating, and future projected 90% CL constraints for WIMP
DM interacting spin-dependently [97]. Shaded in beige is the union of the currently excluded parameter
space, led by LXe TPCs and freon-based bubble chambers [103, 118–120, 120–128], as collected by Ref [116].
The expected reach of currently operating experiments is shaded green, and future proposed experiments
are shaded blue (including PICO-500 and XLZD) and yellow (Snowball and PICO-100 ton). The region
corresponding to the neutrino fog for a water or fluorine target is shaded light grey.

Taken together, Figures 5-18 and 5-19 illustrate the exciting prospects for direct searches in the WIMP
regime, with a suite of experiments based on di↵erent technologies capable of probing WIMP dark matter
all the way down and into the neutrino fog.

Indirect searches for dark matter play a very important role in covering the parameter space. At lower
masses, as discussed above, measurements of the CMB have a key role in constraining the viable portals to
communicate with the SM. At the highest masses, indirect detection achieves sensitivity to WIMP parameter
space that is inaccessible to direct or collider searches, and in general provides a broadly model-agnostic probe
of thermal freeze-out scenarios. The most e↵ective messengers of WIMP annihilation are gamma rays (which
point back to their origin, giving an additional analysis handle) and energetic anti-matter signals in cosmic
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These sensors are naturally directionally dependent because they monitor changes to three-momentum of
the mechanical system, and can reach energy thresholds well below the eV scale [61].

Figure 5-16. Predicted near-term and far-term sensitivities to dark matter with mass in the range 1 eV–
1 GeV through di↵erent types of mediators connecting to the Standard Model. Key milestones indicate
representative target regions in which the dark matter is thermally produced for each scenario. Near-term
projections are based on demonstrated sensitivities to electron recoil and nuclear recoil in the 1 eV and
10 eV range respectively. As the maximum energy deposit in scattering is the initial kinetic energy of the
dark matter of order 10�6

MDM, far term projects with lower energy thresholds will be anabled with ongoing
R&D in novel target materials with band gap below the 1 eV scale of semiconductors and of chemistry.
Examples include optical phonons in polar materials with band gap 10-100 meV and superconductors and
other quantum materials with sub-meV gap. Concurrently, demonstration of low threshold sensor technology,
including those based on quantum sensors will be required. From Ref. [62].

Beyond the technical capabilities of any particular detector, the distribution of deposited energies is also
sensitive to the microphysics, being largely determined by nature of the mediator connecting the dark
matter to the Standard Model. Heavy mediators manifest as non-renormalizable interactions which favor
larger energy transfer (up to the kinematic limit), whereas light mediators enhance lower transferred energy.
Figure 5-16, shows four cases of mediators, corresponding to heavy mediators with preferred coupling to
electrons or nuclei, and light mediators coupled to electrons or in the form of dark photons. In each panel,
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Going to lower DM masses is a challenge, because the ambient 
dark matter carries very little energy/momentum.  Scattering 
with electrons or collective excitations in the detector offer 

opportunities to explore the ~MeV mass regime.



Collider Production
• If  dark matter couples to quarks 

or gluons, we should also be able 
to produce it at high energy 
colliders.

• Since the DM is expected to 
interact very weakly, it is likely to 
pass through the detector and 
manifests as an imbalance in 
momentum.

• Provided they have enough energy 
to produce them, colliders may 
allow us to study DM and maybe 
even other elements of the “dark 
sector”, which are no longer 
present in the Universe today.
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Mono-jet Searches
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Cosmic Probes of DM

• Cosmic probes of dark matter can 
access properties of it that are 
otherwise inaccessible.

• For example, dark matter with large 
enough self-interactions could retain 
the successes describing large scale 
structure, but show measurable 
differences at the smallest scales.

• This highlights some of the points 
where simulations benefit from 
improvement, and both guides their 
evolution as well as providing a 
signpost to where there may be 
surprises lurking in the data.
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Figure 5-22. Some fraction of the dark matter could take the form of macroscopic, compact objects such
as primordial black holes. Cosmic observations provide sensitivity to primordial black holes over a wide
range of masses (green regions). Projected improvements in sensitivity coming from future microlensing and
gamma-ray searches are indicated with dashed green lines. From the CF3 report [3].

interacting blobs, a typical event in a terrestrial experiment could involve multiple scattering, necessitating
new analysis techniques and implying that the area of the detector is the most relevant factor rather than
its volume. For indirect searches, high energy neutrinos and cosmic rays become especially important at
high masses. Cascades of secondary particles from high-energy primaries often lead to observable indirect
signatures at much lower energies than the DM mass, such that the gamma-ray telescopes described above
have sensitivity to DM masses much higher than their target energy ranges. This situation represents
an ongoing theoretical challenge, requiring new techniques for accurate predictions to take advantage of
the opportunity to observe rich and complementary multi-wavelength and multi-messenger signals [129].
For DM masses of order GUT-scale, however, the secondary photons en route to Earth travel unscathed.
Accordingly, AugerPrime and next-generation cosmic ray observatories anchor unique DM indirect detection
experiments which are free of astrophysical background: a clear detection of an extreme energy photon
would be a momentous discovery [150]. Fig. 5-21 shows the current and projected experimental regions of
ultra-heavy parameter space accessible to direct searches.

5.5.4.1 Dark Matter Beyond the Planck Scale

Dark matter at the Planck mass (⇠10�5 g) and above is very di�cult to detect directly due to its extremely
low flux. Detection techniques rely on scattering to be mediated via long range forces so that e↵ects can
be seen in sparsely instrumented detectors with large collecting area. For example, if dark matter had a
long range Yukawa force 103 times greater than gravity, then interactions of 10 kg mass dark matter with
the 10 kg scale mirrors of the LIGO gravitational wave observatory could potentially be detected as the
clumps traversed within the near field of the 4 km long interferometers [151]. Proposed larger observatories
such as the 40 km long Cosmic Explorer or laser ranging between astroids would provide a larger collection
area [152].
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Cosmic probes such as substructures (detected by gravitational lensing) place 
important constraints on some of the heaviest DM candidates and probe theories 

leading to unusual distributions of dark matter structure formation.

30 Cosmic Frontier

Figure 5-11. Measurements of the distribution of dark matter provide information about its fundamental
nature. The shape of the linear matter power spectrum (colored lines) and the properties of the dark matter
halos that form at each scale (shaded regions) are sensitive probes of the dark matter mass and interactions.
From Ref. [46].

instead of a slow drift of the fundamental constants, one optimizes the apparatus and analysis to search
for narrow line, single frequency perturbations. Tools of choice include atomic clocks, atom interferometers,
torsion balances, nuclear magnetic resonance, electric dipole moment experiments, and gravitational wave
interferometers. For example, atomic clocks have now reached fraction frequency precision of 10�18 and
when deployed in space missions can search for perturbations from scalar dark matter; nuclear clocks under
development will have even greater reach.

While much of this work remains in the domain of AMO physics, in some cases, capabilities of the HEP
labs can greatly enhance the state of the art for these techniques beyond university-scale experiments in the
process of adapting them to the dark matter challenge. For example, the MAGIS pathfinder experiment will
utilize an access shaft of the NuMI beamline at Fermilab to achieve a world record 100 m vertical baseline
for atom interferometry and probe dark matter interactions with period equal to the free-fall time. An
upgraded km-scale interferometer is envisioned for the Sanford lab. Accelerator lab expertise in large scale
experimental deployments of beam pipes, vacuum systems, etc. may also prove useful in construction and
operations of future large optical interferometers.

5.5.1.1 A high priority target – the QCD axion (10�12
eV to 10�2

eV)

Perhaps the most significant technological development in the field of terrestrial dark matter searches since
the last Snowmass is the demonstration by ADMX and HAYSTAC of experimental sensitivity to the invisible
QCD axion. The large improvement in signal/noise ratio achieved by these experiments was made possible
by the deployment of new quantum sensing technologies including dilution refrigerators, quantum-limited
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The parameter space is broad, but there are plans to explore significant 
regions of the landscape in the near future.

The Future
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Exploring the Unknown

RELIC PARTICLES
§ New physics that addresses hierarchy 

problem, Strong CP problem, cosmological 
constant problem, dark matter
– Often include degrees of freedom that 

decouple in early universe
– #Neff, small scale clustering

§ Axions & ALPs
– solve the strong CP problem, the 

hierarchy problem, inflation naturalness
– naturally arise in string theory as modulus 

fields from dimensional compactification
– #Neff, small scale clustering, isocurvature

perturbations, birefrigence

Snowmass
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• Of course, it may be that the next 
discovery is not foretold by the 
hints we have at hand.  There could 
be something around the corner 
that represents a complete surprise.

• There are many places where could 
imagine discoveries coming out of 
the blue. For example, 
measurements of the expansion of 
the Universe could reveal the 
existence of new light degrees of 
freedom that are too weakly 
coupled for us to produce them in 
any rate on the Earth.

• Independent determinations of 
neutrino masses help maximize the 
impact of such measurements.

ΔNeff parameterizes the existence of 
new light particles as a shift in the 
effective number of SM neutrinos.



G-2
• It may also be that precision measurements 

will turn out to lead the way.  For example, 
the longstanding discrepancy in the muon’s 
g-2 might be a hint for new physics.

• Currently there are tensions between the 
best lattice determinations of the hadronic 
contribution to the vacuum polarization 
and data-driven estimates.

• A future muon collider could look for 
complementary signals expected if this is 
the impact of heavy new physics! A. El-Khadra P5 town hall, 21-24 Mar 2023
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FIG. 1. Representative diagram illustrating how CZ con-
tributes to muon g � 2 at one loop.

that the higher dimensional operators (linearly) realize
the SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge symmetry struc-
ture of the SM yields the Standard Model E↵ective Field
Theory which provides a robust framework describing the
impact of new physics on SM processes. We consider the
subset of operators within the SMEFT that provide con-
tributions to the muon anomalous magnetic dipole mo-
ment. The lowest such operators are dimension-6, and
are characterized by an energy scale ⇤ and Wilson coef-
ficients CB , CW :
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µRBµ⌫ +
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W

a
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(2)

where H is the SM Higgs doublet, L2 is the second gen-
eration lepton doublet, and Bµ⌫ (Wµ⌫) is the U(1)Y
(SU(2)L) field strength. After electroweak symmetry-
breaking, these interactions mix into a modification of
the muon’s anomalous magnetic dipole moment:
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where v = 246GeV is the Higgs vev and Fµ⌫ is the elec-
tromagnetic field strength. There is an analogous in-
teraction with the Z boson with coe�cient CZ , and re-
lated CP-violating terms if CB/CW are complex-valued.
The coe�cients in the gauge and mass bases are re-
lated by the weak mixing angle: C� = cW CB � sW CW

and CZ = �sW CB � cW CW , with cW ⌘ cos ✓W and
sW ⌘ sin ✓W .

C� contributes to (g�2)µ directly at tree level, whereas
CZ contributes at one loop [7] (see figure 1):
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(and additional one loop contributions from four-fermion
interactions involving heavy quarks not considered here)
[7], Since any physics at scales � v must be approxi-
mately SU(2)L ⇥ U(1)Y invariant (and thus most natu-
rally described by CB,W ), barring strangely tuned can-
cellations, it is likely that C� and CZ will end up being
similar in magnitude, and thus we expect that the con-
tributions to �aµ will be typically dominated by C� . For
the remainder of our discussion, we fix ⇤ = 250 TeV, for
which C� ’s of order positive unity are required to explain
the observed �aµ.
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FIG. 2. Contributions to µ+µ� ! �h from SMEFT operators
(left) and the Standard Model (right).

III. COLLIDER SIMULATION

We simulate the processes µ
+
µ

�
! �h and µ

+
µ

�
!

Zh at tree level using Madgraph5 aMC@NLO [11], for di↵er-
ent values of the muon collider beam energy. At leading
order, there are both SM and SMEFT contributions, as
shown in Figure 2, where the insertion of the SMEFT
dimension-6 C� operator is represented by the blob. An-
alytically, the cross section for µ

+
µ

�
! �h is
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where yµ is the muon Yukawa coupling, E is the energy
of the muon beams, ✓ is the angle between the final state
photon and the beam axis, and the mass of the muon has
been neglected. The purely SM terms fall as 1/E

2, as ex-
pected for renormalizable interactions. The BSM ampli-
tude arises from a dimension six operator and thus grows
with energy, resulting in the SM-BSM interference term
being E-independent, and the pure BSM term growing
as E

2.
In addition, the SM contribution is sharply peaked to-

ward forward region, because of the collinear singular-
ity. In Fig. 3, we show the di↵erent cross sections for
scattering angle ✓ and pseudorapidity ⌘ ⌘ � ln tan(✓/2),
for both C� = 0 (SM-only) as well as the case with
C� = 0.95. These distributions are asymmetric in ✓ and
⌘ because the interference term is sensitive to the sign of
C� ; cases where these features are measurable thus allow
the opportunity to reconstruct its sign, which is crucial
in order to connect it to the observed deviation in aµ.
Given the high precision detectors envisioned for a fu-

ture muon collider [12], we assume that the SM Higgs
and/or Z can be close to perfectly reconstructed, re-
gardless of their specific decay channels, and that the
uncertainties on the reconstructed final state energies
and directions will be su�ciently small as to allow one
to e�ciently reject fake backgrounds without significant
loss of signal events. In light of the SM contribution’s
strongly peaked distribution in the forward directions
compared to the BSM contributions tendency to pop-
ulate the central region, we place a cut on the pseudo-
rapidity, |⌘� | < 1 to enhance the significance of the BSM
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the SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge symmetry struc-
ture of the SM yields the Standard Model E↵ective Field
Theory which provides a robust framework describing the
impact of new physics on SM processes. We consider the
subset of operators within the SMEFT that provide con-
tributions to the muon anomalous magnetic dipole mo-
ment. The lowest such operators are dimension-6, and
are characterized by an energy scale ⇤ and Wilson coef-
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where H is the SM Higgs doublet, L2 is the second gen-
eration lepton doublet, and Bµ⌫ (Wµ⌫) is the U(1)Y
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µRFµ⌫ . (3)

where v = 246GeV is the Higgs vev and Fµ⌫ is the elec-
tromagnetic field strength. There is an analogous in-
teraction with the Z boson with coe�cient CZ , and re-
lated CP-violating terms if CB/CW are complex-valued.
The coe�cients in the gauge and mass bases are re-
lated by the weak mixing angle: C� = cW CB � sW CW

and CZ = �sW CB � cW CW , with cW ⌘ cos ✓W and
sW ⌘ sin ✓W .

C� contributes to (g�2)µ directly at tree level, whereas
CZ contributes at one loop [7] (see figure 1):
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◆
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(and additional one loop contributions from four-fermion
interactions involving heavy quarks not considered here)
[7], Since any physics at scales � v must be approxi-
mately SU(2)L ⇥ U(1)Y invariant (and thus most natu-
rally described by CB,W ), barring strangely tuned can-
cellations, it is likely that C� and CZ will end up being
similar in magnitude, and thus we expect that the con-
tributions to �aµ will be typically dominated by C� . For
the remainder of our discussion, we fix ⇤ = 250 TeV, for
which C� ’s of order positive unity are required to explain
the observed �aµ.
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FIG. 2. Contributions to µ+µ� ! �h from SMEFT operators
(left) and the Standard Model (right).

III. COLLIDER SIMULATION

We simulate the processes µ
+
µ

�
! �h and µ

+
µ

�
!

Zh at tree level using Madgraph5 aMC@NLO [11], for di↵er-
ent values of the muon collider beam energy. At leading
order, there are both SM and SMEFT contributions, as
shown in Figure 2, where the insertion of the SMEFT
dimension-6 C� operator is represented by the blob. An-
alytically, the cross section for µ

+
µ

�
! �h is

d�

d cos ✓
=

e
2
y
2
µ

8⇡E2

1

1� cos2 ✓
�

eyµC�

32⇡
p
2⇤2

(1 + 5 cos ✓)

+
C

2
�E

2

32⇡⇤4
(1� cos2 ✓) (5)

where yµ is the muon Yukawa coupling, E is the energy
of the muon beams, ✓ is the angle between the final state
photon and the beam axis, and the mass of the muon has
been neglected. The purely SM terms fall as 1/E

2, as ex-
pected for renormalizable interactions. The BSM ampli-
tude arises from a dimension six operator and thus grows
with energy, resulting in the SM-BSM interference term
being E-independent, and the pure BSM term growing
as E

2.
In addition, the SM contribution is sharply peaked to-

ward forward region, because of the collinear singular-
ity. In Fig. 3, we show the di↵erent cross sections for
scattering angle ✓ and pseudorapidity ⌘ ⌘ � ln tan(✓/2),
for both C� = 0 (SM-only) as well as the case with
C� = 0.95. These distributions are asymmetric in ✓ and
⌘ because the interference term is sensitive to the sign of
C� ; cases where these features are measurable thus allow
the opportunity to reconstruct its sign, which is crucial
in order to connect it to the observed deviation in aµ.
Given the high precision detectors envisioned for a fu-

ture muon collider [12], we assume that the SM Higgs
and/or Z can be close to perfectly reconstructed, re-
gardless of their specific decay channels, and that the
uncertainties on the reconstructed final state energies
and directions will be su�ciently small as to allow one
to e�ciently reject fake backgrounds without significant
loss of signal events. In light of the SM contribution’s
strongly peaked distribution in the forward directions
compared to the BSM contributions tendency to pop-
ulate the central region, we place a cut on the pseudo-
rapidity, |⌘� | < 1 to enhance the significance of the BSM

5

FIG. 5. Parameter space that the muon collider can probe in the space of C� , CZ (top) and CB , CW (bottom). The parameter
space consistent with �aµ at one and two � are indicated by the bands, with the portion leading to an observable deviation
in µ+µ� ! �h shaded red and the corresponding region for µ+µ� ! Zh shaded blue. The violet region indicates the allowed
parameter space at 95% CL if no deviation from the SM event rate is observed in the collider searches.

Arakawa, Rajaraman, 
Sui, TMPT 2208.14464



Discoveries from LHC?
• I would also not buy in to the 

argument that the LHC will not 
produce exciting discoveries as we 
head into the high luminosity 
running.

• These arguments are essentially boil 
down to a prior that the mass scale 
of new physics is log-distributed.

• But there is no reason to think this 
prior is correct.  In fact, the radiative 
stability of the Higgs would argue 
that the multi-TeV scale is a special 
place to look for new physics!

• The LHC has made amazing 
progress understanding rare 
processes, and this will continue!

Xkcd
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• I would also not buy in to the 

argument that the LHC cannot 
produce exciting discoveries as we 
head into the high luminosity 
running.

• These arguments are essentially boil 
down to a prior that the mass scale 
of new physics is log-distributed.

• But there is no reason to think this 
prior is correct.  In fact, the little 
hierarchy we observe would argue 
that the multi-TeV scale is a special 
place to look for new physics!

• The LHC has made amazing 
progress understanding rare 
processes, and this will continue!
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So Where am I headed?



Cosmo-varied Couplings

eVMeVGeV100 GeV

BBN CMB Today

QCD Phase  
Transition?

EW Phase  
Transition?

DM Freeze Out?

Baryogenesis?

Before BBN, most of what we know about the physics in the early Universe is an 
extrapolation based on the Standard Model + ingredients such as dark matter. 

This gives license for particle theorists to play. 
(However, I won’t say more here.  Please ask me afterwards or look at the extra slides if you are interested…)



A NEW HELIUM-4 MEASUREMENT
Extremely metal-poor galaxies (EMPGs) provide pristine environments for 

primordial 4He measurements.

2021: 51 metal-poor galaxies + 3 EMPGs  
2022: deep NIR spectroscopy from Subaru 

       Telescope adds 10 new EMPGs!

Matsumoto et al
arXiv:2203.09617v3

Astrophys.J. 941 2, 167 (2022)

A New 4He Measurement

Matsumoto et al
arXiv:2203.09617v3

Astrophys.J. 941 2, 167 (2022)

Compare with PDG 2021:

YP = 0.245 ± 0.003

~2.5 sigma difference…



A NEW HELIUM-4 MEASUREMENTHints for a Lepton Asymmetry?

•The primordial abundance of 4He is sensitive to 
an asymmetry in the lepton sector.

•Charge neutrality forbids us from having a large 
asymmetry in the charged leptons, but still allows 
an asymmetry between neutrinos and anti-
neutrinos.

•A chemical potential for neutrinos would impact 
the total energy density, and contribute to ΔNeff, 
but this is negligible for the CMB as long as:

•But in the BBN era, it also impacts the neutron-
to-proton ratio, and thus production of 4He!

•Helium-4 is a very sensitive leptometer…

e− + e+ ↔ 2 γ , 3 γ

μγ = 0 , μe− = − μe+ ≡ μe

ne− − ne+ = np

ηe ∝ μe/Tγ ≲ ηB ∼ 10−10

|ξν | ≲ 𝒪(0.1) n + νe ↔ p + e−

μn + μν ≃ μp

(nn/np) |eq. ≃ exp(−Q/T − ξν)
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A non-zero lepton asymmetry is detected at the ~2σ level.
The central value of the fit is ~ 0.04, independent of the 

implementation of the nuclear reaction network.
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BBN 2022: New Physics Inference



ηL ≃ ∑
i=e,μ,τ

nνi
− nν̄i

nγ
≃

π2

12ζ(3) ∑
i=e,μ,τ (

Tνi

Tγ )
3

ξνi

LOWER BOUND:   ξνe
= ξν , ξνμ,τ

= 0

The muon & tau sectors mix efficiently 
@ ~ 10 MeV [astro-ph/0203442]

The lepton asymmetry today 
depends on the initial asymmetries 

and details of PMNS matrix.

What does the inferred    imply!?  ξν ≃ 0.04

( ,  )η0
L ∈ 10−2 1/4

UPPER BOUND:   ξνe
= ξν , ξνμ,τ

= 0.5
(ΔNeff ∼ 0.1)

Our inference a priori only involves the electron-flavor neutrino.

arXiv:2110.11889

ξe,μ,τ = ( 0 , 0 , 0.5 )Initial conditions:

Implications



Outlook
•Particle physics is vibrant and healthy.  This past week has 

been a celebration of that fact.

• There are plenty of signs of BSM physics already at hand.  
We need to keep looking for the clues that will tell us how 
to explain it!

• They are interesting signposts to new ideas and new 
directions.
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“If you want your children to be intelligent, 
read them fairy tales.  If you want them to be 
more intelligent, read them more fairy tales.”
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Outlook
•Particle physics is vibrant and healthy.  This past week has 

been a celebration of that fact.

• There are plenty of signs of BSM physics already at hand.  
We need to keep looking for the clues that will tell us how 
to explain it!

• They are interesting signposts to new ideas and new 
directions.

“It’s tough to make predictions,
especially about the future.”

— Yogi Berra

“If you want your children to be intelligent, 
read them fairy tales.  If you want them to be 
more intelligent, read them more fairy tales.”

— Albert Einstein

Inspiration:

Caution:



Thank you!

And a big thank you to 
the organizers for a 

great week!

Image credit: Chateau de Blois
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Cosmo-varied Couplings

eVMeVGeV100 GeV

BBN CMB Today

QCD Phase  
Transition?

EW Phase  
Transition?

DM Freeze Out?

Baryogenesis?

Before BBN, most of what we know about the physics in the early Universe is an 
extrapolation based on the Standard Model + ingredients such as dark matter. 

This gives license for particle theorists to play.



• We introduce dynamics promoting the strong coupling to a 
dynamical field (denoted by φ or S):


• Φ could be something like a dilation, or a radion in a theory with 
extra dimensions.  It could also have a coupling induced 
radiatively.


• g0  is the strong coupling in the absence of a φ VEV.  It runs just 
like in ordinary QCD.

Strong Coupling
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(e.g. via vector-like quarks)

Ipek, TMPT PRL



• At one loop:


• The scale at which QCD gets strong 
is about:


• For nf = 6, to get Λ ~ TeV:


• This is pushing the EFT, a bit.  If 
induced radiatively, it would require 
~10 vector-like quarks at M*.
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QCD Phase Transition

�qq̄� = 0
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Figure 3: Schematic description of QCD confinement, bubble nucleation and the baryon
asymmetry generation. QCD confines at a temperature Tc via a first-order phase transition,
for which the Higgs VEV is zero outside the bubbles, which means baryon number violation is
efficient via EW sphalerons. If there is a QCD axion, there is also typically large CP violation
due to the uncancelled ✓̄ angle, which shuts off in the confined phase.

In the parameter region discussed below, the transition to the SM-like vacuum happens
above TSM ⇠ ⇤SM

QCD ⇠ GeV, implying that at Td, quarks and gluons deconfine (again). It
is worth noting that variations could realize scenarios where the transition to the SM-like
vacuum happens below ⇤SM

QCD, but still above TBBN, in which case QCD remains confined at
all temperatures below Tc.

4 Baryogenesis during QCD confinement

If QCD confines at a temperature when the Higgs VEV is zero, i.e. quarks are massless,
the phase transition is expected to be first order [8] and proceeds through bubble nucleation.
This first-order phase transition, combined with an axion solution to the strong CP problem,
results in a novel baryogenesis mechanism. In [6] this phase transition was imagined to occur at
T > TEW such that Higgs VEV is expected to be zero because of the SM thermal corrections.

In this work, we highlight a scenario in which although the QCD confinement happens
at Tc . 100 GeV, the Higgs VEV before confinement is zero due to the extended scalar
sector. As long as the EW symmetry is unbroken, sphalerons are active and baryon number is
efficiently violated. This is the case outside of the bubbles of confined phase. Inside, the QCD
confinement triggers EW symmetry breaking and sphalerons are inoperative, thus preserving
any baryon asymmetry. The need for CP violation can be accounted for if there is large
CP violation from the uncancelled strong phase before the axion rolls to the minimum of
its potential [4–6]. (Note that this is essentially a spontaneous baryogenesis mechanism [9].)
Figure 3 provides a schematic description.

In this section we summarize the mechanism for the generation of the baryon asymmetry.
The axion is driven to its minimum after confinement occurs, dynamically solving the strong

– 8 –
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Figure 3: Schematic description of QCD confinement, bubble nucleation and the baryon
asymmetry generation. QCD confines at a temperature Tc via a first-order phase transition,
for which the Higgs VEV is zero outside the bubbles, which means baryon number violation is
efficient via EW sphalerons. If there is a QCD axion, there is also typically large CP violation
due to the uncancelled ✓̄ angle, which shuts off in the confined phase.

In the parameter region discussed below, the transition to the SM-like vacuum happens
above TSM ⇠ ⇤SM

QCD ⇠ GeV, implying that at Td, quarks and gluons deconfine (again). It
is worth noting that variations could realize scenarios where the transition to the SM-like
vacuum happens below ⇤SM

QCD, but still above TBBN, in which case QCD remains confined at
all temperatures below Tc.

4 Baryogenesis during QCD confinement

If QCD confines at a temperature when the Higgs VEV is zero, i.e. quarks are massless,
the phase transition is expected to be first order [8] and proceeds through bubble nucleation.
This first-order phase transition, combined with an axion solution to the strong CP problem,
results in a novel baryogenesis mechanism. In [6] this phase transition was imagined to occur at
T > TEW such that Higgs VEV is expected to be zero because of the SM thermal corrections.

In this work, we highlight a scenario in which although the QCD confinement happens
at Tc . 100 GeV, the Higgs VEV before confinement is zero due to the extended scalar
sector. As long as the EW symmetry is unbroken, sphalerons are active and baryon number is
efficiently violated. This is the case outside of the bubbles of confined phase. Inside, the QCD
confinement triggers EW symmetry breaking and sphalerons are inoperative, thus preserving
any baryon asymmetry. The need for CP violation can be accounted for if there is large
CP violation from the uncancelled strong phase before the axion rolls to the minimum of
its potential [4–6]. (Note that this is essentially a spontaneous baryogenesis mechanism [9].)
Figure 3 provides a schematic description.

In this section we summarize the mechanism for the generation of the baryon asymmetry.
The axion is driven to its minimum after confinement occurs, dynamically solving the strong
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Confined Universe
• In the confined phase, the important 

active degrees of freedom are the ~35 
pNGB mesons.


• Their properties are described by chiral 
perturbation theory, with parameters 
matched to low energy QCD data, and 
dimensionful quantities scaled up to 
the high scale confinement scale.


• The thermal corrections to the Higgs 
potential are dominated by the top-
flavored (or bottom-flavored) mesons 
rather than top/bottom quarks.


• The chiral condensate acts as a tadpole 
for the Higgs doublet.
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Figure 3: Higgs VEV as a function of temperature T for ⇠ = 500, 1000 and Td = 10 GeV.
The sudden changes occur at T ' ⇤QCD and Td.
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The meson masses in the confined phase are calculated as described in the previous section.
We find that for the values of ⇠ under consideration, the mesons containing top quarks are
typically much heavier than the temperature during the period of early confinement such that
they are Boltzmann suppressed. Hence the dominant thermal corrections are from the mesons
containing bottom quarks. We keep all 35 mesons in our numerical calculations.

At high temperatures, the potential is dominated by the T 2h2 term, driving vh ! 0, and
the electroweak symmetry is restored. At T = ⇤QCD, chiral symmetry is broken via the quark
condensate, and the tadpole triggers a non-zero Higgs VEV that is larger than v0h for the ⇠

values we consider. At Td, QCD deconfines and the Higgs VEV relaxes to its SM value. This
behavior is shown in Figure 3 for Td = 10 GeV and two values of ⇠.

3.3 Dark Matter Interactions with pions

At leading order in chiral perturbation theory, the interactions with the dark matter map
onto,



M2
S

�̄� tr

⇣
U †� + U�†

⌘
+

i

M2
V

�̄�µ� tr

⇣
(@µU †

) [�, U ] � [U †, �†
] (@µU)

⌘
, (3.15)
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Figure 2: Spectrum of pion masses for two choices of ⇠, with vh corresponding to the Higgs
VEV at T = 100 GeV.

where f⇡ is the pion decay constant and  is a constant with mass dimension 3, both of which
represent the strong dynamics. The generators are normalized such that tr[T aT b

] = �ab/2,
leaving the ⇡a canonically normalized. The mass matrix Mq is a spurion representing the
explicit SU(6)L⇥ SU(6)R breaking from the Yukawa interactions,

Mq =
1
p

2
h Diag(yu, yd, ys, yc, yb, yt) . (3.7)

Expanding the field U in Equation (3.6) to second order in ⇡/f⇡ results in pion mass terms
and a tadpole for the Higgs:

Lch �
p

2 yt h �


f2
⇡

tr[{T a, T b
}M ] ⇡a⇡b , (3.8)

both of which are controlled by . (In the tadpole term we keep only the top Yukawa as the
contributions from light quarks are typically negligible.) We match f⇡ and  to the SM pion
mass, m⇡0 = 135 MeV, and decay constant, f⇡0 = 94 MeV at ⇠ = 1 and vh = v0h, where
v0h = 246 GeV is the zero temperature SM Higgs VEV. Naive dimensional analysis provides
the scaling for other values of ⇠ (for which the tadpole implies there will typically be a different
vh):

 ' (220 MeV)
3 ⇠3 , f⇡ ' 94 MeV ⇠, m2

⇡ ' m2
⇡0 ⇠ vh/v0h, (3.9)

The resulting pion mass matrix is diagonalized numerically to determine the spectrum of
mesons in the mass basis. Example spectra at T = 100 GeV for two different choices of ⇠ are
shown in Figure 2.
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here will descend from a dimension seven operator after the SM Higgs gets its VEV. The
vector interactions could represent a Z 0 from an additional U(1) gauge symmetry that couples
to both quarks and dark matter. We will consider cases in which either scalar or vector
interactions dominate over the other one. We follow the guidance of minimal flavor violation
[18] in choosing the couplings such that

�ij ⌘ ±�ij
yi
yu

, (3.3)

which is normalized to the coupling to up quarks, and with an over-all factor absorbed into
M2

S . The possibility of choosing either sign for � will play an important role, described in 3.17
below.

The vector couplings �ij are diagonal and have equal values for the up-type quarks, and
equal (but different from the up-type) values for the down-type quarks,

�ij ⌘

(
�ij , j = u, c, t

(1 + ↵)�ij , j = d, s, b ,
(3.4)

where ↵ determines the difference between up- and down-type couplings. When ↵ = 0, the
vector coupling assigns charges equivalent to baryon number, and the mesons decouple from
the dark matter.

During early confinement, the Universe looks very different from the standard cosmological
picture based on the SM extrapolation. (Massless) quark and gluon degrees of freedom are
replaced by mesons and baryons, and chiral symmetry breaking induces a tadpole for the
Higgs which is relevant for the evolution of its VEV. In order to determine how dark matter
interactions are affected by this early cosmological period of QCD confinement, we first give
a description of this era in terms of chiral perturbation theory.

3.1 Chiral Perturbation Theory

In the limit ⇤QCD � mt, the QCD sector of the Lagrangian for quarks,

L �

X

q

�
iq̄ /Dq � yq hq̄LqR + H.c.

 
(3.5)

(where h is the SM Higgs radial mode) possesses an approximate global SU(6)L⇥ SU(6)R
chiral symmetry, which is softly broken by the Yukawa interactions. We work in the basis in
which the yq’s are diagonal, for which all flavor-changing processes reside in the electroweak
interactions. Non-perturbative QCD is expected to break SU(6)L⇥ SU(6)R ! SU(6)V to the
diagonal subgroup, resulting in 6

2
� 1 = 35 pions as pseudo-Nambu-Goldstone bosons.

At scales below ⇤QCD, the pions are described by a nonlinear sigma model built out of
U(x) ⌘ exp (i2T a⇡a

(x)/f⇡), where T a are the SU(6) generators. The leading terms in the
chiral Lagrangian (neglecting electroweak interactions) are

Lch =
f2
⇡

4
tr(|DµU |

2
) +  tr(UM †

q + MqU
†
) , (3.6)
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Applications
• It turns out such an early 

period of confinement can 
be useful!

• It can revive spontaneous 
baryogenesis as an 
explanation for the 
baryon asymmetry…

• It can modify dark matter 
freeze-out…

• It can modify axion 
production…

Berger, Ipek, TMPT, 
Waterbury   2004.06727

Heurtier, Huang,
TMPT 2104.13390 
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FIG. 3. Examples of the evolution of H, ma, and ⇢a (as indicated) and final enhancement S for four choices of parameters:
upper left: [⇤QCD, T

�
d ] = [500, 10] GeV; upper right: [⇤QCD, T

�
d ] = [500, 1] GeV; lower left: [⇤QCD, T

�
d ] = [500, 280] GeV; and

lower right: [⇤QCD, T
�
d ] = [30, 10] GeV.

10�2 10�1 100 101 102 103 104

T�

d [GeV]

100

101

102

103

104

�
Q

C
D

[G
eV

]

T0
EW

T0
EW

T
�

d
=

� QCD

fa = 1015 GeV
10�4

2⇥10�4

5⇥10�4

10�3

2⇥10�3

5⇥10�3

10�2

2⇥10�2

5⇥10�2

10�1

2⇥10�1

5⇥10�1
10�4

10�3

10�2

10�1

100S

FIG. 4. Contours of enhancement factor S in the plane of T
�
d and ⇤QCD for fa = 1012 GeV, Tosc ⇡ 2.4 GeV (left) and

fa = 1015 GeV, Tosc ⇡ 0.67 GeV (right). The red lines bound the region where damping and re-oscillation take place, the
dashed grey lines label the EWSB scale in the SM, and the white dashed line marks the boundary below which early confinement
never occurs. The solid markers in the left panel correspond to the four points shown in FIG. 3.

cross H, but does so at a later time as the temperature
decreases.

In FIG. 4, we show contours of S in the plane of T�
d

and ⇤QCD for two choices of fa. The example parame-
ter points from the four panels of FIG. 3 are indicated

by the triangle (top left), square (top right), circle (bot-
tom left), and cross (bottom right). The dashed white
line indicates ⇤QCD = T

�
d , below which early confine-

ment never occurs. The red contour delineates the region
inside of which damping and re-oscillation take place.
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Figure 6: Parameter space in the b1-b2 plane for benchmark 1 (left panel) and 2 (right
panel). In the blue-shaded, upper-right region, vh < T after confinement, risking washout of
the baryon asymmetry. In the pink-shaded, lower-left region, vh > T before confinement, and
the sphalerons are inactive at T ⇠ ⇤QCD. Gray shading marks the region in which tunneling
to the SM-vacuum is highly suppressed, and inaccessible before TBBN = 2 MeV.

tunneling.
Figure 6 summarizes the allowed parameter space in the b1-b2 plane for benchmarks 1

and 2. The black dotted lines indicate contours of the labelled values for vh at Tc, and blue
dotted lines show contours for the values of ⇤QCD. The pink-shaded region corresponds to the
parameter space in which sphalerons are not active at the time of QCD confinement, vh 6= 0

right before Tc, whereas the blue-shaded region corresponds to the parameter space in which
vh/Tc < 1, risking that the generated baryon asymmetry will be washed out. Grey shading
indicates points in which transitioning to the SM-like vacuum is via suppressed tunneling,
and would not occur before BBN. The white (unshaded) region thus allows one to successfully
realize baryogenesis as described above. Also shown for reference are contours of fixed mass
of the singlet S at zero temperature (see Section 6, below).

The benchmark studies reveal a few features which are likely to be fairly generic:

• Larger choices of M⇤ require larger values of vs in the confining vacuum to obtain the
same ⇤QCD (see Equation (3.4)), which in turn corresponds to a larger distance in
singlet-field space between the vacuum during high scale confinement and the SM-like
vacuum. The need to transition to the SM-like vacuum before BBN then implies smaller
values of the couplings b1, b2, translating into smaller singlet masses.

• In order for the Higgs VEV to successfully trigger deconfinement, it is necessary that
the potential be EW scale in the S direction, at least for a distance in field space
�S ⇠ O(M⇤). That implies that the parameters ai should be inversely correlated with
the scale M⇤, as was engineered for the benchmark points.
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Scalar Properties
• The true hallmark of these dynamics is the presence of the singlet scalar field.


• It couples to gluons through the dimension 5 interaction characterized by scale M*.


• It also picks up scaled down Higgs interactions through mixing with the SM Higgs 


• But in this parameter space, the mixing is θ < 10-3 or so.  This is too small for the LHC to 
see a deviation in the SM-like Higgs properties.


• There could be additional dark decay modes.
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Figure 7: (Left:) Partial decay width of s into gluons, bb̄, cc̄ and ⌧+⌧� final states. For
reference we show two mixing angles, sin2 ✓ = 10�2 (dashed) and 104 (dotted). We set the
scale of the scalar-gluon interaction at M⇤ = 5 TeV. (Right:) Branching fractions into final
states of gluons,bb̄, cc̄ and ⌧+⌧� for M⇤ = 5 TeV (solid) and 10 TeV (dotted) for sin2 ✓ = 10�2.

heavy vector-like quarks, in which case M⇤ ⇠ MVLQ. There are various model-dependent
LHC searches for vector-like quarks, with particular emphasis on searches for top partners.
Searches for pair-produced vector-like quarks mixing with the SM top quark exclude their
masses below ⇠ 1 TeV [26, 27] whereas single production constraints go up to 1.4 TeV [28],
depending on the mixing angle. Bounds are typically somewhat weaker for vector-like quarks
mixing with lighter SM quarks.

6.2 Scalar mixing

The requirement that the transition to the SM happen before BBN points to the mixing
parameters b1 . a few GeV and b2 ⇠ O(10�5

� 10�3). In the benchmark scenarios, the scalar
mass is O(1-10 GeV). Together, these parameters allow a small mixing between the singlet
and the Higgs, sin ✓ ⇠ 10�4

� 10�2. This is below the current sensitivity of the LHC to the
properties of the Higgs boson [29].

The singlet decays into SM fermions f via its mixing with the Higgs boson. The partial
decay width into ff̄ is given at tree level by

�(s ! ff̄) '
Nc y2f sin

2 ✓mS

8⇡

 
1�

4m2
f

m2
S

!3/2

, (6.3)

where Nc = 3 for quarks and 1 for leptons. In Figure 7 we show the partial decay widths into
gluon and fermion final states, and the branching ratios as a function of mS for representative
values of sin ✓ and M⇤ from the benchmark models.

The dominant gluonic decay mode is an important difference between the singlet discussed
here and typical singlet scalar extensions of the Standard Model. Nevertheless, although
subdominant, the bb̄ final state provides a useful search mechanism at particle colliders. The
best limits for ms ' 10� 100 GeV are from Higgs searches at LEP [31], which probe sin2 ✓ &
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We propose a new collider probe for axion-like particles (ALPs), and more generally for pseudo-
Goldstone bosons: non-resonant searches which take advantage of the derivative nature of their
interactions with Standard Model particles. ALPs can participate as o↵-shell mediators in the s-
channel of 2 ! 2 scattering processes at colliders like the LHC. We exemplify the power of this
novel type of search by deriving new limits on ALP couplings to gauge bosons via the processes
pp ! ZZ, pp ! �� and pp ! jj using Run 2 CMS public data, probing previously unexplored
areas of the ALP parameter space. In addition, we propose future non-resonant searches involving
the ALP coupling to other electroweak bosons and/or the Higgs particle.

I. INTRODUCTION

Axion-like particles (ALPs) [1, 2], and more generally
pseudo-Goldstone bosons, often appear in extensions of
the Standard Model (SM). They may be connected to
solutions to the strong CP problem [3–19] and/or to the
existence of new spontaneously-broken global symmetries
in Nature. In the following the term ALP will be used
indistinctly to denote all such pseudo-scalars.

ALPs are being searched at high-energy colliders [20–
27, 30, 31], beam dump experiments [32, 33], via their
e↵ects in flavour physics [29, 34–38] and through their
astrophysical signatures [39–42] (see Ref. [43] for a re-
view).

In this work we propose a novel approach to probe
the existence of ALPs at high-energy colliders, namely
non-resonant searches where the ALP is an o↵-shell me-
diator in the s-channel of 2 ! 2 scattering processes.
The ALP pseudo-Goldstone nature implies that its in-
teractions with SM particles are dominantly derivative,
enhancing the cross sections for center-of-mass energies
ŝ � m2

a, where ma denotes the mass of the ALP a. In
this kinematical regime, the processes tailored to search
for ALPs at the Large Hadron Collider (LHC) include
those with two SM bosons in the final state: electroweak
gauge bosons (W , Z, �), gluons g and/or the Higgs par-
ticle h. For ma ⌧ 100 GeV, the gluon-initiated 2! 2 di-
boson scattering processes pp (gg) ! ZZ, WW , Z� and
Zh may be mediated by a virtual ALP, as shown in Fig. 1.
This can also occur for the processes pp (gg)! jj (gg) or
pp (gg)! �� in the regime where a large invariant mass
mjj or m�� is required in the final state.

The theoretical framework used throughout this work
is the model-independent approach of e↵ective field the-
ories (EFT). If the Higgs particle is considered to be part
of an exact SU(2)L doublet at low energies, as predicted
in the SM, the putative beyond the Standard Model
(BSM) electroweak physics may then be described by

an EFT linear expansion [44, 45] in terms of towers of
gauge invariant operators ordered by their mass dimen-
sion. Alternatively, since a non-doublet component of
the Higgs particle is at present experimentally allowed
(at the ⇠ 10% level [46]), a non-linear EFT (also called
chiral) [47–53] based on a momentum expansion is also
of interest. In the following we concentrate on the lin-
ear EFT for the SM plus an ALP [1, 2, 24], and discuss
when pertinent the comparison with a chiral EFT, no-
tably for the interactions between the ALP and the Higgs
boson [24, 25].

a∗

Z

Z

a∗

Z

h

FIG. 1. Feynman diagrams for the processes gg ! ZZ (left)
and gg ! Zh (right) via an o↵-shell ALP in the s-channel.

II. BOSONIC ALP LAGRANGIAN

Linear expansion. In the linear ALP EFT, the new
physics scale to be considered is the ALP decay constant
fa, which will weight down the higher-dimensional opera-
tors built from the SM fields and a. The most general CP-
conserving e↵ective Lagrangian describing bosonic ALP
couplings contains – up to next-to-leading order (NLO)
– only four independent operators of mass dimension
five [1, 2, 24, 54],

�Le↵ � cG̃ OG̃ + cB̃ OB̃ + cW̃ OW̃ + ca� Oa� , (1)

where

OG̃ ⌘ �
a

fa
Gµ⌫

eGµ⌫ , OW̃ ⌘ �
a

fa
W a

µ⌫
fWµ⌫

a ,

OB̃ ⌘ �
a

fa
Bµ⌫

eBµ⌫ , Oa� ⌘ i
@µa

fa
�† !D µ� .

(2)
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TeV is 81 pb. The CMS event selection is discussed in
detail in Appendix A1. Fig. 3 shows the invariant mass
m``J distribution resulting for the signal after the CMS
event selection, for ci = 1 and fa = 2 TeV (correspond-
ing to the largest value of m``J in the CMS analysis),
together with the SM background publicly available in
Ref. [62] (and dominated by Z+ jets), both for the un-
tagged (top plot) and b-tagged (bottom plot) categories.
A binned likelihood analysis of the m``J distribution af-
ter CMS event selection combining the untagged and b-
tagged categories is then performed, which allows to set
a 95% C.L. exclusion limit on the signal cross section of
� = 25 fb. This corresponds to fa > 4.1 TeV for ci = 1,
and is valid for any value of the ALP mass up ma ⇠ 200
GeV without significant modifications of the signal prop-
erties. Note that, since the “low-mass merged” CMS
analysis uses data up to mZZ = 2 TeV, our derived limit
on fa for ci = 1 lies within the region of validity of the
EFT. In Fig. 4 (top) the corresponding new limit on gaZZ

(see Eq. (5)) resulting from our non-resonant analysis is
depicted as a hatched area, for a fixed value g�1

agg = 1
TeV.

For comparison, Fig. 4 (top) depicts as well previous
bounds in the literature for gaZZ , which also assume the
additional presence of gagg, albeit obtained from on-shell
ALP searches. For ma . 0.1 GeV, the ALP is stable
on LHC scales, resulting in constraints on gaZZ from
mono-Z searches (in violet), see Ref. [24]. The radiative
(2-loop) contribution of gaZZ to ga�� allows to obtain
further constraints for certain ranges of ALP masses for
which strong constraints on ga�� exist (see the discussion
in Refs. [25, 28]). For ALP masses below the GeV scale,
limits on gaZZ are thus set by beam dump searches (in
yellow) [70–72] (we adapt here the bounds compiled in
Ref. [32]), and by energy-loss arguments applied to the
supernova SN1987a [41, 42] (in blue), both through ab-
sence of extra cooling (labelled “length” in Fig. 4 and
through absence of a photon burst from decaying emit-
ted axions (labelled “decay” in Fig. 4. Furthermore, the
radiative contribution of gaZZ to ga�� is also constrained
by LHCb [73] (see Ref. [35]) in the small region 4.9 GeV
< ma < 6.3 GeV (in dark grey) and by ATLAS/CMS
searches for �� resonances (in red) for ma > 10 GeV (we
adapt here the bounds from Refs. [20, 26]). We stress
that the latter limits are from LHC Run 1 (

p
s = 7 and

8 TeV), and as such
p

s = 13 TeV Run 2 analyses should
significantly improve on those. Next, although LHC tri-
boson searches for ma � 100 GeV have yielded very
weak constraints [30], the radiative contribution of gaZZ

to ga�� provides as well sizeable constraints. We do not
include here, though, the expected tree-level bounds on
gaZZ from ZZ resonance searches by ATLAS and CMS
(e.g. from Ref. [62]) for ma > 200 GeV. To our knowl-
edge, these have not yet been obtained and are com-
plementary to the non-resonant search presented in this
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FIG. 4. Top: Bounds on the ALP coupling gaZZ as a func-
tion of ma. The hatched region corresponds to the limit from
non-resonant LHC searches derived in this work using CMS
di-boson data [62]. Also shown are limits from LHC mono-
Z searches (violet), beam-dump experiments (yellow), super-
nova SN1987a (blue), LHCb (dark grey) and LHC resonant
�� searches (red), see text for details. Bottom: Bounds on
the photonic couplings ga�� , with color code as for the top
figure. Limits from BaBar (dark grey), L3 (cyan) and LEP
(green) are also depicted, see text for details.

work. The study of such ZZ resonant searches is left for
a forthcoming work [74].

2) pp ! a⇤ ! ��

Non-resonant ALP searches are also possible for final
states to which a light ALP could decay, such as ��, by
selecting events with a large invariant mass m�� � ma.
The recent CMS search for non-resonant new physics

The scalar can be produced off-shell 
at the LHC through gluon fusion.


Usually it decays to dijets, which 
have large backgrounds.


Through mixing with the Higgs, it can 
also decay into more interesting 

signatures such as dibosons.
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