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Fermilab Measurement

FNAL result: a,(FNAL) = 116592040(54) x 10~*"  (0.46 ppm)
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Supersymmetry

® One-loop contribution from
smuon/neutralino loop
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SPIN-ZERO LEPTONS AND THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

John ELLIS, John HAGELIN and D.V. NANOPOULOS

CERN, Geneva, Switzerland

Received 14 June 1982

The anomalous magnetic moment of the muon (g — 2),, imposes constraints on the masses and mixing of spin-zero lep-
tons (sleptons). We develop the predictions of models of spontaneous supersymmetry breaking for the slepton mass matrix,
and show that they are comfortably consistent with the (g — 2),, constraints.

During the present resurgence of interest in super-
symmetry broken at low energies [1] new significance
is attached to the classical phenomenological play-
grounds of gauge theories such as the anomalous mag-
netic moments of the electron and muon [2], flavour-
changing neutral interactions [3;-5] parity [6] and
CP violation [7,8] in the strong interactions. The three
latter phenomena make life rather difficult [3,7] for
the most general form of soft supersymmetry breaking,
whereas simple models [9—11] of spontaneously bro-
ken supersymmetry naturally [3,4 7] respect the AF
#0, P and CP violation constraints. As for the anoma-
lous magnetic moments of the leptons, it has long been
known that they vanish in an exactly supersymmetric
theory [12], and Fayet [2] showed that in his model
of supersymmetry breaking (g — 2),, would be compat-
ible with experiment if the spin-zero muon (smuon)
masses were heavier than 15 GeV. Direct experimental
searches [13] now exclude the existence of lighter
smuons. Fayet’s analysis [2] was in the context of a
model with a very light photino ¥ (see fig. 1a), and
Grifols and Méndez [14] have recently made the inter-
esting observation that his analysis is significantly al-
tered for massive gauginos (see figs. 1b, 1c). They
show that there are potentially nontrivial constraints
on the smuon masses in models of broken supersym-
metry.

(c)

Fig. 1. One-loop diagrams contributing to (g — 2)y: (a) essen-
tially massless phoiino (7) exchange, (b) ¥ and sneutrino (sv)
exchange, and () B or Z exchange.

right transition operator there is a GIM [15] -like can-
cellation between the smuon mass eigenstates in fig. 1c
which provides a potential suppression mechanism. We
analyze recent models [10,11] of spontaneous super-
symmetry breaking originating in the D and F sectors,
respectively. We show that in the former case (g 2),
is suppressed by near degeneracy between the smuon
mass eigenstates, while in the latter case (g — 2), is
suppressed by small mixing angles between the left-
and right-handed smuons. We close with some remarks
about (g — 2), and about parity violation in the strong
interactions.

When they examined figs. 1a, 1b and 1c¢, Grifols
and Méndez [14] realized that there was a fundamen-
tal difference between the (almost ?) massless ¥ dia-
gram of fig. 1a and the W diagram of fig. 1b as com-
pared to the massive BorZ diagram of fig. 1c. The



LHC vs Supersymmetry

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

® Does not exclude lighter electroweakly-interacting particles, e.g., sleptons
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Recent Lattice Calculations
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Quo Vadis g, —27?
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® New Fermilab result confirms previous measurements, uncertainty
reduced by factor ~ 2
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New Lattice Calculation of g, — 2
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Impacts on Other Observables
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gy, — 2in SUSY Models

LHC constraints on strongly-interacting sparticles exclude
significant contribution to g, — 2 in constrained minimal
supersymmetric model (CMSSM)

Violate universality in gaugino masses: M; #= M, # M3?
NUGM

Violate universality in sfermion and Higgs supersymmetry-

breaking masses: m-, m-, m- #other squarks, sleptons and
t b T
Higgs masses? NUHM3

Can accommodate “any” value of g, — 2



gy — 2 in Benchmark SUSY Scenarios

Data-driven
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Comparison of experimental and theoretical estimates of AaM

with calculations in supersymmetric models including benchmarks
JE, Olive, Spanos, arXiv:2407.08679




Comparison of Benchmarks with ATLAS Limits
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Prospects for future discovery

JE, Olive, Spanos, arXiv:2407.08679




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




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 =i

e Also:
— Structure formation, cosmic background radiation,




The Spectrum of Fluctuations in the Cosmic
Microwave Background

The position of the first peak
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Strange Recipe for a Universe

Neutrinos: 0.1% — 5%
Baryons: 4 +1% \

old Dark Matter:
29 + 4%

P CMB: 0.01%

Dark Energy: 67 = 6%

The ‘Standard Model’ of the Universe

indicated by astrophysics and cosmology




Properties of Dark Matter

® Should not have (much) electric charge
® Otherwise we would have seen it

® Should interact weakly with ordinary matter

® Otherwise we would have detected it, either
directly or astrophysically

® Should be non-relativistic

® Needed for forming and holding together
structures in the Universe: galaxies, clusters, ...



Neutrinos

® They exist! &
® They have weak interactions &

® They have masses &
® As indicated by neutrino oscillations
® But their masses are very small ‘&
® <1eV(=1/1000,000,000 of proton mass)
® Not able to grow all structures in Universe &

® (run away from small structures)

® Maybe other neutrinos beyond the Standard Model?
Sterile neutrinos?



Candidates for Dark Matter

Higgs
Known particle masses: neutrino electron proton

o S -
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Weakly-Interacting Massive Particles (WIMPs)

® Expected to have been numerous in the primordial Universe when
it was a fraction of a second old, full of a primordial hot soup

® Would have cooled

lllr”[ | Ill

down as Universe

expanded

~
- — -
T . ——— ———— —— —— — — —

® |nteractions would

0)]

llllTjTTlllllillTI!

have weakened N R \ U S
® WIMPs decoupled %

from visible matter S I - .
® “Freeze-out”
® Larger o - lowerY 2ot Lol 0 Lidowl 0 Lo

——

3 10 30 100 300 1000
x=m/T



WIMP Candidates

Could have right density if weigh 100 to 1000 GeV (accessible to LHC
experiments?)

Present in many extensions of Standard Model

Particularly in attempts to understand strength of weak interactions,
mass of Higgs boson

Examples:

® Extra dimensions of space

® Supersymmetry '




Lightest Sparticle as Dark Matter?

® No strong or electromagnetic interactions
Otherwise would bind to matter

Detectable as anomalous heavy nucleus

® Possible weakly-interacting scandidates

Sneutrino

(Excluded by LEP, direct searches)

Lightest neutralino x (partner of Z, H, y)

Gravitino

(nightmare for detection)



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

330 GeV

Et

=
]
8

transverse energy

issing

M

(Vg
@
O
s
S
(qe)
Q.
| -
Q
=
s
(qu)
&
—Z
| -
(qu)
e
>
O
>
2
(qV)
O
()
o
| -
(qe)
O




Nothing (yet) at the LHC

No supersymmetry Nothing else, either
e .

~“~ADD BH 95TV -

More of same?
Unexplored nooks?
Novel signatures?




m(2) [GeV]

Fraction of Models Excluded

Exclusions not 100%, not as strong as often stated

Lines = Exclusions in searches with simplifying assumptions on
spectrum and decay modes
Black = < 10% of pMSSM models excluded
Cream = > 90% of pMSSM models excluded
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Incoming
Particle

Direct Dark Matter Detection

"anode grid
gate grid

—
Outgoing
Particle

cathode grid
bottom grid

Drift time
indicates depth
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Scattering of dark
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deep underground
laboratory:
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Direct Dark Matter Searches

Latest experimental results
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Ultralight Dark Matter

A scalar ULDM ¢(x, t) field would be present throughout the Solar System
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The wavelength depends on the ULDM mass
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Principle of Atom Interferometry

Mach-Zehnder Laser Interferometer

Beamsplitter

Input
(Light)

N

Mirror

A\

N

Output 1

Output 2

Atom Interferometer

Beamsplitter Mirror JV
O~ -
n /2-pulse m-pulse O\,\Q’ o
< S < Output 1

Input
(Atoms)

Laser excitation gives momentum kick to excited atom,

which follows separated space-time path

Interference between atoms following different paths



Effect of Dark Matter on Atom Interferometer
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AION Collaboration
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Searches for Light Dark I\/IatterA|@|

Linear couplings to gauge fields and matter fermions
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Gravitational Waves

* General relativity proposed by Einstein 1915

* He predicted gravitational waves in 1916

Niherungsweise Intagration der Feldgleich
der Gravitation.
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* Tried to retract prediction in 19306!



Direct Discovery of Gravitational Waves

| State of Washington| State of Louisiana
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. .
Fusion of two massive black holes

. '.0

Masses ~ 36, 29 solar masses
Radiated energy ~ 3 solar masses




Supermassive Black Holes in Active
Galactic Nuclei: Image of M87

Mass ~ 6.5 x 10° solar masses




How to Make a Supermassive BH?

SMBHSs from mergers of intermediate-mass BHs (IMBHs)?
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Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time

AT ~ /?L/("

Time




Gravitational Waves from IMBH Mergers AI@
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Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468




Pulsar Timing Arrays (PTAs)

NANOGrav
& other PTAs see
nanoHz GW signal




The Biggest Bangs since the Big Bang

STELIOS THOUKIDIDES



Fits to NANOGrav  AIOR

ONGIS

————— Cosmic SuperStrings

———- Domain Walls

— —— Audible axions

— —— First—order GWs
——-=- Scalar—-induced GWs
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JE, Fairbairn, Franciolini, Hutsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Extension of Fits to Higher Frequencies Am@
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JE, Fairbairn, Franciolini, Hitsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



BN Summary
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Visible matter
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