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very exciting (and challenging)
time for particle physics |

Theory : present status

Experiments : main strategies

quite a few great options for
"beyond HL-LHC" Physics |

a few (personal) remarks
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[ THEORY + EXP's ]

N
SM works

3k Higgs boson (the last piece of the SM) found |

5k huge amount of LHC data fits SM predictions with
amazing (unplanned) level of accuracy

nevertheless...
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great (although hazy) expectations

for new BSM phenomena at colliders |
D

2K two kinds of issues with the SM :

3k existence of “"external” phenomena :

3k “internal” poor consistency :
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what's so problematic about the Higgs (TH)

Litiges = (D)1 (D"6) = V(67 0)i— P10 — Ypl ot -

............ 23 N
V(9'¢) = —p?¢ it : )\(nggb)

m2, = 2u° = 2\v°
3k the only “"fundamental” scalar particle (microscopic interpretation ?)

3k not protected by symmetries (the less constrained SM sector):
5k naturalness problem : my ~ g *x Acutoff
%k many different couplings all fixed by masses (?)

5k proliferation of parameters historically leads to breakdown
in TH models

%k fermion masses/Yukawa's hierarchy (?)
5k have neutrinos a special role 2!l

3k A determines shape and evolution of Higgs potential =) cosmology !
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what's so problematic about the Higgs (EXP) |

3k very challenging experimental studies in general

sk tiny x-sections in direct production from light states
-» must excite heavy states (t,W,Z) radiating Higgs
-» small cross sections = harsh separation from
backgrounds

5k the measured (and unpredicted) my value comes as a
bonus, since it opens many explorable decay channels
(with relatively unsuppressed production x-sections)
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a comment on Naturalness

3k the naturalness/hierarchy problem is a robust one |

%k one might say : SM theory is self-consistent by itself
- it is a complete framework !

- renormalizable,
UV-complete
2k BUT : P

ok "external” phenomena unavoidably introduces extra M scales (M, ..)

3k in a unified description this inevitably drives the Higgs-mass scale up

to the extra M scales well above observed my value,

5k generating puzzling mass hierarchies (many many orders of magnitude
for "desert” hypothesis up to M, or so)

sk typical of fundamental scalar fields !
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LHC is just the right machine to explore this issue !

sk theorists suggested a few elegant paths to solve my hierarchy
$ look for new heavy (~1TeV) states predicted in :

sk SUSY (particularly far-reaching)
5k Composite Higgs
%k Extra Dims ..

3k on the other hand :
%k LHC already excluded their minimal versions

sk but minimal versions not well motivated if not by allowing
manageable predictions of new models that in general involve a
large number of new parameters (>100 for MSSM !)

5%k Nature might well have chosen different paths than
the theorists’ ones to solve the hierarchy problem

3%k relevant new energy scale must anyway be connected to my !

Barbara Mele Higgs & Fichi, 29 September 2022 9



Barbara Mele

Higgs & Fichi,

29 September 2022

10



four paths to advance in HEP at colliders:

5k by exploring the characteristics of the Higgs sector

and confirming/spoiling the SM picture
(primary relevance since the Higgs sector is so critical !)

Barbara Mele Higgs & Fichi, 29 September 2022

11



four paths to advance in HEP at colliders:
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3k by searching for new heavy states coupled to the SM,
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and searches for rare processes (EFT parametrization)
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four paths to advance in HEP at colliders:

3k

XK

by exploring the characteristics of the Higgs sector

and confirming/spoiling the SM picture
(primary relevance since the Higgs sector is so critical !)

by searching for new heavy states coupled to the SM,

[acting as a cut-off for the SM
possibly solving the naturalness issues and/or
non-SM phenomena (dark matter, ..)]

by exploring A >> o(1TeV) indirect effects through
high-accuracy studies of SM x-sections/distributions
and searches for rare processes (EFT parametrization)

by looking for new "DARK" states (i.e.,uncoupled to SM
at tree level) either in production or/and heavy-state
(H,top...) decays (elusive signatures, may be long-lived p.les)
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four paths to advance in HEP at colliders:

{* Higgs J

{* new particles J

[* indirect effects J

[* "Dark” signals}

every single method is of fundamental
importance to make progress !
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(unplanned 1) EW pr'ecision at LHC | |

if new physics is heavy = £=LSM+Z -0 6+Z o

model independent 74
way to probe BSM couplings | BSM effects SM particles

3k deviations ( O ) from SM via O;d=6 > can gr'ow with energy :

amplitudes ratio:

T V% onters SM-BSM
interference terms |l

3k LHC can match LEP sensitivity
by looking at larger ( < A) Energy Il
thenn, O ~ 0.1% at ELer ~ 100 GeV
matches 0 ~ 10% at Eiuc~ 1 TeV
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Higgs distribut.s as lever arm on BSM effec'rs|

Ci d=6 Ci nd=8
O Con DB PR O N O

. : : /"
3k in inclusive production : BSM effects SM particles

5 Ki = 8qui/gsm ~ (V/A)? ~ 6% (TeV/A)?
~ 1% for A~ 2.5 TeV
3k at large momentum transfer O;4=¢ may induce a grow:
5 [do/dpr] / [SM] ~ (pr/A)?
~ 16% at pr~ 1TeV
for A~ 2.5 TeV

kinematic features can probe same A scales as
inclusive ones requiring smaller accuracy |
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AH3 coupling most exposed to BSM

(impact on vacuum stability, Baryogenesis from cosmological EWPT ?)

: 1 1
3 in the SM : V(H):§M,3H2+MH3+ZXH4

A= N = M2/(202) = 013
my directly related to Higgs dynamics !

% direct exploration ) -°

needs HH P or HHH
in final states N
(tiny x-sections) )
5k BSM : Max A deviations Model Agnnh/ Gnnn
. Composite Higgs tens of %
oer' BSM observation: Minimal Supersymmetry —2%% —15 %"
-2 few % to ~20% NMSSM ~25%

3k target for both TH and EXP accuracies !
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WHAT after HL-LHC ?7?7?

Barbara Mele
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four paths to advance in HEP at colliders:

{* Higgs J [* new particles }

[* indirect effects }
[* "Dark” signals}

X e*e- colliders great opportunities in all sectors
(cleanness [ model independence], accuracy...)

3k focus on e*e- Higgs factories
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general consensus by now on next machine

FoE 250GeV e+e- Higgs Factory

P(e, e*)=(-0.8, 0.3), M, =125 GeV

400 e
I —SMallffh
. I o 1 | Next Big Machine should be an
£S. 300k —wwiusion . |ete-collider “Higgs Factory”
: : NZ fusion ] But ...
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Geoffrey Taylor, LP2019, Toronto, CA 10th August, 2019 17
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Snowmass summary on expected dguii/gsm
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assume we find a deviation in H couplings...

Deviation from SM: & ~ v2/M?

i M scale of new physics
IM~1-10TeV 2 0~6-0.06%

3k in order to figure out what's going on we will need
an energy-frontier facility to explore
the corresponding M scale in a direct way.

%k R&D for future high-energy colliders (new technologies ?)
hadron collider beyond LHC ?
higher energy linear collider ? multi-TeV muon collider ?
plasma acceleration ?
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Project

Type

Int. Lumi. Oper. Time

[a™] N

Power

Cost

_IMW] | HC - 150 MW, 4 GCHF

ILC ee 0.25 2 11 129 (upgr. { 4.8-5.3GILCU +
i 150-200) { upgrade
ESPP2020 0.5 4 10 163 (204) ' 7.8 GILCU
— — 10 - 300 ?
CLIC ee 038 1 8 | 168 5.9 GCHF
1.5 2.5 7 | (370) +5.1 GCHF
3 5 3 ' (590) +7.3 GCHF
CEPC ee  0.091+0.16  16+2.6 149 5GS$
0.24 5.6 7 - 266
FCC-ee  ee  0.091+0.16  150+10  4+1 | 259 10.5 GCHF
0.24 5 3 282
0.365 (+0.35) 1.5(+0.2) 4 (+1) ”' 340 +1.1 GCHF
LHeC ep  60/7000 1 12 { (+100) | 1.75 GCHF
FCC-hh  pp 100 30 25 | 580 (550) . 17 GCHF (+7 GCHF)
HE-LHC  pp 27 20 20 | 7.2 GCHF
D. Schulte  Higgs Factories, Granada 2019 24



updated list after Snowmass discussion (2022)

Higgs-boson factories
(up to 1 TeV c.o.m. energy)

_timelines

Snowmass 2021:
EF Benchmark Scenarios

Barbara Mele

Higgs & Fichi,

Collider ~ Type NG P[%] Line §  Start Date  §
e /et ab™' /IP § Const. | Physics §
HL-LHC  pp 14 TeV 3 2027
ILC & C° ee 250 GeV | +£80/ + 30 2 2038
350 GeV | +80/+£30 | 0.2
500 GeV | +80/ £ 30 4
1 TeV | £80/+20 8
CLIC ee 380 GeV +80/0 1
CEPC ee Mz 50
2Mw 3
240 GeV 10
360 GeV 0.5
FCC-ee ee Mz 75
2Mw 5
240 GeV

| p-collide

Multi-TeV colliders
(>1TeV c.o.m. energy) imelines
Collider  Type VL P(%)] Lint §  Start Date ,!
. e~ /et | ab ' /IP § Const. | Physics §
HELOHC pp 27 TeV SN ]
FCC-hh  pp 100 TeV 30 2074 1
SppC op | 75-125 TeV 10-20 2055 4
LHeC ep 1.3 TeV 1 ‘
FCC-eh 3.5 TeV 2
CLIC ee 1.5 TeV

r

s e,

. TeV

3 TeV

Timelines are taken from the ITF report (AF)

new entries

29 September 2022
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how to assess a large-scale project |

project —p [beam species, energy, lumi, technology]

feasibil i - m ‘technical risk

innovation

construction/operation costs (vs constrains from fund. agencies)
power consumption

start-up time

total operation time (staging, expandibility)

location vs infrastructures vs politics (global context !)
HEP (both regional and global) community support

b
XK
b
XK
kK
XK
XK
b
XK

fraction of present HEP community involved
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how to assess a large-scale oroject |

project —p [beam specues enerr \ hnology]

ssed here)

Physucs poten‘rlal (dlr'ec'r mdlr'r . (
* feasibility => maturity > +

3k innovation K&

3k construction/opero’

3k power consump’ \
%k start-up t vo
O

%k total r

Xk lor g

f present HEP community involved

strains from fund. agencies)

Taging, expandibility)
ructures vs politics (global context 1)

ional and global) community support
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Probes and Signatures of new physics at colliders

TH

With such an exciting and vast landscape ofvpossibilities,
the breadth of the experimental program is of paramount importance

O
W/Z mass Flavor physics pdf
W/Z couplings Strong
'ntemc“on Jets
) n Properties
s EW Big Questions
Gauge Evoluti £ aarly Url |
Nature of Dark Matter s
Higgs mass Nature Origin of Neutrino Mass Missing £/p
. of Higgs Origin of EW Scale Production o
s Origin of Flavor Dark Matter Long lived particles
Rare decays Yo E Xpl ori ng ;:f,_.' 4
Top mass N
Leptoquarks
Top spin FCNC New scalars Heavy neutrinos

Pagan Griso, Snowmass 2022

| ___all sectors of the SM and its extensions
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Higgs is a fantastic probe to unravel current HEP mysteries |

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

Snowmass 2022
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