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‘ Quantum clocks simpliefied

—
* Prepare 2 level system that is excited with a laser

0) +11)
V2

0) + exp(iAET) [1)

¥1(0) = 7%

= ¢1 (t) =

» Creates extremely precise oscillator < perfect pendulum

| (1(0) | (1)) | = cos (%)
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Scheme of a clock

‘ Quantum clocks simpliefied
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Atomic clocks

* Electronic transition energy

AE ~ Mg = m, (1 — e ) o I
my



Atomic clocks

* Electronic transition energy

Es

AE ~ Mpega® = m, (1 — e ) o I
my

Eq

 How precise? Best atomic clocks reach

Ytterbium E3 single-ion clock: ~ 3.2 X 10~ N.Huntemann et al., PRL 116 (2016)

: : : —1
Strontium optical lattice clock: ~ 2.1 x 10 8 T.L. Nicholson et al. Nature comm. (2015)

Ytterbium optical lattice clock: ~ 1.4 x 1078  W.F McGrew et al. Nature 5634 (2018)

Aluminium single-ion clock: ~ 9.4 x 10712  S.M. Brewer et al. PRL 123 (2019)

Achieved Accuracy: 1s in 30 billion years



Atomic clocks as new physics detector e

» QCD coupled ULDM induces variations in =~ AE ~ myeqa® = me (1 4 e ) o
mn

« Sensitivity factor K 1o €-9- for the QCD axion

System Transition
H Ground state hyperfine
Cs Ground state hyperfine
Rb Ground state hyperfine
Si cavity
Sr 150 — 3P()
A1+ 150 — 3Po
Hg™* *S1/2 = *Ds/s
Yb 'So — °Po
Yb* (E2) ?S1/2 = ?D3/s
Yb™ (E3) 2S1/2 = *Fr o

ofa _ 2
fA — atom6) (t)

Suppression typically
KatomN 10_3 — 10_5

G-factor: e . 10-°
AmN
Vib. modes Me 1073
AmN

Me

Charge radius ~ A%/3q* (
my

:
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Atomic clocks as new physics detector
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fC [HZ] Madge, Perez, Meir 24’
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Atomic clocks as new physics detector

2
9s A =g ~apv L _ Me 193
LD 3912 7, G, G Coupled with vibrational modes -
fC [HZ] Madge, Perez, Meir 24’

10~° 10~ 10~ 10°




Gilad’s talk

fDM [HZ]

10-1 10° 107> 107* 1073 1072

Atomic Clocks

10 10—21 10—20 10—19 10—18 10—17 10—16

mpm [eV]

fDM [HZ]
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Atomic Clocks

EP tests
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1. Natural ULDM: Quadratic twin

2. Local DM density around Earth with ¢2NN - coupling



Energy [eV]

e Nuclear isomers
104 | e Atomic shell
transitions
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excited states

229Th as nuclear clock

+ 229 i
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M1 transition
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229Th ground state

. 229mTh: unusually low excitation energy

AFE = vy ~ 8eV =P |aser excitable



Energy [eV]

229Th as nuclear clock
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Energy [eV]

229Th as nuclear clock

= Nuclear isomers 3" 229Th isomer state
10’ Atomic shell | = [631]
transitions 2
106 Optical clock | M1 transition
= E* ~ 8.338(24) eV
~ ~ O. e
O o -

10 . A = 148.71(42) nm
10° Ly oy o's 99 o ] 5 [633] T~ min. — h.

2 199Hg » 2
10° | 3 00, 1 229Th ground state

4 27A|+ 235m
'102 5 171yp U@ 7

6 8&/s 229m . .
10! |, 1719y 2 “ALL 7 e 229MTh: unusually low excitation energy

S g
1010105100105 1010105 10D AFE =1y~ 8eV =P laser excitable
Half-life [s]

lowest E* of all ca. 186000 presently known nuclear 290m o
excited states . Th: Lifetime 7~ 0.5h

—P Quality factor Q ~ vg7 ~ 10%°

. 229’/”Th: Less sensitive to external fields



‘ >2Th experimental progress in 6v/v

* Revolution: Accuracy in isomeric shift

10~! (2020): indirect y-ray spectroscopy
1073 (2022, ISOLDE): VUV photons from isomer decay in *°Th : CaF, :

107° (March/Arpil 2024, PTB): First resonant laser excitation in 229Th CaF,

10711 (June 2024, JILA): VUV frequency comb spectroscopy referenced to 373y clock

v 10713 (2025, JILA): Using two crystals ?°Th : CaF, :

This, and another enhancement factor of 10° — 10'" to new physics probes is
extremely promising!



229Th measurements

First resonant laser excitation in 2>°Th : CaF, :

« Shine broad ( ~ few X GHz) but super powerful laser on >**Th-doped

CaF, crystal
OF- @Ca*@Th*

0—0=0-"9
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229Th measurements

First resonant laser excitation in 2>°Th : CaF, :

« Shine broad ( ~ few X GHz) but super powerful laser on >**Th-doped

CaF, crystal
OF- @Ca> @Th*
 Scan frequencies and after 7 ~ 0.5 h get back fluoresent e O=0-=0

light at v = 2020.409(7) THz Q\
r>: O
Wavelength [nm] O fl\/\ 1 <>/\
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1000—(a) -..°-.°. i O (JJ/V O/Q

L n
500" 5y g¥h e
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@ 400F | | .
> 200~ . ' ~ 10
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0 - -
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2 = -
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229Th measurements

First resonant laser excitation in 2>°Th : CaF, :

« Shine broad ( ~ few X GHz) but super powerful laser on >**Th-doped

CaF, crystal

OF-@Ca>*@Th*
« Scan frequencies and after 7 ~ 0.5 h get back fluoresent o0—0
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 Comb spectroscopy: using 2 crystals gives reproducability C e d r>/<>
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229Th measurements

First resonant laser excitation in 2>°Th : CaF, :

« Shine broad ( ~ few X GHz) but super powerful laser on >**Th-doped

CaF, crystal

OF-@Ca>*@Th*
« Scan frequencies and after 7 ~ 0.5 h get back fluoresent o0—0

light at v = 2020.409(7) THz /H o
 Comb spectroscopy: using 2 crystals gives reproducability C e d r>/<>

=00

J

®
—_ P O UMQ/)
8 340 - g
© 00 5
Py 33(4) kHz v _
4 APy —_— — ~ 10713
= 320 U
c OO
3001, | o
—200 0 200

v — 1y |kHz| Great, but still worse than atomic clocks...



‘ 2’Th as nuclear clock candidate

Enhanced Sensitivity?

* Transitionenergy  AF;, = AEqcp — AFgMm ~ 8¢V

(6 2)2 AQCD

 Naively AFgy >~ 5 A

~ MeV ~ AEQCD

 ULDM coupled to strong sector

) (AEZS) AEQCD (t) — AFErnm AEQCD my
AL, N ~ TAE, Y, ©° (mgt)

Then the sensitivity factor is indeed Kiue =

Chis and no suppression gives KnuC/Katom ~ 10% — 10V enhancement!

10
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‘ Approaches to estimate the sensitivity

* Calcluation of AFE,,. is basically impossible, but can try to calculate A Exm

Classical approaches

Halo model

Rotor models Data driven

“Ab initio”

DFT and HFT methods



‘ Approaches to estimate the sensitivity

* Calcluation of AFE,,. is basically impossible, but can try to calculate A Exm

Classical approaches

Data driven



Data driven approaches

o State-resolved VUV frequency-comb spectroscopy referenced to the JILA 87Sr-clock

Frequency — 2,020,407,000 (MHz) m
275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 /is =3/2 - +3/2
| | | | | < .
a b c d e T
| | | | L
+5/2
1.0F lg =5/2
—_ 2 +3/2
=
0.8} / +1/2

o
)

Normalized count rate (a.
(=} o
N IS

|
1/

o

|
\x_-_

—

| ! 3/2
5/2

/

Vey, (MH2)

e I =

172

283.48 283.84 284.20 298.37 298.73 299.09 446.53 446.89 447.25 530.55 530.91 531.27 693.62 693.98 694.34

2,020,407,283.847(

2,020,407,298.727(4
2,020,407,446.895(4
2,020,407,530.918(4
2,020,407,693.98(2)

= = D

» Crystal structure induces splitting in the isomer shift via hyperfine interactions

* Forinstance for quadrupole moment (k = 2): AEQ(2) — (‘)5‘/(77)‘7?:0@(2)

1 k k
H=) VPR
k

spec

OF- @Ca> @Th*

V<k) . Electric field gradients (crystal structure)

Qép)ec: Spectroscopic nuclear multipole moments

11



‘ Hyperfine interaction hamiltonian

V(k) : Electric field gradients (crystal structure)

k
Qépéc: Spectroscopic nuclear multipole moments

Rank k Electric Magnetic
P = (—1) P = (—1)<"!

0 monopole (Ze, (r®)) — none —

1 dipole (EDM) dipole (u)

2 quadrupole (Q) quadrupole
3 octupole octupole (£2)
4 hexadecapole hexadecapole




‘ Hyperfine interaction hamiltonian

Cgégéc3
Rank k Electric Magnetic
P =(-1)* P = (—1)
f 0 monopole (Ze, (r?)) — none —
1 dipole (EDM) dipole (u)
2 quadrupole (Q) quadrupole
3 octupole octupole (£2)
. 4 hexadecapole hexadecapole

V(k) : Electric field gradients (crystal structure)

Spectroscopic nuclear multipole moments

Subject to selection rules

ground state

Izg:kSS

12



‘ Hyperfine interaction hamiltonian

Q

(k)

V(k) : Electric field gradients (crystal structure)

spec: Spectroscopic nuclear multipole moments

Rank k Electric Magnetic
P = (—1) P = (—1)k
N )
0 monopole (Ze, (r?)) — none —
Subject to selection rules
1 dipole (EDM) dipole ()
2 quadrupole (Q) quadrupole isomer
= o
L& octupole octupole (2) | 2 -
g hexadecapole hexadecapole AU

I:g:kSS

12



‘ Hyperfine interaction hamiltonian

Heom > Z lv(k)Q(k) V(k) : Electric field gradients (crystal structure)

spec

_ k
k=0,2,4 Qépéc: Spectroscopic nuclear multipole moments
Rank k Electric Magnetic
P = (—1) P = (—1)k!
1T A
0 monopole (Ze, (r?)) — none —
Subject to selection rules
1 dipole (EDM) dipole ()
2 quadrupole (Q) quadrupole isomer
= g3
L& octupole octupole (2) | 2 -
g hexadecapole hexadecapole AU

I:g:kSS

12



‘ Spectroscopic vs. intrinsic moments

Laboratory
frame > |
. . - (k)
« Given a crystal structure experimentally determine Qsp oc M
_ _ . Spectroscopic StTIetlfarLel? state:
(Laboratory fixed frame quantity in streched state I = M) multipole . T
Qspec(k)

13



‘ Spectroscopic vs. intrinsic moments

* Given a crystal structure experimentally determine Qgg)ec

(Laboratory fixed frame quantity in streched state I = M)

 Geometrical models calculate body fixed intrinsic quantities

Laboratory
frame >

M

: stretched state:
Spectroscopic

multipole ___5 I, M=1)
moments
Qspec(k)
1 1 . .
Z Intrinsic
angular | (body—ﬁxed)
momentum

frame

/K

Intrinsic
multipole >

moments
QW) ‘

13



‘ Spectroscopic vs. intrinsic moments

* Given a crystal structure experimentally determine Qgg)ec

(Laboratory fixed frame quantity in streched state I = M)

Need to connect them with rotational model

 Geometrical models calculate body fixed intrinsic quantities

Laboratory
frame >

M

: stretched state:
Spectroscopic

multipole ___5 I, M=1)
moments
Qspec(k)
1 1 . .
Z Intrinsic
angular | (body-fixed)
momentum

frame

(K

Intrinsic
multipole >

moments
QK

13



‘ Spectroscopic vs. intrinsic moments

Laboratory
frame >
. Gi tal struct imentally determi Q(k) |
lven a crystal structure experimentally determine spec M . |
Spectroscopic S rletlf/l—el) state:
(Laboratory fixed frame quantity in streched state I = M) multipole . Il M=
» Laboratory state is a rotating superposition of differently oriented intrinsic
states L
Intrinsic
Q(k) (I) - (2[ 4 1) ( I k I) ( I k I) orientations
spec _ _ o | ( contributing
K 0 K I 0 1 o the
laboratory
/ state
Projects intrinsic K onto / Projects into streched state
Projection onto nuclear state ‘I, M( = 1)) (Wigner-Eckart theorem)
Z' Intrinsic
* angular | (body—ﬁxed)
momentum K frame

Intrinsic

« Geometrical models calculate body fixed intrinsic quantities e

Q(k) /

13



Geometrical classical modelling

Classical approaches

- Classical charge density p(r) = AFEpm

Constant density prolate spheroid

14



Geometrical classical modelling

Classical approaches

- Classical charge density p(r) = AFEpm

Constant density prolate spheroid

o — G [ gy PD0) 36222 (1= Y (14e
|7 — 7| 5 Ry 2e 1—e

e Compute charge radius and intrinsic (in body-fixed frame) quadrupole moment

<r2>: ! /dBFTQp(r 9):§R2 1+§—|—

G2 ! 50 9 7
_ ! /deﬂp(cose) o) = SRr2 (14 S 4
_qez 2 p Y _5 O 9 * e

* Allows to trade {Ry,e} < {<7"2> ,Qo}

(Which are measured)

14



Geometrical classical modelling

Classical approaches

- Classical charge density p(r) = AFEpm

Constant density prolate spheroid

» Thenwith A (r*) = 0.012(2) fm? and AQo = —0.087(332) fm*

A 2
AEqc = —485MeV <<§>> +11.6 MeVAQQO = —0.29(43) MeV
r 0

14



Geometrical classical modelling

Classical approaches

- Classical charge density p(r) = AFEpm

Constant density prolate spheroid

» Thenwith A (r*) = 0.012(2) fm? and AQo = —0.087(332) fm*

A 2
AEqc = —485MeV <<§>> +11.6 MeVAQQO = —0.29(43) MeV
r 0

.. which implies K, ,. = 0 — 104

Dominated by the uncertainty in AQ)y/ Qg

14



Classical approaches |

Geometrical classical modelling

ﬁj/:]

| |

A 2
AEc = —485MeV <§ ) 116 Mev D0 - —0.29(43) MeV
<7“ > QO Thielking et al., Nature 556, 321 (2018)

» Constant volume approximation allows to relate (r*) And (g
Fadeev, Berengut, Flambaum PRL 102 (2020)

() (fm?)
34.0:. ---------- Ro=7.39fm | .~ ///

: Ro=7.36fm | . /// q AEC J— —0.067(19) Mev
335} ———-—- Ro=7.30fm R~ J

I /

I -~ 4 « .« s .
N yd Is this justified? Questionable..

I /

---------- 7
325: Hayes, Friar, Moller: PRC 78, 024311 (2008)
320L """

-------------- Qo (fm?)
0 5 15

Dominated by the uncertainty in AQ)y/ Qg

15



Geometrical classical modelling

« First laser excitation 2024 reduced A (J,—uncertainty
J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

Classical approaches: numerics with Woods-Saxon
Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)

See also Beeks et al. (2024)
* Woods-Saxon charge density
Woods, Saxon (1954)

<

_1
p(r,0) = po [1 + exp (T — R(@))] with  R(0) = Ro [1 + B2Y20(0) + B3Y30(0) + .. .|

prolate
B,>0

octupole hexadecapole

spherical
B3=0

Bk=0 Vk

v

»
¥

7

[T\

k2

WL\
NS S

!“I
v L

WY
WA\
AN

N\
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Geometrical classical modelling

« First laser excitation 2024 reduced A (J,—uncertainty
J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

Classical approaches: numerics with Woods-Saxon
Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)

See also Beeks et al. (2024)

* Woods-Saxon charge density
Woods, Saxon (1954)

_1
p(r,0) = po [1 + exp (T — 5(9))] with  R(0) = Ro [1 + B2Y20(0) + B3Y30(0) + .. .|

Unconstrained as of now

hexadecapole

octupole

spherical
Bk=0 Vk

0

l“'t

LY
A\ N\

LRRY
AN\
A\

AN

16



« First laser excitation 2024 reduced A (J,—uncertainty

Classical approaches: numerics with Woods-Saxon

* Woods-Saxon charge density

r— R(9)

o(r,0) = po [1 +exp (

<

» Charge radius and quadrupole moment constrain 5 and (5

3

2
2
<T2> = gRg (1 + O (R—gaﬁi

)

3

Qo = —R(f3- <1+C’)<

V5T

» For now ignoring 33,4 and 2 one finds at 2o-level

K, = 10°

0 -

- D X

A <r2>

0.00105 fm?

Geometrical classical modelling

2
z 2
ﬁ?ﬁk
0

)

—1
>] with  R(0) = Ro [1 + B2Y2(0) + B3Y30(0) + .. .|

16



Geometrical classical modelling

* Numerically scan Coulomb energy shift for 53,4 and 2
Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)

10° -

<

. 10°-

Q -

+

Q

=

+>

-

O

=

<

) I 1 _

= vl

Cﬁ — |l o

5 s aibd s

() I HEl
101 | | | ) N |
—0.06 —0.04 —0.02 0 0.02 0.04

Quadrupole moment shift AQq/Qq

Nightmare scenario seems unlikely

17



Geometrical classical modelling

* Numerically scan Coulomb energy shift for 53,4 and 2
Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)

107 -

- :

S,

+

“  10? u -

= ;

D) v

Ga) 3 N — = — C:\1

o 107 - S S T S E

% I g | ]

,g @ 2 o g&?« ) u.m

= 102 : E
AQo/Qo = 0.0179 i

101 | | | ‘ | ‘ | | | \ \ : ! \ \ \
—0.2 —0.1 0. 0.1 0.2

Skin thickness shift Az [fm]

Nightmare scenario seems unlikely



Going beyond quadratic order

« Zhang. et al. neglect hexadecapole moment ( ~ f3,)

« There is a degeneracy with the crystal symmetry: can fit data with 5, and f,

18



Going beyond quadratic order

Baruch, Gazit, Hammer, Kirk, Kopp, Paz, Perez, Peik, Soreq and KS, in prep.

 Zhang. et al. neglect hexadecapole moment ( ~ f,) C.Zhang et al., Nature 633, 63-70 (2024)

« There is a degeneracy with the crystal symmetry: can fit data with 5, and f,

Hexadecapole splitting . Viw — Vyy
as a function of crystal asymmetry parameter 7 =

Quadrupole splitting V.2

~or | OF- @Ca* @Th*

0.5 /ﬁ/ 19 i
| B =2

| z |l ) Vs

-0.5 i

H‘/vZZZZ
QV.

| 1 I | 1 I I I | I ] 1 |

0.0 0.2 0.4 0.6 0.8 1.0

= how does this affect Knuc ? 18



Going beyond quadratic order

Zhang. et al. neglect hexadecapole moment ( ~ f,)

There is a degeneracy with the crystal symmetry: can fit data with f, and f,

Hexadecapole splitting .

However, what would we expect for —
Quadrupole splitting

2 r72 k (4) 2
H(k) N qu <Rnuc) N H N <Rnuc> N 10_10

S S H(2) S

R ~ 5tm

Up to now however unconstrained... s~5A

19



Multipoles from crystal symmetry?

» Crystal symmetries determine which couplings are allowed and how many independent
parameters there are: more symmetry = less parameters

e Cubic symmetry: no quadrupole = hexadecapole leading contribution?

20



Multipoles from crystal symmetry?

» Crystal symmetries determine which couplings are allowed and how many
Independent parameters there are: more symmetry = less parameters

e Cubic symmetry: no quadrupole = hexadecapole leading contribution?

* Recent measurements hints at defect site with cubic symmetry

= probably due to crystal impurities

500

. (F3 O-center _%0_1
© 220 'T_fa 8o O-center is extremely broad, cannot resolve hexa

s XA Y 203

©
~

386.4 387.2 388.0 388.8
Frequency (MHz) ~ +2020407000

m
he=32 — T 32
‘ _ —F .
i \‘\“'1:;:‘ o\o 0 O M //- N\ / + \f B & S A _1/2
1‘ S " \ 4
) S 01 LYy’ \ / i
‘ ’,‘,‘-"":‘ e_ \ ) I +
- 202 \ [
D-center g \ l A
=03 lg=52 — ; +5/2
© \] L
& 0.4 v - +3/2
284.8 285.6 286.4 298.4 299.2 444.0 444.8 528.8 529.6 688.0 [— +1/2
+2020407000 Isomer
Frequency (MHz ;
9 y( ) Shift Quadrupole
Splitting

D-center is fitted to quadrupole splitting
* Degeneracy could be lifted by studying different lattices 20



Going beyond quadratic order

« Employing again a geometric model we find for K with (z = 0.5 fm and Az = 0)

K~ 7.9x%10%—3.8 x 10%

0.16 fm?

1) +190_2¢
57557 fm

4 O5(r2)
~1.8x 10 ( )i2250 ;
0.0105 fm 0.0013 fm

(g) O (g
— 1] £ 340 :

15 x 108 [ R _ 1) + 26

1 5.2 x 104

G
6 x 10% QE‘ | Ro, — 1
+ X 4 6b2 ( Q4 )

Nightmare scenario seems unlikely

21



‘ Approaches to estimate the sensitivity

* Calcluation of AFE, . is impossible, but can try to calculate AFEgrm

Halo model



Halo EFT model

o Simplistic quantum model of 229Th based on Halo EFT

The nuclear level structure “can be described” in terms of
an elliptic core and an unpaired neutron
Beeks et al: Nat. Rev. (21)

2281 - . | 1 5
« ““°This a scalar, [ = 2 neutron with spin s = % 5: gives ] = 5

3

(ground state) and j = — (isomer):

@ d-wave neutron

D

Hammer, Ji, Phillips, ‘17
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Halo EFT model

o Simplistic quantum model of 229Th based on Halo EFT @ d-wave neutron
The nuclear level structure “can be described” in terms of < 225Th >
an elliptic core and an unpaired neutron
Beeks et al: Nat. Rev. (21) Hammer, Ji, Phillips, ‘17
228 . . . 1 : . 5
« ““°This a scalar, [ = 2 neutron with spin s = & —: gives ] = —
3 2 2
(ground state) and j = — (isomer):

« Spin—orbit coupling introduces isomer shifts: define spin orbit charge density

Hn .
In the lab frame: PSO = o2 10ap - [(vq)iv) X (V(I)B)}

n
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Halo EFT model

o Simplistic quantum model of 229Th based on Halo EFT @ d-wave neutron
The nuclear level structure “can be described” in terms of < 225Th >
an elliptic core and an unpaired neutron
Beeks et al: Nat. Rev. (21) Hammer, Ji, Phillips, ‘17
228 . . . 1 : . 5
« ““°This a scalar, [ = 2 neutron with spin s = & —: gives ] = —
.3
(ground state) and j = — (isomer):

« Spin—orbit coupling introduces isomer shifts: define spin orbit charge density

Hn .
In the lab frame: PSO = o2 10ap - [(vq)iv) X (V(I)B)}
e Charge radius

2\ o L for j=1-1
<T >__m%Z(/i+1> /4;—{_([+1) forj:l—k;

A{r®)so = (r*)53 — (r*)8, = 0.0047 fm” A(r?) exp = 0.0105(13) fm?
22



Halo EFT model

@ d-wave neutron

228-|-h
« Spectroscopic quadruople moment in streched state m = j C;

agrees poorly

AQsso 13wy, ) AQ2 50 _3
2= — = —0.00243767 f = <> — 1.64 x 10
Qe 2 5 Zm?2 . AQy "
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Halo EFT model

228-|-h
« Spectroscopic quadruople moment in streched state m = j C;

agrees poorly

AQsso 13wy, ) AQ2 50 _3
2= — = —0.00243767 f = <> — 1.64 x 10
Qe 2 5 Zm?2 . AQy "

 Prediction for spectroscopic hexadecapole moment in streched state m = j

AQ4’SO — 0.036]? (e fm4

@ d-wave neutron
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Halo EFT model

@ d-wave neutron

228-|-h
« Spectroscopic quadruople moment in streched state m = j C;

agrees poorly

AQsso 13wy, ) AQ2 50 _3
2= — = —0.00243767 f = <> — 1.64 x 10
Qe 2 5 Zm?2 . AQy "

 Prediction for spectroscopic hexadecapole moment in streched state m = j

AQ4’SO — 0.036]? (e fm4

« Calculate contribution to the energy

Fso = ;‘%% j(j+1)—l(l+1)—%] /OOO [[“(:)]Qd;ﬂdr

~144pkeV =  Kpue ~ 10
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Halo EFT model

D

Take away: /... is model-dependent but nightmare scenario unlikely

@ d-wave neutron

23
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- Sensitivity of “*’Th nuclear clock to new physiscs Q

1. Quantum clocks simplified

2. Atomic clocks
3. 22°Th as a nuclear clock

4. Approaches to determine K

 The case of quadratically coupled ULDM

1. Natural ULDM: Quadratic twin

2. Local DM density around Earth with gbzi\_]N - coupling



Why quadratically coupled?

Interactions with the SM

 E.g. axions are parity odd =—¥% Quadratic (non-derivative) couplings to SM

¢2 1 : \ ] ¢2 —
LD O’YFF/U/FM - C’NFmNNN — C’eﬁmeee + ...

shift-symm. breaking spurion

24



Why quadratically coupled?

Interactions with the SM

 E.g. axions are parity odd =—¥% Quadratic (non-derivative) couplings to SM

¢2 2 ¢2
LD 7f2 F, " —Cn— myNN — C.=m.ee + .

f2 f2
. If QCD axion: shift-symm. breaking spurion
o) z 7 3 2 1 z o
C. — = _va Mz On = = N
T 6214223 0 CeTpOmne N U2 ma
Beadle, Ellis, Quevillon, Vuong (’23) Hook, Huang ('17)
Kim, Lenoci, Perez, Ratzinger ('23) Balkin, Serra, KS, Weiler (’20)
Variations in fundamental constants
(504 q§2 Oompy o P? OM O P*
—— =Cny— — R
@ ’y f2 mn f2 Me ’ f2

24
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Goldstone Naturalness

Coupling to electrons £> -

e At 1-loop get mass correction

2 2
my 2 0my =

(2) 2 AQ

cirn%p771@b

32W2A4§1

e

mMme

2M3,

~—~~ O

Q)
=

Me

1030
1025
1020
1015
1010
10°
10°
1077
10—10
10—15
10—20

102V

A =10TeV

)
N
 *
v
N
=

)
v
g
 *
«
W
“
. =
-

1018 10|—16 10L14 10|—12

me [GV]

10|—10

|
1078
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Goldstone Naturalness

: dtme o
Coupling to electrons £> - NI, ¢ ee A — 10TV
1030 |
10%° - ; i
« At 1-loop get mass correction L1020 | | | il
101 - E =
10 .
dmym3 A2 Ve s

2 2
my 2 0my =

Q\
2 N2 S R
321 M5, T

107° -
1071
@ mmm S ¢ 107"

10—20 | | | | | |
1072 107" 107  107™ 107 10710 10~8

* At 1-loop get quartic correction

me [GV]
( gi)mebAz omy 9 bo .. ¢
SA ~ <% o f< 2 My S
2MA N 2 ~ @)
642 M2, f ) Q



Quadratic twin

U(l) o realization Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25

« Consider complex scalar 2 charged under U(1) which is spont. broken

V() = A (2 - f2)°

>
« X couples to the SM and a twin copy thereof 2= (ZtSM ) =/ (

Lexplicit oC (|ESM|2OSM + |2twin|20twin)

which explicitly breaks U(l) = (Z)sm X (Z)twin

27



Quadratic twin

U(l) o realization Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25

« Consider complex scalar 2 charged under U(1) which is spont. broken

V(Z) = A (2P - %)

. Sin
« 2 couples to the SM and a twin copy thereof X = (&SM ) =1 (

Lexplicit oC (|ZSM|2OSM + |2twin|20twin)

which explicitly breaks U(1l) = (Z)sm X (Z)twin
d(2)
* For C|ESM\QOSM meee the 1-loop correction linear in d(z)
Pl
df,(f,,zmQAQ )
AV = 1672 M2, (1Zsm)? + |Ztwin|?) = const.
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Quadratic twin

U(l) o realization Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25

q(2)
. For ¢|Xsm|?Osm = ]\;’2‘3 Ysm|*meee  the 1-loop correction linear in d,f,,%e)
p

d%) m2A2

AV =
167T2M1:2,1

(I1Zsm)? + |Ztwin|?) = const.

« Leading contribution comes at quadratic order Iin d,fnz)

(d%) )2m2 A2
1672 M,

AV = (|ZSI\/I|4 + |thin‘4)

... which implies  §m
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Quadratic twin

U(l) o realization Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25

d(2)
. For c|Zsm|*Osm = Ve Ysn|?meée  the 1-loop correction linear in d,g,%e)
Pl
d(2) 2A2 ) )
AV = 1672012, (|1Zsm|? + |Btwin|?) = const.

« Leading contribution comes at quadratic order Iin d,fnz)

(d%) )2m2 A2
1672 M,

AV = (|ESI\/I|4 + |thin‘4)

.. which implies §m

2
| | 2 ( f
e Effective mass protection d, ( )
& )3 Mp;

)

28



Quadratic twin

U(l) — realization Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25

5 ( (2)) 2f2
.. which implies § —
" 167T2.7\4]_§1
1030 |
10% |

1020
1015
1010

10~20 | | | | | |
107 107* 1007 107 107 107" 107°
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- Sensitivity of “*’Th nuclear clock to new physiscs Q

1. Quantum clocks simplified

2. Atomic clocks
3. %2°Th as a nuclear clock

4. Approaches to determine K

 The case of quadratically coupled ULDM

1. Natural ULDM: Quadratic twin Q

2. Local DM density around Earth with gbzi\_]N - coupling



Local DM density around Earth with ¢/ NN - coupling

9 5 4z  cynm?
e Axion mass/potential is density dependent mg(n) = mg, + 5 5
(1+2)* [
102 °
e In Earth the reductionis  ém?2(ng) ~ 1071 eV? ( f ) n~(N'N)

e |f axion is DM it scatters in potential (neglecting gravity)

Scattered wave

. o
Inside \/\/\/\/\
4—
2
mg(n)
2 \/\/_\/\
m,, <
DM wave from OQ
m2 — ém?

30



Solving the (static) EOM

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25

e \We solve in steady state limit with BC a(f’) ‘r>>R@ — ape€

(Assume monochromatic for now)

r> Rg, (VZ—m?2)a, =0
r<Rg, (VZ—m240om2)a, =0

e The solutions outside is 7 > Rgq (Spherically symmetric — m = 0)

a’"(r,0) = a 20 + 1), (kr) Po(cos 0) + S 2" b (kr) Py(cos 6
(:0) = a0 3 (20 + 1)) Pfcos) + 3 i () PiCcos R

A S Ve NaVaVaVa

DM wave from o0 Scattered wave

e The solutions inside is 7 < R

- /\/\/\ Inside

aif‘(r, 0) = Z cy Je(qr)Pe(cos ) g = \/wQ +m2 — ém?2
£=0

e Imposing continuity fixes c;n/OUt

31



Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ %my

— Dominated by monopole and dipole contributions
Monopole: [ o2 1 (kR)™%, qR — mn+m/2
; Qe = >
i O T BR)Z+ (aR)Zcot(qR) |0, qR — mn
kER)™* qR —
Dipole: g 1]” — (RR)™ g o
’ 0, qR = m™m +7m/2 —6(¢)

e Resonances that with height ~ (kR)_%_z and width ~u (/CR)%

No divergences
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Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ %my

— Dominated by monopole and dipole contributions

my, ~ 3 x 10712 eV

|
17 /2 3 /2 b /2
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Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25

e Consider ki, Ra <1, kyir = 10~ %my

—.

10°

Dominated by monopole and dipole contributions

my, ~ 3 x 10712 eV

10° |
10" |
10° |
10% }
10" |
10° k
1071}
1072}
1073 F
1074 F
10"
1076t
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Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ 3my,

— Dominated by monopole and dipole contributions

my, ~ 3 x 10712 eV

| |
1w /2 37 /2 57 /2
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Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ %my

— Dominated by monopole and dipole contributions

o m, ~ 3 x 10712 eV

10° | — 102

10"

10° |

o 107
10" |
10° k
1071}
1072}
1073
10741
107"
1076¢




Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ %my

— Dominated by monopole and dipole contributions

m, ~ 3 x 10712 eV

Off-resonance
suppression

x kR/(qR)’

33



Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25

e Consider kyiyRa > 1, kyir =~ 10 3m,

— Sensitive to UV scales: needtosum /¢_... = kR + O(l)(kR)l/S

my, ~ 3 x 10710 eV

E ER=10 fyex =0 :
0 15 20 25

qR
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Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
L] _3
e Consider kyi;Rao > 1, kyir ~ 107" my,

— Sensitive to UV scales: needtosum /¢_... = kR + O(l)(kR)l/S

my, ~ 3 x 10710 eV

10° ¢ ;

10 kR=10 lpax=1 .

10*F .

10°

N O 9 - §

= 10'f

= 100

3 1F :

< 10

10~2 E\/W

107% ]

1074 E i
10~° | | |

10 15 20 25 30



Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
L] _3
e Consider kyi;Rao > 1, kyir ~ 107" my,

— Sensitive to UV scales: needtosum /¢_... = kR + O(l)(kR)l/S

my, ~ 3 x 10710 eV

10° ¢ :
1°F kR=10 fyax =10 1
10* 5
10°}
N O 9 - ]
 10'F
@ 100 3 M
3 1 ]
< 107'E 4
1072L ]
1073L 2
1074L 2

10—5 | | |
10 15 20 25 30

qR
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Axion Amplitude on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
L] _3
e Consider kyi;Rao > 1, kyir ~ 107" my,

— Sensitive to UV scales: needtosum /¢_... = kR + O(l)(kR)l/S

my, ~ 3 x 10710 eV

10° 1
1°F kR=10 {pax = 30 1

10|

25 30




Axion Gradient on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ %my

2 (sin(gR) — qR cos(qR))’ J(ER)™*, qR=mn+m/2
~ kR2(kR?sin(qR) + qR%cos(qR)) | (kR)™2, ¢R=mn

e Gradients are enhanced by (kR)_4€_4 on resonance

e Away from resonance the generic expectation is still (kR)‘Q
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Axion Gradient on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
e Consider ki, Ra <1, kyir = 10~ %my

Away from resonance the generic expectation is still (kR)_2

my, ~ 3 x 10712 eV

1019 .
9f 1

108|g— — 102
108 [ (kR)?

o W07)

~ 10%F

e 5 F

= 0k

< 0

& 10°E

3 [

S

D>

“
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Consider kyirRa

—.

10° ¢

Axion Gradient on Earth

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
—3
> ].7 leI‘ ~ ].O ma

Sensitive to UV scales: need to sum fa = kR + O(1)(kR)'/?

my, ~ 3 x 10710 eV

10° -
101

10° L

(I - Vau(R)[*)e/kag

ER=10 {pax = 30

15 20 25 30
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Parameter Space

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
Where is the effect important?

Dense enough: ¢>O(1)k = dm>k

. = /e VZ Mg fr

. . —8
For Earth this implies € < 2 x 10 112 f,

Sourcing on Earth starts for ém >m, €<2x 107"
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Parameter Space

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
Where is the effect important?

Dense enough: ¢>O(1)k = dm>k

\/— f Moy

. . —8
For Earth this implies € < 2 x 10 112 f,

Sourcing on Earth starts for dm > m, e < 2x 1071
Large enough: ¢Rg 2 O(1) = dmRg 2 O(1)

For Earth this implies  f, <3 x 103 GeV
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Parameter Space

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25

Where is the effect important?

Dense enough: ¢>O(1)k = dm>k

\/— f Moy

. . —8
For Earth this implies € < 2 x 10 112 f,

Sourcing on Earth starts for dm > m, e < 2x 1071
Large enough: ¢Rg 2 O(1) = dmRg 2 O(1)

For Earth this implies  f, <3 x 103 GeV

Gradients for £kRs < qRs < 1

¢ =0 -mode

37



Parameter Space

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25
Where is the effect important?

10—12

1/f. [GeV™']

10—14 |

10716 _ &?@\@ 6“%?@

10_18 | | | | | | | | -
1072 107*® 107 107" 107 107 10® 10°% 107* 107% 10V

meg [eV]




Parameter Space

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25

Where is the effect important? Amplitude suppressed

1072 107® 107% 107™ 107" 107 107® 107® 107* 1072 10°
Gradient enhanced m, [e\/]



Conclusions

Nuclear clocks

e provide a unique probe of ULDM coupling to the strong sector and may exhibit a
encanced sensitivity of 102 — 10'Y compared to atomic clocks

e Looked at geometric classical and halo EFT for 229Th, nightmare scenario seems unlikely

e Hyperfine spectroscopy allows to test nuclear multipole moments via

1 k k
H=D VP
k

If crystal structure is known = varying structures allow to probe differnt multipole

Quadratically coupled ULDM

e Experimentally accessible parameter usually fine tuned: can protect the mass
with twin—Higgs inspired model

e SM—matter backgrounds distort the local ULDM density

= suppresses field amplitudes

= enhances field gradients



