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Proton

Structure
2 quarks up (2/3 e) + 1 quark down (-1/3 e) + strong interaction (E[[FE1E)

“proton size" Ao = h ~1.3fm

mpc

Proton charge radius : r,~ 0.8 fm

2 3
b ={r?) <r2>zjljrp‘z:)r)dirr

p(r) : proton charge distribution

Electron-proton scattering

_ P do do
e O (E.0)~| ~>(E,0) | G(q?
) i@ o E0) [dQ< )} (?)

Rutherford
momentum p; 9o s (9)
energy |y, . d=<psin(g | 2
q=pr-p ? G(o) = [dre B <1 2
411 6

r, deduced from extrapolation g — 0  with p(r) unknown...



hydrogen spectroscopy

‘-"""""". S
S e
p,./r’. hcR., f(a, mg/my, n,1,j)
‘\’.N...."“.““".... exact

E(n,lj) =

Dirac + recoil
|\ J

« QED corrections (1/nd) not well known
* relativistic recoill
- charge radius of the proton (1/n3)

Previous determinations of the “proton radius”
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f,es= 2 466 061 413 187 035 (10) Hz
PRL 107 203001 (2011)
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* Hydrogen data(1S-2S and 2S5-nS/nD) + QED re-evaluation : 0,8760 (78) fm
* Electron scattering (all meas+re-analysis): 0,895 (18) fm f,g5.,5= 2 466 061 413 235 502 Hz
* QCD (lattice cal.) : 0,827 (40) fm



Muonic hydrogen spectroscopy

S T m .
Exotic atom p ':u —1 =207 radius : ~ a,/200

.....

electronic hydrogen : e-p muonic hydrogen : p-p
28, 2P
A 1/8 S n=2 —ay o
: n e—t 2P
1 GHz
=2 (f ff.p) ¢ 1/(200)% = 107 . | 50 THz
2P, A =6 um
2S,, 10°%s

Relative contribution

4 2x102
duetor, to2s-2p 10 *

Predicted frequency of muonic hydrogen 2S-2P transition (2002)

AE,g »p= 50.7702(12) — 1.2634 r,* — 0.0084 r,’ = 49.8063 (149)THz
with 7,=0.8760(68)fm



Principle of the experiment

“prompt” (t~0) ppee + [ —> kP +... ‘delayed” (t~1ps)
H_/

_— - — H,

2P
_E %' time spectrum 2S5

of 2 keV x-rays

n~14

1%

events

2P

: I 2keV
99% 3 E% ’

L
1S ﬁtﬁf 1S
AN = === T 1|
05 1 1.5 2 25 Ume(ps)

Moo s

laser

25

u- stop in H, gas

= Up* atoms formed (n~14) Fire laser (.~6 um, AE~0.2 V)

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

prompt Ka,KB,... = observe delayed Ko x-rays

delayed Ka
prompt Ka

1%: long lived 2S state (t ~ 1us at 1mbar) — normalize

X-rays



Muonic hydrogen source

p (500 Mev, 2 mA) — carbon target — 7 -_>“-+7u_ (300 rs) ==

Ho target
(1 mbar)

PSC(B~5T)

muon life in CREMA experiment
pion 1
©® muon

O photon from scintillator






muon beam apparatus

T = l,l_‘l_\/}/L
laser hut *
below counting room _

concrete blocks

Muon extraction
channel

\fh . : p B H2 target, laser cavity,
detectors

up set up in tES (8



cw—diod

—
220W
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="

500 W

; |'nJY

Frequency doubling

Thin-disk laser

Oscillator
1030 nm

Oscillator] <
220w

1030 nm

ml

) |

¢H ml

Amplifien

Amplifier

l-l? mJ

monitoring

Laser chain

Wave

Verdi

meter

f—

500 W

(Fr)

-

+H

cw—ring
Ti:Sa

TJ08 nm

400 mW

T Lot =

Raman cell

» Each single muon triggers the laser
system (random trigger)

- 23S lifetime ~1 ys — short laser delay
(disk laser)

. tunable laser pulse (0.2 mJ)

M- trigger

1

Thin disk laser (1030 nm) + LBO (515 nm)

1

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

st Stokexs - 2nd Stokes
708 nm 1.00 ym 7:1- S
- v=1 _1 72 pm 4 v
4155.2 cm
— v=0 — H,

Multipass cavity at 6 ym
surrounding the H, target



muonic hydrogen : 2S, ,(F=1) - 2P,,,(F=2)

_ F=2
2P, _“_C_ F=1
2.03 THz
2P, — i
— F=0
49.81 THz
~6 um
(~708 nm)
finite size
0.96THz
| — F=1
254 r_—ﬁz_ 225.56 THz
— F=0

* 550 events measured
* 155 backgrounds

* 31 FP fringes

« 250 hours

normalized events (a.u.)
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hfs

Other lines observed in yp and pd atoms

2nd yp line : at the correct position
— Zeemach radius

-jid : not at the correct position with

n

ew rp and isotope shift
— deuteron polarizability

-[2i8dling : observation
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Comparison with other best determinations

v (P : 28, ,(F=1)- 2P,,(F=2)) = 49 881.88 (76) GHz
- r,=0.84184(36)(56) fm
Vineo= 50772.43(118) — 1263.69 r.* + 8.39 r.° GHz

H/D spectroscopy + QED +——@—— (.8760 (78) fm

up (2S,,-2P,,) + QED & 0.84184 (68) fm

New electron-proton scattering ® ' 0.879 (8) fm

T R L

na B re electron-proton scattering re-analysis + ®
0,895 (18) fm

< 083 084 08 08 087 088 0,89 09 091 092
L . r,(fm)

Muonic hydrogen : Nature 466, 213-216 (2010)
New elec-prot scattering : Phys Rev Lett 105, 242001 (2010)

fis0s= 2 466 061 413 187 035 (10) Hz PRL 107 203001 (2011)

fq 0= 2 466 061 413 109 090 Hz



New r, (Up (2S,,5(F=1) - 2P;,(F=2))) : outcomes

Muonic hydrogen Lamb shift theory ? checked
Hydrogen spectroscopy, Rydberg constant R, ?

Codata 2006 “The experimental and theoretical H and D data remain highly consistent.”

First measurement of 1S-3S (LKB) : 2 922 743 278 678(13) kHz. EPJ D 60 p.243 (2010)
Prediction : 2 922 743 278 671.6(1.4) kHz PRL 95, 163003 (2005)

“New physics” ?

“We consider exotic particles that, among leptons, couple preferentially to muons and mediate
an attractive nucleon-muon interaction. We find that the many constraints from low energy data
disfavor new spin-0, spin-1, and spin-2 particles as an explanation.”  PRL 106, 153001 (2011)

Example of constrain : magnetic moment anomaly of the electron (Harvard) g-2= f(a/)

With recoil (LKB) Vv, _ k. v :2Roo m(Rb)Mp  h

m(Rb) c my, mgm(Rb)

PRL 106, 080801 (2011)

Polarizability of the proton ?
Model independent analysis of proton structure...:Phys Rev Lett 107, 160402 (2011)

v (Up : 2S,,(F=1)- 2P;,(F=2)) = 49 881.88 (76) GHz

} r,= 0.84184(36)(458) fm
Vineo= 50772.43 (967) — 1263.69 r,° + 8.39 r,° GHz



Hydrogen spectroscopy, QED tests, ...

» Hydrogen Deuterium 2S-nS/nD spectroscopy at NPL,
J.L. Flowers et al |IEEE Trans. Instrum. Meas. 56, (2007) 331.

> 20Ne%* Rydberg states at NIST-Gaithersburg , U. D. Jentschura et al, PRL 100, 160404 (2008).
» Hydrogen 1S-2S at MPQ-Garching hydrogen cooled with magnetic field
» Hydrogen 1S-3S picosecond spectroscopy at MPQ-Garching E. Peters on going PhD
» Hydrogen 1S-3S cw-spectroscopy at LKB-Paris S.Galtier on going PhD

» He* spectroscopy femtosecond spectroscopy at MPQ-Garching
M. Herrmann et al, PRA 79, 052505 20009.

»>Muonic helium (u*He*) spectroscopy at PSI-Villigen CREMA collaboration Proposal 2010.

> Electron-proton scattering MAMI/A1 collaboration at Mainz
J. C. Bernauer et al., Can. J. Phys. 85, 419 (2007).

> QED test : a determination from recoil at LKB-Paris Looking for PhD student

»QED numerical calculation...

»> QCD lattice calculation...












Prospect : muonic helium spectroscopy at PSI

812 nm
Pue = 40 bars 2011-2013— muonic helium spectroscopy (4 mbar)
”4He+ “3He+
— F=1
2P357 7 2Py Tk F=2
35 THz 35 THz 7 e
2P1/2" A 2P1/2_ \‘:‘ F=O
81 898 nm 849 nm
863 nm
nm 958 nm
" Wb W WD B o e finite size 964 nm
Nuclear Physics A278 (1977) p. 381 70 THz 923 nm
but signal never 281/2! 25 AV | E():_]I_H
reproduced | Tz J ‘
(10 bars, 40 bars) finite size | F=0
96 THz

* uHe* spectroscopy + He* spectroscopy — QED test (Za)

* test of the spectroscopy of muonic system



-@- Codata 2006

| e-p:2S,,-2P;,(C)

| e-p:2S,,-4P ), (€)

e-p : 1S4,,-3S42 (i)

| ® j e-p : 25,,-2P4» (a)
€-p 1 284,-2P3;, (b) | ? : °
|
e-p : 25,43, (d) l ® |
e-p : 25,,,-4Ds), (d) . ..
|
| ® | e-p:2S,,-4P,; (e)
e-p : 2S.,,-6D.,, (f | ® |
P 128052 (1) | ® | ' e-p : 2S,,,-85, (9)
| ® | e-p:25,,-8D3,(9)
—e—e-p: 25,,-8Ds, (9)
e-p : 2S,,,-12D4;, (h) | O |
e-p 1 234,-12Dg, (h) ® : °
u-p 1 234 5(F=1)-2P3,(F=2)
; ['] ['] ['] ['] ; ['] ['] ['] ['] ['] ['] ['] l' ['] ['] ['] ['] ; ['] [']
0.75 0.80 0.85 0.90 0.95



“New physics”:

Constrains due to other high precision determination (S.Karshenboim PRL104, 220406 (2010),
U.D. Jentschura, Annals of Physics (2010), V. Barger et al, arXiv:10113519V1, ...)

“We consider exotic particles that among leptons, couple preferentially to muons, and mediate
an attractive nucleon-muon interaction. We find that the many constraints from low energy
data disfavor new spin-0, spin-1 and spin-2 particles as an explanation.” V.Barger et al (Nov
2010)

Example of constrain : magnetic moment anomaly of the electron (Gabrielse, Kinoshita)

5
a, %— 1= Al( j+ .+ As(n'j + a,(muon)+ a,(tau) + a,(weak) + a,(hadron)
B

100
10-3 ]
With our new determination of o : stringent test of QED _
106
: hk 2 2R, m(Rb)m, h _________ﬂ___:____
Recoil v, = a‘ = 109
m(RDb) ¢ m, mgm(Rb) h = MW
10712 7o\ ay (ay (o) (a) [mo) [ alveat)
(o) () () () (o) (3] () b
UW 1987 — .
Harvard 2008
Paris measurement of a(Rb-2010) (6.6x10-10) Rb2010 e
submitted to PRL (15 Dec 2010), arXiv 1012.3627v1 176 180 184

192
(a,—0.001 159 652 000)/10 12



Lamb shift - form factor — polarizability

mmmm Discrepancy

|  Polarisability

Muonic hydrogen I inite Size I
I Recaoll

Lamb shift contribution — Muon self energy + muon VP

I Higher order VP
s \/P/200 -

r

> Dipole form factor p(r)=e R
il
» Gaussian form factor p(r) —e RZ
polarizability form-factor
» 2S state electronic hydrogen (e-p) 8.7 Hz
» 2S state electronic deuterium (e-d) 2.7 kHz
» 2S state muonic hydrogen (u-p) 3.6 GHz 500 MHz
» 2S state muonic deuterium (u-d) 360 GHz

A. Antognini thesis, P.Indelicato P.Mohr in preparation



A

25-nS/nD hydrogen/deuterium spectroscopy

n S / n D Lockein Dctsctim} chamber '
/ Interaction chamber  Electronic excitation chamber
— /
\ / / /
\ ¥ ‘/ /
v laser Diaphragm ¥ i
A Iase r I M agnctic Discharge
I / shield Collecting
2 S 1 plate
' 0 L 9
A 1 4 U

\ /
Diaphragms

Metasionks yield [abitary unif)

a

Atomic fregquency

e

to the pumps

ateric ajeclony

first dllahragm

laser baor

laser frequency

second diopheagm

Eur. Phys. J. D 12, 61-93 (2000)




v (Up : 2S,,(F=1)- 2P,,,(F=2)) = 49 881.88 (76) GHz

Vineo= 50772.43(118) — 1263.69r,° + 8.39 r.° GHz

Comparison with other best determinations

- r,= 0.84184(36)(56) fm

QCD
° . 0,827 (40) fm

0,895 (18) fm
electron-proton scattering | - |

hydrogen/deuterium spectroscopy + QED +—@— 0.8760 (78) fm

0.84091 (68)fm 1w Mp (2S,,(F=1)-2P5,(F=2)) spectroscopy + QED

fm

0,78

0,8 0,82 0,84 0,86 0,88 0,9 0,92



Laser chain : principle

Thin-disk laser

cw—diode ! i

» Each single muon triggers the laser

e system (random trigger)
cral
mup | Oscillator] | Oscillator < ﬁ::; o
220 w [ 1030 nm | | 1030 nm + - « 2S lifetime ~1us — short laser delay
8 mJ v leJ cw-ring
= mplifie] [Amplific] €= )/ - 6 um tunable laser pulse (0.2mJ)
500 W 500 W [ 708 nm
2ml y l42 mlJ 2 400 mW
Frequency doubling T {
515 nm < ]
_ M- trigger
F.L
! i ; Thin disk laser (1030 nm) + LBO (515 nm)
WPZT |
Ti:Sa Osc. @ 3
708 nm - X ) . e
____________________________________ ) pulsed TiSa oscillator + amplifier

- (708 nm determined by cw TiSa seeding)

l

monitoring 41 H-0

X I
: ' 10m  02my Ge Raman cell

R W

JLP\
G—
y

_ Multipass cavity at 6um
R S . surrounding the H2 target

. mmp (GO 6 UM cavity
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Laser chain : thin-disk Yb:YAG laser

Thin-disk laser

l;_"'.."..'—dj L ?l;_l -

=

220 W

Oscillator
1030 nm

Oscillator
1030 nm

8

—

mJ

Y

lﬁ ml

Amplifien

500 W

Amplifier

<

<=

S00 W

= Q-switch oscillator (cw prelasing mode — short
delay between electronic trigger and opt. output
(8mJ, xxx ns, delay 250ns)

= 12 pass amplifier (20m propagation) (42mJ)

= LBO frequency doubling 25mJ @ 515nm

» 50 md @ 515 nm, reliable laser

l-—I-E mJ

Frequency doubling
515 nm

42 ml ¥

» delay electronic trigger/output pulse < 500ns
» random trigger = 1.5ms '

N
%

Disk oscillator

Folding mirror .:E //:/2 \), =
Heat sink with crystal l;;,;j_‘_‘_.l ._I.J_I’Tll'::\/5 -._"' . _‘;_ .6‘}:|

o —— { 940 nm ATV,
Fiber coupled ’—\ '.,_,rk“‘ -
diode laser Parab;&lic“};ﬁrror

K, J -

Thin-disk [ .._] =

K ( e

. - | A. Antognini et al,

Disk amplifier o~} IEEE J. of Q. Electronics

vol 45, n°8, 2009

Coupling telescope



Calibration FP/ |,, Cs, Rb
(700-794nm)

Laser chain : Ti:Sa

Verdi
PR Wave erdi
FP meter + 5
- ] I cw=ring
Baa | D 0ea EED | 8aa  AGe tBm Mo MEm leem - KFPE TISH
| Sy 708 nm
= 400 mW
.-'}_-"-
Y
i )
............................................ gl
1.2ml_ / _F__,.-;"F i
<1 -7l :
MPZT |
Ti:Sa Osc. ‘o) !

?{]H_an

Frequencies of the FP peaks

440000000
430000000 - a”
420000000

& Rubidium
= lode
Cesium

410000000
400000000 -

390000000 -
380000000

370000000
250000

4

*

260000 270000 280000 290000

- home made Ti:Sa lasers

» cw-Ti:Sa frequency controlled with FP,
atom, molecule (abs. freq. <60MHz)

* short length pulsed oscillator seeded with
Cw-Ti:Sa (1.2 mJ, 6 ns, delay 50 ns, Av =
200MHz)

» multipass amplifier x 6 (12 mJ, 5 ns)

Antognini et al, Opt. Comm. 253 (2005) p.362




Laser chain : Raman cell

0.25f

i L
708 nm - Threshold " "-'- Ple
— H, 15.5 bars %21 but reliable c¥e tew bt
12m/ 0.15}F ".‘u':: . s
1st Stokes mf -,:ﬂ::t:'."' .
3 s el
2nd Stokes : 2
T 0.05 . g"
708 nm| 14 00 um o ETT N
. m Frh Y T PP N T T R
=1 “ 4 5 6 7 8 9 0 11 12 13
:: 4155,2- p— T— H, 708 nm pump energy (mJ)
v=0
E: it }
[ 12 md E;
R 3 S - S
\! m(]rrlilt_:r[ing A1 H:0 — — E 22F
Vo -

ra 1 \
1 | ] ' . : -
1 } | é.: ' 10m  02my Ge Raman cell ' ot \k‘* +‘F+
| A : 16 -
: \ ) -‘;\ 1 |__|_F._ \\+
S A 6 m cavity ' : )+
’ ;u_. . : ”:, [P P | M PP

1000 2000 3000 4000 5000 G000
Frequency | MHz |



proton charge radius hydrogen spectroscopy

* hydrogen spectroscopy (1989, ..., 2008)

* muonic hydrogen spectroscopy (2009)




Muonic hydrogen

Lamb shift

Mamea Relerence  formula valus Pachucki [1] Borie [3]
NE Omne loop electron VP EalZel i, 205.00740 205.0074
Relativistic cne loop VE 3] 20G6.0252
MR two-loop electron VP d2ZaF 0, 1.50790 1.50740 1.5081
3
MR three-loop electron VP [12] 0.08353(1)= f‘:':'im-.- 0.00530 check
Polarization insertion in two coulomb lines [4.1] n.mzeu‘"gf“ e 0. 15090 0.1500 0.1510
Polarisation insertion in two [12] 0.036506(4) 252 0.00230
and thres coulomb lines
Relativistic correction [2.4,1.3] a(Zn:l" 001690 0.0160
Wichmann-Kroll [13,14,3] "—"EET"LQ“: . -0.00103 -0.0010%
Radiative photon and electron polarization [4.1] -0, 00500 00010 -0
in the Coulomb line o {Za)?
Electron loop in the radistive photon [1_09425 (—L - 1} —d z_zlﬂﬁﬁ] -0.00150
of crder o (Za)* x 22(Za) —EJ : m
Mixed electron and muon loops [15] %E—:Q—t me )2 0.00007 0.00007
Hadronic polarization a{Za)'m [16] —n. 538(22}%5‘,—:3'; t—ﬂ )" méia 001080 00004 0.0113 0.0110
Hadronic polarization af £a)*m 0.00005
Hadromic polarization in the radiative -0, 0002
photon aE[Eaj“'m
&3
Recail contribution 17] e (- ) 1—amj 0.05750 0.0575 0.0575
a a
Radistive corrections of order a™(Za)®m [11] Tables 3.2, 3.3, 3.7, 3 -0.G687T0 -0.B67T -0.GBTES
Recail corractions of order aa)™ gm [11] Takle 4.1 0,044 70 0045 -0.04497
Radiative Reooil corrections of [11] Table 5.1 -0.00960 -0.0099 - 0,009
order afZa)™ Fm
Mueclear structure corrsction of order (Za)® 1] —%ﬁém me 0.01200 0.01% 0.015
Light by light electron loop contribution ) 000135 0.00135
Polarzation operator induced correction =052 6 meV 0.00019
to nuclear polarizability af Zo)*m
Eadiative photon induced correction LA™ fen meV -0,00001 d4. G:1
to muclear polarizability o Za)®m . . = .
Sum F(?rm factor (dipole, Gaussian, ...) | a0 /0.00275 206.0353 20604739
terms depepfent on the muclear radius from Ref. [11] {contributions in meV /
ﬂgﬂmr < > o 5107 <el>
[4.1] —iZap mT < 1 =2 fio 0.0 < r'E. = 00363 < rp = 00347 < vy s
; w size effect 1] afZaitm: < ri = -0.0276 < rim —0.0273 = v
Muelear size corrsction of Drlier (Eaje L 1] —{ln f“l':u Lsz:::'—m,. <3 <ris
Muclear size correction of crder I:Zc::l = 1*; = 1] 2 %J—m[{ r ,.-‘:I = rg. =2
Total < % = contribution -5.225

Table 7. All known contributions from Eides et al.[11])

U[® e oyEaEpU]

WM Nap PUe UafolpaAy Sionul of suolie[no[es (T fo A eunng



Hydrogen spectroscopy

: (En _Ep): (E’f)irac _Eé)irac)_l_ (Ei{ecoil _E;ecoil)_l_ (Ln _Lp)
in which : Ej, .. and Ex..; have an exact formulation prop. to R,
L,=F(QED, R;) Lamb shift

v" Q.E.D. = series expansion of a, Za, In(Za.) which depends on n as 1/n3

o 2(205)4 2[ 2(;3 2
AE =| = m,c”|B,, +(Za)B, +(Za) (L By, + "By, + LBy, +Béo)+...]

T n3

~ o [0,54-0,16+5%107 (= 280—50+500—100)...]

avec L= ln[(Za)_z]
v Distribution charge radius contributions vary as 1/n3

3 o) 2
ZOoR
ENS :%( H ] (Z(Z) mec2( Pj 510

3\ m, n’ 7&6

= Q.E.D. calculations are right! : 2 experimental data —R_, R,
= are Q.E.D. calculations right ? : 3 experimental data — R, R, Q.E.D.



Resonance searches (2002, 2003, 2007)

2002 : Run with all the components
of the experiment at the same time

(search for resonance 10 hours).

0O

A

X delayed/prompt x

-
[

= 0.5

—
=

=
o

-
o

B

4]

-
[

Celayed / Prompt events

0.5

04

0.3

0.2z

0.1

. * |
o P |
i !
[ L
1 f
840 I.!jfau 880 01
|_delayed to prompt |
I
— PRELIMINARY strong H,0
C 2007 absorption
- .
- ... _.-'-.
- § |
[ 1oBGey &% "““x,.rf*ﬁﬂ_xti_i/‘%__h \
- _—
I == '- i — n
c .
- P P 1 PP BT |
40 50 70 80

Frequency [a.u.]

Events

Simulation 2003 :

| I*I

. a2 »
F I .l I 1

-50 0

50

-50 0

50

Frequency [GHz]

sig. 0.5 c/hour
noise 0.5 c/hour

from A. Antognini Phd thesis




electron-proton scattering

- Ps
€ : i@
— H2 > > — . 6
q=ps- P, q=2psin(;)
momentum p;
energy E;
do do iar P(r) 72
—(E,0) ~| —(E;,0) | G(q? 2y _ g3 P\ L 1_"p 42
€0 [dQu)l(q) ()= [rew 0021 ¢
A\
Rutherford
1
Sick 2003 : Ge(q)= 5
q°b,
1+ 2,
1+ 9302




electron-proton scattering

- Ps
e 0
. H2 — — —>

. 0
q=p;- P, a=2psin(;)
momentum p;
energy E,
—( |96)) I:—(EI70):| G(qz) . 2
. ) 6(a)=|dre BT €132 q
Rutherford
% i . Exlp pnlnl:l I |
I— 1.0014; R,=0.863 r
ow VOO T ii.ﬂ&ﬂ{]: 22-01 .J‘:}/
£ 1015 == 8=1.0028; B=0.877 fm %’ i
2 .
T 1010 A"'fé
E ] ]];» Fit function a,+ a,g*+a,q*
9 1005 .{- T&T.
- -'}r - |
5 0005l A
w0990 1.2

see S. Karshenboim in Can. J. Phys. 77, 241-266 1999 2
and refs therein Momentum transter rf-’tfm )



muonic hydrogen source
PAUL SCHERRER INSTITUT

=

p (500Mev, 2mA) — carbon target —» T '—>u‘+7u— (300 p/s)

H2target (1mbar)

nES g m Cyclotron trap
- /

B ~4T

-
100MeV/c

S, S

1 5™ T.0.F. — laser trigger



muon beam apparatus

T = l,l_‘l_\/}/L
laser hut *
below counting room _

concrete blocks

Muon extraction
channel

\fh . : p B H2 target, laser cavity,
detectors

up set up in tES (8



TiSa ampli ¢ Laser hitte

% | diskosc
| ] ' - {’,




Laser chain : multipass cavity

— illuminate at 6 ym all the muon stopping volume (5x15x190 mm3)

« coupling through a 0.63mm diameter hole
* R=99.90% at 6 pm

* 1000 reflections

* 0.15mJ injected — 2S-2P saturated

mon: i!t_‘.rrin o A1 H-0O

| \ i

I | g

: | } | é{ ' 10m 02m) Ge Raman cell
i \ -~ -;\

Eﬂ-gﬂ- NV Wi ‘nlf_: 6 um cavity

| .

____________________________________________________



X-rays analysis — event gate sorting — noise rejection

5

all APD detector hits

105§—

events in25n

Example : FP 900 - 11 hrs meas.

1.56 million detector events

expected 2-3 laser induced events/hour !

! ) L L ! ! . . L ) L | ! L
0 2 4 6 & 10
\/ time [us]

energy signature in LAAPD
 photon < 10keV — 1 shot in the LAAPD * E>8keV < electron
* e in B=5T - many counts in detectors * 1keV <E < 8keV < Xray

time signature in LAAPD

i ¢ \ « E<1keV < neutron
. _ L.Ludhova /-
- phd thesis |/ HP Krest
N n=3




events in 25 ns

X-rays analysis — noise rejection

Example : FP 900 - 11 hrs meas.

10°

10°

10°

10°

> 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 !

all APD detector hits g

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]



Resonance searches (2002, 2003, 2007)

2002 : Run with all the parts at the same time (search for resonance 10 hrs).

2003 2S-2P resonance curve

0.6 —

X delayed/prompt x 107

&
o

2
KN

@
Lo

.
o

=
—

-t
o

i = 0.91 fm

e Y

height and width of
expected resonance curve

800 820 840 860 880 900

FpP Iringe Pprms 85 fm

| delayed to prompt |

w0
E 55/ PRELIMINARY strong H,0
z L absorption
E ﬂ.,d--_ 2007 1 54B
= [ T
E : .-- ."I; I"._
%’ 0.3— WA .
a - - e F '-_‘-1
B _“L._ ._ll- . _'. ) ..‘_,-I-'-'-.-_‘—\— ._.-'-.
o 1a BG_Eﬁly_\ f“x, w—:‘____ \\
B _-___.--""-' R ~
- . “
L ] F
0= " - = y
~ L] -
B 1 ' | 'S PR
0 20 ) a0 50 60 70 80

Frequency [a.u.]

2 “new” XeCl lasers

new disk laser



muonic deuterium : 2S,,(F=3/2)- 2P,,,(F=5/2)

— F=5/2
2P,, — = F=1/2 - on line signal, preliminary
F=3/2 - frequency position again off
op . F=3/2
R
.?.001_—
50.82 THz 0.0008_—
~ 5.9 um _
(~706 nm) 0.0006 1 preliminary
_ |
0.0004 — |
- i
0.0002:— f * ! T {

_ IR
— F_3/2 0-4 22 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
28, < - laser frequency (a.u.)

Not at the position estimated with new r, and isotopic shift — deuteron polarizability



muonic hydrogen: 2S, ,(F=0)- 2P;,(F=1)

F=2
Py T F=1 e . .
2 03 THz 1 - measured position fits with our proton radius (preliminary)
| 4 F=1 - laser worked even better at 5.5 um
2Py —(] _ H
— F=0
o O.7>_<10-3
@ O.Gf—
54.61 THz  °5F
~ 3.5 um 04f-
(~700 nm) -
finite size 0.3
0.96THz -
0.2
o.1f— ]
— F=1 n !
231, =t 17:5.56 THz O R B R R R RN NN R
y F=0 laser frequency (a.u.)

~ at the position deduced with new r, — hfs : Zeemach radius (few %)



muonic deuterium : 2S, ,(F=1/2)- 2P,,(F=3/2) and 2S,,(F=1/2)- 2P, ,(F=1/2)

Ff5/2 * on line signal, preliminary
2P, AQF F=1/2 . o .
- F=3/2 * observation of 2 more lines in the last 2 days of beam line
|
F=3/2 3
2P, —1 Eo1/o E 0.7
2 . preliminary

2P, ,(F=3/2)

~52.09 THz ©°°

~93.7ym 4,
(~704 nm)
0.3 l
52.00 THz \
0.2 T )

._
—
—
u
—
—

T

I I I
0 5 10 15 20 25 30 35 40 45

LI_I.L‘IIII|IIII|IIII|IIII|IIII|

0.1

‘IIIIIIIIIIIIIIIIIIII
-50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145

C F=3/2 laser frequency (a.u.)
234 _Q'l i
—L F=1/2

“observation” — check calculation in pd

o




Exotic atom

Lamb shift = self-energy + vacuum polarization + protonr

Muonic hydrogen spectroscopy

-----

My _ o7

e

radius : ~ a,/200

4
Epe =~
NS 3

%jius

3
m. | R .hc( r
m n° a,

2S-2P |f- l. r
S self-energy vacuum po 0 ,/ total
e-p |1084.1MHz | -26.9MHz |/0.146 MHZ\ 1057.8 MHz
P | 047THz | -50.94 THz \ 0.96 THz /| -49,81THz
electronic hydrogen : e-p muonic hydrogen : p-p
25, 2P, (F=2)
- 1/8 s n=2 e “3/2
1 GHz k
N=2 — et (F /o) o= 1/(200)3 = 107 50 THz
P 5 A =6 pum
12
— 106s
2S,,,(F=1)

AE, »p= 50.7724(12) — 1.2637 r,* — 0.0084 r,” = 49.8083 (149)THz
with r,=0.8760(68)fm



muonic hydrogen 2S Lamb shift
determination of the “proton radius”

JOCLLLLT TN
o .,
- ‘.
o *,
.

Exotic atom ‘P, H
2P (8.5ps)
, Laser (6pym
Experiment ( T
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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Outline

1. Introduction

* proton properties
» experimental proton size determinations
* muonic hydrogen

2. Experiment

* muonic hydrogen source
* laser system
 analysis

3. Results

> signal
* proton radius from muonic hydrogen spectroscopy

4. Future



Proton

Structure

2 quarks up (2/3 e) + 1 quark down (-1/3 e) + strong interaction ([e/lf[e]35))

Proton charge radius : r,

2 3
ry = <r2> <r2> _ I;pF():;)dC;rr

p(r) : proton charge distribution

QCD Calculations

* proton mass (< 4%)
* 7, (< 5%)

Electron-proton scattering

do do 2
o E0)= Lj—Q(Eiﬁ)} G(g?)

o Ps
e 0 M
—_— |H,

Rutherford

momentum p;

2
energy E, G(q?) = | dre™ &)ﬂ) ’”qu
417 6

— —> —>

9 6
=P b 9=<P S'n(i) Limiting factor




Aehergy

E, =

hydrogen theory

.
.
0
......

o
.-
L

"
e,
s

0.15 MHz

Bohr Dirac
_Ry,hc e spin QED
n? relativity

E(1S,,)= -3 288 08

p
proton proton
spin size

7127.6 (> 1) kHz.

J@

hcR.,, f(a, m/m,, n,l,j)

E(n,l,j) = Dirac + recaoll
N Y

exact
not well known
« QED corrections (1/n3)

* relativistic recoll
- charge radius of the proton (1/n3)

Potential
energy




hydrogen spectroscopy experiments

R
E(n,lj) = hcR,, f(,a, m/my, n,Lj) + recoil + L(n,j,r) = n—;"+ L(n,r,)

-
MPQ Garching v(1S-2S)=(1 —%)ROo +L(1S)-L(2S)

{  LKBParis 1(2S - 8S) = (% —é)Roo +L(2S)-L(8S)
S.Karshenboim L(1S)—8L(2S) =precisely calculated

\.  K.Pachucki

Linear combinations —» R, L&*P(1S)

L ew(1S) = 8172.840 (19) kHz + QED — r, (1%)



Previous determinations of the “proton radius”

. KB  Sick®
0,92 7 1, (fm) ]
0.9 - _ { 4 Codata*
0,88 - Mainz N ‘E
{ MP T
0,86 -
0,84 - ) I
Stanford LKB f il
0,82 - {
0,8 - QCD*
0,78 I I I I I I [ [ [ — |

1960 1965 1970 1975 1980 1985 1990 1995

2000 2005 2010

* Hydrogen data(1S-2S and 2S-nS/nD) + QED re-evaluation : 0,8760 (78) fm

* Electron scattering (all meas+re-analysis): 0,895 (18) fm

* QCD (lattice cal.) : 0,827 (40) fm



Muonic hydrogen spectroscopy

:¢ 0“ - m 3 2
Exoticatom { p, @ Moo o207 e _4[m | Rshel 7 5
t : Mg NS =3l m P |a 10
Merrans? radius : ~ a,/200 e 0
electronic hydrogen : e-p muonic hydrogen : p-p
< |1 GHz |
120 (f. /f. ) oc 1/(200)3 =~ 10-7 50 THz
S A~ 6 pum
2P1/2 ““ - M
— 10s
25, ,,(F=1)

AE, »p= 50.7724(12) — 1.2637 r,* — 0.0084 r,’ = 49.8083 (149)THz
with 7,=0.8760(68)fm



Outline

2. Experiment

* muonic hydrogen source
* laser system
* analysis



Principle of the experiment

“prompt” (t~0) ppee + [ —> P + ... ‘delayed” (t~1ps)
H_/

_— - — H,

2P
_E %' time spectrum 2S5

of 2 keV x-rays

n~14

1%

events

2P

: I 2keV
99% 3 E% ’

.
1S ﬁtﬁr 1S
AN = === T 1|
05 1 1.5 2 25 Ume(ps)

Moo s

laser

25

u- stop in H, gas

= Mp* atoms formed (n~14) Fire laser ().~6um, AE~0.2eV)

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

prompt Ka,KB,... = observe delayed Ko x-rays

delayed Ka
prompt Ka

1%: long lived 2S state (t ~ 1us at 1mbar) — normalize

X-rays



PAUL SCHERRER INSTITUT mUOnIC hydrogen source

p (500Mev, 2mA) — carbon target —

M= WFV,- (300 ps)

) Tm S Hotarget 44
mES ) - >/
Cyclotron trap (1mbar) ¢,
T e— <~
100MeV/c |

-~
o —-—

Muon Extraction Channel S S

1 So ™ T.0.F. — laser trigger



muon life in CREMA experiment

pion 1

©® muon

O photon from scintillator



cw—diod

—
220W
by

="

500 W

; |'nJY

Frequency doubling

Thin-disk laser

Oscillator
1030 nm

Oscillator] <
220w

1030 nm

ml

) |

¢H ml

Amplifien

Amplifier

l-l? mJ

monitoring

Laser chain

f—

500 W

Wave Verdi
meter + 5\
cw—ring

Z FPI Ti:Sa
[ 708 nm
2 400 mW

!

e Tl Jom et
e i1 E

Raman cell

» Each single muon triggers the laser
system (random trigger)

- 23S lifetime ~1us — short laser delay
(disk laser)

. tunable laser pulse (0.2mJ)

M- trigger

1

Thin disk laser (1030 nm) + LBO (515 nm)

1

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

1st Stoke_s

=1-  2nd Stokes
708 nm 1.00 ym 7:1- S
. v=1 _1 2 um 4
4155,2 cm™
— v=0 — H,
Multipass cavity at 6um

surrounding the H2 target



X-rays analysis — noise rejection

Example : FP 900 - 11 hrs meas. time signature in LAAPD
> 400 /s * photon < 10keV — 1 shot in the LAAPD
» 240 laser shot/s * e in B =5T — many counts in detectors

events in 25 ns

10°

10*

10°

10°

» 860 000 laser shot/hour

» 1.56 million detector clicks

» 19600 clicks in the laser region e E > 8keV < electron

» expected 2-3 laser induced events/hour ! « 1keV < E < 8keV < Xray

« E<1keV < neutron

all APD detector hits
all reconstructed events
mu-decay electrons

all x-rays ;
x-rays followed by mu-decay | LAAPD energy resolution
2 keV x-rays + mu-decay

same, 2nd muons rejected




Outline

1.

2.

3. Results
> signal
* proton radius from muonic hydrogen spectroscopy
* outcomes



Laser chain : frequency calibration

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

1, Line 1 Cs 2-ph
Cw-TiSa frequency
FSR
FP/H,0 |: e :
— e ‘ l ‘ FP frequency
N ........... R
E ﬁ*ﬂfit R _H
z ;..IF ;};F"“ .ﬁH’”?h
2 [ fh W
i + . _ : )
FP absolute frequency %, v(up:2S-2P) = v(H,0 Line 2 ) + (N-N’) FSR
calibration 4 +_+
. 4
e = e .ui-illl'eql1e1i;:'1 | }.IH?“IU



up (2S,,,(F=1)-2P;,(F=2)) : uncertainty budget

Statistics

* uncertainty on position (fit) 700 MHz (~4 % of I' )
AVeyperimenta= 20 (1) GHz (I, =18.6GHz)

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 762 MHz

Broadening :

* 6 um laser line width ~2 GHz

* Doppler Broadening <1GHz

* Collisional broadening 2.4 MHz

v (Up : 2S,,(F=1)- 2P, ,(F=2)) = 49 881.88 (76) GHz  (1.6x10%)



Outline

4. Future



muonic hydrogen: 2S5, ,(F=1)- 2P,,(F=2) time spectra

summed on resonance

100 Laser ON resonance

L T I gy | Ry _ S

1 4 Vi

Laser OFF resonance
No Laser

1 us

0
summed off resonance

100

0
summed laser

o
=h

100

o




New r, (Up (2S,,,(F=1) - 2P;,(F=2))) : outcomes

Muonic hydrogen Lamb shift

* check on line consistency of all publications (P. Indelicato, E. O. Le Bigot, F. Kottmann)
* independent QED calculations (P.Indelicato, P.J.Mohr) (large contributions : OK)
* check others theoreticians (PSAS 2010...)

Hydrogen spectroscopy, Rydberg constant R., :

H:visos =7 R, + L(QED,r)) cR., = 3289 841 960 360.9 (21.9) kHz (6.6x1012)
e = -12

34 H;) L(R.): 25-nS/nD (1=8,12)  OF- = 3289841 960 250.9 (4.8) kHz (1.5x102)
(~7 kHz) but ~ 5 & shift (3.3 x10-'1)

Without Paris cR., = 3 289 841 960 379.8 (48.0) kHz (14.6x10-12)
(from Codata98 Rev. Mod. Phys. 72, n°2, April 2000)

Codata 2006  “The experimental and theoretical H and D data remain highly consistent.”

First measurement of 1S-3S (LKB) : 2 922 743 278 678(13) kHz. EPJ D 60 p.243 (2010)
Prediction : 2 922 743 278 671.6(1.4) kHz PRL 95, 163003 (2005)

“New physics”:
“We consider exotic particles that, among leptons, couple preferentially to muons and mediate

an attractive nucleon-muon interaction. We find that the many constraints from low energy data
disfavor new spin-0, spin-1, and spin-2 particles as an explanation.”  PRL 106, 153001 (2011)

Example of constrain : magnetic moment anomaly of the electron (Gabrielse, Kinoshita) g-2=f( o/1T)

ik m
With recoil LKB) v, =— % 42 2R m(RD)Mp N PRL 106, 080801 (2011)
m, m(Rb)

m(RDb) C m

Y



Prospect : muonic helium spectroscopy at PSI

2013....— muonic helium spectroscopy

* MHe* spectroscopy + He* spectroscopy — QED test (Za)

» test of the spectroscopy of muonic system



Up date comparison

New electron-proton scattering : Phys Rev Lett 105, 242001 (2010)
Model independent analysis of proton structure...:Phys Rev Lett 107, 160402 (2011)

N

v (up : 28, ,(F=1)- 2P,,(F=2)) = 49 881.88 (76) GHz

-
Vineo™ 50772.4— 1263.69r,°+8.39r°GHz

.= 0.84184(36)(458) fm

electron-proton scattering re-analysis = ®

H/D spectroscopy + QED | @ i 0.8760 (78) fm

New electron-proton scattering ! ® i 0.879 (8) fm

—@— pp (2S,,(F=1)-2P5,(F=2)) spectroscopy + QED

0,895 (18) fm

0.8418 (46) fm

0,83 0,84 0,85 0,86 0,87 0,88 0,89 0,9

0,91 0,92 fm



Comparison with other best determinations

Vineo= f(R.., QED, r,) =50772.43(1.18) — 1263.69 r,” + 8.39 r,° GHz

v (4P : 2S,,(F=1)- 2P, ,(F=2)) = 49 881.88 (76) GHz
= r.= 0.84184(36)(56) fm

H/D spectroscopy + QED
(10 eV)

®—— 0.8760 (78) fm

& Up (2S,,(F=1)-2P,,(F=2)) + QED 0.84184 (68) fm
(2 keV)

New electron-proton scattering ! ® 1 0.879 (8) fm
(200 Mev — 1 GeV)

electron-proton scattering re-analysis | @
(200 Mev — 1 GeV) 0,895 (18) fm

0,83 0,84 0,85 0,86 0,87 0,88 0,89 0,9 0,91

New electron-proton scattering : Phys Rev Lett 105, 242001 (2010)
Muonic hydrogen : Nature 466, 213-216 (2010)

0,92

rp(fm)
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