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Why High Energy Colliders”?



What are we made of?

Understand the smallest, irreducible, pieces of matter...
fundamental particles
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And the forces that govern these particles scale [m)
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Where we stand

The Standard Model
BSest known description of fundamental particle content of universe

1 2 3
. . . . Several pieces we don’t understand
?% * Nature of the Higgs Boson
3 . . * Origin of neutrino mass
* Deeper underlying pattern”?
§ . . . W We also know it’'s incomplete
] * Dark Matter
Q@ . . . 7 . * Matter anti-matter asymmetry
* Gravity
gauge
bosons
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The power of colliders

Controlled experiments

directly probing

smaller scales:
early universe:

—=Nc/\
= t-1/2

Highly successftul!

—nabled us to establish &

test the Standard Model
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High Energy Physics Landscape

2010 2015 2020 2025 2030 2035 2040

Run 1 Run 2 Run 3 High Luminosity-LHC

No sign of BSM Particles
at LHC or elsewhere

Discovered the Higgs
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High Energy Physics Landscape

2010 2015 2020 2025 2030 2035 2040

Run 1 Run 2 Run 3 High Luminosity-LHC

Future Colliders

What we know This talk
Nature is more complex than we expected Questions that require future colliders
We must leverage HL-LHC data ano Pedagogical comparison of collider proposals

upgrades to fully explore the TeV scale _ay out a vision for the energy frontier

We need to plan for what comes next




Why future colliders?

The Higgs Boson
Dark Matter



The Higgs Boson

Colliders are the only place we can
produce & characterize Higgs Bosons

There iIs still a lot we don'’t
understand about the Higgs

Questions surrounding the
Higgs are central to all of

QATLAS particle physics

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST




Why we care about the Higgs

We exist because of electroweak symmetry breaking

What we’re made of

Non-zero minimum Is why we have
massive fundamental particles

How we got here

Shape of this potential to origin
and stability of the universe

Origin of EWS

Inflation?

=¥

Baryogenesis?



Is It a Standard Model Higgs?

Does it couple to other Standard Model
particles as expected?

Are there any implications for origin of flavor,
neutrino masses, dark matter?




Is It a Standard Model Higgs?

Matches our expectations so far
At HL-LHC couplings approach precision of few %

Deviation in coupling 5 — S5SM T 5N
from the Standard Model 2sM
ENP  Coupling of new physics to SM ,
M Mass of new physics o) (100 GeV)
Mgp

1 TeV Myp


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

Microscopic nature of the Higgs”?

Seemingly fundamental spin 0 boson

Amy, ~ A7 Ay

highly sensitive to quantum fluctuations

Is there new physics preventing mn
from being pulled up to Plank scale?

e.g. new symmetry &
additional particles”

e.g. composite Higgs,
ike the pion?



Microscopic nature of the Higgs”?

e.g. new symmetry & e.g. composite Higgs,
additional particles? like the pion?
ATLAS Preliminary

y
Is = 8,13 TeV, 20. 3, 1.40. ft.) T 'A.‘U?U.St.292|3 . — Observed limits /s =13 TeV, 139 fb" Largest excluded mass (observed
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iﬂ production, limits at 95% CL "
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Data so far suggest any new strongly coupled particles > 1 TeV
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Microscopic nature of the Higgs”?

Observed mp sets direct targets Mh =125 GeV —= multi-TeV top-partners
: 20 | | I | | | | | | | |
for supersymmetric particles PN
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Theory also suggests new strongly coupled particles > 1 TeV




Shape of Higgs potential?

L. Lee

Taylor series expand around the minimum

V = O(H? + O(H’) + O(H%)




Shape of Higgs potential?

Taylor series expand around the minimum
V= 0(H?) + O(H) + O(H*)

We’ve only measured the minimum
of this potential

GGives us harmonic oscillator term




Shape of Higgs potential?

L. Lee

Taylor series expand around the minimum

V=0(H?% + O(H’) + O(H"

We

nave no idea if the Higgs potential

"

fferes from the Standard Model

An alternative
potential

Standard Model
potential

Higgs field value
In our Universe

Current
experimental
x A Knowledge




Shape of Higgs potential?

L. Lee

. o Higgs trilinear-coupling
Taylor series expand around the minimum

V= 0O(H?) + O(H) + O(H")




Origin and stability of universe? | |
R. Petrossian-Byrne & N. Craig

s electroweak symmetry restored at high energies’”? \Was there a phase transition®
Requires measuring Higgs self-coupling with few % uncertainty

Current
- h LHC
>100% HL-LHC 10 TeV
n e A ~>0% Scale
\~ \ ~1 %
‘K
We only know there’s a minimum \
\

Producing enough multi-Higgs events is only possible at a 10 TeV scale collider




Dark Matter

".'..' .:. ® : ..:"..

i S © . - We know it exists
o a vy

VERFTRE . - @We don’t know what it is
Y. o Colllders play an important role in

undertandlng Its nature



Why we care about Dark Matter

What are we made of:
5x more DM than ordinary matter

" Dark mattemz =0 | . Galaxies, z=0

How we got here:
-Galaxy formation, clustering, cosmic web

-Without dark matter, early galaxies would
be stripped of heavy elements & life as we
know It could not exist

‘e
¥

. 500-million light yeérﬁ




The simplest explanation

hermal WIMPs are still the

simplest

explanation for the observed universe

Observed nu
DM Interacts v
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mion doublet (Higgsi

mber density suggests
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a fermion triplet (Wir
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Simplest Dark Matter Candidates

DM Complementarity Report: 2211.07027

We’'ve yet to probe thermal WIMPs

Discovery/characterization requires
multi- TeV scale collider

Pure higgsino under neutrino floor
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Karri Folan DiPetrillo 25


https://arxiv.org/abs/2211.07027

What should we build?

26



Fermi
Globaltron?

—~Future

International = S glitne
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Circular e+e- collider

Electrons

_OW Mass — syr

Conseqguences

-undamental partic

ch

Q1 turn
es — Clegn .CO||ISIOHS 280 R
otron radiation

* Need to limit ELoss to few % per turn

_uminosity/power rapidly drop with energy
Poses challenges for energy spread, beam N2n f
stability, and head load bJr

~Sets
beam e

~Sets

MaxX

nergy

Max

beam current

Minizmize bunch

size at P!




Circular e+e- Evolution

From Large Electron Positron Collider (LEP) to a
Future Circular Collider (FCC-ee) or Circular Electron Positron Collider (CEPC)

LEP-2 FCC-ee - 90 km for a fixed energy
20 Km 7 W 7 Top 3.5x circumference
CME [GeV] 210 | 90 | 160 240 360 2X Site power

~ (X Nparticles/beam

= loss/turn [GeV] 3.0 10039 037 1.87 | 10.0

Beam Current [mA] 3.0 1450 | 150 30 0.6 Much smaller bunches

Lumi/lP (1e34 cm=s7) 901 @ 200 | 12 6 1.7 —102-10% x luminosity



What about linear e+e-"?

Avoids synchotron radiation

Energy set by accelerating gradient & length

e
- H

Luminosity
- Pro: increases/flat with energy

nallenge: positron production & single pass
istory of not meeting targets

Bonus: Polarized beams

New alternatives for the

electron (o) + ion (7)) ‘soup’

further future?

e- withess

o (-

e- driver

plasma bubble

N

© o 3 o “o @
R
ENERGY ENERGY

swn

—J. plasma
wakefield
~1 GeV/m

For e- only

I’ll focus on bread & butter



Linear Electron Evolution

From Stanford Linear Collider (SLC) to the International Linear Collider (ILC)
or Compact Linear Collider (CLIC)

SLC ILC CLIC
CME (GeV) 90 250-1000 | 380-3000
Length (km) 3.2 20-40 11-54
Gradient (MV/m) 18 30 100
POsitrons/s 5-1012 1-1014 0.5-1074
Lumi (1e34 cm-2s-1) 0.0003 3 3




How do linear and circular compare?

Lepton colliders ( < 1 TeV). ITF Snowmass 2022

0% = i 100 ab ™" /yr
! I%10 \ 1000 hh/yr
. RelLC .
Main output o | lom-y  Circular Strength
107 Higgses S==== feraz
1 09 ‘1 01 2 ZS Z: 1035 ". ""‘t:-if_‘_:I.‘.'.‘_'_ﬁf:_‘_‘_‘-E1 ab ‘1/yr
6 E ¥ | -
106 WW E = Linear Strength
‘] 5 't't r 34 | ,' 109 Z/1yr \—' CUC - = ' I
0° ttba 1% | p kv 100 Higher energies
103 C S 1060y
160 260 560 1000

Ecm(GeV)



What about for the Higgs”?

Both aiming for ~107 Higgs Bosons

HL-LHC
5, ~ O(1) %

Uncertainty on cross sections & couplings ENP

N
o(g) ~ VN ~ 0(0.1) %
Ny

e+e-

o, ~ 0(0.1) %
Direct LHC o ( ) )

Deviations from new physics searches

2
. &%P(mo (2}eV)
MNP

1 TeV Myp



Some differences in production

P(e’, e*)=(-0.8, 0.3)

400r 5
e - ——ZH
350 E.. ..................................................................................... _’_ WW/ZZiUSion .........
Higgsstravhlung 300 ;— SSURURRS SUUURURRRRI:. WUPUURIE . pROPPRURRRR — __ SMa"f‘fH ....................
2 F : :
:250 e N e T —
Peaks at 240 GeV e |
e § 200 :_. d e e e e,
e’ Ve g E
2 150 -_ T S A S-S SO N
O i
| 100 E__ ......................................................................................................................................
WW fusion H - |
50 :_ | T Nt N N
Takes over at i i i i i
higher — ¢ Ve 800 250 300 350 400 450 500

\s (GeV)



Unique feature: Higgs recoll

— reconstruct the Higgs boson without

Know Initial collision energy identifying decaying products

Q '_——!—!—1—'—1———!—'—!_1—!—!—1—!———|—'—!—!T

/ - ” I —— Data .
D L §

L1>J 400 - Signal+Background —

B Signal f

300 = ' -+ Background =

K | e'+e - pu'u + X @ 250 GeV

200 - % =

100 Mades

0
110 120 130 140 150
Recoil Mass (GeV/c?)

MrQecoil o (\/—_Eff)2 _pif = S_ZEff\'/g_'_m?f



Unique feature: Higgs recoll

Useful for
Higgs—invisible
Higgs—rare/unconventional

And Total Higgs width

['(H - ZZ*) o(ZH)

r
52 BR(H - Z2*)  BR(H - Z2")

Or with h—=WW and WW fusion



https://indico.nikhef.nl/event/2143/contributions/4569/attachments/2149/2522/HiggsWidth_ILC.pdf

What this means for our detectors

FUTURE
CIRCULAR
COLLIDER

- Need to read out all events

- Low occupancy

- Need excellent p & E resolution!
- Low density precision trackers
- Hadronic W/Z/h separation




Circular hadron colliders

Higher mMass Protons
- Less synchotron radiation
Higher energies achievable

s /_\
. . U ©Oooooo
Composite particles %@% W
+ Quarks and gluons only carry a fraction of g @‘*g / quarks, gluons
proton Momentum <10-18 m

Probe a range energies at once
High rate of “messy” backgrounds 10-15m




Hadron collider constraints

Energy reach given by HC tunnel = FCC tunnel
Collider size
igh field dipoles Circumference [km] 27.0 90.0
LHC NbTi-83T 14 46
COM
Record NbSn3 - 14 T 23 /8
Ebeam ~0.3-R- Bdipole [TeV]
Future HTS - 18 T 30 100




Physics reach with 100 TeV hadrons

For higher mass ~O(10) TeV Lower mass ~O(1) TeV
Large increase in XS means new Smaller increase in XS means
sensitivity almost immediately need at least 10x luminosity
8 CT10nnlo as 0118
10 1 1 | I | | | 1 | | I 1 1 | I | | | 1 | I | 1 1 i | llllllll | llllllll | lIIlIIII I IIIIIIII I IIIIIIII I_
o(M;;>M i) (fb) y (ol 100 TeV/ 14 TeV My =1TeV -
106 | p’® > 500 GeV, |n;/<2.5 — ::gg "
5% |77jet1_77jet2|<1°5 ] gl — a9 ‘
= 10% | — - — 99
.S -
S 10 —
2 100 TeV -
1077 . _
............................. lev/ab T _
10_4 | 1 1 1 | | 1 1 1 | I 1 1 1 1 | 1 1 1 1 100_3 10_2 10_1 1 10 102

10 20 30 40 20

luminosity ratio
Mmin (TeV)



Detector challenges at 100 TeV

Driven by increase in luminosity: eg. Ntracks per event ~7x HL-LHC

LHC HL-LHC | FCC hh .
Pixels: 25 x 50 pym & 10 ps res
Pile-up 60 200 1000 + ~3X timing resolution per track
o + Data rates: 1000 TB/s
ntegrated bumi4b) | 1109 - <0 . Radiation: ~102x HL-LHC
Years of running ~10 ~10 ~20

We are many decades away from being able to build these detectors

Also need forward coverage |n|=4-6 and larger detectors/magnets



What about muons?

Break the traditional paradigm of larger and larger ete- and hadron colliders

Compact & power-efficient
Massive — no synchotron radiation
_eptons — 2 Epeam=Ecoliision

Mulit-TeV Muon Collider conveniently
fits within the Fermilab site!




Muon Collider Physics

Energy reach & precision electroweak physics in same machine

f £ '§104é_""""""'|_é

v/Z o L b103: —
E? 10°

W'W v v, He'e

HHv.V,

HHe'e t t

', ttH S—

—2
10 | HH?Z HHH vV,

112E2
o~ —10g8" —
M2 C M

.ll1011'1201.'l30
/s [TeV]




The Challenge

Muon lifetime 1=2.2 ps
Need to produce, cool, accelerate, and

collide muons before they decay Collide
High energy rapid
/ cycling synchrotron
Accelerate .
y 4
Collider ring
Cool ’ (~10 km circumference)
Produce N |
zt H / “\
+ s AN /
. /I_‘ T | # l_‘ -~ 1
T "~ Particle detector
Proton Muon lonization Low energy rapid
source source cooling channels cycling synchrotron

Detect



The Challenge

Muon lifetime 1=2.2 us

Need to produce, cool, accelerate, and '\
collide muons before they decay “

-
o
o
o

=
S A :
T 1.00 - @ ’/
. o | e 4
Also an opportunity s .&,,/0 . A
) _
Well suited to higher energies = . . T y -

: C 2l : - HE-LHC
Builds on existing/planned proton > e s
infrastructure 2 - ILC

. . . , c CLIC
Synergies with neutrinos/flavor physics E .
Lots of progress in the last decade! T e - me

0.1 1.0 10.0 100.0

Center of mass energy (GeV)



Unique collision environment

Depends on energy, physics goals, and cross-sections
Goal: measure di-higgs cross-section (few fb) with few % uncertainty

| | Set np = 1 and maximize Ny per bunch ~2:1072 Ny,
Aim for 10 ab-1in 5 years
Minimize circumference, maximize f 30 kHz
N\Nny, f
(L. ) = =2-10"cm™%s~!  Minimize oxo, beam size, aim for ~O(10) um
4ro,0,
Re-inject muons every Byt 100 ms

Decays w/in 20 m of detector 107



Tungsten Nozzles

Single p decay €' mmE =m) =m0

Suppress high
energy component

\W '\/e
<:e- Photons Electrons Neutrons
: Y: 5.0e+07 107 ;E Y: 8.5e+05 Y: 1.1e+08
o , n 107 - S N: 3.4e+08 " 105 .......... N: 2.5e+07 ” 104§
Tradeoff: Increase in £ 2 b
S S 105 S 105 -
low energy neutrons 7 10°- g 00| =
< 103 - e | < 103 i TN .. T 103 - ",
- '”& %ighid 102 : £
: — ;3‘?:_:,,'.. : ' ' : ' i
0 200 400 600 0 200 400 600 0.0 0.2 0.4 0.6 0.8
Karri Folan DiPetrillo Exin (GeV) Ein (GeV) Exin (GeV)
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Inside the detector

Compared to HL-LHC

Up to ~10 x hit density

~1/1000 event rate

Similar dose & fluence

100 TeV pp ~3 orders of
magnitude worse
~1018 MeV-neq /cm?2

Karri Folan DiPetrillo

aln
00

400

300

=Z00 =700 =500 -500 -400 -300 -200 -100 0 1

1]

[T

-
-

00 200 300 400 500 &00 700 Z00 900

Maximum Dose (Mrad)
R=22mm R= 1500 mm

Maximum Fluence (1 MeV-neq/cm?)
R= 22 mm R= 1500 mm

Muon Collider
HL-LHC

10 0.1
100 0.1

1015 1014
10%° 10
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Background properties

BIB Particles

10°

With standard nozzle ~108 low momentum particles per event

Sut this background looks very different from signall

Majority < 200 MeV Unusual position & direction Partially out of time
_ Vs=1.5TeV Vs=15TeV {s=15TeV
L ; — neut 3 F . & F
- M.UOI‘I. Collider n'eu‘rons § 08-_ Muon Collider neutrons S 103:_ Muon Collider — neutrons
E Simulation { g‘ E Simulation € E Simulaon |~ phol ns
— electrons @ |~ electrons % - ’ — electrons

|

. U;_L“M“LJ

111111111 lllllll

i

200 250 300

100

150 200 250 300 0 50 100 150
Momentum [MeV] Z| position [cm]

60 80 100 120 140
Arrival time [ns]



Comparing muons & hadrons

More complicated than 10 TeV pypy ~ 100 TeV pp

“energy for which cross-sections at the
two colliders are equal”

B S e o RO S R ]
T L 500 | -

For 2x2 processes

V/Z =200
QCD-charged (p=10) _



https://arxiv.org/pdf/2303.08533

Comparing direct reach

Example: Supersymmetry

MuC: pair-production up to /s/2
FCC-hh: better for stops (color charge)

Sut, most realistic models have TeV scale
sleptons/electroweakinos

15}

: -CC-hh

=

PN —

X1

!

Rl ] .

2

MuC
30 TeV

14 TeV

10 TeV


https://arxiv.org/pdf/2303.08533

Comparing indirect reach

2303.08533

Example: Higgs Compositeness

Diboson & di-fermion final states
MuC: sensitivity scales with /s

FCC-hh: lower effective parton luminosity

Doesn’t compare

Karri Folan DiPetrillo

12

10

lllllllllll

m Comp. Top (¢, = &)

M Universal CH

10 TeV
95% CL
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https://arxiv.org/pdf/2303.08533

Comparing Electroweak precision

>107 single higgs events = competitive with e+e- Higgs Factories

~10k di-higgs events — self-coupling competitive with 100 TeV pp

O(100) GeV scale SM physics

foward muons/neutrinos

k-0 | HL- |LHeC|HE-LHC ILC CLIC CEPC| FCC-ee |[FCC-ee/| " 1
fit |LHC S2 S2' 1250 500 1000 | 380 1500 3000 240 365| eh/hh [10000
kw| 1.7 | 0.75 |11.4 0.98 | 1.8 0.29 0.24 |10.86 0.16 0.11| 1.3 |[1.3 0.43| 0.14 0.11
bl sy 2 s (OES) OE24) (02485 (022 05y (0240 ()25 | (0 8 2«0 (0 lrg | (0117 0.35
kg | 23] 3.6 |19 1.2 |23 097 06625 13 09| 15 |1.7 1.0 0.49 0.45
o |9 68 Al 28 65 .4 S E9 S0 ()2 20 Sl AL 8 O 0.29 0.84
kz~| 10. — |5.7 3.8 |99%x 86% 85x [120x 15 6.9 | 8.2 |8lx 7o5x| 0.69 0.0
Ke | — 44 1 — — 025 13 09043 18 14| 22 11.8 13 0.95 1.8
ke | 3.3 — 128 1.7 — 69 16| — — 2.7 — e 1.0 1.4
s Lo || 2l [[ei2d 248y || i (et (048 || e (0 Ao (OS]l 172 || ey Oor)l (0458 0.24
Ky | 4.6 — 1295 1.7 115 94 6.2 |320 13 58| 89 | 10 8.9 0.41 2.9
oo | AL N 8REY | ks Tl L) (kA0 (DR || ei0) s dlsd st E kel |kl (hv@l|) (Y] 0.59

And we can test origin of deviations!



How realistic are these machines

Snowmass Implementation Task Force

Total projected cost

L E P
TPC ~ 4 - ( >0.55 +b< )0.46 o
10 km TeV 100 MW

correlated with

?z ;1 > C|IVI| construction ” anvironmental
o = J 2 “apce erato .COﬂpO’\eﬂtS” impact*
c = 1.7B “site power Infrastructure

Cost & time to physics correlated with energy reach



Translates to roughly three categories

Collider Js Tunnel Power Cost Time to start
(TeV) (km) (MW) ($B) (yrs)

ILC e+e- 0.24 20 140 7-12 <12
FCC-ee 0.24 100 290 12-138 13-18
MuC-3 3 10 230 /-12 19-24

CLIC 3 50 550 18-30 19-24

MuC-10 10 10 300 12-18 >20

FCC-hh 100 100 500 30-60 >25

*Cost without contingency/escalation

**Technically limited timelines
“**No staging assumed



And a possible future collider landscape

e

Run 3 HL-LHC |
A 100 km tunnel, staging e+e/pp

Circular e+e- 10 TeV pp

A muon collider for Fermilab?

LBNF/DUNE 3-10 TeV Muon Collider

Pl You'll

PhD Postdoc Faculty rotire rotire



Reflecting on the past few years

- Especially exciting for Muon Colider

2020:
2021:
2022: Surge in
2023: “MuCol”
2023: Very posi

—SPPU recommends MuC Design Study

nternational Muon Collider Collaboration

iNnterest at Snowmass
poroject funded by EU
tive outcome from P5!

2023;
2024

naugura

JS fundi

US Muon Collider Meeting

Ng starting to come In

Exploring Draft
the Pathways to Innovation

and Discovery
8#32%? in Particle Physics

Report of the 2023 Particle Physics Project Prioritization Panel

As part of this initiative, we recommend targeted collider R&D to establish the
feasibility of a 10 TeV pCM muon collider. A key milestone on this path is to design
a muon collider demonstrator facility. If favorably reviewed by the collider panel, such a
facility would open the door to building facilities at Fermilab that test muon collider design
elements while producing exceptionally bright muon and neutrino beams. By taking up
this challenge, the US blazes a trail toward a new future by advancing critical R&D that
can benefit multiple science drivers and ultimately bring an unparalleled global facility to
US soil.




Takeaways for CMS DAS students

Future Colliders are YOUR future

Form your own opinions
- Read the Snhowmass Implementation Task Force report
_earn from your senior colleagues

Prepare for an exciting career
- Learn how to build & operate experiments at the LHC & HL-LHC
+ Get involved in Future Collider R&D

Make your vision a reality



Karri Folan DiPetrillo |+ER&

University of Chicago
Fermilab Wine & Cheese
17 January 2025




A potential FCC-ee run program

— CDR baseline runs (2IPs)

Z WW ZH i ' Total
integrated
30 90 30 12 5 0.2 1.5 luminosity
T =] (ab-1)
_———
| | I | I I
Energy
: 157. :
88 91.2 94 DD 162.5 240 340 350 365 (GeV)
Z lineshape W mass and width
QCD : : top EW couplings
N, Higgs couplings P Ping .
flavour 99 Piing Mtop Higgs VBF production Physics
rare decays @QCD i (T4 and Higgs couplings improved) highlights
dark sector flavour (e.g. Veb)
0(1019) O(108) 0(2x106) 0(2x106) w BT

(4 IPs)



Muon Collider: Progress so far

Perception: “no progress in past 50 years”

First mentions VarslusintialCollaborations MAP: self consistent designs with International Muon Collider
in literature & Designs existing or near term technology Collaboration Formed
(2011-20106) (2020)
1965 2010 2015 2020
32-T Superconducting / 3 TeV detector

Magnet (2016) Normal Conducting concept

RF in B-field (2018) ——

300 T/s fast ramping
magnets

MICE: First demonstration of 4D ionization cooling
(2001-2018) Multi-MW proton sources

and targets
(SNS, ESS, PIP-II)

Reality: recent design progress and advances in technology
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Muon Collider Detector

2303.08533

Major outcomes of Snowmass/IMCC

Baseline Detector for 3 TeV

Beam Induced Background with FLUKA

Full simulation physics studies

Now preparing for European Strategy!

| 3.57TSolenoid |

e | |

EM Calorimeter
(Tungsten + Silicon)

Hadronic Calorimeter
(Steel + Scintilator)

Muon Spectrometer Y
(RPC with return yoke) I
¥\



https://arxiv.org/abs/2303.08533

Work In progress: 10 TeV design

Detector Magnet Workshop

Summary by A. Bersani

Need to grow the detector

Solenoid: Higher B-field & inner radius
technically challenging

B* _,
Estored — 2/4 nRL
0

Need to reestablish expertise to build CMS-
style magnets!

Karri Folan DiPetrillo

Tracker
Most double layers
removed

HCAL
Fe+Scillator
Return B field

Solenoid
ECAL ST
Si+W 3m diameter

Toroidal field could be
Shielding added if needed

nozzle
Dimensions to be

optimised

In-air muon

system ..
RPC-based
(PID only)

Core idea: use the solenoid
as BIB shielding

63


https://indico.cern.ch/event/1324236/overview
https://indico.cern.ch/event/1353612/contributions/5775168/

Muon Collider Detector: Technology needs

Beam background primarily a challenge for the pixels & electromagnetic calorimeter

: . ) C
Detector reference Hit density [mm™“] Similar to HL-L HC
MCD ATLAS ITk
Pixel Layer 0 3.68 0.643 Ambient energy 50 GeV/unit area
Pixel Layer 1 0.51 0.022

— Silicon+ Tungsten 5x5 mm2 cells
—25 x 25 pm2 with 30 ps timing Timing resolution (~100 ps)
ongitudinal segmentation

Challenges: front-end power
consumption & readout R0om for new ideas!




Work In progress: Machine detector interface

D). Galzorlari

Beam induced background highly dependent on nozzle configuration
Systematic optimization in progress!

Fluence with nozzle tip at 6 cm Fluence with different nozzle tip distances
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https://indico.cern.ch/event/1412174/contributions/5935494/attachments/2847637/4979323/MDI_meeting_april_24_pair_prod.pdf

Work in progress: Map back to physics

eg. to fully unlock higgs precision, is forward muon tagging possible?

v
- i Z Separate ZZ and WW fusion
Reduce backgrounds
X L .
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_I_
H ) T~ . [ via inclusive rate
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https://arxiv.org/abs/2308.02633
https://arxiv.org/abs/2303.14202
https://arxiv.org/abs/2401.08756

[0k [7]

Takeaway: Can we do physics? 5303 08533

Baseline detector design & full simulation studies indicate yes!
With work in progress we can likely do even better :)

Higgs seli-coupling WIMPs/Disappearing track

181 6% Composite Higgs o
6 : = 1 === 1 track fast simulation Higgsino
16+ SCenarIOS g 1034 ——- 2 track fast simulation 10 TeV, 10 ab~!
14 . e o ] — 1 track full simulation 50 contours
C C ' ppOsie TS, <7 / ‘ q—f 102 1 —— 2 track full simulation
~ © 3
12} LIC : i g 0%
) v & Left-to-right of 7 ot ’
= luster:
10+ 1 8 § G ?ilncliscolcj)s 1LCS00 i 101-5
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https://arxiv.org/abs/2303.08533

The perfect neutrino beam

2203.08094

sin? 203

Equal numbers of e/p (anti-)neutrinos A e
Precisely known energy spectra & intensity SR eER YA, TR R A TR A TR A o

- . 2
better sin“ 26,3
(50)

V
H NH for 65 = 371/2
- (50)
W ~ _

CPV for 65p° = 3n/2
(30)

sin2 2913 reach
no NSI

* At low energy:
® precision cross sections

l€cel (30)

* sterile neutrino searches o erl (30) 5
provement by S
* Ocp, AmZ231, B13, B23, Vr appearance Silver« @ 4000 km . 5
: : - (3o ")
* Qver constrain PMNS paradigm 5 GeV :
| 25 GeV
* At high energy: not fully prepared to say i EES 5005 50 GeV €l Bo)
* An appealing future after Dune/Hyper-K? 107’ 107 107 107 107"
€2l
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https://arxiv.org/abs/2203.08094

Neutrino Flux

2209.01318

Challenge: TeV neutrinos interacting — I D \
width ~ 1/E,

between the beam and you XS ~ E, R =1/2Rg, D

Mitigation strategies exist! 10"
® Depth 200 m

» Minimize field free regions 5 Typical flight
y TSI - G 10 3 uSv/hour
* “Beam wobbling” with B-field £ -
and/or high precision movers 3 g0
* ~71 cm 10x reduction i ENAL
* ~10 cm 100x reduction S 10" off-site limit

<100 pSv/year

» Better cooling/final focusing

0 10 20 30 40 50 60
O\ Radial distance in soil (km) O\
” %
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ldeas for physics along the way?

Straight sections = perfect r

—gual numbers of e/p (ant

-)

Precisely known energy spectra & intensity

e

neutrinos

ip ,u+—>17,,,—|—l/e-|-€+
Target
L/ > . B

Utrino beam

Low mass dark matter (sector) searches

’( 150 m

2000 m )‘

Station components:
”"” Drift chambers (6 planes)
Hodoscopes
E Dark Photon Hodoscopes
: Muon Prototubes
- EM Calorimeter

Synergies with charged lepton flavor violation experiments

Karri Folan DiPetrillo

x[m] DarkQuest Spectrometer: Top view (Bend plane) 2[m]
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