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Experimental point of view

The story of collider physics in the last 60 years is marked by the accelerators eras
and punctuated by key discoveries
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(A) theorist’s point of view

The story of collider physics in the last 60 years is the slow yet steady turning of the
Standard Model into a Standard Theory for Strong and EW interactions.
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Where do we stand?

1 _ o
L= = 7P FuATDY + Gy +h.c) + D)1 = V(D)

3 gauge forces 1 scalar force
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Where do we stand?

1 _ o
L= = 7P FuATDY + Gy +h.c) + D)1 = V(D)

MF, CPV, Flavour Custiodial, MV  EWBG

10 GeV 108 GeV
l l 1019 Gev

190

Apparently accidental, but key aspects for successful phenomenology:

180
 Lepton and Baryon number conservation

» Custodial symmetry

» Absence of FCN interactions

- Small and hierarchical mixing among quarks

170

pole

+ 160

| » Collective suppression of CP violation
g » IR values of the parameters do not indicate any problem at high
| bsolutc Gkability scales, including vacuum stability
o - Neutrino masses can be accommodated in a natural way
1300 T T All these aspects are not only difficult to explain in one go, but are also
mpole typically not respected by extensions of the SM.

[Andreassen et al. 1707.08124]
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https://arxiv.org/abs/1707.08124

Where do we stand?

1 _ oy
L= = 7P FuATDY + Gy +h.c) + D)1 = V(D)

T=T,
/ / i Yet many aspects of the SM are problematic vis-a-vis phenomenology:
T<T,

« EWBG difficult because of smallness of CPV and no 1st order transition
- Nature of Dark Matter

- Unnaturally small Higgs mass

VI » Unnaturally small strong CP violation

h)
SM T T ToT - Fermion mass hierarchy
Beyond SM theories typically address one of the above problems at
2ﬂd / h the time. We don’t have a precise idea of where the scale of NP
might reside.
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Where do we stand?

Standard Model Production Cross Section Measurements

r—

Status: June 2024

Tangible results of an amazing
B 101 faag e ATLAS Preliminary Theory experimental effort over a 10+ year span,

N e io0 <l Vs =5,7,8,13,13.6 TeV accessing a wide range of final states,

106 = pT>7gGeV ° . .
= o each with very different challenges.
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A quote

[S|He who knows the art of
the direct and the indirect approaches
will be victorious.

Sun Tzu, The Art of War
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gsM IS low

BSM direct searches

5 e+e- -

PP
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Other

Contact
Dark Matter Interactions

RPV

Extra Dimensions

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k? =1/2

Scalar Diquark

pp+2Zly+X

tt+ ¢, pseudoscalar (scalar), g%, x BR(¢—ee/up) > =0.01(0.003)
tt + ¢, pseudoscalar (scalar), g}op X BR(¢—ee/uu) > =0.03(0.04)
tt + ¢, pseudoscalar, g,zwﬂ X BR(¢~>TT)> =0.2

tt+ ¢, scalar, g2, x BR(¢-T7) > =02

quark compositeness (£f), Nurr =1

quark compositeness (), e = — 1

Excited Lepton Contact Interaction

Excited Lepton Contact Interaction

vector mediator (gg), gq=0.25,gon =1,my =1 GeV

vector mediator (#), g =0.1, gow = 1,9, =0.01,m, > 1 TeV
(axial-)vector mediator (qq), gq =0.25, gom =1, m; =1 GeV
(axial-)vector mediator (xx), gq=0.25,gom=1,my =1 GeV
(axial)-vector mediator (£f), 9¢=0.1,gom=1,9;=0.1, my > Mpeq/2
scalar mediator (+t/tf), 9q=1,gom=1,m;=1GeV

scalar mediator (+tf), gg=1,gom =1, m, =1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV

pseudoscalar mediator (+/V), gq=1,gom=1,m; =1 GeV
pseudoscalar mediator (+t/tf), gq=1,gom=1,my=1GeV
pseudoscalar mediator (+tf), gq =1, gom=1,m, =1 GeV

complex sc. med. (dark QCD), mp,, =5 GeV, Ty, =25 mm

Baryonic Z', g4 =0.25,gpm =1, my =1 GeV

7' mediator (dark QCD), Mgark = 20 GeV, riny = 0.3, Qgark = Alere
Z'—-2HDM, gz = 0.8, gom = 1, tanf =1, m, = 100 GeV

Leptoquark mediator, B=1, B=0.1, Ay pw = 0.1, 800 < My < 1500 GeV
axion-like particle, f=1.2 Tev~!

inelastic dark matter model, y=10"%, ap=0.1

inelastic dark matter model, y = 1077, 0p=0.1

dark Higgs, gq=0.25,gpom=1,6=0.01, m, = 200 GeV, mz = 700 GeV

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

ADD (jj) HLZ, ngp =3

ADD (yy, ) HLZ, ngp =3

ADD Gk emission, ngp =2

ADD QBH (jj), nep =6

ADD QBH (eu), ngp =4

ADD QBH (eT), ngp =4

ADD QBH (ut), ngp =4

ADD QBH (yj), nep =6

RS Gy (1), k/Mp = 0.1

RS Gyk(yy), kiMp =0.1

RS Gkk(qq, 99), kiMp =0.1

RS QBH (jj), nep =1

RS QBH (yj), nep =1

non-rotating BH, Mp = 4 TeV, ngp = 6
3-brane WED gik(¢ + 9= 999), Ggrav = 6, 9g,, = 3, € = 0.5, m(¢)/m(gkx) = 0.1
split-UED, p =2 TeV

excited light quark (gg), A= mr;

10
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CMS Preliminary

Overview of CMS EXO results

0.5-7.9 1911.03947 (2j)
0.35-4.0 1712.03143 (2p + 1y; 2e + 1y; 2j + 1y)
1.5-8.0 2106.10509 (1j+ 1y)
0.72-3.25 1808.01257 (1j+ 1y)
0.5-3.7 1911.03947 (2j)
0.5-7.5 1911.03947 (2j)
0.6-1.6 2303.04596 (pp + L, pp +Y)
0.015-0.075 CMS-PAS-EX0-21-018 (3£, = 41)
0.108-0.35 CMS-PAS-EX0-21-018 (3£, = 41)
0.045-0.35 CMS-PAS-EX0-21-018 (3£, = 41)
0.02-0.3 CMS-PAS-EX0-21-018 (3£, = 4{)

0.0-24.0 2

0.2:5.6 2001.04521 (2e + 2j)
0.2-5.7 2001.04521 (2 + 2j)

0.35-0.7 1911.03761 ( = 3j)
0.2-1.92 2103.02708 (2e, 2p)
0.5-2.8 1911.03947 (2j)
0.0-1.95 2107.13021 (= 1j + py"™*)
0.2-4.64 2103.02708 (2e, 2p)
0.0-0.29 1901.01553 (0, 1 + = 2j + pf'™**)
0.05-0.4 2107.10892 (0, 1Z + = 2j + py'™**)
0.0-1.5 2107.13021 (= 1j + py™)
0.0-0.47 2107.13021 (= 1j + py"™)
0.0-0.3 1901.01553 (0, 1L + = 2j + py'™™*)
0.05-0.42 2107.10892 (0, 1£ + = 2j + pf™™*)
0.0-1.54 1810.10069 (4j)
0.0-1.6 1908.01713 (h + p§'™**)
1.5-5.1 2112.11125 (2j + py™*
0.5-3.1 1908.01713 (h + py**)
0.3-0.6 1811.10151 (1p + 1j + py'ss)
0.5-2.0 CMS-PAS-EX0-21-007 (pp + YY)
0.003-0.08 2305.11649 (2 displaced p + pf'™)
0.02-0.08 2305.11649 (2 displaced p + p7™*)
0.16-0.352 CMS-PAS-EX0-21-012 (1£ + 2j + pF™*, 21 + p7™*)

0.08-0.52 1808.03124 (2j; 4j)
0.1-0.72 1806.01058 (2j)
0.1-1.41 1806.01058 (2j)
0.07-0.2 CMS-PAS-EX0-21-004 (scouting boosted dijet)
0.07-0.075 & 0.095-0.105 CMS-PAS-EX0-21-004 (scouting boosted trijet)

0.0-12.0 1803.08030 (2j)
0.0-9.1 1812.10443 (2y, 21)
0,0-10:8 2107.13021 (= 1j +py
0.0-8:2 1803.08030 (2j)
0.05.6 2205.06709 (ep)
0.0-5.2 2205.06709 (eT)
0.0-5.0 2205.06709 ()
2.0-7.5 2305.07998 (y +]j)
0.0-4.78 2103.02708 (21)
0.0-4.1 1809.00327 (2y)
0,52.6 1911.03947 (2j)
0.0-5.9 1803.08030 (2j)
2.0-5.2 2305.07998 (y +j)
0,0-9.7 1805.06013 (= 7j(L, Y))
2.0-4.3 2201.02140 (2j)
04218 2202.06075 (£ + pJ'ss)
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Agqp is high
Effective field theory Tev

Simplicity &

Naturalness &
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TeV AUv

Naturalness &

Simplicity &

= A> 10 GeV

= A>10° GeV

= A> 10 GeV

= A>10° GeV
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Present
Higgs couplings

35.9-137 fb' (13 TeV)
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107 %,/' ¢ 3" generation fermions :
¢  Muons :
104 = SM Higgs boson _
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Particle mass (GeV)

B UCLouvain fan

Unique mass generation mechanism for fermions/vectors and the scalar.

imy /v

igmw g = 2ivg,, - miy Jv°

. Mgz : 2 /2
i = 2ivg,, - My /v
gcosé’wgw #

—3iv - mj} Jv°

m%} 2 3 A4y
V(H):TH + A3vH +ZH + ...

VSM() = —12(0T) + A(@TD)? = {

v = 12/

m3, = 2\v?

{

+ 4 point interactions.

M = )

A=A

In the SM gauge invariance + SSB => constrained system. Two-point

functions (propagators/masses) fix the 3-point and 4-point interactions!

12
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shentrale

: T '.-',-‘:{..;Ix‘ yearS

d HIGGS boson

STl discovery

Present

Higgs couplings
++{ Data (total uncertainty) [ Systematic uncertainty Il SM prediction 5 0 5 10
T T | — I T — N I B | T 1
tH o
a 7= ! e > | N | S —
9 s, t/b b
t/b/c ttH 4 i
t/b/ch W DreeeeeeH = =00 YeweeweH 0 AL Heeece- ) ﬁ H
t/b/c ggF +bbH
g \QQ000 th 9 *
f / VBF L4 iR -
b/t o
H ===eee < {:3:: <vt/b/ - < H e=eeee < WH . A 8 —8—|
Wiz oz yIZ blc T | n% Zm o —
ZH t —— 8
| | | 1| | | 11 | | | L 1 |
o 1 2 1 2 3 4 o 1 2 1 2 3 o 1 2 012 3 4
L. 1ANAz - 4 ﬂ/,t

u=1.05+0.06=1.05+0.03(stat.) +0.03 (exp.) £+ 0.04 (sig. th.) +0.02 (bkg. th.).

Since its discovery, impressive advances in our understanding of the Higgs boson's properties
have been achieved. At this moment, the new scalar seems consistent with the expectations of
the SM, with different degrees of precision yet order 10%, in all measured channels.

Need to explore 2nd and 1st fermion generation and Higgs potential.
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https://indico.cern.ch/event/1135177/

The Higgs future

Couplings at HL-LHC

[ATLAS. 2024] [De Blas et al.. 2020] {5 - 14 TeV, 3000 fb" per experiment
A I A I I L I I I I = % J % 2 % 3 7 BT %2 2T T X rd &2 wfFS 5o
“z| - ; ___| Total ATLAS and CMS
Kw e ATEAS Run 2 —— Statistical HL-LHC Projection
i 5 —— EXperimental
K, ———1— Leptons —— Theory Uncertainty [%]
i Vo [ Vu | Ve || U | Tot Stat Exp Th
Kyl e d Ky == 1.8 08 10 13
B Force carriers K ,
K, r = 1.7 08 07 1.3
: : -2009 2-4%
Ku 10 20 A) Ky = 15 07 06 1.2
Kg . —_:— gtv.;o’B:;O‘ Kg — 25 09 68 I
SM prediction i I
Ky ey B Parameter value not allowed K'[ — < 34 09 1.1 3.1
Kzy 1 |- +’—l --------- - K, = i 37 13 1.3 32
0.8 1 12 14 16 — R 3,
68% CL interval U DR
———— e ———— R — L
S ] T — ey 43 38 1.0 17
B, mmmemmemeenesooooed 1 | Kzy | " 198 7.2 1.7 64
0 0.05 0.1 0.15 0.2 | oM - T ks ;  ©-BR K7 K; 0O 002 004 006 008 01 012 0.14
95% CL limit (O BRII—=H = /)= ——go— — ul=_———0p—=—73 .
H Ki sM - BRsm H Expected uncertainty
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https://arxiv.org/pdf/2404.05498
https://arxiv.org/abs/1905.03764

HL-LHC projections

Higgs self-coupling

Future

[De Blas et al., 2020]

Now

[ATLAS. 2024]

Higgs@FC WG September 2019

>
o 8_ ] ] Combined bB — rr 1Tt rrrrrrrr[rrrr[ 1111711 o - i
< 8T ATLAS Preliminary — bbyy 7 di-Higgs _single-Higgs
i ’ — Multilepton —— bbbb  _ HL-LHC HL-LHC HL-LHC
vs =13 TeV, 126—140 fb~ - e - . 1 AAAIIHHIHITITITTITIS;IIUSSIONNSSISNNSNSNSNSNGSNY | (- 80%. e 50% (4T%). ...
- . i — bblz + ET bbT T d B i ieaeasassssssssasssssassasssssssssssssssssssassssiassassssisssssssssssssssssssssssssssssess HE-LHC HE-LHC
61— HH combination — T 10200 ... 50% (40%.....
: — Obs. 95% CL ¥+ Bestfit (4.3,0.92) HE-LHC f—————— FOC-selehn ggc-(efs/eh)/hh
RN % % (18%
B === Exp. (SM) 95% CL W SM prediction . PP NP LE-FCC LE-ECC
] i 15% n.a.
~~~~~~~~~~~ =
4l T T - FCC-ee/eh/hh FOCoMay  [[]7CCM
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/ s S o N under HH threshold FC/C_S; °)
= I e e T NN - 365
! om0 T T - N TR —— FCC-ee 33% (19%)
2 S S A ~<2 « TTm==lll — FCC-ee,,,
| ’,\—’— [ | ”— _--"-‘—_—; _______ :: \ d B P T ITiTITiEreciisicaiiiassescasiasiiciitesssessess ‘ o
) i == .. 1SS L 49% (19%)......
‘~‘.___ N ~ \ \ \ 10% 36% (25%)
= ~X=-a __:_:~ \ \ PR -1 ‘
o s ———l EER AN AN . - Lo [l
L e R s S oA . under HH threshold ILCoso
) S ey ] - CeEPCkH-—m—-oooooooooooooooooooooo | e 49% (29%)......
. ~ == A CEPC
- . T . . P 5nim e N NN NMAnnNwNhNAN st I I — 49% (17%).....
—2r e T g B S
~~o - 7%+11% 49% (35%)
- TN e T CLIC
| | |\ |, [ ~5=- +-q--7"" | N CLIC, 50 CLIC, 50
S =S = AR | T DO | (e Eees,,
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Kx 68% CL bounds on ;5 [%]  aifuture colliders combined with HL-LHC

Current limits on k; and &,y
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Future limits on k,

LI - International Meeting on Fundamental Physics, Benasque 9-14 Sept. 2024

Istituto Nazionale

di Fisica Nucleare



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-006/
https://arxiv.org/abs/1905.03764

HL-LHC projections

Higgs potential

Low effective potentials | pr———— Real Scalar Singlet Model |
6x108 — SM . . V HL-LHC *
| — Excluded by HL-LHC: 0.5<k3<1.5 o or@er = o > 2nd order sN | e
5x 108 | o | ", As 0.100f,
2 |
=
@)
— 0.010}
(@)
C
5
3 0.001} R
&
N
S
‘ | 10 _| L ) L | 1 X L . N N N N 1 N N N N ;o
100 150 200 250 300 GeV 0.5 1.0 1.5 2.0 2.5
hhh coupling: Az/Asz sm
Plot based on the results of 1711.00019 [hep-ph] FCC Physics Opportunities Eur.Phys.J.C 79 (2019) 6,474
All plotted potentials are at the border of the first-second order HL-LHC will be able to exclude a large number of
transition. HL-LHC will be able to probe (excluding) a 1st simple alternative BSM scenarios for 1st phase
order phase transition in a generic EFT. order transition.
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https://inspirehep.net/literature/1713706
https://arxiv.org/abs/1711.00019

HL-LHC projections

VV scattering

- Access to longitudinally polarized W*W4jj is challenging at the LHC [Mwewa, FCC-hh kick-off meeting]

¢ Cross-section is very small (less than 10% of the total W*W3jj scattering cross-section)

ATL-PHYS-PUB-2018-052

PhysRevD.104.093002

o 6 6 _l | | I | I l I | I I ' I I I I I I I_l
§ N - 5 + DNN score, stat only ]
L i ' imi - Vs=14TeV - . ere
¢ [ ATLAS Simulation Preliminary 5 ° ‘ZN'\_' S0 oy ] EXPected significance at the HL-LHC
2 — = - . . eey O , . -
3 I 6‘14Tf’v+__ (semi-leptonic W=Vijj) A“ U, 1,), statonly e .
3 L PP WIW . 4 ©oAanyl) . 9 with 3000 fb! of data is below 50
w B O - —

~ (fully-leptonic) S : : .

3 ..2 3 + =

N = L : -

I POy L L 2 L . -

PP T %)) B o -

2_— ....... 2 [ e

N ~ t 7]

1:— ———— with all sources of uncertainty 1 ;. o o © —

B with only statistical uncertainties :. . O © :

[ TR R R R R v oopn o oane - n N ) UNPIEL PN U SN S S S

Luminosity [fo™] 0 1000 2000 3000 4000 5000 6000
Luminosity [fb™] 3

Considering all channels, and both experiments we could get at 5 sigma level for LL at 3 iab.
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The precision goal

Hubble 1990 JWT 2022
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Theoretical challenges of the HL-LHC

Status
Precision
@ HL-LHC
T ] ]
Fixed Order Resummation PDF’s
LO, NLO,... LL, NLL,... LO,NLO,..Evolution
QCD EW Parton Showers Fits
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DONE

H,Z,W at N2LOqcp

H,Z,W at N3LO

H,Z,W at NLO2ewxacp

tt at N2LOaqcp

The multi-loop frontier

® @ @
*——— *—
o——
@ @ @
@ @ @

3j at N2LOqcp .
4j at N2LOqcp

B UCLouvain fn's

@ ® @ @rrucrmmm: ° ® .
& | +———
o>——
o e ® ® ® o —o ®
H+j at NLO Vbb at N2LO
. .J . QCD . aeb V+3j at N2LOqcp
®
oo ® ®
2i at N3LOaco FAST MOVING FRONTIER

tt at NLO2ewxaco

ttH at N2LOaqcp

* The more # of loops/legs/scales (colors) the more difficult.
* Only Z,W,H 2 to 1 production known at N3LO

* EWxQCD corrections very limited

* EW N2LO still to be explored

* Need a subtraction method to turn to IR safe observables
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Precision calculations for the LHC

Status: PDF’s

10
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[Moch et al. , 1707.08315]
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« Complete N3LO PDF’s
evolution not available yet.
Non-singlet evolution available
at 4 loops already.

* Error budget with many
sources. MHO uncertainties yet
to be included in the final
assessment.

* Reaching 1% will be very
challenging.

* Room for a breakthrough from
lattice?

09(x,Q)7(g(x, Q) ref])
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https://arxiv.org/abs/1906.10127
https://arxiv.org/abs/1707.08315

The lattice frontier
ag and PDF’s

Lattice determinations of the strong coupling [Del Debbio and A. Ramos e-Print: 2101.04762 ]
[ [ [ I

_V\;I_ _L_____—_l—o—l______ ~ Maltman
i
SO HOODS i HPQCD 10
—e— Petrezky 19
—o— HPQCD 10
HQ Correlators HPg cD 14
LATTICE b @ i JLQCD
—e—i Ayala 20
Potential —o— Bazavov 19
—a— Bazavov 14
______ e+ = ALPHA
F'SS
b J PACS-CS
; ® 1 EW precision fits
I ® | Hadron colliders
PDG b @ I Jets
I ® { DIS
b @ y T-decay
| | | |
0.11 0.115 0.12 0.125 0.13
OI\IS(‘“[Z)
S k 11 AP
S n —
P(Q) = Y cx(s)afs() + Olofit () + 0 (57 ) (s=n/Q).
k=0
MHO PC

Using Lattice QCD, one can combine input from well-measured QCD quantities -- like
for example the proton mass, or a meson decay constant -- with the perturbative
expansion of a short distance observable that does not need to be directly observable
(like the quark anti-quark force). The advantage of this approach is that the
experimental input comes from the hadron spectrum with a negligible uncertainty.

B UCLouvain fnis
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Parton Distribution Functions from Ioffe Time Pseudodistributions from Lattice Calculations: Approaching the Physical Point [Balint Jo6 et al. : 2004.01687 ]
L. Del Debbio et al. 2010.03996

Neural-network analysis of Parton Distribution Functions from loffe-time pseudodistributions

—_
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This formula allows to relate collinear PDFs to quantities which are computable
in lattice QCD simulations, through a factorized expression similar to those
relating collinear PDFs to physical cross sections.lt can be used in a fitting
framework, to extract PDFs from lattice data, performing the same kind of
analysis which is usually done when considering experimental data.
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https://inspirehep.net/literature/1840506
https://arxiv.org/abs/2101.04762
https://inspirehep.net/literature/1821940
https://arxiv.org/abs/2010.03996
https://inspirehep.net/literature/1789625
https://inspirehep.net/authors/1004118
https://arxiv.org/abs/2004.01687

\Fixed Order
|LO, NLO,...
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Reach the 1% goal for the HL-LHC

Very fast progress in conceptual '
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as well as technical aspects.

Tight and consolidated
community, with high
momentum.

Considering the status of 20
years ago seems clear that
NNLO will be completed and
N3LO will start to become
available for 2—2 (see 3-loop

qq — Yy results)

Mixed QCD-EW being included. |

LA LIBERTE DE CHERCHER

A variety of approaches
available, both analytical and
numerical.

Analytically historically
matching the FO accuracy.

NNLO+PS will be the new
standard. (N3LO+PS already

Resum
LL, NLL,...

being explored)

Having a NLL and beyond PS,
IS being explored now. To be
seen.

Not clear whether one can
reach 1%.

23

¢  PDF’s
f LO,NLO,..

Theoretical challenges of the HL-LHC

Complete N3LO PDF’s
evolution not available yet.

PDF determination from fitting
large set of data. Final quality
depends on measurements.

Error budget with many |
sources. MHO uncertainties yet |
to be included in the final
assessment.

Reaching 1% will be very
challenging.

Room for a breakthrough from
lattice.
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https://arxiv.org/abs/2011.13946
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206

Timeline(s)

To be taken cum grano salis

SuperKEKE T “
m

e+e- FCC-ee : 91 ,240,365 GeV

FCC-hh at 80 TeV with 14T magnets

LEP3 with Lumi=1/5 Lumi FCC-ee

2025 Near future 2050 Future 2075
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Future colliders

Reach in Higgs couplings

[De Blas et al., 2020]

kappa-0 | HL-LHC | LHeC | HE-LHC ILC CLIC CEPC| FCC-ee |FCC-ee/eh/hh
S2 S2/ |250 500 1000| 380 15000 3000 240 365
Kw [%] 1.7 0.75 1.4 098 | 1.8 0.29 0.24|0.86 0.16 0.11| 1.3 | 1.3 043 0.14
Kz [%! 1.5 1.2 [1.3 09 |0.29 0.23 0.22| 0.5 0.26 0.23| 0.14 |0.20 0.17 0.12
Ko [%0)] 2.3 36 (19 12 23 09706625 13 09| 15 |1.7 1.0 0.49
Ky [%] 1.9 76 (1.6 12 |67 34 19 |98« 5.0 22| 3.7 (47 3.9 0.29
Kzy [%]| 10. — 5.7 3.8 |99% 86x 85« [120x 15 6.9 | 8.2 |81x 75« 0.69
K. [% — 41 |— — |25 13 09 (43 18 14| 22 |18 1.3 0.95
K [%] 3.3 — 128 1.7 | — 69 16 | — — 27| - — = 1.0
Kp [% 3.6 2.1 (32 23 |18 058 048,19 046 0.37| 1.2 | 1.3 0.67 0.43
Ky [%)] 4.6 — 125 1.7 |15 94 6.2 320« 13 58| 89 | 10 8.9 0.41
Kz [% 1.9 33 (15 1.1 |19 0.70 057 3.0 13 0.88] 1.3 |14 0.73 0.44
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https://arxiv.org/abs/1905.03764

ECFA Higgs/Top/Electroweak Factory Study

Joint effort of linear and circular collider communities

3'" EGFA workshop on e‘e Higgs,
Top & ElectroWeak Factories

9-11 October 2024

3 Developments in Higgs Physics 4 Developments in Electroweak Physics & QCD 5 Developments in Top Physics 7.3 Focus topic: Long lived particles . . . . . . .. .. ... ... ....
3.1 Focus Toric: ZH production and angular studies . 4.1 Focus Topic: 2-fermion final states . .. . ........... 5.1 FocusToPic: TTthresh. . . . . . . . .. ... ... 7.4 Focus topic: ExoticS top decays . . . . . v v v v i e e
3.1.1 CP-odd coupling studies . . . . . ... ... 4.1.1 Precision Z-boson coupling measurements . . . . . . .. 5.1.1 Top quark properties from the threshold scan . . 7.5 Furthertopics . . . . . . . . . . . . . .. e
3.1.2 CP-even coupling studies . . ........ 4.1.2 Fourfermioninteractions . . . . .. ............ 5.1.2 Top quark couplings in the SMEFT . . .. ... 751 Heavy NeutralLeptons . . . . . . . . o o v i i i ..
3.1.3 Entanglement sensitivity . . . . . ... ... 4.2 Other Z-boson and neutrino interactions . . . .. ... ... .. 52 FOCUSTOPIC:EXt(?) . . v v v oo 752 DarkPhotons (?) . « « v v o v e e e e
3.2 FocusToPIC:H—ss . .............. 4.2.1 Flavourchanging Zdecays . . .............. 753 SUSYSearches . . . .. . oo v oo
3.3 Otherrare Higgs couplings . . ... ... ..... 4.2.2 Z boson decays in models with right-handed neutrinos . . . 6 Global Interpretations 754 Dark Matter . . . . . . . . .
331 H—ee. .. ... ... . . . .. ...... 4.2.3 Four-fermion interactions withneutrinos . . . . . . . . . ..
3.3.2 Flavour-violating Higgs decays . . ... .. 4.3 Photoninteractions . . . . . . . . . . . . . ... ... /7 Direct Searches tor New Farticies
3.4 Focus Toric: Higgs self-coupling . . . . ... .. 4.3.1 Spin asymmetry with transversely polarized beams . . . . . 7.1 Phenomenological Introduction . . . . ............ 8 Flavour
3.4.1 Introduction . . . . . . . oo 4.3.2 Neutrino anomalous magnetic moment . . . . . . ... .. 7.1.1 General motivationforBSM . . . ... ........ 8.1 Flavour landscape at the time of Higgs factories . . . . . ... ..
3.4.2 Progressintheory . . . .. ... ... ... 4.4 Precision W-boson coupling measurements . . . . .. ... ... 7.1.2 Possible scenarios with focus on direct signatures . . 8.1.1 Challenges in lattice QCD for for precise predictions . . .
3.4.3 Progress in single-Higgs approach . . . . . 4.5 Focus Topic: W boson mass measurement . . . . . . ...... 7.1.3 Possible search strategies . . . .. .......... 8.2 Focus TopPic: CKM elements from W decays . . . . .......
3.4.4 Progress in di-Higgs approach . . . . . . . . 46 FocusToPIC:WWAdiff. . . .. .. ................ 7.1.4  Expected search landscape after HL-LHC . . . .. . . 8.3 FocusTopic:B— Kttt andB—K® vy . ... ... ...
4.7 Focus TOPIC: BCfrag/gsplit . - « « « v v o v oo e et 7.2 Focus topic: Exoticscalarsearches . . . . . . .. ... ...
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Future collider example: FCC-ee
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FCC-ee runs

— CDR baseline runs (2IPs)
— Additional opportunities

Total
integrated
O(1) 30 5 luminosity
(ab-1)
T T 1
203040 ... 125 217 E(geer\g;)y
QCD
precision electron Higgs mass Physics
studies Yukawa highlights
0(10™) 0(108) 0@x109) 0(2x106) #(j‘:g’;;s
:é.' 7] (7))
:5 é 9_5 T I I T EW sector
CE50
QO Q05T
- 289 -
‘g 0 > ol T T I T Higgs sector
527 &
£ T T
sensitivity to Higgs self-coupling via quantum effects
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FCC-ee runs

[Interim FCC feasibility report, 2024
= 10° £ | | I | | | 3 . _
0 = Z (88-94 GeV) o Fcceed4iPs) - |N each detector:
'E - e FCC-ee (21Ps) —
= B _
. _ - = 1052/ sec
9 102 e 10 s 0 ansansanannsesnansaBygene Mygesss W+W1716GV ............................................................................. —
~ - (157163 Ge) = = 104 W pairs / hour
= - _
CCD i H (240 GeV) _ = 1500 H/ day
g 1 e s —— — . 1500t rs / d
- = (350 GeV) T Op palrs / aay
S tt (365 GeV) ]
- L = ~
e - ‘g,;earmgéé#aaoné; | (;3.89@4,')
1 E_III ...... \(“QQGV)__I____—-’I' ,,,,, ’I_E
100 150 200 250 300 350 400
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[Interim FCC feasibility report, 2024 ]

Observable present FCC-ee FCC-ee Comment and
value + error Stat. Syst. leading error

my (keV) 91186700 + 2200 4 100 From Z line shape scan
Beam energy calibration

I'z (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration

sin?0% (x10°) 231480 + 160 2 2.4 From ALY at Z peak

F Beam energy calibration
CC -ee 1/aqED (m%)(x103) 128952 + 14 3 small From ALY off peak

QED&EW errors dominate

RZ (x10%) 20767 + 25 0.06 0.2-1  Ratio of hadrons to leptons
Acceptance for leptons
. o . _ as(mz) (x10%) 1196 + 30 0.1 0.4-1.6 From RZ
- Experimental precision of the typical EWPO attainable at 0 (x10%) (ab) o = 37 oa 4 Peak hadronic cross-section
FCC_ee runs. Luminosity measurement
N, (x10%) 2096 =+ 7 0.005 1 Z peak cross-sections
Luminosity measurement
- Improvements in precision typically at level of 2-3 orders R (x10%) 216200 & 66008 <60 Ratio of Db to hadions
Of magnltUde. AEB, 0 (x104) 992 + 16 0.02 1-3  b-quark asymmetry at Z pole
From jet charge
AFP%I’T (x10%) 1498 £+ 49 0.15 <2 T polarisation asymmetry
- Sensitivity to NP goes up to10-100 TeV scale __ T decay physics
7 lifetime (fs) 290.3 £ 0.5 0.001 0.04 Radial alignment
7 mass (MeV) 1776.86 +  0.12 0.004 0.04 Momentum scale
. . 12 7 leptonic (uv,v,) B.R. (%) 17.38 £+ 0.04 0.0001 0.003 e/pn/hadron separation
5 10 Z bosons WOUId a”OW the eleCtrcweak myw (MeV) 80350 + 15 0.25 0.3 From WW threshold scan
precision tests, the KM consistency checks and flavour Beam energy calibration
physics in general, including the study of rare decays, T (MeV) 2085 & 42 L2 08 Fom W threshold scan
and the search for feebly-interacting particles. e (120 ) (X 101 010 £ 270 3 small From RV
N, (x10%) 2920 £+ 50 0.8 small Ratio of invis. to leptonic
in radiative Z returns
+5-10° Z bosons would enough to meet the needs for miop (MeV) 1770 k500 A7 small - From i threshold scan
the HZ run. Ttop (MeV) 1410 == 190 45 small From tt threshold scan
QCD errors dominate
)\top/)\fgg 1.2 + 0.3 0.10 small From tt threshold scan
QCD errors dominate
ttZ couplings + 30% 0.5 — 1.5 % small From /s = 365 GeV run
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[Interim FCC feasibility report, 2024]

Global fits
FCC-ee

precision reach on effective couplings from SMEFT global fit

BmHL-LHC S2 + LEP/SLD _ Z & WW denote Z-pole & WW threshold | R
(combined in all lepton collider scenarios)| m FCC—ee Z/WW/240GeV (41P) —

Y 1) i n6 H exotic decay B FCC-ece +365GeV (4IP) _;0—2
Coupling HL-LHC FCC-ee (240-365 GeV) ; e 10 3
21Ps / 4 IPs } 107 L @

kw | 1.5* 0.43 / 0.33 107 I“ "I j10”

Kk z %] 1.3* 0.17 / 0.14 107" - 5ql" 50,5 10°
Kg [%] 2% 0.90 / 0.77 ) 10-1E | 210~ <
K~ [70] 1.6* 1.3 /1.2 T | &
Kz~ 7] 10* 10 / 10 107 L‘ I“ 0 8
ke [7 - 1.3/ 1.1 P |" :

ke (%) 3.2* 3.1 /3.1 o = o - 10
kp (%] 2.5" 0.64 / 0.56 , 1072 —=102 _
K [% 4.4* 3.9 / 3.7 o 00 g
kr (% 1.6* 0.66 / 0.55 o |u L‘ |J| i‘] e 2
BRiny (<%, 95% CL) 1.9* 0.20 / 0.15 i e

BRunt (<%, 95% CL) 4* 1.0 / 0.88 so¥,  69F.  ody oY oot ooy 695 &o¥e ooy,
;)10-1L|mposedu2) in 1&2 gen quarks %10- <
;} 1072 —;10'2 g
10_4 6971 697 6951 697 R 592 L 697% o
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[Interim FCC feasibility report, 2024]

10

[ |
G I O b a I flt 10; Ratios real EW/perfect EW (no H exotic decay) _ .. _ . o (41P) :’;gg:gg Iggggg\\; g:g; T:w/o FCC-ee Z-pole
’ :_ I - Tom TTT _— 2
C C 1.5 J“ J.u i
F - ee 1 i . _|_“ Iu LI : |

5977 ogy "V 5q7 ogtP 595, Oy 69, , 6k,

precision reach on effective couplings from SMEFT global fit

1. WW analysis efficiency Z & WW denote Z-pole & WW threshold 11072
€=1% B FCC-ee ZIWW/240GeV (4IP) E
N €=45% (Default) B FCC-ee +365GeV (2IP) .
2 YV €=100% B FCC-ee +365GeV (4IP) -
c
= 107" —1073
2 p o
o - ’
2 02 R
: v M i
107° ﬂ . 107°
69¢f 695" 691/ 52 69, 7 6k, Az
precision reach on effective Higgs couplings from SMEFT global fit
1|/MHL-LHC S2 + LEP/SLD [HFCCee Z/\WW/240/365GeV (21P) | Z & WW denote Z-pole & WW threshold P
(comblned in all scenarios) BFCCee Z/WW/240/365GeV (4IP) | i E
L Free H Width B FCCee+hh (2IP) | | i
% 10" ¥ no H exotic decay BmFCCee+hh (4IP) _‘ _ o I
cC = E ! | | : 5 «Q
i - : , | | - Q
s - | 1 1 @
S 107 —102 2
(7)) - a - T
2 - 7 =3
with Current EW measurements: with FCC-ee Z-pole run: j_: _3 __ __ _3 (8
@) HL-LHC (D HL-LHC + FCC-ee @ 240 & 365 GeV @) HL-LHC + FCC-ee @ 240 & 365 GeV 10 = 3 10
Correlation < 50% e Correlation > 50% E E
107 7z WW vy Zy g9 5ace bb 5a pu 107
ey o9y o9y H 09y 9H o9y 9H H
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Higgs self-coupling
FCC-ee (and FCC-hh)

[Interim FCC feasibility report, 2024]

et Z e o7 et Z
| Precision of 5/4,)\ from EFT global fit (FCC-ee + HL-LHC)
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k, can be constrained by two measurements and provide competitive info.
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Scalar singlet
FCC-ee (and FCC-hh)

B UCLouvain fan

hZZ coupling: |ghzz/gﬁ§"z - 1]

Real Scalar Singlet Model

[Interim FCC feasibility report, 2024]

1 1 B s I
HL-LHC
0.100}
0.010} <
F —
0.001} _ vhmee
T L
() P,
() .
-
0% . . 7 T .
0.5 1.0 1.5 2.0 2.5

hhh coupling: A3z/A3 sum

FCC Physics Opportunities : Future Circular Collider Conceptual Design Report Volume 1 Eur.Phys.J.C 79 (2019) 6,474
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https://inspirehep.net/literature/1713706

[Interim FCC feasibility report, 2024]

Alps and v;,s
FCC-ee
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Precision calculations for weak scale factories

The workhorses

Z-pole observables. Need for NNLO
EW in 2 — 2 scatterings and N3LO

for 2 - 1. The current use and
definition of PO’s will need to be
reconsidered.

‘7

Known at NLO in EW with W decays.
In order to determine mW at 1 MeV
needs to be known at the subpermill
level. NNLO EW computation
Involves many scales. In addition an
EFT treatment of the W threshold is
necessary.

Workhorse for H studies. Known at
NLO in EW with Z decays. NNLO
correct. Gives access to trilinear and
top-Yukawa at one loop and
quadrilinear Higgs self-couplings and
others at two loops.

- H t
- W
> . > <
t
W V4

Known at N3LO in the NRQCD EFT
approach at threshold for top mass
and width determination. NLO QCD
corrections for the 2->6 known.
NNLO EW corrections are not known.

In addition ISR effects, collinear and soft need to be included.

B UCLouvain fnis
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Precision calculations for weak scale factories

QED showers

NLO+NLL vs NLO+LL

' ete” - WTW~—, 500 GeV
1.015 -
: ¥
In QED the charges are scalars. No flows! -Qi * Qj can be negative emission of 1_010; —— NLO, NLL [A, MS] / NLO, LL [MS]
a photon is independent from the others and the dipole does not change. { —%— NLO, NLL [A, a(Mz)] / NLO, LL [a(Mj)]
Interleaving with the much more probable QCD radiation in the case of quarks | —#— NLO, NLL [A, G,] / NLO, LL [G,)]
Is a challenge. | -
1.005 - @
However, YFS Soft resummation provides a way to resum soft contributions ‘
do= ) —do d@”] 2 54( in ou k) Myt ml 1.000: o =
’T 7,;::0 Q[H ) Zq ;q b Z n;() I = - = v
do = i e’ ® d®g [ﬁdqﬂg(ki)] Bo + f: Z 52 kJ’ k"’ 0 995; Bertone et al. 2207.03265
n7=0 n ' 1=1 7/ j=1 k) | 1 T T T T T T T T
”<k 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Tmin
Collinear effects captured through the residuals. Improvements
necessary to also have Y to fermions splitting included at order a2-
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https://arxiv.org/abs/2207.03265

Precision calculations for weak scale factories

Summary of the needs

[Interim FCC feasibility report, 2024]

Quantity Current FCC-ee stat. Required Available calc. @ Needed theory
precision (syst.) precision theory input in 2019 improvement
my, 2.1 MeV 0.004 (0.1) MeV non-resonant NLO, . NNLO for
Iy 23MeV  0.004 (0.025) MeV eTe™ — ff, ISR loga}flth(fins eto— —s fF
initial- to 6th order
. 92 np 16x10-4  2(2.4) x 10—6 initial-state up
sin” Oog 6x10 (2.4) x 10 radiation (ISR)
myy 12 MeV 0.25 (0.3) MeV lineshape of NLO (ee — 4f NNLO for
ete” - WW or EFT frame- ee > WW,
near threshold  work) W — ff in
EFT setup
HZZ — 0.2% cross-sect. for NLO + NNLO NNLO
coupling ete” — ZH QCD electroweak
Mtop 100 MeV 17 MeV threshold scan N3LO QCD, Matching fixed
ete™ — tt NNLO EW, orders with
resummations resummations,
up to NNLL merging with

MC, as (input)

Quantity Required Available calc. Needed theory
theory input in 2019 improvement?
I'y vertex NNLO + N3LO EW +
sin2 6% corrections for partial higher partial higher
eff Z — ft orders orders
MW SM corrections NNLO + N3LO EW +
to the muon partial higher partial higher
decay rate orders orders

"The listed needed theory calculations constitute a minimum baseline; additional partial higher-order

contributions may also be required.

B UCLouvain fan
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Timeline(s)

To be taken cum grano salis

m “

C 1000

C\E/RW : A L GeV :

-eh with ERL
ee pp e pp e pp HEe pp |

The non- blnary strategy n 147 magnets

LEP3 with Lum| 1/5 Lum| FCC -ee

2025 Near future 2050 Future 2075
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A new Interest In a muon collider

P5 In particular, a muon collider presents an attractive option both for technological innovation
and for bringing energy frontier colliders back to the US. The footprint of a 10 TeV pCM muon
collider is almost exactly the size of the Fermilab campus. A muon collider would rely on a powerful
multi-megawatt proton driver delivering very intense and short beam pulses to a target, resulting in
the production of pions, which in turn decay into muons. This cloud of muons needs to be captured Date Of pa per
and cooled before the bulk of the muons have decayed. Once cooled into a beam, fast acceleration
Is required to further suppress decay losses.
Each of these steps presents considerable technical challenges, many of which have never
been confronted before. This PS5 plan outlines an aggressive R&D program to determine the
parameters for a muon collider test facility by the end of the decade. This facility would test the
feasibility of developing a muon collider in the following decade.
With a 10 TeV pCM muon collider at Fermilab as the long-term vision, a clear path for the
evolution of the current proton accelerator complex at Fermilab emerges naturally: a booster
replacement with a suitable accumulator/buncher ring would pave the way to a muon collider
demonstration facility (Recommendation 4g, 6). The upgraded facility would also generate bright,
well-characterized neutrino beams bringing natural synergies with studies of neutrinos beyond
DUNE. It would also support beam dump and fixed target experiments for direct searches of new
physics. Another synergy is in charged lepton flavor violation. The current round of searches at L 995 2024
MuZ2e can reveal quantum imprints of new physics at the 100 TeV energy scale, beyond the reach of
direct searches at collider facilities in the foreseeable future. An intense muon facility may push this
search even further. "
Although we do not know if a muon collider is ultimately feasible, the road toward it leads from 1 22 phenO papers In
current Fermilab strengths and capabilities to a series of proton beam improvements and neutrino the IaSt 5 years
beam facilities, each producing world-class science while performing critical R&D toward a muon
collider. At the end of the path is an unparalleled global facility on US soil. This is our Muon Shot.
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A new Interest In a multi-TeV muon collider
Why?

Physics: We start only now to test EW interactions but only in a very
low energy regime, i.e., In their broken phase.

E

a few4rv ----%
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Why?

2407.12450 Muon Collider Interim Report

A new Interest In a multi-TeV muon collider

Technology: new generation of accelerator technologies.

No known showstoppers.

Proton Driver

8 GeV -4 MW

SC Linac
Accumulator

Short, intense proton
bunch

B UCLouvain fan

Buncher

Front End Cooling Acceleration Collider Ring
H T e e -
2 |FREG E|g £ 8 2 £
8 [Fc §5 2l0 2 8 -4 © 8
E |82Y o o & 8 g™ 8 O
o |mR > Ble o ¥ 5 ¢ =
O [Ocd tl= @ Q@ s O © Accelerators: U )7,
'S 9 ZlE ¥ o @ © c ccelerators:
= o @&a|2 ¢ = | Linacs, RLA or FFAG, RCS
E E S ’ 7
Protons produce pions which  lonisation cooling of Acceleration to collision Collision
decay into muons muon in matter energy

muons are captured
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https://arxiv.org/abs/2407.12450

24077.12450 Muon Collider Interim Report

Key Challenges

0) Physics case g

4) Drives the beam quality 2) Beam-induced

MAP put much effort in design background
optimise as much as possible
Iniect Muon Collider Accelerator
H Lrjector >10TeV CoM Ring
~10km circumference 5
&

1) Dense neutrino flux
mitigated by mover system

3) Cost and power consumption limit energy reach . :
) P P &Y and site selection

e.g. 35 km accelerator for 10 TeV, 10 km collider ring
Also impacts beam quality
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https://arxiv.org/abs/2407.12450

Muon collider physics

The essentials #0 : physics potential

1600

MuC@10 TeV ~ pp@70 TeV

1400

1200
Simple/Naive/Rough estimate based on

parton-parton luminosity for a generic
2 — 2 scattering.

1000
800

Jsp [TeV]

600 EW: [ ~1

400 QCD : f ~ (ag/a)* ~ 100

200"

Jsy [TeV]
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Muon collider physics

The essentials #1 : two colliders In one

O(10) TeV muon collider energy allows to have two colliders in one:

1 S , t
o, ~ — log" — w,
e

1
GSN—
Y,E = 5

Energetic final states
(either heavy or very boosted)

Large production rates,
SM coupling measurements
Discovery light and weakly interacting

A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels
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arX1v:2208.06030 Collider Implementation Task Force

Muon collider physics

The essentials #2 : luminosity with energy

B UCLouvain fan

1037 i

10%°

L - PsynradEC_n?.S \;

10%°¢

Lepton colliders (< 1 TeV). ITF Snowmass 2022

Lepton colliders (> 1 TeV). ITF Snowmass 2022
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arXiv:2208.06030 Collider Implementation Task Force

Muon collider physics

The essentials #3 : the green side
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[Buttazzo, Franceschini, Wulzer 2012.115535]

Muon collider physics

The essentials #4 : luminosity with energy

2
L> 0 years ( vy ) 2.10%cm %5

™~ time

10 TeV

o |fb]

events

Ecm [Tev] E 2 Ecm [TQV]
L=10ab* ( — )

10 TeV
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https://arxiv.org/abs/2012.11555

)4 \
_ p y FCC-ee | FCC-hh
The essentials #5: compactness |
1]1 O(10) TeV Energy small hybrid collider: N N——_ e+
10 km 100 km 100 km
X
t : : : : S years 15 years 25 years
2] Luminosity growing with energy: PR
s ul e
% 0o | P =MuC is an STCC = Space-Time-Compact Collider
‘}'E 0.8 t 1
L 077 -
S 06| :
= 08y : = Goal of the tens:
%g 03 | + ?\ ; 10 TeV, 10iab, 10 x smaller and O(10) x faster than the FCC
> 0o 1 2 3 4 5 6
Ecn [TeV]
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Muon collider physics

The essentials

A O(10 TeV) muC is in the range of what could be
technically achievable. No showstopper known. Strong
R&D programme is needed. Demonstrator is the next step.

* [t would radically change the way we do collider physics,
opening the exploration of EW phenomena at higher scales
through an hybrid direct/indirect approach Iin a clean b e o

environment.

«Given what we know now from the LHC + what will learn
from HL-LHC what are the muC physics drivers?
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arXiv:2203.07256 Muon Collider Physics Summary
arX1v:2209.01318 Muon Collider Forum Report

Direct reach

s-channel pair production

10TeV pt =, Ly = 10ab™*

15+
— X5/3 |
o 10
- 53 E | “ FCC-hh
N (': 4 _
s 3 —
Ty = |
5t
_ 7 |
g o 1 o
T t X1 T q
1 ({m? m? m2X
M [TGV] Okig = 4 (@ T m? B mz m
A few months of run could be sufficient for a discovery. Matching Higgs precision: 0.67%
m; 2 1.5 TeV 5;£ma)(:
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arXi1v:2203.07256v]l Muon Collider Physics Summary

Precision physics

Weak boson collider

>
) _unn
= 3. HHZ
©
< .HHHZ
30
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arXiv:2203.07256v1l Muon Collider Physics Summary
arXiv:2209.01318 Muon Collider Forum Report

Direct reach

VBF scalar singlet production

2
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105 95% C.L. exclusions |
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mixed with the Higgs boson withvstrength sin Y-T Reach in terms of the scale f in the Twin Higgs model
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https://arxiv.org/abs/1807.04743

Higgs precision physics

Higgs coupling sensitivities

arXiv:2308.02633
AR ARARARARRREREREN | BHL-LHC, aTci79% -
HL-LHC | HL-LHC | HL-LHC 50/ B+ 10 TeV piu :
0% +10TeV | +10TeV ) )
+ ee =+ 10 TeV u*u~ + 250 GeV efe
kw | L7 0.1 0.1 _ 410 TeV iy + 125 GeV i [
K 1.5 0.4 0.1 < 10 ]
Ky | 23 0.7 0.6 = 5
k, | 19 0.3 0.3 g N B
K, i 2.3 1.1 S
oy 3.6 0.4 0.4 aE—-
Ky, 4.6 3.4 3.2 0 :
k. | 19 0.6 0.4 3|
kg | 10 10 10
| 33 31 31 .
* No input used for u collider | Ke K¢
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Higgs precision physics
The shape of the H potential: HH production

18 ' O 9 % O comoms
A B 16% L o, (7] R
16+ —
4 - . 001 - Inclusive hh 5
19| CLIC | & | 5
= 10 | & ! :
cn X 0.00 =
g gl FCC-hh | § 3 ;
> N
6 < | S
4 e 2.5% ) o =
9| 1.2%
0 . o1 . ool
u3  pl0 pld  p30 ~0.2
Reach on the trilinear coupling (and more) extremely competitive.
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https://arxiv.org/abs/2012.11555
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Higgs precision physics
The shape of the H potential : HHH production

V5 =10 TeV 3 5
: : 2.5 L=20 ab~1 ... U
3 Higgs final state RS .
2
ut
1.5
s 1}
Quadrilinear determination ILC ~ [-10, 10]
extremely challenging at CLIC ~ [—5. 5 "
any collider, due to limited . 0 | —
sensitivity. FCC~ (=24 il Mo
rd E O Muuu<l TeV] ,
— | L | | i 1 |

Very preliminary study points to the possibility of
setting competitive bounds at a muon collider.
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https://arxiv.org/abs/2003.13628
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Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

How events will look at a multi-TeV muon collider?

tth production at the LHC (Fully hadronic)
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HH—4b production at a multi-TeV muC
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In a muon collider gluons and quarks first appear at scales of order 100 GeV in the decays of W,Z,H (from either initial state or final state radiation) or from photon splitting.

Multijet final states are of EW origin.
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https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.11129 [hep-ph]

Precision calculations for multi-TeV lepton colliders
EW resummation in the initial state

o) =X [ R0 [, aPasprc a5 ) Aa(t)=exp [—% [/ dzz@Aan(z)] ,
z, 12 1 - z/E u? / ,
ooy [ e e ) (e t) =Aafatato) + [ G ah [ FPaonec@iaa/at)
Han, Ma, Xie arXiv:2007.14300v4. 2103.09844 Han, Ma, Xie rXiv:2203.11129v1
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New SM Physics

EW showers

At very high energies, E>>v, SU(2) x U(1) is restored and evolution through EW radiation will take place. The non-abelian nature of SU(2) will make a shower
look more like QCD. One the scales are down to ~v EWSB effects will start to become ig;oortant aaain.

102 — 102 A
101-—i;b6 10 10 — i=b
— 1= . —i=7
% 100 2 100 2 107}
€2 I 1=h = . ? 10
>n 10 % 107 % 10
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Summary

*In the near future, i.e. for the next 25 years the LHC will
be THE machine to explore Higgs physics and the TeV
scale through a compelling program of challenging
measurements.

*For the future, i.e. after 2050, we are evaluating the
options. The most mature and feasible project for CERN
IS an e+e- “weak-scale factory” in a new 91 Km circular
tunnel and then the pp option in the 70’s.

* A futuristic collider based on accelerating muons could
open a new era in HEP experiments, with an exciting
physics case. The technology needs to be demonstrated.
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