Muonic hydrogen Lamb shift

F. Kottmann, IPP at ETH Zirich, Switzerland

1947 Lamb shift = AE(2S, -2P;,5) InH —  QED
1969 Di Giacomo calculates AE(2S-2P)=0.2eVinup — A=6um!

V. Hughes, V. Telegdi, E. Zavattini consider up(2S-2P) — 715=7
1979 Proposal for up(2S-2P) at SIN [H. Hofer et al.] (0.3 mbar)
1981 SIN: no long-lived pp(2S) at ~ mbar; problems with laser development
mid-80’s no motivation for “test of vac.pol.” at 100 ppm-level
mid-90’s e big progress in H-spectroscopy [Haensch et al.]

—  new motivation: determine r, precisely (2% — 0.1 %)

e New ,,~-beams, new ideas for up(2S-2P) [L. Simons, D. Taqqu, F.K.]
1998 new Proposal for up(2S-2P) at PSI [new collaboration: MPQ, Paris, Coimbra, FR...]
2009 2S-2P resonance found, 5¢ off! (nothing in 2003, 2007)

— unexpected new situation, new motivation: solve problem!

F. Kottmann, CHIPP, Gersau 24.08.2010 — p.1




e 1.~ detected in-flight — trigger of laser system

e /.~ p atoms formed in 1 mbar H, gas

e laser pulse excites the 2S-2P transition (A ~ 6 M)
e delayed 2P-1S X-ray detected: signature

“prompt” (¢ ~ 0)

“delayed” (¢t ~ 1 uS)

n~14— —

1%/ /99 %
2P

25—
2keV vy

1S—

2P
L

2keV 'y

1

1% with 795 = 1 uS

normalize delayed/prompt

Principle of up(2S-2P) experiment

e special low-energy 1~ beam-line at PSI (unpulsed!)

206 meV
50 THz
6 um

2S-vac.pol.
=-206 meV

linewidth=1",p =18.6 GHz

— 6 transitions separated !
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Measured resonance:p(2S) ;" —2P; )°

delayed / prompt events [10™]
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Reference:

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

Collaboration:

e MPQ Garching

e LKB Paris

e Coimbra and Aveiro
e Stuttgart

e Fribourg

e Yale

e PSI-ETHZ - ...

Statistics: 4+ 0.70 GHz

Systematics: 4+ 0.30 GHz (laser calibration)

Discrepancy (to CODATA-06):
~ 75 GHz < 5.00 « 6v/v=15x10"7
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Proton radius puzzle

Measured pp resonance:

v(28T75 — 2PL5?) = 49881.88(76) GHz

— [P = 206.2949(32) meV

Lth- = 209.9779(49) — 5.2262 72 + 0.0347 > meV

Y

lattice QCD ,

dispersion

90—« New Mainz

50 « H(CODATA)

35 £-p scatt.

0.78 0.8 0.82

086 0.88 09 092
r, (fm)

}:> ro = 0.84184(36)%® (56)t" fm

- Bernauer et al., arXiv nucl-ex, 1007.5076 (2010)
- Pohl et al., Nature 466, 213 (2010)

- Mohr at al., Rev. Mod. Phys. 80, 633 (2008)

- Belushkin et al., Phys. Rev. C 75, 035202 (2007)
- Sick, Phys. Lett. B 576, 62 (2003)

- Wang et al., Phys. Rev. D 79, 094001 (2009)




S
Proton radius puzzle

Measured up resonance: v(2 81/2 — 2P3/2 ) = 49881.88(76) GHz

r, = 0.84184(36)%P(56)*" fm

— LOP- = 206.2949(32) meV
L™ = 209.9779(49) — 5.2262 7 + 0.0347 1 meV

_ - Bernauer et al., arXiv nucl-ex, 1007.5076 (2010)
50« New Mainz
up . - Pohl et al., Nature 466, 213 (2010)
50 H(CODATA) - Mohr at al., Rev. Mod. Phys. 80, 633 (2008)
3 - Belushkin et al., Phys. Rev. C 75, 035202 (2007)
lattice QCD _ 7 _ Sick, Phys. Lett. B 576, 62 (2003)

T T T T T A SO A -WangetaL,PhyS.ReV.D79,094001(2009)
0.78 0.8 0.82 0384 0.80 0.88 0.9 0.92

r (fm)

dispersion

What is wrong,
by ~75 GHz ?

1P, systematics ? e laser calibration 0.300 GHz
e Zeeman effect (B =5T) 0.030 GHz
e AC-Stark, DC-Stark shift < 0.001 GHz

e Doppler shift < 0.001 GHz
e pressure shift (1 mbar) 0.001 GHz
— NO! e molecules {pup*-p-e} < 0.001 GHz
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What may be wrong?

75 GHz
Discrepancy: | Ly (rgOPATA) — Loxp = 0.31 meV
0.15 %

(p exp. wrong?  but
e good statistics
e linewidth ~ 19 GHz < discrepancy

up theory wrong?  but
e mainly pure QED (vac.pol., etc.)

e several methods for frequency calibration

e another up(2S-2P) measured!

e 'huge’ relative discrepancy

e hadronic terms small H Spectroscopy Wrong ’) but
e pol.term = 0.015(4) meV e 25-8S, 2S5-8D, 2S-12S, etc. all consistent ...

H theory wrong?  but
e uncertainties 10x smaller than discrepancy ...

e weak interactions very small

e-p scattering wrong?  but
e new Mainz result ...
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Second resonance
measured at A = 5.5 um:

F=0 F=1
“p(281/2 P35

—2
e prelimary analysis

e position in agreement
with first resonance

e extract HFS and rzcmach
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Second Resonance, Conclusions, Outlook
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Second resonance
measured at A = 5.5 um:

pp(28{750 —2P{ 7!

357 events
106 bgr.

0.4
e prelimary analysis

0.3
e position in agreement

. . 0.2
with first resonance

0.1

I 1
!

e extract HFS and rzcmach

O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
4 -2 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

Conclusion from pp(2S-2P):  r,-discrepancy
—  up theory wrong? H spectroscopy wrong? e-p wrong ?
when solved: e best test of bound-state QED (combine up and H)

e fundamental constants (R..)
e test of lattice QCD for p, few-nucleon theory for d

2009: 3 resonances measured in ¢d(2S-2P) —  rqg, d-polarizabilities

future: uHe™(2S-2P) e more sensitivity to QED-effects, less to R, (in He™)
e test of few-nucleon theory for 3He, “*He
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There are surprises in physics.
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Potential

SRRy
R (fm)

Maxwell equation: VE = 4mp

V_{ ~Z22 (3-(%)3) (r<m)

Z
-z (r > rp)

AV_{ ~5 (3= 1 - %)
0

AEFS = (T|AV|T)



The leading proton finite size contribution

-C_E: —ieyH
5 2
- | 1 r
& ,I:gq,u; q_2_> ég)
—ieF(¢*)7” rz = [d’r p(r)r?
05 1 95 2 25 , ; | .
R(fm) F(q):fd Tp(r)e—zq-rQZ(l—%rp_F...)

Maxwell equation: VE = 4mp

v = { iy 3-GF) < AV(q) = 4258 (1 - F(e) = 22202
o (’I“ =~ Tp) _ 2n(Za) 2

AV_{ ~5 (3= 1 - %)
0

AETS = (U|AV|T)




S
Free and bound-state QED

e Free QED

g—2 — electron anomaly: test of QED, determination of a;, NP

ds = C (%) + O (%)2 + O (%)3 e} (%)4 +Cs (3)5 + A(had., NP)

T

ula®P] = 6.6 x 10710, wlath] = 2.4 x 10719, u[QED test] =7 x 107°

e Bound-state QED in Hydrogen

e Binding effects (Z«) bad convergence, all-order approach/expansion
e Radiative corrections (o and Z«)
e Recoil corrections (m/M and Z«) relativity < two-body system

e Radiative—recoil corrections (o, m/M and Za)
e Proton structure corrections (rp, 7zemach aNd Za)
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The role of nuclear physics Iin atomic physics

Atomic physics means high-precison measurements.
However their interpertations are usually limited by nuclear-physics effects

Interpertation of H, D, 3*He™, up, pd, pdiHe™:
- Lamb shifts limited by: re, shape, nucl. pol., hadronic VP pol.
- HFS limited by: Zemach radius, shape, nucl. pol., hadronic VP pol.

) !

muonic atoms nucl. physics
z H }{) Hadrons
ﬁi gy ¢

u(-@) _
1+ kp

Zemach radius ~ Q [G (— Q2)

. 2.8 1
Nucl. Pol. ~ Tlf‘,/ = mLpevuaB [(G1(v,q?) + Ga(v,q?))SP — Ga(v, q2)szfqp] ImG; = ;gl(u, q%)...

ab-inition calcultion for d and He very promising
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Contributions to the pp Lamb shift

# | Contribution Value unc.
3 | Relativistic one loop VP 205.0282
4 | NR two-loop electron VP 1.5081 0'\0
5 | Polarization insertion in two Coulomb lines 0.1509 \\081\0‘
6 | NR three-loop electron VP 0.00529 \(\66
7 | Polarisation insertion in two and three Coulomb lines (corrected) 0.00223 e
8 | Three-loop VP (total, uncorrected)
9 | Wichmann-Kroll —0.00103
10 | Light by light electron loop ((Virtual Delbrtick) 0.00135 0.00135
11 | Radiative photon and electron polarization in the Coulomb line a? (Z )% —0.00500 0.0010
12 | Electron loop in the radiative photon of order o2 (Za)4 —0.00150
13 | Mixed electron and muon loops 0.00007
14 | Hadronic polarization o.(Z o )*m,. 0.01077 0.00038
15 | Hadronic polarization ov(Za)® m.,. 0.000047
16 | Hadronic polarization in the radiative photon o (Za)*m.. —0.000015
17 | Recoll contribution 0.05750
18 | Recall finite size 0.01300 0.001
19 | Recoil correction to VP —0.00410
20 | Radiative corrections of order o™ (Za)*m,. —0.66770
21 | Muon Lamb shift 4th order —0.00169
22 | Recoil corrections of order o(Z o) o Mr —0.04497
23 | Recoil of order a.® 0.00030
24 | Radiative recoil corrections of order ao(Z )™ 7% m- —0.00960
25 | Nuclear structure correction of order (Z a)5 (Proton polarizability) 0.015 0.004
26 | Polarization operator induced correction to nuclear polarizability o.(Za)® m.. 0.00019
27 | Radiative photon induced correction to nuclear polarizability oz(Zoz)5mr —0.00001
Sum 206.0573 0.0045
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.ontriputions to the pp Lamb shi

Contribution our selection Pachucki Borie
Leading nuclear size contribution —5.19745 < 7,12) > —5.1974 —5.1971
Radiative corrections to nuclear finite size effect —0.0275 < rg > —0.0282 —0.0273
Nuclear size correction of order (Za)® < r2 > —0.001243 < r2 >

Total < r2 > contribution —5.22619 < r2 > —5.2256  —5.2244
Nuclear size correction of order (Za)® 0.0347 < rf; > 0.0363 0.0347
Nuclear size correction of order (Za)® < rf > —0.000043 < r2 >?

P. Indelicato, 2010
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.ontriputions to the pp Lamb shi

Lamb shift: AEs = 206.0573(45) — 5.2262 2 + 0.0347 r> meV
u = 0.0045 meV dominated by proton polarizability

25 Hyperfine structure: AE%°. o = 22.8148 (78) meV

using Rz = 1.022fm and scatter.

Fine structure: AErg = 8.352082 meV

2P;,, Hyperfine structure: AE}, 132 — 3392588 meV




281 events
76 bgr.
230 from bgr.

{,Ta{

0.0008 —
= Prediction (with new r,)
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laser frequency (a.u.)

00 position = 880 MHz <= 17ppm (D =19G

H
2) | Extract rq4 and d. pol. I

e Position does not fit with prediction: 3.5 deviation



x10°°
< 0.7
c ~ o 72 events
2 Prediction
? 0.6 o | 31 bgr.
- 7.40 from bgr.
- |
0.5
0.4

III|I|I|I|L|||||||||||||||||||
O 0 5 10 15 20 25 30 35 40 4550 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145

laser frequency (a.u.)

®0 osition = 2.2 GHz <= 43 ppm (I' = 19 GHz)
e Relative pos. fit to each others but not with the first pd line
e Background well know from previous nd line




and the time spectrum

& L 5
< 200F \ 10 1.32x10° events
Q& F % 10*
[ . 3
= ¢ 10
= 150— 9
= 50: : 102 Laser
= - o 10| ON
S 100 % 1 | resonance
> B v = ! 1
Q — '.: -05005 1152 25 3 3514
50+ ”
0 L I
200
150 Laser
- OFF
1001 resonance
50
0%

| Time-spectrum fit around laser time = Extract precise bgr. value I
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s
Muon beam line

‘Target entrance: 5 keV ., 400 s~ ! I

e From the muon extraction channel: 20-50 keV p~
slowing down + frictional cooling + e~ emission + £ x B + TOF + trigger

® €5, = 85%, €S, = 35%, €S3 — 55%

e Stopping volume in 1 hPa Hy: = 5x 15 x190 mm?

PM; D H, Target
— e _ _
U S > S2  |Multipass cavity
- «= PM
PM2 4 464 —A— 3
ExB e 7
10 cm |

Laser pulse
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B=4T

— Z
LI Z
10° §1 —>

Z
=100 MeV/c
" Z

—— ~1B=2T  pjv=-19kv

B=4T for muon extraction

H T 200 nm foll

X X Muon detector
- &
5 Frictional cooling

ExB: velocity filter

Momentum filter

(T.W. Hansch)
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o
The laser system

 YDYAG thin-disk laser  — Yt oA aiEnits

cw TiSa laser

- == [Oscillator| [Oscillator| €= | |

1200w | 1030 nm| [1030 nm| 200w | | Wave Verdi |

9 mJ ¢ ¢ 9 mJ . meter ysw e Thin-disk laser

500 W. Amplifier| | Amplifier { ' cw TiSa || e Frequency doubling
| s00w; 1 e+lI(FP)]| |708 nm

1 43m3¢ L 400 mW |

SHG SHG 1, /Cs * |

l . < l

e TiSa laser:

cw frequency stabilized laser

l Y Y )

3 ] N P T X i \

i Lﬂ><__ ‘ iease injected seeded oscillator
| TiSa Amp. ~ 708 nm, 15 mJ 1 _ o

| > N multipass amplifier

1
|
|
|
|
|
|
|
|

- —— e Raman cell

Raman cell

Tl e e g AVAYINNYIThy cavity\r/’ * Target cavity

l- - - - - - - - - o T T T 0 |
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O
The laser system

 Yb:YAG thin—disk laser ~——

=P [Oscillator| [Oscillator| €= | i Crly VIS [BIEL 1 L

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

9 mJ ¢ ¢ 9 mJ || meter v5 W e Large pulse energy: 85 (160) mJ
500-v5 Amplifier| | Amplifier ;)?W . K,:p] (7;\(I)V8Tir?r% | e Short trigger-to-pulse delay: < 400 ns
43 m;iG SZSB ™ I e 400 MW | e Random trigger

1 | 1 e Pulse-to-pulse delays down to 2 ms

******************** ‘SHG? N
e e b N e e (rep. rate 2 500 Hz)

e N, > «© |
¥ >‘<-- ‘ U= OEC. - e Eachsingle i~ triggers the laser system

TiSa Amp. ~ 708 nm, 15 mJ
>

e 25 lifetime =~ 1 us — short laser delay

6 UM monitoring

r

20 m
— ||

Raman cell

_____

A. Antognini et. al., IEEE J. Quant. Electr.
Vol. 45, No. 8, 993-1005 (2009).
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S
The laser system

ey MOPA TiSa laser:
cw TiSa laser

3 =P (Oscillator| |Oscillator| €= i | |

200w [ 1030 nm| [1030 nm]200w , , | Wave Verdi | | Cw frequency stabilized laser

1 9m3¢ ¢9mJ | e v 5W, .

. = — —— 4mm — - referenced to a stable FP cavity

500 W Amplifier Amplifier 500 WJ i ‘K ] cw TiSa ||

1 43 mJ¢ Y 43mJ CTIARP 708 nm |, - FP cavity calibrated with I, Rb, Cs lines
1 - 400 mW |

; SHG SHG kb iCs | vpp = N - FRS

,,,,,,,,,,,,,,,,,,,, “SHG? N FRS = 1497.344(6) MHz, N ~ 2 x 105.

| fd><h <
s T " 708 nm, 15 mJ
: > |

Vg, absolutely know with o = 30 MHz

I'op_9g = 18.6 GHz

ISa Amp.

Seeded oscillator

pulsed cw
YTiSa ~— YTiSa

(frequency chirp < 100 MHZz)

Multipass amplifier (2f- configuration)

gain=10
F. Kottmann, CHIPP, Gersau 24.08.2010 — p.20




s
The laser system

Yb:YAG thin—disk laser

cw TiSa laser

- == [Oscillator| [Oscillator| €= | |

izoow 1030 nm| [1030 nm| 200 W PR eréa;/eer Verdi | | 708 nm H 6.02 um
500 W. Amplifier| | Amplifier 5'00 Wi cw TiSa |

: 43mJ¢ Y 43mJ | : >KFPII 708 nm ||

| - 400 mw | st d

| SHG SHG 1 {1, / Cs i 1_“S_t?!<es 39 Stokes

| {'SHG ? N~ DI | !

Sy I A N | ‘ 708 nm AT

| Y Y 7mJ | e~

| 23mJ| 515nm |23 mJ 1.5mJ ) | 1.00ym | _____

1 N i o 6.02um
== W rseoss | eldes ey
! N . 1 ‘ T H

‘ TiSa Amp. ~ 708 nm, 15 mJ | 9 I__\,:o 1 2

: > N

Raman cell

tunable wyib (p, 1) = const
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O
The laser system

Yb:YAG thin—disk laser

~ == (Oscillator| |Oscillator| €= i | cw TiSa laser 3 ) 190 mm ‘ 12
1200 W [ 1030 nm| | 1030 nm|200W' |, | Wave Verdi | - .

9m3¢ ¢9m3 | TIEETS v 5W, Ig

500W. Amplifier| | Amplifier { Wi cw TiSa | l

‘ Vasmi -ICFP)l| | 708 nm |

43 mJ¢ aaml 400 mW ||

SHG Siife I, /Cs |

S R ‘SHG‘} N S A 1

S Y A N——— > | Horiz. plane Vert. plane

Design: insensitive to misalignment

ISa Amp.

l Y Y 3

= N T |» | o
N mmig | Transverse illumination
w T K 708 nm, 15 mJ |

: > |

Large volume

Dielectric coating with 2 > 99.9% (at 6 um )

— Light makes 1000 reflections

Raman cell
— Light is confined for 50 ns

/ — 0.15 mJ saturates the 2S5 — 2P transition
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e
The laser system

Yb:YAG thin—disk laser Water absorption

| i ‘ . | 07 ¢
- == Oscillator| |Oscillator| €= Crly VIS [BIEL | 06 -
200w | 1030 nm| | 1030 nm|200W'  , | Wave Verdi | | i
| 17 meter ‘ 05 £
[ 9mJ 9mJ : : ¢, 5 W, o :
: III’P e - 4““ : [ . : ' i
500 W Amplifier| | Amplifier s00wW | Lo KFPII cw TiSa || 03 |
| *’43nﬂ b 708 nm | r
| 43 m-J ! | ] 0.2 L
| SHG - A0mw | | L
: SHG | : = |2 / CS | 01 f i \J.\.J ’\H Ll
: - SHG ';;: : <% : 0 :““\“‘ Cl 1 “‘\“ﬂ\ P O RO SRR
*************************** i | 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
I e | N Wavenumber(cm'l)
7 mJ 0.7 :
23mJ|  515nm |23 mJ 1.5mJ ) 06 SEE gl
4 S

ISa Amp.

== rsaow. %
: I*r—. mirg : 04
| T [ 708 nm, 15 mJ | :
: >

0.3 [

02 |

Ui

o T O I R
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1
|
|
|
|
|
|
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|
|
|
|
|
|
|
|

01

Raman cell

e Vacuum tube for 6 um beam transport.

e Direct frequency calibration at 6 pm.
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Data analysis: time spectra

FP 900, 11 hours measurement

c sl all APD detector hits
o 107 E
AN —
= =
2 B
o 10° =
> —
B —
10°
= 400 muons per second
B 240 laser shots per second
102 = 860 000 laser shots per hour
- 1.56 million detector clicks in 11 hours
10 — 19 600 clicks in the laser region
i expected 2-3 laser-induced events per hour
1e
| | | | | | | | | | | | | | | | | | |
0 2 4 6 8 10

time [us]
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FP 900, 11 hours measurement

L
\

=
o
a1

10*

events in 25 ns

10

Laser

l

all APD detector hits

correlate X-ray and electron detectors

U — evy Ve

all reconstructed events
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FP 900, 11 hours measurement

c 105 & — all APD detector hits

& E b Laser —— all reconstructed events

= - [ | l ———— mu-decay electrons

7)) — !

= all x-rays

o 10°E 4

o =
10° __ x-rays identified by detector multiplicity = 1
107

10

0 2 4 6 8 10
time [us]




FP 900, 11 hours measurement

c 10— ¢ — all APD detector hits
Lo — [
N = a Laser — all reconstructed events
£ - | l —— mu-decay electrons
2, ! ——— all x-rays
o 10" -
> = x-rays followed by mu-decay
10° £
- |
10% - |
10 =, Mww \ |
‘ bl b
f{ " b Wu"“ﬁ \ “ﬁ
H
i I Y R BN ¥ | |lh|“
0 2 4 6 8 10

time [us]
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events in 25 ns

FP 900, 11 hours measurement
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all APD detector hits

all reconstructed events
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Data analysis: time spectra
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