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The proton rms charge radius measured with
electrons: 0.8770 £ 0.0045 fm
muons: 0.8409 4 0.0004 fm

790
up 2013 f - >l . electron avg.
® scatt. JLab
up 2010 |- - ® - scatt. Mainz
o . H spectroscopy
o83 o8t o8 085 08 088 o8 oo

Proton charge radius R[fm]
RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013). ch
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The proton radius puzzle

The proton rms charge radius measured with
electr
muon

i_

up 2013

Randolf Pohl ULB, Jan 15, 2016 3



Introduction:
How large is the proton?
Atomic vs. nuclear physics

Muonic hydrogen:
Size does matter!

Experiment:
s Principle
s Muon beam
s Laser system

The “Proton Radius Puzzle”

New measurements:

s Regular hydrogen
s Muonic deuterium
» Muonic helium
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Bohr model of the hydrogen atom
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Bohr Dirac Lamb
E =R../n? e~ spin QED
V~1/r relativity
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Accuracy of the Rydberg constant
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e single measurements

10710 A least-square adjustments

10-11

1930 1940 1950 1960 1970 1980 1990 2000
year

2010: R.. = 10973731.568539+0.000055m~! (4, =5.0-10~12)

is the most accurately determined fundamental constant.
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Proton radius vs. time

The proton rms charge radius is not the most accurate quantity in the universe.
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Proton radius vs. time

The proton rms charge radius is not the most accurate quantity in the universe.
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Proton radius vs. time

The proton rms charge radius is not the most accurate quantity in the universe.
0.9

Hydrogen spectroscopy (Lamb shift): .
0.9( e electron scattering
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Bohr model of the atom

® Electrons orbit the nucleus

“Planetary system”

» Hydrogen: 1 electron + 1 proton




arb. units

Il 11 11 Il | 11
0 0.5 1 15 2 2.5

8S
L proton charge 4S
3S 3D

— true potenti

Coulomb potential: V = 1/r

radius [fm]
S states: max. at r=0 P states: zero at r=0
Electron sometimes inside the proton. Electron is not

inside the proton.
S states are less bound. P

Shift ist proportional to the

size of the proton

Orbital pictures from Wikipedia




Regular hydrogen: Muonic hydrogen:

electron e” + proton p muon i~ + proton p

electron




Regular hydrogen:

electron e” + proton p

electron

Muonic hydrogen:

muon u— + proton p

Drei Generalionen
der Materie {Fermionen)

e
Name

g
g
Ol ;

Leptonen

from Wikipedia




Regular hydrogen: Muonic hydrogen:

electron e” + proton p muon i~ + proton p

muon mass my, ~ 200 xm,
Bohr radius r, ~ 1/200 xr,

u inside the proton: 200° ~ 10’

muon

muon much is more sensitive to r,




up(n=2) levels: 8.4 me

Lamb shift in up [meV]: o2

T T TTL
I nn
O FREFN

AE = 206.0668(25)—5.2275(10)r; [meV]

206 meV
50 THz

6 um
Proton size effect is 2% of the up Lamb shift g

225 meV
55 THz
9.5UmM

Measure to 107> = 7, t0 0.05%

Experiment:
R. Pohl et al., Nature 466, 213 (2010). fin. size:
A. Antognini, RP e al., Science 339, 417 (2013). 3.7 meV
_ 2S5 1= fozooo:
Theory summary: ‘
A. Antognini, RP ez al., Ann. Phys. 331, 127 (2013). -0
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“prompt” (r ~ 0)

N~14—— o —

1%/ /99 %
2P
25—

2 keV

1S5S—

u— stopin H, gas
= up* atoms formed (n ~ 14)

99%: cascade to up(1S),
emitting prompt Kq, Kg ...

1%: long-lived up(2S) atoms

lifetime | 7o =~ 1 us [at 1 mbar H,

RP et. al., Phys. Rev. Lett. 97, 193402 (20086).

“delayed” (r ~1 us)

2P

2 keV

1

fire laser (A ~ 6 um, AE ~ 0.2 eV)
= induce up(2S) — up(2P)
= observe delayed K, x-rays

. delayed K,
= normalize X-rays
prompt K




up Lamb shift experiment: Principle

time spectrum of 2keV x-rays (~ 13 hours of data @ 1 laser wavelength)
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up Lamb shift experiment: Principle

time spectrum of 2keV x-rays prompt” (z ~ 0)

n~14
8 | 1%/ /99 %
& B! 2P
41 2S5—
c 10 =S 2 keV
12 —
c B
s [ )
107

10

Randolf Pohl ULB, Jan 15, 2016 12



up Lamb shift experiment: Principle

time spectrum of 2keV x-rays ‘prompt” (7 ~ 0) delayed” (7 ~ 1 us)
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up Lamb shift experiment: Principle

time spectrum of 2keV x-rays ‘prompt” (7 ~ 0) delayed” (7 ~ 1 ps)

n~14 L 2P
0 - 1%/ [99 % 25'-}/'
Lo [ 2P
N 4
c 10° = 25 5 kev 2 keV
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Setup

Pion beam line '-».,EFO’EOHS

C-target

Momentum filter

Cyclotron trap

5T solenoid

Ti:Sa cw laser

| Raman cell

FP cavity

Water vapor
cell

Tisa amplfﬁar a oscillator

SHG ¥

Diode laser

< Disk-laser Disk-laser
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Setup

\.\Ffrotons

'S I\ f o Pion beam line

N\
Play movie: “Muon beam” C-target
Cyclotron trap
5T solenoid
» Ti:Sa cw laser

| Raman cell

FP cavity
Water vapor
cell

oscillator
o

. Disk-laser Disk-laser
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The laser system

- Main components:
cw TiSa laser

- == [Oscillator| [Oscillator| <= - |
200w [1030 nm| [1030 nm| 200w | , | Wave Verdi |
| 9 mJ ¢ ¢ 9mJ i meter V5w e Thin-disk laser
1500 W’ Amplifier| | Amplifier 5'00 W 3 KFPE cw TiSa || fast response to detected u—
| 43 mJ¢ * 43 mJ ] 708 nm | .
i N 400 mw | e Frequency doubling
| SHG SHG 1, ICs |
S I — 135HG ? A Foysys B | e TiSa laser:
‘1 - 7 mJ frequency stabilized cw laser
23 mJ 515nm |23 mJ
‘ ‘ injection seeded oscillator
AI‘L \ / . i
‘“>Ti8:6\mp< multipass amplifier

ittt e Raman cell
/ 3 Stokes: 708 nm — 6 um
A calibration @ 6 um

___——> e Target cavity

Raman cell

oD eeee——— T T . A. Antognini, RP et. al., Opt. Comm. 253, 362 (2005).
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The laser system

" Yb:YAG thin—disk laser ~——

3 =P [Oscillator| [Oscillator| €= i cw TiSa laser | o

200w [1030 nm| 1030 nm| 200w |, | Wave Verdi | Thin-disk laser

9mJ ¢ ¢ 9mJ | | meter v5 W | e Large pulse energy: 85 (160) mJ
500-v7 Amplifier| | Amplifier 5<0?W L. KFPE %"Sﬁr?r";‘] | e Short trigger-to-pulse delay: < 400 ns
43 m;iG S:GLB ™ 3 1/ cs 400 mW 3 e Random trigger

1 shG | i - e Pulse-to-pulse delays down to 2 ms
? (rep. rate > 500 Hz)

3 21 \ / ‘:1; é //\ . :
| ‘ln>—<__ / TISa 0sc. | ¢ Each single w~ triggers the laser system
| T B 708 nm, 15 mJ |
: > !

iISa Amp.
e 2§ lifetime ~ 1 us — short laser delay

6 um monitoring | H,O

20m
—— ||

Raman cell

i e |

A. Antognini, RP et. al.,
IEEE J. Quant. Electr. 45, 993 (2009).

Randolf Pohl ULB, Jan 15, 2016 16



The laser system

Yb:YAG thin—disk laser

Sl MOPA TiSa laser:
cw TiSa laser

- == [Oscillator| [Oscillator| €= - |

200w [1030 nm| [1030 nmf200 W ., | Wave Verdi | | cw laser, frequency stabilized

l 9mJ¢ ¢9m.] | meter V5w ’ |

. - —— = — - referenced to a stable FP cavity

500 w LAMplifier| | Amplifier soow | L, KFPE cw TiSa ||

l V43ml | ] 708 nm |\ - FP cavity calibrated with I, Rb, Cs lines
1 8 md SHG - 400 mw |

| SHG | | gl / Cs : Vep = N - FSR

R 1SHG ? N «~ . FSR = 1497.344(6) MHz

VI, absolutely known to 30 MHz

sz_zs = 18.6 GHz

iISa Amp.

1 Y 3
| f>—/<f , risa Osc.
B T ~" 708 nm, 15 mJ i
: > |

Seeded oscillator

6 um monitoring | H,O

20m
| ——

(frequency chirp < 200 MHz)

Raman cell

i e |

Multipass amplifier (2f- configuration)

gain=10

Randolf Pohl ULB, Jan 15, 2016 16



The laser system

" Yb:YAG thin—disk laser -~~~ Ramancell:

- == |Oscillator| |Oscillator| <= i | cw TiSa laser |

200w [ 1030 nm| |1030 nm|200W' |, | Wave Verdi

‘ 47" meter ~ 708nm H 6.02um
: 9mJ 9mJ ! v5W 2

SOOW, Amplifier| | Amplifier 5'OOW 1 cw TiSa |

‘ 7 | /_’KFPE 708 nm |

: 43 mJ ¢ 43 mJ L 400 mW : st nd d

| SHG SHG ke l, / Cs | 1~ Stokes 2 Stokes 3° Stokes

| | | 5"

R R ‘SHG? N S e |

it I = — | 708 nm T

1 23md| s515n0m [23my 15mJ ‘/J/ 77T Loogm R

i W | - 1.72pm 6.02u m
‘ 1 ,:a : IE B _ B N | NN
4 >—/<_ , TiSa Osc. L,;;I V=1 y
o TiSa Amp. " 708 nm, 15 mJ | gVl w0 L 1 2

: > N

Raman cell

tunable yiv (p, T) = const
N . P. Rabinowitz et. al., IEEE J. QE 22, 797 (1986)
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The laser system

| _ | ¥ - : T

- ==p Oscillator| |Oscillator| €= | cw TiSa laser | ) 190 mm .

200 W | 1030 nm 1030 nm | 200 W' 1 _ Wave Verdi | _ -

| 9 md y Jomy | meter Tsw I*

| W’ Amplifier| | Amplifier 'o Wi cw TiSa | al

%0 ¥ azmi ~{lCFP)I| | 708 nm |

1 43mJ ¢ Bm oo 400 mwW |/

SHG SHG - f—~[l, /Cs |

SRR R 1 SHG ? R — <« 4 |

777777777777777777777777777 N\———————— | Horiz. plane Vert. plane

Design: insensitive to misalignment

Y Y 3

-‘Lj \ / ‘:35 é //\ . :
‘L><—- TISa 0sC. | Transverse illumination

‘ T ~ 708 nm, 15 mJ |

> |

ISa Amp.
Large volume

Dielectric coating with R > 99.9% (at 6 um)

Raman cell

— Light is confined for 7=50 ns

/@ 0.15 mJ saturates the 25 — 2P transition

J. Vogelsang, RP et. al., Opt. Expr. 22, 13050 (2014)
Randolf Pohl ULB, Jan 15, 2016 16
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The laser system

e e e T T Water absorption

: L i 07,

- == |Oscillator| |Oscillator| €= cw TiSa laser | ;

200w | 1030 nm| [1030 nm| 200w |, | Wave Verdi | "

l 9mJ¢ ¢9mJ L meter vsw %0

. — — = : o4

500 W Amplifier| | Amplifier 500 W' | cw TiSa || :

| v A UFP)I | 708 nm | o3

 wmy e 400 MW |1 op |

! SHG | : _ .02 .

: SHG : | |2 / CS : 0 1 E J.' ‘ J‘“d ]l wll l | J i
: : : ‘ ‘ : q\ | |

- SHG :
777777777777777777777777777777777777777777777777 0\\\\\\\\\ Lo oo e e e b b
,,,,,,,,,, R 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

wavenumber (cif)

0.7 ¢ .
L sScCan region

UL

0.6 -

e Drsaoss.
B T M 708 nm, 15 mJ | 04p
> |

ISa Amp.

0.3

0.2 |

0.1¢p

0’\\\\\\\\\\\\\ L
1630 1640 1650 1660 1670

1680 1690 1700
wavenumber (cif)

Raman cell

1
|
|
|
|
|
|
|
|
|
|
|
|

T Vacuum tube for 6 um beam transport.

" e Direct frequency calibration at 6 um.

|- - - - - - - - oo |
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Disk ampllﬁer laser heads
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Disk laser doubling stages

Randolf Pohl ULB, Jan 15, 2016



TiSa lasers and Raman cell
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Target, cavity and detectors

| !ﬁa &aser pulse :.
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Target, cavity and detectors
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The resonance: discrepancy, sys., stat.

Water-line/laser wavelength: Av water-line to resonance:
300 MHz Uncerta|nty \ / 200 kHz UncertaJnty

" our value

H,O Statistics: 700 MHz
calib. ¢ Systematics: 300 MHz

delayed / prompt events [l‘t]
(6]

H—

49.75 49.8 49.85 49.9 49.95
laser frequency [THZz]

Discrepancy:

5.0 75 GH sv/ 1.5% 1073 R. Pohl et al., Nature 466, 213 (2010).

A. Antognini, RP et al.,Science 339, 417 (2013).
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The proton rms charge radius measured with
electrons: 0.8770 £ 0.0045 fm
muons: 0.8409 4 0.0004 fm

790
up 2013 f - >l . electron avg.
® scatt. JLab
up 2010 |- - ® - scatt. Mainz
. . H spectroscopy
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 I 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9
R. Pohl et al., Nature 466, 213 (2010). Proton Charge radius R[fm]
A. Antognini et al., Science 339, 417 (2013). ch
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“This could be the discovery of the century. Depending,
of course, on how far down it goes.”
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Muons in the news

8 July 2010 | www.nature.com/nature | $10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE
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Muons in the news

8 July 2010 | www.nature.com/|

ASSOCIATION OF ASIA PACIFIC PHYSICAL SOCIETIES *

First hints of how their mlnds differed from ours

WEEKLY July 2
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tocome

PLAGIARISM
It's worse than
you think

CHIMPANZEES ‘g
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Muons in the news

8 July 2010 | www.nature.com/|

ASSOCIATION OF ASIA PACIFIC PHYSICAL SOCIETIES *

AMEBICAN

ScientiicAmerican.com
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There's mor
tocome
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It's worse than
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The battle for
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P ) ;
r ‘. 1 C ‘ C'
Could scientists

be seeing signs of
a whole new realm
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Feature Articles o . Y
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§5.99 L.5.
FEBRUARY 2014

J. Bernauer, RP
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Muons in the news

8 July 2010 | www.nature.com/|

ASSOCIATION OF ASIA PACIFIC PHYSICAL SOCIETIES *
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75 GHz

Liheo- (;CODATA) _ TIEP- = 0.31 meV

v

up theory wrong? up experiment wrong?

H theory wrong?
H experiments wrong? — R.. wrong?
AND e-p scattering exp. wrong?

Standard Model wrong?!?

RP, R. Gilman, G.A. Miller, K. Pachucki, “Muonic hydrogen and the proton radius puzzle”,
Annu. Rev. Nucl. Part. Sci. 63, 175 (2013) (arXiv 1301.0905)

m



75 GHz

Zﬁlgo'(rSODATA) — Ly = 0.31 meV

up experiment wrong?

# Frequency mistake by 75 GHz (< 0.15%)?

Thatis > 100 o(up) ! Ot = 650 MHz, [ 570 MHzg,, 300 MHZzgys ]
4 line widths ! I'=19GHz o TE CODATA-06 w * our value
2 resonances in up give the same r, A .
g 5;_ calzib. f
1£_T * $ e e l % 1 +
g| 0 | } | | T + |

laser frequency [THz]

m



T theo. [ ,.CODATA
Ly (rp

)_

~

exp.
L.UP

75 GHz
0.31 meV

up experiment wrong?

# Frequency mistake by 75 GHz (< 0.15%)?

# Wrong transition?

FS, HFS huge.

Next transition:
~ 1 THz away.

m

signal [a.u.]

g—III|III|III|III|III|<_

v

v v

discrepancy

53

I I |
54
frequency [THZ]




N 75 GHz
Lo (ryOPAAY — Ly = 0.31 meV

~

p

up experiment wrong?

# Frequency mistake by 75 GHz (< 0.15%)?
# Wrong transition?

#» Systematic error?

Laser frequency (H,0 calibration) 300 MHz

intrinsic H,O uncertainty 2 MHz
AC and DC stark shift <1 MHz
Zeeman shift (5 Tesla) < 30 MHz
Doppler shift <1 MHz
Collisional shift 2 MHz
300 MHz

up atom is small and not easily perturbed by external fields.
m



75 GHz

Zﬁlgo'(rSODATA) — Ly = 0.31 meV

up experiment wrong?

Frequency mistake by 75 GHz (< 0.15%)?
Wrong transition?

Systematic error?

o o o o

Molecular effects?
p W e molecularion?  U.D. Jentschura, Annals of Physics 326, 516 (2011).

J.-P. Karr, L. Hilico, PRL 109, 103401 (2012).
M. Umair, S. Jonsell, J. Phys. B 47, 175003 (2014).

Does not exist!

Experimentally:
- only 1 line observed (> 80 % population)
- expected width

- ppU ion short-lived  R. Pohl e al., PRL 97, 193402 (2006).
m



75 GHz

Zﬁlgo'(rSODATA) — Ly = 0.31 meV

up experiment wrong?

Frequency mistake by 75 GHz (< 0.15%)?
Wrong transition?

Systematic error?

Molecular effects?

o o o o ©

Gas imputities? M. Diepold, RP et al., PRA 88, 042520 (2013).
Target gas contained 0.55(5) % air (leak).
Back-of-the-envelope calculation:

collisionrate A ~6-103s~!
2S lifetime t(2S) =1us

= Less than 1% of all up(2S) atoms see any N,
m



o o o o ©

Zﬁlgo'(rSODATA) — fog" — 0.31 meV

up experiment wrong?

Frequency mistake by 75 GHz (< 0.15%)?
Wrong transition?

Systematic error?
Molecular effects?

Gas imputities?

up experiment probably not wrong by 100 O




What may be wrong?

N N 75 GHz
Lo (ryOPAAY — Ly = 0.31 meV
0.15 %
v
up theory wrong?

AE = 206.0668(25) —5.2275(10) r; [meV]

Discrepancy = 0.31 meV
Theory uncert. = 0.0025 meV

Some contributions to the Up Lamb shift

— 1200 (theory) deviation

205 meV

proton siz

double-checked by many groups HSZ‘E'Z?]Z;\;
discrepanc

5™ Jargest term! L0op eVP n 2 Cou

recoil
2-photon exchange

. hadronic V
Theory summary: oroton S
A. Antognini, RP et al. 3-loop eV

Annals of Physics 331, 127 (2013) light-by-light

Randolf Pohl ULB, Jan 15, 2016 29



What may be wrong?

N N 75 GHz
Lo (ryOPAAY — Ly = 0.31 meV
0.15 %
v
up theory wrong?

AE = 206.0668(25) —5.2275(10) r; [meV]

Discrepancy = 0.31 meV
Theory uncert. = 0.0025 meV

Some contributions to the Up Lamb shift

— 1200 (theory) deviation

proton siz

double-checked by many groups HSZE '223;‘;
discrepanc

5™ Jargest term! L0op eVP in 2 Cou

recoll
2-photon exchan

hadronic V
Theory summary: proton S
A. Antognini, RP et al. 3-loop eV
Annals of Physics 331, 127 (2013) light-by-lightl ‘ N o ‘
10° 10 10" 1 10 10MeV

Randolf Pohl ULB, Jan 15, 2016 29



75 GHz
Zﬁlgo'(rSODATA) — Ly = { 0.31 meV

v
up theory wrong?

AE =206.0668(25) —5.2275(10) r; [meV]

Discrepancy = 0.31 meV
Theory uncert. = 0.0025 meV

— 1209 (theory) deviation

up theory probably not wrong by 100 O



Lamb shift in yup 1: r, independent

Table 1

All known radius-independent contributions to the Lamb shift in up from different authors, and the one we selected. Values are in meV. The entry # in the first column refers to Table 1
in Ref. [13]. The “finite-size to relativistic recoil correction” (entry #18 in [13]), which depends on the proton structure, has been shifted to Table 2, together with the small terms #26
and #27, and the proton polarizability term #25. SE: self-energy, VP: vacuum polarization, LBL: light-by-light scattering, Rel: relativistic, NR: non-relativistic, RC: recoil correction.

# Contribution Pachucki Nature Borie-v6 Indelicato Our choice Ref.
[10,11] [13] [79] [80]
1 NR one-loop electron VP (eVP) 205.0074
2 Rel. corr. (Breit-Pauli) 0.0169°
3 Rel. one-loop eVP 205.0282 205.0282 205.02821 205.02821 [80] Eq. (54)
19 Rel. RC to eVP, o (Za)* (incl. in #2)P —0.0041 —0.0041 —0.00208¢ [77,78]
4 Two-loop eVP (Kallén-Sabry) 1.5079 1.5081 1.5081 1.50810 1.50810 [80] Eq. (57)
5 One-loop eVP in 2-Coulomb lines a? (Za)® 0.1509 0.1509 0.1507 0.15102 0.15102 [80] Eq. (60)
7 eVP corr. to Killén-Sabry 0.0023 0.00223 0.00223 0.00215 0.00215 [80] Eq. (62), [87]
6 NR three-loop eVP 0.0053 0.00529 0.00529 0.00529 [87,88]
9 Wichmann-Kroll, “1:3” LBL —0.00103 —0.00102 —0.00102 —0.00102 [80] Eq. (64), [89]
10 Virtual Delbriick, “2:2” LBL 0.00135 0.00115 0.00115 [74,89]
New “3:1” LBL —0.00102 —0.00102 [89]
20 1SE and VP —0.6677 —0.66770 —0.66788 —0.66761 —0.66761 [80] Egs. (72) + (76)
11 Muon SE corr. to eVP o (Zar)* —0.005(1) —0.00500 —0.004924¢ —0.00254 [85] Eq. (29a)°
12 eVP loop in self-energy a? (Za)* —0.001 —0.00150 f [74,90-92]
21 Higher order corr. to «SE and uVP —0.00169 —0.00171# —0.00171 [86] Eq. (177)
13 Mixed eVP + pVP 0.00007 0.00007 0.00007 [74]
New eVP and wVP in two Coulomb lines 0.00005 0.00005 [80] Eq. (78)
14 Hadronic VP a(Za)*m, 0.0113(3) 0.01077(38) 0.011(1) 0.01121(44) [93-95]
15 Hadronic VP a(Za )’ m, 0.000047 0.000047 [94,95]
16 Rad corr. to hadronic VP —0.000015 —0.000015 [94,95]
17 Recoil corr. 0.0575 0.05750 0.0575 0.05747 0.05747 [80] Eq. (88)
22 Rel. RC (Za)® —0.045 —0.04497 —0.04497 —0.04497 —0.04497 [80] Eq. (88), [74]
23 Rel. RC (Za)® 0.0003 0.00030 0.0002475 0.0002475 [80] Eq. (86)+Tab.II
(continued on next page)
A. Antognini, RP et al., Ann. Phys. 331, 127 (2013), Tab 1
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Lamb shift in yup 1: r, independent

Table 1 (continued)

# Contribution Pachucki Nature Borie-v6 Indelicato Our choice Ref.
[10,11] [13] [79] [80]
New Rad. (only eVP) RC @ (Zar)® 0.000136 [85] Eq. (64a)
24 Rad. RC o (Zx)" (proton SE) —0.0099 —0.00960 —0.0100 —0.01080(100) [43]" [74]
Sum 206.0312 206.02915 206.02862 206.03339(109)

4 This value has been recalculated to be 0.018759 meV [77].
b This correction is not necessary here because in #2 the Breit-Pauli contribution has been calculated using a Coulomb potential modified by eVP.

¢ Difference between Egs. (6) and (4) in [78]: E\(,r[fl) (2P1/2-251/2) — E\(,?,) (2P1/2-251/3) = 0.018759 — 0.020843 = —0.002084 meV (see also Table IV). Using these corrected values, the
various approaches are consistent. Pachucki becomes 205.0074 + 0.018759 = 205.0262 meV and Borie 205.0282 — 0.0020843 = 205.0261 meV.

4 In Appendix C, incomplete.

€ Eq.(27)in [85] includes contributions beyond the logarithmic term with modification of the Bethe logarithm to the Uehling potential. The factor 10/9 should be replaced by 5/6.

f This term is part of #22, see Fig. 22 in [86].

& Borie includes wave-function corrections calculated in [87]. The actual difference between Ref. [13] and Borie-v6 [79] is given by the inclusion of the Kéllén-Sabry correction with
muon loop.

P This was calculated in the framework of NRQED. It is related to the definition of the proton radius.

43 R.J. Hill, G. Paz, Phys. Rev. Lett. 107, 160402 (2011)

74 M.l Eides, H. Grotch, V.A. Shelyuto, Phys. Rep. 342, 63 (2001)

77  U.D. Jentschura, Phys. Rev. A 84, 012505 (2011)

78  S.G. Karshenboim, V.G. Ivanov, E.Y. Korzinin, Phys. Rev. A 85, 032509 (2012)
79  E. Borie, Ann. Phys. 327, 733 (2012); arXiv:1103.1772-v6

80 P Indelicato, arXiv:1210.5828v2 [PRA 87, 022501 (2013)]

85 U.D. Jentschura, B.J. Wundt, Eur. Phys. J. D 65, 357 (2011)

86 E. Borie, G.A. Rinker, Rev. Mod. Phys. 54, 67 (1982)

87 V.G. lvanoy, E.Y. Korzinin, S.G. Karshenboim, Phys. Rev. D 80, 027702 (2009)
88 T. Kinoshita, M. Nio, Phys. Rev. Lett. 82, 3240 (1999)

89 S.G. Karshenboim, E.Y. Korzinin, V.G. lvanov, V.A. Shelyuto, JETP Lett. 92, 8 (2010)
90 R. Barbieri, M. Caffo, E. Remiddi, Lett. Nuovo Cimento 7, 60 (1963)

91 H. Suura, E.H. Wichmann, Phys. Rev. 105, 1930 (1957)

92 A. Petermann, Phys. Rev. 105, 1931 (1957)

93  J. Friar, J. Martorell, D. Sprung, Phys. Rev. A 59, 4061 (1999)

94  A.P. Martynenko, R. Faustov, Phys. Atomic Nuclei 63, 845 (2000)

95 A.P. Martynenko, R. Faustov, Phys. Atomic Nuclei 64, 1282 (2001) o
A. Antognini, RP et al., Ann. Phys. 331, 127 (2013), Tab 1
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Lamb shift in up 2: r,-dependent

Table 2

Proton-structure-dependent contributions to the Lamb shift in xp from different authors and the one we selected. Values are in meV, (r?) in fm2. The entry # in the first column refers
to Table 1 in Ref. [13] supplementary information [9]. Entry # 18 is under debate. TPE: two-photon exchange, VP: vacuum polarization, SE: self-energy, Rel: relativistic.

# Contribution Borie-v6 [79] Karshenboim [78] Pachucki [10,11] Indelicato [80] Carroll [84] Our choice
Non-rel. finite-size —5.1973 (r?) —5.1975 (r?) —5.1975 (r?)
Rel. corr. to non-rel. finite size —0.0018 (r?) —0.0009 meV*?
Rel. finite-size
Exponential —5.1994 (r?) —5.2001 (r?) —5.1994 (r?)
Yukawa —5.2000 (r?)
Gaussian —5.2001 (r?)
Finite size corr. to one-loop eVP ~ —0.0110 (r?) —0.0110 (r?) —0.010 (r?) —0.0282 (r?) —0.0282 (r?)
Finite size to one-loop eVP-it. —0.0165 (r?) —0.0170 (r?) —0.017 (r?) (incl. in —0.0282)
Finite-size corr. to Killén-Sabry P —0.0002 (r?) —0.0002 (r?)
New Finite size corr. to u self-energy (0.00699)° 0.0008 (r?) 0.0009(3) (r?)¢
AErp [46] 0.0332(20) meV
Elastic (third Zemach)®
Measured R), 0.0365(18) (r?)3/? (incl. above)
Exponential 0.0363 (r?)3/2 0.0353 (r?)3/2f 0.0353 (r?)3/2
Yukawa 0.0378 (r?)3/?
Gaussian 0.0323 (r?)3/?
25 Inelastic (polarizability) 0.0129(5) 0.012(2) meV (incl. above)
meV [101]
New Rad. corr. to TPE —0.00062 (r?) —0.00062 (r?)
26 eVP corr. to polarizability 0.00019 meV [95]

(continued on next page)

A. Antognini, RP et al., Ann. Phys. 331, 127 (2013), Tab 2
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Lamb shift in up 2: r,-dependent

Table 2 (continued)

# Contribution Borie-v6 [79] Karshenboim [78] Pachucki [10,11] Indelicato [80] Carroll [84] Our choice

27 SE corr. to polarizability —0.00001 meV [95]

18 Finite-size to rel. recoil corr. (0.013 meV)® h (incl. in AEpg)
Higher order finite-size corr. —0.000123 meV 0.00001(10) meV 0.00001(10) meV
2Py, finite-size corr. —0.0000519(r?)! (incl. above) (incl. above) (incl. above)

2 Corresponds to Eq. (6) in [11] which accounts only for the main terms in Fgg, and Fygg.-

b This contribution has been accounted already in both the —0.0110 meV/fm? and —0.0165 meV/fm? coefficients.

¢ Given only in Appendix C. Bethe logarithm is not included.

d This uncertainty accounts for the difference between all-order in Z« and perturbative approaches [82].

¢ Corresponds to Eq. (20).

f This value is slightly different from Eq. (22) because here an all-order in finite-size and an all-order in eVP approaches were used.

& See Appendix F of [96]. This term is under debate.

P Included in AEppg. This correction of 0.018 —0.021 = —0.003 meV is given by Eq. (64) in [10] and Eq. (25) in [11]. This correction is also discussed in [76] where the 6/7 factor results
from 0.018/0.021.

i Eq.(6a)in [79].

46
76
79
82
95
96
101

M.C. Birse, J.A. McGovern, Eur. Phys. J. A 48, 120 (2012); arXiv:1206.3030
U.D. Jentschura, Ann. Phys. 326, 500 (2011)

E. Borie, Ann. Phys. 327, 733 (2012); arXiv:1103.1772-v6

P. Indelicato, P.J. Mohr, 2012 (in preparation)

A.P. Martynenko, R. Faustov, Phys. Atomic Nuclei 64, 1282 (2001)

J.L. Friar, Ann. Phys. 122, 151 (1979)

C.E. Carlson, M. Vanderhaeghen, Phys. Rev. A 84, 020102 (2011)

A. Antognini, RP et al., Ann. Phys. 331, 127 (2013), Tab 2
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HEFS in up

Table 3
All known contributions to the 2S-HFS in up from different authors and the one we selected. Values are in meV, radii in fm. SE: self-energy, VP: vacuum polarization, Rel: relativistic, RC:
recoil correction, PT: perturbation theory, p: proton, int: interaction, AMM: anomalous magnetic moment.

Contribution Martynenko [72] Borie-v6 [79] Indelicato Our choice [80] Ref.
h1 Fermi energy, (Za)* 22.8054 22.8054
h2 Breit corr., (Za)® 0.0026 0.00258
h3 Dirac energy (4 Breit corr. in all-order) 22.807995 22.807995 Eq. (107) in [80]
h4 w AMM corr., a(Za)*, a(Za)* 0.0266 0.02659 0.02659
h5 eVP in 2nd-order PT, o (Za)? (evpz) 0.0746 0.07443
h6 All-order eVP corr. 0.07437 0.07437 Eq. (109) in [80]
h7 Two-loop corr. to Fermi-energy (€ypy) 0.00056 0.00056
h8 One-loop eVP in 1y int., a(Za)?* (evpr) 0.0482 0.04818 0.04818
h9 Two-loop eVP in 1y int., a?(Za)? (€yp) 0.0003 0.00037 0.00037
h10 Further two-loop eVP corr. 0.00037 0.00037 [113,114]
h11 VP (similar to eypy) 0.00091 0.00091
h12 VP (similar to eypq) 0.0004 (incl. in h13) (incl. in h13)
h13 Vertex, a(Za)® —0.00311 —0.00311 a
h14 Higher order corr. of (h13), (part with In(«)) —0.00017 —0.00017 [115]
h15 w SE with p structure, a(Zo)? 0.0010
h16 Vertex corr. with proton structure, o (Zor)® —0.0018
h17 “Jellyfish” corr. with p structure, o (Za)® 0.0005
h18 Hadron VP, a® 0.0005(1) 0.00060(10) 0.00060(10)
h19 Weak interaction contribution 0.0003 0.00027 0.00027 [116]
h20 Finite-size (Zemach) corr. to —0.1518° —0.16037 —0.16034 1, —0.16034 1, Eq.(107)in [80]

AErermi, (ZO[)S
(continued on next page)

A. Antognini, RP et al., Ann. Phys. 331, 127 (2013), Tab 3
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HFS in up

Table 3 (continued)

Contribution Martynenko [72] Borie-v6 [79] Indelicato Our choice [80] Ref.
h21 Higher order finite-size corr. to AEgerm; —0.0022 g2 + 0.0009 —0.0022 g2 + 0.0009 Eq. (107) in [80]
h22 Proton polarizability, (Za)®, AE{;‘;‘S 0.0105(18) 0.0080(26) 0.00801(260) [117,118]
h23 Recoil corr. (incl. in h20) 0.02123 0.02123 [112]
h24 eVP + proton structure corr., o® —0.0026
h25 eVP corr. to finite-size (similar to eypy) —0.00114 —0.0018 rz — 0.0001 —0.0018 rz — 0.0001 Eq.(109)in [80]
h26 eVP corr. to finite-size (similar to eypq) —0.00114 —0.00114(20)
h27 Proton structure corr., o (Za)? —0.0017
h28 Rel. + radiative RC with p AMM, «® 0.0018

Sum 22.8148(20)° 22.9839(26) 22.9858(26) —

—0.1604 r; 0.1621(10) rz — 0.0022(5)
Sum with 22.8148 meV 22.8163 meV 22.8149 meV

rg = 0.841 fm, r; = 1.045 fm [28]

3 Includes a correction «(Za)° due to pVP.
b Calculated using the Simon et al. form factor.
¢ The uncertainty is 0.0078 meV if the uncertainty of the Zemach term (h20) is included (see Table II of [72]).

28

80
112
113
114
115
116
117
118

M.O. Distler, J.C. Bernauer, T. Walcher, Phys. Lett. B 696, 343 (2011)

P. Indelicato, arXiv:1210.5828v2 [PRA 87, 022501 (2013)]

C.E. Carlson, V. Nazaryan, K. Griffioen, Phys. Rev. A 78, 022517 (2008)

S.G. Karshenboim, E.Y. Korzinin, V.G. Ivanov, JETP Lett. 88, 641 (2008)

S.G. Karshenboim, E.Y. Korzinin, V.G. Ivanov, JETP Lett. 89, 216 (2009)

S.J. Brodsky, G.W. Erickson, Phys. Rev. 148, 26 (1966)

M.l. Eides, Phys. Rev. A 85, 034503 (2012)

C.E. Carlson, V. Nazaryan, K. Griffioen, Phys. Rev. A 83, 042509 (2011)

E. Cherednikova, R. Faustov, A. Martynenko, Nuclear Phys. A 703, 365 (2002)

A. Antognini, RP et al., Ann. Phys. 331, 127 (2013), Tab 3
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» PLB 693, 555 De Rujula: “QED is not endangered by the proton’s size” (1008.3861)

A large third Zemach moment () ) = [d’ridryp(r1) p(r2) |ri — 12
of the proton can explain all three measurements: up, H, e-p
p(r) is not a simple Dipole, but has “core” and “tail”

» PRC 83,012201 Cloet, Miller: “Third Zemach moment of the proton” (1008.4345)

Such a large third Zemach moment is impossible.
(r)2) (De Rujula) = 36.6 + 6.9 fm’
(r))(2) (Sick) = 271+ 0.13fm’

» PLB 696, 343 Distler et al: “The RMS radius of the proton and Zemach moments”

(1011.1861)

(r;

>)2) (Mainz 2010) = 2.85+ 0.08fm’



Discussions: Proton polarizability

proton polarizability aka. two-photon exchange

()

)

-

Seems to be the only contribution which might be able to solve the
proton size puzzle by changing theory in up.

Keep in mind:
Discrepancy: 0.31 meV
Polarizability: 0.015(4) meV 20 times smaller!

Randolf Pohl ULB, Jan 15, 2016 34



» G.A. Miller et al., PRA 84, 020101(R) (2011)
“Toward a resolution of the proton size puzzle”

4
» New off-mass-shell effect ~ o {5 solves puzzle.

» R.J. Hill, G. Paz, PRL, 107, 160402 (2011)
“Model independent analysis of proton structure for hydrogenic bound states”

s forward Compton amplitude’s W, (0, 0?) is now well known
s “Crazy” functional behaviour can give any correction.
s No numbers given.

# C.E. Carlson, M. Vanderhaeghen, PRA 84, 020102(R) (2011)
“Higher-order proton structure corrections to the Lamb shift in muonic hydrogen”

s All off-shell effects are automatically included in standard treatment.

#» C.E. Carlson, M. Vanderhaeghen, arXiv 1109.3779 (atom-ph)
“Constraining off-shell effects using low-energy Compton scattering”

s Off-shell effects are 100 times smaller than needed to explain the puzzle.

m



Discussions: Proton polarizability

» M.C. Birse, J.A. McGovern, Eur. Phys. J. A 48, 120 (2012)
“Proton polarisability contribution to the Lamb shift in muonic hydrogen
at fourth order in chiral perturbation theory”

s Calculate T7(0,Q?) in heavy-baryon chiral pert. theory.
s Proton polarizability is not responsible for the radius puzzle.

#» Gorchtein, Llanes-Estrada, Szczepaniak, PRA 87, 052501 (2013)
“U-H Lamb shift: dispersing the nucleon-excitation uncertainty with a finite energy
sum rule”
s Sum rule + virtual photoabsorption data.
s “We conclude that nucleon structure-dependent uncertainty by itself is un-
likely to resolve the large discrepancy...”

#» Karshenboim, McKeen, Pospelov, arXiv 1401.6156 [hep-ph]
“Constraints on muon-specific dark forces”

s “These estimates show that if indeed large muon-proton interactions are re-
sponsible for the r, discrepancy, one can no longer insist that theoretical
calculations of the muon g — 2 are under control. Thus, a resolution of the r,,
problem is urgently needed in light of the new significant investments made
in the continuation of the experimental g —2 program.”

andolf Po , Jan
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Proton off-shell effects can in principle shift the up value.

# FEvil subtraction function.

# Evidence is growing, that this effect can NOT solve the puzzle.

» Clarification needed [(g—2)u!]




75 GHz

Liheo- (;CODATA) _ TIEP- = 0.31 meV

v

up theory wrong? up experiment wrong?

H theory wrong?
H experiments wrong? — R.. wrong?
AND e-p scattering exp. wrong?

Standard Model wrong?!?




» Jaeckel, Roy, PRD 82, 125020 (2010)
“Spectroscopy as a test of Coulomb’s law - A probe of the hidden sector”

hidden photons, minicharged particles — deviations from Coulomb’s law.
up transition can NOT be explained this. (contradicts Lamb shift in H)

» U.D. Jentschura, Ann. Phys. 326, 516 (2011)
“Lamb shift in muonic hydrogen — IlI. Analysis of the discrepancy of theory and
experiment”’

no millicharged particles, no unstable neutral vector boson.
# Barger, Chiang, Keung, Marfatia, PRL 106, 153001 (2011)

“Proton size anomaly”
decay of Y, J/y, ¥, i, neutron scattering, muon g-2, u**Mg, u?®Si
= It's NOT a new flavor-conserving spin-0, 1 or 2 particle

#» Tucker-Smith, Yavin, PRD 83, 101702 (2011)
“Muonic hydrogen and MeV forces”

MeV force carrier can explain discrepancies for r, and (g9-2),
IF coupling to e, n is suppressed relative to coupling to u, p
prediction for uHe ™, utu~

m



» Batell, McKeen, Pospelov, PRL 107, 011803 (2011)
“New Parity-violating muonic forces and the proton charge radius”

10...100 MeV heavy photon (“light Higgs”) can explain r, and (9-2),
prediction for He ™, enhanced PNC in muonic systems

# Barger, Chiang, Keung, Marfatia, PRL 108, 081802 (2011)
“Constraint on Parity-violating muonic forces”

No missing mass events observed in leptonic Kaon decay.
= contraints on light Higgs.

» Pospelov (private comm.)

Lack of missing mass events in leptonic Kaon decays no problem.
Light Higgs is short-lived (decays inside the detector).

#» C.E. Carlson, B.C. Rislow, PRD 86, 035013 (2012)
“New physics and the proton radius problem”

“New physics with fine-tuned couplings may be entertained as a possible
explanation for the Lamb shift discrepancy.”

m



Discussions: New Physics

#» Wang, Ni, Mod. Phys. Lett. A 28, 1350094 (2013)
“Proton puzzle and large extra dimensions” (arXiv 1303.4885)

“Extra gravitational force between the proton and the muon at very short
range provides an energy shift which accounts for the discrepancy...”

#» Li, Chen, arXiv 1303.5146
“Can large extra dimensions solve the proton radius puzzle?”

“We find that such effect could be produced by four or more large extra
dimensions which are allowed by the current constraints from low energy
physics.”

# R. Onofrio, Eur. Phys. Lett. 104, 20002 (2013)
“Proton radius puzzle and quantum gravity at the Fermi scale” (1312.3469)

“We show how the proton radius puzzle ... may be solved by means of ...
an effective Yukawian gravitational potential related to charged weak inter-
actions. [...] Muonic hydrogen plays a crucial role to test possible scenarios
for a gravitoweak unification, with weak interactions seen as manifestations
of quantum gravity effects at the Fermi scale.

andolf Po , Jan



There are TWO muon puzzles.




« Anomalous magnetic moment of the muon

The measured value of a;, = (g —2)/2 of the muon has been in disagreement

with the SM predictions for T T

>10 years now! FUANT (o) Laal i
JN (09) i—a— | |

The discrepancy stands at ~ 3.60 Davier et al, 7(10) e
Davier et al, e"e” (10) l—l—l :
Js (1) e ‘
HLMNT (10) H—4
HLMNT (11) e
- experiment ------- ------- -------- ------- -----
BNL (new from shift in %) »—?—4

170 180 190 200 210

a, 10'"° - 11659000

J. Phys. G 38, 085003 (2011).
m



« Anomalous magnetic moment of the muon

The measured value of a;, = (g —2)/2 of the muon has been in disagreement
with the SM predictions for

>10 years now!

The discrepancy stands at ~ 3.60

B-field B-field
B-field '
“Dirac Interaction” QED “Schwinger Interaction”
g=2 (g-2)=a/nt BSM SUSY interaction

http://www.hep.ucl.ac.uk/muons/g-2/




Two muon puzzles

« Anomalous magnetic moment of the muon ~ 3.60

« Proton radius from muonic hydrogen

The measured value of the proton rms charge radius from muonic hydrogen up
is 10 times more accurate, but 4% smaller than the value from both hydrogen
spectroscopy and elastic electron proton scattering.

up 2013 ¢ — e electron avg.
® scatt. JLab
up 2010 |- ® scatt. Mainz
o . H spectroscopy
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 I 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radiuscrll?[fm]
RP et al., Nature 466, 213 (2010); Science 339, 417 (2013); ARNPS 63, 175 (2013).

Ranaoi; PoE' ULB, Jan ig, 5:”3 §§



« Anomalous magnetic moment of the muon ~ 3.60

« Proton radius from muonic hydrogen ~ 7.90

e These 2 discrepancies may be connected.

FIG. 1. Left:the effective proton-muon interaction resulting
from unexpectedly large QCD effects or new physics that is
responsible for the r, discrepancy. Right: the two-loop con-
tribution to the muon g — 2 that results from the interaction
on the left after integrating out the proton.

Karshenboim, McKeen, Pospelov, arXiv 1401.6156

2 b




Both the r, and the a, discrepancy could originate

from the same new proton structure effect (two-photon-
exchange) or “New light Physics” (m~ MeV)

1t I Iz

Fixing r,, could give rise to
5x 1077 < |A(ay)| < 1077 (for Apag = My ... my).

HMNT (06)
JN (09)

Davier et al, T (10)

Davier et al, e'e” (10)
JS (11)

HLMNT (10)

HLMNT (11)

BNL

BNL (new from shiftin A)
Il]lfll]_l_lJtllllllllIlfll

- experiment ----s-eeeee .

R
|IIII|I!IIIIIliilxi‘-ﬂl'.‘['il-ll

a, x 10'° - 11659000

170 180 190 200 210

J. Phys. G 38, 085003 (2011).

This is much larger than the (g —2),, discrepancy of ~ 1 x 107°.

after Pospelov

Karshenboim, McKeen, Pospelov, arXiv 1401.6156
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I'p and ay

Both the r, and the a, discrepancy could originate '

from the sa
exchange) (

FiXing 7, COpfiam
5% 1077 < [m——
This is muc

June 22 — July 25, 2013

after Pospelov
Karshenboim, McKeen, Pospelov, arXiv 1401.6156

Randolf Pohl ULB, Jan 15, 2016 39



I'p and ay

fr .= ® 3EFermilab
e ,?
T
-
F i
.
I
L ]
F
&
r
&+
&
r
[ ]
F .
’
5 '
LS
T Iﬁ 0
b 1
\‘ '
. 1
LY
“
LY
S
%
L
LY
»
L

- oam =

The Big Move
Travel by barge: » = = =

South along East Coast
Around tip of Flonda
MNorthwest through Gulf of Mexico

Morth through Mississippi River
North through lllinois waterways

after Pospelov
Karshenboim, McKeen, Pospelov, arXiv 1401.6156

Randolf Pohl

ULB, Jan 15, 2016 39



Both the r, and the a, discrepancy could originate

from the same new proton structure effect (two-photon-
exchange) or “New light Physics” (m~ MeV)

rp au o
1 1
p
M H oy

It . 4

Fixing r,, could give rise to
5x 1077 < |A(ay)| < 1077 (for Apag = My ... my).

HMNT (06) e i
IN (08) i

Davier et al, T (10) l—d——i

Davier et al, e'e” (10) |—.—| |

JS (1) = =

HLMNT (10) W

HLMNT (11) e

= experiment ------oeeseeeees ------- ------- -------- ------- : e
BNL (new from shiftina) | | | | +——

Y
PRI R TE I NS NERE FRTwS FEwTn e pu
170 180 190 200 210

a, x 10'° - 11659000
J. Phys. G 38, 085003 (2011).

This is much larger than the (g —2),, discrepancy of ~ 1 x 107°.

Maybe one can invert the argument:

ay “not so wrong” = r,, is not due to proton TPE or this kind of BSM

after Pospelov

Karshenboim, McKeen, Pospelov, arXiv 1401.6156
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2P fine structure

~ 0

(<2]

PR
O FrRrEN
& 3]

()

delayed / prompt events [10]
N

1 % I

v ??T%?%?T

t

900 950
v - 49.0 THz (GHz)

~

(2]

a

H

2S hyperfine splitting

W

N

delayed / prompt events [10™]

—h

R. Pohl et al., Nature 466, 213 (2010).

T é%¢ %I
i

QI TTT
o

2O

A. Antognini, RP et al., Science 339, 417 (2013).

600 650
v =54.0 THz (GHz)



2P fine structure

e Consider the two measurements separately

Two independent determinations of r,

Vi =Ty, Vg — T Consistent results!
p p

BLILI I B B B

oOrekFrN

triplet

Lamb
shift

Vsinglet

2S hyperfine splitting

R. Pohl et al., Nature 466, 213 (2010).
A. Antognini, RP et al., Science 339, 417 (2013).



We have measured two transitions in up

2P fine structure :
e Consider the two measurements separately

Two independent determinations of r,

(Vi = 1p, Vs = 1p) | Consistent results! I

oo
O FrRrEFEN

triplet

Lamb

shift e Combine the two measurements

Vsinglet

Two measurements — determine two parameters

Vi, Vs — AEL ,AEyrs — | Tp, 17 I

2S hyperfine splitting

%thrivs = AEy(r,) +8.8123 meV

R. Pohl et al., Nature 466, 213 (2010). AEHFS(”Z ) _ 32480 meV

A. Antognini, RP et al., Science 339, 417 (2013).




2S hyperfine splitting in up is: AEpgps = 22.9843(30) — 0.1621(10) rz [fm] meV
with r; = [d*r [d*F r pe(r) pp(r — 1)

We measured AEyrs = 22.8089(51) meV

This gives a proton Zemach radius rz = 1.082 (31)exp (20), = 1.082 (37) fm

up 2013 o
e-p, Mainz —
H, Volotk a ®
® e-p, Friar
H’ IDupayS I ¢ I I I I I
1 1.02 1.04 1.06 1.08 1.1 1.12

Proton Zemach radius R, [fm]

A. Antognini, RP et al., Science 339, 417 (2013)
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10° ==
> =
= =
5 —
o 107
(&} —
o =
> n
S 108 =
Q =
5 —
g -
T 10% = .
= ® single measurements
u A least-square adjustments
10%° &= B muonic hydrogen + H(1S-2S)
10'“;—
10-12 §_ .\.
EII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
1930 1940 1950 1960 1970 1980 1990 2000 2010
year
H(1S-2S): C.G. Parthey, RP et al., PRL 107, 203001 (2011). rp- A. Antognini, RP et al., Science 339, 417 (2013).
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Rydberg constant

Hydrogen spectroscopy (Lamb shift):

Lis(rp) = 8171.636(4) 4 1.5645 (r;) MHz

8S
4S
3S 3D
2S —4%— 2P
R Ligs
E S~ — —+

" n2  n3

1525l 2 unknowns = 2 transitions

e Rydberg constant R

e Lamb shift L;g + p

"

2000 2010
year
H(1S-2S): C.G. Parthey, RP er al., PRL 107, 203001 (2011). rp+ A. Antognini, RP et al., Science 339, 417 (2013).
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Rydberg constant

R..=3.289 841 960 249 5 (10)"» (25)EP x 10! Hz/c

10° = [8 parts in 10']
> —
= —
5 -
o 107 =
(&} —
Q =
> [
g 108 &=
o —
5 —
E -
T 10% .
= ® single measurements
L A least-square adjustments
107 &= B muonic hydrogen + H(1S-2S)
10'11;—
107 e .\I
EII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
1930 1940 1950 1960 1970 1980 1990 2000 2010
year
H(1S-2S): C.G. Parthey, RP er al., PRL 107, 203001 (2011). rp+ A. Antognini, RP et al., Science 339, 417 (2013).
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Rydberg constant

R..=3.289 841 960 249 5 (10)"» (25)EP x 10! Hz/c

1
(o))

10° = [8 parts in 1013]
> —
= —
5 ~
o 107
(&) —
Q =
> [
S 10°
0 =
5 —
9 -
T 100 -
= e single measurements
— A least-square adjustments
10 .
10 E B muonic hydrogen + H(1S-2S) discrepancy
10—11;_
10712 — .\.
:IlllIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
1930 1940 1950 1960 1970 1980 1990 2000 2010
year
H(1S-2S): C.G. Parthey, RP er al., PRL 107, 203001 (2011). rp+ A. Antognini, RP et al., Science 339, 417 (2013).
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Muonic deuterium




muonic deuterium




muonic deuterium

25y

F=5/2
F=1/2
F=3/2

F=3/2

F=1/2




Muonic DEUTERIUM

;;_ + 2.5 resonances in muonic deuterium
8 o 11d [ 2S) 5(F=3/2) — 2P3 5(F=5/2) ]
ge} - 20 ppm (stat., online)
%:41_ o ud [ 25 5(F=1/2) — 2P35(F=3/2) ]
3 [ | / 45 ppm (stat., online)

g BRE: i : o ud[2S; )5(F=1/2) = 2P55(F=1/2) ]

- g | L |C}) ? . / 70 ppm (stat., online)

780 800 820 840 860 880

v - 5040 THz (GH2) only 5o significant F1/2
° identifies F=3/2 line T
7 / / F=3/2
6 F=1/2

—_—

delayed / prompt events [fD
(6)]

l_l‘lll|IIII|IIII|IIII|IIII|IIII
—O—
D~

3

2 S 1 16 1 (% (13

FT 9 T ; TOY T 3 2S,,
11— + +

O:I 111 | 111 | 11 1 | 11 1 | 111 | 111 | 111 | 111 | 111 | 111 | 11

-40  -20 0 20 40 60 80 100 120 140 160

v -52.0 THz (GHz)

Randolf Pohl ULB, Jan 15, 2016 4



H/D isotope shift: 2 — rI% = 3.82007(65) fm? C.G. Parthey, RP et al., PRL 104, 233001 (2010)

CODATA 2010  ry = 2.14240(210) fm
rp= 0.84087(39) fm from uH gives  r; =2.12771( 22) fm

UH + iso H/D(1S-2S) -

CODAIA-ZOlO

CODATA D + e-d o
e-d scatt. ®
n-p scatt. . ® :
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

Deuteron charge radius [fi
m



Deuteron charge radius

H/D isotope shift: r; —r; = 3.82007(65)fm*  C.G. Parthey, RP er al., PRL 104, 233001 (2010)

CODATA 2010  ry = 2.14240(210) fm
rp= 0.84087(39) fm from uH gives  r; =2.12771( 22) fm
Lamb shift in muonic DEUTERIUM  ry =2.125XX (13)exp (77)theo fm PRELIM.!!

uD (preliminary) -e—

UH + iso H/D(1S-2S) -

CO DAIA-ZOlO

CODATA D + e-d o
e-d scatt. °
n-p scatt. . ® :
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

Deuteron charge radius [fi
Ranaoi; PoE' ULB, Jan ig, 5:”3 4-13



Lamb shift in muonic deuterium:

AEM = 228.7766(10)meV + AE™E —6.1103(3) rimeV /fm?

with deuteron polarizability (TPE) AETPE(theo) = 1.7096(200) meV
J.J. Krauth et al., Ann. Phys. (accepted) [1506.01298]

ra(ud) = 2.125XX (13)exp (77)theo fm  (preliminary)
rg(Up+iso) =2.12771(22) fm (from rp(up) and H/D(1S-2S)) 2.60
rs(CODATA) = 2.14240(210) fm  7.50

Disprepancy to AE;s(ry(CODATA)) = 0.438(59) meV

(“proton radius puzzle” (up discrepancy) = 0.329(47) meV)

CREMA coll., submitted (2016)

m



Muonic helium ions.




» Goal: Measure AE(2S-2P) in u*He, u3He to ~ 50ppm

# = alpha particle and helion charge radius to 3 x 10~*
(& 0.0005fm),

This is 10 times better than from electron scattering.

# Solve discrepancy in *He - “*He isotope shift.




Goal: Measure AE(2S-2P) in u*He, u3He to ~ 50 ppm

= alpha particle and helion charge radius to 3 x 10~*
(£ 0.0005 fm),

This is 10 times better than from electron scattering.

Solve discrepancy in *He - *He isotope shift.

8.4 me, a =
= &
=9

Up
206 meV
50 THz
6 pm
225 meV
55 THz
5.5um
o/ F=0
167 meV
fin. size: 25, F=1

2 — f------
v ﬁ 23 meV 290 meV 397 meV

2 b



Measured transitions:

[J4He+

- 2 I:)3/2

2P
= 2Py

25y, L

e Sept. 23 — Dec. 23, 2013

m



Measured transitions:

[J4He+ HBHe+
2P

B 2P3/2 3/2 F=1
2P F=2
< 2Py ZPZFC F

1/2

F=0

25,1 251/2_[_ =t

e Sept. 23 — Dec. 23, 2013

G
e May 15— Aug. 6, 2014 6\30




,LL4H€(281/2 — 2P3/2) at ~ 813 nm wavelength

E é_ Q‘(e\.\“{\o‘bﬁ
ASRNTIN | T
oy 111 ; ] ] ol
£ T ST

Frequency [THZz]
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,LL4H€(281/2 — 2P3/2) at ~ 813 nm wavelength

- 10°

: of He scatteri

£ C e He scattering

% 1_— &'\o‘b‘s

i B 6\.\
08— &
o.af— | 4 ‘} } }
. | 1 % { | T + | %
o2 } 't | + + T + H]
o':' . |3 |2 |1 |0 L |1. |2 |3 |4

Frequency [THZ]

Sick, PRD 77, 040302(R) (2008)  Borie, Ann. Phys. 327, 733 (2012)
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1st resonance in muonic He-4

,U4H€(281/2 — 2P3/2) at ~ 813 nm wavelength

[
S
w

1.2
Zavattini

Events / Prompt

1

0.8

0.6

0.4

0.2

O | | |

w
N
(BN
o
H_
N
w
A

Frequency [THZ]
Carboni et al, Nucl. Phys. A273, 381 (1977)
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,LL4H€(281/2 — 2P3/2) at ~ 813 nm wavelength

[
=
w

1.2
Pospelov

Events / Prompt

0.8

0.6

0.4

0.2

O | | |

w
N
(=
o
H_
N
w
A

Frequency [THZz]
Batell, McKeen, Pospelov, PRL 107, 011803 (2011)
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# Muonic hydrogen gives:
» Proton charge radius: r,= 0.84087 (39) fm

70 away from electronic average (CODATA: H, e-p scatt.)
» Deuteron charge radius: ry; =2.12771 (22) fm from uH + H/D(1S-2S)

# Muonic deuterium:
s Deuteron charge radius: rg = 2.125XX (13)exp (77 )theo fm (PRELIMINARY?)

consistent with muonic proton radius, but

again 7o away from CODATA: 2.14240(210) fm
RP et al., submitted (2016)

» “Proton” Radius Puzzle is in fact “Z=1 Radius Puzzle”

# muonic helium-3 and -4 ions: No big discrepancy (PRELIMINARY)




# Muonic hydrogen gives:
» Proton charge radius: r,= 0.84087 (39) fm

70 away from electronic average (CODATA: H, e-p scatt.)
» Deuteron charge radius: ry; =2.12771 (22) fm from uH + H/D(1S-2S)

# Muonic deuterium:
s Deuteron charge radius: rg = 2.125XX (13)exp (77 )theo fm (PRELIMINARY?)

consistent with muonic proton radius, but

again 7o away from CODATA: 2.14240(210) fm
RP et al., submitted (2016)

# “Proton” Radius Puzzle is in fact “Z=1 Radius Puzzle”
# muonic helium-3 and -4 ions: No big discrepancy (PRELIMINARY)

» Could ALL be solved if the Rydberg constant | and hence the

(electronic) proton radius | was wrong.
Plus ~ 2.60 change in deuteron polarizabililty.
Plus: accept dispersion fits of e-p scattering

#» Or: BSM physics, e.g. Tucker-Smith & Yavin (2011)
m



(Electronic) hydrogen.




Lamb shift: Lig(rp) = 8171.636(4)+ 1.5645 (r2) MHz

Lis
L ~
nS l’l3
8S
4S
3S 3D
2S — 2P




Lamb shift: Lig(rp,) =8171.636(4)+1.5645 (r2) MHz

Lis
L ~ =
nS n3
8S
4S
3S 3D

F=
2Py =

25 | 2P (lassical Lamb shift: 2S-2P

2S-2P
» Lamb, Retherford 1946
® Lundeen, Pipkin 1986 9910 MHz =
® Hagley, Pipkin 1994 A0uev
»

Hessels er al., 201x

28 —=—F b X 1058 MHz =
Sz F=0 4peV

2P L=E

1
0




R Lig
n n3

1S-2S4 -
2 unknowns = 2 transitions

e Rydberg constant R

e Lamb shift Lig < 1y




Hydrogen spectroscopy

25,,- 2R, ! ¢
25,,~ 2R, ! ° '
25,,- 2R, ’ °
1S-2S +25-4S,, : o
1S-2S + 254D, , | o
1S-2S + 2S-4P,, : .
1S-2S + 28-4P,, .
1S-2S + 25-6S, , = o
1S-2S + 256D, , : .
1S-2S + 25-8S,, —e
1S-2S + 25-8D,, —e
1S-2S +2S5-8D,, ——e——
1S-2S + 2S:2D,, —e
1S-2S + 25:2D, , ——
1S-2S +1S - 35,

\ ° \ :
0.8 0.85 0.9 0.95 1 |
proton charge radius (fm

Randolf Pohl ULB, Jan 15, 2016 55



Hydrogen spectroscopy

251/2' 2ID:L/2
231/2' 2|:1/2

281/2' 2%,2
1S-2S + 25-45,,
1S-2S + 254D,
1S-2S + 2S5-4P, ,
1S-2S + 25-4F,,
1S-2S + 25-65,,
1S-2S + 2S5-6D,,
1S-2S + 25-85 ),
1S-2S5 +25-8D,,,
1S-2S +2S5-8D,,
1S-2S + 28k2D, ,
1S-2S + 2SE2D

5/2
1S-2S +1S - 35,

Randolf Pohl

up : 0.84087 +- 0.00039 fm

——

0.8

\ ° \ :
0.85 0.9 0.95 1 |
proton charge radius (fm

ULB, Jan 15, 2016




Hydrogen spectroscopy

251/2' 2P:L/2 ®
25~ 2R, ' '

25, 2Ry,
1S-2S + 2S-4S, o8
1S-2S + 28-4D, , | ' o
1S-2S + 2S-4P,, - o
1S-2S +2S-4P,, ° :
1S-2S + 2S-6S,, | L .
1S-2S + 2S-6D, , | — 1
1S-2S + 2S-8S, —e
1S-2S + 258D,
1S-2S +2S-8D, , e
1S-2S + 2SL2D, — H,yg = 0.8779 +- 0.0094 fm

1S-2S + 28k20, | PR up : 0.84087 +- 0.00039 fm

1S-2S +1S - 35,

I ‘ @ ‘ |
0.8 0.85 0.9 0.95 1 |
proton charge radius (fm

Randolf Pohl ULB, Jan 15, 2016 55



Hydrogen spectroscopy

251/2' 2P:L/2 ®
25~ 2R, ; '

281/2' 2%,2
1S-2S + 25-45,, | °
1S-2S + 254D, : °
1S-2S + 2S5-4P, , °
1S-2S + 25-4F,, : ®
1S-2S + 25-6S5,, : -»
1S-2S + 2S5-6D,, : °
1S-2S + 25-85 ), : °
1S-2S + 25-8D,, — —
1S-2S + 2S-8D °

5/2 '
1S-2S + 2Sk2D,,, : . H,,q= 0.8779 +- 0.0094 fm

1S-2S + ZSLZDS/Z ; ° up : 0.84087 +- 0.00039 fm

1S-2S +1S - 35,

I ‘ @ ‘ |
0.8 0.85 0.9 0.95 1 |
proton charge radius (fm

Randolf Pohl ULB, Jan 15, 2016 55



Hydrogen spectroscopy

251/2' 2P:L/2
231/2' 2|:1/2

281/2' 2%,2
1S-2S + 28-481/2

1S-2S + 254D, ,
1S-2S +2S-4P,,
1S-2S + 2S-4P,,
1S-2S +25-6S,,
1S-2S + 256D, ,
1S-2S +25-8S,,
1S-2S + 258D,
1S-2S + 258D, ,
1S-2S + 282D, ,
1S-2S + 2SL2D,
1S-2S +1S - 33,

Randolf Pohl

New measurements of the Rydberg constant are
urgently needed to resolve the puzzle up vs. H

e Flowers @ NPL:2S—nS.D:n>4
[Flowers et al., IEEE Trans. Instr. Meas. 56, 331 (2007)]

e Tan @ NIST: Ne’*
[Tan et al., Phys. Scr. T144, 014009 (2011)]

e Udem, RP et al. @ MPQ: 25 —4P
[Beyer, RP et al., Ann.d.Phys. 525, 671 (2013)]

: e Hessels @ York: 25 — 2P

[Hessels et al., Bull. APS 57(5), Q1.138 (2012)]
e Pachucki: He

e Udem @ MPQ, Eikema @ Amsterdam: He™
[Herrmann et al., PRA 79, 052505 (2009)]

KXXXX, XX XX
s e 48
55 S5

d
KL bosetess!
U S . +
. RS R . - .
2955,
o

| ° | :
0.85 0.9 0.95 1 |
proton charge radius (fm

ULB, Jan 15, 2016 35



detection region

magnetic 6f ii’fﬁ’d‘i?}?
CEM Shle|dlng . s N expdatat
T cryostat with o oplitn
486 nm nozzle chopper B
€ wheel 54
integrating PMT 4 3 3
Faraday cage cavity :
------------- mirror g,
i * 243nm '
cavity || [T b

-80 —-60 40 =20 0 20 40 60 80
frequency detuning [MHz]

mirror excitation region

uv
photodiode |

2S — 4P resonance at

884+0.5°and 90+0.08 °
CEM
D o cryopump A.Beyer, L.Maisenbacher, K.Khabarova, C.G.Parthey,
A. Matveey, J. Alnis, R. Pohl, N. Kolachevsky, Th. Udem and
T.W. Hansch

C.G. Parthey, RP et al., PRL 104, 233001 (2010)
Apparatus used for H/D(1S-2S) C.G. Parthey, RP et al., PRL 107, 203001 (2011)

486 nm at 90° + Retroreflector = Doppler-free 2S-4P excitation

1st oder Doppler vs. ac-Stark shift

~ 2.5kHz accuracy (vs. 15kHz Yale, 1995)

cryogenic H beam, optical excitation to 2S A. Beyer, RP et al., Ann. d. Phys. 525, 671 (2013)

o o o0 @

m



Hydrogen spectroscopy

25),- 2R ¢
231/2' 2|:1/2 ' '

281/2' 2%,2
1S-2S + 28-481/2 e ®

1S-2S + 28-4D, , | ' o

1S-2S + 2S-4P,, < 5 » o
1S-2S + 25-4F;,| ¢ * | Projected accuracy Garching 25-4P
1S-2S + 2S-6S, | - :
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# Muonic hydrogen gives:
» Proton charge radius: r,= 0.84087 (39) fm
s Proton Zemach radius: Rz = 1.082 (37) fm
s Rydberg constant:
R.. = 3.2898419602495 (10)rdius (25)QED 5 1015 Hz/c
s Deuteron charge radius: r; = 2.12771 ( 22) fm from uH + H/D(1S-2S)
s The “Proton radius puzzle”

e

muonic deuterium: rg = 2.125XX(78) fm from uD  (prel.!)

°

muonic helium-3 and -4: charge radius 10x more precise.

# Proton radius puzzle deepened!
New data needed:

s Muonic T, He, Li, Be, ..

s Hydrogen/Deuterium/Tritium, He™

s Positronium =ete™, Muonium = ute”
s Electron scattering: H at lower 02, D, He
s Muon scattering: MUSE @ PSI

m



CREMA in 2009...
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... and 2014
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According to Forbes (Jul. 2012), the Higgs discovery cost

13.25 billion USD.
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According to Forbes (Jul. 2012), the Higgs discovery cost

13.25 billion USD.

We shrunk the proton radius by 4%.

This decreased the p-p cross section by 8%.

Cost increase for Higgs discovery: 1.06 billion USD.




My aplogies.
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