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One possibility to search BSM physics with atomic systems
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The simplicity of hydrogen

Compare experiment to theory
assuming no BSM physics
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Not so simple

Compare experiment to theory
assuming no BSM physics

Limited by nuclear £ <

structure effects  WFL D
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The hydrogen atom

Theory
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Parthey et al., Phys. Rev. Lett. 107, 203001 (2011)
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Laser spectroscopy of muonic hydrogen

Finite size effects
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The principle of the muonic atom experiments

»Stop low-energy muons in 1 mbar H2 gas
»uH is formed (1% in the 2S-state)

»Excite 25-2P transition with laser

»Detect X-ray from 2P-1S de-excitation

»Plot number of X-rays vs. laser frequency
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Beam line delivering

slow muons T . Gal t
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= Optical cell
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The proton radius puzzle (2013)

H >

e-p scattering

T
/ Cr

e Ty

H spectroscopy Up spectroscopy

up 2013

up 2010 e

e— CODATA-2010

® +scatt. JLab
— scatt. Mainz
@ H spectroscopy

Pohl et al., Nature 466, 213 (2010)
Antognini et al., Science 339, 417 (2013)
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Many activities were triggered by this puzzle (>1500 citations)
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* Mp experiment

- Mp theory

- H experiments

- BSM physics

- e-p scattering

The proton radius puzzle

> sensitive to the radius

insensitive to systematics
- small atomic size

- large binding energy

Aldo Antognini
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* Up experiment

* up theory

- H experiments

- BSM physics

- e-p scattering
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The proton radius puzzle

ETP = 202.3706(23) meV
Ef =206.0344(3) — 5.2259 r;

QED Finite size
.
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W
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0.0289(25) meV

arXiv:2212.13782

Nuclear structure
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Pachucki

r, = 0.84060(39) fm
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* Mp experiment

- Mp theory

- H experiments

- BSM physics

- e-p scattering

The proton radius puzzle

S. Scheidegger

1S-2S 4

Aldo Antognini

P.Yzombard
T. Udem

Ry  QED+kR;

n? no

EnS ~

 Two unknowns: R, 17

Two groups of measurements

m R
- 1S-2S: 10-"5rel. accuracy Ly, = — >
Me N
- others: <10-'3rel. accuracy ) B2
and more prone to systematics "' Zacm
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The proton radius puzzle
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* e-p scattering » No UV completion?

Pospelov and Tsai, PLB785, 288 (2018)

D R e et Liu et al., Nuclear Physics B 944, 114638 (2019)

Carlson and Freid, PRD92, 095024(2015)
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* Mp experiment

- Mp theory

- H experiments

- BSM physics

* e-p scattering

The proton radius puzzle
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Proton charge radii from e-p scattering

Pohl 2010 (uH) m % @ = Mainz 2010 (ep exp.)

Antognini 2013 (uH) ‘ ; ® = Hill and Paz 2010
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Gao and Vanderhaegen, arXiv:2105.005
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up 2013
® scatt. JLab
up 2010 | ® scatt. Mainz
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The proton charge radii from 2010 to 2022
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Lee et al. '15 1
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The proton charge radii from 2010 to 2022

Dispersion-based analysis

> Allow for a consistent description of all
data (including neutron) in the space- and
timelike regions based on fundamental
principles.

> Always led to a small proton charge
radius
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The proton charge radii from 2010 to 2022

d

uD and H-D isotopic shift

p

H/D shift: 2 —r2 =3.82007(65) fm?
ud : rq = 2.1256(8) fm

Advances in nuclear-structure
contributions in H, D and uD atoms

removed a 2.5¢ tension

Pachucki et al., PRA 97, 062511 (2018)
Kalinowsiet al., PRA 99, 030501 (2019)
Lensky et al., PLB 835 (2022) 137500
Lensky et al., EPJA 58, 224 (2022)

PAUL SCHERRER INSTITUT

=] m

Aldo Antognini

CODATA

'18 A

'14 A

'10 A

Muonic atoms

Lensky et al. '22 (uD+iso0)
Antognini et al. '13 (uH) A
Pohl et al. '10 (uH) A

H spectroscopy
H(25-8D) Colorado '21 -
H(1S-3S) Garching '20 -

H(2S5-2P) Toronto '19 A
H(1S-3S) Paris '18 A
H(2S5S-4P) Garching '17 -
H pre '14 (CODATA)

ep scattering

Xiong et al. '19 (PRad)
Horbatsch et al. '17 A
Higinbotham et al. '16
Lee et al. '15 1

Sick '12 A

Bernauer et al. '10 (MAMI) -

Lin et al. '21 -
Alarcon et al. '18 1
Lorenz et al. '14 A
Belushkin et al. '07 -

=
o]
——
4 N
¥ O BS
N COU,O //.ng M
N —— to n
e \
[
o
—— ‘
—
I
—
o

Ascona

0.82 0.84 0.86 0.88 0.90 0.92 0.94
rp [fm]

02.07.2023 19




The proton charge radii from 2010 to 2022

CODATA
'18 -
'14
'10 -

Muonic atoms

Lensky et al. '22 (uD+iso0)

] Antognini et al. '13 (uH) A

New measurements in H Pohl et al. '10 (uH) -

| H spectroscopy
- Values have moved towards r,(uH), H(2S-8D) Colorado '21 -

.. ) ) H(1S-3S) Garching '20 -

yet, some deviations still exist. |(_|(25_2)P) P onte 110 ]

o H(1S-3S) Pa)ris '18

» Deviations tends to decrease as n H(2S-4P) Garching '17 -

. H pre '14 (CODATA) A
iIncreases.
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Xiong et al. '19 (PRad) | o I
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rp [fm]
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The proton charge radii from 2010 to 2022

Doppler-free one-photon technique
Modified Ramsey techniques

from 243 nm
laser system

40dB C1
£ &?ﬁ

rf dual

30-W amplifiers

Hessels
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The specificity of muonic atoms as probes of new physics

— . P d ‘Hett
AE % AE @ @ @
: : " s f

e

» Muonic atoms as possible probes of BSM physics
» Sensitive to new forces especially in the MeV-GeV mass range.

» Sensitive to flavour violating coupling

ncatino L muon nering g

Leptons

»Can be used also to bound BSM physics coupling to n

Novel effective field theory approaches
C. Peset to low-energy measurements
Y. Stadnik
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What to do with a precise proton radius?

> A simplified story (neglecting least square
adjustment )
> Slightly muonic-atom centric approach

ETH Aldo Antognini Ascona  02.07.2023
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pH measurements

Muonic hydrogen

E,s_op(uH) ~ QED + k7, +NS

(6 =1x107)

RRRRRRRRRRRRRRRRRRRR . .
BS ETH Aldo Antognini

Ascona

02.07.2023
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Muonic hydrogen

E,q_p(uH) ~ QED + xr> # NS

Combining pH and H(1S-2S) measurements

P

Aldo Antognini

Input from
bu q

proton structure

Extract
proton radius

S=4x10""*

| Benchmark for hadron
l | theories

Ascona 02.07.2023
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Combining pH and H(15-2S) measurements

Muonic hydrogen
Input from

EZS—ZP(IMH) ~ QED + Krg + NS proton structure 74 te  +3PE

TN

E o _»s(H) zZROO QED’ + k'r;

Hydrogen

(6 =4x%x10"D)

Extract
Rydberg constant M_fzg___t I
. azmec | Fundamental constant |
— I el
o0 o needeq for.preC|S|on
. predictions in atomes,
0=38x10 ~_molecules, ions.
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Adding for example the H(1S-3S).....

Muonic hydrogen

E)s_»p(uH) ~ QED + kr; + NS

6=1x107)
Hydrogen 3
~ i / /.2
E q_,(H)~ y R, + QED' +k'r;
(6 =4x10"1)

LHe flow cryostat

8
Es_3s(H) % =R, + QED" + kr;

Mirror Pulse Collision Mirror
9 s Volume
(5 =2.5%x10713) - e o~
e T e .. ®7 . n—
£
e
i © ) Aspherical lens

‘“
Atomic hydrogen *‘ m
from discharge

‘o To PMT

Grinin et al. Science 370(6520):1061-1066 (2020)
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Adding H(1S-395).....
Muonic hydrogen

Erg_op(#H) =% QED + Krg + NS

Input from
proton structure

Hydrogen

3
Eis_os(H) = ZRoo +QED
8 v !/ /7 :‘
Eig_3s(H) & §R°° + O
- Testof Htheory |
| Test of bound-states QED |

| o AStrong BSM limits m
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Adding H(1S-3S).....

Muonic hydrogen S—
Test

EZS—ZP(ﬂH) ~ QED + Kr 5 proton structure ! l; §Tq +3PE
3 \

E o _s(H) ~ ZROO QED’ + k'r;

Combine

Hydrogen

E_s(H) ~ EROO + QED" + k'r;
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Muonic hydrogen

Eyrq -p(uH) = QED + «k

(6 =1x107°)

Hydrogen

3

(6 =4x1071)

HD+

E(wL — V' L")

5 =010 -10"1%

Adding HD* measurements

P,

—SE () DR ;. (o

Aldo Antognini

r+NS

/ 2‘\
+krp

N\, HD isotope

o
. ? » I'ps Td) ° ‘
my, Mg

Karr et al., Springer Proc. Phys. 238:75-81 (2020)
Alighanbari et al., Nature 581(7807):152-158 (2020)
Patra et al., Science 369(6508):1238-1241 (2020)
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Adding Penning traps measurements

Muonic hydrogen

(5—1><10 %)

magnetron

Hydrogen

3 TN

(6 = 4>< 10~15)

v, HD isotope
My SIMRE

AN
o)

4

HD+
! 1/ Me 1y }.‘ ‘ |
E(VL — v L ) - ROOQEDg_bOdy(Oé, : s Tps Td) \_ﬁ;.{q" e
§=0010""-1071% ——— :_‘ :: '
8

Penning traps

P

i ©p
g-factors,

Wics+ HeilBe et al. Phys. Rev. A 100(2):022518 (2019)
5~ O0(10~1h Sturm et al. Nature 506(7489):467-470 (2014)
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Combining measurements in pp, H, HD* and Penning-traps

Muonic hydrogen

E>s_op(uH) ~ QED + kr2 4 NS

Hydrogen

3 o 2

HD+

, Test of HD+ theory
Test of 3- -body QED
5~ 1071

E(V L—1v L/) = ROOQEDg_bOdy(Oé, : s Tpy Td) g

Penning traps

g-factors, —— ... Strong BSM limits

Antognini, Hagelstein, Pascalutsa, arXiv:2205.10076
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Combining measurements in pp, H, HD* and Penning-traps

Muonic hydrogen N. Schwegler

Eys_p(uH) = QED + kr; +( NS

Hydrogen

E o »(H) = ZR + QED' + k'r; 2

S. Sturm
HD+ -
. m,
I 171 In € %
E(VL — v L ) — RooQ-LDS—body(Oéa 9 s T'p s Td) W
m D % p B
— Extract ° &H
e Me/mp ratio §
~.0=2x10""
il B - - - L _ | Test of bound g-factors
measurements ” | ,, ” | a u s ~4x107M
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The fine structure constant
Experiment Theory

exp = 8¢ =2 _ () 00115965218073(28 meory — (2N 4 o (EY (Y + (2 + (2
a_2 - v 73(28) a _1;+2;+3;+4;+5;+aweak+ahad+

magnetron

o0 g O @ % Hanneke etal, PRL 2008, 100, 120801
' ' Aoyama et al, PRD 2018, 97, 036001

r. . / O N

i 1 W\ LN
/';:“:‘:‘:
{ 7N\

O

Saea9 s

Xin Fang

Compare experiment to theory
Parker et al., Sciece 360, 191-195 (2018)

h th
a.SXp = aé “(a) aeexp = d, eory(a) Morel et al., Nature 588, 61-68 (2020)
i l k\ 22 2R my h S Clader
Extract c m, my '
Fine structure constant Test g-factor thelg)ry &
5N2X10_10 5"\’3)(10 pp+|—|

neent ETH Aldo Antognini Ascona  02.07.2023 34




Least square adjustment of fundamental constants with/without BSM

Self-consistent extraction of spectroscopic bounds on light new physics The presence of BSM phySiCS would affect
Cédric Delaunay,”? * Jean-Philippe Karr,>% T Teppei Kitahara,®% 71 the extraction Of fundamental consta ﬂtS,
Jeroen C. J. Koelemeij,? % Yotam Soreq,” ¥ and Jure Zupan'®> ** 3 : . - .
possibly reducing the claimed sensitivity of
BSM searches.

10_7 T T TTTTI T T TTTTI T T TTTTI T T TTTTIT T TTTT T TTTTI T J T T TTTTIT T 1T
1078 N 5 .
1079 T -
c ] ] ]
S 10719 &, 6
75 ] i
= 10—11 606 | Higgs portal
S 0, i ‘ my=400keV
o —12 o ULD scalar
d 10 =g 4 my=300keV
13 =
3 10 =
—147 UMs— =
S 10714 22 2
S - R
S 10—15§ ULD scalar _ |8 ‘
16/ : SN
10~ = Higgs portal % 0
i g ]
10_17§ hadrophilic scalar - i ‘ —— DATA2?
0_18: L L LIl Ll L L L Ll L LI Ll L L \\\HHT T CODATA18
1074102102101 1 10 10> 10° 10* 10° 1
0 5 10 15 20

m [kCV]

(rp_r;018)/u(}’§)018)
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QED

Finite size

Nuclear structure

Eh = 1668.491(7) — 106.209 2 +9.276(433) meV

Ez’gp = 1378.521(48) meV

1.69;

— —
o o
N

4He charge radius [fm]
o
(0))

1.63

‘1?}
L

r,=1.6786(12) fm |

Krauth et al., ,

—
&D .
Ol

—
o))
~

r extraction from

EXxp.
P H4He
Krauth et al. 21
[}

Theory

o

Radius as a benchmark for ab initio few-nucleon theories

Pachucki et al., arXiv:2212.13782

Nature 589 (2021) 7843, 527-531

e— scattering Filin et al.,
Sick 08 (preliminary) |
| .
XEFT
Marcucci et al. '16
| 1 Towards consistent treatment
[ e XEFT, N2LO ]
[ M"CO”"e.”t'O”Ia',w vuieral 21 ] of the nuclear structure: TPE
L F|||n arcucci et al. . ] )
[ and radii
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The helion charge radius

QED Finite size  Nuclear structure

EM =1644.348(8) — 103.383 r; + 15.499(378) meV  Pachucki et al., arXiv:2212.13782

E5P = 1258.598 (48)eXP(3)theo ey Schuhmann et al.. arXiv 2305.11679

|

L

Sick 2014 o
LENPIC 2021 o
Nevo Dinur 2019 ®
Piarulli 2013 ®
| ! ! ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! | ! ! ! ! | !
1.94 1.95 1.96 1.97 1.98 1.99

helion charge radius r [fm]
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Radius as benchmark for ab initio few-nucleon predictions

1 .
F 2y — <P.M J0 P,M,> In Breit frame
(@) == J1I91P. M,
MJ
Filin
3 A-Z7
rg = rszt,,+ +——F |+ rf
4m? Z
Current operator Chiral-based nuclear forces

2N force 3N force 4N force
eQ(fB)
LO _
. Xt

o b L
) Consistent derivation and NLO >< } j
o0 A N Nﬂt* regularization of many body txi t::
» (i » forces and nuclear current T
o ) - B . operators + Rel. dynamics + N2LO + + H+ FX >K
(2\ 3 :5’ §< X isospin breaking+...
ol s ) X W
STl Tt W 26 b | B P
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S. Sturm

Gah}rielse 4
Schwinberd

t)

-projec

CPT tests (Lsym

He charge radius needed to
extract the CPT tests

Fractional precision
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Frequency Comb spectroscopy in He*

Coo\ing,
\aser

NOPCPA /“;
LaSGFLaB, AmStel’dam y V4 ) Oon trap from PTB:
Comb spectroscopy in the XUV LAY s scmic

arXiv:1911.08843v1 < Lot [

e ,
mode locked buildup resonator
Ti:Sapphire laser

Trapping and cooling

Quantum logic detection

60 nm XUV

E. Grundeman

MPQ, Garching
EPJD (2023) 77
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cold He-ion

linear Paul trap
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The He atom

Two electrons are much more than one electron

Clausen et al, PRL 127, 093001 (2021)
Zheng, et al, PRL 119, 263002 (2017)

For some transitions
there is perfect
agreement, for others
perfect disagreement

But this is another story

ma’ contributions completed Talk Gloria Clausen

P

Patkos et al, PRA 103, 042809 (2021) Talk Yuri van der Werf
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HFS in muonic hydrogen

AE = 182 meV
= 448 3 Nsl7

Measure transition with a relative
accuracy of § ~ 1 x 107°

Nuber et al., arXiv: 2211.08297

See poster O. Kara
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Impact of the measurement

. P
(@ r
Provides information on magnetic ‘ -

e M

structure of the proton

Combined with H
—Test of HFS theory with rel. acc. < 1078

Sensitive especially to axial-vector BSM contributions
» Spin structure program

' ( 2 (1) (2) —Mmgr 2 5(3)
> Form factor program — 9‘437‘?‘4 - T ng ) S1 - S for my < ag ',
> Chiral perturbation theory Vir a(7) = () ’
> Lattice QCD _ A s (r)S1 - So for my ~ my,
N\ TN1Mm9
C. Peset
Talk Hagelstein Y. Stadnik
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QED tests in

simple atomic
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