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Summary of the Standard Model

e Particles and SU(3) x SU(2) x U(1) quantum numbers:
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Higgs potential in progress




Why the Higgs boson? :
What can the Higgs boson tell us? | ey

Looking beyond it




A Phenomenological Profile
of the Higgs Boson

e First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON
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A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson., unhke the
case with charm [3,4] and for not being sure of its coupling Byt
that they are probably all very small. For these reasong
big experimental searches for the Higgs boson, but we do I¢ De-oPHe-F mg
experiments vulnerable to the Higgs boson should know how it may turn up.
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It Walks and Quacks like a Higgs

e Do couplings scale ~ mass? With scale = v?

35.9-137 fb' (13 TeV)
III 1 1 lllllll T T Illllll T |l lllllll L

> £ CMS Preliminary
. my = 125.38 GeV T But what

= p-value = 44% .’

o IS origin
T ¥
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- Leptons and neutrinos Quarks

B of hierarchy

Ratio to éM

particle mass (GeV)
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Everything about Higgs is Puzzling

L = yHyy + (2| HI* = MNH|* — V||+ ...

e Pattern of Yukawa couplings y:

— Flavour problem

e Magnitude of mass term u:

— Naturalness/hierarchy problem

e Magnitude of quartic coupling A:

— Stability of electroweak vacuum
e Cosmological constant term V,;:

— Dark energy

Higher-dimensional terms due to heavy particles?




Will the Universe Collapse?
Should it have Collapsed already?

ot if

infinite barrier:

Fluctuate over barrier

in the early Universe?

We are here

Supersymmetry?

_Z >
o

Tunnel through

barrier now?

The Big Crunch

Quantum fluctuations




Is “Empty Space” Unstable?

Instablllty /

Depends on masses
of Higgs boson
and top quark

Are we in
metastable region
of parameters?
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Looking Beyond the Standard
I\/Iodel W|th the SI\/IEFT

¥ =

“_.the direct method may be used...but indirect methods ES
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....”

' { 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



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)



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

Summary of Analysis Framework

e Include all leading dimension-6 operators?

9499
C;
LsviErT = LsMm + E Foi

1=1

* 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



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

e Global fit to dimension-6 operators using precision
electroweak data, W+W- g op, Higgs and diboson
data from LHC Runs 1, 2 Bl

ot top Ewﬁ
e Search for BSM contributions s e
e Constraints on BSM CD\ o
e At tree level .| o] cu
vo w) )| en
e At loop level AN EWPO ~J
Con Ce CL* Ci C3, C,
C’H ‘ CtG Cfd _C:; u Ctsq
C#H \__ tt J

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




SU(3)°: EWPO + Diboson + Higgs

Dimension-6 Constraints  *| =T

with Al g o g o M0
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No significant

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779 deviations from SM



Lepton Flavour
Universality Violation

inB —> K¢~
Decays?

BdecaystoeTe™ > utu~

Prima facie violation of lepton
universality

SM interactions flavour-
universal

Except for Higgs couplings
masses

LHCb Collaboration, arXiv:2103.11769

BaBar

B+/0 to K+/O
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Rk g+

14f

1.2

0.8

0.6

Sic Transit Gloria Anomaliae

9 fb_l Rk Central—q2 = 0.9491:%282112%
Rg:  low-¢% = 0927750
Ry~ central-¢> = 1.0277:077
u { ?
- L
Rk low-¢* Ry central-¢° Ry~ low-¢° Rg- central-¢*

LHCb Collaborati

on, arXiv:2212.09152, ...3




— 2:

dawn of new physics or its sunset?

% )




Fermilab Measurement

FNAL result: a,(FNAL) = 116592 040(54) x 10~ "' (0.46 ppm)

Combined result: a,(Exp) = 116592 061(41) x 10" (0.35 ppm)
Difference from Standard Model_a,.(Exp) — a,(SM) = (251 +59) x 10~

BNL g-2 " -
FNAL g-2 +4 @
< 4.20 >
& t @
Standard Model Experiment
Average

175 180 185 19.0 195 20.0 205 21.0 215

2, 10°~ 1165900
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Comparison of Calculations
<o, of Hadronic Vacuum Polarization

aEVP n [QSED n a,\i\’eak N aELbL]}> aiM

l-IIVE frcIJm;

BMW20 —O— Not such a big problem

NSO 1

according to (some)
Mainz/CLS19 = % = lattice calculations

FHM19 b @
PACS19 . = ®
RBC/UKQCD18 ’ @ i
BM : ®
< BC/UKQCD
data/lattice

B

T $ a0 W not used in WP20__

DHMZ19 -

KNT19 -
i

WP20
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Aoyama et al, arXiv:2006.04822

Fermilab uncertainty goal
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Update on Lattice Calculations

ETMC'22 3
Mainz'22 | —8—
ABGP'22 =
XQCD’22 (oviow) | : =
XQCD'22 (ovHISQ) | S =
——
|

FHM'20 |
LM'20 |

Aubin etal ‘19 (2a) | » ‘
Aubin etal '19 (3a) | ——

BMWc'20 t ——
RBC’18 (2a) | R
R-ratio’20 | —6—

Wait and see: 200 203 206 209 212

10 light
How/why do lattice and 1077 x [a;l?win]iso
data-driven calculations differ?




Hadron Vacuum

Polarization: = yupetfihi L
Lattice vs Experiment EH e
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Alexandrou et al, arXiv:2212.08467



CDF Collaboration, Science 376 (2022) 6589, 170

CDF Measurement of mw

compared with previous measurements

e Stat.uncertainty B P [
—— Total uncertainty
LEP2 80376 £ 33 [ —
DO Il 80375 £ 23 [T —
ATLAS 80370 =19 ———i
LHCb 80354 + 32 | o-
CDF 1l 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 o+ Indirect w/o my,
SM electroweak fit 80354 +7 o
SM + S,T fit 80378 =24
80100 80200 80300 80400 80500
my [MeV]

Tension: 7-o discrepancy with Standard Model?



Theoretical
Interpretations
of W Mass

taking CDF
measurement
at face value

90 papers and counting!

Supersymmetry?
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SMEFT Fits with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs

0.05
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0.04- 95%CL individual; C; “T\ezw _
0.03]
0.021
0.00 : ‘| n by L %H
—0.011
—-0.02]
—0.03]
—0.04] : =8 2020 fit, No My, B 2022 fit, CDF My, update | |
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o o ICD
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w0 s ag 3 2
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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 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 Models that can
Contribute to W Mass

1
Model w Cyl | Che | Cuo | Conr | Corr | Con
Sh
3 T
» 1—% v
2 \ 16 y8l
: o
1 e
E /i i
B, 1 [ _yr | _uw | _w
—Yr —Yi —Yp
= 5 ooy | owe | w
1 s
W1 - _§ —% —% _%
774 ) -3 | =y | =y | —w

Operators
contributing to my

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




Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi =
s z{ -
V B °
PN e
FE :
3 3 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings

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



Searching for Models Fitting the
Mass of the W Boson

W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak production,

accessible at LHC?

B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology depends
on fermion couplings, too heavy for LHC?

= Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in LHC

searches for heavy Higgs bosons?

N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to (right-

handed) singlet neutrino

E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to (right-

handed) singlet electron

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



HL-LHC Search for Triplet Vector Boson

HL-LHC, L ~ 3ab™’ HL-LHC, L ~ 3ab™
100+ VBF-DB, V¥ — WZ |- 100t VBE-DB, V° — Wi |1
=, 1t = 1t
= =
X 9 .. ATL-PHYS-PUB-2018-022 |
o) (@ ~.::::: ......
001} 0.01}
-4 . -4 e L . R
9% 107, 2 4 6 3
My« [TeV] Myo [TeV]
Wait and see: Could be discovered with future LHC data

Will LHC experiments
confirm CDF?

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091



Searches for Dark Matter Particles

Higgs
Known particle masses: neutrino electron proton

B N

- zeV aeV feV peV neV peV meV eV ke ~MeV  GeV  Tev  PeV:

] <€ - ¢ . .
. QCD Axion * WIMPs E
| Ultralight Dark Matter ] Hidden Sector Dark Matter B:I
. > .

= = A
Pre-Inflationary Axion *. Hidden Thermal Relics / WIMPless DM
«—> — >
Post-Inflationary Axion »3 Asymmetric DM
2 - : —>
Freeze-In DM
>
SIMPs / ELDERS

.......................................................................

‘Ultra-Light’ dark matter ‘Massive’ dark matter



AION

Principle of Atom Interferometry

Mirror 1 /
Light /

md
s

Detector

interferometer
: Light fri
nght—-> > Mirror 2 Ight fringes
Beamsplitter
o
D
Q
Atom 2 ; :
/ ° - Atom fringes
interferometer & 7
’
/,,,
Laser pulses ol ol @
7’ ’ Q
act as ’ ”’ 3
beamsplitters | AtOM = =
and mirrors 3 @

Can be used to search for ultralight dark matter and gravitational waves




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




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

. RIGOA. 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




AION — Staged Programme

AION-10: Stage 1 [year 1 to 3]
» 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 [after AION-km]

= Space-based version

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




Searches for Light Dark I\/IatterA|@

Linear couplings to gauge fields and matter fermions

dgﬁ3
293

d
Eint,qs = KO +—2Fqu“V -

4e Flﬁ’FAW o Z (dm; + Ym, dg)mﬂf—)ﬂf)z‘

i=e,u,d
|€> AN DM

—— | C
1 €) ) «—>  induced

9) Darkmatter | g) s Oscillation

coupling time >
Signal Frequency (fs) [Hz Signal Frequency (fs) [Hz]
10°¢ 107 1072 1 102 104 10°¢ 107* 1072 1 102 104
T 1
102
< "¢ 10
= =
= 20 Orders of
5 5 magnitude
o O 1078 :
= = improvement
£ 2
2 £ 10710 over current
= sensitivities
10712
10~

10 10710 0% 10° 100

DM Mass (m)

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




Gravitational Waves from IMBH Mergers AI@

o
107165 e

10-17 &
10-18 E
10~19 E
1020 [
10721 E
1022 E
10~23 L

10—24
107 10 10* 103102 01 1 10 10%2 10 10*

J1Hz]

Characteristic Strain

Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

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