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Timeline of particle discoveries
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Over the last 150 years, new particles have been continually discovered,
marking a triumph for particle physics made possible by the increasing
support and investment in collider machines



Turning point

The discovery of the Higgs boson is a turning point. We have now a
self-consistent theory that can be extrapolated to very high energies.
Any new discovery of a new particle will mark the start of a new era

Combined results: the excess
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Other key discoveries

Discoveries are not just about new particles

A selection of other groundbreaking discoveries

- Dark matter (1930)

» Cosmic microwave background radiation (1965)
- Observational evidence for black holes (1971)

» Accelerating Universe aka dark energy (1990)

- Neutrino oscillations (1998)

» Detection of gravitational waves (2015)

Many of these discoveries arose from observation, rather than being
prompted by the need to address specific theoretical questions



Problems

Matter-antimatter asymmetry

Phenomena unaccounted for in the SM

Dark matter Dark energy

Axions?

Proton decay

Parity violation

Flavour mass hierarchy

EW hierarchy problem

Why 3 generations? Gravity?
Why SU(3) x SU(2) x U(1)?
)




Key theory questions

The role of theory in guiding experimental endeavours through
fundamental questions remains undisputed.

- W
- W
- W

nat stabilises the Higgs mass? aAtLas, cus ...
nat solves the strong CP problem? apwix, casT, 1Ax0 ..

nat generated the matter-antimatter asymmetry? ALicE, Belle Il, Daya

Bay, LHCb, NA62, T2K, ...
 What is the nature of Dark Matter? Lux, XxENON, DarkSide, Super-CDMX ...

- What drives the expansion of the universe? Hubble, Planck, DES, LSST ...

* Is there something behind the hierarchical flavour structure? seie 1,
Daya Bay, KOTO, LHCb, Mu2e, NA62, T2K, ...

Trying to answer these theory questions has been shaping

a very rich and diverse landscape of experimental activities




Residual Rate [epd /kg/keVee

Experimental richness

In this landscape, the importance of diversification and redundancy in
experimental activities can not be understated.

Example: DAMA/LIBRA
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LHC & future colliders

Compared to many other experiments, colliders are multi-purpose
machines. This partially lifts the responsibility of theorists to guide

experimental searches

At the LHC theory plays a crucial role in
1. Predicting signals and backgrounds = increasing sensitivity to
new phenomena

2. Guiding experimental searches = optimising final states and
observables
3. Providing a theory interpretation of signals

For the future, theory has a crucial in addressing the questions

« What should the next collider be?

 Given a collider, what should the requirements of future
detectors/experiments be?



1.Predicting signals and backgrounds
= Increasing sensitivity to new physics
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Theorist point of view

Largely based on factorization

Hard partonic scattering
PDFs/underlying event

Jets/substructure




Theorist point of view
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NNLO timeline

Antenna
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The dream is to have NNLO fully automated for generic processes [Sotnikov] 13



NNLO timeline
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NNLO am
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NNLO am
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Complexity

Complexity grows with #loops and #legs. Masses add an extra dimension (and
level of complexity) to the problem

legs A
6
5 R
4
3

| >
) 2 3 4 loops
Example: NNLO correction to Higgs yd

loops
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00000 >
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® New/First results

/';hree—point function (3-legs) with 3 loops

and 3 masses = Talk by Nieggediedt

H/2+]

® Work in progress (mostly planar integrals)



Not just QCD

Talks by Bi, Kallweit, Del Pio, Hoppe, Zaro
Several mechanisms can enhance electroweak effects (not just %)

Field moving EW beyond NLO (mixed QCD-EW, Sudakov logs, QED
resummation...)

I
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Matching of EW to parton shower at NLO still open problem
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Hard partonic scattering

Progress beyond expectations = remarkable success of theorists

* Progress not due to cranking old machinery but driven by new
ideas and developments of new formal developments

» Strong synergies with formal mathematics

Many calculations eagerly awaited and in sight in the next five years

Talks by Devoto, Tancredi, Kallweit

In the meantime, very clever approximations help reduce theory
uncertainties together with solid validation methods

pPQCD well on track to keep up with experimental precision



Theorist point of view
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Parton shower

1 TeV

100 GeV

Energy

degradation
10 GeV-

N e, B Hadronisation
nkKnpp..... KnnKnm

from Ravasio/Ferrario

Talks by Hoppe

Parton shower:
Energy degradation of
particles from the hard

collision, producing
more particles during
evolution

Also progress in simulation of
Dark Showers

Talk by Scherb
19



Modern parton showers

Parton showers are ubiquitous at the LHC

The development of parton shower has seen a dramatic change Iin
recent years. Key new elements of modern parton showers include

* Improvements in the accuracy of the parton shower
* Numerical procedure to validate the accuracy

» Understanding that some parton showers have lower accuracy
= can be disregarded when assessing theory uncertainties

A revolution in parton shower developments is
ongoing. Will be crucial for Run 3, HL-LHC and FCC.

20



Parton shower matching

Different methods developed. NNLOPS with leading logarithmic
accuracy in the shower well understood

UNNLOPS.  H Z

WH H - gg
E : : 5 5 : : 7?’2325‘@ﬁv

NNLOPS = H < WH|  zH | Hebb

' | f ' '  WW = |

_______ i i i E i ; i i 5 5 5 5 Ly
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Geneva L

IN
PROGRESS

L

Not yet clear how to preserve accuracy of

more accurate showers in the matching
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Theorist point of view
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Towards N3LO PDFs

First approximate N3SLO PDFs are available:
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! HERA Tevatron * LHCRun1(3om"H : LHC Run 2 (150 o) ' RUN 3 + HL
’ '
1991 1994 2002 2004 2008 2000 2010 E 2012 2013 201 ) 01 202 2021 202 (
H '
CTED? CTEQé CTEQ6.6 cT10 |} CT10 P CT14 CT18 CT18As(_Lat) CT18FC
‘ I
:
. :
MRS MRSTO2 " MRSTo4 || MSTWos MMHT1§ MSHT20 msyf20aN3LO MSHTaN3LO_QED
A A
: : *
- L)
- L)
' '
- \ e
- NNPDF1.0 NN2.1 . NN2.3 NN3.0 NN3.1 NNPDF4.0 NNPNE4L.OFC NNPDFaN3LO
'
; ABKMO09 ' ABM11 || ABM12 | @ ABMP16
' .
]
Image Credit ' s
Jun Gao . HERA2.0 ATLASpdr21

Yet, many ingredients for N3LO accurate PDFs are missing:

» Splitting functions 8 * DIS massless partonic coefficients Q
df; DIS massive partonic coefficients
w2 = p, (42) &) o

(x.0%) = Z 2+ ®F (x.0%)
* VFNS matching conditions Q

f_(”f+1) (x, ’uz) = A, (x, as) ® fi(nf) (x, ”2) * Hadronic coefficients at N3LO 8

1




Towards N3LO PDFs

Similarities

Differences

Include available N3LO info at time
of publication

Include theoretical uncertainties for
missing pieces

Own approximations used for each
plece
Different methodology for theory
uncertainty.

Largest differences in gluon PDFs (several percent in Higgs region)
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See also talk by Ubiali o



Theorist point of view
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Photon PDF

Because of QED effects, photons (and leptons) can be found in protons

Thinking outside the box, it was possible to reduce the uncertainty
on the photon PDF from 100% to about 1%

08 " —rrrr—r—rrrrrm 0.8 0 T o
up valence B |- up valence B9 |-
photon x 10 =—— |- photon x 10 =—— |
06 F 0.6

Z24adNN 8 "\n Jc

10} pabxN1 %

0} €

04 F

x filp (x, py?)

02 F 0.2

O -~
0.001 0.01 0.1 1 0.001 0.01 0.1 1

Photon became the best known parton in the proton
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LHC as photon collider

Opens up many new research directions

- LHC as a photon collider = photon-induced dilepton production

* Photo-nuclear reactions, including vector-meson production
* Photon-photon induced processes in Heavy lon collisions

- LHC as photon collider also for BSM searches

- Leptons in the protons = new search channel for leptoquarks

(resonant LQ prod UCtiOﬂ) Talks by Wilsch and Reimers

Pb P Pb , A
- Pb Pb* ¢ ¢ See e.g.:
. 8-
gl f Y e Y
A\ A q q )
J
7 f Y g Y .

Ph Ze Ph Pb Pb® quark-lepton fusion /

Talk by Lang

| resona nt production

Proof of extraordinary versatility of LHC
experiments and of synergy with theory! 27



Int of view
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Theory master formula

Factorisation implies the following form of hadronic cross sections

dé}' na
doOpPP—final = dr1drod®@ana fi(@1, pe) fi (22, pe) AL ) s
dq)ﬁnal

i,j,final

Parton distributions functions Partonic cross sections

Extracted from data at various Expansion in the coupling
experiments/energies. PDFs are constants (LO, NLO, NNLO, ...),

universal and their evolution is also including enhanced all-order

perturbative (LO, NLO, NNLO, ...) terms (LL, NLL, NNLL, ...)

29



Theory master formula

Factorisation implies the following form of hadronic cross sections

dUPP—)ﬁnal — Z /dxldx2dq)ﬁnalfi(x17:u%’)fj(x%:u’%’)-@cuts-
i,j,final

30



(Xs frOm pt,Z
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Total +0.00084 -0.00088
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as World average

Uncertainty on as (and PDF) can be the
dominant source of uncertainty

Procedure to compute worlds average in

PDG:
* subdivide observables in categories
» provide an average for each category

* provide an average of all categories
= the world average of as

[as(Mg) =0.1179 + o.ooogj

(- ) )
as(M7) = 0.1182 £ 0.0008 (lattice)

Las(Mg) = 0.1176 £+ 0.0010, (without la,ttice)J
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as from lattice

Traditional lattice simulations face multiscale problem

Talk by Del Debbio

HPT
ﬂﬁ‘;l Kad ﬁ
| | | >
' lihad ~ 100 MeV Lipp ~ 100 GeV
— AEXP v HPhad v MPT A
A=Mqy" X Mg, X.UhadX,UPT
Recent idea: iterative finite size
. . g2 (1) r— oo(u) = g* (o) w=3? (1) pro=pin /2
scaling procedure, with step 7 L oL e
scaling function 7
1

This work ° LO — 2L1

FLAG 21 °

HPQCD 10 °

Molman 08 .

HPQCD 10 = Dominated by statistics,
TUMQCD 19 T .

| Mala20 — expect improvement soon.

ALPHA 17 ®

(,).llle') ().111()' ().1117 (,).1118 (,).lll‘J ().112 ().£21 0.122

as(My)
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HVP to (g-2),

A tension between theory (lattice) and theory (R-ratio)

Talk by Del Debbio

| lattice avg —eo— |

R-ratio —&—
< 5.00 >
+—eo— .
Significance will likely decrease Fermilab 1+2+3 WA lattice | ——
with an updated SM prediction (2023)
¢ 510 >
° —o—+ < 4.00 >
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020 This work | ——
b
with White Paper (2020) Colangelo et al.’22 | ——
@ ’
SM: e+e- HVP BMW’20 ——
using only CMD-3
data below 1 GeV \ , | )
17.5 18.0 18.5 19.0 . 19.5 20.0 20.5 21.0 297 230 233 236 239
a,*x10 —1165900 -
: 10" x a oin

The devil is in the detall. Work in progress between theory and

experiment to clarify this = something exciting to keep an eye on
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2.Guiding experimental searches
= optimising final states and observables
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Jet substructure

Talk by Caletti, Moult, Nguyen
Insight from formal theory is revolutionising our understand of jets

Example: ener rrelator
ampie: energy correlators <fég§g§’> N <@g> ~ 70— (3)
B T T TTIT] T T T T TTT] T ] 1¢2 <@ >
1.4~ ALICE and CMS —
~ preliminary _ o BT ' 'D]t' .
1.2 — {6l— PpVs=13Tev TR |
B B | anti-ky, ch-particle jets —— pQCD NLL
—~ B . {4l— RA=04,n |<05
~ 1= ] . | 60< ™' 80 GeV/e
Q)\) B 7 M|~ 12 pP7>1GeVic
™ 0.8: —] Q,E)\] Q}E)\] L
&‘)/ - 5 W . B
0.6— — T 0.8/— |
| - (,\) ~— I —|——|—
04:— - . e
: - 04l
0.2_— ] 0.2_ |
u - 10 10

The design of good jet algorithms is therefore
more a craft than a deductive science.

Jet substructure as precision science

Banfi, Salam, Zanderighi (0601139)



Substructure & jets iIn medium

Talks by Andres, Barata, Ehlers, Go, Takacs

. P T,i P T.j .
2-point EEC = S(R; — Ry) EEC 1n proton-proton
i _ ALICE Preliminary preliminary
2-point EEC =S [ ppis=502Tev 5
34 Ux Uy Anti-k, ch-particle jets, R = 0.4 ]
____________ 5 [ 40<p]" <60GeVic,In | <05
E3 E4 =2 6 P} paft)> 1.0 GeV/c ] . -
¢ paia
Bk | 5= HP2023 e
R ‘ .
Rl2 R34 g
= great candidate for heavy-ion B -
substructure program due to = -
excellent theoretical properties Jiiadrons €= POCH .
107 107
RL
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W mass

Talk by Bozzi

Extraction of W mass to the current level of precision without
precision theory predictions unimaginable

Overview of m,, Measurements

LEP Combination H. # : () - — T T T T T T [ T 1 L e e e
I op-ex1060501" ATLAS Prellmlqary " % - ATLAS B v, — 80360 - 0016 GoV -
_______________________ \'s=7TeV,46f7" : | (5 80.5—Preliminary BN m, = 172.84 = 0.70 GeV —
DO (Run 2) i = - - my, = 125.09 = 0.24 GeV i
ArXIv1203.0293 ] f B s 68/95% CL of m, and m, 7
| | ; 80.45 =
E:EEI\I:IL(II\:;%JP%82—22254-PPD E i . . o : :
___________________________________________________________________________________________ 80.4] -
R 2022, - e m = =
80.35— _ o
ATLAS 2017 : v : - i
arXiv:1701.07240 @® Measurement : _. @ == B e ]
[Jstat. unc. L] 803 a 68/95% CL of Electroweak |
ATLA B Total Unc o Ry Fit w/o m,, and _
TLAS 2023 . : el : B (Eur. Phys. J. ¥ 74 (2014) 3046) ]
ihis work ' 'SM Prediction — - |
______________________ | ] : I 80.25 IR A T B S R
80200 80300 80400 165 170 175 180 185
my, [MeV] m, [GeV]

The current situation on the W mass is one of
discrepancy between different experiments.
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Talk by Bozzi

NLO+NLL

NNLO+NNLL

NNLO-+N3LL
pseudo-experiment syst-+stat
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/
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i G000
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Effective field theories

At the LHC

In W as in watchmaking, talent and elegance mean nothing without rigour and precision.
Lionel Messi
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Effective field theories

The physical idea behind EFTs, scale separation, is ubiquitous:

,
‘ ‘\\? ‘T 7
| | &
e
- bon 60 (0.7
Football (approximately 22 cm) R.Drautz
Tm 10"'m 102m (=1cm) ( 10"m
| | | I |
| | | T |
Pet flea (1 n hair (80 pm) R d bI od cells (7pm)
Aarshall
’dﬁ:-). -
| | | | | | |
| | | | | | |
100nm 90nm 80nm 70nm 60nm 50nm 40nm

ETFs on one hand allow to achieve precision by neglecting irrelevant
details, on the other hand ETFs allow to probe sensitivity to higher
scales anticipating possible discoveries.
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Effective field theories

The physical idea behind EFTs, scale separation, is ubiquitous:

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass
11} lH'Jlll ..‘IL; lll.ll.l BRI | HJ.H.I H.I.Ii ;.l.ll‘ )l.l‘li LI lll‘Jlll LLLN lll.JllI Ll .H.l}l..mll ;‘.I.lli ll.l‘ll] 1 .l.ll‘ lllillll Lo lllLIlll LLLINN lll.ll.l Lol ‘.!l.l!.‘ H.l.li 1 .I.ll‘ ll.l.‘li LI lllJl}...JA.L HlJllll..Ldl LU
107 °GeV 10~ 107 107! 10° 10’ 10" 10" 10"
SUSY particles?
Composite Higgs?
)
Leptoquarks? 2’77

WIMPS? ...7

ETFs on one hand allow to achieve precision by neglecting irrelevant
details, on the other hand ETFs allow to probe sensitivity to higher
scales anticipating possible discoveries.
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Effective field theory

Talks by Ambrosio, Apyan,
SMEFT: integrate out unknown, heavy states Biekoetyter, Chatterjeep,y
Callea, Di Noi, Fontes,
Lessa, Li, Rodriguez
2499 0(6) Sachez, Rojo, Thomas,
7

L~ L4+ Z s O§D=6) Thomsen, Vitti
i=1

Ci(6): UV Wilson coefficients (’)§DZ6) : IR sensitive operators

# of relevant operators reduced using symmetries and kinematic
suppressions. Still, lots of data needed to break degeneracies.

EFT as bridge to a new theory. Many UV theories share the same EFT
operators = calls for automation
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Effective field theory

Targets non-resonant signals, footprint of new physics:

q [ Talk by Rojo

SMEFT "“signal” >
S <

Ey ye A E

Most interesting: new Lorentz structures, helicity selection rules, interferences ... .



Effective field theory

Many theory issues to be addressed:

e Assumptions about flavor & other symmetries (e.g.,@lEJ in Higgs sector)

Definition of representative scenarios and benchmarks

Relevance of dimension-eight contributions and applicability of EFT

to high pt processes

e EFT validity, flat directions and correlations

e Dependence on input schemes

® Theory constraints (unitarity, positivity, etc.)

e 2P terms integrate to 0 in interference terms for CP even observables
e Consideration of beyond-SMEFT EFT frameworks

e jointly fit PDFs and Wilson coefficients
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EFT & flavour

energy

Talk by Cornella

The dream:
from EFT footprints reconstruct UV theory A 1

A

In flavour sector: 9

» Use flavour and hierarchy as guide
* Flavour universal NP no longer natural v
NP models distinguishing 3rd generation My o

are motivated targets for future exploration g
 FCC-ee can add a lot to FCNC
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Caveats and prospects

Complementarity of flavour, EW and high-p: colliders, and great

potential of Tera-Z machine (e.g. FCC-ee) Talks by Gornella and Rojo

m Flavor (down) M Flavor (up) m EW ® Collider U(2)* flavour symmetry

10
|HD | Yuk. Hy Dip. lq qq a4 ledq

Eloop = -
1672
Allwiche
Isidori,
6 - arXiv:2

TeV

b
1

0

S8 RTIR S B8 S wIBWPIER B S I Y OV &2 I S BT S OIS R
~ —_— 0 o~ —~ o M N =" — S A~ T < T A k4 o e ) A CEE m "g—,_-‘ "‘:&' RS
W WU AN AT TN 0 U 2R s s s R s S Ay SRS S RO
AP N TN SN T T AT R NTNT N (8)
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BSM in the bulk?

4 Category (A):
L L7z

~ log N

- Neutrinophilic scalar ¢
- Heavy Neutrino v, .

Talk by Franceschini, Thamm

"hard” new physics
where everyone is looking

Category (B):
- Hadrophilic Z'
Category (C):

my, analysis :
W circa— ps
sub — electroweak electroweak supra — electroweak
s My Z My > My,

: Every SM !
i measurementisa |
inew physics search |

Every BSM
search is a SM
measurement

Get rid of this
dichotomy in a
systematic way?
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Jet flavour

Example: LHCb charm-jet definition LHCb 2109.08084

» reconstruct jets with anti-k: algorithm
* require that the leading jet passes fiducial cuts

» the leading jet is considered a charm jet if there is at least one
c-hadron satisfying ptc-hadron > 5 GeV and AR(jet,c-hadron) < 0.5

y 2 Pz Pe Pz Pe Pz
This definition is
infrared and
collinear unsafe
when applied to
massless charm
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Jet flavour

Old proposal: based on k; algorithm

Recent proposals:

Practical jet flavour through NNLO
Infrared-safe flavoured anti-k: jets
A dress of flavour to suit any jets

Flavoured jets with exact anti-k: kinematics

Goals
» anti-k: like kinematics

» infrared-safe to all orders

> flavour information,
e.g. for jet-substructure

> experimentally feasible

{ Whether these novel jet |
| definitions will be used in §
| experimental analyses |
{ remains to be seen ... |

Banfi, Salam, GZ’

Calettiet al.’

Czakon et al.’

Gauld et al.”’

Caolaetal.’

Talk by Caletti, Nguyen, Tancredi

06

22

22

22

23
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3.Providing a theory
iInterpretation of signals
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Events / 2 GeV

Events-Fit

Higgs discovery

Higgs: a theory independent discovery

CMS \s=7TeV,L=5.1fb";Vs=8TeV,L=19.7 fb"
=LA L L L 1 T I T T T T T T L
7000 - Selected diphoton sample = = 35 * Data —
E R =126 GeV :
P * ga ta821<011F7Lt2(01 ; 126.5 GeV) E O© - i ° .
- ig+Bkg Fit (m =126.5 Ge - B * .
5000— NG eeeeeeees Bkg (4th order I:)olynomial) — ™ 30 L1222 ]
= " = ~ " g Bz 5
4000~ ATLAS Preliminary = ..(L) - -
s = C 25| ]
3000 — —] Q u ]
= - > B 7
2000 ;— \s=7TeV, JLdt = \\:: L 20 — ? ]
1000;—\s=8Tev,ILdt= —i 155 :
200 5_ PR S— PR TRSPRPRSPRIS W _E E E
200~ ‘ 3 10} =
e 44 e IR BNy : :
0 ; [ + T + T * + + = 5 [ | _:
100 5 + + + ¢ ¢t 3 % iy ul u l .
— - [ [T el T gy ]
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Higgs discovery

ATLAS

Vs=13TeV, 139 fb™ e—Total Stat.

my, =125.09 GeV, ly 1<25 Syst. SM

Total Stat. Syst.

O-et, p* <200 GeV ol 127 7913 (008,372
1-jet, p¥ <60 GeV == 066 ‘oz (*930 050
1-jet, 60 = p < 120 GeV o= 068 3q (032 .793;)
99 H (N9 1-jet, 120 = p* < 200 GeV == 143 0% (%00 o
= 24et, ¥ <200 GeV j=——= 154 0% (1043, 70%)
p'! =200 GeV —eo— 137 5% (158 106)
= 2-jet, 350 = m; <700 GeV, p!! <200 GeV Heo= 012 1080 (*045 Lo41)
2 2et, 700 < m; < 1000 GeV, p" < 200 GeV == 057 1088 (057 0%
99—~>Haq (WW") . 2.jet, 1000 < m; < 1500 GeV, p < 200 GeV o= 132 1084 (4050 4040
= 24et, m = 1500 GeV, p'! <200 GeV e 119 1045 (092 +023)
= 2et, m; = 350 GeV, p! = 200 GeV o= 1.54 gg} (tg'ié ,jg:gg
O-jet, p'! < 10 GeV o 093 038 (:080 +019)
04et, 10 = p' < 200 GeV ted 115 Y02 (1013, 1919
1-jet, p* <60 GeV o 031 1088 (1090 101%)
ggoH @z ~ ieL60=pi<120Gev o= 142 1052 (1050, 10%9)
1-jet, 120 < p'! < 200 GeV —e— 041 1084 (080 4028
> 24et, p! <200 GeV o 035 0% (1055 4023
P! =200 GeV = 241 50 (N2 07
vBF e 149 555 (050 000)
gq—Haq 2z Ziet, 60 < m; <120 GeV : _ : 151 55 (552 :70%)
= 2-jet, m; =350 GeV, p’ = 200 GeV N—eo— 0.18 1209 (+208 +0.18
VH-lep (22*) —e— 120 88 (555 501
f1H (22*) —— 173 570 (172,059
| 1 1 1 | 1 1 1 l | | | | 1 Il 1 | 1 1 1 I 1 1 1 l 1 1 | | | | 1 I 1 1 1 | 1 1
10 8 5 4 2 0 2 4 6 8

o X B normalized to SM value

Theory crucial for the
interpretation of discoveries

Charting the Higgs sector

* 5-20% accuracy in
many production/
decay channels

* Exploring the Yukawa
interaction

* First constraints on the
Higgs potential
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Higgs Iinteractions

Status and prospects of our knowledge of Higgs interactions with

known particles

no evidence yet
for interaction with Higgs

probably needs
future colliders

~ 125 MeV/c2

Higgs

First

no evidence yet
for interaction with Higgs

no clear route to
conclusively establish SM
couplings

=~ 2.3 MeV/c2

up

~ 4.8 MeV/c2

down

~(0.51 MeV/c2

electron

Second

~ 1.3 GeV/c2

Third

generation generation generation

= 173 GeV/c2

t

established

charm top

~ 93 MeV/c2 ~ 4.2 MeV/c2
strange bottom

~ 106 MeV/c? =~ 1.78 MeV/c2
muon tau

~ 80.4 MeV/c2

W-boson

~91.2 MeV/c2

Z-boson

first evidence

to be conclusively
established at the LHC
within 5-10years

Nature, 2022
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Higgs and New Physics

Seeds of New Physics in the Higgs Lagrangian:

L(¢) = (Dud) (D"¢) — pid|B* + NB|* + Yijohh b

_came 2 o - g = g < AP 52l S 2 < G
R e o P Py N D T

. Gauge invariant mass
. generation of gauge |
- bosons in the SM i

Talks by Dawson, LianTao Wang & Yikon Wang
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Higgs potential

V(6) = 11oP

V(g), SM

L +—Theorist’s assumption

the cornerstone of the SM, also connects

with the stability of the universe

Standard Model
potential

The Higgs boson is responsible
for the masses of all particles. Its
potential, linked to the Higgs self-
coupling, is predicted in the SM,
but we have not tested it so far

Establishing this assumption
IS a big answerable question,
a guaranteed pay-off
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Higgs potential

What did we establish so far? Talks by Dawson, Tancredi, Wang

V(¢), today an alternative
tential (schematic)

Standard Model
potential

what we
know today

U " St ab I N A— A ’/ o

universe

93
(@)
AW B

QG
N
—

Top mass (GeV)

~
(==}
T

Whether or not the Higgs

pote is.L table depends b
peTiSitively on precisign 120 universe
§ measurements of M,

—
D
()

Higgs mass
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Conclusions

e Remarkable progress from the theory side

Theorists are keeping up well with amazing experimental efforts

e So far, we have beautiful agreement between theory predictions
and experimental data, marking a remarkable success of the SM



Conclusions

e Remarkable progress from the theory side

Theorists are keeping up well with amazing experimental efforts

e So far, we have beautiful agreement between theory predictions
and experimental data, marking a remarkable success of the SM

When is the precision reached good enough?
When is it the time to stop?



Conclusions

But now, with the Higgs-boson found in 2012, their theory -
the “standard model of particle physics” - is complete. It’s
fine. There’s nothing missing. All Pokemon caught.

S. Hossenfelder, 2019



Conclusions

But now, with the Higgs-boson found in 2012, their theory -
the “standard model of particle physics” - is complete. It’s
fine. There’s nothing missing. All Pokemon caught.

S. Hossenfelder, 2019

The more important fundamental laws and facts of physical
science have all been discovered, and these are now so
firmly established that the possibility of their ever being
supplanted in consequence of new discoveries Iis exceedingly
remote. Our future discoveries must be looked for in the
sixth place of decimals.

Albert A. Michelson, 1894



Conclusions

Maybe we caught all pokemons, but the game is far from over.
We are getting ready to play the next level.

Colliders, i.e. high-energy controlled experimental setups, are the
best bet to address a varied of fundamental questions.

We face deep, fundamental questions.

Answering them will require to think big,
act bold, work hard and be patient!




