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* FUNCTION: INITA - Initialize ACIA
INPUT: none
OUTPUT: none
CALLS: none
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RESETA EQU %$00010011
CTLREG EQU %$00010001

INITA LDA #RESETA RESET ACIA
STA ACIA
LDA #CTLREG SET 8 BITS AND 2 STOP
ACIA

SIGNON GO TO START OF MONITOR
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THE #1 PROGRAMMER EXCUSE
FOR LEGITIMATELY SLACKING OFF:

“MY CODE’S COMPILING.

HEY! GET BACK
TO WORK!
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@ EXPLORER

4 OPEN EDITORS
p Js index.js
4 EXPRESS
> node_modules
%? 4 views
~~ about.hbs
@ Js about.jsx
Js index.js
[.'J {} package-lock.json

L

S 0A001 R javascript | R index.js

index.js — express
Js index.js X > M -
const express = require('express') =
const app = express()
const hbs = require('hbs"')
app.set('view engine', 'hbs');
app.get('/about', (req, res) => {
res.render('about', { name: 'Flavio' })

b

app. listen(3000, () => console.log('Server ready'))

Ln1,Col1 Spaces:2 UTF-8 LF Javascript(Babel) @ A



*hkhkhkkkhkhkhkhkkhkhkhkhkkkkhkhkhkhkkhkhkhkhkhkkhkhkhkhkkkkhkkk

* FUNCTION: INITA - Initialize ACIA
INPUT: none
OUTPUT: none
CALLS: none
DESTROYS: acc A

RESETA EQU %$00010011
CTLREG EQU %$00010001

INITA #RESETA RESET ACIA
ACIA
#CTLREG SET 8 BITS AND 2 STOP
ACIA

SIGNON GO TO START OF MONITOR

s

oy [s1armnenn
I;Illh’llllllllll!

n)

Q0

“MY CODE'S COMPILING.”

HEY! GET BACK

TO WORK?!

EXPLORER

4 OPEN EDITORS
Js index.js
4 EXPRESS
> node_modules
4 views
~~ about.hbs
Js about.jsx
Js index.js
{} package-lock.json
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index.js — express
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app.set('view engine', 'hbs');

app.get('/about', (req, res) => {
res.render('about', { name: 'Flavio' })

b

app.listen(3000, () => console.log('Server ready'))
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Every physiCS Al conversation today:

Every step re-centers the physics

- i ossible
8 ccrort multiplier qualitatively changes what discoveres are b

e ——)
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e | HC collides protons at
13-14 TeV

e Since p is composite,

e But we’re

 Next big step will be to

» Guaranteed critical physics
output from a 10 TeV probe!



Higgs discovery

of the
Higgs potential

The Higgs Boson is the
massive radial degree of
freedom about the minimum
of the Higgs potential

l.e. it takes energy to excite state up wall



Higgs discovery

of the
Higgs potential

The Higgs Boson is the
massive radial degree of
freedom about the minimum
of the Higgs potential

l.e. it takes energy to excite state up wall

Current knowledge

consistent with a

wide range of

Higgs potential
shapes v

N Craig & R Petrossian-Byrne



https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf

We’'ve only confirmed the Harmonic
Oscillator term of Taylor expansion
around minimum

To measure full shape of the Higgs
potential,

must measure higher order terms



V(o) To understand the shape of
the Higgs potential, we need
multi-Higgs production

O(H?)+O(H>)+O0(H%
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V(o) To understand the shape of

the Higgs potential,
y
&/
’7/
LA K ¢
e BSM
Contributions?
+O(H?)
Trilinear coupling Quartic coupling
— HH production — HHH production
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To gnderstand the shape of
the Higgs potential,

y
J
y
o

'—LQ v, ‘\/@ Qb
BSM

Vo Y R Y

|, need to measure multi-Higgs processes.

To map out Higgs potentia
W interactions w/ E > 246 GeV (Higgs VEVY)

To study EWSB, we need E

To study «how”+“why” of the Higgs sector,
need a high-luminosity 10-TeV scale collider

Need multi-TeV
scale to probe

these processes

2212.01323



https://arxiv.org/abs/2212.01323

A Dark Matter Miracle T

DS50 NQ
LUX

LZ

PandaX-4T
XENONI1T

SM neutrino fog (Xe)

e Very convenient coincidence:

o With Weak couplings, to get thermal relic
density correct, mass needs to be TeV
scale!

o Where other SM hints seems to point to...

e We love WIMPSs.

e Direct Detection expt’s set limits in mass vs.
interaction cross section plane



https://arxiv.org/abs/2508.05787v1
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A Dark Matter Miracle T

DS50 NQ
LUX

LZ
PandaX-4T
XENONI1T
SM neutrino fog (Xe)

-

e Very convenient coincidence:

Above color

o« With Weak couplings, to get thermal relic
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density correct, mass needs to be TeV
scale!

Neutrino
e Where other SM hints seems to point to... “Fog"

e We love WIMPSs.

e Direct Detection expt’s set limits in mass vs.
interaction cross section plane

Solar and atmospheric neutrino interactions
with experiment give irreducible background
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e We love WIMPSs.

e Direct Detection expt’s set limits in mass vs.
interaction cross section plane

The "WIMP Miracle' Hope For Dark Matter Is Dead

® By Ethan Siegel, Former Contributor. ® The Universe is out there, waiting for you to discover it.
for Starts With A Bang

Solar and atmospheric neutrino interactions
W|th experiment g|Ve irreducible baCkground Published Feb 22, 2019 at 02:00am EST, Updated Feb 22, 2019 at 02:00am EST

NOW PLAYING: WHAT F1 CHAMPION LEWIS

And you may have heard
that WIMPs are dead...

EEEEEEEEEEEEEEEEEEE
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Why higher energies?

1) What does the Higgs potential
look like + why Only the 10-TeV

scale will tell us
2) Are the simplest WIMP DM J this!
models are true?
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Why higher energies?

1) What does the Higgs potential
look like + why Only the 10-TeV

scale will tell us
2) Are the simplest WIMP DM J this!
models are true?

3) Naturalness ® Motivations for going as
high as possible?

numility O
i IYY\\:re must D€ something

more 10 discover.



g
oBulle oCharmey

Albeuve®

Montb o A
e 4 ¢ oChateau-d'CEx

oL 'Etivaz

)régional
g

oles Diablerets

& Créts du'./Large Hac
O hiaututia gk Collider

R - - \ oleyti
oMorzine oChampéry
1 sSaxon
@b\ Fully,
g oMartigny
afSixtsEer- gElahay* "/ Y
4 3-Cheyval
Le ChevalBlanc &>
' i
b allorcine oOrsiéres
Mont Buet °
iy Réserve
©) Naturell

Aiguil

Bourg-St-Pierre©

Le Brévent’®® -
\ \ o€hamonix —~

" Saint-Gelvais-
_oles-Bains \_ . @)

WD AiguilleldulMidi

\\,. & J
V) £ h
) K !N R i
> 'Les Contar P

P, S- N\
Mont Joly ' iMontloie@ : {'; O Mont Blan

P 15,781t ~

A \;{

\Aiguille' des
Glaciers

| des Saisies

; B’dmﬁr,

slLa Thuile oEvian

- % o Little St



\/mclairmﬁc(m{j/\

oEtival

oMaisod

Moirans-en-
oMontagne

,Lect

o L'Isle ;
oFort-du-Plasne 0 LCossonay-Ville

- clLe‘Sentier
4
GelftLaurens Le Brassus®  Cheseaux-
oApples
Hauts de Bienne kausanne
Morges®
Les/Rousses Aubonne®
oLongchaumois “Rolle
oSt-Cergue
D Déle
/ 5,502 ft Gland
c,Chéserex oEvian-les-Bains

Parc waturﬂ

@ iegiona! du
Haut= Jum
°Founex
l sLélex s Douvalne
oversoix
Réserve
Naturelle o Veigy- Foncenex
'onnax Nationale/de/© N
RIS arney AL E )
Chaine du Jura
@ Crétsidu Large Hadron
Haut-Jura Collider.
: Geneva
oPlagne e D884 Annemasse
!
AN ‘:
Saiﬁt JuIIen- g
oChancy oViuz-en-Sallaz

f!

Qlalserho

oen-Genevois

)
bReignier-Esery

 Mont Saléve

oBonneville
oCluses
QMontagne
olnjoux-Génissiat de Vuache
oCruseilles
wMagland
Chanay Le Reposoir©
£ NI P
e
oSeyssel
oArgonay sLe Grand-Bornand Salla
@ Grand Colombier e | oLa Clusaz
{
% cThénes
bRumlIIy
‘Megeéve
oCuloz oveg
intal = :
Suinta Saint-Jorioz
sSerraval
Doussard®
oBelley EM2 - \_\
. / p —gFaverges-Seythenex
A
e
¢ oBeaufort
oYenne okescheraines

10

_Alhertville

Botte

LI:IQ IS-enormous

And we need to get to higher energy...

Temptation is often to

‘gO big”
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Fermi’s Globatron (1954)

Long history of proposals that are even more
“romantic” than a 90 km tunnel.
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Fermi’s Globatron (1954)

Collider on the moon (2021)

[Again... Seriously... 2106.02048]

Literal Pipe Dreams...

But this is often our natural instinct when we start to dream!


https://arxiv.org/abs/2106.02048

Go Big!




(Ger5ig!

“Go Home”

Fermilab has a long history of
particle physics leadership

Can we bring the highest energies
back to US soil?




 MilitaryzAcademy

ttttttt

Fermilab Campus

How to reach 10 TeV on
American soil?

Focus on the electron’s heavier
cousin, the muon p

u’s are fundamental = 10 TeV
up colliderrcomparable w/ 100
TeV pp collider

Since my » me, very low
synchrotron losses. Get to
much higher energies than ee
machines

u are the only SM particle that
can+take us to 10 TeV and
beyond
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How to reach 10 TeV on
American soil?

Focus on the electron’s heavier
cousin, the muon p

u’s are fundamental — 10 TeV
up colliderrcomparable w/ 100
TeV pp collider

Since my » me, very low
synchrotron losses. Get to
much higher energies than ee
machines

u are the only SM particle that
can‘take us to 10 TeV and
beyond

Fermilab campus could fit
a ~10 TeV muon collider
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Scient

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

Aradical new
particle accelerator
concept emerges. Call it physicists'

MUON SHOT

NATIONAL ‘ T
ACADEMIES seicne | -

Explorin
thep J

Quantum
Universe

RECOMMENDATIONS

. : / Recommendation 1: The United States should host the world’s highest-energy elementary
Elementary = ~ particle collider around the middle of the century. This requires the immediate creation of a
Particle Physies national muon collider research and development program to enable the construction of a
& vy demonstrator of the key new technologies and their integration.

- / -
Consensds Study Report

A collider with approximately 10 times the energy of the Large Hadron Collider (LHC) is crucial
for addressing the big questions of particle physics and making discoveries. A 10-TeV muon collider on
the Fermi National Accelerator Laboratory (Fermilab) site would have similar discovery reach as a 100-
TeV proton collider. A muon collider combines the physics advantages of an electron-positron and a
proton-proton collider, with a much smaller size. A machine that collides unstable elementary particles
has never been attempted before and requires significant research and development (R&D), international

coordination, and a demonstrator project to establish its feasibility. Developing a U.S.-hosted muon
collider—an unprecedented machine requiring considerable research, development, and a feasibility
demonstrator—would solidify U.S. leadership in particle physics and drive accelerator innovation. The
“middle of the century” timeline reflects the project’s inherent complexities, which are elaborated in
Chapter 2, and underscores the need for global coordination.
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O(1) MW beam of protons on target

Intense pion production — Capture diffuse muon decay
products

“Cool” the muon beam. Reduce phase-space volume of
beam

Accelerate, Collide, Measure
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Neutrino radiation Boost the hell out of them.
HgRIE ) At 5 TeV, y = 50000,

opportunities critical Resulting e’s create

beam-induced T1.b ~ 100 ms
background

Everything has 10 be:

Done very quickly |
Shielded and radiation hard

short lifetime

uC challenges are due to this

Almost all
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Muon Cooling

* Muons produced this way have

huge phase-space volume, large
6D “emittance”

* High luminosity requires
emittance reduction of 10-6

* Liouville's theorem: Reducing
phase-space volumes requires
nonconservative process

e Remove energy from system
— “Cooling”
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* Cool quickly with ionization energy loss in absorbers
o After absorber, beam lower energy w/ smaller phase-space volume
e ~10% emittance reduction per cell

* RF cavities restores the longitudinal momentum

Rinse and re
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Rinse & Repeat model isn’t so simple

Late stage cooling cells much more
challenging to build
(14T, >30T, RF)

Don’t need a “proof of concept” to
believe in ionization energy loss

Need a “proof of engineering”
demonstration

Need to demonstrate that channel can be
physically constructed!

Late cell ( “hard”) — 14 T peak

650 MHz
cavities



Initial Cooling St_

Images: C Riggall, LL

Current initial cooling stage has 900 free parameters

(Applying strict constraints reduces to “only” ~50 parameters)
Effectively impossible to really optimize by hand.

lonization processes: Stuck with sampled MC methods?
— Multiple talks on differentiable methods
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physics performance of MAIA and
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e Major challenges:
e Multi-TeV objects

e Huge backgrounds from p decays
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e Shielding
e Timing resolution
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Huge “beam induced backgrounds” (BIB) make
physics measurement difficult.

Must be tackled with intelligent detector
technologies, ps-level timing resolution, clever
reconstruction, and accelerator co-design

28 / ;" ! | \.".‘b’* i \{! L\‘\"\“"



Huge “beam induced backgrounds” (BIB) make
physics measurement difficult.

Must be tackled with intelligent detector’
technologies, p | timing resolution, cl
reconstruction,”and accelerator co-design

28 ,



E ot et LR
Time to simulate data (100 jobs, 100% uptime

R“‘P
-y
we o
\"AS-':
[ZOWI 0.056
Vi 4
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 /
Bunch crossing N/ %
V > D Calzolari @
daF = T -E e y M e ‘m‘.("»!g‘I(‘!_.—r—:\

e Every BC gets O(EeV) of total energy from beam decays into
¥ detector region! & Enormous computational challenge!

Simulating in FLUKA for 1 month of wall time w/ 100x
parallelization = 1/8th of an event

Enormous potential gains from generative networks and new ideas
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e 3 very difficult challenges to
make this work across

Lattice design

Detector R&D

Experimental design
Machine-detector interface

U cooling design

Magnet development

Target and proton driver development
Simulation challenges

Reconstruction algorithms

Theory tools

 But this requires elbow grease
to solve




30

e 3 very difficult challenges to
make this work across

Lattice design

Detector R&D

Experimental design
Machine-detector interface

U cooling design

Magnet development

Target and proton driver development
Simulation challenges

Reconstruction algorithms

Theory tools

 But this requires elbow grease
to solve




31

66

| want to have a muon collider designed by Al. I'm serious.

— Young-Kee at last year’'s USMCC Meeting



31

66

| want to have a muon collider designed by Al. I'm serious.
... then we can look at whether it makes any sense.

— Young-Kee at last year’'s USMCC Meeting



66

| want to have a muon collider designed by Al. I'm serious.
... then we can look at whether it makes any sense.

— Young-Kee at last year’'s USMCC Meeting

Co-intelligence with
physicists deciding what '
needs to be done. ﬁ

Inject human ingenuity into
problem-+solution space.

A

Creativity/Ingenuity Hard Work



31

66

| want to have a muon collider designed by Al. I'm serious.
... then we can look at whether it makes any sense.

— Young-Kee at last year’'s USMCC Meeting

Co-intelligence with
physicists deciding what '
needs to be done. ﬁ

Inject human ingenuity into
problem-+solution space.

Creativity/Ingenuity Hard Work



31

66

| want to have a muon collider designed by Al. I'm serious.
... then we can look at whether it makes any sense.

— Young-Kee at last year’'s USMCC Meeting

Co-intelligence with
physicists deciding what '
needs to be done. ﬁ

Inject human ingenuity into
problem-+solution space.

Creativity/Ingenuity Hard Work



66

| want to have a muon collider designed by Al. I'm serious.
... then we can look at whether it makes any sense.

— Young-Kee at last year’'s USMCC Meeting

Co-intelligence with
physicists deciding what
needs to be done.

Inject human ingenuity into
problem-+solution space.

Creativity/Ingenuity Hard Work

31



66

| want to have a muon collider designed by Al. I'm serious.
... then we can look at whether it makes any sense.

— Young-Kee at last year’'s USMCC Meeting

Co-intelligence with
physicists deciding what
needs to be done.

Inject human ingenuity into
problem+solution space.

Creativity/Ingenuity Hard Work

We remain physicists.

31



66
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Co-intelligence with
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We remain physicists.
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e pC community will embrace
responsible, thoughtful use
of Al because we’re

e ... already thinking in a
progressive, forward-
looking way

e .. already walking in radical
new directions

* ... working on such hard
problems that an Al-
assisted approach is a Thanks and enjoy
scientific imperative. the workshop!
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Dark Matter

e Large evidence that most (85%) of the “mass” in the
universe is not in SM

o It's “Dark™: Doesn’t seem to interact with E&M or
our QCD strong force

e It does interact with gravity

e ..and we hope it interacts with the Weak force 3
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Dark Matter

e Large evidence that most (85%) of the “mass” in the
universe is not in SM

o It's “Dark™: Doesn’t seem to interact with E&M or
our QCD strong force

e It does interact with gravity

e ...and we hope it interacts with the Weak force é

WIMP

(Weakly Interacting Massive Particles)

e If DM is “WIMPYy", it couples to SM!

e Produce it in the early universe (“Thermal relic”)

p—
§Outgging
e Produce it at colliders P . Particle
~ Incoming
Particle

e See interactions with materials
(“direct detection”)
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Fermi's Globatron (1954)

40 Years in the future (1994)
40,000 km

~3 TeV CoM proton collisions
(Fixed target!!!)
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Fermi’'s Globatron (1954)

40 Years in the future (1994)
40,000 km

Moral;

e Not great at projecting 40 years in the future!

o We did reach TeV hadron collisions before the 90s (at his
namesake lab) w/ the Tevatron

e But we didn’t need 40,000 km to do it!

Be smart, open-minded, and take advantage of new
opportunities to achieve physics goals

Realize seemingly impossible physics
w/ technology, engineering, ingenuity, hard work
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| was always told:

“Discovery of new partlcles
is for hadron machines”

¥ Historically truel
7 Could keep going with this!
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20th Century

“Discovery of new particles
is for fixed target”
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22nd Century
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20th Century 21st Century 22nd Century

“Discovery of new particles
is for fixed target”

b

-
‘g_ 2 §:> FCC-hh Can't just make them bigger for
‘% E’ o 90 km forever...
[
Yoo 0 g e
" 100Tev 1 1PeV
L = = = o L B = =
@ F o
o © I
n o ~
[
LT T TV

I 10Tev 10 100Tev 1 ¥ 1Pev
L---lh---lL----

| ask myself:

Do | want to work on the last chapter of a 20th c story?
Or start a new discovery program that will continue into the 22nd c?
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lonization Cooling Demonstrations
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10 MHz Collision Rate (LHC)

Muon Collider Rates

o from 2005.10289; 2103.09844; Z. Liu, X. Wang;
and MadGraph5_aMC@NLO

100 kHz L1 Trigger (LHC)
30 kHz Collision Rate (10 km)

up — Hadrons

[2412.1

il (pr,;>5—17GeV, |n;] -

ppe (pr,, > 10 GeV, |n,| <2.5)

VBF WW VBF }

Thermal H-like WIMP
Thermal W-like WIMP

Neutrino Slice Intera

—

—

—

ction
1115]

3.13)

2 x10% cm ™2 s71) [Hz]

VWZ

Rate (at /e =10 TeV, L

VBY HHH

6 7 8 910

L. Lee, T. Holmes

Rate (at vV's =10 TeV, L=2 x 10% cm* s~ 1) [Hz]

e Theorist-driven Muon Smasher’s Guide’s
“Otot” (VBF Z/W) 1s < 10-4 X collision rate!

e Huge implications for detector design in
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