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Quest for most fundamental structures
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Building blocks of the Universe

N

nucleus Proton, neutron Quarks, electron

The big open questions of particle physics are closely
connected to the evolution of the early Universe.
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Building blocks of the Universe
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nucleus Proton, neutron Quarks, electron

crystal

resolution/energy

time in the Universe

The big open questions of particle physics are closely
connected to the evolution of the early Universe.
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~Progress towards the unknown physics

> Energy, precision

Interaction
strength

unknown

\Y4

Precision, intensity

Mass scale
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Tools to test particle physics

E;e6r_§|;_yv Quantum sensors: atomic clocks Energy:
O 1€ ~eV
' Precision: il w.‘/ Precision:
| A recision:
102 -10 ~10-8
[image: JILA]"
High-intensity experiments Energy:
(to measure rare processes) medium
keV-GeV
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Translation of units

Remark: particle physicists like natural units: h=c=1

- [energy] = [momentum] = [mass]
- [energy] = 1/[length] = 1/[time]

Useful conversions: 1 = he = 197.3 MeV fm
= 1fm ! ~ 200 MeV

aal ~ 4 keV

7N
<\e/,9 @
AAAAA -
204 eV keV MeV GeV TeV energy
m, < 045 eV aal me —‘l511 Mev mp B 125L v
moa > 10722 eV % fm i length

// mn LI} LI |
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. Particle physics today and
need for beyond the Standard Model
. Models of Dark Matter

I1l. Atomic searches for Dark Matter/ New Physics



. Particle physics today and
need for beyond the Standard Model



Elementary particles in atoms

* In electrodynamics and atomic physics, these particles play a leading role
> the photon
> the electron @

(and its antiparticle, the positron)

* up- and down quarks in proton, neutron
* More subtle effects by @

~ Z-boson of electroweak force - parity violation

> Other quarks and gluons in proton, neutron

+ Could new particles/ fields affect atoms/ ions/ nuclei?
~ New force carriers? > Z' boson, dark photon, "fifth force”

 Dark Matter? > recoil from nucleus, electron, or changing fundamental constants
Precision measurements can probe Dark Matter & new interactions in atomic systems
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The particles of the Standard Model

//’FWmﬂsnKBHy \\

made of

" electrons (charged
lepton)

" up and down
quarks in the
neutrons and

\ protons /
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The particles of the Standard Model

/ * Atoms mostly made of \

electrons (charged
lepton)

 up and down quarks in
the neutrons and
protons

* Neutrino: neutral lepton,

\ massless in SM /
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The particles of the Standard Model

/ * Atoms mostly made of

~ electrons (charged lepton)

* up and down quarks in the

neutrons and protons

* Neutrino: neutral lepton,
massless in SM

*+ 2" & 3" generation:

\ heavier copies of the T+ /

~

13/05/2025

Elina Fuchs (Leibniz Uni Hannover | DESY)

10/ 105



The particles of the Standard Model

/ * Atoms mostly made of \

~ electrons (charged lepton)

* up and down quarks in the
neutrons and protons

* Neutrino: neutral lepton,
massless in SM

*+ 2" & 3" generation:

\ heavier copies of the T+ /

[ Building blocks as fermions: Matter particles (quarks and leptons) exist in 3 generations. ]
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Symmetries of the theory
' * Gauge symmetries:

* Physics, i.e. action S = /d4$£ (¢(x), Ouop(x))
invariant under local symmetry Im ¥

transformations ¥(z) — ¥'(x)
S
> e.g. simplest case with one a(x)
parameter = U(1)

ReW
~ QED: conservation of electric charge
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Gauge bosons as force carriers

Invariance under these symmetry transformations requires new spin-|
bosons: the gauge bosons ] force carriers

SM symmetry group and its interactions

Gsn = SU(3)e ® SU(2), ® U(1)y

/

Yl

—U(1)em
Electroweak:y, W, Z

Strong:
Gluons g

Symmetry breaking
- Higgs boson H
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An elegant Lagrangian

*As in mechanics, the SM is described by its Lagrangian

+Rgf-v(@)

Observation: gauge bosons have masses, but explicit mass terms break symmetry
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[gauge bosons: self-interaction ]
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*As in mechanics, the SM is described by its Lagrangian
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fermions including their interaction with gauge bosons

Fermions-Higgs (Yukawa) interaction

Higgs kinetic term and its interaction with gauge bosons

» Higgs potential
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An elegant Lagrangian

*As in mechanics, the SM is described by its Lagrangian

[gauge bosons: self-interaction ]

fermions including their interaction with gauge bosons

— =i
@ * I Fermions-Higgs (Yukawa) interaction
+ ' Higgs kinetic term and its interaction with gauge bosons

—»{ Higgs potential

Observann. gauge bosons have masses, but explicit mass terms break symmetry
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~Spontaneous symmetry breaking (SSB)

ime 8596 a sod: ﬁ'
€&
)
)

External force all directions of bending equal
> bending breaks > bending breaks symmetry

symmetry explicitly spontaneously

Unbroken symmetry
- rotational invariance




Spontaneous symmetry breaking (SSB)

ime 8596 a sod: ﬁ'
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pteralioce  ldrectons ofbending eua
> rotational invariance > bending breaks - 9 Y Y
symmetry explicitly spontaneously

* SSB does not break the symmetry of the Lagrangian

* but the chosen ground state breaks the symmetry




The Higgs mechanism

Minimal (elegant) Higgs potentialin the SM: V/(®) = % (cI)TcI))2 — u? (q;Tcp)

. Vi$)

| have no vacuum
expecation value!

Im¢

[QuantumDiaries]

Vacuum expectation value v£0

mH:\/T/Qv

The particles obtain a mass proportional to the vacuum expectation value of the Higgs boson.
We observe massless and massive particles in nature. » mechanism?
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https://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/

Hierarchy problem of the Higgs mass

Higgs mass my is a free parameter of the SM.
> needs to be measured: ATLAS & CMS @ LHC measured my =125 GeV.
Ok.

|s this surprising?
No: The global fit of electroweak precision data pre-Higgs-discovery indicated the 100 GeV scale
The W and Z boson masses were discovered around the same scale.

6Prepared using LEP EWWG Plots from 2005 Prepared using LEP EWWG Plots from 2012

o N 6
= X [
< <
5S¢
ab
3
Y 2 /
7= Central Fit (o),=0.02750 L / —— Central Fit (o) =0.02750)
l,f:l Theory Uncertainty r [ Theory Uncertainty
,\:I Direct Exclusion - ¢ [__] Direct Exclusion
(/" === Fitwith o) =0.02749 r ---- Fitwith of) =0.02749
el - PPl low Gdata | ofol o N | oy Fitipd low Ghdata, |
100 150 200 250 300 50 100 150 200 250 300
my [GeV] m, [GeV]
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Hierarchy problem of the Higgs mass

Is it a problem?
Yes, at least it is unnatural.
A fundamental scalar is quadratically sensitive to the cutoff scale of the theory.

) A dik , (N dk
____|__|___*’/ L H._ :>AmHOC—2Nf A/ F‘l_me/ ?

x —2N; (AA* + B InA)
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Hierarchy problem of the Higgs mass

Is it a problem?
Yes, at least it is unnatural.
A fundamental scalar is quadratically sensitive to the cutoff scale of the theory.

AN ) b dik o (M dk
____|__|___{’/ \:\’____|:|____ :>AmHOC—2Nf A/ p"‘me/ ?
x —2N; (AA* + B InA)

| | ; // | gravity

)

| | l // |
/\QCD ~200 GeV v=2406 GeV /\NP ~TeV? Mplanck ~ 1019 GeV

[ If there is no New Physics below Myi: A > Mpy ]
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Hierarchy problem - fine tuning

!
Explain observation: m%[ — m%{ 0 _|_ Am?{ — (125 GeV)Z
physical mass < l// L> 10% GeV?
bare mass >O< M2, = 1038 GeV?

parameter in £
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Hierarchy problem - fine tuning

!
Explain observation: m%{ — m%[,() =+ M]§2>1 — (125 GeV)2

J L L> 10* GeV?
O(10%* GeV?) & > O(10% GeV?)

Cancellation of 34 orders of magnitude needed!

34 out of 38 digits need to exactly cancel each other to yield the observed Higgs mass.
Not impossible, but calls for explanation.

Am%{ cancelled by symmetry? f ,/”:\\
/ 7 ‘\ f )
Ho B 2o H NI H

13/05/2025
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Higgs under experimental scrutiny

CMS Preliminary 2016 + 2017 + 2018 137.1 1™ (13 TeV)
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The Nobel Prize
in Physics 2013

Peter W. Higgs
Frangois Englert

1964 [Brout Englert] [Higgs]
[Hagen Guralnik Kibble]
2012 [ATLAS, CMS @LHC/CERN]
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So far, its properties are compatible with the SM, but
New Physics may contribute within the uncertainties.
Many properties not even determined yet!




~Data mostly SM-like + some deviations

Standard Model highly successful theory, tested precisely.
But: intriguing "anomalies” (deviations from SM expectation)

An example at high energy:

B — DYWr—n, /0D,

ut

How often are 3" generation
leptons in final state compared
to 1*tand 2" generation?

R(D¥)

A C ' S " 68% CL tontours = -
035 —
03 —
B LHCbﬂ>
025 =
02 — {'HFLA SM Prediction R(D)=0.342 +£0.026,, ]
~ R(D)=0. - R(D*) =0.287 £0.012,,, -
- R(D*) =0.254 +0.005 p=-0.39 -
= P(y2) =35% 4
1 I L L L L I 1 1 L L I L 1 1 1 I 1 1 L
0.2 0.3 0.4 0.5
R(D)

3 otension between data and SM

High sensitivity to NP
in comparison of ratios
(systematics cancel)

pt /Tt

/'<V Charged

Bb £ Higgs?
CD*

ut/rt

Lepto-
y Quark?

C

D*
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Magnetic moment of the muon (g-2)

An example at lower energy & higher precision

4 ] 5.00 ™
+——

precession

17.5 18.0 18.5

Electroweak

Polarized muons in B s o Fo?
storage ring | g e N
— Mmeasure s pl N SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)

190 195 200 205  21.0
a,x 10" - 1165900
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Magnetic moment of the muon (g-2)

An example at lower energy & higher precision

4 ] 5.00 ™
+——

Polarized muons in B s o Fo?
storage ring | g e N
— Mmeasure s pl N SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)

precession

v
New results in tension
with White Paper (2020)

L 2
SM: e+e- HVP
using only CMD-3
data below 1 GeV

175 180 185 190 195 200 205  21.0
a,x 10" - 1165900

Electroweak

Further SM theory calculations before
New Physics interpretation.
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~Need for physics beyond the SM (BSM)

* Matter-antimatter asymmetry
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Need for physics beyond the SM

* Matter-antimatter asymmetry
* Dark Matter

Rotation curve of spiral galaxies

Velocity
(km s-1)

Observations
from starlight .

5x times more Dark Matter than
_. ordinary matter in the Universe

Expected from
the visible disk

. 10,000 20,000 30,000 40,000

Distance (light years)

-

26.8%
Dark Matter

68.3% N1’ Ordinary
Matter

Dark Energy
[image: ATLASM
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Need for physics beyond the SM

* Matter-antimatter asymmetry

*

*

Dark Matter

Neutrino masses

/ Y

— Uy

~

H muon neutrinos

F Expected w/o
b oscillation

20 _LI_I_A%M

~—Observed -
+

00 ;-_+__+_+.E>"<p‘ecte.d with
r Cl

oscillation

[SuperKamiokande ‘98]

U

Angle cos©

L/
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Need for physics beyond the SM

* Matter-antimatter asymmetry
* Dark Matter

* Neutrino masses

* Flavour puzzle

/ PMNS Lepton mixih

i Y v gcross different
v | | B - generations
’ ~ sizeable
wm |
«~m W[
, CKM i Quark mixing
. ’ mostly diagonal
u = > preferred
within same
c B .
generation

K > of%ﬂizing principle?/
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Need for physics beyond the SM

* Matter-antimatter asymmetry

*

*

L 2

Dark Matter

Neutrino masses

—lavour puzzle

Hierarchy problem of Higgs mass

N

/-- 108 GeV: Planck scale
16 orders
H H

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

| 10* GeV: Higgs mass

~

/
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Need for physics beyond the SM

* Matter-antimatter asymmetry

* Dark Matter

4 N

« Neutrino masses Why is B parameter of
strong interaction (QCD) not

~1, but limited (by the
electric dipole moment of
the neutron) to <1017

* Flavour puzzle

* Hierarchy problem of Higgs mass

* Strong CP problem \ %
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Need for physics beyond the SM

* Matter-antimatter asymmetry
* Dark Matter
* Neutrino masses

* Flavour puzzle

* Hierarchy problem of Higgs mass

*

Strong CP problem

-

Why is B parameter of

~1, but limited (by the
electric dipole moment of
the neutron) to <1097

\_

~

strong interaction (QCD) not

/

New Physics (NP) needed! » extend SM & look for new particles/ interactions/ geometry
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- Approaches to models beyond the SM

4  »

Based on symmetries Based on dynamics

* Cancellation of terms due to
relations between couplings or
masses

* Often requires partner particles
for SM particles

* Examples: supersymmetry,
neutral naturalness
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Approaches to models beyond the SM

4  »

Based on symmetries Based on dynamics
* Cancellation of terms due to ~* Parameter > dynamical field ;
relations between couplings or ~* Vacuum expectation value of the |
masses  field explains observed 1
* Often requires partner particles parameter
for SM particles * Examples: axion, relaxion |
* Examples: supersymmetry, B o
field
neutral naturalness ’\ A
\%/
-
value parameter

~heavy
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Prediction of low-mass new particles

Goldstone Theorem - massless particles
A broken symmetry* introduces a new massless scalar (spin-0) boson.

*More precisely: Every spontaneously broken generator (of a group G) of an exact global symmetry
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Prediction of low-mass new particles

Goldstone Theorem - massless particles
A broken symmetry* introduces a new massless scalar (spin-0) boson.

*More precisely: Every spontaneously broken generator (of a group G) of an exact global symmetry

Why expect light particles?

*

*

. dilaton (spin-0) from scale invariance, dark photon (spin-1) from new force, axion (spin-0
pseudoscalar) as solution to strong CP problem...

>

> precision
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Il. Models of Dark Matter



Slide by Farinaldo Queiroz

I'm super
heavy

| am still
the king

| exist in QCD so
why
can't | be dark?

If he dies it's
my turn

!dO not I“E. to I'm still in the pic
interact with anyone you know...

bad luck...
- | nightmare
scenario

| have to freeze-in
to survive

o

©

dark photon _H

Well..we never
know..

But | will be quite selective: focus on (rel)axion



Landscape of DM models

Neutrinos

Super- Extra
symmatry dimensions

Dark matter Weak scale

Effective

- see Marianna
Simplified figld /
models B Safronova’s lectures

Macroscopic Macros WIMPzilla

Primaordial

B MaCHOs
black holes

Bertone & Tait, Nature
volume 562, pages 51-56 (2018)
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Landscape of DM m

odels

Nautr QCD axion
Neutrinos _ classic window
< = 10 22 eV 10% - 104 eV
Super- Extra “ . »
symmetry dimensions Ultrahght DM

non-thermal
bosonic fields

Dark matter Weak scale

e Effective
simplified B
models theory

Macroscopic Macros WIMPzilla

Primaordial

B MaCHOs
black holes

Bertone & Tait, Nature
volume 562, pages 51-56 (2018)

Mass scale of dark matter

(not to scale)
Tongyan Lin, TASI lecture 2019

WDM limit unitarity limit

keV GeV 1wy My 10 M,
i

“Light" DM WIMP  Composite DM Primordial
(Q-balls, nuggets, etc) black holes

dark sectors
sterile v
can be thermal

> see Marianna
Safronova’s lectures
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Characteristics of ultralight DM

Tongyan Lin, TASI lecture 2019

4
Occupation number [N = pDM )\SB — 75 (gw)
DM

K v~ 1073 ppm ~ 0.4 GeV /cm?

N\ 2

de-Broglie wavelength: corresponds to wave-like properties of particle of given momentum )\dB = —
muv

f N > 1 = DMasclassical field AW
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Characteristics of ultralight DM

Tongyan Lin, TASI lecture 2019

4
Occupation number [N = pDM )\SB — 75 (ir?eV)
DM

K v~ 1073 ppm ~ 0.4 GeV /cm?

N\ 2

de-Broglie wavelength: corresponds to wave-like properties of particle of given momentum )\dB = —
muv

f N > 1 = DMasclassical field AW

.o . 1 2 42
Field equation [Qb ~+ 3H¢ + V,(Qb) =0 ] Free scalar: V(9) = g
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Characteristics of ultralight DM

4 Tongyan Lin, TASI lecture 2019
. 10 e

Occupation number N = pDM )\SB — 75 OeV
mpmM

K v~ 1073 ppm ~ 0.4 GeV /cm?

N\ 2

de-Broglie wavelength: corresponds to wave-like properties of particle of given momentum )\dB = —

muv

f N > 1 = DMasclassical field AW

.o . 1 2 42
Field equation [Qb ~+ 3H¢ + V,(Qb) =0 ] Free scalar: V(9) = g

/ H>>m¢ —>¢(t):¢0
\[H KMy —— @(t) = ¢g cos(mgt) ] oscillates

Hubble friction H(t) — CL/CL

Ultralight scalar can be cold DM (energy density ~ 1/a°)
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Portals to a Dark Sector

R Portal: suppressed (but non-zero) interaction between SM and DM

P‘;‘..'?a' Feeble coupling: predict Feebly Interacting Particles (FIPS)

- can be new force carriers o0 SX ___________

':Hidden Sector
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Portals to a Dark Sector

Standard Model

Portal: suppressed (but non-zero) interaction between SM and DM

Feeble coupling: predict Feebly Interacting Particles (FIPS)

- > can be new force carriers oo SXH
. ':Hiddgn Sector
Portal Coupling
Vector (Dark Photon, A ;) o oqe F B” Y
Scalar (Dark Higgs, S) (USH lHS[Sa H'H
Fermion (Sterile Neutrino, N) yNLHM
a

Pseudo-scalar (Axion, a)

DE W, DG, G Sy
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Light DM and detection methods

larger
coupling

Dark sector

mediator

Visible sector:
SM

Vector Bosons Vector Bosons
Scalar Bosons (gauge coupling) (kinetic mixing)
1022 10 10714 10-10 10-6 1072

o | | | | o
: 2
/ Spin Based Sensors Particle Mass (eV/c”)

|
Optical Interferometers (incl. GW detectors) Broadband Reflectors
[ | [ |

Haloscopes (cavity, plasma, dielectric)
[ |
Atom Interferometers Qubits
[ | [
l LC Oscillators Quantum Materials
Atomic, Molecular, Nuclear Clocks E El
|
Torsion Balances Cavity - Cavity/at. & mol. trans. Molecular Absorption

— | |

Mechanical Resonators

EP Tests (Eot-Wash + MICROSCOPE)

10-# 10 10° 10* 10% 1012
Compton Frequency (Hz)
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What explains the small 6 in QCD?

The SM contains 2 ~

term that violates £SM DY g 5 GZVGQW/ 6 ~ 0(1)?@
the Charge ( Q) 327

times Parity (P)

symmetry coefficient coupling Gluon field strength (tensors)

CP violation induces Electric Dipole Moment (EDM) T
P=qd Neutron EDM not detected, only upper bound & ﬂ l
— =0 — arg detmy < 10~ ! T [

[
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Possible solution: axion

The SM contains L 9 92
D)
SM =392

N — —10
@Neutron EDM upper bound —'—> 0 =6 — arg detmq < 10

G4, G 0~ O(1)?0
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Possible solution: axion

The SM contains L 9 92
D)
SM =392

N — —10
@Neutron EDM upper bound —'—> 0 =6 — arg detmq < 10

GG f~O(1)?

1, g a(z) ., ~.
Axion as dynamical solution idp,aa“a—l- 3972 7 G;iy LT
a

—~ a\xr
5 al@)

Ja

/\) Axion minimizes potential at — det argmy = 0
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Possible solution: axion

The SM contains L 9 2
SM 2
32 2

N — —10
@Neutron EDM upper bound —'—> 0 =6 — arg detmq < 10

GG f~O(1)?

9" | 8@ . Fow

s L
Axion as dynamical solution idua'a a + 3972 f Qv
(0

0 — a(z)

a

=0

/\) Axion minimizes potential at

At low energy non-relativistic Hamiltonian > how to probe the axion coupllngs

o gary | [@EBaVY gasshefaS)r y/eo(he) geondeS E)
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Can the axion be Dark Matter?

See e.g. TASI lecture 2018 by Anson Hook,
Axion theory lecture by Jeff Dror,
Planck 2024 talk by Geraldine Servant

Can it solve another problem? Can it account for DM? = It needs to have the correct relic density

The axion solves the strong CP problem.

Consider complex scalar field
D = pe'?

charged under anomalous U(1) global symmmetry (Peccei-Quinn symmetry)

2y 2
Spontaneously broken at scale fa  V(p) = A (|;,9|2 - f?)

(§0> — fa/\/§

J

Axion as Goldstone boson

8 — B + const.

Slide by 6=a/f,

Geraldine Servant
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Can the axion be Dark Matter?

The axion solves the strong CP problem.

See e.g. TASI lecture 2018 by Anson Hook,
Axion theory lecture by Jeff Dror,
Planck 2024 talk by Geraldine Servant

Can it solve another problem? Can it account for DM? = It needs to have the correct relic density

Slide by
Geraldine Servant

Consider complex scalar field

D = pe'?
charged under anomalous U(1) global symmmetry (Peccei-Quinn symmetry)
. f2\?
Spontaneously broken at scale fa  V(p) = A (|¢|2 - 7)

J

(§0> — fa/\/§

Axion as Goldstone boson

8 — B + const.

e=a/fa

Misalignment Topological
mechanism production

Axions from strings
If £, ~10" GeV
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Elina Fuchs (Leibniz Uni Hannover | DESY) 40/ 105


https://arxiv.org/abs/1812.02669
https://indico.physics.lbl.gov/event/969/contributions/3963/attachments/2040/2626/lecture.pdf
https://indico.cern.ch/event/1323379/contributions/5960110/attachments/2872896/5030453/Servant-Lisbon-axions-2024.pdf

Axion vs. Axion-Like Particle (ALP)

Non-perturbative effects at energy Av << fa break the
shift symmetry and generate a potential/mass for the axion

V -m}(T)E[1 — cos (0)]

2 i
ma=Ab/fa Slide by

Geraldine Servant

1/fa interaction strength

[1/f.] = [1/mass]

QCD axion Generic ALP
2,2
mafa = (76 MeV)? ma and fa . free parameters
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Status of Light DM searches: axion

axion-photon coupling 107
a YGaryy vy 10_7

108

o]}
1
—_
N
=)

O 9 % 1 6 5 _ PR - Q Zz > o o J
1073073070710 0 107 4010 00 e A8 A0 AF 407 48 48 A8 14O

CROWS ALPS-I
ABRA OSQAR
10 cm S 1

olar v/
CAST

Mrkia21

e
Fermi o

UOIeSIUO]

WD
Polarisation

<
&’ fuonoexy

JITS XWav
s

=
o
]
+
c
=
b

Ciaran O'Hare

g [eV] https://cajohare.github.io/AxionLimits/
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Status of Light DM searches: axion

axion-photon coupling 107
a YGaryy vy 10_7

"""""" ABRA OSQAR
-8
10 10'em

10~? CAST

SHAFT
DSNALP

CROWS ALPS-I

Solar v

o]}
1
—_
N
=)

Mrkia21

ermi-S
Do -
_ idra s
> 10 11 £ Fermi o
>
it
Chan

uordLIy
> duonesinof

10717
10718

10719
IV W \\ R R . R/ R B . Y. RS SR U \ RPN S ) LN 6 .l .
107407 407 40 10 40 40 10 40 40 40 10 A07 40" 407 407 407 A0 407 40 C iaran O’ H are

Haystac goes below
Standard Quantum Limit Ma [eV] https://cajohare.github.io/AxionLimits/

by squeezing - faster scan
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Axion searches: prospects

axion-photon coupling 107
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-8
10 10 ecm
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SM+singlet scalar: General vs Relaxion

V(®, H) = Vy + p2(¢)H H + N, (HTH)”
|

General renormalizable scalar singlet fspe'da[\ca\{e Relaxion (pseudoscalar)

Graham, Kaplan, Rajendran 15

1 a A
Vo =to+ 5m%¢2 i 3‘%3 1 Z‘%‘l V, = gA3p+ O (g/A)

WP (@) = —pig + 20 + Angd” p2(¢) = —A? + gAg — M2 cos (¢/f)
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran '15

_ 3
V(®) =rgA°® i o Relaxion V(o) Higgs V(H)
1 (@) = —A? + gA® — M? cos 7

slow-roll v =20
Figure by M. Schlaffer
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran 15

_ 3
V(®) =rgA°® i o Relaxion V(o) Higgs V(H)
1 (@) = —A? + gA® — M? cos 7

slow-roll v =20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran 15

_ 3
V(®) =rgA°® i o Relaxion V(o) Higgs V(H)
1 (@) = —A? + gA® — M? cos 7

p(¢) <0

o= Ligren (2) o= o0) 20

Backreaction barrier-> wiggles grow
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Relaxion and Higgs potential

Flacke, Frugiuele, EF, Gupta, Perez "16 _ . Graham, Kaplan, Rajendran 15
Choi, Im "16 Relaxion V(o) Higgs V(H)

relaxion stopping
point breaks CP

Relaxion & Higgs mix \/

%

Ba/ckreactio?:vvhen | v #£ 0 -
V —V, > relaxion stops mpy, = m% S

roll —
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Relaxion and Higgs potential

Flacke, Frugiuele, EF, Gupta, Perez "16 _ . Graham, Kaplan, Rajendran 15
Choi, Im "16 Relaxion V(o) Higgs V(H)

relaxion stopping
point breaks CP

—
—
Relaxion & Higgs mix \/
—_—

Relaxion inherits gbo
H couplings

Backreaction: when v #£ 0

/

reduced Vel = _Vb’r% relaxion stops myp = m;)LbS

Higgs couplings
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SM+Singlet: General vs Relaxion

V(®, H) = Vi + p2(¢)H H H N, (HUH)"

| | L .
General renormalizable scalar singlet ¢ = Relaxion (pseudoscalar)
Special Case Graham, Kaplan, Rajendran 15

1 a A
Vo =to+ 5m%¢2 i 3‘%3 1 Z‘%‘l V, = gA3p+ O (g/A)

H2(9) = — i + 2an4¢ + Angd? 12(g) = —A% + gAg — N2 cos (¢/f)
M2
> Singlet-Higgs Mixing angle sin & Z;?Z Sg ~ 20 FAn sin (%)

+ CP-odd couplings to SM (like axion)
497105
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Relaxion as a portal to a Dark Sector

Relaxion-Higgs
mixing
- pseudoscalar
relaxion inherits
scalar couplings to

t 1) Fifth force experiments c.g. EP test,...

Pseudo-scalar:

 Scalar:

Eprr , = . 184, - v =
¥ 7D T¢F#yF'u + 7¢Na,uy}’5 NFH + gd,NNdﬂqﬁNy”ys N ,',

8
F D gpee + IyquwF“"

1) Nuclear Magnetic Resonance

SM b,
t 2) Oscillation of fundamental constants 2) Resonant magnetic cavity
m, = m,+ &, ¢(t)
a—>a+g, P(1) Probed by GNOME, CASPFEr,
ABRACADABRA......

Probed by atomic clock experiments, Slide by Abishek

nuclear transitions..... ¥ Banerjee

“Dilaton-like” #
Qb h “Relaxion”
LD LLEErE
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Relaxion mass and mixing space

[Frugiuele, EF, Schlaffer, Perez 18 + own updates for future colliders and European Strategy]
[EF, Matsedonskii, Schlaffer, -
Savoray 20]

[Banerjee, Kim, Matsedonskyi,
Perez, Safronova '20] -5 B
[Banerjee, Budker, Eby, Kim, -
Perez "19]

[Flacke, Frugiuele, EF,

Beam dump, flavour
> Intensity

Cosmology/
Astrophysics

Gupta, Perez 16 ] © _10/
G
g Equivalence principle
v g -15
o -
-
©
E? -—20_ . .
X RN R
> <
_25 N : 1 L L 1 1 1 1
S~20 15 -10 -5 0 .

Mass LogiolmyleV]

Several methods needed to probe broad range of unknown mass/coupling
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Can the relaxion be Dark Matter?

Can the relaxion oscillate
like axion DM?

>
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Can the relaxion be Dark Matter?

vV Symmetry restoration:
(¢) The wiggles diappear after reheating

v=20 in cosmology
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Can the relaxion be Dark Matter?

V(QS) ! Symmetry restoration:
The wiggles diappear after reheating
v =20 in cosmology

> the relaxion keeps rolling down
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Can the relaxion be Dark Matter?

V(@) universe cools down
v # 0 ~> wiggles re-appear

Relaxion trapped in minimum

13/05/2025 Elina Fuchs (Leibniz Uni Hannover | DESY) 55/ 105



Can the relaxion be Dark Matter?

V(@) Relaxion oscillates around

V 7& 0 minimum

> Dark Matter as axion
/\ AN

J
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Constraints on relaxion Dark Matter

e oo 1) DM decaying into relativistic particles perturbs
cosmic microwave background
> (relaxion lifetime needs to be long enough:

F¢ > 160 Gyr
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Constraints on relaxion Dark Matter

2 THE COSMIC MICROWAVE BACKGROUND

| 1) DM decaying into relativistic particles perturbs
cosmic microwave background

> (relaxion lifetime needs to be long enough:

F¢ > 160 Gyr

2)[Relaxion needs to produce DM relic density

e Qph’ = Qpyh® = 0.12

S R . m? f?
Dark Energy Wi t h d) 2
OoSC
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Relaxion Dark Matter

Banerjee, Kim, Perez [PRD 2019]

Relaxion-Higgs mixing angle 10-1 :
from mass diagonalization /
10-13
¢ h Fifth force /

------------ S CREGREREEELE 10-15

< 10717
S
. g 1019
3) Fifth-force searches probe %
large parameter space 10-21
Unstable
10-23 b — XX
10—25 1 ||||||,|I 1 |||||u] [N
1075 1073 101

me [eV]
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[Image: QuantumFrontiers]

I1l. Atomic searches for Dark Matter/ New Physics




Search for NP—M interaction

* How can we detect light, feebly interacting new particles?

*

Detect interaction with known matter (SM).

* Quantum sensors: in particular interactions with > Neutrons, protons > Electric fields
> Photons » Gluons * Magnetic fields
* Electrons * nucleus " gravity

*

Feeble effects - goal to lower detection threshold, control uncertainties
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Light scalar in atomic spectrum?

*l Motivation: search for light new
boson ® that couples to electrons
and the nucleus

+ @ perturbs electron levels > only tiny
frequency change
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Light scalar in atomic spectrum?

*l Motivation: search for light new
boson ® that couples to electrons
and the nucleus

+ @ perturbs electron levels > only tiny
frequency change

Can this change the rate of clocks?
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Light scalar in atomic spectrum?

*l Motivation: search for light new
boson ® that couples to electrons
and the nucleus

+ @ perturbs electron levels > only tiny
frequency change
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Light scalar in atomic spectrum?

*l Motivation: search for light new VNP — %fﬂe_mqﬁ’r
boson ® that couples to electrons r

and the nucleus (here neutrons)

+ @ perturbs electron levels > only tiny
frequency change
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Challenge of theory-exp comparison

*[ Motivation: search for light new VNP — Yeln e MeT

boson @ that couples to electrons Amr
and neutrons

+ @ perturbs electron levels > only tiny
frequency change

. Challenge: theory, nuclear
uncertainties >> uncertainties of
frequency measurements
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Data-driven atomic search for light scalar

*l Motivation: search for light new
boson ® that couples to electrons
and neutrons

+ @ perturbs electron levels > only tiny
frequency change

. Challenge: theory, nuclear
uncertainties >> uncertainties of
frequency measurements

* Our method: Measure 2 transitions,

3 isotope pairs very precisely ereout Buder Dol

Flambaum, Frugiuele, EF, Grojean,
Harnik, Ozeri, Perez, Soreq;

@ @ PRL 120 (2018) 09180
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King plot of Isotope Shifts

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

Mass shift (MS)  Field shift (FS)

AAT _ A Al 9
Vit =vi — v = Kipaa + Fio(r) an
. electronic Poorly known
! @ @ nuclear nuclear charge
| radius
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King plot of Isotope Shifts

------------------------------------------------------------------------
’ N
4 \

Mass shift (MS)  Field shift (FS)

iI \E A

AN A A 2 E

El/?: :]/,1: —1/?: :KiMAA’_I_Fi(S(T >AA’ E

electronic Poorly known | = N

i @ @ auclear nuclear charge | 5 Linear:

\ radius ) >
R ’ 0 @ =
e . 1T ™

¢ 2" transition to eliminate charge radius )

I | | | s .
§ Linear King relation (at leading order): § Frequency |
b NYy = Fglmul -+ K21 5

-------------------------------------------------------------------------
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King plot of Isotope Shifts

------------------------------------------------------------------------
’ N
4 \

Mass shift (MS)  Field shift (FS)

il \i R

AN A A 2 i

EV?: :Vi _Vi :KiMAA"I_qué(T >AA’ E

i A A, electronic Poorly known | = TR

i @I:b@ auclear nuclear charge | = Linear? 4
\ radius ) >

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

2" transition to eliminate charge radius

\
¢

Linear King relation (at leading order):

mvy = Fymiy + Ko [ENBHSRHNS

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

Frequency 1

Py etttk
4
4
ceecececcececececeeee”
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King plot of Isotope Shifts

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

Mass shift (MS)  Field shift (FS) .

AN A A 2 i

v =y -y = Kipaa + Fio(rt)aa

i electronic Poorly known ; > Linear?

b g ) ( @ ) nuclear nuclear charge | C

\ radius | >
________________________________________________________________________ ‘ I -_—<

P oo oooooooooooooooel . 1T e

/2" transition to eliminate charge radius )

b . . | _ 5 >

§ Linear King relation (at leading order): § requency

. mug = Faymug + Kop [ +NP(Yeyn) |

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

[check if 3 points (=3 isotope pairs) on straight line ]
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Nonlinearity in Yb* isotope shifts

[Counts, Hur, Craik, Jeon, Leung, Berengut, Geddes, Kawasaki, Jhe, Vuleti¢, PRL 125, 123003 (2020) | |

+updates MIT 22, Mainz 22,

101 108 PTB/Heidelberg/Hannover/Darmstadt/Sydney 2024
) 1;-'( )- e 48 [Door, Yeh,... EF, Mehlstaubler, PRL 134(2025)6, 063002]
i a :
T ok
5 1{;:“
g 'S T T TEINTE
5 g of . significant nonlinearity (NL) !
« 1
i tngp _ 170172 B
= o= 170,1
L g 1of u? o'
0,:"'11 a"l ¥ 32
a2~ g of
+ 3
r-or . 238
o 1ol " 26
% al 24
o : 24 26 28 3
* o 7 (174176) 10" 4
| 1 I | Ll | - 1 1
40 0 1010 o 1010 o 10740 0o 10 x10°
+23048133  +23642476  +29848891  +3.1079503  10'°
uaﬂ.f'y.ﬂ.(HZ-u}
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Nonlinearity in Yb* isotope shifts

Y gi f,uﬂ. (Hz-u)

[Counts, Hur, Craik, Jeon, Leung, Berengut, Geddes, Kawasaki, Jhe, Vuleti¢, PRL 125, 123003 (2020) | |
+updates MIT 22, Mainz 22,

103 10° PTB/Heidelberg/Hannover/Darmstadt/Sydney 2024
e ————— [Door, Yeh,... EF, Mehlstaubler, PRL 134(2025)6, 063002]
9 (a) (168,170) *
T f = Researchers observe what
s 10f 1 LA could be the first hints of
e SN T N TR I 1 Share dark b ,
g of 1t significant nonlinearity (NL) { @ ark hosons  FIOM e
? ol | 6 ___ 2 ] B emai
@ 10:5: (172,174) {”?;1:2}
% ol / a'i
B 10 . 28 .
3 BSM or nuclear physics?
S
+ o f 7 (174.176) 4 2h el :1013 |
L 1 S i

a0 o 1040 o0 H
123642476 +2.9848891  +3.1079503 10

+ 2.3048133

..
aji

w90 o w040 o0 10 x10°

f;z.ﬂ. (Hz-u)

Strategy: consider expected SM NL and constrain residual NL

13/05/2025
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Disentangle SM from BSM

Nonlinearity decomposition plot:
- is data compatible with higher-
order SM terms or New Physics?
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Disentangle SM from BSM: Yb

Door, Yeh, Heinz, Kirk, Lyu, Myagi, ...EF,... Mehlstaubler. et al, PRL 134 (2025) 6, 063002

B awir 5 precise transitions in Yb/ Yb+
2 -
................................... Notation Transition A [nm]
0 T LT Sy I
I e e A e — aMIT, apTB S — 2Dgp E2 in YbT 411
P o 3 2S1p — *D3p E2in YbT 435
= =2 e WIT, YPTB  S12 — QF'gQ E3 in Yb* 467
- —— Linear fit to residuals ) 1Sy — 3Py in Yb o78
ade 6(r2)2: Expt. — € 1Sy — 1Dy in Yb 361
——. 6(r%): 1.8/2.0 (EM), VS1
~ - &(r%:1.8/2.0 (EM), VS2
—6 - 6(r*): Ab initio . .
— -+ New boson Y Several sources of nonlinearity needed.
& ; ; ' ' ' ! * Nuclear shape effect (6<r*>) compatible
5 .
= 0.1 __1‘! f - with theory (gray)
T 0.0 - vl | i I [
2 . . . . , ) * New boson still possible contribution
o -1 0 1 2 3 4
A4 [107°]
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Dark boson bounds from Yb

PTB/Heidelberg/Hannover/Darmstadt/Sydney, Door, Yeh, Heinz, Kirk, Lyu, Myagi, ...EF,... Mehlstaubler. et al, PRL 134 (2025) 6, 063002

log10(Ac [M])

-7 -8 -9 -10 -11 -12 -13
_4 1 | 1 | p—— '_l 1
—— Ca, Aarhus 2020 = == == == K-)TI¢ via Yu
—— Ca, Williams 2023 (g~ 2)e’ el -6
— Yb (amit, Ymrr. ) @{?
-6 | — Yb (B, ymir, 6) &
. —— Yb (@prs, Ypra, 6) - =
E > [° 2
S 8 \ <
g 3
< =F-102=
> g =
210 2.3 g
HD (e-scatt) 9 S = -
\’\D \\)' . -O =
_15 B A gr-12
il TG Ko via v LA -5 2
-12 Globular Cluster 25 0 25 ZH
SN1987a Amy [keV/c?]
| 1 1 1 1 1 -14
1 2 3 4 5 6 7

log10(my [eV/c?])

here: 3 transitions and 4 isotope pairs

> taking one SM nonlinearity into account

Best isotope-shift based bound so far
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Highly Charged lons (HClI)

* Electrons removed - less multi-body effects
* QED effects amplified ~2*

‘ @ * Systematic shifts reduced, Stark shifts ~Z¢
- high accuracy in traps

Figure: P. Schmidt

* electrons more closely bound

> see Piet Schmidt's - test shorter interaction range?
lectures

@  Very sensitive to time-variation of fundamental constants [ test ultralight DM
(V] Precise optical clock, e.g. Ar®* (2 x107") [PTB&MPIK, King et al Nature "22]

o Precise isotope shift measurements possible L] test light mediators
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https://www.nature.com/articles/s41586-022-05245-4

Ca isotope shifts: HCl and Ca*

* PTB: Ca™ Po~> Py @0.1 Hz precision
* ETH Zurich: Ca* S = Ds, @0.1 Hz
e combined with D-fine splitting transition

Wilzewski, Huber, Door, Mariotti, Richter,... Blaum, Craik, Crespo, Schmidt, EF,
arXiv: 2412.10277 [physics.atom-ph], accepted by PRL

* Explaining the data requires more than
2"-order mass shift & NP

* Mass shift calculated at 10% uncertainty
- subtracted

* T more nonlinearity included - linear
- compatible with calculated nuclear
polarization

A ~ (arb. unit)

1.00-
0.75-
0.50-
0.257
0.00-

—0.25-»"':

~0.50-

—0.75-

X  Experiment: 62729/6V57¢
e MS®): vy50/6v570

Residual NL (MS?) subtracted): 60729/6v57¢

e Nuclear polarization: 6v729/6V57¢

New Physics

QT T

S———

0.0

-05 .
A (arb. unit)
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https://arxiv.org/abs/2412.10277

Ca isotope shifts: HCl and Ca*

* PTB: Ca™* Po > P; @0.1 Hz precision
e ETH Zurich: Ca* S Dsp, @0.1 Hz -
* combined with D-fine splitting transition 1078}

Wilzewski, Huber, Door, Mariotti, Richter,... Blaum, Craik, Crespo, Schmidt, EF,
arXiv: 2412.10277 [physics.atom-ph], accepted by PRL

First nonlinearity in Ca observed

Theory input

A

Nuclear shape

_10—6
g ¢ 110° 8
= E
=107+ T &
C 11072
Ca*/ Ca'"* GKP sub.2"MS (thi$ work)
10—127 ”,’ -
thﬂmmLSWrﬁ[xx/
Improved bound 10 100 1000 10° 6305 108 107
v
on dark boson ", [EV/C]
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https://arxiv.org/abs/2412.10277

Variation of fundamental constants

Scalar ultralight DM Qb Antypas et al, Snowmass 2203.14915

| 1.}, P : G, G
‘Cﬂlnt = K { [ — = — dmemewewe} — db3

20 + Z mf -+ ')/m mqwqwq:| }

q=u,d,s

4

> induces oscillations of Xem and fermion masses:

o(t) ~ ¢pcos(myt)

8}

Q a(l+ gy@), my — my + gypd
T . ¢ = My + gy

> see lecture by M. Safronova
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https://arxiv.org/pdf/2203.14915.pdf

Yb, Yb/Sr clock comparison

Frequency w/27 (Hz)

10~7 107° 107°

Record precision of Yb and Sr : : :
clock transitions at PTB 10-4 458 e

~
No oscillation of frequency ratio 2 107 ~
detected é

S o8
Improved sensitivity to ultralight . YbTE3/E2
dark matter by factor 10 - BN YbTE3/Sr

10—23 10I—21 10I—19 10I—17

Dark matter mass m, (eV/c?)
> see lecture by M. Safronova
Filzinger,... Huntemann, PRL 130, 253001 (2023)
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Choose sensitive system of clocks

change in
frequency

\_

S

sensitivity

Clever choice
of system

fN

change
in o

J

orien |____om

Yb+ E2

Yb* E3

In*

0.06
0.91

0.01
<0.1

436
467
267
237

13/05/2025

Elina Fuchs (Leibniz Uni Hannover | DESY)

80/ 105



Ultralight scalar DM-photon coupling

de

/€2¢FMVF'L”/

' l %Udhw((uﬂhui L ‘ i I/M/i,Lﬁé;é&1_
107 | | LA L ]
| N _z W Cs/cav
- | H/Quartz, Lo ¢ / i
] : Quartz/Sapphird GEO g[m/ DAMNED
101 | = -
g :’ﬂt‘.lﬁ g’ - \ O ‘ >
| — J :1 = . ~ ’/' e - .
T e 5 == S hire
B — <= . Sapphire _ -~
10 5L o | ﬂ/ncﬂ\ “, (] -~ ]
w-f AP T AURIGA -7
S~ N . - -
Rb/Cs PO 1) Bl
~11} - TR e
10 d.t&l\x(, ! bt‘*;a) - .
_-" " AstrophysicalBouﬁds |
10_17 = 1 Il 1 L= ™ I 1 1 1 1 1
10724 1020 10716 10712 1078
me (eV)

106

f (Hz)

102 102 106

Antypas et al, Snowmass 2203.14915

10~21
10727 ~
10793

10—39

13/05/2025

Elina Fuchs (Leibniz Uni Hannover | DESY)

81/105


https://arxiv.org/pdf/2203.14915.pdf

Towards a nuclear clock

1 I I I ) L] 1

v. d. Wense, Nature 533 (2016) e Nuclear isomers 229 . .
. . Aomioshell | Th: the ?nly suitable system
transitions for an optical nuclear clock
Optical clock
108 region

10°

S 5
3 O(10%)
5 104 l
(0] - .
5 Other nuclear transition in MeV range
108} 1 i > inaccessible to lasers
1, 'H
i 2, 199Hg 235mU |
102 3’ 4UCa+ ®
4, 27A|+ 229mTh
171
101 - g, BTSTb 24 mrE v =
y -1 ® @ 7’
7, 171yp+ 053 6 o
10-10 105 100 105 1010 1015 1020
Half-life (s)
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Rare cancelation of 1:10°

229Th 229m Th

Ground state Isomer (.2 mm) 148 nm optical transition
8.3 eV in fact, VUV
3 Coulomb VUV laser: Thielking et al New J. Phys. 25 (2023)
c . .
gi contribution Coulomb
cC o O 1
5 contribution i__M?_YfE?Ie
=
e New physics sensitivity:
K ~10* (estimated)

Peik et al, Quantum Sci. Technol. 6 (2021)
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20 years searches - discovery 2024

2003 2023

| P L [Peik, Thamm] :f |

roposa

uuuuu : New pathway of
nem e producing the Th
e = me = e isomer at ISOLDE
o e e m o (@CERN
w = =  r> Ra> Ac>?Th

8.8
S =
o o
@B.G- % 2 o
of 5z ™
F 8.2 E 0
of/f 2 /o 10

8.0
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20 years searches - discovery 2024

2003 . 2023 02/24

| P L [Peik, Thamm)] :f | |

roposa
New pathway of  Discovery @PTB

producing the Th  First laser excitation
isomer at ISOLDE  of nhucleus [Peik]

@CERN Crystal from Vienna
Fr>Ra=> Ac> “"Th  Brpoadband VUV
laser

Figure: TU Vienna

f=2020.409 THz
of 7 GHz
5f/f Yoo 10 3x10°¢
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20 years searches - discovery 2024

2003 2023 02/24 04/24 06/24  outlook

| P | [Peik, Thamm] 7 | | | | '

roposa
New pathway of Discovery @PTB @UCLA @JILA

producing the Th First laser excitation |mproved Boulder

isomer at ISOLDE  of nucleus [Peik] precision VUV

@CERN Crystal from Vienna [Hudson] frequency

Fr>Ra> Ac> “"Th  Broadband VUV comb [Ye]
laser

f=2020.409 THz
of 7GHz 3GHz 300 kHz
SF/f % 10+ 3x10®  1.5x10¢ 107°
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Lessons for DM from Th lineshape

Lineshape of nuclear Th resonance [PTB] What if there is oscillating, light Dark Matter?
Tiedau, ..., Peik, ..., Schumm [PRL 2024] > How much would it broaden the resonance?
- bound on DM parameter space

Wavelength [nm]
3

148.387 148.382 148.377
1 1 1
(a) [ R Y
1000 - a me .
B o n e
l. . .. ..
900 g eee® . B agE®eege -
v : : —— Isca\ndlmf:ctn::p - |
@ 400
=
3
3
= 200~
=
o
0_
I I I
3- (¢) .
A A A A
2_‘1 O T S “‘AA‘A‘A‘ i
1 1 1

| | | | 1 |
-100 -75 -50 -25 0 25 50 75 100
Frequency offset [GHZz]
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Nuclear lineshape analysis

vit) >~ v
( ) 0 Fuchs, Kirk, Madge, Paranjape, Peik,

Perez, Ratzinger, Tiedau

500 R T T T ™ ° In absence O.F DM, EETB/HEDHO\;@I’/W@iZmann,

o eory & exp
., I(V) - 5(” - 'UO) Accepted by PRX
= 400 .
Z,
<
7]
E 300 F .
3
= 200 .
=
ol
[
2 100} -
=

U 1 ' L 1 1 1 " " | I T S T 1 " 1 L ' |

—100 —50 0 50 100

detuning dvp ,, [GHz|

Slide by Fiona Kirk (Convolved with resonance lineshape)
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Nuclear lineshape analysis

v(t) ~ vy + dvpm cos (2mvpmt + «
( ) 0 T DM ( DM T \ZODM) Fuchs, Kirk, Madge, Paranjape, Peik,

Perez, Ratzinger, Tiedau

soF "] e In absence of DM (ETB/Hannov)er/V\/eizmann,
L o theory & exp
o, I(V) — 5(1/ - 1/0) Accepted by PRX
¢ 400
g In presence of DM,
£ 300 average over Tpm = 1/vpm:
8
£ 200 Tom g
3 (W) 1om = =—0(v —v(t))
% 100 0 DM
=
o v—uy
> 0 (1 Sl ) Vs

—100 —50 0 50 100 \/5VDM — (v —1)?
detuning dvp ,, [GHz]

Slide by Fiona Kirk (Convolved with resonance lineshape)
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SM vs DM fit to Th data

e e B L I A B S S B S R |
500 F = SM fit (+20 CI) wings (for oan) 7
— Fuchs, Kirk, Madge, Paranjape, Peik,
|cn - = DM fit (£20 CI) + data, o5 & oaN Perez, Ratzinger, Tiedau
— | == vpMm =15 GHz data, o, 1 (PTB/Hannover/Weizmann,
Z&:’ 400 ) theory & exp)
4 :"l‘ Accepted by PRX
£ 300 | E -
= I
e i
© i
= 200 F ' .
= i
Ay
5 100
: #
S - vy ' -
& s \\\
0 -_-.;.-na-n*']éf =
1 L L L L 1 1 1 1 | 1 1 1 1 1 1 1 1 1
—100 —50 0 20 100

detuning vy, (GHz|
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Th probes QCD scale

dAqep/Aqep
-
S

—

S
o
o

10—25

f [Hz]
10°7 107t 107! 102 10°

other
oscillators |

~10GHz width

- atomic clocks W—

:'wf‘“‘ "Csé’%
_ A
: 100Hz width /

Y
u ”’ -

”

QPN lim. clock g

” -

™ (0, = 1Hz per 1s) _»~

10722 1071 10716 10718 10710
Slide by Fiona Kirk WDM [BV]

Our bound, based on data published in
PRL 132 (2024) 18, 182501

OF- @Ca” @Th*
Prospective reach of a

lineshape analysis
limited by host crystal

Projection for a future single-ion nuclear
clock (quantum-projection noise-limited)
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Bounds on DM from nuclear transition

107

10

10-°

f [Hz]
102 107t

5 107t 1073 10° 10! 102 103 10% 10°

106 -
103 L
100 -

,,d‘:”- 1073 L

other clocks

EP tests

10-6 " |
1077 F

10—12 L

MW sat':"..

T

0=

10T 10T 10T 10-1 10-T 10T 10-T 10-2 10-TL 10-10 10-9
mg [eV]

Fuchs, Kirk, Madge, Paranjape, Peik,
Perez, Ratzinger, Tiedau
(PTB/Hannover/Weizmann,
theory & exp)

Accepted by PRX

Potential for “nuclear
superiority”

= nuclear clock can soon
become more sensitive to
DM than atomic clocks

13/05/2025

Elina Fuchs (Leibniz Uni Hannover | DESY)

92 /105



Particle questions L. Quantum sensing

TN T

Baryon Dark Strong CP
Asymmetry Matter problem

NN

Electroweak
phase

w
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Particle questions L. Quantum sensing

Review: /\
Safronova, Budker, Dark

DeMille, Kimball, Baryon Strong CP
Derevianko, Clark 2017: Asymmetry Matter problem
"Search for New /\At o [ ook ]
Physics with Atoms EDM D 4 omic ﬂUCleEl\I'C OCKS

and Molecules”

% —
\/ % cavities I EDM |
[ Atomic clocks | [interferometers] ‘ Atom \
(Nuclear clock | [“Efectroweak |
Hierarchy phase Neutrino Dark
problem

transition \masy \Eney
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Many open questions

* Many questions create new questions —on a more
fundamental level.

ARE THERE SEVERAL
Hices BOSONS?

HAT DO WE LEARN
FROM GRAVITATIONF

|S THERE A NEW
SYMMETRY THAT

XPLAINS DARK MATT

R THE HIGGS MASS?

HY |S THERE MORE
MATTER THAN
ANTIMATTER?

= A lot to do for young scientists! Real impact of quantum technologies likely.
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Conclusion

Well-motivated scenarios with light or heavy New Physics require novel searches

——> Goal in model building: solve several question at once: e.g. axion, relaxion

Atomic clocks are sensitive NP sensors, new systems explored: HCl, nuclear clock

—> |sotope shifts: unprecedented precision tests nucleus and Dark Bosons

—=>Detection challenges: feeble couplings, broad mass range » quantum enhancement
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BACKUP



The Higgs mechanism

. Vig)

SM Higgs potential

V(@) = p?|@f + Aot
u? < ) ; expecation value!
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The Higgs potential

b3 -+ ;¢4> is the Higgs boson:

a complex, 2-component field
> 4 real degrees of freedom

SM Higgs potential
V(D) = 12]|®]? + \|®|*
fu? A >0

» minimum a{®) = 0
cfpt <0
> minimum a{®) #~ 0
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The Higgs potential

—|_ . s Vig)
¢ = (i; + iii) is the Higgs boson: '

| have no vacuum
expecation value!

a complex, 2-component field
> 4 real degrees of freedom

SM Higgs potential
V(P) = p*|@] + A[2"
*fu2 x>0

* minimum at<q)> =0
clfpt <0
» minimum a(P) # 0
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The Higgs potential

_|_ y .V[.@) .
¢ = (i; n iii) is the Higgs boson: -

| have no vacuum
expecation value!

a complex, 2-component field
> 4 real degrees of freedom

SM Higgs potential
V(P) = p*|@] + A[2"
*fu2 x>0

* minimum at<q)> =0
clfpt <0
» minimum a(P) # 0

13/05/2025 Elina Fuchs (Leibniz Uni Hannover | DESY) 99 /105



The Higgs potential
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| have no vacuum
expecation value!

a complex, 2-component field
> 4 real degrees of freedom

SM Higgs potential
V(P) = p*|@] + A[2"
*fu2 x>0

* minimum at<q)> =0
clfpt <0
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Masses of the gauge bosons

[QuantumDiaries]

The originally massless electroweak gauge bosons W+, Z "eat” 3 degrees of freedom of

They become massive:

My, = gg ~ (80.379 +0.012) GeV

My = g\/gQ P~ (91.1876 = 0.002) GeV

They have an additional polarization: from 3*2 d.o.f (massless) to 3*3 d.o.f. (massive)



https://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/

Electroweak fit of Higgs mass

A P

Erler, Schott, 2019

Prepared using LEP EWWG Plots from 1996 6 Prepared using LEP EWWG Plots from 1997 6Prepared using LEP EWWG Plots from 2005 6Prepared using LEP EWWG Plots from 2012
o ] : 7 : [\ T 4
L — Central Fit X I —— Central Fit X [ = r
C [] Theory Uncertainty < I [ Theory Uncertainty < <t
Y 5~ 5t 5-
C L |:| Direct Exclusion H L
- 4c ar a-
A 3- 3- 3-
- 2r 2r- - 2r ;
r L C = Central Fit (0{>),=0.02750 L # —— Central Fit (o =0.02750)
r L B ,1:| Theory Uncertainty L [ Theory Uncertainty
- 1 1T /“[__] Direct Exclusion i [ Direct Exclusion
r C C " ---- Fit with o) =0.02749 E ---- Fitwith of) =0.02749
C D R | obL. | oLl Nupfr’, 1 Fitipel low Qfdata | ot 1y Fitipel. low Qhdata |
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300 150 200 250 300

my [GeV] my [GeV] my [GeV] m,, [GeV]




Measured muon magnetic moment

Update from 08/2023, PHYSICAL REVIEW LETTERS 131, 161802 (2023)

MUON g-2 RESULTS BNL g2 — Py
BROOKHAVEN FNAL 9-2 (Run_1 ) : . I
FERMILAB 2019 + 2020 DATA < 420 > EXpeI’Imeﬂta[
update with
FERMILAB AVERAGE S.M S.M Fermilab R{in-2
Data-driven BMWc Lattice HVP and 3
WORLD AVERAGE HVP
21.0 215 : : < 210 >< 1.50 >
SM
< : ®
/%‘-_Q \ PO[a rlzed muons Rough data-driven
4 N i i hybrid using CMD-3
.//‘ 0> 9 \ n Storagg ring. data only below 1 GeV
‘ '} g >2 % Spl n T T T T T T T T T
\
@v\ /' precesses faster 17.5 18.0 18.5 19.09 19.5 20.0 20.5 21.0 21.5
B u=, —mew than momentum. a,x10 —-1165900
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.161802

Gravitational waves as messengers

What can gravitational waves tell us about
* Processesin the early universe?

* Phase transitions, e.g. from the unbroken electroweak
symmetry to the spontaneously broken phase where
the gauge bosons get a mass?

R. Hurt/Caltech~JRL

How can we detect them, especially in undetected
frequency ranges?
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Analogy of axion/ GW detection

Figure by Sebastian Ellis (U Geneva) @ UHFGW workshop at CERN, 12/2023
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Quantum Sensors

] Degen, Reinhard, Cappallaro 16

[i) Discrete, resolvable energy levels, typically 2-level system 1) —

E S h(l)o
|0) ———

ii) guantum system initialized in known state & read out

[iii) quantum system can be coherently manipulated ]
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Quantum Sensors

Degen, Reinhard, Cappallaro 16 |
[i) Discrete, resolvable energy levels, typically 2-level system J

1) ——
ii) quantum system initialized in known state & read out 0y |
iii) quantum system can be coherently manipulated 1)
o : : . h I
iv) interaction with external field
> energy shift or transition between levels ) 0=
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Quantum Sensors

Degen, Reinhard, Cappallaro 16 |
[i) Discrete, resolvable energy levels, typically 2-level system J

1) ——
.. T : E = hwg
ii) quantum system initialized in known state & read out 0y |
iii) quantum system can be coherently manipulated 1)
o : : . h I
iv) interaction with external field
> energy shift or transition between levels ) 0=

\
| quantum objects: atoms, ions, clocks, Rydberg states, superconducting circuits, cavities, interferometers, ... |
I & quantum techniques: entanglement/ squeezing/ non-demolition I
|
]

I' 5 well suited for light DM/NP, GWs, also for HEP detectors
\

13/05/2025 Elina Fuchs (Leibniz Uni Hannover | DESY) 105/ 105



	Slide: 1
	Slide: 2
	Slide: 3 (1)
	Slide: 3 (2)
	Slide: 4
	Slide: 5
	Slide: 6
	Slide: 7
	Slide: 8
	Slide: 9
	Slide: 10 (1)
	Slide: 10 (2)
	Slide: 10 (3)
	Slide: 10 (4)
	Slide: 11
	Slide: 12
	Slide: 13 (1)
	Slide: 13 (2)
	Slide: 13 (3)
	Slide: 13 (4)
	Slide: 14 (1)
	Slide: 14 (2)
	Slide: 15
	Slide: 16
	Slide: 17 (1)
	Slide: 17 (2)
	Slide: 18
	Slide: 19
	Slide: 20 (1)
	Slide: 20 (2)
	Slide: 21
	Slide: 22 (1)
	Slide: 22 (2)
	Slide: 23
	Slide: 24
	Slide: 25
	Slide: 26
	Slide: 27
	Slide: 28 (1)
	Slide: 28 (2)
	Slide: 28 (3)
	Slide: 29
	Slide: 30
	Slide: 31 (1)
	Slide: 31 (2)
	Slide: 32
	Slide: 33
	Slide: 34 (1)
	Slide: 34 (2)
	Slide: 35 (1)
	Slide: 35 (2)
	Slide: 35 (3)
	Slide: 36 (1)
	Slide: 36 (2)
	Slide: 37
	Slide: 38
	Slide: 39 (1)
	Slide: 39 (2)
	Slide: 39 (3)
	Slide: 40 (1)
	Slide: 40 (2)
	Slide: 41
	Slide: 42 (1)
	Slide: 42 (2)
	Slide: 43
	Slide: 44
	Slide: 45
	Slide: 46
	Slide: 47
	Slide: 48 (1)
	Slide: 48 (2)
	Slide: 49
	Slide: 50
	Slide: 51
	Slide: 52
	Slide: 53
	Slide: 54
	Slide: 55
	Slide: 56
	Slide: 57 (1)
	Slide: 57 (2)
	Slide: 58
	Slide: 59
	Slide: 60
	Slide: 61
	Slide: 62
	Slide: 63
	Slide: 64
	Slide: 65
	Slide: 66
	Slide: 67
	Slide: 68
	Slide: 69
	Slide: 70
	Slide: 71 (1)
	Slide: 71 (2)
	Slide: 72
	Slide: 73
	Slide: 74
	Slide: 75
	Slide: 76
	Slide: 77
	Slide: 78
	Slide: 79
	Slide: 80
	Slide: 81
	Slide: 82
	Slide: 83
	Slide: 84
	Slide: 85
	Slide: 86
	Slide: 87
	Slide: 88
	Slide: 89
	Slide: 90
	Slide: 91
	Slide: 92
	Slide: 93
	Slide: 94
	Slide: 95
	Slide: 96 (1)
	Slide: 96 (2)
	Slide: 97
	Slide: 98
	Slide: 99 (1)
	Slide: 99 (2)
	Slide: 99 (3)
	Slide: 99 (4)
	Slide: 100
	Slide: 101
	Slide: 102
	Slide: 103
	Slide: 104
	Slide: 105 (1)
	Slide: 105 (2)
	Slide: 105 (3)

