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Outline

The Standard Model and the Higgs boson
- What we have learned so far

- Perspectives at the LHC
- Beyond LHC: Higgs Factory and the Cool Copper Collider
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The Higgs Boson
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The Large Hadron Collider (LHC)
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The Large Hadron Collider (LHC)
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PROBABILITY
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Higgs Boson Production at the LHC

M(H)= 125 GeV
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How does it Decay (my = 125 GeV) ?
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How does it Decay (my = 125 GeV) ?
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ATLAS-CONF-2020-026
CMS-Eur. Phys. J. C 81 (2021) 488

Higgs mass
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Higgs Boson mass measured with relative uncertainty < 0.2%

Lepton momentum scale uncertainty is 0.05-0.3%
The total calibration uncertainty for photons is 0.2%—0.3%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
http://dx.doi.org/10.1140/epjc/s10052-021-09200-x

ATLAS-CONF-2020-026
CMS-Eur. Phys. J. C 81 (2021) 488

Higgs mass
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3 | The performance and the level of understanding of ATLAS and
CMS detectors are impressive
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
http://dx.doi.org/10.1140/epjc/s10052-021-09200-x

Is it a SM Higgs boson?

-+ Mass

+ Spin-parity (0O+)

- Width

- The couplings to fermions and bosons
- Study the self-coupling ‘D»n ?3\2 \/@)
- Any non-SM property?

Couplings to W and Z established in Run 1

In Run 2 first direct confirmation of coupling to all 3rd generation fermions
(top/bottom-quarks and T leptons)
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CMS-Nature 607, 60—68 (2022)
ATLAS-Nature 607, 52-59 (2022)
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https://www.nature.com/
https://www.nature.com/

HIGGS boson CMS-Nature 607, 60—68 (2022)
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Probing this Higgs Boson potential



Testing the shape

V(@) = — u?dp* + Ag*

1 m? 1 m?
Vo + h) = V. + —m2h? +—2ohd + ——p#
L+ =V D 02 4 202

mp;
A=——=0.13
202
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Testing the shape

V(@) = — u?dp* + Ag*

| ma2 1 m?
Vo + h) = Vo +—mZh? + hz)h3+— hp4
L+ =V D h 202 4 212

OR?

Higgs
potential

1= —0.13

20 2 Higgs field
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arXiv:1910.00012

Higgs boson self-coupling
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HH production allows to probe the self-coupling: Ac/c ~ AA/Af A ~ Agy,

Extremely challenging measurement at the LHC, but it can be sensitive to large deviations from BSM: x;, = A/,

1 A
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ATLAS I

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST




ArXiv:2209.07510

Double Higgs Results

Similar sensitivity from several channels to SM HH production

o ATLAS CMS bbTT -
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Best channels are bbyy, bbtt, bbbb
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https://arxiv.org/abs/2209.07510

Higgs coupling deviation from SM
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Higgs coupling deviation from SM
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https://arxiv.org/abs/2209.07510

Higgs coupling deviation from SM
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No new particles discovered at the LHC so far...
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Higgs coupling deviation from SM
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No new particles discovered at the LHC so far...

What’s next?
How can we use the Higgs to find new physics?

MSSM (tanf = 5, M, = 700 GeV)
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https://arxiv.org/abs/1506.05992v2
https://arxiv.org/abs/2209.07510

LHC

RUN 2 Upgrade of accelerator
SM H and experiments

2019 2020 2021 2022 2023

RUN 3
16M H

2024

LHC — High Luminosity LHC

2025

HL-LHC
HL-LHC installation RUN 4/5
ATLAS Upgrade 170M H
120K HH

2026 2027 2028

TODAY

Caterina Vernieri

Phase-2 HL-LHC detector
upgrades are being built

19



Higgs physics at the HL-LHC

1902.10229
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https://cds.cern.ch/record/2651134/files/1902.10229.pdf

What's next?

LHC
B e S AS—

2030 2040 2060
H couplings to: 0(10)% 0(0.1-1)% O(1)%eo

Physics goals beyond HL-LHC:

1. Establish Yukawa couplings to light flavor = precision & lumi
2. Search for invisible/exotic decays and new Higgs = precision & lumi
3. Establish self-coupling = high energy

SLAE  Caterina Vernieri - FNAL - April 25, 2023 21
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Why et+e-?

e Initial state well defined & polarization = High-precision measurements

e Higgs bosons appearin 1in 100 events = Clean experimental environment and trigger-

less readout

Caterina Vernieri - FNAL - April 25, 2023 22



Higgs at ete-

S E | I
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ArXiv:2209.07510

Higgs couplings at future e+e-

100 -

e Coupling to W and Z would be
measured with an accuracy of few 0.1%

< ¥ HL-LHC
e Coupling to charm and b quarks s % 1LC/C3-250 + HL-LHC
. v
could be measured with an accuracy of % CEPC240 + HL-LHC
. ~
~1% at future e+e- machines 2 ¥ CLIC 380 + HL-LHC
e Couplings to u/y/Zy benefit the most W FCC-ee + HL-LHC
PINGS to pylcy 2407365

from the large dataset available at HL-
LHC

hZZ hWW hbb htt hgg hecc hyy hyZ hup  htt

0.01 -
K_hXX
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ArXiv:2209.07510

Higgs couplings at future e+e-

100 -

e Coupling to W and Z would be
measured with an accuracy of few 0.1%

= ¥ HL-LHC
e Coupling to charm and b quarks s % ILC/C3-250 + HL-LHC
. v
could be measured with an accuracy of ' % CEPC240 + HL-LHC
. ~
~1% at future e+e- machines 5 ¥ CLIC 380 + HL-LHC
e Couplings to u/y/Zy benefit the most " FCC-ee + HL-LHC
PlNgs to Wylcy 240+365

from the large dataset available at HL-

hZZ hWW hbb htt hgg hce hyy hyZ hup htt
LHC

0.01 -
K_hXX

Complementarity between HL-LHC and future colliders (depending on their timeline)

will be the key to explore the Higgs sector

SLAE Caterina Vernieri + FNAL - April 25, 2023 24


https://arxiv.org/abs/2209.07510

arXiv:2003.01116

Physics requirements for detectors

Precision challenges detectors

4(2 —
CICJ —®— Toy MC Data i
ZH process: Higgs recoil reconstructed from Z - uu 7 400 — Signal+Background —
o Drives requirement on charged track momentumandjet ¢ |\ = " Signal _
resolutions 300 SEIRIE Background —
o Sets need for high field magnets and high precision / low _ _ _
e'+e - u'w + X@ 250 GeV
mass trackers 200 _
o Bunch time structure allows high precision trackers with very
low X0 at linear lepton colliders 100 | ]
: : B _
Particle Flow reconstruction . .
Higgs — bb/cc decays: Flavor tagging & quark charge 0 ' Tt
tagging at unprecedented level 110 120 130 140 150
o Drives requirement on charged track impact parameter + Recoil Mass (GeV/c?)
c ;

resolution — low mass trackers near IP
0 <0.3% XO per layer (ideally 0.1% XO0) for vertex detector
o Sensors will have to be less than 75 ym thick with at least 5 e
pum hit resolution (17-25um pitch)

m? s+m%y —2-Ez-+/s

recoil —

1l A
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https://arxiv.org/abs/2003.01116

Physics requirements for detectors

arXiv:2003.01116

Precision challenges detectors

ZH process: Higgs recoil reconstructed from Z —puu
o Drives requirement on charged track momentum and jet
resolutions
o Sets need for high field magnets and high precision / low
mass trackers
o Bunch time structure allows high precision trackers with very
low X0 at linear lepton colliders
Particle Flow reconstruction
Higgs — bb/cc decays: Flavor tagging & quark charge
tagging at unprecedented level
o Drives requirement on charged track impact parameter
resolution — low mass trackers near IP
0 <0.3% XO per layer (ideally 0.1% XO0) for vertex detector
o Sensors will have to be less than 75 ym thick with at least 5
pum hit resolution (17-25um pitch)

Events

300

200

—®— Toy MC Data
+ — Signal+Background

"1 e Background

e'+e - u'u + X @ 250 GeV

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

2 s 2
’rn"r'ecoz'l_‘S_'_Tn’Z_Q"EZ'\/g

Need new generation of ultra low mass vertex detectors with dedicated sensor designs

1l A
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https://arxiv.org/abs/2003.01116

Higgs physics as a driver for future detectors R&D

The goal of measuring Higgs properties with sub-% precision translates into ambitious requirements for detectors at e+e-

e Advancing HEP detectors to new regimes of sensitivity

e Building next-generation HEP detectors with novel materials & advanced techniques

Initial state | Physics goal Detector Requirement

ete hZZ sub-% Tracker 0pr /P7=0.2% for pr < 100 GeV
cpr/p?p =2-107°/ GeV for pr > 100 GeV

Calorimeter | 4% particle flow jet resolution
EM cells 0.5x0.5 cm?, HAD cells 1x1 cm?

EM og/E = 10%/VE & 1%
shower timing resolution 10 ps

hbb/hcc Tracker orp = O @ 15(psin 0> )~ lum
Sum single hit resolution

Arxiv:2209.14111 Arxiv:2211.11084 DOE Basic Research Needs Study on Instrumentation

1l A
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https://science.osti.gov/-/media/hep/hepap/pdf/202007/11-Fleming_Shipsey-Basic_Research_Needs_Study_on_HEP_Detector_Research_and_Development.pdf?la=en&hash=1D6CE7C7AEFCE124E6AA3A6914332B3F4D78A525
https://arxiv.org/pdf/2209.14111.pdf
https://arxiv.org/pdf/2211.11084.pdf

Sensors technology requirements for Vertex Detector

Several technologies are being studied to meet the physics performance

Sensor’s contribution to the total material budget of vertex detector is 15-30%

Sensors will have to be less than 75 ym thick with at least 3-5 ym hit resolution (17-25 ym
pitch) and low power consumption:

continuous r/o during the train with power cycling
delayed after the train = either ~5um pitch for occupancy or in-pixel time-stamping

PhysngsBdnven requirements Running constraints Sensor specifications
g = e o o o e e e o > Smallpixel  ~76 um
lea)terlalbudget__9_1__(1/612(9[13)’_9_1___________________-_-_____________-_-_> Thinningto 50 um
L e e e e s Aircooling _________________._ > lowpower 50 mW/cm?
r of Inner most layer _ lomm > beam-related background _____5  fastreadout ~7 us
L e e e > radiation damage -------_____ >  radiation tolerance
<3.4 Mrad/ year

<6.2x10%n,,/ (cm? year)

SLAZ Caterina Vernieri -+ FNAL - April 25, 2023 27



MAPS

Monolithic Active Pixel Sensors (MAPS) for high precision tracker and high granularity calorimetry

e Monolithic technologies have the potential for providing higher granularity, Initial specifications for fast MAPS aka NAPA
thinner, intelligent detectors at lower overall cost. Baraincter ol
e Significantly lower material budget: sensors and readout electronics are Min. Threshold 140 e~
integrated on the same chip i?atllal, resolution ;5um100 :
C : L 1xXel s1ze X pum
o Eliminate the need for bump bonding : thinned to less than 100ym Chip size 10 x 10 cm?
o Smaller pixel size, not limited by bump bonding Chip thickness 300 pum
o Lower costs : implemented in standard commercial CMOS processes Timing resolution (pixel) ~~ns
Total Ionizing Dose 100 kRads
_ Hit density / train 1000 hits / cm?
6V Collegtlon 6V Hits spatial distribution  Clusters
LJ node ] * Power density 20 mW / cm?
P-well * | P-well . . .
Deep P-wel \ Deep Powel Table 1: Target specifications for 65 nm prototype.
N- o S
e/ O
- O
e/ O
e/ O
@ O
P-type epitaxial layer
P* substrate ‘
/ o
el AL Backside voltage 28

Db M\



Linear vs. Circular

- Linear e*e- colliders
- Reach higher energies (~ TeV)
- (Can use polarized beams
- Relatively low radiation

 (Collisions in bunch trains

»  Power pulsing = Significant power saving for
detectors

- Circular ete- colliders
* Highest luminosity collider at Z/IWW?/Zh
- limited by synchrotron radiation above 350—- 400 GeV
- Beam continues to circulate after collision

*  No power pulsing, detectors need active cooling —
more material

- Limits magnetic field in detectors to 2T Collider ring

1l A
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Various proposals

THE TOHOKU REGION OF JAPAN

AOMORI

YAMAGATA MIYAGI

- - . ’ Tohoku
”

b | JAPAN

250/500 GeV

=l A
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CEPC 240 GeV

3 COOL COPPER COLLIDER
SiocbioabincbinchilEbinebinebinobibobd

ke e e o e e i o

250/550 GeV
..> eV

CLIC 380/1 500/3000 GeV

STV I RIT— P o7 T
Compact Linear Cellider {CLUC) / 3

B A5 TV PORmELING

Schematic of an
4 80-100 km
¢ long tunnel

of.-

B 393 GeV - 154 km (CLICH0) /,

...--“

CERN - FCC

FCC-ee
240/365 GeV
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Why 550 GeV?

arXiv:1908.11299
arXiv:1506.07830

- We propose 250 GeV with a relatively
inexpensive upgrade to 550 GeV ol
the same 8 km footprint.

- 550 GeV will offer an orthogonal
dataset to cross-check a deviation
from the SM predictions observed
at 250 GeV

-+ 0O(20%) precision on the Higgs self-
coupling would allow to exclude/

demonstrate at 5¢ models of
electroweak baryogenesis

> 10—————— -+ ——

o — f | 5 | s
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©
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>

=
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Collider
Luminosity
Polarization

HL-LHC
3 ab~!in 10 yrs

C3 /ILC 250 GeV
2 ab~ 1 in 10 yrs

P+ = 30% (0%)

C3 /ILC 500 GeV
+ 4 ab~! in 10 yrs

P = 30% (0%)
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https://arxiv.org/pdf/1506.07830.pdf

CMS

CERNCOURIER.COM

NEWS

DIGEST

Acandidate triple-J/1p event.

Triple treat for CMS

The CMS collaboration has
observed three J/1 particles
emerging from a single collision
between two protons for the

first time, offering a new way

to study the evolution of the
transverse density of quarks

and gluons inside the proton
(arXiv:2111.05370). Analysing
LHC Run-2 events in which a J/y
decays into a pair of muons, the
team identified five in which
three J/y particles were produced
simultaneously, with a statistical
confidence of more than 50.

The measured cross section is
consistent, within the current
large uncertainties, with previous
measurements of double-T/w

three colder than currently used
for antihydrogen formation, the
Penning-trap scheme is expected
to increase the amount of trapped
antihydrogen per mixing attempt
by up to a factor of five, paving the
way for faster and more precise
measurements of antihydrogen
(Nat.Commun. 12 6139).

Meet the cool copper collider

A team from SLAC and other
institutions has presented a
proposal for alinear e’e” collider
with a “compact” footprint of 8km
(arXiv:2110.15800). Based on recent
advances in normal-conducting
copper accelerator technology, the
new “C*” (Cool Copper Collider)
concept would provide a rapid
path to precision Higgs-boson and
top-quark measurements as well
as a first step towards multi-TeV
e‘e” physics, write the authors.
The machine could in principle

be located anywhere in the world,
they state, and would enable a
staged programme at 250 and

550 GeV similar to that proposed
for the ILC. The proposal has

been submitted to the US
Snowmass community planning
exercise (p43).

https://physics.aps.org/articles/v15/155

A

Ph)/STCS ABOUT BROWSE PRESS COLLECTIONS

RESEARCH NEWS

A “Retro” Collider Design for a Higgs
Factory

October 6, 2022 « Physics 15, 155

The Cool Copper Collider is a new proposal for a Higgs-producing linear collider that would be more compact
than other collider designs.

o

Emilio Nanni/SLAC

A prototype version of the Cool Copper Collider. The photo shows the central region where the particle
beams would pass.
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arXiv:2110.15800

3
C why copper?

C3is a new linac normal conducting technology based on:

An ab-initio study of on axis accelerating fields and
cavity breakdown rates — successful, but with
relatively small iris.

RF fundamental does not propagate through irises.

A related discovery of an integrated RF manifold

delivering proper phase and 1/Ncavites pOwer to each - -

cavity solves the small iris issue. /First Cs
modern super-computing for solution. /SEUCtULy

Seemingly complex structure can easily and
inexpensively be built with modern CNC
Machines

1l A
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2210.17022

C’ Why cool?

Cahill, A. D., et al. PRAB 21.10 (2018): 102002.
1 ] 1 | 1 L) I L L) L) T L) L L) l 1) L} A L} -

)

A
-
(-
)
P

—
-

10-"E
f Cu@45K

Hard Cu \ ¢ 1

107 Hard L
10-‘3 ;:._ CUAg#l

107 Hard CuAgH3

107°F Soft Cu
- \

-
-
.
—— -
10
—~
-
=
—
o~
=

Nasr, et al. PRAB 24.9 (2021): 093201.

Breakdown Probability [1/tm pulse)!

— —
- —
.
10—f A L L A l A I A A l A A L A l A A A A l A A A A l L L A A

Gradient [MV/m]

Shunt impedance in normal conducting Cu further improved by running at ~80K LN>
Cryogenic temperature elevates performance in gradient

Material strength is key factor

Operation at 77 K with liquid nitrogen is simple and practical

1l A
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https://arxiv.org/abs/2210.17022

arXiv:2110.15800

C’ expected gradient

Robust operations at high gradient: 120 MeV/m
- Start at 70 MeV/m for C3-250
- Scalable to multi-TeV operations

High Gradient Operation at 150 MV/m
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Time (s) Cryogenic Operation at X-band
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3
C parameters
Collider NLC | CLIC ILC
CM Energy (GeV] 000 380 | 250 (500)
Luminosity [x10%* 0.6 1.5 1.35
Gradient [MeV /m 37 72 31.5
Effective Gradient [MeV/m]| | 29 57 21
Length [km| 23.8 | 11.4 | 20.5 (31)
Num. Bunches per Train 90 352 1312
Train Rep. Rate [Hz] 180 50 5
Bunch Spacing [ns 1.4 0.5 369
Bunch Charge [nC 1.36 | 0.83 51
Crossing Angle [rad] 0.020 | 0.0165 0.014
Site Power [MW] 121 168 125
Design Maturity CDR | CDR TDR

D M\

Caterina Vernieri -+ FNAL - April 25, 2023
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https://arxiv.org/abs/2110.15800

Beam Format and Detector Design Requirements

ILC timing structure C3 timing structure
200 ms —_ -
Trains repeat at 120 Hz |
969 s |
369 ns beamless time |
” || || J H H H H H_/ H H || Pulse Format = = .
//
- ) 7/ RF envelope
2625 bunches 133 1 nC bunches spaced by 700 ns
= 1 train 30 RF periods (5.25 ns)

1 ms long bunch trains at 5 Hz
308ns spacing

ILC/C3 timing structure: Fraction of a percent duty cycle

e Power pulsing possible, significantly reduce heat load
o Factor of 50-100 power saving for FE analog power

e T[racking detectors don’t need active cooling
o  Significantly reduction for the material budget

C3 time structure is compatible with ILC-like detector overall design and ongoing optimizations.

SLAL Caterina Vernieri -+ FNAL - April 25, 2023



arXiv:2110.15800

3 .
C Cryomodule Design

Up to 1 GeV of acceleration per 9 m cryomodule; ~90% fill factor with eight 1 m structures

On going development: design of cryomodule for first prototype with two structures.

Cryomodule unit -9 m
630 MeV at 70 MeV/m
1 GeV at 120 MeV/m

Vacuum Insulated
1 Cryostat
RF Input
~ Quadrupole
Accelerating / .. \\ Support Raft
Structure .
'w/\nre Aligner

'®
Q.
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arXiv:2110.15800
arXiv:2203.07646

3
C layout
8 km footprint for 250/550 GeV = 70/120 MeV/m

7 km footprint at 155 MeV/m for 550 GeV CoM — present Fermilab site
Large portions of accelerator complex are compatible between LC technologies

P
BC2
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Fermi Bou
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o1 AL
Gk

Tunnel Layout for Main Linac 250/550 GeV CoM

Need to optimize tunnel layout — first study looked at 9.5 m inner diameter in order to match ILC costing model
Must minimize diameter to reduce cost and construction time
Evaluating both underground and surface sites
Underground — less constraints on energy upgrade
Surface — lower cost and faster to first physics
National Lab and Green Field are Possibilities
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Next: C3 Demonstration Facility

Tasks 2022 2023 2024 2025 2026 2027 2028 2029

* Sl Svctr B Dpnamice odehn ¢ * Medical, Industrial,
Liquid Nitrogen Tank sl Sfage ? Compact Linacs

* Vibration Studies - Small Scale

e — High Brightness
* Structure Development Damping 2 1 . PhOtO'IanCtor
* Cryomodule Engineering Development : B = 2 ge L . i’

* Demonstrator Beamline Design 1 Lil‘lacs for |ﬂj6CtiOn
) * Demonstration Proposal R
Wy, Three C3 Cryomodules Organize Demo Controls Group — Y

* RF Components (First Cryomodule Test) N — l CO"'IPaCt
Assemble First Cryomodule - Light

* Install Cryomodule with RF ‘ | ———
* Injector RF Components sLa:gleLz Sources

Injector
—

Liquid Nitrogen Insertion
and Nitrogen Gas
Extraction

Demonstrator Facility Cryogenic Engineering

- . - LiCIUId ¢ :;wl Inje::tor 1 1
W Nitrogen Beam Test Injector N /
O = * RF Components (Second Cryomodule Test) ~
a4 Boiler 7
3 Assemble Second Cryomodule , \

+ Install Second Cryomodule with RF i > : :
¥ = T e - "Stage 3
Spectrometer / Dump L L g ! L
C] C3 Demonstrator R&D Applications Stul;?;':v;:;n&
Positrons, Beam
Dynamics

Demonstrate fully engineered cryomodule and then three cryomodules operations:

~50 m scale facility

3 GeV energy reach
Stage 1 will answer the most pressing technical questions - beam loading, damping, alignment
required to complete the engineering to a level appropriate for a CDR - by 2025

1l A
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What’s next?

Technically limited timeline of the C3 proposal

2019-2024| 2025-2034 | 2035-2044 2045-2054 2055-2064

Accelerator
Demo proposal
Demo test

CDR preparation
TDR preparation

Industrialization
TDR review

Construction
Commissioning

2 ab~! @ 250 GeV
RF Upgrade

4 ab™! @ 550 GeV
Multi-TeV Upg.

ol A
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A strong US-based initiative mitigates Global Uncertainty

The Snowmass Energy Frontier discussions have unequivocally highlighted the following theme:

_ _ Proposal Name Power Size Complexity Radiation >

- (C8 has been evaluated independently from the Implementation Consumption Mitigation | [S¢

Task Force along with the other proposals FCC-ce (0.24 TeV) : = 3

. - CEPC (0.24 TeV) I N

Strong engagement and support from Energy Frontier C0 1 S

CLIC (0.38 TeV) I 0

1.7.4 Opportunity for US as a site for a future Energy Frontier Collider CCC (0.25 TeV) I 8

CERC (0.24 TeV) I 8

Our vision for the EF can only be realized as a worldwide program, and CERN as host of the LHC has been ReLiC (0.24 TeV) I o
the focus of EF activities for the past couple of decades. In order for scientists from all over the world to ERLC (0.24 TeV) I
buy into the program, the program has to consider siting future accelerators anywhere in the world. The XCC (0.125 TeV) “ I

US community has to continue to work with the international community on detector designs and develop

extensive R&D programs, and the funding agencies (DOE and NSF) should vigorously fund such programs MC (0.13 TeV)

(as currently the US is severely lagging behind). ILC (3 TeV)
The US community has expressed a renewed ambition to bring back EF collider physics to the US soil, CLIC 3 TeV)
while maintaining its international collaborative partnerships and obligations, for example with CERN. The CCC (3TeV)
international community also realizes that a vibrant and concurrent program in the US in EF collider physics ReLiC (3 TeV)
is beneficial for the whole field, as it was when Tevatron was operated simultaneously as LEP.
MC (3 TeV)
The US EF community proposes to develop plans to site an eTe™ collider in the US. A Muon LWFA (3 TeV)
Collider remains a highly appealing option for the US, and is complementary to a Higgs factory.
For example, some options which are considered as attractive opportunities for building a
domestic EF collider program are: PWFA (3 TeV)
SWEFA (3 TeV)
e A US-sited linear ete~ (ILC/CCC) Collider MC (14 TeV)
e Hosting a 10 TeV range Muon Collider LWFA (15 TeV)
: o . . - . ) PWFA (15 TeV)
e Exploring other e"e~ collider options to fully utilize the Fermilab site SWEA (15 TeV)
ArXiv:2211.11084 FCC-hh (100 Tev)
SPPC (125 TeV)

SLAL Caterina Vernieri -+ FNAL - April 25, 2023


https://arxiv.org/pdf/2211.11084.pdf
https://arxiv.org/abs/2208.06030

The Higgs boson is our most recent advance in
the understanding of the fundamental particles

a new state of matter-energy

a potential window to Beyond the Standard
Model through precision measurements

a possible relation between Higgs and dark
matter, baryogenesis and inflation

Collider physics is essential to explore the
property of the Higgs Boson and EWSB

Higgs plays a central element for the future
colliders

C3 can provide a rapid route to precision
Higgs physics with a compact footprint
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Power Consumption and Sustainability

250 GeV CoM - Luminosity - 1.3x1034

AL L roance  Unis | value
Pulse Format Gradient (MeV/m) 70 S
Jllll <F envelope Flat Tob Pulse Lenath 0.7 Reliquification Plant Cost M$/MW 18
133 1 nC bunches spaced by 700 ns p g .
30 RF periods (5.25 ns) Single Beam Power (125 MW 2
(1) GeV linac)
Cryogenic Load (MW) 9 Total Beam Power MW 4
Main Linac Electrical 100 Total RF Power MW 18
Compatibility with Renewables Load (MW) Heat Load at Cryogenic MW 9
Cryogenic Fluid Energy Storage Site Power (MW) ~150 Temperature
Electrical Power for RF MW 40
Electrical Power For MW 60
Cryo-Cooler
Intermittent and variable Accelerator Complex MW ~50
power production from Power
~ renewables mediated with Site Power MW ~150
commercial scale energy
storage and power .

- Highview Power production



MAPS Detector R&D

Monolithic Active Pixel Sensors (MAPS) for high precision tracker and high granularity calorimetry

e Monolithic technologies have the potential for providing Parameter Valuo
higher granularity, thinner, intelligent detectors at lower Min. Threshold 140 e~
overall cost. Spatial resolution 7 pm
rvol acive = .
e Significantly lower material budget: sensors and readout Pixel size 29 x 100 pm
_ _ _ Chip size 10 x 10 em
electronics are integrated on the same chip Chip thickness 300 pm
o Eliminate the need for bump bonding : thinned to less Timing resolution (pixel) ~ns
than 100um Total Ionizing Dose 100 kRads
1 aneitv 1T 4o v 2
o Smaller pixel size, not limited by bump bonding Hit density / train 1000 hits / cm
. . . Hits spatial distribution  Clusters
o Lower costs : implemented in standard commercial | . ,, 4
Power density 20 mW / cm
CMOS processes
o SLAC is part of the existing CERN WP 1.2 collaboration Table 1: Target specifications for 65 nm prototype.
o R&D efforts towards a wafer-scale MAPS on TowerJazz |
65 Nnm

1l A
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Material Budget

Lower material budget than ATLAS ID, from 1.6 — 0.6 Xo at n ~1

o
o

= ~ - Moderator ATL-PHYS-PUB-2021-024
@ - —— PP1 and enclosure ATLAS Preliminary
S 31— “++ Dry Nitrogen | ' ' ] _ _ _ _
o 5% gmg 3535‘5?% and cooling Simulation - Evaporative CO2 cooling system with titanium
- == Stri -
é 25— Strip modules . ITk Layout : 23-00-03 PIPES
R - ——= Pixel services and cooling
5 " == Pixel supports - Carbon structures for local supports.
o o[ Pixel modules C : .
— -~ Beam pipe and IPT ST SRS » Optimized number of readout cables using link
- T Wy sharing
1.5 . : : . .
- Run 2 tracker .. 7 oo  Innovative Serial Powering scheme in the pixels.
0.51
OO | 4.5
n
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A strong US-based initiative mitigates Global Uncertainty

The Snowmass Energy Frontier discussions have unequivocally highlighted the following theme:

- The US community advocates for an active role in planning for future colliders
» |Investigate the possibility of an Higgs factory and the R&D for a future muon collider in the US

 Given global uncertainties, consideration should be given to the timely realization of a domestic Higgs
factory, in case none of the currently proposed options will be realized.

» Future colliders will set unique challenges in detector design to achieve our ambitious physics goals
The investment in detector and collider R&D for lepton facilities in the US should start now

- A parallel effort with the LHC to enable a future e+e— precision electroweak program and a high-energy
machine

- Such a domestic R&D program would grow the US accelerator & detector workforce and strengthen
the international community, regardless of where the next big project will be realized

The opportunity to work on fundamental problems and technological challenges is a key element to
motivate students and early career scientists

- A US-based future collider R&D program will give the impetus to make particle physics program attractive to
the young and future generations of scientists in the US.

SLAL Caterina Vernieri -+ FNAL - April 25, 2023
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The Higgs self-coupling at future colliders

arxiv:1910.00012

arxiv:2004.03505

220D JUNJIY

/750 O
s endin *%-._
IS 2R\ 2N
Hef = 2\2h
Z(s )z}

Caterina Vernieri

collider Indirect-h  hh  combined
HL-LHC [68] 100-200%  50% 50%
ILC250/C°-250 [49,50]  49% - 49%
ILCs00/C°-550 [49,50] 38% 20% 20%
CLIC3g0 [52] 50% - 50%
CLIC;500 52 49% 36% 29%
CLIC3000 (52 49% 9% 9%
FCC-ee [53] 33% — 33%
FCC-ee (4 IPs) [53] 24% — 24%

FCC-hh |69} - 3.4-7.8% 3.4-7.8%

u(3 TeV) [57] - 15-30% 15-30%
(10 TeV) [57] - 4% 4%

O(20%) precision on the Higgs

HEN VE
N7+ /)
Ny

N 891 F

self-coupling would allow to exclude/demonstrate at 56 models of

electroweak baryogenesis
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https://arxiv.org/pdf/2004.03505.pdf

Higgs couplings at future machines

100 - # HL-LHC

“1LC/C3-250 + HL-LHC
¥ ILC/C3-500 + HL-LHC
B ILC/C3-1000 + HL-LHC

X u CEPC240 + HL-LHC
?,l B CEPC360 + HL-LHC
% % CLIC 380 + HL-LHC
< B CLIC 3TeV + HL-LHC

" FCC-ee + HL-LHC

B FCC-hh+ FCC-ee/FCC-eh
m 11(125) + HL-LHC

e ® 1 (10TeV) + HL-LHC

hZZ hWw hbb htt hgg hyy hce hup htt hyZ [(tot)

0.01 -

- The Zy interaction remains difficult to measure at all future machines
Higher energy collision is required (factor 2 from 500 to 550 GeV e+e-) to further constraints the Higgs-
top coupling
These results are based on the Ko scenario of the ESG (combined with projections for HL-LHC results) and
do not allow for BSM decays
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One

note on polarization

compatible to study the Higgs Boson

When analyzing Higgs coup
arized running is essentially equivalent to 5 ab-! of

PO

un

polarized running.
Electron polarization is essential for t

There are extensive comparisons between the FCC-ee
plan and the C3/ILC runs that show they are rather

ings with SMEFT, 2 ab-! of

nis. But, there

is almost no difference in the expectat

without positron polarization.

ion with and

Positron polarization allows more cross-checks of

systematic errors. We may wish to ac

d it later.

Positron polarization brings a large ac
multi-TeV running,
sections are from e e*R

Caterina Vernieri

vantage in

where the most important cross

2/ab-250 44 /ab-500

arXiv:1708.08912
arXiv:1801.02 840

5/ab-250 4+ 1.5/ab-350

coupling| pol. pol. unpol. unpol
HZZ 0.50 0.35 0.41 0.34
HWW 0.50 0.35 0.42 0.35
Hbb 0.99 0.59 0.72 0.62
Hrr 1.1 0.75 0.81 0.71
Haqg 1.6 0.96 1.1 0.96
Hcc 1.8 1.2 1.2 1.1
H~ry 1.1 1.0 1.0 1.0
H~Z 9.1 6.6 9.5 8.1
Hup 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
['tot 2.3 1.6 1.6 1.4
Linw 0.36 0.32 0.34 0.30
I'other 1.6 1.2 1.1 0.94
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arxXiv:1310.8361

Higgs couplings: precision & kinematic
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The EFT formalism summarizes deviations that might appear in a very wide class of models beyond the SM

— _ Assuming new physics at some scale M > v
i + I ] pny
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arxXiv:1310.8361

Higgs couplings: precision & kinematic
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The EFT formalism summarizes deviations that might appear in a very wide class of models beyond the SM

N ‘S/pSM + Z @k Assuming new physics at some scale M > v

Sub-percent level measurements can test TeV-scale new physics effect
If E~mp and M~1 TeV, the effects of dim-6 (8) operators are of the order of few % (10-4)

Y : TeV :
M M
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arxXiv:1310.8361
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Higgs couplings: precision & kinematic

=) S )::'

N N | 72 .

.'.« ol ":'t"‘
NP

The EFT formalism summarizes deviations that might appear in a very wide class of models beyond the SM

N ‘S/pSM + Z @k Assuming new physics at some scale M > v

Sub-percent level measurements can test TeV-scale new physics effect
If E~mp and M~1 TeV, the effects of dim-6 (8) operators are of the order of few % (10-4)

Y : TeV :
M M

Measurements at large transferred momentum (Q) probe large M even if precision is low

2
5OQ ~ (—) 15% etfect on 8Oq for M ~ 2.5 TeV
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Prospects for light quark couplings at HL-LHC Y

HL-LHC projection 3000 fb~!

Exclusive decays to y+meson include contributions
from light quark Yukawa couplings

global (95% CL)

direct search (95% CL)

- Interpretation of Higgs width constraint: direct

B kinematic (95% CL)
measurement and via off-shell

B width (off-shell, 68% CL)
- Interpretation of kinematic distributions y 1~ !width (int., 95% cL)
. Direct Search for H —CC Ko T og B cxclusive (‘)3% CL)

3.0 x 103

- Global fit of all Higgs couplings (assuming no other
BSM decays)

1.4 x 10°

2.9 x 10°

10 100 102 10°  10'  10°  10° 107
projected coupling limit
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HH prospects

Preliminary ATLAS projections for 95% C.L. o(HH)/osym

7 7 mm bbbb
S
Se- | .
® TT
= 5- allng
5 Only
€ 4-
—
Q
O
S 2 -
@)
X
81
O ——
Run 2 Run 2 + 3
Projection
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HH prospects

. : : 0 AVAAAS Become a Member
Preliminary ATLAS projections for 95% C.L. a(HH)/osm September 2018 - Science Magazine

R bbbb SClence Contents ~ News ~ Careers ~ Journals ~

The LHC experiments may need years to see
a signal. Later this year, the LHC will idle for
2 years for upgrades. In 2026 it will undergo

another 2-year hiatus to boost its collision
rate. The so-called High-Luminosity LHC
would then run until 2034. On paper, only the
9 full run will yield enough data to validate the
standard model prediction. However, some
physicists think they can beat that timetable
as their Higgs-spotting algorithms continue
to improve. "Even before the High-Luminosity
LHC, | think we could get close to the
standard model prediction,’ says Caterina
Vernieri, a CMS member at Fermilab.

Two Higgs bosons may have decayed into bottom

. _ quarks in this 2016 collision in the ATLAS detector.
rate for double-Higgs events will exceed the ATL AS EXPERIMENT @ 2018 CERN

standard model prediction. It cannot be sky

Of course, all LHC experimenters hope the

95% Confidence Limit on HH o/ospy
o = N) w ~ on (@) ~
-
D
—
—
,
| S
]
<)
e~
o
-
2 )
AN
O T
O O
~ <
~ <

Projection
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https://www.sciencemag.org/news/2018/09/physicists-search-rare-higgs-boson-pairs-could-yield-new-physics

HH prospects

. : : 0 AVAAAS Become a Member
Preliminary ATLAS projections for 95% C.L. a(HH)/osm September 2018 - Science Magazine

R bbbb SClence Contents ~ News ~ Careers ~ Journals ~

The LHC experiments may need years to see
a signal. Later this year, the LHC will idle for
2 years for upgrades. In 2026 it will undergo
another 2-year hiatus to boost its collision
rate. The so-called High-Luminosity LHC
would then run until 2034. On paper, only the
9 full run will yield enough data to validate the
standard model prediction. However, some
physicists think they can beat that timetable
as their Higgs-spotting algorithms continue

to improve. "Even before the High-Luminosity
LHC, | think we could get close to the
standard model prediction,’ says Caterina
Vernieri, a CMS member at Fermilab.

Two Higgs bosons may have decayed into bottom
. _ quarks in this 2016 collision in the ATLAS detector.
rate for double-Higgs events will exceed the ATLAS EXPERIMENT ® 2018 CERN

Of course, all LHC experimenters hope the

95% Confidence Limit on HH o/ospy
o = N) w ~ on (@) ~
-
D
—
—
,
| S
]
<)
e~
o
-
2 )
AN
O T
O O
~ <
~ <

standard model prediction. It cannot be sky

Projection

With Full Run 2 data - significant analyses improvements on top of additional data

Combination of the best channels could get us close to test the SM hypothesis at the end of Run 3
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https://www.sciencemag.org/news/2018/09/physicists-search-rare-higgs-boson-pairs-could-yield-new-physics

Expected 95% CL limit on signal strength

—

o
-

HH - bbyy
ATLAS CMS

101

® ggFonly, oyy=31.1fb

X qgF+VBF, oyy=32.8fb
— Lim = k/L%, a= 0.76
— | im = k/L% a= 0.62

102 10°
Integrated luminosity (fb~1)
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Physics requirements for e+e-

ol A
P M

-+ The ZH process, with the recoiling Higgs reconstructed from the Z — Il drives the requirement on charged
track momentum resolution

- High field magnets and high precision/low mass trackers
- Flavour tagging & quark charge tagging will be available at an unprecedented level

- new generation of vertex detectors with dedicated sensor designs to address the modest, but
challenging, ILC backgrounds.

- soft beamstrahlung pairs create high occupancies that demand fast readouts, requiring extra power.

Physics Measured Critical Physical Required

Process Quantity System Magnitude Performance arkiv:2003.01116
Zhh Triple Higgs coupling Tracker Jet Energy Vs Observable Precision Comments
Zh — qul_) Higgs mass and Resolution o(e'e — Zh) =0.30fb (2.5 %) Model Independent

N \ ) o ° 250 GeV TILp, 32 MeV Model Independent
Zh —:_ZWW B(h —- WW") X Calorimeter AFE/E 3% to 4% - 27 MeV e ] (B
vveW W ole"e = vvWTW™) Br(h — bb) 2.7 % includes 2.5 %

— - - . 250 GeV Br(h — ct) 7.3% from
Zh - ¢t~ X Higgs recoil mass i detector Charged particle ) s (i 809 o(ete— —» Zh)
= () Luminosity weighted E.,, Tracker Momentum Resolution 5 x 107°(GeV/c) ™!
Zh+hvv - p " p~X BR(h— ptp™) Ap:/p:
Zh,h — bb, cé, bb, gg Higgs branching fractions Vertex Impact opume
b-quark charge asymmetry parameter 1();1771/1)(GCV/C)sin3/29

Caterina Vernieri 5 8


https://arxiv.org/abs/2003.01116

- Linear colliders : ILC, CLIC

o Only possible way towards high-energy with leptons
o Polarized collisions possible

o The time structure and low radiation background Erovides an
environment which allows us to consider very light, low power
detector structures

- Circular colliders : FCC, CEPC

o Highest luminosity at Z pole/WW/ZH, but strongly limited by
synchrotron radiation above 350- 400 GeV

o The interaction rates (up to 100 kHz at the Z pole) put strict constraints
on the event size and readout speed

o Due to beam crossing angle, solenoid magnetic field is limited to 2 T
to avoid a significant impact on the luminosity

o Trackers must achieve good resolution without power pulsing

Linear colliders allow lower mass Si pixel and strip trackers

Caterina Vernieri

—
o
N

Luminosity /IP [10°* s cm?]
- S

o i
_ CHRRR. S S S e b, e
. | Luminosity vs Energy of Future e*e” Colliders
N . |—e—FCcCee | i _
=N e S
N | e ILC baseline .
_ ...................... ............. .---{ ==#e = ILC luminosity upgrade @ |- ..... -
ot : ' ILC250 10 Hz operation | oo
NG N 3
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. arXiv:1312.3322
Self-coupling at e+e- arXiv:1910.00012

GS—= N
7 “% N
A AN
/ : A 2N
FSS = \ah
HElB 22}

The self-coupling could be determined also through

single Higgs processes 8c/c or ST/T
- Relative enhancement of the e+e— = ZH cross- :
section and the H=W+W- partial width 5 FCC-ee/ILC

- Need multiple Q2 to identify the effects due to 20% 5
the self-coupling '

1.0% |

0 i 1 1 1 1 1 )
0.0% | 600

Q (GeV)

100 200 300

-1.0%*t
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https://arxiv.org/pdf/1312.3322.pdf

1912. 11871

Higgs at ete-

ol AR
o b N\
Upper Limits / Precision on x,
o - Circular lepton colliders - FCC-ee - provide the
“ T highest luminosities at lower centre-of-mass
10° Eqmuymmy energies
- Unique opportunity to measure the Higgs
10?2 | * boson coupling to electrons through the
E resonant production process ete- = H at Vs
10 =125 GeV
- FCC-ee running at H pole-mass with 20/ab
. | Standard Model | 1 wou!d produce O(30.000) H's reaching SM
- 0 23 o . . 85 sensitivity
ot L OF = : S §% §% Requires control of beam-energy spread

Caterina Vernieri 61


https://arxiv.org/pdf/1912.11871.pdf

One example: H(bb)

CMS-PRL 120 (2018) 231801

ATLAS—PhyS. Lett. B 786 (2018) 5
(QoAWZ e

77207 (13 TeV)

C M S - Background - VH(bb)

_ Prelim ina ry Background uncertainty

Entries
S,

105 o

# of Higgs produced: ~4M
4.80 (VH only)

Caterina Vernieri

=" 7
111111

............

g 500 | JqqH(H—>bb)
L
u>_] Vs = 250GeV
600
/ Ldt = 250fb™*
400
200

% 90 100 110 120 130 140 150
M, [GeV]

~400
5.20
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https://inspirehep.net/literature/1796253

HH at future e*e- colliders

Review in Physics (2020) 100045

Y STV
AT O\
IS 2R, A2\
e = 2\2
HER 22

o [fb]

Unpolarized beams

107"

1072

1073

0 500 1000 1500 2000 2500 3000

W\l <)
N =2/
N
N 1891

/s [GeV]

+ The self-coupling can be probed at e

e- through HH with ZHH ~500GeV and vvHH >1TeV

- HHvv requires e/ ey , the use of polarized beams could increase the cross-section by a factor ~2

Caterina Vernieri
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https://arxiv.org/abs/1910.00012

Beam Generation and Delivery Systems for C3

No positron polarization.

No upstream polarization measurement, but
downstream polarization and energy
measurement for both beams.

Large portions of accelerator complex are
compatible between LC technologies

P modified from ILC
Damping rings modified from CLIC

Beam delivery and

Injectors to be optimized with CLIC as baseline
There is a possibility of a high brightness,
polarized

RF gun which might eliminate the e-

damping ring, but that is not in the cost
models.

Caterina Vernieri

0.5

-1.5

C3 - Investigation of Beam Delivery
Adapted from ILC/NLC

skew correction /

emittance diagnostics betatron collimation

energy
collimation

laserwire v detector

& energy spectrometer matching

final focus system

0 200 400 600 800 1000 1200

Z/m

1400
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Next: C3 Demonstration Facility

Time
Frame

Key R&D

Synergy and Spin-Offs

CDR

TDR

Stage 0

Stage 1

Stage 2

Stage 3

Ongoing

2022-
2024

2025-
2027

2027-
2029

Fundamental structure R&D with
prototype structure demonstration
with beam and corresponding in-
dustrialization

Beamline and cryogenics design
study for demonstrator. Cryomod-
ule engineering design and raft
prototyping.

First high-gradient test with
cryomodule. Implement one-
cryomodule based linac to allow
test with beam.

Develop the second and third
cryomodules, demonstration with
beam up to full beam loading.

Cost effective compact linacs for medi-
cal, security and industrial applications
(irradiation with electrons, x-rays)

High brightness electron source and
photo injector feasibility. Linacs for in-
jection at scientific facility (injectors,
booster, capture. etc.)

C? based next generation X-FEL, beam
dynamics study including beam load-
ing, compact light sources

Future facility studies: Beam dynam-
ics, positron targets, advanced concept
based final focusing for linear collider,
PWFA experiments etc.

Caterina Vernieri
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Latest tests

e | = N %
! |
’H s aStructure in test stand at
| —— radiabeam
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Luminosity optimization

Using established collider designs to inform
initial parameters
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Luminosity optimization

7
Using established collider designs to inform ° o
. s | Luminosity e [cUCstage 3
initial parameters 3, e
E 3 ‘ILC — CLIC Stage 2

> [icc New]

_" |CLIC Stage 1

:
ﬂl LC TDR

O .
0 500 1000 1500 2000 2500 3000 3500
E... (GeV)
16
3 Beam Power
212 =" |CLIC Stage 3
2 10 P
& 8 1=
S 6 LCTOR] CLIC Stage 2
@ , |[LCNew| .
T , @ : |CLIC Stage 1 https://arxiv.org/abs/1711.00568
7 LC TDR https://arxiv.org/abs/1608.07537
O I B R ———EEEEEEE—B—..
0 500 1000 1500 2000 2500 3000 3500
E.n (GeV)
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Development of C3 Accelerating Structure

- Two Key Technical Advances: Distributed Coupling and Cryo-Copper RF
- Envision meter-scale accelerating structures, technology demonstration underway
- Implement most high-gradient advances

Tuned, confirmed 77K

One meter (40-cell) C-band design Scaling fabrication techniques in : :
: : : : performance, first 300k high
with reduce peak E and H-field length and including controlled gap :
PSS N - VS W WS S S — — S—— S S e power tESt iNn prOgrESS

EEEEEEEE

. AN
e —— =
= 2.8

| ~ Z.Li, S. Tantawi ' . ¥
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Performance of Single-Cavity Structure Prototypes

- First high gradient test at C-band

- Side coupled, split-cell reduced peak field, reduced phase adv.

- Exceed ultimate C3 field strengths

- High power in up to T microsecond - break down rate statistics collected and being prepared

/ﬁ‘&f rﬁ:_l 838 1 o Structure Exceeds 120 MeV/m for Slot Damping Prototype
LANL single cell SLAC 500 ns @ Room Tem : : ;
C-band struct P Working on NiCr Coating
-Dand structure BDR Data Collected
200 ) : 300’( uLn g?p tg L 300 «m gap to
2 ' - — - 65.83‘\ H-field : matched loa matched load
)Y( 172.24 Hreaiam I -
' B - \ - B
e 1Oy ' — =
= 1007 ‘ I“j B Q.10 (vs 4x104) @
-_,“_2 e ! Accelerating Dipole
é | Mode Mode
S 50¢ : :
‘.
N
22000 -1000 0 1000 2000 3000
Time (ns)
Cotori s Voo Very promising for polarized cryo-gun (Rosenzweig,
aterina vernierli
et al. NIM 909 (2018): 224-228) )




