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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from !owers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible "eld that 

"lls up all space. Even when our universe seems empty, this "eld is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that "nally con-
"rmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory con#rmed in 
their lifetime. It took an enormous e$ort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in 1954, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some 3,000 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located 100 metres 
below ground and can observe 40 million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, 27 kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at 99.99999 per cent of the speed of light and collide with an energy of approximately 4 TeV each 
and 8 TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a -ying mosquito, but when the energy is packed into 
a single proton, and you get 500 trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In 2015 the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation
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The Standard Model.Simplest answer

- The Higgs boson.
Spin 0 (scalar)

- Higgs field gives masses to electrons, W/Z....
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Very successful. Many experimental tests. No cracks yet. 

1961-1968



Cosmos

A standard model of cosmology.



Albert A. Michelson, 1899
The more important fundamental laws and facts of 
physical science have all been discovered, and these 
are now so firmly established that the possibility 
of their ever being supplanted in consequence of 
new discoveries is exceedingly remote.

More than a century ago 

Are we in a similar situation?



Albert A. Michelson, 1899
The more important fundamental laws and facts of 
physical science have all been discovered, and these 
are now so firmly established that the possibility 
of their ever being supplanted in consequence of 
new discoveries is exceedingly remote.

 “Two clouds”Lord Kelvin, 1900

Light propagation，ether (Michelson-Morley)

Maxwell-Boltzmann, equipartition, specific heat

More than a century ago 



We have many clouds



Open questions in the 
Standard ModelSimplest answer

- The Higgs boson.
Spin 0 (scalar)

- Higgs field gives masses to electrons, W/Z....
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Basically, what gives us the Standard Model?

Hierarchy, nautralness

Flavor structure

CP violation

Very nice, but it looks like chemistry to me. 

…Unification



Dark world

10-22 eV 10s M☉  

Bosonic DM 

102eV keV GeV 100TeV

WIMP

WIMP

Neighborhood

Primordial 
blackhole

MPl: 

1019GeV

WIMP-zilla

None of above? 
In this case, we can’t even start to look for them.



Dark world

Vast gaps! 

Need more lampposts.
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What is the future?
Where will be the next breakthrough?   
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Of course, I don’t know. 



What is the future?
Where will be the next breakthrough?   

Of course, I don’t know. 

I will focus on:  
Future experimental probes, and what we can learn from them



The experimental probes
Energy frontier 
HL-LHC,  Future colliders

Table top exp, fixed target, …  
Intensity frontier

Cosmological observations 
CMB, LSS, Gravitational wave
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Exciting news!
NANOGrav 15-year New-Physics Signals 11
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Figure 4. Same as Fig. 3 but for a di↵erent selection of models and showing a larger frequency range. The solid lines represent
median GWB spectra for a subset of new-physics models (see Appendix B for more details); the gray violins correspond to
the posteriors of an HD-correlated free spectral reconstruction of the NANOGrav signal; and the shaded regions indicate the
power-law-integrated sensitivity (Thrane & Romano 2013) of various existing and planned GW interferometer experiments:
LISA (Amaro-Seoane et al. 2017), DECIGO (Kawamura et al. 2011), BBO (Crowder & Cornish 2005), Einstein Telescope (ET;
Punturo et al. 2010), Cosmic Explorer (CE; Reitze et al. 2019), the HLVK detector network (consisting of aLIGO in Hanford
and Livingston (Aasi et al. 2015), aVirgo (Acernese et al. 2015), and KAGRA (Akutsu et al. 2019)) at design sensitivity, and
the HLV detector network during the third observing run (O3). All sensitivity curves are normalized to a signal-to-noise ratio
of unity and, for planned experiments, an observing time of one year. For the HLV detector network, we use the O3 observing
time. Di↵erent signal-to-noise thresholds ⇢thr and observing times tobs can be easily implemented by rescaling the sensitivity
curves by a factor of ⇢thr/

p
tobs. More details on the construction of the sensitivity curves can be found in Schmitz (2021).

We emphasize that models whose median GWB spectrum exceeds the sensitivity of existing experiments are not automatically
ruled out. This applies, e.g., to cosmic superstrings (super) and the O3 sensitivity of the HLV detector network. Typically, no
single GWB spectrum in a given model will coincide with the median GWB spectrum, which is constructed from distributions
of h

2⌦GW values at any given frequency. Therefore, if the median GWB spectrum is in conflict with existing bounds, typically
only some regions in the model parameter space will be ruled out, while others remain viable (see, e.g., Fig. 11 for the super
model). Finally, note that any primordial GWB signal is subject to the upper limit on the amount of dark radiation in Eq. (23),
which requires the total integrated GW energy density to remain smaller than O(10�(5···6)) (see Section 5.1).

eters in these models are fairly well known (e.g., con-
cerning the galaxy stellar mass function), others are
almost entirely unconstrained—particularly those gov-
erning the dynamical evolution of SMBHBs on subpar-
sec scales (Begelman et al. 1980). The GWOnly-Ext li-
brary assumes purely GW-driven binary evolution and
uses relatively narrow distributions of model parame-
ters based on literature constraints from galaxy-merger

observations (e.g., Tomczak et al. 2014) in addition to
more detailed numerical studies of SMBHB evolution
(e.g., Sesana 2013).

For each population contained in the GWOnly-Ext li-
brary, we perform a power-law fit of the correspond-
ing GWB spectrum across the first 14 frequency bins
that we use in our analysis. The distribution for ABHB

and �BHB obtained in this way is reported in Fig. 1

Likely the beginning of a new era! 
Could be the first of observation of primordial GW!  

NANOGrav, June 29, 2023



More data to come!



The experimental probes
Energy frontier 
HL-LHC,  Future colliders

Table top exp, fixed target, …  
Intensity frontier

Cosmological observations 
CMB, LSS, Gravitational wave

Rest of the talk



Current Energy frontier: 
HL-LHC



HL-LHC

We are here. 

Still, 10 times more data to come.

The question: what will this data tell us?



As data accumulates
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become slower, harder



Two directions

A lot of 
 data
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Precision: Higgs
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]

Community Planning Exercise: Snowmass 2021
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the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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HL-LHC as particle factories
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Example: Higgs portal long lived particles

ATLAS search for displaced 
vertices in the muon system 

● Dedicated trigger for this signature
● Two vertices isolated from hadronic 

and inner detector activity

H → XX (hadronic): Muon detectors
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In the c𝜏 > 0.1 m regime, most stringent limits (mostly) driven by searches using the muon detector 
● Different strategies in ATLAS and CMS
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In the c𝜏 > 0.1 m regime, most stringent limits (mostly) driven by searches using the muon detector
● Different strategies in ATLAS and CMS

Despite different 
strategies, comparable 
sensitivity
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signal can be well separated from these backgrounds. In
the future, the object reconstruction with separation not
only in spatial but also in time should help discriminate
the various backgrounds.

In addition, in specific searches, signal typically has
additional feature. For example, in our case, we actu-
ally have two visible objects with di↵erent time delays.
Taking advantage of such characteristics, we expect the
background can be further suppressed.

As a side note, triggering on delayed signals concern-
ing the primary interaction vertex could become a very
interesting and important application for the general
class of long-lived particle signals [30–32]. Triggers with
additional timing information (such as sizable delay)
would complement current trigger system that focuses on
very hard events, using HT , pT of jets, leptons, photons,
and missing ET [33, 34]. A much softer threshold could
be achieved with sizable time delays as an additional
criterion, which would be extremely beneficial for LLP,
especially for compressed signal searches.

Augmented sensitivity on LLP through precision
Timing.— Our first example is Higgs decaying to LLP
with subsequent decays into bb̄ pairs. This occurs in
model [10] where the Higgs is the portal to a dark QCD
sector whose lightest states are the glueballs. The de-
cays of the 0++ glueballs are long-lived. This benchmark
has been studied without exploiting the timing informa-
tion [35, 36]. Typical energy of the glueball is set by
the Higgs mass, and the time delay depends on glueball
mass. The signal of LLPs produced through the decay of
an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃

0
1 ! hG̃. Our selection would be

general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃
0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃
±

or heavier neutralino �̃
0
2, promptly decay into the lightest

neutralino state �̃
0
1 plus soft particles.

h → X X, X → j j
MS(30ps), Δt>0.4ns
MS(200ps), Δt>1ns
EC(30ps), Δt>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%
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Precision Timing Enhanced Search Limit (HL-LHC)

FIG. 4. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with p

j
T > 30 GeV and |⌘j | < 2.5. In

both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO
model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 4.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. For the MS
search, a less precise timing resolution (200 ps) has also
been considered with cut �t > 1 ns to suppress back-
ground. After the cut, the backgrounds from SV and PU
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FIG. 1. The projected sensitivity for Higgs decays to long-lived particles with VBF trigger (left

panel) and a displaced track trigger for the ggF channel (right panel) at the HL-LHC (3 ab�1) as a

function of proper lifetime of X using our proposed HGCAL LLP search. We consider two scenarios

of the displaced track trigger. The solid line on the top of the shaded region corresponds to the

reach with a trigger requirement of HT > 100 GeV, while the solid line on the bottom of the shaded

region is obtained without such additional requirement. The existing limits for BR(h ! XX) from

ATLAS Run 2 searches based on prompt VH [80] (dotted), the muon spectrometer [18] (dashed),

the calorimeter [14] (dot-dashed), with integrated luminosity of 36 fb�1, and the CMS search based

on displaced vertex in the tracker system [13] (long dashed) with integrated luminosity of 132 fb�1,

are also shown for comparison. The numbers on di↵erent colored lines indicate the mass of the

LLP in units of GeV for the corresponding searches.

XX) ⇠ O(10�4) with a lifetime of c⌧X ⇠ 0.1–1 meters, while for the ggF channel it is

about BR(h ! XX) ⇠ O(10�5–10�6) for similar lifetime. Alternatively, for an LLP with

c⌧X ⇠ 103 meters, the HGCAL based search should be able to probe BR(h ! XX) down

to a few ⇥10�4(10�2) in the ggF (VBF) channels, respectively.

The paper is organized as follows. In Sec. IIA, we discuss the signal model and the trigger

considerations for the signal. In Sec. II C, we describe signal and background generation. In

Sec. III, the distributions of kinematic variables are discussed, and the corresponding cuts

are applied. Finally, we show our results in Sec. IV and conclude in Sec. V.

Pointing with HGCAL

J. Liu, Z. Liu and LTW, 1805.05957
J. Liu, Z. Liu, X. Wang and LTW, 2005.10836

Potential to do better, BR(h→XX) < 10-5 

h → XX

X: LLP
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Beyond the LHC: 
What should the next step?



1.1 Executive Summary 7

In summary, the EF supports a fast start for construction of an e+e� Higgs factory (linear or
circular), and a significant R&D program for multi-TeV colliders (hadron and muon). The
realization of a Higgs factory will require an immediate, vigorous and targeted detector R&D
program, while the study towards multi-TeV colliders will need significant and long-term
investments in a broad spectrum of R&D programs for accelerators and detectors. These
projects have the potential to be transformative as they will push the boundaries of our knowledge by
testing the limits of the SM, and indirectly or directly discovering new physics beyond the SM.

The US EF community has also expressed renewed interest and ambition to bring back
energy-frontier collider physics to the US soil while maintaining its international collaborative
partnerships and obligations.

The EF community proposes several parallel investigations over a time period of ten years or more for
pursuing its most prominent scientific goals, namely 1) supporting the full (3 - 4.5 ab�1) HL-LHC physics
program, 2) proceeding with a Higgs factory, and 3) planning for multi-TeV colliders at the energy frontier.

The proposed plans in five year periods starting 2025 are given below.

For the five year period starting in 2025:

1. Prioritize the HL-LHC physics program, including auxiliary experiments,

2. Establish a targeted e+e� Higgs factory detector R&D program,

3. Develop an initial design for a first stage TeV-scale Muon Collider in the US,

4. Support critical detector R&D towards EF multi-TeV colliders.

For the five year period starting in 2030:

1. Continue strong support for the HL-LHC physics program,

2. Support construction of an e+e� Higgs factory,

3. Demonstrate principal risk mitigation for a first stage TeV-scale Muon Collider.

Plan after 2035:

1. Continuing support of the HL-LHC physics program to the conclusion of archival measurements,

2. Support completing construction and establishing the physics program of the Higgs factory,

3. Demonstrate readiness to construct a first-stage TeV-scale Muon Collider,

4. Ramp up funding support for detector R&D for energy frontier multi-TeV colliders.

The EF community recognizes that its success critically depends on the resources obtained by the Accelerator
Frontier (AF), as there is a direct linkage between the EF vision and advances in accelerator R&D. The EF
community strongly supports the AF in its proposal to establish an e+e� Higgs factory program, and start
R&D for energy frontier multi-TeV colliders with appropriate funding [4]. Moreover, the visibly strong
interdependence between the EF and the Theory Frontier is key to the success of both frontiers, and EF
supports a strong and well funded theory program [5]. Contributions from Instrumentation Frontier [6]
and the Computational Frontiers [7] are key to the realization of the vision of the EF. In addition, the
collaboration with the Community Engagement Frontier [8] as well as the cross-fertilization with other
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇ଶ  𝜑ത  𝜑 −
𝜆
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆 is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Yet, Higgs is confusing.

Is it elementary (like electron) or composite (like proton or pion)?

Is the Higgs the only spin-0 particle, or there are similar ones?

Maybe not as simple as it seems?
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Higgs mechanism sets the masses of the SM particles



What sets the masses?
Spin-0

Higgs mechanism sets the masses of the SM particles

However, we can’t explain how this mass scale is set. 
Why is it around 100 GeV?



What do we know?

Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for

3
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 
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Higgs factories (e+e-)

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

CLIC

Circular Electron Positron Collider (CEPC)

3

𝒆+𝒆− Higgs (Z) factory
Ring length ~ 100 km

IP 1

IP 2

❑ CEPC is an e+e- Higgs factory producing Higgs / W / Z bosons and top quarks, 
aims at discovering new physics beyond the Standard Model

❑ Proposed in 2012 right after the Higgs discovery

❑ Proposed to commence construction in ~2026 and start operation in 2030s. 

❑ Upgrade: Super pp Collider (SppC) of 𝒔 ~ 100 TeV in the future.

arXiv:1809.00285, arXiv:2203.09451CEPC

11

• Double ring 𝑒+𝑒− collider with a circumference of 91 km

• Two or four experiments
• Asymmetric layout around interaction points to 

limit SR towards detector
• Horizontal crossing angle of 30 mrad and 

crab waist collision scheme

• Minimal changes of the layout between operation modes 
and layout compatible with hadron collider

• Synchrotron radiation power limited to 50 MW/beam at all energies

• Full energy booster in the same tunnel to enable top-up injection 

Overview and design choices
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The Higgs measurements

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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Is the Higgs composite?

HIGGS BOSON AND ELECTROWEAK SYMMETRY BREAKING 15

(a) (b)

Figure 2.4: (a) LHC and CEPC precision Higgs constraints in the m
t̃1

� m
t̃2

plane from Higgs cou-
plings to gluons and photons. Here tan � = 1 and the mixing parameter Xt is allowed to vary over all
values consistent with the physical stop masses; the excluded area is that for which no allowed value of
Xt is consistent with Higgs coupling measurements. Larger values of tan � lead to qualitatively sim-
ilar coverage. (b) Coverage of blind spots including precision measurement of the ZH cross section.
Figures adapted from [27].

0.00256

0.04

r L
± , 0ÆWZêWW

r L
0Æ l + l -

x bounds

L
H
C
3
ab
-
1

L
H
C
36.7

fb
-
1

LHC
3 ab - 1LHC

36.1 fb - 1

LH
C
3
ab
-
1

CEPC
5 ab

- 1

2 4 6 8 10
1

3

5

7

9

M r L @TeVD

g r
L

(a)

2

4

0.00256

0.04

g r > 4 p

g r <1

r L
± , 0 ÆWZêWW
r L

0 Æ l + l -

x bound
g r L contours

L
H
C
3
ab -

1

L
H
C
36.7

fb
-
1

LH
C
3
ab -

1

L
H
C
36.1

fb
-
1

LHC 3 ab- 1

CEPC 5 ab- 1

2 4 6 8 10

1

10-1

10-2

10-3

M r L @TeVD

x

(b)

Figure 2.5: Potential coverage of composite-type global symmetry models in terms of resonance mass
m⇢ and coupling parameter g⇢L (a) or mixing parameter ⇠ ⌘ v

2
/f

2 (b) via direct searches at the LHC
(blue and green shaded regions) and precision Higgs measurement constraints (red lines).

GLOBAL SYMMETRY

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
Model-like Higgs boson mixing with heavier resonances and further influenced by the
presence of light fermionic excitations.
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GLOBAL SYMMETRY

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
Model-like Higgs boson mixing with heavier resonances and further influenced by the
presence of light fermionic excitations.

Direct search for composite 
resonances

Higgs coupling measurements

Composite  elementary 
Predicting different couplings

≠

Perhaps the Higgs is similar to 
the pion? 

Would make it naturally light, since it is not 
elementary.  
If so, will be other composite resonances

0.1% at Higgs factories



Is the Higgs boson alone?
Maybe Higgs boson has some 
partners?

Simplest example:  
Higgs coupling to one other spin-0 
boson

Will change Higgs behavior by interacting 
with it. 
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FIG. 34: This figure is from [88] Figure 8.11, where the LHS shows the direct and indirect sensitivity to a singlet which mixes
with the SM Higgs, while the RHS shows the limit of no-mixing, but overlaid with regions of parameter space where a strong
first-order phase transition is allowed.

quite a bit of attention and serve as useful benchmarks for the study of Higgs physics for future colliders.
There are many more states in a 2HDM after going to the mass basis, since there is an entirely new doublet, e.g. the

familiar five mass eigenstates: the observed 125 GeV CP-even neutral scalar h, an additional CP-even neutral scalar
H, one CP-odd Higgs boson A, and a pair of charged Higgs bosons H±. Therefore even scanning the phenomenology
is quite a bit more complicated than in singlet models, and can often seem daunting. However, at its core it is
important to remember that a 2HDM is just a second copy of our SM Higgs. Therefore, the Lagrangian terms one can
write down for the second Higgs with the SM fermions and gauge bosons are identical in structure. While the gauge
symmetry of the SM dictates that the kinetic/gauge interaction terms for “our” Higgs are identical, di↵erences arise
due to the fact that the Higgs potential can be more complicated (as it is a function of both Higgs doublets), and the
Yukawa interaction strengths are not fixed by symmetry. The latter is potentially quite dangerous, as the successful
GIM mechanism of the SM could be ruined and new flavor changing neutral current (FCNC) interactions could be
introduced in generic 2HDM models. An idea put forth by Glashow and Weinberg, “natural flavor conservation”
(NFC) was constructed to avoid FCNCs generically, and is often taken as the organizing symmetry principle of
2HDMs [103]. This imposes a discrete symmetry on the 2HDM which results in the second Higgs doublets Yukawa
couplings being proportional to the first. Imposition of this symmetry results in the standard 4 types of 2HDM
models that are often mistaken as the only 2HDM model possibilities(Types I-IV or Types I-II, Type L, and Type
F depending on the naming scheme). In fact, this was amusingly pointed out by Georgi as a fallacy by others of
confusing su�cient with necessary [104] due to the impressive nature of Glashow and Weinberg who originally wrote
down the symmetry condition for NFC. Nevertheless, given the constraints on flavor one has to address this specifically
outside the standard 4 types of NFC 2HDM models, as there is particularly novel phenomenology at future colliders
that we will discussion in Section V B 1. Another aspect that we address in Section VB 1 is the organization of CP
violation that can be present in 2HDMs.

Restricting ourselves to the standard types of 2HDM models still allows for an enormous range of phenomenology.
The complications outside the Yukawa sector arise because the potential for the 2HDM, V (H1, H2), can allow for both
Higgses to acquire VEVs and quartic terms involving both Higgs doublets in the potential allow for mixing between
the 2 Higgs doublets. Given the ubiquitous nature of NFC 2HDMs, the standard parametrization of the physics is
done in terms of a ratio of the VEVs of the 2HDM states, tan �, and a mixing angle cos(� � ↵) as well as the masses
of the various eigenstates. Another way to think of a 2HDM is in the so-called Higgs basis [105, 106], where one
chooses a basis such that the VEV occurs only for the first doublet, H1. The second doublet H2 just has its own set
of the usual interactions with the SM, but does not modify the SM Higgs properties at tree level unless there is a
non-trivial mixing, i.e. cos(� � ↵) 6= 0. In NFC 2HDM models, tan � in the Higgs basis is still useful to parameterize
the e↵ects of the 2HDM in the Yukawa sector and allows for a connection to studies that don’t use the Higgs basis. In

the Yukawa sector, which distinguishes the four types of 2HDM, we write separate Yukawas �
(1)
f and �

(2)
f as follows,

where 1 refers to the SM Higgs,

�
(1)
f =

p
2

v
mf , �

(2)
f =

⌘f

tan �
�
(1)
f , (6)

HL-LHC

Higgs factories



Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for

3

Need to go beyond this



Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for

3

Need to go beyond this

1. Self-coupling
2. New physics in the alternative scenario 
often induce changes in other Higgs 
coupling, such as hZ

H

H

H Z, W

Z, W



EFT expectation
If there is a modification of the self-coupling from new physics, 
which can be parameterized by the operator

H6

Λ2

We should expect other effect of such NP, e.g.

(∂(HH†))2

Λ2 → δZh ∼ v2

Λ2

Self-coupling measurement, typically harder, may not be the 
discovery channel.
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Statement #1:  Parameter space with first order electroweak phase 
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Comments on options



Circular

Higher luminosity. 
⇒ more Higgs bosons!

More W (106), Z (1012)



With more W, Zs
CircularHiggs factories: 
1012 Zs   106  WW 

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.

Community Planning Exercise: Snowmass 2021

In comparison:  
LEP has 107 Zs

Z
f

f̄

Precision on electroweak couplings: 10-3 ⇒ 10-4

Search for NP in exotic Z decays (more later)



Linear

Longitudinal polarization.  
Better at resolving certain signals 

Can go to higher energies 



At higher energies
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

21

2/ab-250 +4/ab-500 5/ab-250 +1.5/ab-350
coupling pol. pol. unpol. unpol.

hZZ 0.50 0.35 0.41 0.34
hWW 0.50 0.35 0.42 0.35
hbb̄ 0.99 0.59 0.72 0.62
h⌧⌧ 1.1 0.75 0.81 0.71
hgg 1.6 0.96 1.1 0.96
hcc̄ 1.8 1.2 1.2 1.1
h�� 1.1 1.0 1.0 1.0
h�Z 9.1 6.6 9.5 8.1
hµµ 4.0 3.8 3.8 3.7
htt - 6.3 - -
hhh - 20 - -
�tot 2.3 1.6 1.6 1.4
�inv 0.36 0.32 0.34 0.30

�other 1.6 1.2 1.1 0.94

TABLE VII: Projected uncertainties in the Higgs boson couplings computed within the SMEFT framework and including
projected improvements in precision electroweak measurements, as described in the ILC reports and the FCC-ee CDR [51, 70,
71].

1. Top Yukawa

Many models of BSM physics have large e↵ects on the top quark Yukawa. The gluon fusion rate at the HL-LHC
measures a combination of the top quark Yukawa and an e↵ective ggh coupling, while the tt̄h and th channels provide
a theoretically cleaner determination of the top quark Yukawa. The full program of future e

+
e
� colliders can reduce

the uncertainty on the top quark Yukawa coupling from that of the HL-LHC, and the uncertainty decreases rapidly
as the energy of the e

+
e
� collider is increased, as seen in Figure 21[72], which is an important motivation for higher

energy lepton colliders.
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FIG. 21: Uncertainty on the top quark Yukawa measurement at an e
+
e
� collider as a function of collider energy, showing the

improvement at higher center of mass energy[72].

2. Charm Yukawa

There has been significant progress in the understanding of the sensitivity of the HL-LHC to the charm quark
Yukawa. CMS and ATLAS have studied the charm quark Yukawa using the associated Wh and Zh channels, with an
expected limit, | c |< 3.4 at 95% CL based on the full Run 2 dataset. The CMS constraint is a factor of 4 better than
the ATLAS result, which is attributed the the use of multi-variate techniques and the inclusion of a boosted analysis
using substructure techniques. A combined fit to b � c results in a projected constraint of | b/c |< 2.6 at 95%
CL at the HL-LHC. The HL-LHC projections for a 2-parameter fit to c and b from V h production are shown in

H

H

H
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Two excellent options!

Excellent  
Higgs factories!

CircularLinear

Great performances for Higgs measurements.

Different in additional physics program and prospects 



Next energy frontier ～10 TeV. 
How should we get there?

Beyond the LHC:



Energy frontier machines:

Proposals emerging  from Snowmass����� for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

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

2045 start physics

2040 start physics

Construction/Transformation

Original timeline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need supporting R&D in near future

Muon collider

100 TeV pp collider



Physics case
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Physics case
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Co
up

lin
g 

to
 th

e 
SM

Direct search for NP 
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A factor o
f O

(10) above the LHC 

A big step in the energy fro
ntier.



High energy pp 
pp collider. ITF Snowmass 2022 
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Muon collider
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For generic new physics, 
such as top partner, the 
reach would be ≈ 0.5 
ECM, with very low 
luminosity requirement.
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WIMP dark matter
Testing the simplest WIMPs

60

1.6 The physics beyond the Standard Model 65

beyond the minimal scenario. The loop-induced mass splitting among the components of the EW multiplet
also results in a disappearing track signature which can enhance the reach but is more sensitive to the mass
splitting and detector backgrounds.

The basic lesson from Fig. 1-37 is that high energy colliders, such as a hadron collider with ECM ' 100 TeV
or a Muon Collider with ECM ' 10 TeV, can definitively test these scenarios. High energy e+e� colliders,
with energies up to 3 TeV, can cover lower-mass regions.
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Disappearing track
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Figure 1-37. A summary of the reach of future colliders for simple WIMPs from four search strategies,
as indicated in the legend. For comparison, the reaches of the direct and indirection detectors are also
included (orange bars at top). For lepton colliders where a detailed study is not available, the kinematic
limit m� = 0.5 ⇥ ECM is used to indicate potential reach; Muon-collider studies suggest this is likely to be
an overestimate. Hadron-collider projections are from [440, 502], while lepton-collider projections are from
projections in [441, 496, 497].

Higgs mediation. DM could also couple to the SM via portals, which is a direct coupling via gauge-
invariant operators. The Higgs boson provides a prime example: as a spin-0 particle, this ‘Higgs portal’
allows a renormalizable coupling with the DM that can have a sizable e↵ects on SM Higgs properties.
Searches at colliders are powerful probes of the Higgs portal. For example, DM production would enhance
tiny rate of invisible decays of the Higgs predicted by the SM, provided the DM mass is less than half the
Higgs mass. Precision measurements of the Higgs couplings, another main objectives of a future collider,
would also contribute to probe the Higgs portal scenario. Future prospects for the Higgs portal were studied
in the European Strategy physics Briefing Book [412] and are discussed in the BSM Topical Group report [18].

Models involving a larger extension of the scalar sector can also be probed with Higgs measurements and
BSM Higgs searches. Example of such extensions are the Inert Doublet Model, where an extra scalar doublet
provides a DM candidate, and a 2HDM where an additional pseudoscalar has direct couplings to DM. The
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Higgs mediation. DM could also couple to the SM via portals, which is a direct coupling via gauge-
invariant operators. The Higgs boson provides a prime example: as a spin-0 particle, this ‘Higgs portal’
allows a renormalizable coupling with the DM that can have a sizable e↵ects on SM Higgs properties.
Searches at colliders are powerful probes of the Higgs portal. For example, DM production would enhance
tiny rate of invisible decays of the Higgs predicted by the SM, provided the DM mass is less than half the
Higgs mass. Precision measurements of the Higgs couplings, another main objectives of a future collider,
would also contribute to probe the Higgs portal scenario. Future prospects for the Higgs portal were studied
in the European Strategy physics Briefing Book [412] and are discussed in the BSM Topical Group report [18].

Models involving a larger extension of the scalar sector can also be probed with Higgs measurements and
BSM Higgs searches. Example of such extensions are the Inert Doublet Model, where an extra scalar doublet
provides a DM candidate, and a 2HDM where an additional pseudoscalar has direct couplings to DM. The
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FCC-hh or a Col is needed!μTesting of these simplest WIMP models.  
Requires 100 TeV pp or 10 TeV muon collider



As Higgs factories

Muon collider @ 10 TeV:         107  Higgses

Hadron collider @ 100 TeV:    1010 Higgses 
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1 ESG Table- with forward tagging, Kappa-0
fit, with 2.1% on t from 2212.11067 updated
April 10 2023

-0 HL- LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/ µ+µ�

fit LHC S2 S2
0

250 500 1000 380 1500 3000 240 365 eh/hh 10000

W 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14 0.11

Z 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12 0.35

g 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49 0.45

� 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29 0.84

Z� 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69 5.7

c � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95 1.8

t 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0 2.1

b 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43 0.24

µ 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41 2.9

⌧ 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44 0.59

2 ESG Table- with forward tagging, Kappa-0 fit,
with 1.4% on t from Zhen, updated April 10
2023

-0 HL- LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/ µ+µ�

fit LHC S2 S2
0

250 500 1000 380 1500 3000 240 365 eh/hh 10000

W 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14 0.11

Z 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12 0.35

g 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49 0.45

� 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29 0.84

Z� 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69 5.5

c � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95 1.8

t 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0 1.4

b 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43 0.24

µ 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41 2.9

⌧ 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44 0.59

1
High energy also implies one can also test origin of 
deviations simultaneously - new formalism needed

High energy improves  
Higgs precision

Rapid progress, Col numbers 
didn’t exist at the time of last 

European Strategy Update

μ

Precision implies a scale

∼ v2

M2
NP

European strategy update
de Blas et al
1905.03764

1 % ⟹ MNP ∼ 1 TeV

M. Forslund et al. 2203.09425+WIP
M. Chen, D. Liu 2212.11067 

Z. Liu et al WIP



Di-Higgs
1.1. Overview of production modes 7
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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
PDF4LHC15 parton densities have been used with the scale choices according to Table 1.1. The size
of the bands shows the total uncertainties originating from the scale dependence and the PDF+Æs
uncertainties.

Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.
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100 TeV pp, 40 times HL-LHC Muon C @ 10 TeV: several x 104



Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for
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often induce changes in other Higgs 
coupling, such as hZ

H

H

H Z, W

Z, W



Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for

3

Need to go beyond this

1. Self-coupling
2. New physics in the alternative scenario 
often induce changes in other Higgs 
coupling, such as hZ

H

H

H Z, W

Z, W



A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

Fcc-ee/ILC250/

EW phase transition

A typical (simplest) model, Higgs mixes with a singlet 

HL-LHC

at 
Higgs factories
δZh ∼ 0.1 %

1 TeV ILC 



A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

Fcc-ee/ILC250/

EW phase transition

A typical (simplest) model, Higgs mixes with a singlet 

HL-LHC

at 
Higgs factories
δZh ∼ 0.1 %

1 TeV ILC 

100 TeV pp/MuonC



Comments on options



Hadron colliderA single talk on Col and FCC?μ

Figure 9: A schematic view of the Fermilab site and the layout of the proposed collider complex for
the Muon Collider site-filler (top) and a zoomed-in version showing the 125 and 600 GeV staging
options (bottom).
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Figure 9. The ITF cost model for the multi-TeV lepton collider proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.

Figure 10. The ITF cost model for the energy frontier hadron collider, electron-proton colliders (incremental
cost from hadron collider only) and for the proposed Fermilab site-filler colliders. Horizontal scale is
approximately logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black
horizontal bars with smeared ends are the cost estimate range for each machine. Right-arrow for the 500 TeV
"Collider-in-the-Sea" indicates higher than 80B$ cost. Left-arrow for the electron-proton "SPPC-CEPC"
collider concept indicates smaller than 4B$ cost.
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3.1.2 Technology validation requirement

This metric was used to indicate the level of e�ort required to validate the technology. For some
technologies, validation can be established by a single component, while others require a full-scale
demonstration. See Table 4

Technology Validation Required Score Color Code
Full-scale - requires comprehensive demonstration 3
Partial with scaling - partial demonstration su�cient 2
Separate - component validation 1

Table 4. Technology validation scoring chart and color codes (used below in summary Table 9).
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be obtained from the risk registry Tables for the proposal components and systems. For reference,
Table 10 summarizes integrated cost and duration of the past and present, and proposed R&D
programs and facilities.

4 Power, Complexity and Environmental Impact of Colliders

4.1 Summary table

Table 11. Table summarizing the categories of power consumption, size, complexity and required radiation
mitigation for the evaluated collider proposals. Color schemes and categories are explained in Sec. 4.2
(power consumption), Sec. 4.3 (size), 4.4 (complexity) and Sec. 4.5 (radiation). For linear colliders, the
size of the machine includes main linac and final focus, but excludes damping rings, except where otherwise
noted.

Proposal Name Power Size Complexity Radiation
Consumption Mitigation

FCC-ee (0.24 TeV) 290 91 km I I
CEPC (0.24 TeV) 340 100 km I I
ILC (0.25 TeV) 140 20.5 km I I

CLIC (0.38 TeV) 110 11.4 km II I
CCC (0.25 TeV) 150 3.7 km I I

CERC (0.24 TeV) 90 91 km II I
ReLiC (0.24 TeV) 315 20 km II I
ERLC (0.24 TeV) 250 30 km II I
XCC (0.125 TeV) 90 1.4 km II I
MC (0.13 TeV) 200 0.3 km I II

ILC (3 TeV) ⇠400 59 km II II
CLIC (3 TeV) ⇠550 50.2 km III II
CCC (3 TeV) ⇠700 26.8 km II II

ReLiC (3 TeV) ⇠780 360 km III I
MC (3 TeV) ⇠230 10-20 km II III

LWFA (3 TeV) ⇠340 1.3 km
(linac)

II I

PWFA (3 TeV) ⇠230 14 km II II
SWFA (3 TeV) ⇠170 18 km II II

MC (14 TeV) ⇠300 27 km III III
LWFA (15 TeV) ⇠1030 6.6 km III I
PWFA (15 TeV) ⇠620 14 km III II
SWFA (15 TeV) ⇠450 90 km III II

FCC-hh (100 TeV) ⇠560 91 km II III
SPPC (125 TeV) ⇠400 100 km II III
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S. Jindariani, BNL P5 Townhall6

The US timeline shown in Snowmass

• This is a highly optimistic Technically Limited timeline
• not limited by resources/funding 
• does not account for R&D risks
• assumes no delays in construction

• The actual project start time is subject to:
• Successful outcome of the proposed extensive R&D program
• Availability of funding + resources, host laboratory, and international agreements

• Development will take a long time – need to start now!

• Fermilab ACE+expansions
could provide the accelerator 
frontend

• More at upcoming “ACE 
Science workshop” 

Better for colored new physics. 
Noisier collision environment.

Have a lot of experience with pp. 
Need a big ring, and new magnets.



Muon collider
Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
✓ p

s

10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1

A single talk on Col and FCC?μ

Figure 9: A schematic view of the Fermilab site and the layout of the proposed collider complex for
the Muon Collider site-filler (top) and a zoomed-in version showing the 125 and 600 GeV staging
options (bottom).
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Figure 9. The ITF cost model for the multi-TeV lepton collider proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.

Figure 10. The ITF cost model for the energy frontier hadron collider, electron-proton colliders (incremental
cost from hadron collider only) and for the proposed Fermilab site-filler colliders. Horizontal scale is
approximately logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black
horizontal bars with smeared ends are the cost estimate range for each machine. Right-arrow for the 500 TeV
"Collider-in-the-Sea" indicates higher than 80B$ cost. Left-arrow for the electron-proton "SPPC-CEPC"
collider concept indicates smaller than 4B$ cost.
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3.1.2 Technology validation requirement

This metric was used to indicate the level of e�ort required to validate the technology. For some
technologies, validation can be established by a single component, while others require a full-scale
demonstration. See Table 4

Technology Validation Required Score Color Code
Full-scale - requires comprehensive demonstration 3
Partial with scaling - partial demonstration su�cient 2
Separate - component validation 1

Table 4. Technology validation scoring chart and color codes (used below in summary Table 9).
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Integration and control
Positron source
6D `-cooling elements
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Two-beam acceleration
4
+ plasma acceleration

Emitt. preservation
FF/IP spot size/stability
High energy ERL
Inj./extr. kickers
High power target
Proton Driver
Beam screen
Collimation system
Power e�.& consumption

3.1.2 Technology validation requirement

This metric was used to indicate the level of e�ort required to validate the technology. For some
technologies, validation can be established by a single component, while others require a full-scale
demonstration. See Table 4

Technology Validation Required Score Color Code
Full-scale - requires comprehensive demonstration 3
Partial with scaling - partial demonstration su�cient 2
Separate - component validation 1

Table 4. Technology validation scoring chart and color codes (used below in summary Table 9).
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be obtained from the risk registry Tables for the proposal components and systems. For reference,
Table 10 summarizes integrated cost and duration of the past and present, and proposed R&D
programs and facilities.

4 Power, Complexity and Environmental Impact of Colliders

4.1 Summary table

Table 11. Table summarizing the categories of power consumption, size, complexity and required radiation
mitigation for the evaluated collider proposals. Color schemes and categories are explained in Sec. 4.2
(power consumption), Sec. 4.3 (size), 4.4 (complexity) and Sec. 4.5 (radiation). For linear colliders, the
size of the machine includes main linac and final focus, but excludes damping rings, except where otherwise
noted.

Proposal Name Power Size Complexity Radiation
Consumption Mitigation

FCC-ee (0.24 TeV) 290 91 km I I
CEPC (0.24 TeV) 340 100 km I I
ILC (0.25 TeV) 140 20.5 km I I

CLIC (0.38 TeV) 110 11.4 km II I
CCC (0.25 TeV) 150 3.7 km I I

CERC (0.24 TeV) 90 91 km II I
ReLiC (0.24 TeV) 315 20 km II I
ERLC (0.24 TeV) 250 30 km II I
XCC (0.125 TeV) 90 1.4 km II I
MC (0.13 TeV) 200 0.3 km I II

ILC (3 TeV) ⇠400 59 km II II
CLIC (3 TeV) ⇠550 50.2 km III II
CCC (3 TeV) ⇠700 26.8 km II II

ReLiC (3 TeV) ⇠780 360 km III I
MC (3 TeV) ⇠230 10-20 km II III

LWFA (3 TeV) ⇠340 1.3 km
(linac)

II I

PWFA (3 TeV) ⇠230 14 km II II
SWFA (3 TeV) ⇠170 18 km II II

MC (14 TeV) ⇠300 27 km III III
LWFA (15 TeV) ⇠1030 6.6 km III I
PWFA (15 TeV) ⇠620 14 km III II
SWFA (15 TeV) ⇠450 90 km III II

FCC-hh (100 TeV) ⇠560 91 km II III
SPPC (125 TeV) ⇠400 100 km II III
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S. Jindariani, BNL P5 Townhall6

The US timeline shown in Snowmass

• This is a highly optimistic Technically Limited timeline
• not limited by resources/funding 
• does not account for R&D risks
• assumes no delays in construction

• The actual project start time is subject to:
• Successful outcome of the proposed extensive R&D program
• Availability of funding + resources, host laboratory, and international agreements

• Development will take a long time – need to start now!

• Fermilab ACE+expansions
could provide the accelerator 
frontend

• More at upcoming “ACE 
Science workshop” 

Cleaner (at least for high energy states). 
More focus on electroweak processes

Don’t know for sure we can make it yet.



Roads to 10 TeV

Hadron Muon

Others?

All exciting possibilities, we should study all of them!!



What energy is needed?



What energy is needed?

As high as possible. Of course, limited by 
tech knowhow and resource.  

A good next step should be about 10 TeV.

Some physics benchmark, such as WIMP dark matter. 
But mainly driven by other limitations.



Will we find new physics there?



Will we find new physics there?

We don’t know. However, 



Will we find new physics there?

We don’t know. However, 

We will probe nature at much shorter 
distances, with the potential of answering 
big open questions. 



Will we find new physics there?

We don’t know. However, 

We will probe nature at much shorter 
distances, with the potential of answering 
big open questions. 

We will understand the working of the 
Standard Model in a new regime: with 
unbroken EW symmetry, qcd at 10xLHC…



An example for us
JWST

Big science project aiming at a better picture of how SM works 
under very different conditions.  



An example for us
JWST

Probing the strange world at short distances should be at 
least as exciting!



My dream scenario 

We get to a Higgs factory as soon as we can.

In the mean time, we (with a lot of R&D) to figure 
out the best way to get to higher energies (10 TeV).



With all these possibilities

Proposals emerging  from Snowmass����� for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

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

2045 start physics

2040 start physics

Construction/Transformation

Original timeline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need supporting R&D in near future

Let’s figure out a way to do something ASAP!

+ more
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My dream scenario 

We get to a Higgs factory as soon as we can.
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2045 start physics

2040 start physics

Construction/Transformation

Original timeline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need supporting R&D in near future

Fastest way to get to a 
Higgs factory?



My dream scenario 

Proposals emerging  from Snowmass����� for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

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

2045 start physics

2040 start physics

Construction/Transformation

Original timeline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need supporting R&D in near future

+ maybe LEP 3?
“Shovel ready” options


