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Where are we now?

Summary of the Standard Model

e Particles and SU(3) x SU(2) x U(1) quantum numbers:
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LHC Measurements

Standard Model Total Production Cross Section Measurements Status: October 2023
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It Walks and Quacks like a Higgs

e Couplings scale ¥ mass, with scale ~ v
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ATLAS & CMS, arXiv:2309.03501

Emerging Decay Mode: H — Zy
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Signal strength u = 2.2 = 0.7 times Standard Model value
Negligible change in NLO QCD [y

Higher-order EW unimportant

Statistics? BSM physics?



Buccioni, Devoto, Djouadi, JE, Quevillon, Tancredi, arXiv:2312.12384

QCD Correctionsto H — Zy
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Higher-Order Higgs Couplings

Standard Model Lagrangian contains couplings in
Higgs potential IV (/), Higgs kinetic term |D H |2, respectively

Directly related to (m,, m,,) and VV H, respectively

Absence/modification would destroy consistency
(renormalizability) of Standard Model

Could be modified by, e.g., higher-order terms in effective field
theory, e.g., H® or |H|?|D H|*

Parameterized by k,, k., respectively

Measuring them is next frontier in Higgs measurements



An alternative
potential

kK, %1
A

Standard
potential

K, =1

Higgs field value
in our Universe

Current
experimental
77777 knowledge

Diagrams for
double-Higgs
production

Loop corrections
to single Higgs
production

9 0999099999999

»
|

9 0000909999999~

Search for Triple-H Coupling

T
(b) (©) @
7 \QQQQQ !
H,
A f;u--——— H
H\
9 QQQQQ)—<—"—=+—¢



ATLAS Collaboration, arXiv: 2211.01216

Search for

HHH Coupling -

Limit on double-Higgs production

OggF + vBr(HH) [fb]
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Higgs search
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Evidence for VVHH Coupling

CMS Preliminary 138 fb' (13 TeV)
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Evidence for VVHH Coupling
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... to make an end is to make a
beginning.

The end is where we start from.
T.S. Eliot, Little Gidding




M

ao7=

(4 77/4 /7 bidteekld 27/ 7/ 7/

D 7



il * « Empty » space is unstablejize
® » Dark matter LHC

& ° Origin of matter LHC

* Sizes of masses LHC
8 » Masses of neutrinos

* Inflation

* Quantum gravity
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Everything about Higgs is Puzzling
L = yHyY + 2| H]> = \H|' - V;

 Pattern of Yukawa couplings vy:

* Flavour problem
* Magnitude of mass term u:

* Naturalness/hierarchy problem
* Magnitude of quartic coupling A:

* Stability of electroweak vacuum

* Cosmological constant term V.

* Dark energ= : : : :
Higher-dimensional interactions?




What lies beyond the Standard Model?

Supersymmetry?

New motivations
e Stabilize electroweak vacuum from LHC

e Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

e Successful predictions for couplings
— Should be within few % of SM values

* Naturalness, GUTs, string, dark matter, g, — 2?...,



Naturalness of hierarchy of mass scales

Loop Corrections to Higgs Mass?

* Consider generic fermion and boson loops:
f S
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\
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e Each is quadratically divergent: /"d%k/k?
. v . .
Amy, = —16—:‘_@[21\2 + 6m7 In(A/my) + ...
As

1672
e Leading divergence cancelled if

Am3, = [A* —2mZIn(A/mg) + ...]

Supersymmetry!

As = yjzf X 2



Will the Universe Collapse? )

Should it have Collapsed already?

Not if
infinite barrier:

Fluctuate over barrier
in the early Universe?

We are here

Supersymmetry?

Tunnel through

barrier now?

The Big Crunch

Quantum fluctuations

EEEEEEEEEEEEEEEEEEEEE




Is “Empty Space” Unstable?
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Is “Empty Space” Unstable?

® Dependence of instability scale on masses of Higgs
boson and top quark, and strong coupling:

Logjgea = 105—13(——1726)+11(——125 1))+0.6(

ay(my;) —0.1179
0.0009

Buttazzo et al, arXiv:1307.3536;

. NeW LHC value Of mt : Franceschini et al, 2203.17197
m, = 172.52 + 033 GeV [Ty

® |atest experimental values:

my = 125.1 + 0.1 GeV, a,(m,) = 0.1183 £ 0.0009
e Instability scale:

log )= = 10.9+0.8

e Dominant uncertainties those in a, and m,
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will be needed in order to secure victory....”

“The direct and the indirect lead on to each other in
turn. It is like moving in a circle....”

@2 Who can exhaust the possibilities of their combination?”

Sun Tzu




Effective Field Theories (EFTs)

a long and glorious History

e 1930’s: “Standard Model” of QED had d=4 : :
e Fermi’s four-fermion theory of the weak force
e Dimension-6 operators: form=S,P, V, A, T? ><

— Due to exchanges of massive particles?

e VV-A => massive vector bosons => gauge theory

e Yukawa’s meson theory of the strong N-N force
— Due to exchanges of mesons? = pions

e Chiral dynamics of pions: (0momn)mnmt clue = QCD



Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

JE, Madigan, Mimasu, Sanz & You, arXiv:2022.02779

e Global fit to dimension-6 operators using precision
electroweak data, W+W- at LEP, top, Higgs and diboson
data from LHC Runs 1, 2

top EW
e Search for BSM Cu
e Constraints on BSM (Cuc T e o c =) On
CHB . : CLC]‘) th
CHe: Cﬁfl] C;-Il()
e At tree level Cow | || gor gor . v | O | | Cuo
CH(; Hg Hgq Hu Hd Céql
e At loop level c.. (——eweo e DY
341 measurements JiKeN" Ce CL* C3s O35, C%,
included in Crn Co Cu C. Cj
LC“H tt 1

/

global analysis

Higgs



SU(3)°: EWPO + Diboson + Higgs
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Single-Field Extensions of the Standard Model

SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 0 Ay 5 1 2 —3
1 1 As 5 1 2 —3
Spin zero ¥ 5 D 5 1 3 0
3 0 % 5 1 3 -1
3 1 U 5 3 1 2
1 0 D 5 3 1 —3
1 1 Q1 3 3 2 .
3 0 Qs : 3 2 —3
1 3 1 Q7 : 3 2 I
5 1 1 0 Ty 2 3 3 —3
E s 1 1 -1 Ty 5 3 3 2
T 5 3 1 g TB | 3 3 2 .

JE, Madigan, Mimasu, Sanz & You, arXiv:2022.02779




Single-Field Extensions of the Standard Model

Mass limits (in TeV)
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JE, Madigan, Mimasu, Sanz & You, arXiv:2022.02779




Dawn of new physics or its sunset?




Quo Vadis g, — 27
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® New Fermilab result confirms previous measurements, uncertainty
reduced by factor ~ 2
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Hadronic Vacuum Polarization
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Lattice Calculations of
.<o>., Hadronic Vacuum Polarization
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Recent Lattice Calculations
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Updated CMID-3  comparison with previousresut
of HVP =

B ERLE UL LWL III|III|III|IIIHII]III[III|III-

ete™ — 7t~ form factor ol

13

a.:»;"bfA"afs;"afe"b!f"afa"big"'i"'aiir"a%é (8, — 2) —HVP discrepancy
Aa, = (49 £55)x 107"

CMD-3 Collaboration, arXiv:2309.12910 Consistent with no BSM signal




LHC vs Supersymmetry

® |LHC favours squarks & gluinos > 2 TeV (but loopholes)

® Does not exclude lighter electroweakly-interacting particles, e.g., sleptons
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8, — 2 in Benchmark SUSY Scenarios

Data-driven
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JE, Olive, Spanos, in preparation



Smuon & Neutralino Masses in Benchmarks
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The Dark Matter Hypothesis

® Proposed by Fritz Zwicky, based on observations of the Coma galaxy cluster

® The galaxies move too quickly

® The observations require a
stronger gravitational field

than provided by the visible matter

® Dark matter?




The Rotation Curves of Galaxies

e Measured by Vera Rubin
e The stars also orbit ‘too quickly’
e Her observations also required a
stronger gravitational field
than provided by the visible matter
e Further strong evidence for dark matter
e Also:
— Structure formation, cosmic background radiation,




Searches for Dark Matter

Annihilation
Dark Matter {5 particles = 'Standard Model

\in cosmic rays

Annihilation Production
in the early =» € at particle
Universe colliders

<)
Dark Matter Direct dark matter ' Standard Model

detection



Classic Dark Matter Signature

-----

Missing transverse energy

carried away by dark matter particles




Nothing (yet) at the LHC

No supersymmetry Nothing else, either
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Direct Dark Matter
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Detection
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Scattering of dark
matter particle in
deep underground
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Direct Dark Matter Searches

Latest experimental results
10—43

o
o
|

N

S

—
o
|
S
(6]

10-46 |

e LT Other candidates

for dark matter?
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Higgs physics?
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