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Why do we care about these colliders?



Wh¥hdo we care about these colliders?

As the next to the last talk, hopefully you already know
all the answers, but maybe you’ve been distracted...
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This dance has played out over many decades
following a bifurcation based on particle type
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(V. Shiltsev, 2012)

Since then (1990s), the paths of different colliders have diverged:
hadron colliders continued the quest for record high energies in
particle reactions and the LHC was built at CERN, while 1n parallel

highly productive ete— colliders called particle factories focused on
precise exploration of rare phenomena at much lower energies.

(V. Shiltseyv, F. Zimmermann 2021 Reviews of Modern Physics)



Most basic difference:

* Electron colliders collide fundamental particles - that exploit the full
energy and don’t have large QCD backgrounds - BUT they suffer from
synchrotron radiation and beamstrahlung from small mass

* Proton colliders collide composite particles - that generate large QCD
backgrounds and you use a fraction of the energy of beam for physics -
BUT they have a much larger mass and avoid synchrotron radiation



If you have a physics target, you can see by eye
that electrons are easier!

AV AI LA :; Run Number: 204265, Event Number: 178165311

lﬁ/_ EXPERIMENT Date: 2012-06-02 19:53:30 CEST

d

ILC-ILD250GeVeTe™ - Zh — utuh
ATLAS VBF i — 777~ candidate event

This doesn’t reflect that the size of backgrounds are
also orders of magnitude smaller as well for leptons



Therefore hopefully it will continue
with CEPC/SPPC or FCC-ee/hh
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(V. Shiltsev, F. Zimmermann 2021 Reviews of Modern Physics)
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BUT, since this talk is about eTe™ and ™ u

colliders, It turns out there are other
possibilities as well:

The accelerator landscape Is more nuanced

The physics capabilities are more varied

The physics needs have evolved with more data driving
new efforts! (Both theoretical and experimental data)
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What’s a Higgs Factory?

An eTe” collider

dominated by
ZH production




These are also the only machines we know how to
build “tomorrow”

THE INTERNATIONAL LINEAR COLLIDER

TECHNICAL DESIGN REPORT | VOLUME 1: EXECUTIVE SUMMARY

+ other
concepts that
are close

A MULTI-TEV LINEAR COLLIDER
BASED ON CLIC TECHNOLOGY

for publication Dat.: 11. Jun 2013

CLIC CONCEPTUAL DESIGN REPORT

CEPC

Technical Design Report

FUTURE CIRCULAR COLLIDER
CONCEPTUAL DESIGN REPORT Accelerator

Do they all do the job?




| have a strong dislike of showing tables
of EFT operators or coupling modifiers

The difference between an uncertainty on g, v

of 1.2% vs 1.1% makes no real qualitative
difference probing the scale of new physics
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2
MNP
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Indeed they all fit the bill and improve on LHC
E"fﬁ Lrontier }{ﬁj F@ofﬂ/w Liril ngw

Gauge Couplings
Loop Higgs
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> 0(1) ¢ No study
Beyond HL-LHC

AN Offshore Higgs ractory, realized In collaboration with international partners, In

order to reveal the secrets of the Higgs boson. The current designs of FCC-ee and
ILC meet our scientific requirements. The US should actively engage in feasibilit




Are all Higgs factories created equal? NO!

Circular Linear

Beam gets reused 1 pass only -
for higher lumi L ower lumi
Beam goes In a circle, Avoids synchrotron
so synchrotron radiation radiation - can go to

limits energy reach higher Energy
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Higgs factories

Circular Linear
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Z factories - the type of “Higgs” Factory matters!

1072
——FCC ee v+ CCC

——CEPC —<+MC
\. ——-CERC —=FCC hh

ERLC -+ SPPC
——RelLiC PWFA
——|LC SWFA
» ——CLIC LWFA +-
10'3 I | I [
107" 10° 10" 10°

CM Energy [TeV]

2
=
i
(7))
X
-
(@)
v
o
o
A
| -
()]
=
O
Q
>
-
(7))
O
=
-
—15

19 Snowmass Accelerator Implementation Task Force



Z factories - the type of “Higgs” Factory matters!

* Flavor physics - leraZ allows one to go an
order of magnitude beyond Belle |l

 Light BSM physics - TeraZ allows to probe
rare Z decays better (e.g. HNL)

 EW precision - TeraZ is an enormous jump
(although polarization helps a LC)

20



Aside: Why can we do so well with Z
factories now?

LEP1 had ©(107) Z bosons

FCC-ee proposes 0(10'%)
Z bosons!

Cross section Is the same so we
need a factor of 10° on Luminosity!



Modern Z-factories

Is CERN planning to consume 5 orders of
magnitude more power in a few decades??? NO!




Modern Z-factories

Is CERN planning to consume 5 orders of
magnitude more power in a few decades??? NO!

Does digging an O(100) km tunnel make all the
difference? NO!



Modern Z-factories

Is CERN planning to consume 5 orders of
magnitude more power in a few decades??? NO!

Does digging an O(100) km tunnel make all the
difference? NO!

4
EN* 1 27k
ploss [ Z) — — ~ 173
Y m R 91km

Synchrotron power loss is only about a factor of 3 better =+ 10°
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Modern Z-factories
Enabled by accelerator physicists!

LEP1 beam current ~mA NC—-SRF!
FCC-ee beam current ~ A RF power efficiency ~ 10

Crab Cavity + Final Focus ~ 102

You could in principle do TeraZ up to 240 GeV in a LEP length tunnel
(of course no detailed implementation study exists)

Does not mean you can do entire FCC-ee program in LEP tunnel,
eventually you run out of rpom for RF and other tricks!




Circular e"e~ colliders also have another
potential trick - electron Yukawa

0 Significance e+e-—H, Vs=125GeV
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Still working on optimizing luminosity vs monochromatization
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| know of ho models where it is relevant yet, but still super cool to get
close to the 1st generation, should be a target for theory and experiment!



If a circular e "¢~ collider can do so much beyond a “Higgs
factory”, are linear e "¢~ colliders uninteresting? No!!!
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New processes means new
measurement possibilities

K,
sensitivity

collider Indirect-h hh combined
HL-LHC [78] 100-200%  50% 50%
ILC250/C?-250 [51, 52]  49% — 49%
ILC500/C"-550 [51, 52]  38% 20% 20%
CLIC3g0 [H4 50% — 50%
CLIC1500 [54 49% 36% 29%
CLIC3000 [54 49% 9% 9%
FCC-ee [55] 33% — 33%

Snowmass Higgs report 2209.07510
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Linear colliders and Higgs physics
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|s that all?



One general theme we’ve heard this week, how do
you think of precision?
Coupling modifiers, SMEFT/HEFT, Toy Model, Full
Model?
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One general theme we’ve heard this week, how do

you think of precision?
Coupling modifiers, SMEFT/HEFT, Toy Model, Full
Model?

There I1s no such thing as a model
Independent interpretation!
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Our modern understanding of QFT is based on
Wilsonian Renormalization

N x N Ising Model

FYEATERTY —

> = =
> = =
bbb

Wilsonian renormalization
says EVERYTHING is an

ﬂﬂtﬂﬂ EFT at low energy!

#>0
E
Why it works systematically is that all higher dimension operators contribute as ~ (—)

A\
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This is why regardless of BSM physics

UV BSM theory + SM

Matching scale, like a
new particle mass

SM + higher dimension interactions
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This led to a modern renaissance for the LHC and
FTs trying to reverse the logic

UV BSM theory + SM

SMEFT, HEFT

However the RGE flow is irreversible!
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EFTs are not model independent

For example, integrating out
the W,Z doesn’t give you a
UV theory sizable new gluon gluon
scattering operator!
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From bottom up measurements you know this too!

UV BSM theory + SM

Cy - -
Esdsd Az 10* TeV
Il B = = = ‘ CC _ X
5 cuc —p A >103TeV
Cp, < < > 104
SMEFT, HEFT Az dbd AR AUV
A 2> 10TeV

You must make model dependent assumptions to use it, otherwise
you are guaranteed to see nothing at the LHC or future colliders!

lone|4
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UV BSM theory + SM

A > 10° TeV

A > 10* TeV

A 2> 10TeV

ake model dependent assumptions to use it, otherwise

yoUugitre guaranteed to see nothing at the LHC or future colliders!

lone|4

1dM4



Therefore if | want to talk about
Implications of precision | need to know
the types of UV physics that can map to

certain types of operators or observables!
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Let’s look at a particular example to see
how this works, and why a Linear Collider
can have other advantages in Higgs Physics



Higgs physics isn’t just EFT/couplings:
Cute example is the strange Yukawa

This was done for ILC, but
should be applicable to
FCC-ee/CEPC (ECFA/
ESPPU)

1.2

1.0 A1

0.4 -

0.2 -

0.0

ILD Preliminary, L = 900 fb~!

95% CL, upper limit: 7.14
Vs =250 GeV, P(e ,e") = (—80%, +30%)

Expected CL,
B 110 expected CL,

+20 expected CL,
— a = 0.05

.......
LN |
......
]
]
1 ]
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L}
L 4
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4
L 4
L 4

L7
.. ..
......
............

Tested POI, s,

ILC Snowmass study
A. Albert et al
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Higgs physics isn’t just EFT/couplings:
Cute example is the strange Yukawa

1.2

ILD Preliminary, L = 900 fb~! 05% CL, upper limit: 7.14
= 250 GeV, Ple—,et) = (— i
1 /5 = 250 GeV, P(e~,et) = (—80%, +30%) cvected CL.

L0 g, B 10 expected CL,

—(shs)h* .

— «a =0.05

0.4 -

We’ve heard about MFV, U(2)
etc from very nice SMEFT 02-
talks this week, so do we ever | — ——. .

7
N
*a
N
-----

care about this precision? 2 4 A

ILC Snowmass study
A. Albert et al
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Higgs physics isn’t just EFT/couplings:
Cute example is the strange Yukawa

: h3)h*
—5(sh)

To generate such O or effect, you need BSM physics
that couples to strange quarks and couples to the Higgs

+
symmetry/dynamics to avoid Flavor bounds
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Higgs physics isn’t just EFT/couplings:
Cute example is the strange Yukawa

: h3)h*
—5(sh)

To generate such O or effect, you need BSM physics
that couples to strange quarks and couples to the Higgs
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Spontaneous Flavor Violation (SFV)

D. Egana-Ugrinovic, S. Homiller, PM
1811.00017,1908.11376,2101.04119

New physics can couple in a strongly flavor dependent way if it is aligned in
the down-type quark or up-type quark sectors with a sufficient symmetry to
protect it: SFV provides this beyond Aligned Flavor Violation

For example: | could have a new BSM state at the EW scale that just couples to
RH strange quarks and nothing else at tree level - perfectly consistent despite
EFT flavor bounds on Kaon mixing naively setting a scale of 70000 TeV

This Is symmetry protected, and there
are simple UV completions!
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SFV is general but let’s apply this to the Higgs

with a 2HDM
Nothing to do with SM
strange Yukawa
ﬂH/ If this was all there was, then an
-------- H - 2nd Higgs doublet amusing signal generator for strange

jet resonances

46



SFV is general but let’s apply this to the Higgs
with a 2HDM

Nothing to do with SM
strange Yukawa

e
| Simple parameter space:
It can modify “SM” mass, coupling to
Higgs strange couplings strange, mixing with

QR0 niggs
H, ........ ) — , 1 h)h 2



That’s not the only 5|gnal'

Direct Searches

A. Albert et al
2203.07535 [ |
B -z e h
0.5 SFV 2HDM, cos(8 — o) = 0.1 -
i Egafia-Ugrinovic, Homiller, Meade
0.9 arXiv:1908.11376, 2101.04119 '
. SM Higgs
S CH* 0.1 ~Measurements (80 fb- o)
g - |
0.05 mmmepont 0T DOUNCS

(140 fb~h
_ ILD (900 fb™) \_,\
> o w/ s—tagging s
-
-3
B
[ .
0.002- = | l l | | T
100 200 300 500 1000 1500 2000 S
mpy (GeV) )
ReSOnant dl'nggS sels the current 0 x/ Prospects for tri_
. R - T N _‘1: ______ h .
strongest LHC bound on deviations of the . p=s Higgs at the HL-LHC

strange Yukawa! 48 "
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A linear e e "collider can test relevant BSM
Higgs physics directly




“Higs Factries”

Circular Linear
Flavor Physics EW program
Rare Z decays (BSM search) Higgs Program
EW program Di-Higgs/Higgs Potential
Higgs Program Testing BSM EW physics directly

Potential new big tunnel!

Both options are great and complementary:
If CEPC then ILC or CLIC immediately?
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What about muons? Where do
they fit In?




Let’s go back to our collider plot
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Let’s go back to our collider plot
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Avoid synchrotron

radiation of circular e te™
colliders

Muon Collider

High Energy + High
Lumi in small ring

Once muons are cooled, much
more like “conventional” collider

Pheno and full sim studies done

Many synergies with neutrino physics
and dovetails well with Fermilab

54

What technologies can fill the gap?

Avoid infinitely long
linear e e~ colliders

WFA

High energy In short package

Understanding Lumi and Power
consumption w/staging still open
question

Don’t have enough info to do real
pheno/exp studies yet



What technologies can fill the gap?

Avoid synchr 48 nitely long
radiation of circu % o ~ colliders
colliders Precision
OR Energy /FA
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Che New HJork Cimes

A o o o
4. [Particle Physicists Agree on a Road
2r'S
Map for the Next Decade
M U A “muon shot” aims to study the basic forces of the cosmos. But
maaoar fadoral hiidaate ca11ld limit ite amhitinne
High I N ) \ ackage

Although we do not know if a muon collider is ultimately feasible, the road toward it ]
leads from current Fermilab strengths and capabilities to a series of proton beam improve- §I1IM| and Power
ments and neutrino beam facilities, each producing world-class science while performing _ .
critical R&D towards a muon collider. At the end of the path is an unparalleled global aglng Stl" Open
facility on US soil. This is our Muon Shot.

on

JI{IAuminate h |nf0 tO dO real
jaden —Studies yet

Explore
New
Paradigms
In Physics
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10 YeV Muon Collider Schematic



Why is it so important to fill this gap?

 We already have good reason to think we need to get to higher energy - both from
data and theory - so we better make sure we can!

« FCC-hh and SPPC follow the LEP/LHC paradigm - but we don’t know for sure if we can
build detectors to get the physics out - 2070 makes it easy to not focus on it for now,
but should we put all our eggs in one basket?

 What is the ultimate limit of protons?

Have to keep going bigger - sustainability and political issues

QM tells us we need to increase lumi roughly quadratically if we want to increase
energy of our colliders, is this feasible?

pp total cross section increases with \/E , do our beams burn off too fast and power

consumption spirals eventually?
58



Even if we had the resources, it’'s not clear how far
we can go without supporting broad R&D

e D by eg.
— —

-

We can dream big like
Fermi, but whether we
can do it even If we had
the resources Is a
different story
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Why do we need higher energy?

* LHC dataset so far: Lack of BSM evidence
* Preparing for Higgs Factory Results
 Completing the Standard Model

* Higgs Mass + SUSY

 Minimal Dark Matter

e Electroweak Phase Transition

60



Lessons learned from the LHC so far

- * - . .
ATLAS Heavy Particle Searches™ - 95% CL Upper ExclusiongLimits ATLAS Preliminary
. (8 —
Status: March 2022 = J£dt =(3.6-139)fb! Vs=8,13TeV
_— .
Model t,y Jetst ET™ [rdib] Limit 4 Reference
T T — T T T T — T T T T —T
@ ADD Gk +g/q Oeu,7,y 1-4j  Yes 139 | Mp 11.2TeV n=2 2102.10874
oS ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2  ADD QBH - 2j - 37.0 My, . 89TeV 1n=6 1703.09127
[0 ADD BH multijet - >3] - 3.6 M, N . R 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586
§ RS1 Gkk — vy 2y - - 139 Ggk mass Iy 4.5TeV k/Mp; = 0.1 2102.13405
B BukRS Gkx —» WW/ZZ multi-channel 36.1 | Gk mass VR 2.3 TeV k/Mp =10 1808.02380
& BukRS Gk » WV - tvqq lenu 2j/1J  Yes 139 Gk mass 2.0 TeV k/Mp =1.0 2004.14636
m Bulk RS gxx — tt le,u 21b 2142 Yes  36.1 8Kk Mass hol 3.8 TeV r/m=15% 1804.10823
2UED / RPP leu >2b, >3] Yes 36.1 KK mass ‘8 Tev Tier (1,1), B(AMD — tt) =1 1803.09678
SSM Z’ — ¢t 2epu - - 139 Z’ mass - 9 5.1 TeV 1903.06248
» SSM Z" — 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
< Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
@  Leptophobic 2/ — tt Oeu >1b>2J Yes 139 |2z’ mass & 41 TeV r/m=12% 2005.05138
8 ssMw -y Ten - Yes 139 | W/mass -q 6.0 TeV 1906.05609
@ SSM W’ - 1v 17 - Yes 139 W’ mass A 5.0 TeV ATLAS-CONF-2021-025
g) SSM W'’ — tb - >1b,>1J - 139 W’ mass o). 4.4 TeV ATLAS-CONF-2021-043
© HVTW — WZ - {vggmodel B 1e,pu 2j/1J  Yes 139 | W’ mass X 4.3 TeV gv=3 2004.14636
G} HVT W’ — WZ — ¢v {'¢’ model C 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV N gven=1,g=0 ATLAS-CONF-2022-005
HVT W’ — WH model B Oeu 21b>2J 139 | W’ mass ' 3.2TeV gv =3 2007.05293
LRSM Wg — uNg 2u 1J - 80 | Wg mass v 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A : 21.8TeV 7, 1703.09127
—  Clltgq 2eu - - 139 | A "3 358TeV . 2006.12946
O | Cleebs 2e 1b - 139 A 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 A T 2.0 TeV g =1 2105.13847
Cl tttt >1eu >1b,21] Yes 36.1 A i© 257TeV |Cae| = 4m 1811.02305
Axial-vector med. (Dirac DM) Oepu 1y 1-4j Yes 139 Mped ‘2.1 TeV ,=0.25, g,=1, m(x)=1 GeV 2102.10874
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mpmed 376 GeV gq=1, gy=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 Mped 3.1TeV tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV tang=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass B=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 | LQmass B=1 2006.05872
@  ScalarLQ 3 gen 17 2b Yes 139 | LQ; mass B(LQY — br) =1 2108.07665
= Scalar LQ 3" gen Oepu  >2),22b Yes 139 | LQ; mass B(LQ§ - tv) =1 2004.14060
Scalar LQ 3™ gen >2eu,21721j,21b - 139 LQS mass BLQY - tr) =1 2101.11582
Scalar LQ 3 gen Oeu,217 0-2j,2b Yes 139 LO%; mass B(LQY - bv) =1 2101.12527
Vector LQ 3™ gen 17 2b Yes 139 | LQY mass B(LQY — br) = 0.5, V-M coupl. 2108.07665
VIQTT - Zt+ X 2e/2u/>3eu >1b,>1j) - 139 T mass SU(2) doublet ATLAS-CONF-2021-024
gxfxﬂ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass SU(2) doublet 1808.02343
® g VLQ T53Ts3Tsz > W+ X 2(SS)/>3eu>1b21) Yes 361 Ts/3 mass B(Tsj3 —» Wi)=1, c(Ts3We)=1 1807.11883
% 2 VLQT o H/Zt 1eu  21b>3j Yes 139 | Tmass SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY - Wb le,u  21b21j Yes  36.1 Y mass B(Y = Wh)=1, cr(Wh)=1 1812.07343
VLQ B — Hb Oeu >2b 21,210 - 139 | Bmass SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
.8 (é) Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
L S Excitedquark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
S’ £ Excited quark b* — bg - 1b1j - 36.1 b* mass 1805.09299
W ¢ Excitedlepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 20.3 a A=1.6TeV 1411.2921
Type Ill Seesaw 234eu >2]j Yes 139 N° mass 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
S Higgs triplet H** — W*W* 234 e,uu (SS) various  Yes 139 H** mass DY production 2101.11961
_“:’ Higgs triplet H** — ¢¢ 234eu(SS) - - 139 H# mass DY production ATLAS-CONF-2022-010
S | Higgs triplet H** — (7 3eut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass DY production, |q| = 5e 1812.03673
Magnetic monopoles - — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
‘/-=13TEV ‘/'=13Tev raaal " " PR T T L L gl " L PR
partial data full data 107!
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ATLAS SUSY Searches* - 95% CL Lower Limits

10 Mass scale [TeV]

Q ATLAS Preliminary

March 2022 N Vs=13TeV
. 1 i
Model Signature  [L£dt[fb™) Mass limit . 9 Reference
. 4-qt) Ocpu — 26jets  EF™ 139 |IGINAXIEXIDEGE] 1. 1.85 m(¥Y)<400 GeV 201014293
» mono-jet  1-3jets  EP™ 139 g [8x Degen] 0.9 MR, m(g)-m(¥1)=5 GeV 2102.10874
@ ) )
S 2 goqak Oep  26jets EP™ 139 | % k : 2.3 merY)=0 GeV 2010.14293
S z Forbiddefl} 1.15-1.95 m(¥))=1000 GeV 2010.14293
3 2. 3oqqWhy Tep 2-6jets 139 |z . N 2.2 m(¥})<600 GeV 2101.01629
Qo 3 3-qq(COX] ee, ppt 2jets  EP™ 139 z A 2.2 m(¥})<700 GeV CERN-EP-2022-014
B 73, 3oqqWzi) Oep  7-11jets EM™s 139 | % ' 1.97 m(t}) <600 GeV 2008.06032
(2R ST 1 7 2 - )
= SSe.u 6 jets 139 |2 e m(z)-m(¥1)=200 GeV 1909.08457
S o) 0-1eu 35 EMS 798 |g 3 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
SSen  6jets 139 |z N >5 m(@)-m(7})=300 GeV 1909.08457
biby Oc.p 2b  EMS 139 | B s m(¥})<400 GeV 210112527
by 0.68 ' 10 GeV<Am(b X1)<20 GeV 2101.12527
@ < biby, bi—bk3 - bi¥} Oe,u 6b E?”f 139 |5 Forbidden Am(F3,19)=130 GeV, m(¥})=100 GeV 1908.03122
§ S 27 2b EMS 139 | B 0.13-0.85 Am(¥3,%1)=130 GeV, m(¥})=0 GeV 2103.08189
o
E’r§ ff, Aort) 0-1e,pu >ljet EF® 139 |7 mer)=1GeV 2004.14060,2012.03799
Z s i, 71—>WI))?(1) . Tep 3jets/1 b E?i"" 139 i Forbidden ~ 0.65 \ L m(¥})=500 GeV 2012.03799
S5 A, h-otby, 11516 1-27  2jetsA b EP™ 139 |G orbidden ‘A" 1.4 m(#)=800 GeV 2108.07665
L AR, fiodl) /e, ook Oe,p 2¢  EF™ 361 |@ 0.85 > m(E))=0 GeV 1805.01649
IS Oe,u mono-jet  EP™ 139 i 0.55 " m(f,&)-m(X})=5GeV 2102.10874
01y, i 103, X5 Z/ht] 1-2e,p 1-4b  EFS 139 |7 0.063:008 m(¥)=500 GeV 2006.05880
by, hoh +Z 3eu 1b Emss 139 | f Forbidden 0.86 3 m(¥))=360 GeV, m(f,)-m(¥})= 40 GeV 2006.05880
XX viawz Multiple ¢/jets E%"” 139 ;?*/;?;; 0.96 T m(¥})=0, wino-bino 2106.01676, 2108.07586
ee, >1jet  EP 139 X1 0.205 v m(¥T)-m(¥))=5 GeV, wino-bino 1911.12606
XiXi viaww 2e,u ERsS 139 | ¥y 0.42 Al m(¥})=0, wino-bino 1908.08215
YEXS via Wh Multiple ¢/jets EMSS 139 | ¥f/¥y Forbidden m(E))=70 GeV, wino-bino 2004.10894, 2108.07586
=B XX vialy /v 2ep Ef™ 139 )f,* o m(Z,7)=0.5(m(¥i)+m(¥})) 1908.08215
m L i 10l 27 EPS 139 |7 [FL TRLI 0.16-0.3' 0.12-0.39 m(¥})=0 1911.06660
SN RN AN, 2e,p Ojets  EP™ 139 |7 0.7 me)=0 1908.08215
ee, >1ljet  EPS 139 7 0.256 m(?)-m(¥})=10 GeV 1911.12606
HH, H—>hG|ZG Oe,u >3b EK 361 | @ 0.13-0.23 0.29-0.88 sﬂw‘]’ — hG)=1 1806.04030
dep Ojets  Ex 139 |/ 0.5 . BR(Y) — ZG)=1 2103.11684
Oeu x2largejets EX™ 139 |7 0.45-0.93 rd BR(Y] — ZG)=1 2108.07586
Direct ¥1 ¥ prod., long-lived ¥{ Disapp. trk  Tjet — Ep'™ 139 [} 0.66 b Pure Wino 2201.02472
. e 0.21 '] Pure higgsino 2201.02472
123 . g
°>: O Stable g R-hadron pixel dE/dx EP 139 4 N B 2.05 CERN-EP-2022-029
S,% Metastable g R-hadron, 3—qqt} pixel dE/dx Ep 139 g [7(® =10ns] " o 2.2 m(¥))=100 GeV CERN-EP-2022-029
S Displ. lep EMs 139 |k 0.7 N i 2011.07812
3 7 0.34 o 2011.07812
pixel dE/dx EP™ 139 |7 0.36 dn- w0 =10ns CERN-EP-2022-029
XTI ¥ sze—eee Beu 139 | ¥7/¥ [BR(Zr)=1, BR(Ze)=1] 0.625 1.4 Pure Wino 2011.10543
LG XS — wwjzectevy dep Ojets  EMs 139 |0 i # 05tz # 0] 095'8 155 m(¥})=200 GeV 2103.11684
32, 8-qa¥), X} = qqq 4-5 large jets 361 | & [m@))=200GeV, 1100 GeV] W13 1.9 Large 17, 1804.03568
S o) X o bs Multiple 361 |7 [4),=2e4,1e2] 0.55 ir X m(EY)=200 GeV, bino-like ATLAS-CONF-2018-003
& 7T, i—b¥7,XT — bbs > 4b 139 |7 Forbidden o m(¥})=500 GeV 2010.01015
fify, i —bs 2jets +2b 36.7 |HENG@Es 0.42 0.61 -8 1710.07171
b 8
hi, ii—qt 2e,p 2b 36.1 7 .4-1.45 BR(7, —be/bu)>20% 1710.05544
Tu DV 136 | [e-10< A, <1e-8,3e-10< 4, <3e-9] 1.0 1.6 BR(71—qu)=100%, cosf,=1 2003.11956
~t =0~ ~ . - I . .
T /RS R0, 30 y—stbs, X —bbs 12en  >6jets 139 |& 0.20.32 ) Pure higgsino 210609609
T u
L
N N L L N L L P
Only a selection of the available mass limits on new states or 107!

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

T v Mass scale [TeV]

Direct searches for new phenomena
beyond the Standard Model roughly
tells us that we are already probing

up to the > 1 TeV scale

o1



Lessons learned from the LHC so far

ATLAS

L e S B e T e Can probe new physics
e T 7™ indirectly as well and it
implies a scale

0
q:
5
K — = Ak L = £0.026
4._1_
=
]

‘ K ‘ HL-LHC
8 -1
B 2x3000 fb
arXiv:1902.001 34

\‘ 'I
______________________ h
Ak T = +0.016

Ak 1= +0.044 —

Akzy 1 = £0.100 f

: errobc WG More complicated UV physics can be
3R, T BRa" <00 o s N d@rstood quantitatively at low energies
0.0 02 04 06 08 1.0 12 14 16 1.8 USING Wilsonian RGE/EFT techniques
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Lessons learned from the LHC so far

|| —e— 3617981 — v 1> 0.983 Can nrobe n hvsi
(ATLAS-CONEF-2019-005) - a p 0 e eW p ySICS
CMS — k7| 1F > 0.987 = = -
K L1 — Z
g by g W I indirectly as well and it
| Kg‘ HI.-LHC l - AKg HL _ +0.022

el 2x3000 b

(arXiv:1902.00134) AK, HL _ 10.017 i m pl i eS a Scale

Ax; B = 40.028 f

=F
BT
| Kb‘ _‘._I_ Ak, 1 = £0.026 ‘ _____
—=F
=
.

Ak 1L = 4+0.016

Ak, "= +0.044 Y 2 f

K
Akzy T = +0.100
‘ KZy ‘ Y ]%7
. HL 1‘4
BR;,,, +—— BRipy <0.019 P
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Lessons learned from the LHC so far

- * o - . .
ATLAS Heavy Particle Searches™ - 95% CL Upper ExclusiongLimits ATLAS Preliminary
v ’
Status: March 2022 1 ; fL dt = (3.6 — 139) fb Vs=8,13TeV
a4 miss _1 e .
Model t,y Jetst ET™ [rdib] Limit 4 Reference
T T T T T r — T T T T T —TT
@  ADD Gkk +g/q Oepty 1-4j] Yes 139 | Mp 11.2TeV n=2 2102.10874
oS ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZNLO 1707.04147
2  ADD QBH - 2j - 37.0 | M 89TeV n=6 1703.09127
@  ADD BH multijet - >3j - 36 | Mu 598 9.55TeV. n =6, Mp =3TeV, ot BH 1512.02586
S RS1 Gkk — vy 2y - - 139 Gkk mass Iy 4.5TeV k/Mp;=0.1 2102.13405
© Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass VAR 23 TeV k/Mp; =1.0 1808.02380
8 | BukRS Gk - WV - tvqq 1epu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp; = 1.0 2004.14636
& | BukRSgic — tt Tepu >1b>10/2 Yes 361 |8k mass S0l 3.8 TeV r/m=15% 1804.10823 u |
2UED / RPP leu >2b, >3] Yes 36.1 KK mass ‘8 Tev Tier (1,1), B(AMD — tt) =1 1803.09678
SSM Z" — ¢t 2epu - - 139 Z’ mass - 9 5.1 TeV 1903.06248
» SSM Z" — 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
< Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
8 Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 Z’ mass Jo° 4.1 TeV r/m=1.2% 2005.05138
8 ssMw -y Ten - Yes 139 | W/mass -q 6.0 TeV 1906.05609
[ SSM W’ — 1v 17 - Yes 139 W’ mass A 5.0 TeV ATLAR-NONIF-ON21.00R
g’ SSM W'’ — tb - >1b,>1J - 139 W’ mass . 4.4 TeV ATLA
© HVT W' - WZ — {vggmodel B 1e,u 2j/1d Yes 139 W’ mass 3 4.3 TeV gv =3
G HVTW - WZovf0modelC 3eu  2j(VBF) Yes 139 | W’ mass 340 GeV . gven=1,¢g =0 ATLA
HVT W’ — WH model B e 21b>2J 139 | W’ mass 'z 32TeV gv =3 L
LRSM W — uNg 2 14 - 80 | Wg mass 5.0 TeV m(Ng) = 05TeV, g = gr H EH B
Cl qqqq - 2j - 37.0 A . 21.8TeV ., ATLA S H[
_ Clltgq 2eu - - 139 |a £ 358TeV. . — ”
O Cleebs 2e 1b - 139 |a 1.8 Tev g =1 K —e— 36.1-79.8 fb 1 K‘V > 0983
Cl upubs 2 1b - 139 |a T 20 Tev g =1 W - —a = I
Cl tttt >1e, >1b,21] Yes 36.1 A ©©  2.57TeV |Carl = 4n - N~ -
“ - * (ATLAS-CONE-2019-005)
Axial-vector med. (Dirac DM) Oepu 1y 1-4j Yes 139 Mpmed ‘2.1 TeV 84=0.25, g, =1, m(y)=1 GeV
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, gy=1, m(x)=1 GeV
Q Vector med. Z’-2HDM (DiracDM) O e, u 2b Yes 139 Mied 3.1TeV tanfB=1, gz=0.8, m(x)=100 GeV - -
Pseudo-scalar med. 2HDM+a  multi-channel 139 | Mmed 560 GeV tanp=1, g,=1, m(x)=10 GeV ATLA ( MS —— | KZ | HL > () 987
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass p=1 ]( Q | — '
Scalar LQ 2" gen 2u >2j Yes 139 | LQmass B=1 Z i 35 . ) Ib
@  ScalarLQ 3 gen 17 2b Yes 139 | LQj mass B(LQ§ — br) =1 . q
S ScalarLQ 3" gen Oeu >2),>2b Yes 139 [LQimass BLQY — tv) =1 (Eur, Phys. J. C 79 (2019) 421)
Scalar LQ 3 gen >2e,u, 21721, 21b - 139 | LQZ mass BLQY - t1) =1 .
Scalar LQ 3" gen Oeu,>170-2},2b Yes 139 | LOy mass BLQY - bv) =1 HI
Vector LQ 3" gen 17 2b  Yes 139 [LQmass B(LQY — br) = 0.5, Y-M coupl. HL-LHC —— AK i :t() 022
- J — .
VLQTT — Zt + X 2e/2u/>3eu >1b,21) - 139 | Tmass SU(2) doublet ATLA Kg g | —_——— 8
@ VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass SU(2) doublet P,
E}E‘, VLQ Ts3TsalToz » We+ X 2(SS)/>3eu>1b,>1] Yes 361 | Tszmass B(Tos3 = Wi)=1, o TosWt)=1 2x3000 fb
3 VAT - HyYZt Teu 21b23] Yes 139 [Tmass SU@) singlet, k7= 0.5 ATLA . 5
VLQ Y - Wh Teu 21b21] Yes 361 |Ymass B(Y — Wh)=1, cr(Wh)= 1 (arXiv:1902.00134)
VLQ B — Hb Oep >2b >1j,>1) - 139 | Bmass SU(2) doublet, kg= 0.3 ATLA HI
.8 ‘é) Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") | A K‘y = :{:O . O l 7
© S Excited quark ¢* > qy 1y 1j - 36.7 | q* mass 5.3 TeV only u* and d*, A = m(q") K —
S) £ Excited quark b* — bg - 1b1j - 36.1 b* mass y | ]
w :q:) Excited lepton £* Beu - - 20.3 A=3.0TeV
Excited lepton v* 3eut - - 20.3 A=1.6TeV
Type Ill Seesaw 234e,u >2j Yes 139 N mass
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2Tev m(Wg) =4.1TeV, gL = gr _— A K HL — j:o 028
»  Higgstriplet H** — W*W* 234, (SS) various Yes 139 | H**mass DY production K 1 — .
_“:’ Higgs triplet H** — ¢¢ 234eu(SS) - - 139 H** mass DY production ATLA I
‘O-' Higgs triplet H** — ¢t 3eut - - 20.3 DY production, B(H* — (1) =1
Multi-charged particles - - - 36.1 multi-charged particle mass DY production, |q| = 5e
Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 - -
‘/-=13TEV ‘/'=13Tev raaal - " " PR T T L L gl " L PR HL
artial data full B B
P Hll[data) 10 10 Mass scale [TeV] ® AKy, = 4+0.026
*Nnhs a calartinn nf tha availahla mace limite An nows ctatae Ar nhanamana ic chawn s Kb .
* o - - ‘. !
ATLAS SUSY Searches* - 95% CL Lower Limits d ATLAS P
March 2022 -
Model Signature  [Ldr ("] Mass limit o Refere —_——— Ak AL — +0.016 -
3, G—gt) Ocp  26jets Ep™ 139 |G 8XDegen] 1. 1.85 m(¥})<400 GeV 2010.1 T -
@ mono-jet  1-3jets EP 139 | g [8x Degen.] 0.9 M, m(g)-m(¥1)=5 GeV 21021
S 2 goqak Oep 26jets  Ep™ 139 |Z S ] 2.3 merY)=0 GeV 2010.1
S z Forbiddefl} 1.15-1.95 m(¥})=1000 GeV 2010.1
J3 0 P 5 0
(%) 22, 3—qgWX) Tep 2-6 jets 139 g . N 2.2 m(¥})<600 GeV 2101.0 HL
Q 3z 2-qaOY) ee, pp 2jets  EM® 139 |z Xz 2.2 m(¥})<700 GeV CERN-EP- - A K'“ = _—_t () . 044
Bz, zoqqWzt) Oep  7-11jets EMS 139 | % g 1.97 m(¥'}) <600 GeV 2008.0 K |
% SSeu 6 jets 139 z D m(z)-m(¥1)=200 GeV 1909.0 ,Ll
S o 0-1eu 3b  EP™ 798 |g K 2.25 m(¥})<200 GeV ATLAS-CONI
SSen  6jets 139 |z N >5 m(@)-m(7})=300 GeV 1909.0
biby Oe,u 2bh EMs 139 | ‘ W55 m(¥})<400 GeV 2101.1; r A s HL | - :t() ] 0()
by 0.68 oL 10 GeV<Am(b; X1)<20 GeV 2101.1: K K[y — .
@ < biby, bi—bk3 - bi¥} Oe,u 6b E?”f 139 |5 Forbidden K Am(F3,19)=130 GeV, m(¥})=100 GeV 1908.0 Z ’}/
é S 27 2b EMS 139 | B 0.13-0.85 Am(¥3,%1)=130 GeV, m(¥})=0 GeV 2103.0
g§ ff, Aort) 0-1epu >ljet  EP™ 139 |7 m(¥})=1GeV 2004.14060,2
: = i, i1—>W[;)?? Tep 3jets/1 b E?i"" 139 A Forbidden ~ 0.65 300 m(¥})=500 GeV 2012.0
g) g i, ilﬁ?EIJV, 71516 » 1271 2jets/1 b E?;.’f‘“: 139 i ‘orbidden 14 m(7 ):)BOOGeV 2108.0 B R I H[4 < () () l 9
s & [y, [N [ T, X Oep 2c. EF* 361 & 0.85 ] m(¥,)=0GeV 1805.0 . mnyv .
S Oeu  monoet ERs 139 |7 055  d m(7,0)-m(¥})=5 GeV 2102.1 inv T —
it iR, B -2/ T2ep  A-4p  Ep™ 189 | 0.06%008 m(E3)=500 GeV 2006.0 .
ni, ey . p o . - ( Y
oy, it +Z 3eu 1b EPSS 139 |7 Forbidden 0.86 ) m(¥))=360 GeV, m(f,)-m(¥})= 40 GeV 2006.0 nggs @F WG
XS viawz Multiple ¢/jets Epis 139 | B/E 0.96 9 . . ,miE)=0, vino-bino 2106.01676, HI
ee, >1jet  EP 139 X1 0.205 D m(¥7)-m(})=5 GeV, wino-bino 19111 e
e N - i - < o 't D C . ‘ ‘ ’ ‘ <
- 2, A = oo 4 e o e BR > BR,,;'"" < 0.041] August 2019. Kappa3, |ky| < 1
TR0 via Wh Multiple ¢/jets EMss 139 |5 Forbidden m(¥})=70 GeV, wino-bino 2004.10894, unt
= 5 X vial /v 2e.n Emss 139 | ¥y m(,7)=0.5(m(¥5)+m(¥})) 1908.0
L iod) 27 ERs 439 | ® [FL.ARL 0/16°0:3] 0.12-0.39 m(E))=0 1911.0
SN RN AN, 2e.p Ojets  Ep 139 |7 0.7 m(r))=0 1908.0
ee, ppt >ljet EPS 139 |7 0.256 m(?)-m(¥7)=10 GeV 19111
HH, H—>hG|ZG Oe,u >3b EK 361 | @ 0.13-0.23 0.29-0.88 sﬂw‘]’ — hG)=1 1806.0
dep Ojets  Ep 189 (/1 0.5 o BR(} — ZG)=1 2103.1 . . . . . . . . . .
Oep >2largejets E7™ 139 | i1 0.45-0.93 rd BR({; — ZG)=1 2108.0
Direct Y1 X prod., long-lived Y7 Disapp. trk ~ 1jet  EP™ 139 )?; 0.66 b Pure Wino 2201.0:
- e 0.21 - " H Pure higgsino 2201.02472
°>: $ Stable g R-hadron pixel dE/dx E?‘i“ 139 4 N B 2.05 CERN-EP-2022-029
E,,:g Metastable g R-hadron, g—qq¥} pixel dE/dx EP 139 | & [F(@ =10ns] " o] 2.2 m(E})=100 GeV CERN-EP-2022-029
5 S &6 Displ. lep ERSS 139 | &q 0.7 N 3 2011.07812
7] 7 0.34 o 2011.07812
pixel dE/dx EP™ 139 | % 0.36 gt ‘ w(f)=10ns CERN-EP-2022-029 O ]
stoF S0 ot SF =0 ‘, . -~
XX XY, X —ze—tee Bepu 139 X{/X; [BR(Zt)=1, BR(Ze)=1] 0.625 1.4 Pure Wino 2011.10543
XEXT XS — Ww)zeeetvy 4ep Ojets  EF™ 139 |0 [ # 0, A # 0] 095'8 155 m(t})=200 GeV 2103.11684
4-5 large jets 36.1 & [m@})=200 GeV, 1100 GeV] P18 1.9 Large 1}, 1804.03568
= Multiple 36.1 P [A,=2e4,1e-2] 0.55 1.0 m(¥1)=200 GeV, bino-like ATLAS-CONF-2018-003 -
& 7T, i—b¥7,XT — bbs > 4b 139 |7 Forbidden ' m(¥})=500 GeV 2010.01015 ~
iy, h—bs 2jets +2b 36.7  |WNGqes] 0.42 0.61 - 1710.07171
At @
fif1, i—>ql 2e,u 2bh 36.1 i 1.4-1.45 BR(f, —be/bu)>20% 1710.05544
Tp DV 136 | f [fe-10< A}, <1e-8,3e-10< A, <3e-9] 1.0 1.6 BR(71—qu)=100%, cosf,=1 2003.11956
IR, 20, b, ¥ —bbs 12eu  26jets 130 |0 0.2:0.32 " Pure higgsino 2106.09609 - - -
T u
&
L L L M L L L PR
Only a selection of the available mass limits on new states or 107! Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

TeV 64



This logic can be applied both ways to Higgs factories as well!

~1% \ If we see a deviation, we need
| to be able to at least reach
greater than the few TeV scale

Loop level
1 o2

(47)2 M2

~J

Whether 1% or .1% there are no
guarantees that this precision is

i Rt SM Charged SM Neutral SM Charged sufficient to break the SM,
e.g. scalar singlet e.g. 2HDM e.g. scalar singlet w/ SM loop .
-- 9 .g. stops in SUSY technology and cost driven
)\}2123 ’02 )\%'Uz ’02 )\f27,282 ,UZ i~ lm—?
~ (2M2> M2 ~ (M2 ) M?2 ~ 4872 | M? 4mt%

M < 1.7TeV M < 0.8TeV M < 0.1TeV M < 0.9TeV

Need to be prepared to reach
M < 5.5TeV M <1.4TeV M < 04TeV M < 2.8TeV

well beyond Higgs factories
rather than assume they will
set the scale

Conservative Scaling for Upper Limit on Mass Scale Probed by Higgs Precision
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A 10 TeV muon collider would
satisfy this!



Completing the SM



The Higgs iIs the most unique particle we’ve ever found
and connected to so many questions about our universe

Origin of EWSB?
Thermal History of Higgs Portal

to Hidden Sectors?

Universe

Stability of Universe
Fundamental CPV and
or Composite? Baryogenesis
-

Snowmass EF Higgs Topical Report
S. Dawson, PM, I. Qjalvo, C. Vernieri et al
2209.07510

Origin of Flavor?



The SM Higgs is an unprecedented particle.

LEP was a Z boson factory and produced Higgs Factories produce
~ 17 Million Z bosons ~ 1 Million Higgs bosons

Higgs boson Branching Fractions

Z boson Branching Fractions

The same Higgs Branching Fractions
All major Branching Fractions are > O(1%) span 8 to 20 ORDERS OF MAGNITUDE

If we’re ever to fully test the Higgs or Higgs
potential we need a lot more than planned so far!



If we need more Higgs and Di-Higgs what do we do?

Hard to increase

AN

N, =Zo

Lepton colliders can
Increase this at high Energy

o [fb]

1000 -

0.100 -
0.010 -

0.001 -+~

u*u~ Higgs Production

100 -

10,

Vs [TeV]

Similar concept to LHC/FCC-hh for why a muon collider can produce so many Higgs!

(See Dario’s talk for more details)
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sea of quarks and gluons below
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muons and neutrinos peak at x~1

EW + more sea

| THan, Y.Ma, K. Xie

2007.14300

Both FCC-hh and ¢ Col have a robust low-x (SM) program

- not just absolute reach - but different backgrounds!
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Precision [%]

What does this get you?
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W 250 GeV ete + HL-LHC
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2308.02633 M.Farslund, PM



A 10 TeV muon collider wouldn't
complete the SM but it would be a next
logical step beyond Higgs factories!



SUSY and the Higgs



Naturalness!

LT - While some people got depressed
10 NN - about a lack of SUSY at LHC, if
V// a NN\ you trusted the theory the Higgs
A\ 7//7 N\ W\
N7 W\ N\ mass told you not to worry!
3\\ — /// W\ 2
2- \\ = /
: A natural theory should have
1 | | | | | Implications for the actual Higgs
= e A ) 7 ! ° > mass, and the MSSM says the scale
1504.05200 J.Ve;a, éi.ViIIadoro ShOUId be hlgh fOr mh — 125 Gev

| take QFT and spacetime symmetries very seriously!



Naturalness and Supersymmetry Example

10

MQO- [TGV]

1o+

@V

yoeaa AIDn0oSIp

FCC-hh_

The Higgs at 129 GeV already
suggested the SUSY scale was
high, e.g. Stops -~ 10 TeV

FCC-hh is superior to 10 TeV
muon collider for Stop Searches,
given colored particle nature

In realistic models - EWinos/
Sleptons tend to he TeV scale
which is withinreach of a 10 TeV

) muon collider



The simplest models of WIMP DM still are untested directly!

10—42
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2) triplet- “Wino”

SU(2) doublet- “Higgsino”



Testing the simplest WIMPs

Higgsino 2 o Reach wino 2 o Reach

Indirect

SPPC 125 TeV
SPPC 75 TeV

FCChh 100 TeV
FCCeh
HL—-LHC

MuonC 14 TeV
MuonC 10 TeV
MuonC 3 TeV

CLIC 3 TeV
CLIC 1.5 TeV
CLIC 0.38 TeV

ILC 1 TeV
ILC 0.5 TeV

FCC—ee
CEPC

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X E-y

Precision measurement

Thermal target

Thermal target

01 02 051 T Y 05 : 5 10

A 10 muon collider Iis extremely well suited for this!
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Testing the EWPT



Next era in SM history is the “Electroweak
Phase Transition”

Vv(h) V(h)

\ /

" ';‘. ~
P " ) \ .v'.'j'.'l Lemoa " “\ r_
® . o dialiot Ces o
' ffn- Y-
.‘ . (t o
b4 -
[
H - h I

=0 T> ( EW

What Is the phase diagram of the
Electroweak Symmetry?
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However, we don’t know that there was symmetry
restoration at temperatures > EW scale!

V(h)
V(h)

NN /

T> TEW

—
—

_ aa g > @ ‘VII. [
e O Wi .
“.. \"-' -\‘ ’ ~ oS °© A AJ

y ¢ -
o 4 .~
N . () > €2 “' ¢
b; d' _ g - a® N
A / ey b
4
U

Unrestored Electroweak Symmetry

Higher T?

PM, H. Ramani
1807.07578

31



Even If it Is restored we don’t know the order of
the phase transition experimentally

V(h)

V(h)

T> .(EW

Higher T? - \// :

V(h)

\ /

N

Proxy for understanding the early Unive;g)e are Higgs self interactions:
Probe the Higgs self interagtions to at least 1, ~ O(1) %




High energy lets us finally improve on Higgs Potential

18|
10|
14 ¢ :
12— CLIC
= 10 |
< g FCC-hh
3.7% )
4 2.5% .
51 1.2%
10 TeV 1 Col
HL-LHC o I #

110 pld  p30

We can get to threshold for understanding if the EW
phase transition is 1st order at the EW scale with a ;Col



See other examples in Dario’s and
Nadia’s talks for 1£Col and literature!







Conclusions

* Circular and Linear Higgs Factories offer complementary physics cases and are far
beyond just being “Higgs Factories”

* Getting to higher energy is necessary not optional!

 Muon Colliders and WFA provide alternative routes to protons that change the
energy OR precision paradigm

* \We must support R&D along all paths, e.qg. instead of a first stage muon collider

being potentially 20 years away it could have been 10 if accelerator R&D was
better supported in the past

* |f the world ended up with an FCC path at CERN and Muon Collider at Fermilab this

would be amazing for physics and HEP in general, but let’s do the work to make
sure we have options!
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Inaugural
US Muon Collider
Meeting

Fermilab. August 7-9, 2024 indico.fnal.gov/e/usmc2024

If you’re in the US come join
us as this is (IMCC) and must
continue to be an
International effort!

Or there is a nice GG
program next summer if
you prefer Firenze...

. |
OI’QCI niZing Isobel Ojalvo (Prinpet(on) 87
2= Fermilab Committee | ditys stratokis (NAL)



