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- The Standard Model Works!

Symmetry + Symmetry Breaking pattern
SUD x SVE), ¥ UMYy — SU»H X \N
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“Matter” content (DoF actually present)




The Standard Model Works!
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- The Standard Model Works!

511 keV

105.7 MeV
1.78 GeV Equivalent to Yukawa couplings, 13 parameters!

1.9 MeV . ,
> .

Ty Higgs potential: v & mH

87 MeV

192 Bed Lb 15 out of 19 parameters in the model are

4.24 GeV

1735 GeV HIGGS PHYSICS!

ggs vacuum expectation value | 246 GeV

iggs mass 125.09 £+ 0.24 GeV



- The Standard Model Works!

Electron mass 511 keV

Muon mass 105.7 MeV
Tau mass 1.78 GeV Equivalent to Yukawa couplings, 13 parameters!
Up quark mass 1.9 MeV > Wi a1l

Down quark mass 4.4 MeV nggs pOtentlaI' v & mH
Strange quark mass 87 MeV

Charm quark mass 1.32 GeV L 15 out Of 19 pa rameters in the mOdel are

Bottom quark mass 4.24 GeV
Top quark mass 173.5 GeV H |GGS PHYS'CS'
CKM 12-mixing angle
CKM 23-mixing angle
CKM 13-mixing angle

CKM CP violation Phase

U(1) gauge coupling
SU(2) gauge coupling
SU(3) gauge coupling : - i

00D o angle. Understanding the Higgs = Understanding the SM
Higgs vacuum expectation value | 246 GeV

Higgs mass 125.09 = 0.24 GeV

(If you include as Dirac fermions, you get an extra 7
parameters, all equivalent to Yukawa couplings)



The Standard Model (recent tests)

[ XA
k. is a free parameter
— SM prediction

Leptons Quarks
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Force carriers Higgs boson
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(Run 2 ~ 139 fb1)
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Particle mass (GeV)
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[ XA
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— SM prediction
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The Standard Model (recent tests)

$ o= x,

k. is a free parameter

— SM prediction

Force carriers ngqs boson

i - il

100 101
Particle mass (GeV)

Who knows?!

(Run 2 ~ 139 fb1)




The Standard Model (recent tests)

# Discovery % LHC Run 1 o= This paper
— 68% CL ===95% CL { SM Higgs

(Run 2 ~ 138 fb1)




The Standard Model (recent tests

138 fb™! (13 TeV)
® Observed [ ] +1sd. (stat)

= +1 s.d. (Stat @ syst) [ +1s.d. (syst)
— 12 s.d. (stat @ syst)

Stat

1.02 +0.08 +0.05
1.04 z0.07
1.10+0.08

0.92 +0.08

1.0173-18

0.17
0'99t0.16

0.92+0.08

(Run 2 ~ 138 fb1)

0.21
1 '12t0.22

0.34
1 '65t0.37

1.0 1.5 2.0 2.5 3.0 3.5

Parameter value




The Higgs Potential remains untested!

138 fb! (13 TeV)

K=k, =ky=1 — Observed Median expected
—— Theory prediction B8 68% CL expected
95% CL expected
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The SM is not finalized!

Neutrino Oscillations masses for the neutrinos (sub eV)

v -
For all other fermions: Eywqud)R we never observed a right handed neutrino
bThis DoF was never included in the SM



The SM is not finalized!

Neutrino Oscillations masses for the neutrinos (sub eV)

v -
For all other fermions: Eywqud)R we never observed a right handed neutrino

Massless spin }, =— \assive spin %

New DoF NEEDED!



The SM is not finalized!

( ) solution: Right Handed Neutrino & Dirac Neutrinos
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https://arxiv.org/abs/hep-ph/0503086

The SM is not finalized!

( ) solution: Right Handed Neutrino & Dirac Neutrinos

am No color, no charge, no hypercharge, no isospin!

Only interactions: gravitational and Yukawa (10-12)

Only novelty: Dirac Neutrinos < | epton Number Conservation becomes “fundamental”!



The SM is not finalized!

( ) solution: Right Handed Neutrino & Dirac Neutrinos

am No color, no charge, no hypercharge, no isospin!

Only interactions: gravitational and Yukawa (10-12)

Only novelty: Dirac Neutrinos < | epton Number Conservation becomes “fundamental”!

solutions: possible near term observations

L} Masses from a new scalar; extra dimensions (KK modes);

The many types of see-saw (imply Majorana Fermions). ‘ l



The SM is not finalized!

The of mass models:

Ce~n1, A 10 Gev

Lepton number violation!




The SM is not finalized!

Lepton number violation!
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The SM is not finalized!

Lepton number violation!

Can we get answers? YES
Are we guaranteed to get answers? NO ,

MENTS NEEDED!
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~ The SM is not finalized!

There is Dark Matter (Problem? Probably yes.)



The SM is not finalized!

Can it be... Modified Gravity?

Gas shinning TR e e + 1+ 5 Visible Galaxies
in X-Rays . :_-... . | .“'.,'- ... ‘. ¥ .;-. .: ' S

(that is by il ..' s S '_»:’ff-.'-_. L

where most SRR e e AR

of the
baryonic
matter is)

This is where the

| gravitational well

2 o | isdeeper

(according to

lensing). We

" . i ..~ "+.  believe this to be

B e e " ws - . .  thedistribution of
B e s, Y " Dark Matter

-.\ bt o 4

Source: éhandra X-Ray Observatory



The SM is not finalized!

Can it be... Compact Objects?

rimordial Zlack Holes still not
R directly excluded.
(theoretical issues with

N production are unresolved)
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The SM is not finalized!

Can it be... Some SM particle?

No electrical charge or strong interactions (QED or QCD) 7

Zboson



The SM is not finalized!

Can it be... Some SM particle?




The SM is not finalized!

Can it be... Some SM particle?

No electrical charge or strong interactions (QED or QCD) g . . M
electron muon tau Higgs
neutrino neutrino neutrino boson

Stable in cosmological time scales a % !V‘

neutrino MR neutrino

Cold Dark Matter (= GeV)

e
*
... or maybe “Warm” (= keV) B ' '™
e R No candidates for DM in the SM!




The SM is not finalized!

new particle with sufficiently weak interactions w/ SM

( )

W™

DAMIC (2020)
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XENON1T (2019)
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The SM is not finalized!

WIMPs (from many models: MSSM, Higgs or Z portals, Extra Dim.,
Composite Higgs, Little Higgs, ...); Axions and ALP; Dark Photons; Sterile Neutrinos;
Complicated Dark Sectors (Mirror DM et al.);

Indirect Detection
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Production at Colliders




ULTRALIGHT
DARK MATTER

Mass range

~1to ~30
solar masses

Mass range

~10-22 gV to ~1076 eV Experiments

LIGO/Virgo
Experiments

10-12
CASPEr, MAGIS-100

WIMPs

Mass range
~1 GeV to ~1 TeV

l@te ‘ ol :
‘ | : PRIMORDIAL
\ : BLACK HOLES

Experiments
XENONRNT,
PandaX-4T,

LZ, CRESST, DAMA,
COSINE-100

Dark Matter
Be?

1012

-~
10-¢ )'
3D\ AXIONS \ — /
g)Q)oo Mass range
~10-% eV to ~10-3 eV

Experiments
ADMX, MADMAX,
QUAX, CAPP-8TB

SUB-GeV
DARK MATTER

Mass range

~1 keV to ~1 GeV
109 )
Experiments

SENSEI, TESSERACT

106

108



The SM is not finalized!
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DarkSide-LowMass, SBC, 1000
ton-year liquid xenon, ARGO

New Technology

Operatmg

—
(@
|

Q0

Planning

—
(‘--:_‘
o
QO

d
-
s
o=
b
o
oV
[92]
92]
[92]
')
]
o
-
s
o)
L
<
-
3
~
¥
-
-
(4w
f_l
<
Y
i
(qv)
T
e
5]

10° 10! 10? ,..R
L 2

Dark matter mass [GeV/c?]




i
&,
o
@]
B
v
b}
W
73]
wn
o
=
v
o
o
5}
]
|
=
§
—
o}
—-—
-—
g
—t
—
lqv!
o
[a—
N

—
@)

—
(@

—
e}

e
Q0

.
%]

The SM is not finalized!
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New Technology

Currently excluded

Operating

Planning

el

Operating: LZ, XENONNT,
PandaX-4T, SuperCDMS SNOLAB,
SBC

Planned (up to 2035):
SuperCDMS,
DarkSide-LowMass, SBC, 1000
ton-year liquid xenon, ARGO

0D
xw Can we get answers? YES
Are we guaranteed to get answers? NO

EXPERIMENTS NEEDED!
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The SM is not finalized!

Other “missing” phenomena:

* Baryogenesis: not enough CP, SM lacks a strong phase transition

( )

* Quantum Gravity? Gravitons? ( )



The SM is not finalized!

Other “missing” phenomena:

* Baryogenesis: not enough CP, SM lacks a strong phase transition

( )

Can we get answers? YES
Are we guaranteed to get answers? NO

EXPERIMENTS NEEDED!

* Quantum Gravity? Gravitons? B in v e roenvenTLansvers Notsosoon..—



~The SM is not understood!

Despite the good fit, we would like deeper explanations to quite a few points:

e Non-Perturbative QCD and Confinement

( )



-~ The SM is not understood!

Despite the good fit, we would like deeper explanations to quite a few points:

* Physics of Flavor / Family structure

(




-~ The SM is not understood!

Despite the good fit, we would like deeper explanations to quite a few points:

* Physics of Flavor / Family structure

(

* Fine tunings:
e Strong CP Problem ( )

 Cosmological Constant



~The SM is not understood!

Despite the good fit, we would like deeper explanations to quite a few points:

* Physics of Flavor / Family structure

(

* Fine tunings: Can we get answers? YES
Are we guaranteed to get answers? NO

EXPERIMENTS NEEDED!
e Strong CP Problem (

> COsmOIOgical Consta Nt Can we get EXPERIMENTAL answers? Not so soon...



~The SM is not understood!

Despite the good fit, we would like deeper explanations to quite a few points:

* Physics of Flavor / Family structure

(

* Fine tunings: Can we get answers? YES
Are we guaranteed to get answers? NO

EXPERIMENTS NEEDED!
e Strong CP Problem (

> COsmOIOgical Consta Nt Can we get EXPERIMENTAL answers? Not so soon...

* Hierarchy between Electroweak scale and the SM cut-off



Hierarchy and Scalar masses, a toy model

A scalar, a fermion and 3 parameters:
O(/ _ _g\_ 3”’5[) ()/’75 — %(}sl + q(&é/— MW-@“’W’

Under which conditions (m, M and y) can | have a scalar much lighter than the fermion?

m << M is not enough!



Hierarchy and Scalar masses, a toy model

A scalar, a fermion and 3 parameters:
(L0990 T(ed-mt-y97y

Under which conditions (m, M and y) can | have a scalar much lighter than the fermion?
U}

Integrate out the fermion:
o
_______ @-----9 the cut-off for
this EFT
1 : 1 3y N g
(=L (1—\vgug -2(m-200 g
Y 8l A\ N



Hierarchy and Scalar masses, a toy model
Low mass scalar: O(/ . {(1 _ ‘8%\\ Y, d _%(T,\A_ }_3%‘:(!_\1) .

2 pY . v m> Which we understand |~ there is a
M << /\’\ m NZS " symmetry demanding it



Hierarchy and Scalar masses, a toy model
Low mass scalar: O(/ . {(1 _ ‘8%1(\\\ Y, d _%(T,\A_ }_?éi‘/‘:(z_\l) .

2 pY . 2 s> Which we understand |~ thereis a
M << /\'\ m NZS " symmetry demanding it

The (minute) details of the UV theory set the IR theory:

(



~ The SM is not understood!

The Higgs is sensitive to new scales above the electroweak scale

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass

| ! }

[ 1 III:iI1| L | ||.|I.I LAl !!I.Ii.‘ i | .|.|l|I | I.I.I.!I LU I_II:!I1| Ly !II.II1| W NTTIT . EI.II* | E.I.!II. ;!I.II.‘ l I.I:II: 1 .I.I[I | III:I1| LN III.III| LiEn | II.I!.I NITITT !I.I!.I | !.I.IL. 1 .I.IIi l I.I:III L I_II.|I+ L | II.||I| T T
107 GeV 10~° 107° 107" ~‘ 10’ 10" 10" 10"

Neutrino Masses? DM?
Flavor? CP Violation?




~The SM is not understood!

T hypothesis:

- : 30
My ~ \/W CQeV Fine tuning of 10

mzwp ~ 125 GeV

he
A2
my ~ — K
& + 1672

A ~ 10'® GeV (M)




~The SM is not understood!

The hypothesis:

A2
167

: : 30
my, ~ \V/—k + 1034 GeV Fine tuning of 10

m; " ~ 125 GeV

mp ~ \| —K +

2
A ~ 10" GeV (M,)

The hypothesis (a.k.a. ):

A2 SV aREETYRERY] k= 0(10%), no fine tuning!
i \ R 1672 h B

m; "~ ~ 125 GeV

A~ 102 GeV




~The SM is not understood!

The hypothesis:

A2
my ~ | —K
4 ™ 1672

mp ~ \/W GeV Fine tuning of 10-3°
m; P ~ 125 GeV

hypothesis (a.k.a.

A ~ 10'® GeV (M,)

Kk = 0(10%), no fine tuning!




- The SM is not understood!

. Itis really solved in some far away UV (separaticiicf scales) ‘




~The SM is not understood!

. Itis really solved in some far away UV (separaticiicf scales)

: Cancel loop corrections (SUSY), bring the cut-off down (composite Higgs
as a pNGB) or some dynamical mechanism for the Higgs VEV (Relaxions). £

o |




~The SM is not understood!

. Itis really solved in some far away UV (separaticiicf scales)

: Cancel loop corrections (SUSY), bring the cut-off down (composite Higgs
as a pNGB) or some dynamical mechanism for the Higgs VEV (Relaxions). £

No sign of new Physics around 1 TeV! ,.K l

L A=5~10TeV ( ) fine tuning of 1%
(

: Exclusions from simplified models leave blind directions



~The SM is not understood!

. Itis really solved in some far away UV (separaticiicf scales)

: Cancel loop corrections (SUSY), bring the cut-off down (composite Higgs
as a pNGB) or some dynamical mechanism for the Higgs VEV (Relaxions). £

No sign of new Physics around 1 TeV! ,.K 1

L A=5~10TeV ( ) fine tuning of 1%
(

: Exclusions from simplified models leave blind directions

Global fits SMEFT/HEFT are BETTER!
(and underway)




The Energy/Luminosity frontiers

: 3000 fb?

-—
o

' 1
o~ l Aprox. 350 fb

¢ Only 5% of total LHC dataset delivered

— already ~8 million Higgs bosons per experiment
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The Energy/Luminosity frontiers

: 3000 fb?

Goals: Higgs mass (o ~ 10-20 MeV, 0.01%), Higgs Width (c ~ 20%)

Vs = 14 TeV, 3000 fb™ per experimen

Higgs couplings:
g8 pling = Total ATLAS and CMS

T Statistjcal HL-LHC Projection
—— Experimental

Uncertainty [%]
Tot Stat Exp Th
1.8 08 1.0 1.3

1.7 08 0.7 13
15 0.7 06 1.2
25 09 08 21
34 09 11 31
3.7 183 13 82

9 09 08 1.5

3 3.8 1.0 1.7

.8 7.2 1.7 64

r”ll\
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The Energy/Luminosity frontiers

: 3000 fb?

Goals: Trilinear Higgs Coupling:

ATLAS and CMS HL-LHC prospects

SM HH significance: 40

0.1 < k1 < 2.3[95% CL]
0.5 < k1 < 1.5 [68% CL]

3 ab-1 (14 TeV)

— Combination

bbZZ*(4l)

bbVV(viv)




The Energy/Luminosity frontiers

: 3000 fb?

. i ) ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
Goals: Trilinear Higgs Coupling: .
SM HH significance: 40

0.1 < k1 < 2.3[95% CL]
0.5 < k1 < 1.5 [68% CL]
Ve

Can we get answers? YES (would | bet on it? No.
Are we guaranteed to get answers? NOT at ALL

— Combination

bbZZ*(4l)

bbVV(viv)

EXPERIMENTS NEEDED!
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The Energy/Luminosity frontiers

| International
\UON Collider
/ Collaboration

100 TeV (pp),
90-350 GeV (e*e’)




The Energy/Luminosity frontiers

Pre-CDR & CDR R&D and TDR Construction Data taking
(2013-2017) (2018-2022) (2022-2030) (2030-2040)

e*e” Higgs (Z) factory
Ring length ~ 100 km

240 GeV (e*e’)
(maybe 360 GeV)




The Energy/Luminosity frontiers

Can we get answers? YES =
Are we guaranteed to get answers? NO International

EXPERIMENTS NEEDED! /- \UON Collider

/ Collaboration




- The Future of Particle Physics

EXPERIMENTS NEEDED!



- The Future of Particle Physics

(the student)

We are watching a paradigm change:
of Particle Physics or QFT | )

* Butof Particle Physics!



- The Future of Particle Physics

(the student)
Proton (1919)
For many decades we were in a “Confirmation Phase” of the SM Beta decay spectrum (1927)
Neutron (1932)
e After a few “chance discoveries” (exploratory science) Muon (1936)

Kaon (1947)

e We the electroweak sector!



- The Future of Particle Physics

(the student)
Proton (1919)
For many decades we were in a “Confirmation Phase” of the SM Beta decay spectrum (1927)
Neutron (1932)

 After a few “chance discoveries” (exploratory science) Muon (1936)
Kaon (1947)

e We the electroweak sector!

* Weak interactions (preserved by QED and QCD)

5 ce L LO contributions given by operators generated at the ~100 GeV scale.

Flzvor !



- The Future of Particle Physics

(the student)

Now we are entering a new “Exploration Phase”



- The Future of Particle Physics

(the student)

Now we are entering a new “Exploration Phase”

%
* We need to look everywhere ( ) \
Lets!Splitv UpIG ang!



- The Future of Particle Physics

(the student)

Now we are entering a new “Exploration Phase”

%
* We need to look everywhere ( ) b
Lets!Splitf UplG ang !’_

* |f you are a experimentalist: !



- The Future of Particle Physics

(the student)
Now we are entering a new “Exploration Phase” ()
* We need to look everywhere ( ) N -
Lets!SpIit- U;\)Elang!_

* |f you are a experimentalist: !

 |f you are a theoretician: | ) experiments
L} Measurement proposals, background estimations, N"LO calculations and model independent fits
are all needed!

Overcommitting to your favorite model or building new ever-increasingly “parameter rich”
models is not a good strategy



- Thanks for the Attention!
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