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Higgs and High Energy
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The Higgs is the most mysterious particle in the SM
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Higgs and High Energy

é —
The Higgs is the most mysterious particle in the SM

Is the Higgs composite What are the
or fundamental? details of EWSB?
What. Is the form_of Is the Higgs a portal
the Higgs Potential? to BSM physics?
Can the Higgs help us Is the Higgs connected
understand flavor structure? to BAU?

Need to probe well above v to A ~ TeV to explore
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Higgs Factory vs. High Energy
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A Higgs factory alone can’t answer all open questions
about the Higgs

E > leV
Multiple Higgs Production Precision with Energy
l Vo
Higgs self-couplings H'HO,, — N
Z D Avh’ + Z/Wfl On-shell productio]\r]fof new

states
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We can use EFT approaches, cosmological probes to
test predictions...

...but we need clean empirical evidence of what’s
beyond the TeV frontier

—F X X > (Construction of multi-TeV future collider

Higgs & EW Physics is SM “no-lose”
motivation
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High-Energy Colliders

# —
There are two (three) paradigms for high-energy future colliders

Hadron Colliders Lepton Colliders
HL-LHC CLIC
SPPC Muon Collider
FCC-hh

These are complimentary machines and the
existence of one doesn’t negate the motivation for another

Linear v. Circular
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Hadron Colliders
# —

HL-LHC SPPC & FCC-hh
Vs =14 TeV pp machines

2030-2040s

Upgrades from ee Higgs Factories
\/s = 70/80 — 100 TeV

2070s to 2080s?

det —3ab™!

Technology isn’t ready, but
HL-LHC we expect time & money will be
sufficient

SPPC & FCC-hh
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CLIC Stage 2 & 3

Because leptons are fundamental all
the energy Is available at collisions
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Linear Lepton (¢7¢ ™) Colliders
% —

CLIC Stage 2 & 3
Vs =15TeV - 3 TeV

Because leptons are fundamental all
the energy Is available at collisions

4
E

Po<y4~ (—)
m

TeV-scale e e~ colliders must be linear colliders otherwise
power loss due to synchrotron radiation Is insurmountable

11 to 50 km

[Ldt —25ab ! > 5ab”!
Operation: 2030s - 2060s?
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Circular Lepton Colliders — Muon Collider (MuC)

—————

Only potentially feasible way to access
TeV energy with lepton circular collider

1 Muon Collider

Injector >10TeV CoM

Ring

MuC
Vs =3, 10, 14 — 307 TeV

JL dr =1, 10, 30 ab™!
Late 2040s - 20507



Circular Lepton Colliders — Muon Collider (MuC)
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Staging facilities (low energy runs) are still flexible and
Intended to ensure there is no large gap in a collider
program

125 GeV, 3 TeV Stage are discussed but not fixed
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Comparison of MuC to Other Colliders
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+ — 4+ —
PP U U e’e
Composite Fundamental
V5§ < /s V3~ s
L -CLC
| Ut 0

Luminosity loss without recirculating particles

10
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Comparison of MuC to Other Colliders
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~ 100 TeV ~ 10— 100 TeV ~ 3 TeV

Electroweak

Ideal for studylng
EW Phenomena

QCD vs EW bgd



Comparison of MuC to Other Colliders
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PP U U ete
Composite Fundamental
VE < /s VS ~ /s
~ 100 TeV ~ 10— 100 TeV ~ 3 TeV

Electroweak

nsightto | 1%
flavor structure



Comparison of MuC to Other Colliders
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PP H K € €

Discovery Discovery & Precision
Precision
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Challenges of a Muon Collider
é —

Muons Decay

BIB: Beam induced
background

—6
Production as T, 2.2x107° s

. Detector, v radiation
tertiary beam

Acceleration and

Aplp ~ O(1) Cooling into single collision

collimated bunch

_ Too quick to ramp up
0.91Y ~ 107° magnets

T — UU

p’ T — UU M 6d H U
ﬁ Target T — UU » Cooling » Acc. ﬁ
T — Uv Collide

T — UU

11



Challenges of a Muon Collider
é —

A future Muon Collider needs serious R&D.

If it Is proven technologically feasible it would be an
amazing novel probe of high-energy phenomena

We could see the 10 TeV frontier in the next 30 years!



Which Future Collider?

——  ( ———————————————————

All possible future colliders have varying degrees of
shovel-readiness, novel physics reach, time scales, etc.

As a community, we should focus building the
strongest physics case possible to inform the
decision process
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Higgs Production
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pp Collider [T]~Collider




Higgs Production
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Example: Higgs Potential
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Slide Credit: P Meade, N Craig, R. Petrossian Byrne
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HL-LHC MuC10 /

Slide Credit: P Meade, N Craig, R. Petrossian Byrne
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Example: Higgs Potential

Slide Credit: P Meade, N Craig, R. Petrossian Byrne
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Example: Higgs Potential

Slide Credit: P Meade, N Craig, R. Petrossian Byrne

1 2303.08533

18 16%
16 -
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Example: Higgs Couplings

C———————————————————————————————————————————————————————————————

e ———
1905.03764
kappa-0 | HL-LHC CLIC CEPC| FCC-ee |FCC-eefeh/hh
380 15000 3000 240 365
Kw [%] L7 0.86 0.16 0.11| 1.3 | 1.3 043 0.14
Kz [%] 15 By 7 G B S N2 ) ) R S 0.12
Ko [%0] 2.3 AT TR T L B e S oy 0.49
Ky [%] 155 DSASTOR R S 0.29
Kzy [%]| 10. 120« 15 6.9 | 8.2 |8lx 75« 0.69
K. [%] — 433 R g 28 RS 0.95
Ky [%] 30 — ol et - = 1.0
Kp [7e] 3.6 sl o (RS 1bed LSy Wi 0.43
Ky [%] .0 G0 LS s 8 6.0 LD 809 0.41
Kt [%] 2 s A s | HLEd | ILds TS 0.44
Scenario BRiny BR

kappa-0 fixedatO fixedat0

50

10

Precision [%]

0.50

0.10
0.05

BRpsy=0 Fit Comparisons

2308.02633

m 10 TeV p*u~ @ 10/ab

B HL-LHC
R 71250 GeV ete
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Example: Higgs Couplings

C———————————————————————————————————————————————————————————————

e ———
1905.03764
kappa-0 | HL-LHC CLIC CEPC| FCC-ee |FCC-ee/eh/hh
380 15000 3000 240 365
Kw [%] I D86 06 O] LS 4 0.14
Kz [%] 155 0.5 026 0.23] 0.14 |0.20 0.17 0L
Ko [%0] 2.3 Aisrenl o el N R I B B ) i B 0.49
Ky [%] 1.9 Uhye aall A BT | AT S 0.29
Kzy [%]| 10. 120 15 69 | 8.2 |81x 7« 0.69
K. [%] — 433 R = 29 RS 0.95
K [%] 33 — o A - = 1.0
Kp [T 3.6 S G 7 B R S S TG 0.43
Ky [%] i o S20 els e e 80 el gD 0.41
Kt [%] I SIS S ) S 0.44
Scenario BRiny BR

kappa-0 fixedatO fixedat0

Order of magnitude improvements
for the 10 TeV Machines
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Example: New Physics with Higgs Mixing

—_—
Benchmark model: New singlet S mixes with Higgs

1807.04743

pp Collider Production
h = hycosy+ Ssiny

. ¢ h
¢ =Scosy — hysiny ?W< Z@COM

[T]~ Collider Production " &=

%Sin / LSO




Example: New Physics with Higgs Mixing

—_—
Benchmark model: New singlet S mixes with Higgs

1807.04743

h = hycosy+ Ssiny
¢ =Scosy — hysiny
O — hh,ZZ, WW

wd

sin y

f‘: msg [TeV]

16
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Example: New Physics with Higgs Mixing

# —
Benchmark model: New singlet S mixes with Higgs

1807.04743

h = hycosy+ Ssiny
¢ =Scosy — hysiny
O — hh,ZZ, WW

SN~y

mgy |TeV]

16



Example: Higgs Compositeness
_—

High energy probes compositeness

2202.10509

. »

r
High-energy fundamental -
particles are best probes 3

Depends on Higgs & VV-hh =

TTTTTTTTTTT

m Comp. Top (€, = €)

B Universal CH

I Y 10 TeV
coupling precision
PING P 4 95% CL
C¢,6,y; - !L“f CW.B e 1 Cow,2B . 1
A2 m2’ A2 m2’ A2 g2 m2’ 2
g % 1 Cvg _ Y 1 L e
A2 16a2m2’ A2 16m2 m2’ 100

2
C ' 1 C3W 1 1

A2 1672 m2’ A2 16m2 m?2’
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Example: SUSY & DM

——  ( ———————————————————

Different sensitivity corresponds to energy, relevant
backgrounds, and detector performance/acceptance

—— . :
Indirect detection 0.333

Higgsino

FCC-hh 1.1 1.602

MuC 10 TeV

CLIC 3 TeV 15 No collider

S 020 | ' 2¢, disappearing track
2LE ' ' | B 5o, disappearing track

FCC-ee 0.174 0293 | kinematic limit +/s/2

CEPC 0.119 0.261 : 20, indirect limit

Direct detection projection 2.004 Wino

Indirect detection 3493

FCC-hh "%l  6.488
MuC 3 TeV

MuC 10 TeV

CLIC 3 TeV 1.49677
ILC 0.5 TeV

FCC-ee

CEPC I0.119

-1
L ‘ m(ys) [TeV]
2 1UZ.112Y~Z

We need high energy

18



Example: SUSY & DM

S

Different sensitivity corresponds to energy, relevant
backgrounds, and detector performance/acceptance

|
Indirect detection

— 5| ' MuC30
| Higgsino ~
FCC-hh 1.1 1,602 i .
~ FCC-hh (SppC)
CLIC 3 TeV | 15 No collider :
| : . .
20, disappearing track — 10+
HEES 1Y O | B 5o, disappearing track ;—é‘
FCC-ee 0.174 0.203 | kinematic limit +/5/2 — _
I 20, indirect limit M C 1 4
CEPC 0.119 0.261 1 b_N'b i i u
Direct detection projection 2.004 Wino - ' ‘
Indirect detection 3493 5 T M U C 1 O
FCC-hh '%i1  6.488 - ? )
MuC 3 TeV 1.26 i _
MuG 10 TeV s : | _
CLIC 3 TeV 149677 ) :

_~~
L i

ILC 0.5 TeV 0.249 0.427 : ' {4 f i‘i T q
0.175 0.297 H L LH C " The :

FCC-ee low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis
CEPC 0.119

i | | PEEER TRy | | mC‘?‘f)FlfeV]l .
2102.11292 pp colliders have better reach

We need high energy on color-charged particles

18




Conclusions
é —

A Higgs factory alone cannot fully explore the many open
questions of the Higgs & EW Sector

We need an energy frontier machine £ > TeV to
study important questions

The physics potential of hadron & lepton colliders are
complementary

A completely novel (albeit risky) collider like a muon collider can
often improve physics reach the most and is worth the investment
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Muon collider physics potenttal

A high-energy muon collider is a dream machine: allows to probe
unprecedented energy scales, exploring many different directions at once!

High-rate
measurements High-energy

Direct Higgs, self coupling, probes

rare decays,
searches top quarks%l Di-boson, di-fermion,

tri-boson, EFT,
Pair production, compositeness, ...
Resonances, VBF,
Dark Matter, ...

Muon physics

EW radiation

SM physics, Lepton Flavor

neutrinos, Universality, b — spy,
NP searches, muon g-2, ...
precision, ...

6 Slide Credit: D. Buttazzo



Example: WIMP Dark Matter*

+ Mono-y/W/Z signals: upu = yy+X
DM pair production + EW radiation

Han et al. 2009.11287
Bottaro et al. 2107.09688, 2205.04486

+ Disappearing tracks: charged components
. = | B .
of ycanbelong-lived XY —x 7

Capdevilla et al. 2102.11292

mono-y Vs = 14TeV, £ = 20ab™", Majorana3-plet |
mono-W (incl) ~ FEE=S= ] 2107.09688
mono-W (lep.) i
=
=
mono Z é
di—y §
e
di-W (SS)
MIM (comb.)
1 DT
2DT
1 2 3 1 5 6 7
9 M, reach [TeV]

ATLAS Simulaltion Pr(lirninary

LC can probe all
relevant WIMP candidates!

Reach at hadron collider much
lower, due to PDF suppression

Cirelli, Sala, Taoso 1407.7058
Slide Credit; D. Buttazzo



Slide Credit: D. Stratakis

What has changed since over the last years?

Lattice design

* Developed designs for all MuC subsystems, including a promising solution for a
neutrino flux mitigation system

Targets

» Significant developments on MW-class target concepts due to the strong demand
by many experiments.

Magnet technology

» Development of high-field solenoids & dipoles with specs close to the MuC needs

RF technology
« Demonstrated high-gradient operation of NC cavities in B-fields (50 MV/m @ 3T)

» SCREF cavity gradients for a MuC are within reach of current technology

lonization cooling concept demonstration

« Physics of ionization cooling has been demonstrated and results are published

£& Fermilab
10 11/16/23 MuC Physics Benchmark Workshop



Slide Credit: D. Stratakis

Neutrino flux mitigation system

Solution: A mechanical system that will disperse the neutrino flux by periodically
deforming the collider ring arcs vertically with remote movers;

2% 600 n Muons decay (say in

some straight section)
1 > -’-‘ <
§ neutrinos \
t, 117] 1

Neutrino radiation cone °
(rotating with muon beam)

Vertical slope
modulation ~ 1
mrad

Need to study mover system,

magnet, connections
and impact on beam

Legal limit: 1 mSv/year
MAP goal: <0.1 mSv/year
IMCC goal: <10 ySv/year
LHC : <5 uSv/year

Working on different
approaches for experimental
insertion

> -

Requires significant R&D and proof-of principle tests
3% Fermilab
24 11/16/23 MuC Physics Benchmark Workshaop

63



Machine overview

Slide Credit: D. Stratakis

Proton Driver Front End Cooling Acceleration Collider Ring
2
0.6 G Y
___m. A SR s Py
o0 = 5 c :o: 1
g S §eaE§s%e§g.§°
.C © o -— ﬂ v © -~ ‘6 ®) T = - 3 ‘
- = c — S S|V g 2 =3 8 S
@) £ - = w3Y @ v [ w» 8 v 8 U
Vi 3 < 8 L % w |© g o g T - -
o 2?38 Y 2l P g @2 © ¢ Accelerators:
< g a &z 2 | Linacs, RLA or FFAG, RCS
T e | |

Muon lonization Collider ring

production co;)hng ;B for counter

target b .uce propagating

emittance . g
MW-scale proton Capture 200 Acceleration
driver MeV to TeV scale
bunches energy
3¢ Fermilab

11/16/23 MuC Physics Benchmark Workshop
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Demonstrators & Beam Dumps
—>

Beam Dump

Protons from % Uncooled Muons q 0
Booé High-Z Target gi) ﬁ =
<
1007 - @eam Dump
0.15%
More processing means [ y—

fewer muons

Beam Dump

<0.1%

...but should run synergistically 1018 — 102 4 on target



Physics Reach of MuC

——  ( ———————————————————

Indirect Production (EFT Approach)

1910.14012
10 HEP[T = HL;‘AUCNev—uic.’ W HL+MuCyry 50, W HI.-"'MUC'IOTeV | 1:0.32
, % probability bounds on Lg 4 T Single operator fit 5
Y-Universal Z
< .
ggggggg " - 1| EE
2
410 <&
. | 2-0 exclusion
{32. Or1 | @ HL+MuC g tov
: 6F | y i © HL+MUC, 1y, 5 -
) L . . . e M 1 i e | \ F E 100. | @ HL+MUC3 TeV-1ab™’
Ow O Opw Oe O, Oy O, O, O, O3 O2iw Osw Os Yl / @ HL-LHC
1. o | +*' Others

Improvement wrt. HL-LHC
- - L - l.—l —J_*J_gj‘:l—d - - i 1 0 1 00 200 300 400 500

O Or Oy Op Oyw O O, Oy Oy Oy, Oy, O2p O2¢ Osw O¢ Mz [TeV]
Z'




2310.16110

Demonstrator Facili

)30s?

-

Mild Acceleration:
Cooling & Synergies

H

- KU

Beam Dump

2040ish 2050ish
T

Higgs Threshold MuC 3, 10 TeV MuC

Motivation:
Neutrino Facilities?

s | 6D cooling demonstrator Uy, Ve,
L T = D
Target /7~ OCS - Y O\ Detector
// \\\

“

Storage ring //t

2203.07545




