The size of the Proton

Laser spectroscopy of Lamb Shift of
muonic hydrogen




& F Proton
Fﬁﬁ fW_]::El’]EE H }ﬁp’ n, e o° Classification: Baryon

Composition: 2 up quarks, 1 down quark
15 ibﬂiﬂ E EI’J T ﬁ*» = ?l] E—' ? Particle statistics: Fermionic

Symbol(s): p, p+, N+

Theorized: William Prout (1815)
Discovered: Ernest Rutherford (1919)

Mass: 1.672621637(83)x10-27 kg
Mean lifetime: >2.1x102%° yr (stap
Electric charge: 1.602176487(/ge wieanion
Charge radius: 0.877 (7) fm T2 RER
Magnetic moment: 2.7928473
Magnetic polarizability: 1.9(5)x10-* fm3
Spin: 172 Isospin: 172 Parity: +1

Electric dipole moment: <5.4x10-24 e:cm
Electric polarizability: 1.20(6)x10-3 fm?
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F(1S—2S) = 2466061 413 187 074(34) Hz
L(18) = 8 172840(22) kHz
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QED test and RMS of the proton charge radius
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transition energy=theory + proton size

—> proton size=transition energy - theory



Few possible strategies to go
around the finite size effect

* Purely leptonic system : me > e+e-

muonium 1s-2s : muon mass problem (2000, PRL)

positronium 1s-2s : Second order Doppler effect (1993, S. Chu)

* Measuring the proton size
muonic hydrogen spectroscopy



Recognized value of
proton charge radius

The Committee on Data

/for Science and Technoloy

® H-spectroscopy (CODATA): 0.8768+0.0069 fm

® Electron-proton scattering :0.897 £ 0.018 fm

® (0.8% accuracy
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Lamb shift and rp

8.4 meV
2I:’3/2 F'2
S state = F=1
E 2I:’1/2 1
lectron — F=0
O tep~ 51070 m 1, ~ 310 B m
rp ~ 1071 m
m, =200-m, = 1y = 72%16
More sensitive to the
P state T
structure of proton !!!! fin. size:
3.7 meV F1
F=0

AE=209.9779(49)-5.2262 rp? +0.0347 rp > meV
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Principle

Cascade and detection mechanism

Hydrogen

Prompt X-ray

1.32x10° events
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delay X-ray




Iwo major technical

challenges

<SkeV
® Muonic hydrogen: Produce slow muon that
can stop in low pressure hydrogen gas. | Lp;

® | ight source: 6Uum laser source, powerful, 0.2 m|
well-controlled frequency, triggered on '

demand. At<I1 s
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Generation of Cold muonic hydrogen
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708nm—6um Laser system
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Results
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CODATA experimental inputs

TABLE XII. Summary of measured transition frequencies v considered in the present work for the determination of the Rydberg
constant R, (H is hydrogen and D is deuterium).

Reported value Rel. stand.

Authors Laboratory Frequency interval(s) (v/kHz) uncert. u,
Fischer et al., 2004a, 2004b  MPQ vu(1S1,-2S1)) 2466 061 413 187.074(34)  1.4x10714
Weitz et al., 1995 MPQ v(281,-4S10) — vu(181,-281,) 4797 338(10) 2.1x107°
v(2S17-4Dsp) — 3 vp(1S15-2810) 6490 144(24) 3.7%107°
1 (281,-4S12) — 3vp(181,-2S1,) 4801 693(20) 421070
p(281-4Dsp) — 1 vp(1S1,-2810) 6494 841(41) 6.3 1070
Huber et al., 1998 MPQ vp(181,-2S1,) — vir(1S1,-2S1,5) 670 994 334.64(15) 2.2x10710
de Beauvoir et al., 1997 LKB/SYRTE  v4(2S,-8S1)) 770 649 350 012.0(8.6) 1.1x10711
v (2S1,-8D3))) 770 649 504 450.0(8.3) 1.1x 10711
v(2S1/,-8D5),) 770 649 561 584.2(6.4) 8.3x 10712
15(2S1,-851,2) 770 859 041 245.7(6.9) 8.9x 10712
15(2S1,-8D3))) 770 859 195 701.8(6.3) 8.2x 10712
1p(2S1,-8Ds)) 770 859 252 849.5(5.9) 7.7x10712
Schwob et al., 1999, 2001 LKB/SYRTE  vy(2S;,-12D3),) 799 191 710 472.7(9.4) 1.2x10™1
v(2S1,-12Ds),) 799 191 727 403.7(7.0) 8.7x 10712
1p(2S1,-12D5)5) 799 409 168 038.0(8.6) 1.1x 10711
vp(2S1,-12D5),) 799 409 184 966.8(6.8) 8.5x 10712
Bourzeix et al., 1996 LKB v(281,-6S10) — ;vu(181,-3S1) 4197 604(21) 4.9x107°
v(2817-6Dsp0) — vu(1S1,-3812) 4699 099(10) 2.2%107°
Berkeland et al., 1995 Yale v(281,-4P1p) — 5va(1S1,-2810) 4 664 269(15) 3.2x107°
v(281,-4P3) — sv(1S1-281,) 6035 373(10) 1.7X107°°
Hagley and Pipkin, 1994 Harvard v (2S1/,-2P3)) 9911 200(12) 1.2x10°6
Lundeen and Pipkin, 1986 Harvard v(2P1p-2S1)) 1 057 845.0(9.0) 8.5%x107°
Newton et al., 1979 U. Sussex v (2P1p-2S1)) 1 057 862(20) 1.9x107




Impacts

H-spectroscopy ks @

accurate
theory
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Implications

Now, we have a big trouble in atomic physics

Some possible routes to the puzzle:
® |s QED wrong???
® Physics in very small scale (am 108, zm [0-2")??2

® Unexplored H-p or e-p interaction???

Is there any sign shown in the past !




Hint A:

S MUON A FISHY PARTICLE!
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A POSSIBLE WAY O SOLVE
e PUZZ0

T QED Is the trouble maker, then we should find a system that
tests QED only, without the nucleus size problem.

v

Purely leptonic system

v

|. muonium—limited by the knowledge of muon mass my/me
2. positronium—a forgotten one, no news for |5 years



RN : | aser spectroscopy of positronium
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it C:

A HINT
HOW ABOUT THE
CHARGE RADIUS DIFFERENCE

Absolute size;
uP: r,=0.84184 fm

H: rp,=0.8/68 Im
S0 AWaY..wwrnnens DISCREPANCY

Proton-Deutron Size difference;
e-d scattering & PUP—=rqa?rp?=(2.130)2-(0.84184)?=3.828(24)

H-D spectroscopy—rq¢%tp? =3.82007(65)
0.30 only! AMAZINGLY AGREE



it C:

ISOTOPE SHIFT & CHARGE
DIFFERENCE

H-spectroscopy—= QER+r,
— [D-spectroscopy — QFR+r

lsotope shift—

The deduced radius difference is “almost” QED free
(QED plays no role here)

Absolute size, with QED —discrepancy .
Size difference, without QED —agree — QED problematic ¢/




Future of the experiment

® Analysis other hyperfine transitions and
muonic Deuterium.

® muonic helium (UHe™) experiment
(approved project, take data in 201 3)



Few more thoughts after
sometime

QED is not endangered by the proton ‘s size: A De Rujula - Physics Letters B, 2010

20Z( aZm, \? o alm,, .
AE, =~ {r') = {r)e) AE=209.9779(49)-5.2262 rp? +0.0347 rp3 meV

3 n 2 /
+ (aZ)*(Fge + m%FNR)] : ,
Zemach moment : Charge or Magnetic moment, form factor

Third Zemach moment of the proton: IC Cloet, GA Miller - Arxiv preprint arXiv:1008.4345,
2010

Re-analysis electron scattering world data to find more precise Zemach moment

Spectroscopy as a test of Coulomb's law - A probe of the hidden sector:Jaeckel, S Roy -
Arxiv preprint arXiv:1008.3536v2, 2010

Is Coulomb’s law valid in a very small scale?

“Soon it will be a flood wrong (theoretical )works.”
--- a colleague

34



muonic hydrogen 2S Lamb shift
Collaboration
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