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Unknown scale of New Physics

hierarchy problem, Dark Matter (DM), baryogenesis, ...
~» where is the New Physics (NP)?
» heavy NP ~ TeV
m motivated by symmetry-based solutions to the hierarchy problem
» NP can also be light

m can arise as pseudo Nambu-Goldstone bosons of a broken symmetry
m examples of light NP: light DM, DM mediators, axion, dark photon, ...
m even addressing hierarchy problem(s): relaxion

variety of methods necessary to probe different NP models
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Relaxion searches across the scales and frontiers
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want to probe natural region below the relaxion line




Relaxion searches across the scales and frontiers
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cosmo meson decays beam dump lepton collider LHC

here: focus on high precision at low energy
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Methods to search for NP: energy vs. precision

» Energy frontier » Precision frontier

CMS Preliminary
Vs = 13Tev
L=ssar

Fractional Uncertainty

_ Atomic frequency measurements:
LHC: 13TeV =~ 3 - 107 %o 1 Cs clock 10718 relative precision
ision of my: 1075 7 P
precisio Ca+ S-D states: 10~
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Atomic tests of symmetries (and their breaking)

v

charge C: anti-hydrogen spectroscopy

v

parity P: atomic parity violation (APV) experiments
» CP: electric dipole moments, particularly of the electron

> time variation of fundamental constants: e.g. & /o < 10717

v

Local Lorentz invariance (LLI): e.g. with highly charged ions
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Outline: different atomic methods

King plot nonlinearity

Rydberg states

Dynamical decoupling constrains Dark Matter

I Direct data-theory comparison
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NP as nonlinearity of King plot

1704.05068, PRL 120 (2018) 091801

Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF,
Grojean, Harnik, Ozeri, Perez, Soreq

1602.04822, PRD 96 (2017) no.1, 015011
Frugiuele, EF, Perez, Schlaffer



Possible new interactions

» extend the SM by adding a new boson ¢
» interacts with e and n

> mass mg <> interaction range 1/my
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Possible new interactions

» extend the SM by adding a new boson ¢
» interacts with e and n

> mass mg <> interaction range 1/my

> Yukawa potential Vyp = 42e™ "

» change of transition (i : a — b) frequency caused by new particle ¢:

Av?? = [ drr® Ve (r) (1va(r)” = [ (r)?)

Sensitive to this frequency shift?
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Factorisation of isotope shifts

frequency shift of isotopes at LO factorised into nuclear and electronic:
[King '63]

AAT _ A

A 2
vt = — v = Kijpaa + Fo(r?) aa

K;, F;: electronic mass shift (MS), field shift (FS) coefficients
reduced mass piaar = 1/ma —1/my
nuclear charge radius variance §(r?) 44 poorly known
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Factorisation of isotope shifts

frequency shift of isotopes at LO factorised into nuclear and electronic:
[King '63]

AAT _ A

A 2
vt = — v = Kijpaa + Fo(r?) aa

K;, F;: electronic mass shift (MS), field shift (FS) coefficients
reduced mass piaar = 1/ma —1/my

nuclear charge radius variance §(r?) 44 poorly known

~ data-driven observable free of §(r%) 44?7 ~ replace by v/*4'!
~ King relation: linear at leading order

mvo = Ko1 + Fo1 miy

. !/ ! ’
reduced frequencies: mvA4" = A4 /A4
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Vector space of isotopes

arrange measured IS in vectors of isotope pairs:

AA] AAL AA,
mu; = (myi Y,my; T my; 3) ,
mi = (1,1,1)

King relation in vector form
T
mt; = Kymfi+ Fymé(r?)
mvy = Koy mfi + Fay iy
nonlinearity measure

NL = _ |(mvy x mbs) - mf

my1 X mvg) - mp

l\D\H
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Nonlinearity: King triangle

mruvo
A
1
B M2y x ms) - il
/
AAL AAQ
mvy :
: /
AAL NL™ 43
mvy :
| aa
a0 e
mv, '
AA] AA AAL >miy
muyrq muyrq muyrq
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Measured IS in linearity plane of FS, MS

King linearity < coplanarity of IS with FS, MS

—
the plane spanned by mjf and md(r<)
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NP contribution to King linearity violation (KLV)

» coupling of ¢ to e, n: yeyn
> NP electronic coefficient: X; (mg- and model-dependent)

» NP isotope dependence: h~—AA amu (for linear ¢ — N coupling)

new term in King relation

N .
mv; = K;mpi + Fymé(r2) + yeyn Xi b,
iy = Koyimpi + Formtoy + yeynh (Xo — X1 For)

NP can break linearity: non-linearity measure NLyp
NLNP = [777/1 X (XQ e F21X1) TW/l] o E

NLyp =0 if
= —
(i) Xi o F; (heavy my) (ii) h||mg or mé(r2)
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NP orthogonal to linearity plane

N —
the plane spanned by myg and md(r®)

NP component out of the linearity plane
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NP orthogonal to linearity plane

_ T =anpXih

=

2

T iy
- 2
mo(r<)

N

— )
the plane spanned by mg and md(r)

NP component out of the linearity plane

Elina Fuchs (Weizmann) | Atomic precision for BSM | 12



CAVEAT: SM breaks linearity at higher order

SM nonlinearity

» mixing of degenerate
E levels, e.g. in Sm
[Griffith, Isaak, New,

Rall, 1981 |

[Palmer, Stacey, 1981]

» NLO FS

Modified shifts at 565.28 nm (MH;

2125

18751

625

B75

1125

152150
{a)

Wavenumber ./ Level
fem™) na
2018336 5 5B
2015347

150:128
152100%
1019142
191784

168: 1id
156152 1832864

75

-675 57 475 1820904 3

Moditied shifts at 59026 nm (MHz}

Standard Model contributions to King nonlinearity calculated

[Flambaum, Gerdes, Viatkina, 2018]
» for Ca™, SrT, Ba™, Yb", Hg™

strategy: subtract SM NL and constrain residual NL
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if linear = set bounds on .y,

"linear": NL < oy, (uncertainty)

theory input needed:
perturbative relativistic many-body solution (CI+MBPT)

Xi= [ @ [0 [P
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if linear = set bounds on .y,

"linear": NL < oy, (uncertainty)

theory input needed:
perturbative relativistic many-body solution (CI+MBPT)

Xi= [ @ [0 [P

for 3 isotope pairs, 2 transitions: solve equation system
: !
> 3 equations oy (MPP) = mry®

» 3 unknowns: Ko1, Fo1, Yeyn (Xo1 theory input)
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if linear = set bounds on .y,

"linear": NL < oy, (uncertainty)

theory input needed:
perturbative relativistic many-body solution (CI+MBPT)

Xi= [ @ [0 [P

for 3 isotope pairs, 2 transitions: solve equation system
: L
> 3 equations oy (MPP) = mry®

» 3 unknowns: Ko1, Fo1, Yeyn (Xo1 theory input)

data
Vel (mxm)m theory
eYn — — —
h)- (X -X )
(mux h)-(X1 da—Xa 1) NP assumption

uncertainty: error propagation from frequency (and mass) measurements
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New interaction between electrons and neutrons?

King plot: 2 electronic transitions in > 3 isotope pairs

-1970
—_ -1974.0]
H
S 075 8 —> + King linearity observed
U -
PN > very precise measurement of
>w . ° 3574 357.4 . . .
g +l g isotope shifts (IS) in Ca™
z 1902 — King linearity as expected
lc)« -1985 19791 4088 4092
é -1979.2 &1 T
E -1990 _+_.
-g 3735 3739
b
-1995

350 360 370 380 390 400 410 420
Modified Isotope Shift mdv,,,, (GHz amu)

[Gebert, Wan, Wolf, Angstmann, Berengut,
Schmidt; PRL 115, 053003 (2015)]

[update: see Drewsen et al ]
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New interaction between electrons and neutrons?

King plot: 2 electronic transitions in > 3 isotope pairs

-1970
/5\ -1974.0|
£ . . .
3 iors o —> o7 + King linearity observed
U .
LN > very precise measurement of
>M ° 3574 357.4 . . .
g »{Hl g isotope shifts (IS) in Ca™
z . 102 — King linearity as expected
2 - 19701 1088 3092 . .
g é 1 » but: new e — n interaction
=1 -1979.2
2 1090 _+_. within error bars?
2 3735 3739 . .
= » improvement with future
-1995

350 360 370 380 390 400 410 420

2
Modified Isotope Shift mdv,,,, (GHz amu) measurements

[Gebert, Wan, Wolf, Angstmann, Berengut,
Schmidt; PRL 115, 053003 (2015)]

[update: see Drewsen et al ]
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New interaction between electrons and neutrons?

King plot: 2 electronic transitions in > 3 isotope pairs

-1970

-1975

-1980

-1985

-1990

Modified Isotope Shift mdvy,,, (GHz amu)

-1995

[Gebert, Wan, Wolf, Angstmann, Berengut,
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Schmidt; PRL 115, 053003 (2015)]

[update: see Drewsen et al ]

King linearity observed

» very precise measurement of
isotope shifts (IS) in Ca™
— King linearity as expected

» but: new e — n interaction
within error bars?

» improvement with future
measurements?

New Physics could manifest itself as nonlinearity in a King plot
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Constraints on y.y,,

1. massless limit (0 -
inverse atomic size)

2. accidental cancellation

3. weaker for mg — 7’;,1
fca* 0.1 MHz _
5 » measured Ca™ with
> ol 100 kHz
10714+
-17 n L n n L L
10 100 1000 10* 10° 10% 107

mg [eV]

Harnik Perez, Sareq

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, lna uéﬁs?We?zmahn ZFrAtomu: oo }0‘] BSM | 16



Constraints on y.y,

fca* 0.1 MHz

YeYn

107"

10714

-17 n L n n L L
10 100 1000 10* 10° 10% 107
mg [eV]

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, a(;;__roeﬁartwel

. massless limit (0 -

inverse atomic size)

. accidental cancellation

-1
3. weaker for mg — 1y

measured Ca™ with
100 kHz

competing bounds
stronger

{rqwlla(hn ZFIAt Perez, Soreq
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Constraints on y.y,

1075F

1078
| >7 %
. Ca* 0.1 MHz Q:‘::;/ 7 /é;
N A <\, *Z:"ll ’
= g &7 NS
1071 S Sl o :
?«\é“ / 1'>>* (,3; //
. (Cg e '
Sr* 1 Hz > S s
""""" sy a4
L 2
10-MET T T T /.”,/ S i
-17 n L n n L n
10 100 1000 10* 10° 10% 107
mg [eV]

massless limit (0 -
inverse atomic size)

accidental cancellation

1
3. weaker for mgy — 1)y

measured Ca™ with
100 kHz

competing bounds
stronger

projections with 1 Hz:
Sr/Srt, Ybt may
explore new parameter
space

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq '17]
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Constraints on y.y,

1075F

1078
| >7 %
. Ca* 0.1 MHz Q:‘::;/ 7 /é;
N A <\, *Z:"ll ’
= g &7 NS
1071 S Sl o :
?«\é“ / 1'>>* (,3; //
. (Cg e '
Sr* 1 Hz > S s
""""" sy a4
L 2
10-MET T T T /.”,/ S i
-17 n L n n L n
10 100 1000 10* 10° 10% 107
mg [eV]

massless limit (0 -
inverse atomic size)

accidental cancellation

1
3. weaker for mgy — 1)y

measured Ca™ with
100 kHz

competing bounds
stronger

projections with 1 Hz:
Sr/Srt, Ybt may
explore new parameter
space

» probe Be anomaly

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq '17]
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Z' of U(1)p—_r (gauged baryon — lepton number)

1078

Rydberg

107
B — L charges

1
1075 zp=—1,24= 3

Znp=124=A

3 406
§ 10 = high sensitivity to

90 9y =—9%_;

Sr e

Beam dump

1077

10—8 [Frugiuele, EF, Perez, Schlaffer '17]
[B-L bounds: e.g. Harnik, Kopp,

Machado '12; Heeck '13]

107° : ‘
10 100 1000

104 105 108
Mz [eV]

strong astro bounds, KLV potentially the strongest lab probe
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Rydberg states

Duque-Mesa, Firstenberg, EF, Perez, Shpilman (work in progress)



Rydberg states (highly excited)

» high n,l ~ advantages:
m valence electron far and less
affected by nucleus
m long lifetimes
» quantum defects modify energy
levels: n —n — 0,

0.0125 b=n-1

0100 +
0075+

.0050 4

£ 00025 /\

0.0000 - h - -
0 2000 4000 6000 8000
Distance from nucleus r (ag)
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Multi-electron effects

1 ing: _ 1 Zeg(r)e2
> shielding: Vpenetration = _m#v

Zegt (1) is effective nuclear charge

L ~_Ci_C
> polarizability: Vo = — > 50y 2r2<k+1> -t = T

aPk is electric multipole polarizability

factorise wavefunction ¢ = ¢°0reyRydberg—valence

- r
[courtesy: S. Duque-Mesa] (Z_l) €
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Multi-electron effects

BRI o 1 Zeg(r)e?
> shielding: Vpenetration = T

Zegt (1) is effective nuclear charge

b ~ _Ci_ C
> polarizability: Vo = — > 5y 2r2<k+1> -t — 3
aPk is electric multipole polarizability

factorise wavefunction ¢ = ¢°0reyyRydberg—valence

@ e r

[courtesy: S. Duque-Mesa]
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Rydberg isotope shifts

[Sebastian Duque-Mesa, master thesis]

» long-range polarization

0 factorised into electronic factor
—~ 1072
% , Pl and HaAa
1073 . .
— =0 = absorbed in mass shift
0 —— pop -1 .
» isotope dependence of

1 2 3 4 5 . e .. .
Principal quantum number n p0|arlza b|||ty neg||g|b|e |f beIOW

exp. resolution

’é field shift vanishes

VA _ VA/ — K'L ,UAA’ + E )\AA/ + XZ yeyn ’YAA/
~— 4

3 (2

—0
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Rydberg isotope shifts

[Sebastian Duque-Mesa, master thesis]

» long-range polarization
- factorised into electronic factor

%—“:. P; and paa
U — o = absorbed in mass shift
07—

» isotope dependence of
1 2 3 4 . - .. .
Principal quantum number n po|arlza blllty negllglble if below
exp. resolution

&3]

’: field shift vanishes‘

’ Yel ’
vi' =i = (Ki+ P) paa + X, ZWHWAA
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Rydberg isotope shifts

[Sebastian Duque-Mesa, master thesis]

» long-range polarization
- factorised into electronic factor

%—“:. P; and paa
U — o = absorbed in mass shift
07—

» isotope dependence of
1 2 3 4 . - .. .
Principal quantum number n po|arlza blllty negllglble if below
exp. resolution

&3]

’: field shift vanishes‘

’ Yel ’
vi' =i = (Ki+ P) paa + X, ZWHWAA

1 transition, 3 isotopes: linearity check of v44/ vs (A — A")/(AA)
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Alkali Rydberg bounds vs King plot

[Sebastian Duque-Mesa, master thesis]

107°

v

Rydberg bounds strong
for low my

M
S
v

can exceed King bound
for my <keV

M
9
<o
v

(9 — 2), by scalar = -3
times by pseudoscalar
= cancellation possible!

—_
|

—

=

v

then Rydberg strongest

1071
laboratory bound

Coupling to electrons and neutrons y.y,

10! 102 10° 10’
Mediator mass my [eV]

Rydberg bounds complementary to King plot: lower m
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Dark Matter constrained by Dynamical Decoupling

1902.02788

Aharony, Akerman, Ozeri, Perez, Savoray, Shaniv

1902.08212
Banerjee, Budker, Eby, Kim, Perez



Dynamical Decoupling

» aim: probe variation of o and m,. due to sub-eV scalar DM
» general idea: amplify signal in Hz- MHz bandwidth in noisy environment
» narrow optical clock transition
» low frequencies: only sensitive to « variation because cavity stiff;
at high frequency to both « and m,

[talk by Ozeri, NPIK 2019]

R x a’me o X (”m/@(lt)_l
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Dynamical Decoupling constrains light DM

Consider p
LZTOFM Fyuy — ggetree

modification of constants X = XM 46X, X = o, m,:

ome = 9ge <¢<t7 ?»
So = ggy (B(t, 7)) M

if » DM candidate, will oscillate (ppn is DM density)

:

(6, 7)) = YEOM o (my(t— T - 7))

Mg

oscillation frequency = mass
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D D: experimental preCiSiOI’] [Aharony, Akerman, Ozeri, Perez, Savoray, Shaniv]

[talk

1 00 02 [HZ 1 04
by Ozeri, NPIK 2019] MMM
42D, 1=04s N;L“MMMML“HIM

9i9:10F B0E i1 0] 10

Af/fo
5

674 nm

528, da

overall sensitivity can be achieved in scan (here fixed v, = 1013 Hz)
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COnSt raintS on g¢6 and g(ﬁ"}’ [Aharony, Akerman, Ozeri, Perez, Savoray, Shaniv]
10°
——DD current —5F
- = DD projected

—EP

—-—-Nat. A = 1TeV [JExcluded
Nat. A = 10 TeV

—DD current

—-=-Nat. A =1 TeV Excluded
Nat

—F
- - DD projected —EP

A =10 TeV Excluded

& Z 2y + i,
I Ao -_____—-""
wer - it
25 1 1 -40‘ i
" 107 10® 107 1072 1010 10°®
mg [eV] my [eV]
significant experimental improvement realistic
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Dynamical Decoupling constrains relaxion halo

» very light relaxion can constitute coherently oscillating DM
[Baneriee, Kim, Perez '18] (for keV relaxion DM see [Fonseca, Morgante] )

» can form relaxion stars or trapped Earth or Sun relaxion halo:
denser than local DM density [Banerjee, Budker, Eby, Kim, Perez]

» applicable to other light-DM models

10-19
10721

10-23

Ge

1072

10727

10-29

-26
10720 10-17 10-14 1071 1078 10720 10717 10714 10711 107

mg [eV] mg [eV]

experimental sensitivities 6ac/av = dm, /m, = 1074,10716, 10718

Earth halo probes natural and physical relaxion region
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Direct comparison of precise data and theory

1602.04822, PRD D96 (2017) no.11, 115002
Delaunay, Frugiuele, EF, Soreq



Few-electron systems: exploiting precision

» King plots:
+ data-driven
+ eliminate unknown § (r?)
— but need 4 isotopes, 2 transitions
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Few-electron systems: exploiting precision

» King plots:
+ data-driven
+ eliminate unknown 6<7’2>
— but need 4 isotopes, 2 transitions
» few-electron atoms: both theory and measurements very precise
+ 1 isotope, 1 transition sufficient
+ applicable to isotope shifts and absolute frequencies
+ couplings ye Yn, Ye Yp, Y2
— restricted to light elements: H/D, He, Li, N, Ps,...
— relies on theory control
— proton radius puzzle ~» IS instead of absolute frequencies for H, D
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Few-electron systems: exploiting precision

>

King plots:

+ data-driven

+ eliminate unknown § (r?)

— but need 4 isotopes, 2 transitions

few-electron atoms: both theory and measurements very precise

+ 1 isotope, 1 transition sufficient

+ applicable to isotope shifts and absolute frequencies

+ couplings ye Yn, Ye Yp, Y2

— restricted to light elements: H/D, He, Li, N, Ps,...

— relies on theory control

— proton radius puzzle ~» IS instead of absolute frequencies for H, D

clement| transition ¢ | VO [kHz) ref. || v [kHz] ref

H 799191727402.8 £ 6.7 799191727409.1 £+ 3.0
D 252 = 12Ds 232 7004091849676 + 65 ) || 700400 1849734 = 3.0 )

e.g. [Beauvoir et al 2000, Jentschura et al 2005]

direct comparison between predictions and data: see if room for NP
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Application to Dark Photon model

— He 28-2S/a,
— He 2P-3D/a,
01 ortho-Ps 15-2S/a,
. — H 1S-2S/Rydberg
— H1S-2S/a,
e — H25-2P
— H15-28/25-8S
0.01 globular cluster
w 107
1074
10°°
atomic bounds
on dark photon
1078
107 1073 1
mu [MeV]

[Delaunay, Frugiuele, EF, Soreq '17]

10°

» Dark photon A’ with kinetic
mixing €

» He, positronium with a,

> H spectroscopy 15 — 25

m with Rydberg states or a.
[Karshenboim 2010, 2010]
[Pospelov 2009]

m combine 2 transitions [Roy,
Jaeckel 2010]
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Conclusions: atomic precision probes of light NP

» King linearity probes new particle interacting between e and n
m |S: sensitive to y.y, for 0 < mg < O(10) MeV
m future measurements sensitive to unexplored parameter space

v

Rydberg complementarity to King plots, less isotopes, 1 transition
m less affected by nuclear uncertainties
m sensitivity determined by precision of polarizability effects

v

Dynamical Decoupling tests time-variation of m., @ and thereby
oscillating DM

v

Direct theory-experiment comparison for few-electron systems

Outlook

m Ca™ D-state isotope shifts improve King plot bound [prewsen et al
m highly-charged ions: explore suitable systems for constraints on slightly
larger masses

v

THANK YOU
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APPENDIX



Considered transitions

transition 1 | transition 2 | accuracy | y.y, bound
[nm] [nm] oi | (my=0)
| Gat | 3970 [ 8665 |0IMHz| 2-107° |
Ca™ 729.3 732.6 1Hz 2.1071
Srt 674.0 687.0 1Hz 2.10713
Sr/Srt 698.4 674.0 1Hz 3-1071°
Yb* 435.5 466.9 1Hz 2.-10°5

The 95 % CL bounds on .y, for a massless mediator ¢ from Ca™ data and
95 % CL projections for Ca™, Sr™, Sr/Sr* and Yb™ assuming on error of o; = 1 Hz.
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SM contribution to nonlinearity

Table IV. Estimates for the non-linearities of King plot (defined in (23)). Methods 1 and 2 are based on the mean-field analytic
expression of field isotope shift (25) found from the estimate of wave function density (9) in an uniformly charged spherical
nucleus. Method 1 utilizes the liquid drop approximation for nuclear radius R = TDA% with rg = 1.15 fm and Method 2 uses
experimental data [15, 19] for mean squares of nuclear charge radii <72> when finding the equivalent nuclear radius: <72> = %Rz .
Method 3 accounts for both expression (25) and the contribution of nuclear polarizability (26), equivalent nuclear radius R
is again based on the experimental data, i.e. it is the most complete calculation in this table. We have not calculated these
corrections and the nuclear polarizability contribution in s — p/d — p transitions in Ca™ since they are expected to be similar
to s — d transitions.

Ton Pair of transitions Non-linearity (Hz)
Z A A Ay Az Method 1 Method 2 Method 3

Cat 20 40 42 44 48 3pds 28, — 3pPdp TPy —12x10° 7 3.0x10°7 B
3p°3d 2Dsj2 — 3p°dp 2Py
3p%4s 28170 — 3p%3d D)o ~1.2x107% 3.0x 1071 —6.6 x 1072
3p%4s 2810 — 3p%3d 2Dss

StT 38 84 86 88 90  dp®5s 1Sy — 4p°dd 2Dy —11x107° 1.1x 1072 -26
4p°5s 2812 — 4p°4d D5y

Ba® 56 132 134 136 138  5p°6s’ 28,5 — 5p®5d 2Dy, —3.6x10°° —39%1072 76
5p°6s" 2S1/0 — 5p5d *Ds)s

YbT 70 168 170 172 176 4fM6s 28y, — 4f56s> 2P, 61x 1077 —3.1 38
4f"6s 2Syys — 4f15d 2Dyyy
4fM6s 2Sy/5 — 4f15d 2D3py 6131072 3.1 —18
4fM6s 285 — 4f15d 2Dy

Hg™ 80 196 198 200 204 5d4'%6s 2S,,, — 5d°6s® *Dy;z  55x 107" 3.1 14

5d'%6s 2810 —+ 5d°65> *Ds)a

[Flambaum, Gerdes, Viatkina, 2017]
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Bounds on g,
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Rydberg details

| Property n-scaling ||
(r) n?
E, n—2
T (low-/) n’
T (high-¢) n°
AE, n3

circular states
» maximal l =n —1

» high density only in ring around
nucleus

» long lifetime

» suppressed Stark effect

Quantum defect ¢,
> Oy R 0o + 02/ (n — 50)?

» capture deviation from H
(phase shift)

» determined from
experimental dipole and
quadrupole polarizabilities
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Polarizability shift and bound on NP

[Master thesis, S. Duque-Mesa]

('€ = €+1)

[vaa/vel
-1 10-12 gg-ll 1910 100
109 102 10" 10 10 INL/y,
/ 10°°
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A 10
. 1071
. 107
01
v
/ 10°°
e 10°°
= 1010
16 102
12F 10M
8 3
28 =i 7 B
“1 Rb /4 10°
24 7 10
pat == = 10-10
16 102
uh-_,_ 101
B
. / o
Cs & 10
24 _____,/ 108
204 = 10-10
16 1012
12 - 10-1
8 7
78 91011 12 13 14100 10° 10° 10t
(n,0=n-1) msleV]

>

v

v

polarizability contribution to isotope
shift, normalized by transition frequency

for transition

v=(nl=n-1)— (n,l' =1+1)
if aq/V < exp. precision: neglect
polarizability shift

bounds on .y, assuming exp.
precision of vaq /v
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®Be (17 MeV) anomaly

3x107*
8Be* — 8Be + ete™
6.80 excess in eTe™ angle
[Krasznahorkay et al '15]

2x107*

Protophobic interpretation:
8Be* — 8Be + X,
X —ete”, mx = 17MeV
[Feng et al '16 '16 |

e

N

(=
c
=
Q
=
©
o
o
c
o
=
=
3
Z

1x107*

7x107°

Yb* with 1 Hz can probe
entire Be parameter
space

5x107°
Beam dump

5x10™% 1x1078 5x107° 1x1072
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Direct comparison of data and theory

— 25-2S “He

— 2P-3D“He

— 25-3D “He

0.1 — 28-2°P *He

— 25-2'P*He
1S-2S ortho-Ps

—— a, (scalar)

ae (vector)

» He, Ps spectroscopy for
2
Ye
> H used for y.y,
[Karshenboim 2010, 2010]
[Jaeckel, Roy 2010]

0.01-

2107

107t
1050 ] positronium almost as
electron-electron sensitive to Ye aAS (g — 2)6
interaction bounds
-6 . . . . . . . .
1005 103 1 10°

mg [MeV]
[Delaunay, Frugiuele, EF, Soreq '17]
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Isotope shifts without King plot

1 T T T o 1 T T T
; —  25-25 *“He (e-scat)

— 25-28 **He (e-scat) -~ 28-2S **He (projection)
- 2525 %*He (projecti ] — 1S-2S HD (e-scat)

0.01 e e (projection) 001F — s o (muon LS)
— 25-2P **He (e-scat) —  King plot Ca*
-=-  28-25/25-2P **He 1ol T King plot Yb* (projection)
— a8, /| globular cluster

107 29-3p" He M fifth force
— 28-2P®Li" (e-scat) n-scattering on atomic e~

28-2P "15N 5* (e-scat) 1076 n-scattering on nuclei + a, 1

107
< S 10-8
2 £ 10
10°® 1
10710
-10
10 10-12] ]
12 Neor”
10 isotope shift bounds 107 - bounds on new
N - electron-neutron
helium(-like) atoms N N 4
interaction
10714 10718
107 107 1 10° 107 107 1 10°

mg [MeV] mg [MeV]

[Delaunay, Frugiuele, EF, Soreq '17]
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