PHYSICS PROSPECTS FOR
LINEAR e e~ COLLIDERS

Cari Cesarotti
MIT CTP Postdoctoral Fellow

C>? Workshop @ Nikhef



What are the open questions in particle

physics today?

esarotty



OPEN (QUESTIONS

Many open questions remain in the

SM & beyond

esarotty



OPEN (QUESTIONS

Many open questions remain in the

SM & beyond

4

Spin-0, m,, compositeness?
EWSB? EW Sector?

Neutrino masses?
Origin of Flavor?

3 Cesarotts



OPEN (QUESTIONS

Many open questions remain in the

SM & beyond
Spin-0, m,, compositeness? - Dark matter?
EWSB? EW Sector? - Above 10 TeV?
Neutrino masses? - Hidden Sectors?
Origin of Flavor? - Anomalies?

- BAU?

3 Cesarotts



OPEN (QUESTIONS

Many open questions remain in the

SM & beyond
/ hV
- Spin-0, m,, compositeness? - Dark matter?
- EWSB? EW Sector? - Above 10 TeV?
- Neutrino masses? - Hidden Sectors?
- Origin of Flavor? - Anomalies?
- BAU~

Nature of the Higgs

Cesarotts



OPEN (QUESTIONS

Two avenues to make progress:

Precision & Energy

Precision

Cross Section o

E?ergy

Cesarotts



OPEN (QUESTIONS

Two avenues to make progress:

Precision & Energy

Couplings —\

Precision with
EFT

On-Shell

New Particles

Cross Section o

¢"
.
- |
mmm®
--------------------------------------

E?ergy

Cesarotts



OPEN (QUESTIONS

B Two avenues to make progress:
Precision

measurements inform Precision & Energy

where to look at high |
Couplings —\

Precision with

energies

On-Shell

New Particles

Cross Section o

Next generation energy

frontier

e
| |
m
mmm™
-------------------------------------

Cesarotts



OPEN (QUESTIONS

Two avenues to make progress:

Precision & Energy

Now 1s the time for a

precision machine

Cross Section o

E?ergy

Cesarotts



OPEN (QUESTIONS

Two avenues to make progress:
Precision & Energy

Now 1s the time for a

precision machine

Higgs, top, &
EW

Cross Section o

¢"
.
- |
mmm®
--------------------------------------

E?ergy

Cesarotts



HIGGS: PRECISION & ENERGY

Consider general scaling from EFT operators:

Higgs boson decay channels
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HIGGS: PRECISION & ENERGY

Consider general scaling from EFT operators:

Higgs boson decay channels
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DO WE REALLY KNOW THE HIGGS?
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HIGGS PRODUCTION
2_5(1)[(3?\/1 - P ~1ab™!

oc(e’e — HX) [fb]
2,
llll |
\g
m<
|

.. %
-

S KA LI B
|

0 1000 2000 3000 N o
(s [GeV] Number of Higgs is smaller, but

CLiC Summary Report 6 bCLC]ngO’U/nd 1S Cleaner Cesarotti



HIGGS PRODUCTION
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HIGGS PRODUCTION
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HIGGS PRODUCTION

Higgs couplings can be studied in a novel way compared

to the (HL)-LHC
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HIGGS PRODUCTION
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HIGGS PRODUCTION
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HIGGS PRODUCTION
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HIGGS PRODUCTION
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OVERVIEW OF UNCERTAINTIES

Energy Frontier Benchmarks Integrated Staging

Gauge Couplings
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[LOW-ENERGY DELIVERABLES

Precision

Cross Section o
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HIGGS PHYSICS @ 250 GEV
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HIGGS PHYSICS @ 250 GEV
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ToP YUKAWA (550 GEV)

No mixing with ggh leads to cleaner measurement
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HIGGS POTENTIAL

LHC

Slide Credit: P Meade, N Craig, R. Petrossian Byrne
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HIGGS POTENTIAL
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Towards a Muon Collider ‘23
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HIGH-ENERGY SEARCHES
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HIGGS AT HIGH ENERGY

High energy processes can be a precision probe of new physics

Consider double Higgs production

Contino et al. ‘13
Buttazzo, Franceschini, Wulzer ‘21 14 Cesarotti
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HIGGS AT HIGH ENERGY

High energy processes can be a precision probe of new physics

Consider double Higgs production
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BSM EXAMPLE: SCALAR MIXING

Benchmark model: New singlet S mixes with Higgs

CZS /ISS4 h=hOCOS}/+SSiIl}/

_ Aps 2
V(S,H) = aHSS\H\ + S \H\ + — |
2 3 4 ¢ = Scosy — hysiny

D. Buttazzo, D. Redigolo, F. Sala, A. Tesi ‘18 15 Cesarotti



BSM EXAMPLE: SCALAR MIXING

Benchmark model: New singlet S mixes with Higgs
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BSM EXAMPLE: SCALAR MIXING

Benchmark model: New singlet S mixes with Higgs
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BSM EXAMPLE: 2HDM

Benchmark model: Additional SU(2) Scalar Doublet to SM

Representation and couplings can lead to remarkably different

phenomenology and flavor-dependent couplings

Particles: h, H, A, H*

Fgana-Ugrinovic, Homiller, Meade 19 &€ ‘21 16 Cesarotti



BSM EXAMPLE: 2HDM

Benchmark model: Additional SU(2) Scalar Doublet to SM
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BSM EXAMPLE: 2HDM

Benchmark model: Additional SU(2) Scalar Doublet to SM

Representation and couplings can lead to remarkably different

phenomenology and flavor-dependent couplings
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BSM EXAMPLE: 2HDM

Benchmark model: Additional SU(2) Scalar Doublet to SM

Representation and couplings can lead to remarkably different

phenomenology and flavor-dependent couplings

Particles: h, H, A, H*
Example: SFV 2HDM
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BSM EXAMPLE: WIMP DM

FElectroweak multiplets which can arise in SUSY scenarios

n-plet SM W,Z,y DM
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BSM EXAMPLE: WIMP DM

Electroweak multiplets which can arise in SUSY scenarios

SM W, Z,}/ DM indirect detection ' : e | ' Hi'ggs'ino'
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FUTURE COLLIDER COMPARISON
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FUTURE COLLIDER COMPARISON
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KW [%]. | i | 1.8 0.29 0.24 .().86 0.16 ().11. 1.3 | 1.3 ().43. 0.14 |
Kz %! 15 1028023 0021 05 1226 0 25 1 D4 (S iaia {12
s (%] | 23 |23 097066125 13 09| 15 |17 10| 049
kv |70 1.9 H7 34 191098 oy 23| S5 147 39| (29
Kz~ |70] 10. 99k 86x 8ok [120x 10 6.9 | 8.2 |81x 7ox| 0.69
Ke (70 — 20 1a 09 140 18 4 29 |18 13| {45
i 1 b0 dsl o . k. 1L ]l
Ky [N 3.6 I8 0 aR 0AxE 100 A6 0.3 102 11 Sier 01l
Ky |70 4.6 15 94 6.2 [320x 13 58| 89 |10 89| 0.4l
kr % 1.9 DO T 057 30 13 SRRk 0 g

18

Ayp ~ O(1 = 10) TeV

10° Higgs can’t measure rare

decays precisely...

...but more energy improves our
measurements



FUTURE COLLIDER COMPARISON

k-0 [HL-LHC [LC CLIC CEPC| FCC-ee |[FCC-ee/| u™
fit 200 500 1000 [ 380 1500 3000 240 365 eh/hh [10000
kw | 70] 1.8 0.29 0.24 10.86 0.16 0.11 1.3 0.43] 0.14 .06
kz [ 0.29 0.23 0.22] 0.0 0.26 0.23] 0.14 [0.200.17] 0.12 0.23
kg [%) 2.3 0.97 0.66 1.7 1.0| 049 [ 0.15
iy [% 6.7 3.4 1.9 |98« 4.7 3.9 064  10° Higgs can’t measure rare
Kz~ [%) 99x 86+ 85x [120% 15 81x THx 1.0 decays precisely...
Ke |70] 2 14 09143 [ {3 13 0.89 ...but more energy improves our
Kt |70) — 6.9 1.6 6.0 measurements
Ky |Yo! 1.8 0.98 0.48]| 1.9 0.46 0.37 1.3 0.67 0.16 ,
= & collider R&D should be
Ky (% 15 9.4 6.2 |320x 13 10 8.9 2.0) o
s , prioritized as we enter the
kr |70 LY My iEart 30 23 ()N 1.4 0.73 0.31

energy frontier




OUTLOOK

Now is the time for a precision collider program

- Fastest (and cheapest?) to construct

- Inform future high-energy machines

The benefit of a linear collider is the flexibility in
physics program

- Measure specific observables, then upgrade energy

Consider landscape of collider community

- Existence of other colliders should inform run parameters

- Colliders are moving target, so a flexible plan is desirable

19 Cesarottt
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Now is the time for a precision collider program

- Fastest (and cheapest?) to construct

- Inform future high-energy machines

The benefit of a linear collider is the flexibility in
physics program

- Measure specific observables, then upgrade energy

Consider landscape of collider community

- Existence of other colliders should inform run parameters

- Colliders are moving target, so a flexible plan is desirable

Collider R&D is a priority for both precision & energy frontier

19 Cesarottt
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- FUTURE COLLIDER TIMESCALES

10 TeV 10 TeV MuC
3 TeV MuC
1 TeV Run 3 HL-LHC

e
Lin. e+e- @ Higg

100 GeV
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COMPARISON OF LEPTON COLLIDERS

The higher the energy, the S f
: ° Tf 08 —
larger the luminosity i 3
£ 06 =
N S _ N | &
1z = 0.4 :
<L~ X E2 n %
bunch 2+ 0.2 >
A O
|
1 U 1 2 3 4 5 0
~ = Ecm [T("\]]
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Witk Credifs: Btanz

Example 1: high-energy di-bosons

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

£ FYe— - WIwr Determined by two dim. 6 operators
~VH L"L : . B
’ (in flavor-universal theories):
£ - Z;H
N ?; >
< Ow = 59 (HtaaD”’H) DV‘/V;}U
“VH ig (.1 :
. Op = (H DI ) 8" By,
i 10 TeV i
pazrs ~ 1228 ( ) [1 +#E mc‘,,+1tu~:c,,,cw]
20. cm
— 1028
o8 related with Z-pole observables
f \‘~;'\‘-.._.C A o)
Sa . plat —
2 R T § = my{Cy + Cp)
gl 33x10°5 B 0.003
R e LEP: 10~>, FCC: few 10 MuC: 1076
i | - M o001 ][ T~
0 5 10 2050100 precision of measurement
L [ab™"]
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Slide Credit: de Blas

Precision physics at ete- Electroweak factories

What can we do with future EW measurements?

® Precision Flavor Physics: ~15% Z—bb Huge sample for
ox1012 Z

~3.4% Z—7r Flavor measurements

e E.g. B physics:

~
[ Decay mode/Experiment Belle IT (50/ab) LHCb RunI LHCb Upgr. (50/1b) FCC-ee

EW/H penguins

BY — K*(892)e e~ ~ 2000 ~ 150 ~ 5000 ~ 200000

B(BY — K*(892)rt17) ~ 10 - - ~ 1000

B, > ptu~ n/a ~ 15 ~ 500 ~ 800

B® = utp ~ 5 - ~ 50 ~ 100

B(Bs — 7 17)

Leptonic decays

BT — ptv 5% - — 3%

Bt = rty 7% - — 2%

BY -ty n/a 5%
9 Table from S. MonteilJ

Physics case for Higgs and Electroweak precision
July 8, 2024
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Slide Credit: de Blas

Precision physics at ete- Electroweak factories

¢ Future e e factories will also help us improve our knowledge of the EW
interactions:

® |mproved Z pole run:
» LEP/SLC:~107 Z = O(0.1-1%)

» FCCee/CEPC: 1012Z e /\
» |LC (GigaZ): 10° £

Cross-section (pb)
=
-

: \
/
o \“‘ //
2| CESR o \

1}~ Fporis
- PEP .

PETRA ! e S o PN

Z-pole EWPO: hm eA SIC D SR
«_ 2 plept 0 10 p
Mz, PZ’ Uﬁad, SlIl eEeg' ’ P,,]_)OI, Af, A_F:-.L’ R(} :1 [ llllllnlnllJlEnln,llllnll lllll[lJlElIT lllllln I
0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

e Significantly lower stats at linear colliders but can benefit from use of
polarization = Extra observables wrt unpolarized case. E.g. asymmetries

Polarized beams

- =g 1

a7 s —4g%
Ap = K F

Unpolarized beams
= 3AA;

gp—o

A‘f

FB ™ gptapg

~ ortor (|P:|)

Physics case for Higgs and Electroweak precision

July 8, 2024
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