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= [escription of the experiment
= spectra for pp

= specta for pd

= Theory

= Results for radii of p and d

= explanations
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Form factor

A rapid definition
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A\ LKB Proton form factor

2 quarks up (2/3 e) + | quark down (-1/3 e) + strong interaction ( )

Vertex EM interaction: Dirac and Pauli Form factors
(3, P: spin and 4-momentum of nucleon, f: quark flavar)

PSP, ) = 0@, 5| y#F(Q)
. 4
+ mw,_,’TNrgf’(QZ)]u(P, ).
Vi = Ty ¥,
Physical charge density are derived from the Sachs Form factors
Q2
(2My)

Gp(0?) = Fi(Q?) — ———F,(0?),

Gu(Q?) = Fi1(Q%) + F»,(0%).

Measure the moments of the charge distribution: <r'>= f 7’2+nP(7’)d7’,
0
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A\ LKB Electron-proton scattering

.
d H /ﬁ q—2pf sin(%)
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momentum p, R4
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Metrology in hydrogen

Highest precision experiments
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\/\ LKB Hydrogen

» I
n=3 | Proton size effect
) 0.15 MHz
251 /2, 2P/ 2P, /5 F=0
Shift:
-43.5 GHz 8.2 GHz 1.4 GHz 1.2 MHz
F=1 P
\___F=0 —~
Bohr Dirac Lamb hfs-splitting I'p
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A\ LKB Hydrogen

0.15 MHz

251 /2, 2Py /2 2P, /5 F=0
2 466 0Bl 415 1687 034 10 Hz
2 466 OB 413 187 10346Hz -
2000
1.5,/ F=0
Bohr Dirac Lamb hfs-splitting 'p
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;\/\ LKB

Why re-measure the proton charge radius?

1S Lamb shift in hydrogen: L;s(r,) = 8171.636(4) 4

- . - )
1.5645 (=)

\" p/
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QED calculations

j future?
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year

QED-test is limited by the uncertainty of the proton rms charge radius.
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Hydrogen

QED corrections
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A\ LKB QED at order o and o?

> o

H-like “One Photon” order o
bl& -
OB E 8 fee
H-like “Two Photon” order o2

[ o. expansion; replace exact Coulomb propagator by expansion in number of interactions with the

nucleus
Mainz MITP Oct. 2013
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A\ LKB Two-loop self-energy (15)

2 Z 4
AE=1n - %F(Z&')
T n

P g R p—p—

0O 10 20 30 40 50 60 70 80 90 100
Nuclear charge number Z

V. A. Yerokhin, P. Indelicato, and V. M. Shabaev, Phys. rev. A 71, 040101(R) (2005).
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Two-loop self-energy (1s)

V. A. Yerokhin, P. Indelicato, and V. M. Shabaev, Phys. rev. A 71, 040101(R) (2005).

2
AEggsg = m( 2) (Za)Y{Byy+ (Za)Bsy+ (Za)’
(i

X[L’Bgs + L*Bgy + LBg) + Gegse(2)1},

Gh.o.(z
i

[
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Using muonic hydrogen

The exotic way...
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\/\ LKB Lamb shift

_ , _ Vacuum Polarization:
The heavier the particle, the smaller (in The closer the particle is, the stronger it is

Self-energy:

relative term) it is

_ 2P5,(F=2)
2S., n=2 —reeen
. ) 50 THz
11 GHz g 1065
n=2 __:.. ' = -
P 2S,,,(F=1)
Muonic Hydrogen
Hydrogen (electron) (muon 207 times heavier than the electron)
Effect of R: BxI0 Ffect of R: 1.7%
Mainz MITP Oct. 2013 18
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A\ LKB muonic hydrogen 2S Lamb shift
determination of the “proton radius”

Exotic atom LK
_ Laser (6um) 2P (8.5ps)
Experiment —Z_
2S (1us)
2keV
1S
Challenges - production of muonic hydrogen in 2S

- powerful triggerable 6um laser
- small signal analysis

Aim : better determination of proton radius r,
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The muonic hydrogen experiment

Getting up close and personal with the proton!
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A\ LKB Principle of the experiment

“prompt” (t~0) ppee + U — pp +... “delayed” (t~1us)
i |2

2P
s
72
1% I= = time spectrum 2S
% é of 2keV x-rays
999 H 2keV

) j\
0'5'“1”“ 15 2 25  time(us)s

Iasé'r

n~14

u- stop in H, gas

= pp~ atoms formed (n~14) Fire laser ().~6pm, AE~0.2eV)

= induce 2S-2P
99%: cascade to 1S emitting MP( )

prompt Ka, KB, ... — observe delayed Ka x-rays

1%: long lived 2S state (t ~ 1us at 1Tmbar) — normalize delayed Ko X-rays
Mainz MITP Oct. 2013 prompt Ko
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A\ LKB Experimental set-up

Pion beam line Protons

C-target

Momentum filter

Cyclotron trap
5T solenoid

Iy - Ti:Sa cw laser
' Raman cell >

FP cavity
Water vapor 1§,

cell
: Ti:Sa amplifier d \‘n :Sa osclllator
SHG > SHG 1
' le)de i f
Disk-laser Disk-laser
Mainz MITP Oct. 2013 22
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A\ LKB muon beam apparatus

laser hut T WtV
below counting room

concrete blocks

S 1

-

PSC solenoid,

Muon extraction
channel

H2 target, laser cavity,

detectors
23
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A muon’s Odyssey
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A muon’s Odyssey
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The laser trigger signal

PM|

Tﬂ‘

PM,

10 cm

Mainz MITP Oct. 2013

PM3

H, Target
2 —1 S22  |Muttipass cavity
= —— F
ExB /:' Sttty ininiie 7
Laser pulse
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Laser chain

*Thi“‘di"k laser - Each single muon triggers the laser
B ' system (random trigger)
i Verdi - 2S lifetime ~1ys — short laser delay (disk
e [Oscillator] [Oscillator £ Wave jon laser)
590w [ 1030 nm | | 1030 nm - « 6 pm tunable laser pulse (0.2mJ)
8 mJ ! ls mJ cw-ring
1| FP Ti:S:
ﬁ(m Amplifier; | Amplifier 500 W . g
. : : | 708 nm M- trigger
2m g l«t: mJ 2 400 mW
Frequency doubling / _ _
515 nm - Thin disk laser (1030 nm) + LBO (515 nm)

pulsed TiSa oslcillator + amplifier
(708 nm determined by cw TiSa seeding)

1

[ e e e, 708 nm e 20
R S e S e — Raman cell 6.02 pym
2m

I GRS T R i e e R R R i

\s monitoring £ H,0 _ 4 : . .

1 ¥ A6um Multipass cavity at 6pm

| g C;L‘  p aLT S % g. : surrounding the H2 target

E | } i-\;{_i om 02m Ce Raman cell E

N E——— |

S w6 um cavity :

u
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Laser chain

Thin-disk laser

I cw—diodg j '\ Verdi
|

wp |Oscillator] [Oscillator] gum | =] Wave
20w [ 1030 nm 1030 nm | 220'W +
8 mJ is mJ cw-ring
4 ~=||( FP .G
= —— —) <4mm Ti:Sa
500 W Amplifier] | Amplifien 500 W L 708 am
42 ml Y l‘“ mJ { $ 400 mW
Frequency doubling ' {V
515 nm N——
| T 4
' . % . I 4 FL
|| \ S x \ Y
| ' N
' i 1.2m) e 4
o I “—ﬂi{;/
| 3 N 7’ PZT
| e Ti:Sa Osc o
/ E T TisSa Amp. R 708;“'“ -
[ T Rmly
: - 6pum
\s mommnng H-0
\ oA S
". . .
' GL ; 4 w
'
'\ } \L om o2m Ge Raman cell
S P
Q ‘ ﬂ LY \.l\_I\.l \_1 \_/ 6pm cavity

-----------------------------------------------------

Thin disk laser

*large pulse energy: da (I60) md

. *short trigger-to-pulse delay: < 400 ns
. *Random trigger
. *Pulse-to-pulse delays down to 2 ms (rep.

* rate > 500 Hz)
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Laser chain

Thin-disk laser

“ | MOPA TiSa laser

o TOvetiaton] [Oscillaiod Wave *cw laser, frequency stabilized

meter S W .
220 w 1030 am| | 1030 om , }. *referenced to a stable FP cavity
8 ml ! JSmJ ‘“"‘""g _ ) .
- o] [Amplific] €= i Ti:Sa *FP cavity calibrated with |2, Rb, Cs
500 W 500 W 0 708 nm .
2m l43nu 1 2 400 mW |”]ES

Frequency doubling
515 nm

*FP =N . FSR (free spectral range)
________________________________________________ kSR = 1437.344(5) MHz

. *cw lida frequency absolutely known to

i 30 MHz

. *l'p-25=18.6 GHz

"':---.:'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.:.'.'.'.'f:f:ff:.‘.‘.’.’."}f'{f'.: *Seeded oscillator
:.IE s . *TiSa = cw — pulsed TiSa (frequency

i R Ve - =" chirp < 100 MH2)
" AN ' - .
N\, Ge !} W + Chirp < L
.| : ‘ : x . : . . . . H
| } Cid T om ozm G Raman ccll . *Multipass amplifier (2f- configuration)
5 e . . *gain=I0
:—):-} - Wi 6 um cavity :
ke
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A\ LKB Laser chain : Raman cell

0.25f .

/—? [ " *
708 nm 6.02 um £ | Threshold o
. H, 15.5 bars . —. 02 butreliable MY
12 mJ 0.2 mJ S Ve
(]C) 0 15:‘ .
1st Stokes c '
- - - = 01
‘ 2nd Stokes © .
T T 3rd Stokes o.osé
08 nm 1y 00 um o TFTT i
. “m (0 w== e °‘ |
v=1 | .6-02 Hm 4 5 6 7 8 9 10 11 12 13
X 7155 2 BT — H, | 708 nm pump energy (mJ)
v=0 6 um frequency calibration : H,0 lines
S »f ; absorption@1ob2cm-1
2 G EWM  incell (37cm) M
2 | >
P T RIS o
\s g nf H ﬁ
] of #t y
E Raman cell é ' H *é +++
: et L
b ) pmetery 43 L4
:-0’-5? N 6 um cavilty ] it
e e : T R

Frequency | MHz |
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A\ LKB Laser chain : Raman cell

Water absorption

708 nm 6.02 um 07 ¢
- H, 15.5 bars _— ik
12 md 0.2mJd P 3
1st Stokes
1 2nd Stokes
1 3rd Stokes )
708 nm “ 00 “m — 0 E_A_LAA‘L,LAJAAJ_L_I_LAAI._LAJLA,LLLAJ.I_LLA_LA.LLAJ.J_A_‘ALL‘AM
. 1 72 “m A 1200 1300 1400 1500 1600 1700 1800 1900 2000 _lem
_ . 6 O 2 m - wavenumber (cm ')
\' 1 ! “ E 5Can region
v g v - 06 - —
4 4155,2 cm-1 H :
v _ N 2 I 05 E
v=0 | 04
‘ 03 E
02 f
0.1 ' Ve Vi M AU T A W

" 12 mJ o
'. """""""""""""""""""""""""""""""" '. q".AAAllA i 1_LALA"A PP | AAA"A PEPS S
[ s 6um 630 1680 1650 1660 1670 1680 1660 1700
\s mommnng wavenumber (cm ')
S :
.

o W ®\/acuum tube for Bpm laser beam

K
E‘n } ._\_1{_ 10m  02m G Raman cell E tr'ElﬂSp[lI"t
. ®[irect frequency calibration at Bum
T aWell known s
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\/\ kR Laser chain : frequency calibration

FSR measured/controlled in cw with |, (1 ph abs), Cs (2 ph fluo), Rb (2 ph fluo), lines

|, Line 1 Cs 2-ph
Cw-TiSa frequency
>
FSR
FP/H,0 : .o o |
S [ ‘ | l | FP frequency
Tl ........... , R
g: ; (..“u‘ ,,°“‘> ;
FP absolute frequency '\ v(up:2S-2P) = v(H,0 Line 2 ) + (N-N’) FSR
calibration \ /
W|th ‘.. 4.'

Mainz MI”

) 00 000
Frequency | MHz |
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\/\ LKB The laser hut
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\/\ LKB Ti:Sa and raman cell
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A\ LKB Laser chain : multipass cavity

— illuminate at B pm all the muon stopping volume (3x15x130 mm?)

. 4

* coupling through a 0.63mm diameter hole

*R=09.90% at b pm

* 1000 reflections
* 0.1amJ injected — 25-2P saturated
[remmsang T i s
\s l!\l)ll_l!l-)l:llli. H,0O
T j
51' } \L 10 m ()’mJ Ge Raman cell
L K
v S w6 um cavity
LA 2

.....................................................
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\/\ LKB

Example : FP 900 - 11 hrs meas.

X-rays analysis — event gate sorting — noise rejection

1.56 million detector events

expected 2-3 laser induced events/hour !

time jus)

time signature in LAAPD _ ,
energy signature in LAAPD

 photon < 10keV — 1 shot in the LAAPD * E>8keV <« electron
 1keV <E < 8keV <« Xray
* E<1keV < neutron

-L.Ludhova |1

_phd thesis ] MP Krest
A

n=3

\ \\ ' 3 ~. " [ [ Krest

. _ r - T
\ - - i KB
/ .-' - - -
W e _ . Py

target in the‘solen;)id\ h 4 0.5 1 1.5 ho 2.
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;\/\ LKB

X-rays analysis — noise rejection

Example : FP 900 - 11 hrs meas.

> 400 u/s
> 240 laser shot/s

» 860 000 laser shot/hour

» 1.56 million detector clicks

> 19600 clicks in the laser region

» expected 2-3 laser induced events/hour !

events in 25 ns

all APD detector hits
all reconstructed events
mu-decay electrons

all x-rays LAAPD energy resolution
- x-rays followed by mu-decay

2 keV x-rays + mu-decay
same, 2nd muons rejected

time [us]
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A\ LKB New analysis: tacking into account more events

A0 v fuwe va Flm o fpobdd 408 | X B0 tewe clun va [ B = 0
E N\ 2010 analysis O‘E 2011 analysis
w [\ e
o if \ (same plot as before) ,O,E_

add previously discarded data ad ; " Wﬁ

10';- /\
fit resonances simultaneously s [\
: _ " \
common position and width - j
o

.9 keV Ka x-ray must followed by the detection of an MeV-energy electron, but there are several detectors

Proton Structure from the Measurement of 25-2P Transition Frequencies of Muonic Hydrogen, A. Antognini, F.
Nez, K. Schuhmann et al. Science 339, 417-420 (2013).
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;\/\ LKB

muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2
2P, _“_CA— F=1 - 550 events measured
2 03 THz — * 155 backgrounds
.2P F=1 * 31 FP fringes
2 =T F=p » 250 hours
7H ;* " Our value
49.81 THz 61—
T
~ 6 um S r
(~708 nm) g SF
&
finite size g .
0.96THz ~ [
'8 [
g2
a
F=1 1
281/2:_::“:.-556-”- :11111[11}11111111111+ |
! F_O 0 49.75 49.8 49.85 499 49.95
— T Laser frequency (TH2)
R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).
Mainz MITP Oct. 2013 — proton charge radius (~0.1%)
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N/\ LKB

muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2
2P ——< :_ F=1
2.03THz F1
2P _3 —
112 —c_ F=0
49.81 THz PR
~6 um e
(~708 nm) 2
finite size g
0.96THz 3
g
o
F=1
281/2 ——t-1--5.56Tt
. F=0

w £ L&) o] ~

N

lllllllllllllllllllllllll llll

" Qur value

¢

LA

TR R T

N TR TR TN T SN TN SN S N SN S

49.75 49.8 49.85

Laser frequency (THz)

49.9

R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).

Mainz MITP Oct. 2
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A\ LKB muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2 .
2Py, —(T F=1 Discrepancy GODATA
2.03 THz B 2010: 7o (75 GHz)
op | __ F=1
1/2 ——c_ F=0
7H “ " Our value
49.81THz ~ o
~ 6 um S r
(~708 nm) g SF
S 4
S L
finite size g 3:_
0.96THz S F
® [
g 2
& [
F=1 1
281/2:_::“:.-556-”- :11111111}11111111111+1[1
| F=0 0 %9.75 49.8 49.85 49.9 49.95
— T Laser frequency (TH2)
R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).
Mainz MITP Oct. 2013 — proton charge radius (~0.1%)
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N/\ LKB

muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2
2P ——< :_ F=1
2.03THz F1
2P _3 —
112 —c_ F=0
49.81 THz PR
~6 um e
(~708 nm) 2
finite size g
0.96THz 3
g
o
F=1
281/2 ——t-1--5.56Tt
. F=0

w £ L&) o] ~

N

lllllllllllllllllllllllll llll

" Qur value

¢

LA

TR R T

N TR TR TN T SN TN SN S N SN S

49.75 49.8 49.85

Laser frequency (THz)

49.9

R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).

Mainz MITP Oct. 2

013

— proton charge radius (~0.1%)
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A\ LKB muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2 ,
2Py, —(T F=1 Water-line/laser
2.03 THz et wavelength:
op,. _\ 1 F= |
12—~ Foo 300 MRz uncertainty
7H “ " Our value
49.81 THz ~oF If
~6 um e r |
(~708 nm) g SF
S af
o
- . E L
finite size e L
0.96THz 2%k
§ 2[
&
F=1 1
281/2 . ::“:.-556-”- o:l TRRS T W S S 1}1 FPURN SN TR SR SR N N S 1+1 | -
+ F=0 49.75 49.8 49.85 49.9 49.95

Laser frequency (THz)
R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).
Mainz MITP Oct. 2013 — proton charge radius (~0.1%)
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N/\ LKB

muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2
2P ——< :_ F=1
2.03THz F1
2P _3 —
112 —c_ F=0
49.81 THz PR
~6 um e
(~708 nm) 2
finite size g
0.96THz 3
g
o
F=1
281/2 ——t-1--5.56Tt
. F=0

w £ L&) o] ~

N

lllllllllllllllllllllllll llll

" Qur value

¢

LA

TR R T

N TR TR TN T SN TN SN S N SN S

49.75 49.8 49.85

Laser frequency (THz)

49.9

R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).

Mainz MITP Oct. 2

013

— proton charge radius (~0.1%)

mardi 1 octobre 2013




\/\ LKB

muonic hydrogen

: 2S12(F=1) - 2P3/2(F=2)

F=2
2Py, ﬂ.—< _'_ F=1
2.03 THz .
2P, _te1+—
I
49.81 THz
~ 6 um
(~708 nm)
finite size
0.96THz
F=1
28y, ——~f-4--556THz
. F=0

R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).
013 — proton charge radius (~0.1%)

Mainz MITP Oct. 2
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A\ LKB muonic hydrogen : 2S1/2(F=1) - ?P3,2(F=2)

F=2
2P, — _'_ F=1
2.03 THz e
2P e
2 =< o
49 .81 THz aall events measured on resonance
;gSHm where [2a bgr events are expected
(=708 nm) fit Lorentz + flat bgr=> X%/dof = 28.1/28
finite size width agrees with expectation
0.96THz bgr agrees with laser OFF data
x*/dof = 283/3 for flat line = 1Bo
F=1

28, r;E‘:;5.56THz
+ F=0

R. Pohl, A. Antognini, F. Nez, et al., Nature 466, 213 (2010).
Mainz MITP Oct. 2013 — proton charge radius (~0.1%)

mardi 1 octobre 2013



Reanalysis 2012

=
—
=
0

pp (25, (F 1) = 2P3,,(F=2) ) at A = 6.0 zm
- 40E- laser on resonan (b) triplet
12[ »*% \
10:27% | class A
- ]
— :E lager off
© 8:§:°.E
-— L
M 6:_° %
AN | %66 o8 1 12 14
T 4 time [us)
Sk
o 2 . i
- I - o OO . .-_ —
g. 0. A P ML -"-né'"@b'.‘.&"----‘
O 6o
Q &4
~ 5f=2 class B
° 453.
> & C
8 (2
o 3
T 35
2 4
= T
0-

900 950
v - 49.0 THz (GHz2)
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New resonance 2012

=
—
=
W

o

(2S; /2(F=0) — 2Py /5(F=1) ) at A = 5.5 um

:: laser on resonance (a) S|nglet P fine structure
i class A =i :
[ ....fﬁtpa?hhdulb-hfl.. '

2 F=0

laser off

I Gy
o N

events in 10ns

06 08 1 12 14
time [us)

Y (LY L s

|
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(M

TR IR W W . 4

lager off

i L | | f lff&vw
08 08 1 12 14

:Sl'l'.-‘

events in 10ns

08888
gﬂ

delayed / prompt events [107]
W & OO O N A OO

- N
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|
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A. Antognini et al, submitted (2012)

O
-
o

800 650
v - 54.0 THz (GH2)

Mainz MITP Oct. 2013

mardi 1 octobre 2013




\\ LKB WP : %S12(F=1) - ?P3,2(F=2) uncertainty budget
Statistics
- uncertainty on position (fit) 541 MHz (~ 3 % of I', )
AVexperimen’talz 20 (1) GHz ( rnat =18.6 GHz )
Sources :
- Laser frequency (H,0 calibration, lines known to ~1 MHz) 300 MHz
» AC and DC stark shift <1 MHz
« Zeeman shift ( 5 Telsa) <30 MHz
* Doppler shift <1 MHz
» Collisional shift 2 MHz
TOTAL UNCERTAINTY ON FREQUENCY 618 MHz
Broadening :
* 6 ym laser line width ~2 GHz
* Doppler Broadening <1GHz
» Collisional broadening 2.4 MHz

Updated: v (up :2S,,,(F=1)- 2P,
Nature: v (up :2S,,(F=1)- 2P,

)) <1o (12.5 ppm)

F=2
(F=2)) = 49 881.88 (76) GHz (16 ppm)

Mainz MITP Oct. 2013
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\/\ LKB UP : 2S1/2(F=0) - ?P3/2(F=1) uncertainty budget

Statistics

* uncertainty on position (fit) 960 MHz
Sources :

- Laser frequency (H,0 calibration) 300 MHz
* AC and DC stark shift <1 MHz
« Zeeman shift ( 5 Telsa) < 30 MHz
* Doppler shift <1 MHz
* Collisional shift 2 MHz
TOTAL UNCERTAINTY ON FREQUENCY 1006 MHz
Broadening :

* 6 ym laser line width ~ 2 GHz

* Doppler Broadening <1GHz

* Collisional broadening 2.4 MHz

v (Up :2S,,,(F=0)- 2P,,(F=1)) good agreement with the other
(18.5ppm)

Mainz MITP Oct. 2013
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muonic deuterium : 2S1/2(F=3/2) - %P3/2(F=5/2)

==
—
=
0

pnd (28, /o(F=312) — 2P;;l,‘--_)(F=5/2,)) 50815.491+0.815GHz still preliminary

14
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|
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A\ LKB muonic deuterium : 2S12(F=3/2) - ?P32(F=5/2)

nd (25, /5(F=3/2) — 2P, ,5(F=5/2)) 50815.491+0.815GHz still preliminary

-4
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,\/\ L KB | muonic deuterium : 2S1/2(F=1/2)- 2P3/2(F=3/2) and 2S1/2(F=1/2)- ?P3/2(F=1/2)

pd (28, j5(F=1/2) — 2P5 /5 (F=3/2)) © 52061.0+1.6GHz  preliminary
pnd (2S /9(F=1/2) — 2P4/9(F=1/2)) . 52154.4+£3.0GHz  preliminary

4

>i10

.
e L =
: F &
= 6 - \ [ |
o — Q}) ‘
é - &
o 5 —
- -
> rC
5 4
o -

300 320 340 360 380 400 420
laser frequency (FP fringes)
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\\ LKB | muonic deuterium :

id (25, /0(F=1/2) — 2P4,5(F=3/2)) . 52061.0+1.6GHz  preliminary

F=1/2) — 2P4/5(F=1/2)) : 52154.4+3.0GHz  preliminary

delayed / prompt events

T T | TTTTTTTTI |I [T I| [T I| T 1T | T T | [T

Still to be investigated: possible shift due to proximity of both
lines:
[1] Shifts due to distant neighboring resonances for laser
measurements of 255-2°P, transitions of helium, A. Marsman,
M. Horbatsch et E.A. Hessels. Phys. Rev. A 86, 040201 (202).
[Z] Shifts from a distant neighboring resonance for a four-
level atom, M. Horbatsch et E.A. Hessels. Phys. Rev. A 84,
[3Za0a (2011).

[3] Shifts from a distant neighboring resonance, M.

Horbatsch et E.A. Hessels. Phys. Rev. A 82, 052513 (Z2010).

] ] ] ] ] ] | ] ] ] ] ] ] ] ] ] ] ] ]

(e8]
]

300 320 340 360 380 400 420
laser frequency (FP fringes)

mardi 1 octobre 2013




Extraction of the radii

Charge, magnetic and Zemach’s radii

Mainz MITP Oct. 2013
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\/\ LKB New results

2010 CODATA value uses improved theory for hydrogen and Mainz electron-
proton scattering is now at b.9o mostly by a reduction of o

- 0.877a (a3) tm 2010

- [.8768 (BA) tm 2006

We have analyzed in details the second transition that was observed, using an
improved algorithm that correct for the variation of the laser pulse energy from
shot to shot

We take into account maore events
We have reanalyzed the first observed line using the improved method

This lead to a slightly reduced error bar for the first transition, an accurate
value of a second transition which allows to
- [iet a measurement of the magnetic moment distribution mean radius

- Animproved charge radius

Mainz MITP Oct. 2013 49
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UP theory

Main contributions to the up Lamb shift

Jiscrepancy: 0.31 meV

Discrepancy I

h. Uncertainty 0.00Z5 meV Polarisability | How well is it calculated?

That's 120 times smaller!

Finite size  |SEIENIENNEEt on nuclear model?
Recoil |[IF]

Mainz MITP Oct. 2013

Muon self-energy + muon VP[] (1ED
Kallen Sabry [ QED
One-loop VP | V(3 R
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A\ LKB WP theory

Discrepancy: 0.3 meV
Th. Uncertainty 0.00Z2 meV

That's 120 times smaller!

I-loop VP |
2-loop ¢ VP |
uSE and 1V |
discrepancy —
1-loop VP in 2 Coul. | N
recoil [ N G
2-photon exchange | RNRGNNNG_GN
hadronic VP _
proton SE |  EG_

3-loop eVP _

light-by-light |

"llJ‘T ] 1 fl'l’ll 1 llllllll 1 1 lllllll | 1 lllllll 1
0> G0c 10 1 10 10 eV
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A\ LKB QED and Hyperfine energy

F=2
2P32 —T_ F=1|= The two measured lines obey to:
2.03 THz 1 e
2P1/2 —"—( F;O

Esp,,, — Ess, ,, = AELs + AEps + S ABurs(2ps)2) — 1 AFurs(2s)

W81 THz | | By — Bis,,, = ABis + ABrs — 2AEurs(2ps/2) + 2A Bups(2s)

~ 6 um
(~708 nm) A A A
finite size
0.96THz Lamb shift
Fine structure
Zp Hyperfine structure

- F=1 2s hyperfine structure
28, r:(::: -5.56 THz

1 F=0

52
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\/\ LKB Contributions included to all-order

All-order: the charge distribution is included exactly in the wavefunction and in the operator,
when relevant. Higher order Vacuum Polarization contribution included by numerical solution

of the Dirac equation
= § + ; +... a b

Nonperturbative evaluation of some OED contributions tothe muonichydrogen n=2

Lamb shift and hyperfine structure, P. Indelicato. Phys. Rev. A 87, 022a01 (2013).
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A\ LKB Contributions included to all-order

A
o

Nonperturbative evaluation of some OED contributions tothe muonichydrogen n=2

s e ot 2012 Lamb shift and hyperfine structure, P. Indelicato. Phys. Rev. A 87, 022501 (2013). .,
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\/\ LKB Remark: scale of QED corrections

(ca- p+ Burc® + Viue(™)) Puu(r) = Epy Py (), Bohr radius/particle mass:

—2merz

Vi(r) = a(za)fdﬁ—+—) r

205(205)1)(1 (2 Electron Compton wavelength/Zn=440 R
3 Ae n=l in hydrogen: ap=1a7A.=60340 R

n=2 in muonic H: a=2.6a
n=l in h-like (/=32) : a=2.6aA

Mainz MITP Oct. 2013 54
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A\ LKB Extraction of the size dependence

= Fit to the Coulomb+Vacuum polarization contribution to Zs-Zpi/2 separation, plus
higher order corrections using Friar functional form

Elotts _ pTotts Ry = 206.046613695 — 5.226988678R>

2p1/2 251/2
+0.03532068001R>
+ 0.00006692700063R*
+0.0002962967640R* log(R)
— 0.00004751147090R* log(R) meV.

Nonperturbative evaluation of some BED contributions to the muonic hydrogen n=2 Lamb shift and hyperfine structure, P.

Indelicato. Phys. Rev. A 87, 022501 (Z2013).
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\\ LkB Other contributions for pP

i Contribution Reference Value Unc.
1 NR three-loop electron VP (Eq. (11), (15), (18) and (23)) 73] 0.00529
2 Virtual Delbriick scattering (2:2) 75, 78) 0.00115 0.00001
3 Light by light electron loop contribution (3:1) (75, 78] -0.00102 0.00001
4 Mixed self-energy vacuum polarization [35, 84, 107] -0.00254
5 Hadronic vacuum polarization [108-110] 0.01121 0.00044
6 Recoil contribution Eqs. (82) and (83) (11, 36, 62, 85| 0.05747063
7 Relativistic recoil of order (Za)® Eq. (84) (11, 37-39, 41] -0.04497053
8 Relativistic Recoil of order (Za)® Eq. (86) (11, 37] 0.0002475
9 Recoil correction to VP of order m/M and (m/M)* in Eq. (4) (72) -0.001987
10 Proton Self-energy 135, 37, 41, 111] -0.0108 0.0010
11 Proton polarization [18, 37, 109, 112, 113] 0.0129 0.0040
12 Electron loop in the radiative photon [98, 114-116] -0.00171

of order a*(Za)*
13 Mixed electron and muon loops (117] 0.00007
14 Rad. Recoil corr. a(Za)® [61] 0.000136
15 Hadronic polarization a(Za)’m, [109, 110] 0.000047
16 Hadronic polarization in the radiative [109, 110] -0.000015

photon a®(Za)*m,
17 Polarization operator induced correction [110] 0.00019

to nuclear polarizability a(Za)*m,
18 Radiative photon induced correction [110] -0.00001

to nuclear polarizability a(Za)*m,

Total 0.0256 0.0041
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\ \Labnratnire Kastler Brossel
- Physique quantique et applications

The role of the nuclear model

Dependence on the charge distribution
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\J\ LkB Nuclear Models and experiment

= |lsing the electronic density from Arrington et al. | get
- Rp=0.82033 fm Rm = 0.831 fm Rz = 1.0466 fm

* [irac + Uehling vacuum polarization with this density:
- E=201.2789 meV

= [irac + Uehling vacuum polarization with same radius and other models
bauss: E=201.2680 (-0.0109) meV

Dipole: E=201.2700 (-0.0088) meV

Unifarm: E=201.2663 (-0.0120) meV

- Fermi: E=201.2686 (-0.0102)

= Solving Epipole(R)=201.2789 meV gives:
- R=0.84334 (-0.00101) fm

mardi 1 octobre 2013



A\ LKB Proton polarization

» Several calculations

- Rosenfelder (1993)

136 +30

A Ep.pol
2s n3

ueV = —0.017 = 0.004 meV.

Pachucki (1333)  AEPP' = —0.012 + 0.002 meV,

.pol subt. inel.
Martynenkn (2008) AE5 = AE™™ + AE
= 0.0023 — 0.01613 meV
— _0.0138(29) meV,

Carlson and Vanderhaeghen (ZOM) AEEPY' = Apswbt 4 AEMel 4 Ape!

= 0.0053(19) — 0.0127(5) — 0.0295(13) meV!
= —0.0074(20) — 0.0295(13) meV.

Hill and Paz (201+DPF 20N)  AES" = B+ aE™

— [ 6EW1(0’Q2) + 6Eproton pole] + 6Econtinuum
Could be wrong by 0.04 meV __)[6EW1(O'Q2) +0016] - 0.0127(5) meV,
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\/\ LKB Proton polarization

» Several calculations

~ Proton polarisability contribution to the Lamb shift in muonic hydrogen at fourth order in

chiral perturbation theory, M.C. Birse et J.A. McGovern. Eur. Phys. J. A 48, 1-8 (2012).

We calculate the amplitude Tl for forward doubly virtual Compton scattering in heavy-baryon
chiral perturbation theory, to fourth order in the chiral expansion and with the leading
contribution of the YNA form factor. This provides a model-independent expression for the
amplitude in the low-momentum region, which is the dominant one for its contribution to the
Lamb shift. It allows us to significantly reduce the theoretical uncertainty in the protan
polarisability contributions to the Lamb shift in muonic hydrogen. We also stress the
importance of consistency between the definitions of the Born and structure parts of the
amplitude. Our result leaves no room for any effect large enough to explain the discrepancy
between proton charge radii as determined from muonic and normal hydrogen.
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Proton polarization
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A\ LKB Proton polarization

0.000

-0.005

|
No radial excitations in low energy OCD. |. Diquarks and classification of mesons, T. Friedmann. The European Physical Journal
G 73, 2288 (Z2013)

No radial excitations in low energy QCD. Il. The shrinking radius of hadrons, T. Friedmann. The European Physical Journal C 73,

2733 (2013).

-0.020 | e
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Deuteron polarization (Friar, Pachucki)

multipole| Eqn.| ZRA Ref. [5]| diff Y |sum-0 sum-|[5]
leading C1| 13 | 1.925 1.910( 0.015 0.8(1.925 1.910
sub-leading C1| 14 [-0.037 -0.035(-0.002 7.0{1.888 1.875
CO| 16 |-0.042 -0.045| 0.003 -7.6|1.846 1.830
retarded C1| 17 | 0.137 0.151(-0.014 -9.4|1.983 1.981
C2| 18 |-0.061 -0.066| 0.005 -7.9|1.922 1.915
M1| 19 |-0.011 -0.016| 0.005 -34.0| 1.912 1.899
(r°)i3y £5.| 15 | 0.030 1.942
pn correl. f.s.| 15 |-0.023 1.920
retarded C1 f.s.| 17 | 0.021 1.941
CO+ret-C1+C2 0.034 0.040(-0.006 -14.0

Mainz MITP Oct. 2013
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Deuteron polarization

i A

Chen Ji, Nir Nevo Dinur, Sonia Bacca, Nir Barnea (arXiv:1307.6577)

TABLE I. Nuclear polarization contributions to the 25-2P
Lamb shift AE [meV] in uD, compared to Pachucki [17].

Ref. [17] This work
5% -1.910 -1.907
5¢% 0.035 0.029
i) - -0.012
5 0.261 0.259
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http://arxiv.org/find/nucl-th/1/au:+Ji_C/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ji_C/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Dinur_N/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Dinur_N/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Bacca_S/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Bacca_S/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Barnea_N/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Barnea_N/0/1/0/all/0/1

Hyperfine structure

Beyond Zemach

Mainz MITP Oct. 2013
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\/\ LKB Hyperfine structure

ars _ 4, 8¢ 7 Pi(r)Qa(r) + Pa(r)Qi(r)
AEy _AZMP ) dr p ,

AP = 5% f dr, ()
p JO

Xfr” drpl(T)Qz(T)J;PZ(V)Ql(T’)’
0

r

2
s = -2(5,-)ocof

X (1 — 2am,, fp(u) |u—7r| y(r)dudr),

= Er (1 — 2am,, fp(u) |u— 7| y(r)dudr),

AEZs = Er (1 - 2am,, (rz)),
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A\ LKB Hyperfine structure

-0.159 @ Zem Corr (1.045, Exp)
B Zem Corr (1.045, gauss)
A Zem Corr (0.6, Exp)

X Zem Corr (0.7, Exp)

X Zem Corr (0.8, Exp)

©® Zem Corr (0.9, Exp)

+ Zem Corr (1.2, Exp)

-0.1595

-0.16

% e —2D fit (1.045, Exp)
E 01605 e ——2D fit (0.6, Exp)
o “ . —2D it (0.7, Exp)
T 0161 . ——2D it (0.8, Exp)
§ e 2D fit (0.9, Exp)

g Q —2D fit (1.2, Exp)
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R

Fig. 10. Finite charge and magnetic moment distribution energy
shift for the 2s state as a function of the charge R and Zemach
radius Rz for the Gaussian ( Rz = 1.045fm) and exponential
model, divided by Ryz. The lines correspond to the function in
Eq. (90).
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\/\ LKB Hyperfine structure FS corrections

EZ.c (Rz, R) = 22.807995
— 0.0022324349R? + 0.00072910794R>
— 0.000065912957R{ — 0.16034434R,

p2s,VP

e (Rz,R) = 0.074369030 + 0.000074236132R?

+ 0.00013277334R> - 8.0987285 x 10~¢R?

—0.00057179529RR 7, SO o
0.00069518048R*R SR SRR
0.00018463878R3RZ — 0.000070355379R>R,
0.0010566454122 z - u,nu,u‘nlll)ti,‘»-llIR;‘. + 0.00035038656RR=
+0. e
0 000968304531§R2 + 0.00020554316R? 1\’; + 0.00025100642R:,
+0. e -
2 ~ 0.00017200435RR3
+0.00037883473R"R7 0.000061266973R:. meV
3 - (.U \_\1‘.,»\/,[1"
— 0.00048210961R;,

— 0.00041573690RR;,
+0.00018238754R, meV.

3

35
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Nonperturbative evaluation of some QED
contributions to the muonic hydrogen n=2
Lamb shift and hyperfine structure, P.
Indelicato. Phys. Rev. A 87, 022501 (2013).

Full calculation beyond Zemach
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\/\ LKB Hyperfine structure FS corrections

[]

Would need to be evaluated as well

Mainz MITP Oct. 2013
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y\/\ LKB Results HFS

# Ref. [40] Ref. [70] This work

Fermi energy 1 228054 22.8054

Dirac Energy (includes Breit corr.) 2 22.807995

Vacuum polarization corrections of orders a°, a® in 2nd-order 3 00746 0.07443

perturbation theory eyp

All-order VP contribution to HFS, with finite magnetisation distribution 4 0.07244

finite extent of magnetisation density correction to the above 5 -0.00114

Proton structure corr. of order a® 6 01518  -0.17108 -0.17173

Proton structure corrections of order a® 7  -00017

Electron vacuum polarization contribution+ proton structure corrections of ordera® 8  —0.0026

contribution of 1y interaction of order a® 9 0.0003 0.00037 0.00037

evp2Er (neglected in Ref. [40]) 10 0.00056 0.00056

muon loop VP (part corresponding to €yp; neglected in Ref. [40]) 1 0.00091 0.00091

Hadronic Vac. Pol. 12 0.0005 0.0006 0.0006

Vertex (order a”) 13 -0.00311 -0.00311

Vertex (order a®) (only part with powers of In(a) - see Ref. [103]) 14 ~0.00017 ~0.00017

Breit 15 0.0026 0.00258

Muon anomalous magnetic moment correction of order a*, a® 16 0.0266 0.02659 0.02659

Relativistic and radiative recoil corrections with 17 0.0018

proton anomalous magnetic moment of order a®

One-loop electron vacuum polarization contribution of 1) interaction 18 0.0482 0.04818 0.04818

of orders a°, a® (evr)

finite extent of magnetisation density correction to the above 19 -0.00114 -0.00114

One-loop muon vacuum polarization contribution of 1y interaction of order a® 20 0.0004 0.00037 0.00037

Muon self energy +proton structure correction of order a® 21 0.001 0.001

Vertex corrections+proton structure corrections of order a® 2 -0.0018 ~0.0018

“Jellyfish” diagram correction+ proton structure corrections of order a® 23 0.0005 0.0005

Recoil correction Ref. [104] 24 0.02123 0.02123

Proton polarizability contribution of order a® 25 00105

Proton polarizability Ref. [104] 26 0.00801 0.00801

Weak interaction contribution r74 0.0003 0.00027 0.00027

Total 28148 228129 28111
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Results

V\ LKB

= |Ising the second line measured during the experiment we can improve the charge
radius and get a value for the Zemach'’s radius.

E52 = ES (Rz, R) = 209.92451 - 5.2265012R* gr=1
0.03510538]1R?
+ 0LO0ONKS3RASKORY
+ 1.5472388 x 1075RS
- 2.1359270 x 10~°R*
+ 0 ,l;ll-\‘\\,”w:f\'l
+ 0000 18596008RR:
+ 0.00026754376R*R2
s 0.000063748539R R
— 0.00020892783R 27

000032967277 RR=*

- 000014609447 R* Rz

) = 229.66172 - 5.2286594R*
+0.035967212R"

+ 0.000011416693R*

0.12159928R; - 0.00055788025R Ry
0.00080263129R*R

0.00019124562R*R

+ 0.00062678350R5
+ 0.00098901832RR2
+ 0.00043828342R*R?,

- (0.00017332740R2,
<

— (0.00044080593RR;,
0.00014693531RR?

+ 0,000 :u;'-u;q:m\'_‘.
0000030280142 R

) - 2 \

i + 0.00029629676R” l“‘.;‘ R)
& D009 297 6R- Iu‘:;[.'\‘l
e g — 0.000047511471R log(R
000004751147 1R bog(R) " 7511471R log(R)

meV meV.

Simultaneous solution of these two equations with the two line energies
Rc = 0.8400(83) fm and Rz=1.086(40) fm

Assuming a dipole model, this gives Rm: 0.873(50) fm

Mainz results: Rc = 0.873 fm, Rm = 0.777 fm and Rz = [.047 fm
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\/\ LKB Extracting the magnetic radius

= We can extract the magnetic radius by using the dipole model to be consistent
withe the calculations.

3R* + 9R3Ryt + 11R2RZ, + 9RR?, + 3R,

RExp. o
2 V3(R + Ry)?

Z

Simultaneous solution of the two equations with the two line energies
Rc = 0.84100(63) fm and Rz=1.086(40) fm

Assuming a dipole model, this gives Rm: 0.873(a0) fm
Mainz results: Rc = 0.878 tm, Rm = 0.777 tm and Rz = .047 fm

A magnetic radius larger than the charge radius leads to large discrepancies when applied to
electron proton scattering data
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\\ LkB Summary of results: charge radius

v(287 5" = 2P;;3%) = 49881.88(76)GHz  R.Poni eral, Nature 466, 213 (2010)
49881 '35(64) GHz A. Antognini, F. Nez, K.
v(2SF5° = 2PF31) = 54611.16(1.04) GHz va0 a1y OO

Proton charge radius: r, = 0.84089 (26).,,, (29).;, = 0.84089 (39) fm

A. Antognini, F. Kottmann, F. Biraben, et al.,

pup theory: Annals of Physics 331, 127 (2013).

up 2012 -
—— CODATA 2010

up 2010 - —— Mainz 2010

H spectr.
dispersion

e-p scatt.

A A ' A 1 A 1 A A A l A A A l A A A l A
08 0.82 0.84 0.86 0.88 09
proton rms charge radius I, (fm)
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A LKB Summary of results: Zemach radius

2S hyperfine splitting in pp is: AFyps = 22.8089(51) meV

gives a proton Zemach radius rz = [d°r [d®r r pp(r)ppm(r — ')

rz = 1.082(31)exp(20)¢n = 1.082(37) fm

A. Antognini, F. Kottmann, F. Biraben, et al.,

pp theory: Annals of Physics 331, 127 (2013).

up 2012 ¢ .
Distler 2011 (e-p) ==

Volotka 2005 (H) +——

Friar 2005 (e-p) ———

IllllllJl lllllllllll;LlllLllllll

| PE T T
096 098 1 102 104 106 108 1.1 112 1.14
proton Zemach radius r, (fm)
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A\ LKB Summary of present status

Sick

*
Bernauer et al + Mainz
This work -—-EI—-—- Jefferson La
CODATA ——*—~
Pohl et al. aK
xlllll11;;1.111.1;1.11111
0.82 0.84 0.86 0.88 0.90

Proton charge radius [fm]

High-precision measurement of the proton elastic form factor ratio at low, X. Zhan,
et al Physics Letters B 705, 59-64 (2011).
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A\ LkB New 2013: deuterium charge radius

CODATA-2010
——

CODATA D +e-d ®
e-d scatt. ®
n-p scatt. *
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 1 1 I 1 1
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145
Deuteron charge radius [fm]
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A\ LkB New 2013: deuterium charge radius

uH + 1so H/D(1S-2S) -
CODATA-2010
——
CODATA D +e-d ®
e-d scatt. ®
n-p scatt. =
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 1 1 I 1 1
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145
Deuteron charge radius [fm]
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A\ LkB New 2013: deuterium charge radius

uD 2013 — —
uH + 1so H/D(1S-2S) -
CODATA-2010
——
CODATAD +e-d ®
e-d scatt. ®
n-p scatt. =
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 1 1 I 1 1
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145
Deuteron charge radius [fm]
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A\ LKB New 2013: deuterium charge radius

uD 2013 — —
uH + 1so H/D(1S-2S) -
CODATA-2010
——
CODATA D +e-d ®
e-d scatt. ®
n-p scatt. .
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 1 1 I 1 1
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

It is not possible to extract the magnetic moment distribution  Deuteron charge radius [fm]
radius: uncalculated pD 28 hyperfine structure polarization
correction.

Mainz MITP Oct. 2013 77

mardi 1 octobre 2013




Other measurements

How to get the radius from hydrogen and electron-proton scattering
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\/\ LKB Hydrogen spectroscopy

ns,nd

251 /2, 2Py /2
7 46B 061 413 187 103+46Hz

Shift:
-43.5 GHz

Bohr Dirac

Mainz MITP Oct. 2013

2P, /5 F=0
8.2 GH 1.4 GHz
|
\___F=0
Lamb hfs-splitting

Two lines needed:
Rydberg constant
Proton radius
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\/\ LKB Hydrogen+Deuterium

* Needed: new measurements with independent systematic errors and get an
independent Rydberg constant value:
- 25-4Pin H (Garching)
- 25-n8.0in H (J. Flowers, NPL)
- |5-38 (Garching, Paris)
~ transitions between Rydberg states of heavy H-like ion (NIST)
- |8-28 and IS hfsin pe (A. Antognini, PSI)
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A\ LKB Electron-Proton scattering

l.Ol,l ! T I T T T T T T ! ] T T

A | ' r 71 A

1.00

0.99 |

0.98 -

‘rnnm\./‘rdipolc

097 MO Distler,
- Trento, 2012

0.96 - Normalization!
Physical model?

OS5k = = 5 @ g s @ 0w @ om BUa
0.00 0.02 0.04 0.06 0.08

four—momentum transfer squared Q° / (GeV/c)?

e =084fm, p, =0.87fm  Bernauer fit (solid) and
e =090fm, m =0.82fm 1 =0.88fm, m, =0.78fm
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Electron-Proton scattering

—
(=
ol

-
.

8 4
PP — ™y

1 i y ; J : : i 7‘/

H p(; e/Gm
o
O
S

090 "

085 |

0.0

le = 0.90 fm. nr,
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PO T

0.2 04 0.6 0.8

four—momentum transfer squared ()2 / (GeV/e)*

0.87 fm Bernauer fit
0.82fm M.0. Distler, Trenta, 2017
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Possible origin of the discrepancy

Systematic errors or new physics?
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\/\ LKB Possible sources of discrepancy (UP)

= Frequency shift: unlikely - several redundant measurements at 708 nm (Fabry-
Perot, two-photan transition in Rb) and bpm (water lines)

* e pmolecules or p p p molecules. Not possible - Why Three-Body Physics Does
Not Solve the Proton-Radius Puzzle, J.-P. Karr and L. Hilico. Phys. Rev. Lett. 108,
103401 (2012).

= Experimental problems, e.q.. a small air leak in the hydrogen target: we see
characteristic pN and pl x-rays

~ Less than 1% of all created pP atoms see any N2 molecules
~ Less than 0.1% of all pP in 23 state see any Ny molecule during laser time

= P theory: many checks, no effect seems large enough to explain a 0.3 meV
energy shift, probably not even proton polarization (30 times too small)
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A\ LKB Possible origin for the discrepancy

» Flectron-proton elastic scattering data analysis

* |Inder-estimated systematic errors in some hydrogen measurements
— possible, but many different kind of experiments (microwave, Is-3s, Zs-ns

and Zs-nd)

* Proton structure
= New physics
- [onstraints:

g-2 of the muon (30),
g-Z of the electron (Harvard)+fine structure constant from atomic recoil (LKB)

Hydrogen

Precision highly charged ions experiments at S (if long range interaction)
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A\ LKB Unsolved problems in the muon corner...

| l L L l L L l L l LB l L l L L l | LIl ' | 1) L
Toetie) @ ¢besed) —e—| : Example: muon g-2, discrepancy not solved after
JN 09 (e787) ; i i
JN.09 (o o o , improved 0ED calculation
Davier et al, 08/1 (w=based| :
a7 e —a— i
Davier et al. 09/1 (e'e |
=312 151 ) —e—i : o
Davier et al, 09/2 (e'e™ w/ BABAR) : or electrons:
=255 1 49 s " —e— ;
o o W BB ——] | a Ya,) = 137.035999 1727 (68)(46)(19)(331)
DHATZ,40 (v newes) g | a ' =137.035999037 (91)
DHMZ 10 (e'e™ newest) i
-287 4 49 —e— -
BNL=-E821 (works average) !
0+83 L
PO NN TR WN WONN WO N WY WO WO UM NN TN WY WO UM NN WO UM U U N NN U NN SN NN NN NN UNN U N1 llill 1
700 <600 500 400 <300 <200 100 O
x 107"

exp
a — 3

Reevaluation of the hadronic contributions to the muon g-2 and to $\alpha (M2} {Z})$", M. Davier, A. Hoecker, B. Malaescu and
Z. Zhang. The European Physical Journal C - Particles and Fields 71, 1-13 (2011).

Tenth-Order QED Contribution to the Electron g-2 and an Improved Value of the Fine Structure Constant, T. Aoyama, M.
Hayakawa, T. Kinoshita and M. Nio. Phys. Rev. Lett. 109, 111807 (2012).

Complete Tenth-Order QED Contribution to the Muon g-2, T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio. Phys. Rev. Lett.
109, 111808 (2012).
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\\ LKB A new polarization term ?

Toward a resolution of the proton size puzzle, B.A. Miller, AW.

Thomas, J.D. Carroll and J. Rafelski. Phys. Rev. A 84, 020101 (2011).

| » | 0.31 meV for pH and 8Hz for hydrogen
(with model dependent parametrization)

FIG. 1: Direct two-photon exchange graph corresponding to
the hitherto neglected term. The dashed line denotes the
lepton; the solid line, the n

ad ches alllons tho off oball We next seek values of the model parameters A.b.& of
F(—q?). chosen to reproduce the value of the energy shift,
0.31 meV. to resolve the puzzle. With& =0, A = A, A/b* =
2.35/(79 MeV)? is required. With this value, the corresponding
change in the electronic H Lamb shift for the 28 state is about
9 Hz. significantly below the current uncertainty in both theory
and experiment [3]. If & 1s changed substantially from 0O to |
our value of A would be increased by about 10%. Other tests
of this effect could show sensitivity to the value of € or A.

i TP Oet 2015 No other work supparts such a large effect
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\/\ LKB Where could it come from?

0B, 123001 (2011):

A measurement of the Lam
the proton that is smaller t
We explore the possibility t

find that the many constrai

experiment, L.D. Jentschur

» Proton Size Anomaly, V. Barger, C.-W. Chiang, W.-Y. Keung et al. Phys. Rev. Lett.

b shift in muonic hydrogen yields a charge radius of
nan the CODATA value by about o standard deviations.
nat new scalar, pseudoscalar, vector, and tensar

flavor-conserving nonuniversal interactions may be responsible for the
discrepancy. We consider exatic particles that, among leptons, couple
preferentially to muons and mediate an attractive nucleon-muon interaction. We

nts from low energy data distavor new spin-0, spin-l,

and spin-Z particles as an explanation.

= |amb shift in muonic hydrogen--II. Analysis of the discrepancy of theory and

a. Annals of Physics 326, alb-033 (Z01).

No unstable vector boson, no millicharged particles,
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\\ LKB

= New physics and the proton radius problem, C.E. Carlson and B.C. Rislow.

Physical Review D 86, 032013 (2012):

— Particles that couple to muons and hadrons but not electrons
~ For the scalar-pseudoscalar model, masses between |00 to 200 MeV are not allowed.

—  For the vector model, masses below about 200 MeV are not allowed. The strength of the
couplings for both models approach that of electrodynamics for particle masses of about 2

GeV.

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

= New Parity-Violating Muonic Forces and the Proton Charge Radius, B. Batell, D.
McKeen and M. Pospelov. Phys. Rev. Lett. 107, 01803 (Z01).

- We identity a class of models with gauged right-handed muon number, which contains new
vector and scalar force carriers at thelD0 MeV scale or lighter, that is consistent with
nbservations.

— Such forces would lead to an enhancement by several orders-of-magnitude of the parity-
violating asymmetries in the scattering of low-energy muons on nuclei.
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\ LkB Where could it come from?

Muonic hydrogen and MeV forces, D. Tucker-Smith et | Yavin. Physical Review D 83,
101702 (2011).

We explore the possibility that a new interaction between muons and protons is
responsible for the discrepancy between the CODATA value of the proton-radius and the
value deduced from the measurement of the Lamb shift in muonic hydrogen. We show
that a new force carrier with roughly MeV-mass can account for the observed energy-
shift as well as the discrepancy in the muon anomalous magnetic moment. However.,
measurements in other systems constrain the couplings to electrons and neutrons to be
suppressed relative to the couplings to muons and protons, which seems challenging
from a theoretical point of view. One can nevertheless make predictions for energy
shifts in muonic deuterium, muonic helium, and true muonium under the assumption that
the new particle couples dominantly to muons and protaons.
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A\ LkB Where could it come from?

Muonic hydrogen and MeV forces, D. Tucker-Smith et | Yavin. Physical Review D 83,
101702 (2011).

0.6
0.5 Y Compatible with muon g-2
5
)
E
£
e
6
T
mg (MeV)
SEL™ = —03 0.1 meV.
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A\ LKB Where could it come from?

Nonidentical protons, T. Mart et A. Sulaksono. Phys. Rev. C &7, 022807 (2013).

We have calculated the proton charge radius by assuming that the real proton radius is not
unique and the radii are randomly distributed in a certain range. This is performed by averaging
the elastic electron-proton differential cross section over the form factor cutoff. By using a
dipole form factor and fitting the middle value of the cutoff to the low-(2 Mainz data, we found
the lowest X2/N for a cutoff = 0.8203 + 0.0003 GeV, which corresponds to a proton charge
radius re= 0.8333+ 0.0004 fm. The result is compatible with the recent precision measurement
of the Lamb shift in muonic hydrogen as well as recent calculations using more sophisticated
techniques. Our result indicates that the relative variation of the form factor cutoff should be
around 21.0%. Based on this result we have investigated effects of the nucleon radius variation
on the symmetric nuclear matter (SNM) and the neutron star matter (NSM) by considering the
excluded volume effect in our calculation. The mass-radius relation of a neutron star is found to
be sensitive to this variation. The nucleon effective mass in the SNM and the equation of state of
both the SNM and the NSM exhibit a similar sensitivity.
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A\ LKB Where could it come from?

No radial excitations in low energy LCD. Il The shrinking radius of hadrons, T. Friedmann.

The European Physical Journal C 73, 2288 (2013).

We discuss the implications of our prior results obtained in our companion paper (Eur. Phys. J.
C (2013 ) ). Inescapably, they lead to three laws governing the size of hadrons, including in
particular protons and neutrons that make up the bulk of ordinary matter: (a) there are no
radial excitations in low-energy (CD; (b) the size of a hadron is largest in its ground state; (c)
the hadron's size shrinks when its orbital excitation increases. The second and third laws follow
from the first law. It follows that the path from confinement to asymptatic freedom is a Regge
trajectory. It also follows that the top quark is a free, albeit short-lived, quark.

Note added Nine months after this paper was originally posted to arXiv [32, 33), an experiment
studying muonic hydrogen [34), repeated more recently [3a], observed a smaller size of the
proton than previously expected, consistent with our predictions. It is possible that this is a
manifestation of our three laws, and may be a JCD, rather than OED, effect.
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\/\ LKB Where could it come from?

o[ROTON RADIUS PUZZLE AND LARGE EXTRA DIMENSIONS, L.B. Wang et W.T. Ni. Modern
Physics Letters A 28, 300034 (2013).

We propose a theoretical scenario to solve the proton radius puzzle which recently arises from
the muonic hydrogen experiment. [n this framework, 4 + n dimensional theory is incorporated
with modified gravity. The extra gravitational interaction between the proton and muon at very
short range provides an energy shift which accounts for the discrepancy between spectroscopic
results from muonic and electronic hydrogen experiments. Assuming the modified gravity is a
small perturbation to the existing electromagnetic interaction, we find the puzzle can be solved
with stringent constraint on the range of the new force. Our result not only provides a possible
solution to the proton radius puzzle but also suggest a direction to test new physics at very
small length scale.
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\/\ LKB Where could it come from?

Can Large Extra Dimensions Solve the Proton Radius Puzzle?
[higang Li, Xuelei Chen (http://arxiv.org/abs/1303.0146vl)

The proton charge radius extracted from the recent muonic hydrogen spectroscopy [Antognini
et al. 2013; Pohl et al. 2010] differs from the CODATA Z010 recommended value [Mohr et al. 201Z]
by more than 4%. This discrepancy, dubbed as the "Proton Radius Puzzle”, is a big challenge to
the Standard Model of particle physics, and has triggered a number of works on the quantum
electrodynamic calculations recently. The proton radius puzzle may indicate the presence of an
extra correction which enlarges the 23-2P energy gap in muonic hydrogen. Here we explore the
possibility of large extra dimensions which could modify the Newtonian gravity at small scales
and lower the 23 state energy while leaving the 2P state nearly unchanged. 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.
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What's next

Muonic Helium: experiment set up October 8th, 2013
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%A LKB

Muonic He spectroscopy

898 nm

812 nm
Pue = 40 bars
M4Het
2I:)3/2 T2
35 THz
2P 2 yy
812
nm
o~ v b finite size
Nuclear Physics A278 (1977) p. 381 70THz
but signal never 25, :
reproduced |
(10 bars, 40 bars) *_ -

* improve He spectroscopy
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2011-2013— muonic helium spectroscopy (4 mbar)
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- MHe* spectroscopy + He* spectroscopy — QED test (Za)
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Muonic He spectroscopy

ny

206 meV
50 THz

6 um

fin. s1ze:
3 8 meV
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146 meV
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2Py

p —
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1 *He

S12 nm

898 nm

fin. size effect

290 meV

fin. size effect
397 meV
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A\ LKB Improve statistics...

|6% more from the beam time: reliquefying He
Moving in on October drd Better disk |aser

beam time until December [3th — Mych mare intensity (no Raman shift)
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A\ LKB Conclusions

= We have performed a |2.a ppm measurement of the Lamb-shift in muanic
hydrogen

* The deduced proton radius using a Dipole model is b.9 standard deviations away
from the hydrogen and electron-proton elastic scattering data

= Retter modeling of the proton form-factor and polarization required to confirm
or reduce the disagreement

* Experiment confirmed with Znd pH line
= 3 pD lines observed and being analyzed

* No explanation of the discrepancy yet, but possibilities
- [CD
~  Problems with hydrogen experiments
- New physics
* Muonic He in 2013 (check of theory, different laser wavelength-in the red)
predictions of measurable effects from new physics!!
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\/\ LKB CREMA 2011
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