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DISCLAIMERS
I am a BSM theorist giving a short talk: 

• Will not discuss flavour and neutrino experiments.  

• Will not discuss many interesting topics including 
QCD, heavy ions, etc. 

• These are the physics opportunities I find the most 
interesting.  

See references in backup slides for much more. 
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HIGGS POTENTIAL

3

SM says Higgs breaks 
electroweak symmetry 
with this potential.  

No direct experimental 
evidence of this. 
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HIGGS POTENTIAL

4

SM says Higgs breaks 
electroweak symmetry 
with this potential.  

No direct experimental 
evidence of this.  

Can measure derivatives 
of potential. 

V(h) ∼ 1
2 m2

h h2 + 1
3! λ3 h3 + 1

4! λ4 h4 + . . .

Taylor series:
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N-HIGGS PRODUCTION

5

λ3

h

h

h
h
λ4

SM makes definite predictions for these coefficients:

λ3 ∼ g m2
h

mW
λ4 ∼ g2 m2

h

m2
W

Can directly measure these couplings with  
multi-Higgs production (very hard at LHC). 
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In the early universe, electroweak symmetry is restored.

6

SM predicts smooth transition  
from unbroken to broken phase. 

ELECTROWEAK PHASE TRANSITION
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ELECTROWEAK PHASE TRANSITION
In the early universe, electroweak symmetry is restored.

7

BSM theories (with new states) could have violent 
transition, possible baryogengesis mechanism. 
Curtin, Meade, Yu, arXiv:1409.0005.
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NEW LIGHT PARTICLES

8

e+

e−
Z*

Z

h

In lepton collider, can use 
knowledge of initial state 
to detect that a Higgs was 
created without seeing it.

Search for Higgs decays 
to new particles. 
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e+

e−
Z*

Z

h

In lepton collider, can use 
knowledge of initial state 
to detect that a Higgs was 
created without seeing it.

Search for Higgs decays 
to new particles. 

Can also look for new 
electroweakly charged 
particles with difficult 
decays. 

Could be connected to 
dark matter or SUSY. 

NEW LIGHT PARTICLES
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NEW HEAVY PARTICLES

10

With 100 TeV CM, could 
discover:

• ~10 TeV coloured particles 

• ~2 TeV electroweak particles

• ~20 TeV resonances
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NEW HEAVY PARTICLES

10

With 100 TeV CM, could 
discover:

• ~10 TeV coloured particles 

• ~2 TeV electroweak particles

• ~20 TeV resonances

Probing 10 TeV scale increases 
required tuning of weak scale 
from 1/100 to 1/10,000.
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PROBING HIGH SCALES
Precise measurements can be translated to limits (or 
discoveries!) of new physics at high scales.  

Parameterize via effective field theory (very general).   

Example:    

Can also do with W, Higgs, leptons, quarks…

δΓZ

ΓZ
∼ 1

500,000 ⇒ Λ ∼ 50 TeV

11
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DARK MATTER
WIMP classic (pure electroweak 
state) prefers a mass of 1-3 TeV.  

Disappearing track search can 
probe cosmologically relevant 
parameters.  

Also significant reach in      
mono-jets, mediator models,  
co-annihilation, asymmetric DM…

12

p

p

Invisible

Invisible

j/Z/� · · ·

�+

��

Figure 1: Production of a charged state
with proper lifetime ⌧ . 1 ns and decay
products that are invisible at colliders will
lead to a charged track that ends (‘disap-
pears’) within the extent of a tracker sub-
system.

splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp

✓
�

d

��c⌧

◆
. (2.1)

We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].

– 3 –

Mahbubani, Schwaller, Zurita, 
arXiv:1703.0532 
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ENERGY VS LUMINOSITY

13 Liu and Wang arXiv:2205.00031
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FIG. 1. Top: Required luminosity for lepton colliders for various physics goals in the energy range of 80
GeV to 1 TeV. The required instantaneous luminosities assume one detector. For experiments with mul-
tiple concurrent detectors running, one can multiply its luminosity by the number of detectors to obtain
the e↵ective physics yields. The run plan of the colliders often has various stages to achieve di↵erent pre-
cision goals. Hence, the luminosities goals displayed here are “ballpark” figures which loosely correspond
to run plans. The actual physics output for each stage of a proposed collider can be worked out from this
figure straightforwardly. Bottom: We overlaid the instantaneous luminosities of various proposed lepton
colliders in this energy range. The run plans are taken from Snowmass Agora presentations [10–12].

of this study to provide a simple, quantitative, and schematic understanding of the luminosity

requirement for future colliders. Hence, we choose to show the cases with unpolarized beams
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FIG. 2. Required luminosity for lepton colliders for various physics goals in the energy range 1 TeV
to 20 TeV, assuming one detector for each experiment. For high-energy lepton colliders, while it is
possible to have a staged approach to run at di↵erent energies, such plannings are still at very early
stages. Hence we assumed a uniform run time of 10 yrs. The luminosity requirement for 5� discovery
of the benchmark DM scenarios Higgsino and Wino are shown in purple lines. The disappearing track
search dominates the Dark Matter discovery luminosity curves. The exception is for Higgsino with lepton
collider energy below 6 TeV, where the boost of the Higgsino is insu�cient to generate the signal, and
the missing energy search dominates the search; for details, see Refs. [48, 49]. Bottom: We overlaid the
instantaneous luminosities of various proposed lepton colliders in this energy range. The run plans are
again taken from Snowmass Agora presentations [10–12, 14].

distributions. As argued in the previous section, for a typical four-fermi contact interaction, the

required luminosity for a fixed target scale of ⇤/cEFT scales as 1/E2. For high-energy lepton

e+e- collider
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E VS L HADRONS

14

Liu and Wang arXiv:2205.00031
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FIG. 3. Luminosity requirements for high energy hadron colliders, for possible initial states (gg, red; qq̄
blue). One set of goals, the optimal case, is to have the ultimate reach scale linearly with the center-
of-mass energy. This would require the luminosity scale as E2

CM, similar to the lepton collider. At
the same time, to get most of the increase in the reach, say 70% of the optimal reach, the required
luminosity is much lower. This is a consequence of the scaling of parton luminosity as a function of the
parton center-of-mass energy. The scaling of the reach shown here is done by statistics and using parton
luminosity [55]. We used the reach at the HL-LHC as a reference point for the extrapolation. For the
gluon-gluon initial state dominated process, we assumed the reach of the mass of new physics at the
HL-LHC of 3 TeV (approximately 1.5 TeV for pair production). This could be similar to the case, for
example, the stop. For qq̄ initiated processes, we assumed a reach at the HL-LHC of 1 TeV (which would
be about 500 GeV for pair production). This would be similar to the electroweak states. Changing the
assumption of HL-LHC reach will give rise to some di↵erences but a↵ect the qualitative feature. The
luminosities of several proposed future hadron colliders, taken from Agora presentations [13], are shown.

At the same time, it is possible to make some rough estimates for searches based on the behavior

of parton luminosity and statistics [55]. This method, and a discussion of the qualitative behavior

of the reach, are summarized in Appendix A. By the nature of this estimate, we will not be able

to take into account subtle kinematic e↵ects. The main factor which determines the reach is the

composition of the initial state that dominates the production. For new physics charged under

color, typically, the gluon-gluon initial state would give the dominant contribution. For example,

this is the case for the stop in supersymmetry3. At the same time, qq̄ initial state dominants the

contribution to new physics, which are neutral under color, both for the case of single production

(such as Z 0) or pair production (such as electroweak multiplets).

Our result is presented in Fig. 3. In the following, we make a couple of observations.

• Given two colliders with the center of mass energies E1 and E2, the corresponding reach

of the masses of a particular new physics particle are denoted as M1 and M2, respectively.

3 A possible exception is diquark production, to which valance quark gives the dominant contribution.
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MUON COLLIDERS

15

(a) (b)

Figure 1. The equivalent proton collider energy p
sp [TeV] required to reach the same, beam-level

cross section as a µ
+
µ

� collider with energy p
sµ [TeV] for (a) 2 ! 1 and (b) 2 ! 2 parton-level

process, for benchmark scaling relationships between the parton-level cross sections [�̂]p and [�̂]µ

as well as for pair production of t̃t̃ and �
+
�

� through their leading 2 ! 2 production modes.

we identify the kinematic threshold as ⌧ = sµ/sp, and likewise the factorization scale as
µf =

p
sµ/2. If one further assumes a relationship between the partonic cross sections, this

identification allows us to write equation 3.6 as

X

ij

�ij

✓
sµ

sp
,

p
sµ

2

◆
=

[�̂]µ

[�̂]p
⌘

1

�
. (3.7)

which can be solved⇤ numerically for sp as a function of sµ and �.
For various benchmark assumptions (�) on the partonic cross sections [�̂]p and [�̂]µ,

and for the parton luminosity configurations ij = gg (red) and ij = qq (blue), where
q 2 {u, c, d, s} is any light quark, we plot in figure 1(a) the equivalent proton collider energy
p

sp as a function of psµ, for a generic 2 ! 1, neutral current process. In particular, for
each partonic configuration, we consider the case where the ij and µ

+
µ
� partonic rates are

the same, i.e., when � = 1 (solid line) in equation 3.7, as well as when � = 10 (dash) and
� = 100 (dash-dot). The purpose of these benchmarks is to cover various coupling regimes,
such as when ij ! Y and µ

+
µ
�
! Y are governed by the same physics (� = 1) or when

ij ! Y is governed by, say, QCD but µ
+
µ
�
! Y by QED (� = 10).

Overall, we find several notable features. First is the general expectation that a larger pp

collider energy is needed to achieve the same partonic cross section as a µ
+
µ
� collider. This

follows from the fact that pp beam energies are distributed among many partons whereas
µ
+
µ
� collider energies are effectively held by just two incoming partons. Interestingly,

we find a surprisingly simple linear scaling between the two colliders for all ij and �

combinations. For the ij = qq configuration and equal partonic coupling strength, i.e.,
� = 1, we report a scaling relationship of psp ⇠ 5 ⇥

p
sµ. Under the above assumptions,

⇤
Explicitly, we use the scipy function fsolve to carry out a brute force computation of this transcen-

dental equation. We report a reasonable computation time on a 2-core personal laptop.

– 7 –

2 → 1 2 → 2
Costantini et al. arXiv:2005.10289

Muon colliders can do it all! 

Can reach much higher energies than electron collider. 

Effective energy much higher than pp. 

See slides from D. Curtin this morning.
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GAUGE-HIGGS COUPLINGS
Higgs coupling to gauge bosons:

Parameterize deviation from SM with ’s. 

Also define:

κ

λWZ = κW

κZ



DANIEL STOLARSKI     June  24, 2026      CAP Congress 2026 Future Colliders Symposium17

CONSISTENT WITH SM

WZλ
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Figure 11: Observed (solid line) and expected (dashed line) negative log-likelihood scans for �WZ (top) and �tg
(bottom), the two parameters of Fig. 10 that are of interest in the negative range in the generic parameterisation of
ratios of Higgs boson coupling modifiers described in the text. All the other parameters of interest from the list in
the legend are also varied in the minimisation procedure. The red (green) horizontal lines at the �2� ln⇤ value of
1 (4) indicate the value of the profile likelihood ratio corresponding to a 1� (2�) CL interval for the parameter of
interest, assuming the asymptotic �2 distribution of the test statistic.

28

ATLAS + CMS, arXiv:1606.02266.

  also consistent with 

SM prediction. 

Very little sensitivity to the 

sign of !

λWZ

λWZ
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VBF-VH PROCESS

κZ

κW

Tree-level interference in VBF-VH very sensitive to 
relative sign of couplings. 

Very small cross section in SM, HL-LHC or future 
colliders can be valuable. DS, Wu, 2006.09347. 

de Lima, DS, 2404.10815. 
de Lima, Tuckler, 2408.14536.
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NEW STATES
is definitionally beyond the SM and 

requires new light states. 

λWZ = − 1

Can model independently put bounds on these states 
independent of how they decay. 
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FUTURE COLLIDER RESULTS
VBF-ZH

de Lima, Tuckler, 2408.14536.
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CHALLENGES

21

The physics case is the easy part! 

Have to find funding for these machines.  

Significant technology development is necessary: 

•Better accelerator technology 

•Better detector technology 



THANK
YOU
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REPORTS (ARXIV NUMBERS)

Snowmass 2022 white papers:

23

• FCC-hh: 2204.10029  

• FCC-ee: 2203.08310 

• ILC: 2204.13627 

• ReLiC: 2203.06476 

• CERC: 2203.07358

• CEPC: 2205.08553 

• CLIC: 2203.09186 

• Electron ion: 2203.13199 

• Muon collider: 2203.07361

FCC Report: 2505.00272 and references therein. 
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MORE REPORTS
Some reports from earlier (arXiv numbers):

24

• 100 TeV pp BSM: 
1606.00947 

• 100 TeV pp Higgs: 
1606.09408  

• FCC-ee: 1308.6176 

• ILC: 1306.6352

• CEPC: 1811.10545 

• CLIC: 1812.07986 

• LHeC and FCC-he: 
2007.14491 

• Muon Collider: 
2005.10289


