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e HL-LHC Leads the Way
* Future Collider Agora & Physics Reach
 Fermilab Site Fillers
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Colliders:
Primary Tools at the Energy Frontier
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Production Cross Section

, © [pb]

LHC Rocks!

September 2020 N CMS Preliminary
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LHC: The energy frontier & precision frontier!
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/SigmaNew_v0.pdf

High-Luminosity LHC
HL-LHC

* Fully approved in 2016, technology available, construction well underway!

LHC HL-LHC

LSt EYETS 13- 14 Tev AR 14 TeV
13 TeV energy
— Diodes Consolidation
splice consolidation firmi LIU Installation -
7 TeV 8 TeV button collimators ‘i:r:':"e’ac;:ytliton I inner triplet HL-LHC

R2E project regions Civil Eng. P1-P5 radiation limit installation

A

5 to 7.5 x nominal Lumi

ATLAS -CMS V”/—"'
experiment upgrade phase 1 ATLAS - CMS

beam pipes 2 x nominal L|.Jrni_= ALICE - LHCb | 2 x nominal Lumi HL upgrade

75% nominal Lumi /_ upgrade
S o i We are here Ex3

luminosity IR {3
HL-LHC TECHNICAL EQUIPMENT:

nominal Lumi

DESIGN STUDY . - PROTOTYPES / CONSTRUCTION | INSTALLATION & COHM.”” PHYSICS

 Run 3 started: beams in April 22, 2022

» Stable beam collisions detected by ATLAS/CMS
--- more excitement to come!
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Sample physics reach projection @ HL-LHC

Vs = 14 TeV, 3000 fb™' per experiment
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and plus much more ...
5 Christian Ohm, Lepton-Photon Conf. 2022

HL-LHC: arXiv:1812.07831;



Beyond the LHC:

Challenges for accelerator technology

Reduce synchrotron radiation
Strong bending magnetic field
Increase accelerating gradient
Rare beam particle production e*, muon ...
Costs, sustainability / power consumption

) .”
‘...". DPF Community Planning Exercise

https://snowmass21.org

Snowmass 2021

Accelerator Frontier 2 Implementation Task Force

Energy Frontier/Neutrino Frontier = Physics goals
PLEASE join the community effort: July 17-26

http://seattlesnowmass2021.net/registration
Early-bird deadline next Monday June 13t(midnight)!



http://seattlesnowmass2021.net/registration

Future Colliders Agora
8 Higgs/EW factories: 17 HE Colliders:

Cryo-Cooled Copper linac e+e-, /s =2 TeV, L= 4.5 x103%*

Details

High Energy CLIC e+e-, 5 =15-3TeV, L= 5.9 x103*

CepC o+e-, /5 = 0.24 TeV, L= 3.0 x103* High Energy ILC et+e-, V5 =1-3TeV

FCC-hh op, Vs = 100 TeV, L= 30 x103*

CLIC (Higgs factory) e+e-, 5 = 0.38 TeV, L= 1.5 x10%* op. V5 = 75/150 TeV, L= 10 x 103

ERL ee collider oven, VF= 024 Tov, Lo 73 x10v  Mbnllili PP- Vs = 500 TeV, L= 60 x10**
LHeC ep, /s = 1.3TeV, L=1 x103*

ep, Vs = 3.5TeV, L= 1 x103*
CEPC-SPPpC-eh ep, Vs = 6 TeV, L= 4.5 x1033

ep, Vs =9 TeV

MC - Proton Driver 1 up, /s = 1.5TeV, L= 1 x10°*

MC — Proton Driver 2 up, s = 3 TeV, L= 2 x10°*
LHeC ZAVGERICR VAR IS (AN [VIC — Proton Driver 3 up, /s = 10 — 14 TeV, L= 20 x1034

MC — Positron Driver pp, /s = 10 — 14 TeV, L= 20 x10°%

FCC-ee ete-, 5 = 0.24 TeV, L= 17 x10%
gamma gamma X-ray FEL-based yy collider

ILC (Higgs faCtorY) e+e-, /s =0.25 TeV, L= 1.4 x10°*

MC (Higgs factory) up,\'s =0.13 TeV, L= 0.01 x1034

LWFA-LC (e+e- and yy) Laser driven; e+e-, /s = 1 — 30 TeV

VHE-ep

PWFA-LC (e+e- and yy) Beam driven; e+e-, /S = 1 — 30 TeV

Structure wakefields; e+e-, /s = 1 — 30

SWFA-LC TeV




Future Colliders under Discussions™

Snowmass 2021 Energy Frontier Collider Study Scenarios

Collider Type NG P |%] Lint
e /e ab~!
HIL-LHC pp 14 TeV 6
(1LC ce 250 GéV | £80/ +£30 | 2

350 GeV | 80/ +30 | 0.2
500 GeV | =80/ +30 | 4
1TeV |+£80/+20| 8

- CLIC ce 380 GeV +80/0 1
Hi g8S 1.5TeV | +80/0 | 2.5
3 3.0 TeV +80/0 5
factories |
CEPC ee M~ 16
2Mw 2.6
240 GeV 5.6
U ee M~ 150
2Myy 10
240 GeV 5
2 Myop 1.5
e | I
@ PP 100 TeV 30
1 LHeC ep 1.3 TeV 1
H Ig h e n e rgy FCC-eh ep 3.5 TeV 2
frO nt I e r muon-collider (higgs) JLLL 125 GeV 0.02
3 TeV 1
10 TeV 10
14 TeV 20
30 TeV 90

* Snowmass Energy Frontier: https://snowmass21.org
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ILC (International Linear Collider)
as a Higgs Factory & beyond

Under serious consideration in Japan; Pre-lab proposed
https://arxiv.org/abs/1901.09829, 2106.00602

o e+ bunch ILC Candidate site in Kitakami
Damping Rings IR & detectors compressor ' ) B G = WL
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e- bunch

compressor positron 2 km

main linac
11 km

central region
5 km

electron
main linac
11 km

2 km

Ecm = 250 GeV / 2 ab™ /yr: a Higgs factory
=500 GeV / 4 ab* /yr: a top-quark factory
= 1000 GeV / 8 ab! /yr: new particle threshold


https://arxiv.org/abs/1901.09829

Future Circular Collider (FCC): CERN

CEPC/SppC: China
| FCC-ee

80/100 km
90 - 400 GeV

10%% Z; 10° Higgs bosons;
10° top quark pairs

' FCC-hh
: Schematic of an 80 /1 00 km, 1 6/20T
\'. el i 100 TeV
. LHC 100 TeV pp
~H H
H----- "? E> H--------- L]
4y y

Open new energy frontier!

https://arxiv.org/abs/1607.01831, https://arxiv.org/abs/1606.00947;
Arkani-Hamed, TH, Mangano, LT Wang, Phys. Rept. 1511.06495.
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https://arxiv.org/abs/1606.00947

Recent technological breakthroughs:

Proton Driver Front End Cooling Acceleration Collider Ring
m ﬁ — o
:I-- Ry ] Higgs Factory
® S ¢ 9 |¥gEc F|5 & & £ £
c © = E= T o 2 ¥|0 ®© = = = ~10 TeV
o= C
- = = 2 [,2558|9 § 9 ca O S
Q £ = g QBQ; ® 9|3 & S o 2 S O — T
S — Q. © v () Q —_ p—
S © 198g Bz 23 8= 8 2 | Accelerators: i
< = o ®|g¢g = | Linacs, RLA or FFAG, RCS

uon Accelerator Program
map.fnal .gov

New results on y cooling by collaboration
Nature 508(2020)53

LEMMA: ete (at rest) 2 u*u (at threshold)

Proton-Driver:

Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
101 ocpairs/sec from .
e*e” interactions. The small CoM-
production eml'ttance allc?ws I(?wer : —— 10s of TeV
overall charge in the collider rings Positron Linac ~

n

—hence, lower backgrounds in a = § go
collider detector and a higher é :&;’ S — " —
potential CoM energy due to S~ % Accelerators: H H
neutrino radiation. o Linacs, RLA or FFAG, RCS

ow EMittance [Viuon Accelerator 45 GeV e* - G
web.infn.it/LEMMA = - B
e” at rest

J.P. Delahauge et al., arXiv:1901.06150
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Muon Collider benchmark points:

* The Higgs factory: ~“Parameter Units Higgs
% CoM Energy TeV 0.126
Eem =My Avg. Luminosity 10°*cm™2s~!  0.008
) fb'l/ yr Beam Energy Spread Ve 0.004
AE  ~5 MeV Higgs Production /107 sec 13’500
= Circumference km 0.3

(Current Snowmass 2021 point)

 Multi-TeV colliders: Lumi-scaling scheme: o L ~ const.
2

o= -1
L>5years \/g,u 1 ab /yr
~ time [10Tev | © et
The representative choices:
E..=3,6,10,14,30TeV; L=1, 4,10, 20, 90 ab™

Internatlonal Muon Collider Collaboration
https://muoncollider.web.cern.ch

European Strategy, arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684.
TH, Ma, Xie, arXiv:2007.14300, The Muon Smasher's Guide, arxiv:2103.14043.
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https://muoncollider.web.cern.ch/

Physics Reach (very selective)
Precision Higgs physics

HL-LHC | HL-LHC | HL-LHC 181 o
mu(:+10TeV | +10TeV 16%
+ ee 16+
K 2.3 0.7 0.6 9
Koy 1.9 0.8 0.8 — 10
K2 10 7.2 7.1 £ gl FCC-hh |
K, - 2.3 1.1 - 6l
Kp, 3.6 04 0.4 3.7%
K, 4.6 3.4 3.2 A 2.5%
Py 19 0.6 0.4 2| 1.2%
K; 3.3 3.1 3.1 0 . -1 =
* No input used for y collider ;_13 ,LLlU' ,u..lfil ;,EBU

If SM tested at Ak, < O(10%),
then EW underwent a cross-over transition.

C. Aime et al., Muon Collider Physics Summary: arXiv:2203.07256
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DM Searches

T“F*E%Eﬂﬁﬁgagﬁgﬁﬂi N From LUX collaboration
XEMOMN 10 52 (2013)
CDMS-H Ge Low 'I'rl*.reshclnld czjmj]l o . . R . . o .-.]_0—3

CoGeNT
" (2012) _4
: CDMS Si 10
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Neutrinos
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[ (Green ovals) Asymmetric DM
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions

' (Red circle) SUSY MSSM
A MSSM: Pure Higgsino

9 & MSSM: A funnel
& MSSM: Bino-stop coannihilation
# MSSM: Bino-squark coannihilation

1 o 100 1000 1
WIMP Mass [GeV/c?] 100 GeV or higher mass:

HE Colliders extend threshold

WIMP—-nucleon cross section [pb]

—

-
IS
Qo

WIMP-nucleon cross section [cm?]

S
I

10—50
GeV low mass:

Direct Detection difficult;
Collider complementary
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The mass reach for minimal WIMP DM @ muC

MuC: Electroweak DM 2¢ reach
Vs =3,10, 14 TeV

Mass bound
by thermal relic:

1’3’ CS :
( 6) I MDM < 1.8 TeV (geﬁ>
(1’ 3’ O)RS ‘ 0.3
(1321%)12@
(1’2’%)08 | ' Thermal Target
E—
05 1 3 5
m,, [TeV]

* A 14-TeV muC fully covers the thermal target M ~ 3 TeV
 More advantageous than hadron colliders i.e. FCC-hh

TH, Z. Liu, L.T. Wang, X. Wang: arXiv:2009.11287; 2203.07351
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Production cross-section [pb]

—
o
O

Pushing the "Naturalness” limit

— Fermion

— Scalar
----QCD top

—ttZ

FCC-hh

Top partner

T IIIIII| IIIIIIﬂ] IIIIIIﬂ] IIIIIIII| [ TTI

100 TeV. 1000 events

| | | | | | | |
2000 4000 6000

78000
m; [GeV]

ptpe— gl = 0+ xy

T

Muon collider _~;
s
A
Va
/‘_x‘"
P
y
y
yd
e
5 10 50 100
& [TeV]

Top quark partners searches:
The Higgs mass fine-tune: 6m,/m, ~ 1% (1 TeV/N\)?

Thus, m,,

> 8 TeV =2 10* fine-tune!

FCC: Arkani-Hamed, TH, Mangano, LT Wang, 1511.06495;
MmuC: The Muon Smasher's Guide, https://arxiv.org/abs/2103.14043
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New Particle Searches

15 |
| muC -

10

Fcc-hh

| . HL-LHC
() - : . : |

N

r ot x5 T q
F...nn VS HL-LHC: 6x reach,
which is comparable to a 10-TeV muC

M, [TeV]

C. Aime et al., Muon Collider Physics Summary: arXiv:2203.07256
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e.g.: Heavy Higgs

oson Production @ muC

— 10*

B

110%

00—

-_—-
~
S~

~
~
~
~
~
~
~
~
~
~
~3
~

annihilation

100
I — Mep=1TeV
---- Mp=2TeV

VBF

107% l// HH {1037
B B i | B
s | B
i — Mgp=1TeV
i ——— Mme=2TeV
: o Mgy = 5TeV
R TR 1072
s [TeV]
Discovery up to threshold M, ~ E_ /2
Radiative returns:
1073? ISR spectrum 5101 o
- it Hy |4
Lo - — T A/iA T
" D dedto M, ~ E
ISCcovery extended to H =
, TH, S. Li, S. Su, W. Su, Y. Wu, arXiv:2102.08386;

TH, Z. Liu et al., arXiv:1408.5912.
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Recast: Future Colliders Agora

—mmmmm
_ AA, pA

EIC TDR Construction 20 GeV > 140 GeV

LHeC Construction

(HL)-LHC 14 Tev

CEPC Construction

ILC Pre-constr’'n Construction

CLIC TDR, pre-constr’'n Construction 380 GeV

FCC-ee TDR, pre-construction Construction Z W 240 GeV 2 350 GeV

HE-LHC R&D, TDR, prototyping, pre-construction Construction
FCC-hh R&D, TDR, prototyping, pre-construction Construction

WG H@LIIGISE R&D, tests, TDR, prototyping, pre-construction Construction 314 TeV

Plasma Coll. R&D, feasibility studies, tests, TDR, prototyping, pre-construction Construction 3 TeV

FIG. 42. Approximate technically limited timelines of future large colliding beam facilities.

V. Shiltsev & F. Zimmermann: arXiv:2003.09084
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Fermilab Site Fillers

Circumference ~16 km

Linear ~7 km

A 8 < o 11
L ™~
4" Public Access Areas - L | Interaction Region
T PUicnge 1 i [l unear Collicer (100 Ft Vde Corridor) | ‘W - £
Parking Lots P ] Fermi Boundary
Ponds /;_(/” ) S
— Public Access Roads =
«««= Bicycle Path - 3 Mo i rance — o] 1,250 2,500 5,000
2 Feet
— Trails f l
Streams % .
% | £
83
=
o =
g 3 Z
N "J’ — e
l‘. —

ma
Science Ce
i Public Welc Ul

Krk Rd
£ e —

Sitemss W AT,
Vi .
38 oy ARDA L

\\\\\\

Fermi National
| Accelerator Laboratory

Iinteraction Region .

e+e- Site Filler, Vs = 90-240 GeV
Muon Collider, \'s = 0.126 — 8 (10) TeV
pp Site Filler Collider, Vs = 24-28 TeV

C3 (Cool Copper Cavity) e+e- Collider, Vs = 90 — 500 GeV
NC RF (CLIC-Klystron) e+e- Collider, Vs = 90 — 500 GeV
SRF-Travelling Wave e+e- Linear Collider, Vs = 90 — 250 GeV

P. Bhat et al., Snowmass White paper: arXiv:2203.08088
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Future Collider “Decision Tree”

2022 2032 2042
ﬁ
HL-LHC | > :
' Construction E Operation

LBNF/DUNE | ) )

ILCin
US/Europe,

Future Collider Decision Tree

c, ‘ | Linear Collider in US/ MuColl at CERN
HELEN : :
1 .\-\_—_F/I ! 1
I N S S N S S S I S S S I S S S S S S S I B S S S S S S S S S B B B S . .
MuColl > [ N
' Pre-CDR Stage Demo/TDR Stage ~ Construction

C. Aime et al., Muon Collider Physics Summary: arXiv:2203.07256
V. Shiltsev & F. Zimmermann: arXiv:2003.09084
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Summary

* Colliders: indispensable to explore the energy frontier;
complementary to other frontiers: flavor, neutrino, DM.
* LHC leads the way: A, ~50%; M, "~ O(1 TeV)

 Higgs factory:

Near future: ILC (240 GeV — 1 TeV)

Future Lepton collider g~1%; A,,,,,,< 10%; Br, .~ 2%; I, . < 6%
 Future Fcc-hh: new physics reach

6X LHC reach: 10 -30 TeV =2 fine-tune < 10+

WIPM DM mass ~ 1 -5TeV; A, <10%

* HE muon collider: A, <5%; My, ~E. f2-E_.

Much R&D needed, future colliders needed!

Future is bright!



