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“..the direct method may be used...but ind
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....”

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



A Note on Units and Dimensional Analysis

e Use “natural” units: Planck’s constant, velocity of
light =1
e Count mass dimensions: [M] =1 =[E] = [p] = [0]
e Consistent with Lorentz invariance: E? = p? + m?
e Quantum mechanics: [x] = [t] =-1
e Action A4 = de4x has [A] =0,so0 [L] =4
L3 dpap, Yoy, E, F*

* So[p]l=1,[Y]=3/2,[4,]=1




Standard Model Effective Field Theory

a more powerful way to analyze the data

e Assume the Standard Model Lagrangian is correct
(quantum numbers of particles) but incomplete

e Look for additional interactions between SM particles due
to exchanges of heavier particles

e Analyze Higgs data together with electroweak precision
data and top data

e Most efficient way to extract largest amount of
information from LHC and other experiments

e Model-independent way to look for physics beyond the
Standard Model (BSM)



Summary of Analysis Framework

e Include all leading dimension-6 operators?

9499
LsviErT = LsMm + E

1=1

C'i
et
* Simplify by assuming flavour SU(3)° or

SU(2)2 X SU(3)3 symmetry for fermions

e Work to linear order in operator coefficients, i.e.

O(1/A?%)

e Use Gf, Mz, a as input parameters



Dimension-6 SMEFT Operators
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Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

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
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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:2012.02779




Single-Field Extensions of the Standard Model

Mass limits (in TeV)
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CDF Measurement of mw

compared with other measurements

e Stat.uncertainty B P [

—— Total uncertainty
LEP2 80376 + 33 ——— |
DO I 80375 + 23 | —
ATLAS 80370 + 19 e Update of ATLAS result
LHCb 80354 +32 gy |y = 80360 £ 16 MeV
CDF II 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 FoH Indirect w/o my,
SM electroweak fit 80354 7 -
SM + S,T fit 80378 £ 24

80100 80200 80300 80400 80500
mw [MeV]

Tension: 7-o discrepancy with Standard Model?



SMEFT Operators that can
Contribute to W Mass

® Relevant SMEFT operators
Onws = HiT'HW}, B, Oyp = (H'D'H)" (H'D,H)

— — « —
Ou = (rvulr) (Er*t:) . O = (H'iDIH) (r'+¢,)

® Contributions to W mass

cos 0,

5m%,v _ sin26,, v2 [ cosb, sin 0,
sin 6,

_ 3) _
m%V ~ cos20,, 472 Chp + (4CHl 20”) + 4CHWB)

® Contributions to S and T oblique parameters

2 2
v 9192 v 9192
—C ==——-5 , —Cgp=
A2VHWB = e A2 VHD

2 (g3 + 92)




SMEFT Fit with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs
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Non-zero coefficients for any of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Models that can
Contribute to W Mass
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Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi =
S =i fe
V B_ | ® }
F N ——
F E- ’ o
3 3 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings,
mass range proportional to coupling

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Beyond Dimension-6:
Dimension-8 Operators

® Dimension-8 contributions scaled by quartic power of new physics
scale:

. - sign(¢.)
AE(dlm-S) = E A—JZIOJ — A4 J j
j j J
® Include dimension-8 as well as -6 in data analysis, check convergence
JE, Mimasu & Zampedri, arXiv:2304.06663

® Study processes without dimension-6 contributions,

JE, Mavromatos & You, arXiv:1703.08450

JE, Mavromatos, Roloff & You,

e.g., light-by-light scattering, gg — yv,Zy, ... arXiv:2203.17311

JE & Ge, arXiv:1802.02146
JE, Ge & Ma, arXiv:2112.06729

e Neutral triple-gauge couplings (nTGCs): yy*Z, yZZ *
JE, Ge, He & Xiao, arXiv:1902.06631
JE, He & Xiao, arXiv:2008.04298

JE, He & Xiao, arXiv:2206.11676
Liu, Xiao, Li, JE, He, Yuan, arXiv:2404:15937




SMEFIT AnalySiS * Includes linear
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Quo Vadis SMEFT?

Powerful framework for global analyses of LHC and other data
Systematic way to search for BSM physics

Can be used in principle to identify “interesting” BSM scenarios
Dimension-6 operators are a first approximation

Important to check lesser importance of dimension-8, convergence
towards ultraviolet-complete model

Interesting direct windows on dimension-8 operators



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,




® |n the Solar System
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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:
S i 40 )

— CMB: 0.01 o/o

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 some other neutrinos beyond the Standard Model?
Sterile neutrinos?



BSM Candidates for Dark Matter

Higgs
Known particle masses: neutrino electron proton

e O SN I S |
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‘Ultra-Light’ dark matter ‘Massive’ dark matter



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

down as Universe i T T Ty
- increasing (o,[v|)
expanded N
® |nteractions would = _5:_ """""""""""""
have weakened é'; N URT
® WIMPs decoupled % i
from visible matter g 15 S .. N
® “Freeze-out” -
® Larger o =2 lower Y Y0} I I ETT! I A VUTT] B W

——

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 WIMP 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




Direct Dark Matter
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Direct Dark Matter Searches

Latest experimental results
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AION

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



AION Collaboration

LY
1 . Balashov?, E. Bentlnb3 D. Blas! &Boehm K. Bongs( . A Bepirat®
D. Bortd Rqucocks, W. Bowden€, C%I‘V\F 8 Buchmuellers, J. Colema. “"J. Carlton

. R hazov2 M. LangI0|s4 h4 YH L|en4 R Malolmo7
P. Majewski2, S Malik®, J. March- RusseID. Newbold?, R. Preece?,
B. Sauer$, U. Schneider’, I. Shipsey?3, Y. NI Tarbutt®, M. A. Uchida’,
T. V-Salazar?, M. van der Grinten?, J. Vossebeld4, D. Weatherill?, I. Wilmut?,

J. Zielinska®

Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
4University of Birmingham, *University of Liverpool, ®imperial College London, "University
of Cambridge

Network with MAGIS project in US
MAGIS Collaboration (Abe et al): arXiv:2104.02835




Al
Principle of Atom Interferometry

Mach-Zehnder Laser Interferometer Atom Interferometer
Beamsplitter Mirror HsTHptr Mirror v
\ n /2-pulse m-pulse O\,\Q, o’
Input \ ; ,,"
(Light) e _+7~ Output 1

\ Output 1 v "
Input

(Atoms)
Output 2
Laser excitation gives momentum kick to excited atom, Sl .p d hlk
which follows separated space-time path W
p —
Interference between atoms following different paths -1 R



Effect of Dark Matter on Atom Interferometer

DM
. €) |:> e) & ¢ induced Aw>M
_ o oscillatior.
|g> Dark matter |g>
coupling Time
VaVaw =
dark matter halo .
Pon= 0.4 GeViem® DM cloud changes DM coupling
Vou= 300 kmis [ sun S .. atom frequency causes time-
—————— )
Milky Way Va rYI n g
atomic energy
Time levels:
1 1 wa 'l —i(wa,+Aw(?M)T
o+ HFlee™ e) e




Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time

\T‘N hL/c

Time




AION

AION — Proposed Programme

AION-10: Stage 1 [year 1 to 3] Oxford
» 1 & 10 m Interferometers & site investigation for 100m

baseline Initial funding from UK STFC
 AION-100: Stage 2 [year 3 to 6]

= 100m Construction & commissioning
 AION-KM: Stage 3 [> year 6]

= Operating AION-100 and planning for 1 km & beyond
* AION-SPACE (AEDGE): Stage 4

= Space-based version

Boulby? CERN?

AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755




Possible CERN LocaﬁonA'@

PZ45

Yan 19,2 | Access shaft

LHC

Cross-section
of access shaft

Layout of
experiment

Arduini et al: arXiv:2304.00614



Searches for Light Dark I\/IatterA|@

Linear couplings to gauge fields and matter fermions

d v d ﬁ v 1.
Ling = Ko +4§FWF“ - ;T:F,ﬁFA" = Y (dm; + Y dg)mithit;

i=e,u,d
I ) «—> induced
9) Dark matter | ) s Oscillation
coupling time

Frequency (fy) [Hz] Frequency (fy) [Hz]

Lo 103 101 10! 103 103 101 10! 103

VOIINY

MICROSCOPE

Orders of
magnitude
improvement
over current
sensitivities

ULDM-electron coupling (d,, )
ULDM-photon coupling (d.)

10—15 1 1 1 1 10—15 1 1 1 1
10—19 10—17 10—15 10—13 10—11 10—19 10—17 10—15 10—13 10—11
ULDM mass (mg) [eV] ULDM mass (m) [eV]

AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755; Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468




Gravitational Waves

* General relativity proposed by Einstein 1915

* He predicted gravitational waves in 1916

Niherungsweise Integration der Feldgleich
der Gravitation.

Ven A Eiossrox

'L v Brhamiluag der menecn spwasclen abedt prinegs
sl dem Lrbarte dor L itatinnchrorie Laan mas o )

) 2 ensder Nibherung = berechnes, Daded bodie "
Veortedl der imaginbevn Zoitvariahle 2, m of aus denarile o (abs
A dee 1---3»- Relstivitmatheorie [Untee - eoster Nb
verstandea dall 4 busrh Lo Glwrhang

— e

Albert Emstein, Naherungsweise
Integration der Feldgleichungen der
Gravitation. 22.6. Berlin 1916

* Tried to retract prediction in 1936!



LIGO-Virgo-KAGRA Black Holes & Neutron Stars

-----------------
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Future Step: Interferometer in Space

Supermassive black holes
in galactic centres

> 10°% x Sun

Detect mergers?
Intermediate masses?




Gravitational Wave Spectrum

NANOGrav 2018
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* Gap between ground-based optical interferometers & LISA
— Formation of supermassive black holes (SMBHs)?
— Supernovae? Phase transitions? ...



How to Make a Supermassive BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?

12 . 2 . /
Popll. .+ * . ' Nuclear cluster ./

stellar seeds , * e in protogalaxy

Nuclear cluster of >*
1 0 2nd generation stars
Direct collapse
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Gravitational Waves from IMBH Mergers AI@
10—15
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Characteristic Strain

10> 10° 10*
Probe formation of SMBHs

Synergies with other GW experiments (LIGO, LISA), test GR

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



\ Pulsar Timing Ar*ays

NANOGrav
& other PTAs see
nanoHz GW signal




The Biggest Bangs since the Big Bang
RR—

STELIOS THOUKIDIDES



AION

Stochastic GW Background fromBH Mergers
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JE, Fairbairn, Hutsi, Raidal’, Urrutia, Vaskonen & Veermae: arXiv:2306.17021
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Fits to NANOGrav  AIGN

(:)IQGIS

————— Cosmic SuperStrings

———- Domain Walls

— —— Audible axions
——— First—order GWs
——-=- Scalar-induced GWs

2x107 5x107° 1078 2x1078

JE, Fairbairn, Franciolini, Hutsi,, lovino, Lewicki, Urrutia, Vaskonen & Veermae, arXiv:2308.08546




Quo Vadis NANOGrav?

Astrophysics or fundamental physics?

Biggest bangs since the Big Bang, or physics beyond the SM?
SMBH binaries driven by GWs alone disfavoured

SMBH binaries driven by GWs and environmental effects fit better
Better fits with cosmological BSM models

Discrimination possible with future measurements: fluctuations,
anisotropies, polarization, experiments at higher frequencies - including
atom interferometers AIC@

Time and more data will tell!

JE, Fairbairn, Franciolini, Hutsi,, lovino, Lewicki, Urrutia, Vaskonen & Veermae, arXiv:2308.08546
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