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¢ Intro.: Relaxion & the naturalness-log-crisis.

¢ Coherent relaxion DM \w dynamical misalignment =>

time-variation of constant of nature.

¢ Probing heavyish-light-scalar/relaxion DM \w clocks.

¢ Probing scalar-stars \w clocks (earth & space).

¢ Conclusions.



The relaxion mechanism & the hier’ problem

Graham, Kaplan & Rajendran (15)

()
—
(/) Add a scalar (relaxion) Higgs dependent mass: (A® — g*¢?) HTH.

(if) Introduce a “rolling” potential for the relaxion.

L d

(iii) Add “:é"‘backreaciqn” moguls (wiggly potential) for the relaxion.
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The surprising
motion of ski moguls

David B. Bahr, W. Tad Pfeffer, and Raymond C. Browning

Regularly spaced bumps that arise on ski slopes defy intuition by migrating
u:ﬁill, even though skiers and snow move downbill.

Dave Bahr is an associate professor of physics and computational science at Regis University in Denver, Colorado. Tad Pfeffer is a profes-
sor of civil, environmental, and architectural engineering at the University of Colorado at Boulder. Ray Browning is an assistant professor
of health and exercise science at Colorado State University in Fort Collins.

Ski moguls form on virtually all ski runs thatare not me- ~ cars is conserved. As the kinematic wave passes through the
chanically flattened with grooming equipment. Those amaz- ~ conserved material, the density of the cars changes as they

ingly ordered structures are not planned or constructed; they
organize spontaneously as a consequence of skiers turning
and moving snow: Although phenomena that arise from self-
organization are common, the moguls’ high visibility, ubig-
uity, and regularity make them a particularly surprising and
impressive consequence of such seemingly random actions
as ski turns. Ostensibly, skiers can turn when and where they
please. Moreover, a skier’s turning radius depends on a vari-
ety of factors, including ski length and shape, snow condi-
tions, skier ability, and the details of the skier’s knees and
legs, which act as damped springs with a characteristic fre-

bunch up to avoid a collision. On the ski slope, the amount
of snow is conserved. As moguls pass through the snow, the
thickness of snow changes as skiers continuously sculpt the
landscape.

Making a mogul

Skiers ignore bumps whose height is less than a critical
value h. While skiing down a previously unskied area that
is covered with snow to a uniform depth, they will make
S-shaped turns that cross over small piles of snow de-
posited by other skiers. The wavelength A, turning radius

quency. Nevertheless, the independent acts of many skiers = A/4, and phase ¢ of cach skier’s path are effectively ran-

Form and formation of moguls.
(a) Moguls on Riflesight Notch at
Colorado's Winter Park Resort display a
characteristic checkerboard pattern.
Downhillis toward the top of the photo-
graph; the mogul field shown here is
about 100 m long. The uphill side of each
mogul has loose material deposited by
skiers; the downhill side is worn smooth
by skier erosion. Moguls are separated by
approximately 5.7 m. (b) Moguls migrate
uphill because skiers erode the downhill
side of each bump and deposit snow on
the uphill side of the following bump.

Skier pushes snow to here

New bump piles up here
and has shifted uphill

Skier scrapes away

Original bump
X s z snow from here <

(iv) The moguls height depend on Higgs VEV, they grow till
which stops the relaxion when (H) ~ 10°GeV <« A .

minima 1S created,



Relaxion mechanism (inflation based)

Graham, Kaplan & Rajendran (15)

*(9)
—
(i) Add a scalar (relaxion) Higgs dependent mass:  (A* — g°¢°) H TH

(i) ¢ roles till u? changes sign = (H) # 0 = stops rolling.

V(9)|
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Relaxion mechanism (inflation based)

Graham, Kaplan & Rajendran (15)

*(9)
—
(i) Add a scalar (relaxion) Higgs dependent mass:  (A* — g°¢°) H TH

(i) ¢ roles till u? changes sign = (H) # 0 = stops rolling.

Vel A

evolution

w

4 (HY=v£0




Summary relaxion physics

¢ A dynamical solution/amelioration of the Higgs fine-tuning problem.

¢ Focus shifts from TeV Higgs dynamics to relaxion,
which is a weird axion, naturally light & weakly coupled ...

¢ As the minimum of the backreaction potential is not at zero =>
spontaneous CP violation 1s induced => QCD CP problem can be
solved a la Nelson-Barr (or by giving-up on classical evolution ...)

Davidi, Gupta, GP, Redigolo & Shalit; Gupta; Nelson & Prescod-Weinstein (17)

¢ CP violation => relaxion-Higgs mixing => rich pheno’.

Flacke, Frugiuele, Fuchs, Gupta & GP; Choi & Im (16)

11



Hunting the relaxion & naturalness log-crisis

Frugiuele, Fuchs, GP & Schlaffer (18)
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http://inspirehep.net/author/profile/Aharony%2C%20Shahaf?recid=1719182&ln=en

Relaxion/scalar light dark matter

Banerjee, Kim & GP (18)
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Concrete ex.: relaxion dark matter (DM

Banerjee, Kim & GP (18)

¢ Basic idea is similar to axion DM (but avoiding missalignment problem):




Concrete ex.: relaxion dark matter (DM

¢ Basic idea is similar to axion DM (but avoiding missalignment problem):

After reheating the wiggles disappear (sym’ restoration):
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Coherent relaxion DM relic density

¢ Basic idea is similar to axion DM (but avoiding missalignment problem):

Now the relaxion not at the min’ and start to oscillates = DM.

Light-coherent DM abundance:  pS3 ~ m*A¢?

| Ape \* /100 GeV\?
Form, 2 H(T,):  piy ~ sz%?}x(A@)?F—Tw(meV) ( Tos )

where the observed DM abundance is Qpph? ~ 0.12

Form, < H(T,,) : extra suppression is obtained as oscilation starts when H(7,.) ~ m,, .



Relaxion dark matter, parameter space
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¢ The relaxion oscillates & mixes with the Higgs, saersee, xin s o (18)

therefore all constants of nature + masses vary with time.

om 1/ DM

(4 . .
S Ve sing, sin <m¢t) o |
m, m, m¢ Arvanitaki, Huang & Van Tilburg (15)




Two relevant questions

(i) Notice that relevant models have osc.freq. | - 1014 Hz.
Can we probe these?

(i) Is the amplitude large enough to probe meaningful models?



The challenging super-Hz-DM mass

Graham, Kaplan, Mardon, Rajendran & Terrano; Arvanitaki, Dimopoulos & Van Tilburg; Van Tilburg, Leefer, Bougas & Budker (15)

GP, Redigolo, Safronova, Ubaldi & Zupan, in preparation.

Existing clock-tests

Nuc]edr Th to optlctil Avlv = l() g . . e
-~ quickly loosing sensitivity.

| HCI to optical, T, _10 5,0,= 10, Avv=10"

Using dynamic
decoupling scheme

(d ~ om,, oa /m,, a)

e,a

sin O

. Interesting relaxion
. DM models

Preliminary

,Q— Apr < sqrt(4m) v
| L | L | | | 3 | |
-24 -22 -20 -18 -16 -14 -12

logjo[my/eV]

de stands for the time dependent component of the fine coupling constant, the bound on d, (the coefficient of the time dependent component of as,
the strong coupling) assumes a working 2**Th nuclear clock with a 1 : 10" precision, iy stands for the total assumed integration time and o1 stands
for the corresponding stability. The dashed-red line on the diagonal corresponds to the maximal mixing allowed in this scenario, Ay, corresponds to
a coupling in the relaxion model.



Back to the two questions

(i) Notice that relevant models have osc.freq. | - 1014 Hz.
Can we probe these!

Yes see 2 new exp’that probe this region. <

(ii) Is the amplitude large enough to probe meaningful models?

vV
o

However, gravity can help: dark matter might form “relaxion-
planets” that might be trapped around earth-gravitational field.

Banerjee, Budker, Eby, Kim & GP (19)

(similar to axion-stars requiring stability and assuming capturing & coherence)
Kimball, et al. (17)



Method |: Super Hz DM mass \w dynamical decoupling (DD)

Ravid Shaniv & Roee Ozeri

Quantum lock-in force sensing using optical clock Doppler velocimetry

Nature Communications volume 8, Article number: 14157 (2017)

An efficient method of measuring an oscillating signal by a quantum probe, in the presence of noise, is
the Quantum lock-in technique. Here, a probe superposition is time modulated by a Hamiltonian term,
that does not commute with the noise and signal operators. The resulting dynamics decouples the prob
phase evolution from any frequency component that does not specitrally overlap with the probe
modulation and enables a significant prolongation of the probe coherence. On the other hand,
frequency components that match some part of the modulation spectrum yield a phase that
accumulates as the probe evolves with time. If the desired signal spectrally overlaps with the probe
modulation, it imprints a coherently accumulated phase signal that can be subsequently measured.
This laser frequency matched the clock dipole-transition 5S12—4Ds2 of a single 88Sr+ ion, on which the

DD sequence was applied. Here, v = 1013 Hz was chosen.
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Beyond IHz DM mass \w dynamical decoupling (DD)

Aharony, Akerman, Ozeri, GP, Shaniv & Savoray, (ion-cavity comparison) 2019
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Current bound on the relative modulation of the transition frequency from a DD experiment,
placed at 95% CL. The dashed line marks the current sensitivity reach, corresponding to scanning over v,.
The inset is a magnified view of m ~ 10~ 8eV.



Beyond |Hz DM mass \w dynamical decoupling

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, 19 (ion-cavity comparison)
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The bounds on the mixing angle of a relaxion DM: Black — current and projected bounds from DD experiments at 95% CL. Red — Bounds from
fifth force experiments. Magenta — EP-tests bounds. Dash-dotted — Bounds from Naturalness.



Beyond |Hz DM mass \w polarization spectroscopy

Antypas, Tretiak, Garcon, Ozeri, GP & Budker, to appear

Cs 6S,,, = 6P;), transition frequency (10 GHz)
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3rd laser harmonics.



Beyond |Hz DM mass \w polarization spectroscopy

Antypas, Tretiak, Garcon, Ozeri, GP & Budker, to appear
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Relaxion’s Earth & Solar halos vs tabletops

Banerjee, Budker, Eby, Kim & GP (19)



Searching for a relaxion DM planet around us

Assume small DM density & large M 1
radius => mass-radii relation: Ry ® — (M. < Mg,qp) -
m(p MEarth

Eby, Leembruggen, Street, Suranyi & Wijewardhana (18);

Banerjee, Budker, Eby, Kim & GP (19)

Can obtain large density enhancement: pom
PlLoc
M4 6 6 10° — T
A ~§x1028x<—m¢ >
Ploc—-DM MS] Ploc—-DM 10_10
106,

5 = Mstar/MEarth i
1000 -

relative enhacement of field



Other constraints max’ allowed mass
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Solar halo: projected constraints on for a relaxion Solar halo. Experimental sensitivities = 10, 10" (solid and dashed lines, respectively). The gray shaded region is excluded by EP. The red line is the

naturalness limit, cutoff = 3 TeV, green line is an upper limit on coupling constants which can be obtained from physical relaxion models. The halo mass is taken as M, = min[(M/2)(R/R)?, (M) nas]
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Conclusions

¢ Null-LHC + new paradigms + incredible sensitivity => new era!
¢ Relaxion-benchmarking allows to compare sensitivities.

¢ Relaxion-DM: dynamic decoupling -> strong bounds but cannot

compete \w 5th force & can’t probe physical region.

¢ Relaxion-DM-stars: table-top probe physical region, stronger

than 5th force & can/should compare \w space.

¢ Interesting implications for ALP searches (GNOME & others).



Backups



Beyond |Hz DM mass \w polarization spectroscopy

Antypas, Tretiak, Garcon, Ozeri, GP & Budker, to appear

Cs 6S,,, = 6P;), transition frequency (10 GHz)
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Other constraints max’ allowed mass

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep. (ion-cavity comparison); Banerjee, Budker, Eby, Kim, GP, in Prep.
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FIG. 2: The upper bound (M, )max on the relaxion halo mass M, as a function of scalar particle mass my; the
regions above the black lines are excluded by either (right side, assuming an Earth halo) lunar laser ranging [39], or
(left side, assuming a Solar halo) planetary ephemerides [40]. We also require M, < Mey/2 (boundary of gray
shaded region), as explained in the Supplementary Material S2.



Very interesting implications to GNOME
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FIG. 1: The relevant parameter space for transient DM boson stars encountering the Earth. In both panels, the
dashed blue lines are contours of constant overdensity ¢, and the purple shaded regions indicate instability through
self-interactions. Left: parameter space in scalar mass mg and decay constant f allowing for gravitationally stable

objects, assuming I' = 1/year; black lines denote the relaxion DM model of [9] for different choices of Ty, the
cosmological temperature at which the relaxion backreaction potential reappears. Right: M, and R, are treated as
independent parameters; the black dotted lines denote stable configurations formed from scalars of mass mg4, and
the red shaded region represents I' > 1/year and 6 > 1. The black star represents the benchmark point used by the
GNOME collaboration [34].



Large star DM density => visible effect

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep. (ion-cavity comparison); Banerjee, Budker, Eby, Kim, GP, in Prep.
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Large star DM density => visible effect

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep. (ion-cavity comparison); Banerjee, Budker, Eby, Kim, GP, in Prep.
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Subjective particle physicist perspective

Exp. sensitivity
Precision frontier

Lorentz violation

CPT
Dilaton dark matter
Topological dark matter

Relaxions

Axion-like particles
Axion dark matter

QCD axion

Supersymmetry;
Composite Higgs

>

Theoretical motivation
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Beyond |Hz DM mass \w dynamical decoupling

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep.
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Beyond |Hz DM mass \w dynamical decoupling

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep.
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U(1)s-L

Frugiuele, Fuchs, GP & Schlaffer (16)

Complementarity with astro/cosmo’ bounds:
107°

g 10° 2
S
5
107 0
1078
10—9 AR Ll . .......|4. .......|5. L......|6. -
10 100 1000 10 10 10

Mz [eV]

46



King comparison

¢ Level of linearity can be quantified by comparing area

of triangle to that of a cube: NL/|mzs||my| < 1.

mp = (1,1,1).

s - - >y
A AL A, 1
muvy muvy muv;



King linearity implications

¢ Linearity implies that m7, & mz; must be linearly

dependent:
mvy = Kom), + Fp 7+ O (1074)

mlzKlTﬁ—l—Flﬁ—FO(lO_Zl)
mvo = Koy mypi + Foy mo

with F21 — FQ/Fl and K21 — Kg — F21K1.

F; & v are unknown but F5; & Ko can be measured precisely.



Adding light new physics (NP)

New forces acts on electron & quarks leads to change of energy levels.

n=3 n=3

n=2 ‘// n=2 -
n=1 % VWV — — n=1 AV
AE = hf + £¢ — ¢(yeee -+ ynnn) = AE'= hf*

[ ]
p+Ze

¢ New physics part known, precisely calculated:

CI+MBPT: Dzuba, Flambaum & Kozlov (96) Berengut, Flambaum & Kozlov (06);
GRASP2K: Jonsson, Gaigalas, Biero, Fischer & Grant (2013)

(Combination of the many-body perturbation theory with the configuration-interaction method)

mv; = Ky, + F; U+ yeyn Xih|

l Delaunay, Ozeri, GP & Soreq (16)

2:K21mM+F217771‘|‘CVNPEX1 (Xo1—F51)
a_nde Eﬂ XQ/X]_._

|



lllustration: adding light new physics (NP)

the plane spanned by mg and md <fr2> the plane spanned by m/g and md (7“2>



Light mediators

If mediator’s mass, my, 1s smaller than inverse of outer electrons than the
potential 1s Coulombic.

If mediator’s mass i1s smaller than inverse distance of most inner electron from
the nucleus then the full Yukawa potential 1s required.

Otherwise the potential 1s described via a delta function.
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Be |7 MeV anomaly

Frugiuele, Fuchs, GP & Schlaffer v2 (16)
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X..

Yb* with Z=70, n=6 and A=168(4)-174(6).

representative
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Precision mass measurements: 10-10
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International Journal of Mass Spectrometry

ELSEVIE journal homepage: www.elsevier.com/locate/ijms

Mass Spectromels

The most precise atomic mass measurements in Penning traps

Edmund G. Myers*

Florida State University, Department of Physics, Tallahassee, FL 32306-4350, USA

Table 10
Atomic masses of the most abundant isotopes of strontium and ytterbium measured
at FSU [109].
Atom FSU mass (u) om/m (ppt)
86Sr 85.909 260 730 9(91) 105
87sr 86.908 877 497 0(91) 105
88S5r 87.905 612 257 1(97) 110
170yp 169.934 767 241(18) 105
71yb 170.936 331 514(19) 110
172yp 171.936 386 655(18) 105
113vb 172.938 216 213(18) 105
174yb 173.938 867 539(18) 105
176yb 175.942 574 702(22) 125




Partial solution, comparing different isotope shift,
searching of nonlinearity in “King plot”

King’s factorisation formula (King, 1963): only depend on e-transition
AAT A A’ 2
ovit =vl —v =K puaa + Fio(r®) aar,

(paar =1/myg—1/my = (A'— A)/(AA") amu~!, where amu ~ O.Q3N

only depend on nucleus

We can solve for §(r?) 44/ to get a linear relation:

movs 4 = Foymévl 4, + Ko |

(Wlth K21 = (KQ — F21K1> and F21 = FQ/Fl and m(SI/;L;lA/ = 5”3.414///451414’ )
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X..

Yb* with Z=70, n=6 and A=168(4)-174(6).

representative
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Ex.: Sr(M) with Z=38, n=5 and 4=84-88 (90).

e Electron Configuration:1s2 2s2ps 3s2psdio 4s2ps 5s2(1)

e Electrons per Energy Level: 2,8,18,8,2(1)
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Ex.: Ca® with Z=20, n=4 and 4=40-48.

e Electron Configuration:1s2 2s2ps 3s2ps 4st

e Electrons per Energy Level: 2,8,8,2(1)

2 e

/7 N
{7\
L3 )]
\ >/

\_._/
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Ex.: Dy with Z=66, n=6 and 4=158-164.

Number of Energy Levels: 6
First Energy Level: 2
Second Energy Level: 8
Third Energy Level: 18
Fourth Energy Level: 28
Fifth Energy Level: 8

Sixth Energy Level: 2
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The observables

¢ We have 3 isotope shifts (A4 , ;5) for 2 transitions (i=1,2):

— AA AA! AA!
mv; = (mu Lomuy, 7, mu; 3)

(

—1 —1
mA _mA/

HAA

Target accuracy: Amyi4 /mu 1 <1076,
(currently: 10™*, projected < 10~?)



The observable: King comparison (19¢4)

¢ What would be the generic form of My vs. My ?

¢ 3 ISs - mvy = amv; + bmuy +c:

muro
A
, AA,
AALL °
muvsy :
) AA;
AAg ............................................................ . h
mvy ; :
, AA]
AAI ..............
mus ®
> NV
A A, AA, 1
muv; muvy myy

What about existing data ?



Limitation of method

(MD1 X mvs) - M

(WL X FL) y (Xl mg —Xgml)

Berengut, Budker, Delaunay, Flambaum, Frugiuele, Fuchs, Grojean, Harnik, Ozeri, GP & Soreq (17)

ONP =

¢ Only useful to bound new physics (barring cancellation).

¢ Short range NP: X; « F; = ¢ is redefined to absorb NP;
requires extra carefulness when approaching this limit.

¢ As long as linearity holds bounds are limited by exp’ accuracy:

ONP 5 Oanp — \/Zk(aaNp/ﬁOk)QJi ]

(Ok various exp’ observables.)

¢ Once non-linearity observed bound will be set by observation.



