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The LHC: a discovery machine

The discovery of the Higgs
S B boson has been a turning point.
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With the discovery of the Higgs at 125 GeV, 3
for the first time in our history, we have a self- & | H
consistent theory that can be extrapolated to o
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Standard Model Total Production Cross Section Measurements

The LHC: a precision machine

Status: October 2023

B‘ 1011 -ﬂ~500“b71
A—O— . .
Q 340 b~ 80 bt ATLAS Preliminary Theory
| S}
SEETS V5=578,13,13.6 TeV LHC pp V5 = 13.6 TeV
< Data 29.0 - 31.4fb
o LHC pp Vs =13 TeV
10° o oo Bl Do 32- 14010
Ao LHC pp V5 =8 TeV
104 A Data 202-203Mb1
LHC pp Vs=7 TeV
BBl Dae 45-46077
103 o0
LHC pp Vs=5 TeV
To B BBl Dae 0255-03Mbt
102 A 8 o
v o ey e olo
Nl
1 v b n total n *0 oo
10 2fp o ﬂ
ih VBF '
VIV;/ &
1 5 I o s
VH
&
o - |
1071 tiH -
(xc.a)l wwz
(x0.2)
1072 n‘
PP w z tt t Wt H ww wz 7z t ttw  ttz it
Wwv
t-chan s-chan

S.Gori

e

13 orders
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As at the end of 2011
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LHC Run 1 & 2: Experimental and theoretical triumph



The LHC: a machine that challenges us theorists!

Overview of CMS EXO results
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The LHC: a machine that challenges us theorists!
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Overview of CMS EXO results
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Where do we go from here?
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There is not anymore a no-loose
theorem that connects naturalness
to discoveries at colliders.

+ stringent bounds on WIMPs.



A diversification of the field

HEP has dramatically broadened in the past 10 years

SUSY WIMP
Composite Higgs | Axion DM

Extra dimensions Dark sectors
Neutral naturalness Sterile neutrinos

Relaxion models Strongly interacting DM
Clockwork Feebly interacting particles

NNaturangss Primordial black holes
UV/IR mixing

shutterstock.com - 284214422

Effective field theories

Axions & Extended Higgs sectors
Axion-like-particles Leptoquarks

HEP is closer than ever to other fields in physics:
gravitational waves, condensed matter, atomic physics, ...

Stronger and stronger complementarity.

What can we discover next?

S.Gori



puzzles

Theory Observational

puzzles

S.Gori

Theoretical guidance

Nature of Dark Matter (DM)

Matter-antimatter asymmetry the known

Origin of neutrino masses unknown

Origin of the electroweak scale L

Flavor problem e

Strong CP problem e
No clear

.. "
Anomalies in data“ New Physics scale

(Hubble tension, (g-2)u, SBN neutrino anomalies, ...) associated to
these open problems

.............................................. A
Overarching question: the unknown
what is the unknown? unknown




Testing more particle physics

1. Tests of the validity of the Standard Model (SM). New
Particle physics is not only about the discovery of new particles. discoveries
It's about the laws of nature, which include the interactions and are relatively:
properties of the particles that we have already discovered. : frequent

---------------------------------------

2. Indirect discovery of heavy New Physics:

n P d — y
GF 179 L pe
Effective field theory (EFT) Full theory

New physics through the observation
of effects of virtual particles.

3. Direct searches (production+detection) of new particles both
above and below the electroweak scale.

S.Gori 7



1. New processes
of Nature
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Push Pull Magnetism
>
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Gravity Friction Acceleration



The future Higgs discoveries

“The Higgs is SM-like” but...
several processes predicted by the SM need still to be discovered

S.Gori



The future Higgs discoveries
“The Higgs is SM-like” but...
several processes predicted by the SM need still to be discovered

We need to understand if the Higgs interacts with the 2nd generation

Before the Higgs discovery, no evidence for
Yukawa force between fundamental particles

Now, we have established it and we are eagerly
awaiting for the discovery of the muon yukawa!
(the first coupling to 2nd generations!)

S.Gori



The future Higgs discoveries
“The Higgs is SM-like” but...
several processes predicted by the SM need still to be discovered

We need to understand if the Higgs interacts with the 2nd generation

Before the Higgs discovery, no evidence for

Yukawa force between fundamental particles
HL-LHC projection

3000 fb~"!

Now, we have established it and we are eagerly
awaiting for the discovery of the muon yukawa!
(the first coupling to 2nd generations!)

[ global (95% cL)

[ direct search (95% cL)
[ kinematic (95% CL)

B width (off-shell, 68% cL)
' width (int., 95% cL)

~2-30 evidence at Run |l A M exclusive (95% CL)
. . 3.0 x 103
Muon: Expected discovery at Run IIl. 1902.00134
~5% level measurement at the HL-LHC 100 100 10°  10° 100 10°  10° 107
projected coupling limit
Charm: IKcl < 8.5(12.4) ATLAS: 2201.11428 Lot of theory effort proposing new
" 1.1 <Ikel <5.5 (< 3.4) CMS: 2205.05550 methods to explore this Yukawa

Models that ameliorate the flavor puzzle can predict an enhancement of

second generation couplings (and all other couplings SM-like),
e.g. flavorful 2HDM 1507.07927, 1508.01501, 1908.11376

S.Gori




The future Higgs discoveries

“The Higgs is SM-like” but...

several processes predicted by the SM need still to be discovered

In the SM, the Higgs self-interactions are
fully determined:

m2 m2 m2
V(h) = —2h% + —Lp3 4 —Lpt
(R) 2 + 2v + 8v?2

We need to understand if the Higgs interacts with itself

V(¢)

an alternative
potential

Standard Model
potential

Current experimental
knowledge

L

0 1

2207.00478
¢

S.Gori




The future Higgs discoveries

“The Higgs is SM-like” but...
several processes predicted by the SM need still to be discovered

We need to understand if the Higgs interacts with itself

V(9) | _
an alternative
. . . potential
In the SM, the Higgs self-interactions are Standard Mode
] potentia
fully determined:
2 2 2
m m m
AN h 13 h 1.4
V(h’) _ 2 h 2 h 8’02h ﬁurrelnet:’experimental
/ nowledge
ASM 0 1 2207.00478
HHH ¢ )
ATLAS and CMS HL-LHC prospects . . .
N ST m—— ... and precision measurement at future high
gop | SrcmezsEeeon [ A energy colliders:
I crn T ’ 131 16%
99.4% cL 8" 16
of A GLIC, 1812.02093
S 11902.00134 <
95%CL 4%\ AL D — 10
2 , : R
2 6 (o)
68% CL :*“f‘;*‘\‘ ********************* . AHHH 4 37A) 25%
ol il 0
S R 7 8 ka = A\SM 2 . 1.2%
i 2 3TeV 10TeV 14TeV 30 TeV numboers from
Hope for a dlscovery ) 2/ab  10/ab 20/ab  90/ab 2303.08533
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Testing the laws of Nature in flavor physms

Despite the many (22) free parameters in the quark/lepton
Yukawa sector of the SM, the system is overdetermined by
the many measurements of flavor transitions.

Many flavor violating processes predicted by the SM need
still to be discovered experimentally, and they are in reach
of running experiments.

S.Gori
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Testing the laws of Nature in flavor physms

0 5 10 15 20 25 30

Despite the many (22) free parameters in the quark/lepton il 0
Yukawa sector of the SM, the system is overdetermined by P T T
the many measurements of flavor transitions. T d o
Many flavor violating processes predicted by the SM need wf
still to be discovered experimentally, and they are in reach " g’
of running experiments. S (R R
p
Two golden modes
K — wov BT - K ov
BR(K* — wtow) = [10.675 ]seae £ 0.95:] X 1071 11 BR = [2.3 & 0.5(stat) *03(sys)] x 10~
| NAG2, 2103.15389 340
: ! : . i Belle-1l, 2311.14647
evidence : ! 350
BR(Kp = 7ov) <3 x 1077 sy evidence
. KOTO, 1810.09655 = |
Grossman-Nir bound, 9701313: 3 Buras et al. 150708672
- BR(Kp — 7%v) T
< 4 3 X sp |AL|OiImIAy /M2, ]
: BR(KT™ — ntov) ™ = r ——
: a Cener alNPm%



2. Indirectly testing
heavy new particles




Collider precision program

The LHC is not only about the Higgs and new particle direct searches

Many precision measurements contribute to constrain the SMEFT Lagrangian
(Higgs couplings, EW precision observables, gauge boson pair production,
di-lepton production, top quark data...).

S.Gori 10



Collider precision program

The LHC is not only about the Higgs and new particle direct searches

Many precision measurements contribute to constrain the SMEFT Lagrangian
(Higgs couplings, EW precision observables, gauge boson pair production,
di-lepton production, top quark data...).

-+

pp — Z' — eTe”
o 3.0
dM :
25¢
| LHC
2.0 indirect / /
' ' i | reach / /
Vs A M(ee) > 4 5-.
From M. Mangano, M
8 LISHEP 2023 -
0 =0sm X (1 +Q2F) 1.0f
: vy LEP |-l ]
= Amax ~ 9 V'8 4—— kinematic reach ook LHC |2 LHC-14: ppoVoor
o VAo /o 4= precision ) resonances— dashed: 0.3ab™"
. ~_search solid: 3ab™!
g Iarge-»lthe reach of pr§C|S|on.measurements ool L .
can be higher than the kinematical reach Min TeV

Farina et al., 1609.08157
S.Gori 10



Flavor physics and precision

We do not know if the flavor symmetry of quarks and leptons (SU(3)?) is
only broken by the Standard Model Yukawa couplings.
# New contributions to flavor transitions can occur.

g u
Historically, measuring rare flavor ~  SuPpression of the d
i it led to big indirect . branching ratio of KL = p+p- ‘
r_anSI IOI’IIS e o _Ig In |req : wmpp prediction of the charm quark
discoveries in particle physics: (Glashow, lliopoulos, Maiani, 1970) @

S.Gori
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Flavor physics and precision

We do not know if the flavor symmetry of quarks and leptons (SU(3)?) is
only broken by the Standard Model Yukawa couplings.
# New contributions to flavor transitions can occur.

Historically, measuring rare flavor ~  SuPpression of the d s
" C . . branching ratio of KL = p+p- =
transitions led to big indirect  mp preciction of the cham quark W
discoveries in particle physics: (Glashow, lliopoulos, Maiani, 1970) () (&) :
N d s o
1910.11775
107§ § N N ? < ;107 .
0 ms . fly Wy 10° Flavor transitions: access to
> 103 9§ .= 5 :10° . .
S |58 “§ : . ek o very high New physics scales,
5 Il ,ﬁ_%_?_% < .4~ not directly accessible at collider
1) s“? - - il 1 experiments.
1 (1N § 0
BISISISISISISIRISIS ID DD
Observable Caveat: this is assuming
:vm*“y;:); h O(1) flavor breaking coupling.
e s e e e e e 1 _ _
10-29 10-17 105 107 1010 (GeV) E.Q., F(deL)(deR)
S.Gori I
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Flavor physics and precision

We do not know if the flavor symmetry of quarks and leptons (SU(3)?) is
only broken by the Standard Model Yukawa couplings.

# New contributions to flavor transitions can occur.

g u
Historically, measuring rare flavor ~  SuPpression of the d s
i it led to big indirect . branching ratio of KL = p+p- ‘
r_anSI IOI’IIS e O _Ig In |req : wmpp prediction of the charm quark
discoveries in particle physics: (Glashow, lliopoulos, Maiani, 1970) () (&) :
R et e rereseeearEEEREEEAEEEENREESAEsEEEEEERSESSESNESSRSMSSESNESERSSSSEsEEsEEssssses d s i

- 1910.11775

= 310’ y
| 10° Flavor transitions: access to

110°

e very high New physics scales,

h— e

I 7

I -

EW precision

10! experiments.

] 100

_.direct reach
|

[ Wepz
W4z
Wy
Wy

A\~ 4
Observable

Known elementary particles

Caveat: this is assuming
O(1) flavor breaking coupling.

neutrinos
] ]
1

10-29 10-17 105

S.Gori
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Electric dipole moments (EDMs)

To explain the baryon-antibaryon asymmetry of the Universe we generically need

new sources of CP violation (CPV) beyond the Standard Model CKM phase.
New sources of CPV are highly constrained by searches for EDMs.

Remarkable precision of present
and future searches:

® |
|du|~10"% e - cm |dy| < 10722 cm
4 | | |
|dp|~10"°e-cm  |dgl~10"2%¢ - cm ldyel~10"2° e - cm
¢ } }
ldyl <3:1027e-cm  ldnl <3-107%e-cm
Hadronic EDM (Hg, Ra, CeNTREX) Sensitivity to:
L N L @ 5,43, wc,
|g|~10-12 |6]~10-12 |6]~10-13 ® G
H .
eEDM (ACME-III, JILA
. . ( : next-gen. eéEDM ( ' 1L EDM
} |
|del~10"3 |del~10"31 ¢ - cm |del~10732
;  Blum, W'”;Zr()gt038'0451”°""m333 scales at the level of
_ ' 107 TeV will be probed
S.Gori

see also Alarcon et al., Snowmass, 2203.08103

If O(1) CPV and EW scale, then
we generically need cancelations.

12



Electric dipole moments (EDMs)

To explain the baryon-antibaryon asymmetry of the Universe we generically need
new sources of CP violation (CPV) beyond the Standard Model CKM phase.
New sources of CPV are highly constrained by searches for EDMs.

Remarkable precision of present
and future searches:

|du|~10"% e - cm

|dy| < 10722 cm

} }

|dp|~10"2 ¢ - cm |dgl~10"% ¢ - cm ldyel~10"2° e - cm

¢ | |
ldyl <3:1027e-cm  ldnl <3-107%e-cm
Sensitivity to:
O @ 6,4,3,wC,
|g|~10-12 |6]~10-12 |6]~10-13 ® G
. de
T ( : ® oM
|de|~10"3% ¢ - cm |del~10"31 e - cm |del~10"%2 ¢ - cm
m—
. Blum, W'”;Zrc)getofgo4s1nowmass scales at the level of
' 107 TeV will be probed
S.Gori see also Alarcon et al., Snowmass, 2203.08103

|d,|x10% [e-cm]

If O(1) CPV and EW scale, then
we generically need cancelations.

E.g.,ina CPV Ty\_/o-Higgs-DoubIet-ModeI

10:l AR
5:_ACME excluded

3
0.5}
0.1 F- "Wy  —— ==z ===-
[ Fermion
0.05 / Charged Higgs
L Gauge
Yl | m—— Gauge (no kites) Altman nShOfel’,
Total
ook 1 |7 TthI (no kites) SG, Hamer,
015‘”.1 . N 5I IIO Patel’
an3 2009.01258

Complementarity with direct

searches for CPV at the LHC
12



3. Direct searches for
new particles




Direct searches for WIMPs

Thermal freeze-out DM at around the electroweak scale is a very
predictive framework. This has motivated a large experimental endeavor.

Milestone:

vanilla WIMPs have been probed!

_However,

Higgsinos at future colliders

Higgsino 2 o Reach

Indirect

SPPC 125 TeV
SPPC 75 TeV

FCChh 100 TeV
FCCeh
HL-LHC
MuonC 14 TeV

mp, (GeV)
Hill, Solon, 1309.4092

though “mostly” explored,
solid motivation to
complete WIMP program

110 115 120 125 130 135

MuonC 10 TeV
MuonC 3 TeV

CLIC 3 TeV 1
CLIC 15 TeV 1
CLIC 0.38 TeV i
ILC 1 TeV
ILC 05 TeV [ |
FCC—ee i
CEPC The
‘ A ‘
01 0.2 05 1 2

m,(TeV)

X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X Ecy

Precision measurement

S.Gori

Snowmass, 2211.11084
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Broadening the idea of thermal Dark Matter

: DM dark sector SM

particle

SM

dark sector

I thermal, Dark Matter generically DM W Particle

needs additional (dark) particles >

to annihilate with. oM SV

Predictive framework (“thermal targets”)  ihe “dark sector” .\
generically

small couplings
(need precision)

S.Gori 14



Broadening the idea of thermal Dark Matter

pum < dark sector g
particle :

SM

dark sector

If thermal, Dark Matter generically DM N\ particle

. needs additional (dark) particles
. to annihilate with.

STV

SM

: DM
. Predictive framework (“thermal targets”)  the “dark sector”
Sub-GeV dark sectors also arise in theories generically
* that address the strong CP problem (e.g., axion-like-particles); small COUP_"PQS
* with a spontaneously broken global symmetry; (need precision)

* that generate neutrino masses (e.g., sterile neutrinos);
* that address anomalies in data; ...

S.Gori 14



The role of precision experiments to test dark sectors

. Accelerator experiments can produce and detect dark sector particles.

These are generically very rare events that can be searched for
at precision experiments.

. High and low energy colliders Meson factories Fixed target (beam dump)
: experiments :

(P5: ASTAE experiments)

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

see e.g. the Snowmass report “Dark Sector Physics at High-Intensity Experiments” SG, Williams et al., 2209.04671
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The role of precision experiments to test dark sectors

Accelerator experiments can produce and detect dark sector particles.

These are generically very rare events that can be searched for
at precision experiments.

. High and low energy colliders Meson factories Fixed target (beam dump)
: experiments ;

(P5: ASTAE experiments)

Several milestones have been reached in the past. For example:
Krnjaic, 1512.04119_

. e . I
Minimal scalar-mediated .
H -10 Lilad
thermal DM is fully probed. 1ot ' P i
107! eV
DM SM 1072 =
¢ T 10713 sin =1
""" high energy = - =2 uxs DM direct
SM . i CDMS .
oM c%"l!)derszwcmﬂm ____________________________ o detection
| 10-'8} BaBar B*—»KE*¢ IR REP \";‘:\\s ___________
) 107" prg7/Eo49 | : TN
? How rare is rare? = g0l Koty | J U)k
-~ , ) _ . 1072 : i i 9 B Super—CDMS
& BR(IX+ — 7T+(;)) < 0(10 11.) o2 K I XX SNOLAB
T ————. ,_..»»-""'5'3 ' Meson factories
T T N
my [GeV]
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Future: testing light DM at precision experiments

Accelerator experiments are optimal for the discovery of DM whose
interactions are suppressed at low velocities, including thermal freeze-out
through a dark photon, A’, with generic spin and mass structure.

S.Gori - 16



Future: testing light DM at precision experiments

Accelerator experiments are optimal for the discovery of DM whose
interactions are suppressed at low velocities, including thermal freeze-out
through a dark photon, A’, with generic spin and mass structure.

In the Coming Snowmass report, Krnjaic, Toro, et al., 2207.00597
: 10— b h k
decade, we will have g e 4 ¥...| benchmarks
. L | Ma=3my € ] l\,,m“
the opportunity to el L8 pv / I for
: 4 NAB4e!™son) E
broadly probe the : oS 4| thermal DM
thermal freeze-out | 0 A5
i ] DM SM
framework « 10-10f A
£ z
£ 101 A set” SENY SM
dump T o= 't:{::é,\%‘f/ _1,,» ————— F ’ R Ve Line/Shading Types E Meson
F g Excluded ] -
(Re- \ B Y A 4 DOperating Exp. & DUNE| ] factories
-13Y¢ = ew Initiatives H H
Scattering) 10 ; DM Produced via - z(h:lnr:‘DMlI\llt;’r:)posed ] (mISSIng
0 14: coup"rgto ----- Int'l Proposed ] energy)
e electron | | ... Post-2032 Proposed E
Fixed target » : hadron Thermal Milestones Known elementary particles
(Missin /ﬁ_ L o o N ?
9’: 10-3 10-2 10" 1 e e T S
momen um) mX(GeV) 10-29 10-17 10-5- 107 1019 (Gev)
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Future: Testing light dark particles at precision experiments

Dark particles that decay back to SM particles are a generic feature of
dark sector models. Present and future colliders, meson factories, and
beam dump experiments will reach new milestones.
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Future: Testing light dark particles at precision experiments

Dark particles that decay back to SM particles are a generic feature of
dark sector models. Present and future colliders, meson factories, and

beam dump experiments will reach new milestones.
Minimal & Non-minimal models

photon, A’ » SMSM . Dark photon-mediated SIMP

-
’
——”
-

Dark

Mu3e l

NCoIIiders

electron

fixed target _;}Colllders*- / g

1
1
1
1
_AMZOO J
!
/
o ,/

1074 A

107
DarkQuest

LHC :
. %—\mlxnmm: S\ 3
auxiliary % — N\ . een ]
107()_— o : Vﬂ\‘/“\ — . PR
detectors N “raserz | E I e
Rt S N | DarkQ 3 107 A JPtte
NS 1 B crsn o
10‘7E Line/Shading Types E = T DR VS esed
E Excluded 7 T ThermalMiestones
proton /"‘W: I Operating & DUNE : 106 4
- 107° Proposed (U.S. Based) |
bea m -d u m p § \,' ‘v‘ ——— Proposed (U.S. Leadrsh.) g e*e collider
C | | ------ Proposed (International) ] == e Fixed Target
10_1?) ) 1 |1|O|_1 1 1 111111 Il 1 1 1 1 111 1110 1 10—7 10I?1 160 ‘ 10
ma [GeV] ma(GeV) proton
Snowmass report, _ beam-dump
Know:flementary pj;tlcles
Batell et al., 2207.06905 -
atell et al., 07.06905 ; ' | neutrinos  Higgs N Snowmass report,
1] i i U i N i | A 4 .
_ T o (o Harris et al., 2207.08990
17
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Axions and axion-like-particles (ALPs)

Axions have been one of the leading candidates for physics beyond the SM.
They can address the strong CP problem and the DM puzzle simultaneously.

New physics scale: sub-eV

More and more studies of generic axion-like-
particles (ALPs) that can address the strong CP
problem. Extended QCD models with ALPs at
around the keV scale and beyond

Easier to address the axion quality problem
with heavier axions and lower f;,

S.Gori

—

—[GeV]
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N

Agrawal, Howe, 1710.04213
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Axions and axion-like-particles (ALPs)

Axions have been one of the leading candidates for physics beyond the SM.
They can address the strong CP problem and the DM puzzle simultaneously.

New physics scale: sub-eV Agrawal, Howe, 1710.04213

=11 '\\\\\ /(I “/\/\\
More and more studies of generic axion-like- 1 4
particles (ALPs) that can address the strong CP

problem. Extended QCD models with ALPs at

CASPEr-EDM //

10—5 L

__ ABRACADABRA

[GeV]

-9 [IAxo 7 7 i
around the keV scale and beyond S0 WA .

: : : sl S /
Easier to address the axion quality problem 107 % &/ |
with heavier axions and lower fa ik S |

10712 10”7 0.01 1000.00 108 1

m, [eV]

013

Lot of freedom in the (ma-fa) plane

At dimension 5, the most general Lagrangian for a spin 0, CP-odd particle

with an approximate shift symmetry, a = a+c:

gi X -

1
fa

Gag

9daB
3 —_—
4

gaWw

a W W

uv

a G® QoM _

pv

L a B[,LUBHU + zgaf(aua)(f’y“'ysf)
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ALP new signals at flavor experiments

Several of the ALP production modes and decays
: have not been searched for yet. :

# Potential for many new signatures.

: nt — altv :
Forexample: KT — afty  with a — €707
: W+ — altv :

S.Gori

19



ALP new signals at flavor experiments

Several of the ALP production modes and decays
have not been searched for yet. :
# Potential for many new signatures.

Altmannshofer, Dror, SG, 2209.00665 .

5 7t — alTv =o
Forexample: K+ — afty  with a — £H¢~ |
: W+ — al'v :

_ (Oua)

1 10 100 10°

[é'yu(gee + gee75)e -+ gyﬁ’Y“PLl/]

# 0 only if weak
BR(n+ — etav) = SU(2) violation

|

1 m? m>? -2 9 m?
= 1-— —£ ee — _ee v =
38472 mgmi m72r [(g Gee + 9 ) fo (m%)
4m2 mg _ mg
-+ 28 (3(988)2f3 (_2) -+ 3(gee - gu)2.f4 (_2) :
mZ mZ m; E137 ,
m2 m3 . _wea_k |
+ 2gece(Gee — 90) I (—“) ) + O ( e) ] 7E  SN-wea - violatin
m2 m3 1 10 100
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Outlook & take home messages

What’s a discovery in particle physics
- Detecting for the first time a new fundamental process
. - Discovering new patrticles (indirectly or directly)

. We do not know what the next New Physics scale will be.
: high-intensity exp. [}

Known elementary particles

“—>

: : : neutrinos H'iggs ; :

{ ! ] ~o—1 ro—1 ——4—>
10-29 10-17 10-5 107 1010 (GeV)

B colliders
Bl ouark and lepton flavor experiments

B EDvs

éOpen problems in particle physics and cosmology (both observational
gand theoretical) should be seen as good guiding principles.

. New exciting measurements and searches coming up in the next few years.



Higgs distributions & SMEFT

The LHC not only measures Higgs rates but also Higgs event distributions.

These can be used to set bounds on the SMEFT Lagrangian.
(The idea is to write the most general Lagrangian containing SM particles up to
dimension 6 satisfying the SM gauge symmetry and assuming flavor universality)

C? B
LSMEFT — LSM + Z !

7 O ) Want this
2 :
A2

BSM/SMEFT i

LHC data ~ %,
2 jet 2jet H R booi
0<m;j<350GeV  0<p#<200GeV high-pr P G
STXS 11 pre Iction E
0.4 ggF prediction :
03] M Cpo x 107 Zanderighi
' W Cox0.2
o =
0.1 B Cppox
00 A =1TeV Example:
—0.1 _ "' A [,LUA
Opycl= H'H GWG
-0.2
\X”o
Q&
N
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Complementarity with DM direct detection

To connect these two probes,

Direct Detection of Sub-GeV DM one need to make
o . DM SM
model assumptions l
\ o
Accelerator Targets for Sub-GeV DM
10*7 T LU T LA T T rrrrr
DM / SM
» if ma > 2mpwm
10 =
& 04| .
E 10 i o o .; :
¢ 0¥ Thermal DM mpm
-50 | 1 o i m
10 i target region E oY accelerator y = 62aD ( DM)
~52 - T T W R T m
N | 0 10-3 102 1071 10° » A7
1075 L "%,ae -
I st ] my [GeV]
10756 | .
oo | ] Accelerator production recreates the
- (direct detection \, 7 kinematic conditions of the early universe.
10732 10-2 107! 10° .
v (G It is ~ unaffected by the nature of DM
My

A broad experimental program encompassing both
accelerator and direct detection searches is necessary
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Towards global fits of SMEFT coefficients

Known elementary particles

neutrinos Higgs

I ] ] § } § } i
) 1 T T 1 | ——4—>
Ellis et al., 2012.02779 1029 1017 10 107 1019 (GeV)
: top EW 80
( Diboson ﬂ —
( Cy ) B FCC-ee (EW) -
KCHD \ Co || 1 TOET e - FCC-ee (nggs) _: 70
Cun Cuuwn Cup Cu |y V| B FCC-ce (EW+Higgs) |
CHE C;—?l) C;;l) .................................................................................................................. ]
Cuw @) @ CSC); Cip —_60
Chre \C‘Hq CHq Chuu Cuy ngl ]
AN EWPO O 50 B e e —50
Con C. Cit C38 C3, C3, -
Cru Co C . C 40
Con ' t Y, -
— i -
S o i | A —30
Theorists are atthe = 20w~ 720
forefront of SMEFT fits. . EN n Il J10
Lot of work still needed -

H 0
for better understanding 0O 0 0O OO0 0Vo®»0 0LO®0 O 0 O O O O
Uncel’talntleS G W B PWn 9D Q@ @1 w1 e 6o 6o P W My To < by U

100 TeV is the appropriate CoM energy to directly search for new
physics appearing indirectly through precision electro-weak (EW) and H
measurements at the future e+e- collider
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Naturalness?

Adapted from N. Craig, Snowmass CSS

Param Natural if NP Scale
Me AN =5 MeV Positron 511 keV
Mp2 = Mpo? /\;;3\5/30 Rho 770 MeV
MkL-MKs N=3GeV Charm 1.2 GeV
M2 NP e ?

Natural?

v

v

There is not anymore a no-loose
theorem that connects naturalness
to discoveries at colliders

Is Naturalness still a good
guiding principle/strategy?

S.Gori

L g

testability

SUSY

Composite Higgs
Extra dimensions
Neutral naturalness
Relaxion models
Clockwork
NNaturalness
UV/IR mixing
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Present and future QCD axion detection prospects

%k Haloscopes: axions being the dark matter (ADMX, HAYSTACK, CAPP, MADMAX, DMRadio, ...);

%k Helioscopes: axions produced inside the Sun (IAXO, ...);

%k Experiments that produce and detect axions in the laboratory. No astrophysical or
cosmological assumption (ALPS-I, ...) future  see talk by Lindner

Adams at al., Snowmass white paper, 2203.14923 experiments  at this meeting
107
1077
10-8
10~°

10_10 DSNALP

SHAFT

If we discover the axion in a
cavity experiment, we have an
automatic precision
measurement of its mass

—

9
—
jory

GeV_l] x1/f.

—_— 10—13
S0
i% 10715
10—16
10—17
10—18
10—19

10 507 20740740107 40707107 071020 AE A0 AT AF 48 4P 48 o

Known elementary particles [ ]
E pes mg [eV

a

Am, ~ — ~ 10" %m,,

neutrinos Higgs
]

T T T 1 | T T —>
1029 1017 105 107 101 (Gew)
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Axions beyond the minimal QCD axion

In all generality, axions will have flavor violating couplings

o,a _ . :
#fw”(C}jfj +Chp ) fis 1# ]

High-intensity precision
experiments discussed

: : in chapter 2!

102 [ F - ALpp, , Complementarity with

1Cri)=1Cy 1 =1

ey coupling

> QCD axion experiments.
S 10" . |
- Uy, SPHEREx In particular, 1 — ea
il | = Mu3e/MEGH “fwdMude-X uty -} 10000
10° MEGII-ALP (fut) at Mu2e-X, Mu3e BR (m”)z
— - “ —_—
WD cooling  Diel | Jodidio ef al. fa
109 stack
RG cooling
IT -7 6 -5 1
077 106 10~° 10~ 10- 102 107! 1 10' 10> 10° 10* 10° |
md (eV) neutr:;;: *N-Ey‘l_-:)_i;:s
-ttt —t——>
Hill, Plestid, Zupan, 2310.00043 1029 107 10 107 109 (ew
o ~H .
see also Calibbi et al., 2006.04795 Ma f)
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EDMs, 2HDM results

Example benchmark: Altmannshofer, SG, Hamer, Patel, 2009.01258
Type Type I
of — = Wisasad — e !
- ACME excluded ——— Charged Higes ] . ACME excluded i
5_. ——— Gauge 1 5_ /
=3 === == Gauge (no kites) ||
s === == Total (nokites) ||

ACME projected _ _

| . in a “typical” point, the CPV coupling of the Higgs

0.01}

s B - with top quarks is O(10-4) _ﬁ(i,;.,ff%f)h

- with electrons is O(few 10-3) V2
. ,F’L
\ Y

In the decoupling limit:

2 p
Type I: d. = —1.06 x 107%"ecm x (IIZI\‘;V) Im(As) cos? 3 [1 +0.07In ( M ) ] )

1 TeV 2
. — 27 2 2
Type II: de 0.47 x 10 ecm X < ; ) Im(/\5){ sSin ‘8 [1 4+ 0.16In (1 o ) ] — 1.26 cos ﬁ}
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DM in a strongly interacting dark sector

Dark Matter can be the lightest state of a dark QCD-like theory (e.g. a dark pion)

Novel process responsible of freeze-out:

The additional dark states will
lead to a richer phenomenology

For example:

0
‘l)

generically

/ long-lived
A" = Vpmp «——DM state
Vp =5 A™ — eTe™

S.Gori

3 — 2 Motivation to consider
MeV-GeV DM!

annihilation

2- and 3- body decays, m,/f;

1072 5

1073 3

10— E

1075 4

106 E

”
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-

10”7
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—————
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DarkQuest

benchmarks
for thermal DM

operating exp.
wmm Proposed US
Post-2032 Proposed
= Thermal Milestones
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beam-dump
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