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The Rydberg constant
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The Proton Radius Puzzle
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Summarizing all electronic measurements of 7, (spectroscopy and

scattering) from hydrogen and deuterium data, yields a 5.6 0
discrepancy to the CREMA measurement.
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muonic deuterium (ud)
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muonic deuterium (ud)

2P F=5/2
32 F=1/2
) F=3/2
2P fine structure
~9meV
2Py F=3/2
F=1/2
F=3/2
2S hyperfine splitting
~6meV
F=1/2

~28meV
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muonic deuterium (ud)

Py F=5/2
~ F=3/2
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muonic deuterium

experimental results

measured transitions:

2P;, < F=5/2

F=1/2
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muonic deuterium

experimental results
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muonic deuterium

experimental results
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muonic deuterium

experimental results
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muonic deuterium

the size of the deuteron

CODATA-2014
pd — —e— [t S ——
D spectroscopy
. e-d scatt.
P S S S B SR
212 2.125 213 2.135 214 2.145

deuteron charge radius [fm]

— 5.90 discrepancy between rq(ud) and CODATA-2014.

[R. Pohl et al. (CREMA-coll.), Laser spectroscopy of muonic deuterium, Science 353, 669 (2016)]
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muonic deuterium

the size of the deuteron

CODATA-2014

ud e

Attention:
e Correlation between r;, and rg from CODATA
e Data of proton and deuteron can be separated

[R. Pohl etal., rq from spectroscopy in atomic deuterium, arXiv:1607.03165, submitted]
— 2 discrepancies 'as independent as possible’ of about
4.00 (up + H)

and  3.50 (ud < D)!

— 5.90 discrepancy between rq(ud) and CODATA-2014.

[R. Pohl et al. (CREMA-coll.), Laser spectroscopy of muonic deuterium, Science 353, 669 (2016)]
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muonic deuterium

the size of the deuteron

CODATA-2014

ud e

Attention:
a Covealation bhotwicoan v and v fram CONDATA

. . 2
still physically correlated: 3 =i, F T2+
P

4% smaller proton consistent with 0.8% smaller deuteron!
| dild J.J0 \,U/Ll <7 .L/}!

— 5.90 discrepancy between rq(ud) and CODATA-2014.

[R. Pohl et al. (CREMA-coll.), Laser spectroscopy of muonic deuterium, Science 353, 669 (2016)]
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Lamb shift (25,5 — 2P )
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Lamb shift

two-photon exchange (TPE)

extract TPE from muonic data:

e 3 measured transitions, 2 fit parameters (LS, 2S HFS)

o AELs = AEQED + AEfin size(coeff x 13) + AERS .
use

e 7,(pp) = 0.84087(39) fm

e electronic iso-shift: r3 — rg = 3.82007(65) fm?parthey ctar (vpQ),

PRL 104 (2010)]
— rd(/,l;p + ISO) - 2.12771(22) fm[/\ntognim etal., Science 339 (2013)]

insert deuteron radius in Lamb shift and extract TPE.
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Lamb shift

two-photon exchange (TPE)
TPE in history (huge deviations!!!)

Year  Source Value [meV] Uncert.
1992  Fukushima etal. 1.24 (4 el.)”

1994  Lu and Rosenfelder 1.450(+ el.)* 0.060
1995 Leidemann and Rosenfelder 1.500(+ el.)* 0.025
2011  Pachucki 1.680 0.016
2013 Friar (ZRA) 1.941 0.019
2014 TRIUMF/Hebrew group 1.690 0.020
2015 Pachucki and Wienczek 1.717 0.020
2014  Carlson etal. 2.011 0.740

2016 iled th | 1.7096 0.0200
our compiled theory value

WE\N\'[)2016 our exp. value 1.7638 0.0068
-

* elastic term: 0.424(3) meV from Hernandez et al.
green: modern determinations, include cancellation of elastic term.
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muonic helium (uHe™)
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Muonic helium-4 (pu*He")

[

10
B
g - Scattering~ This value
e - ———
< o=
P L
[ = —
2 L
oooel Zavattini Batell et al.
0.6—
0.4—
= P [ S 1%1
% HTT T +1+‘” ]{{‘ HH
ol v v vy 1 e e e 1 L
366 367 368 369 370 371

372
Frequency [THz]
e Analysis by Marc Diepold.

e Theory summary submitted. Publication of experimental results in
preparation.
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Muonic helium-3 (p*He™)
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Analysis by J. J. Krauth
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Muonic helium-3 (p*He™)

3He(1) resonance

normalized events [a.u]

W\u |
fit agrees with theoretical width of 320GHz =~ [—=—=— H

accuracy on each line center: <100ppm
expected accuracy on charge radius:
1.9xxx(7)fm, dominated by TPE.

I
2000 2500
Frequency Offset [GHz]

AnaIySIS by J. J. Krauth o5 ED 7 500 T T
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Charge radius difference in muonic helium

| —— our uncertainty (very prel.) | Cancio Pastor et al +*

~®~ PRL 108, 143001

(2012)
Shiner et al **
van Rooij et al * ~®  PRL 74, 3553
Science 333,196 T (1995)
(2011)
" " " 1 " " " Il " " " Il " " " Il " " " Il " " " 1 " " "
1 1.02 1.04 1.06 1.08 11

helium isotope shift r’He) - r’(*He) [fm?]

value from re-evaluated theory in

* Cancio Pastor et al., PRL 108, 143001 (2012)
**  Patkos, Yerokhin, Pachucki, arXiv:1610.04060 (2016)
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Conclusions

rq(pd) 5.90 smaller than CODATA
3.50 smaller than r4(D)
within 2.60 of rq(r, + iso)
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Conclusions

rq(pd) 5.90 smaller than CODATA
3.50 smaller than r4(D)
within 2.60 of rq(r, + iso)

Scenario 1:

rp(H) and r4(D) wrong? rp = 0.84087(39) fm
— Ro wrong by 60 _, Ta=2.12771(22) fm (up + iso)
— 1p(e — p) wrong AERSL = 1.7638(68) meV (ud)

— TPE in ud 2.60 larger — shift R by 60!

19/10/16 J.J. Krauth

18/20



Conclusions

rq(pd) 5.90 smaller than CODATA
3.50 smaller than r4(D)
within 2.60 of rq(r, + iso)

Scenario 2:
Beyond SM New force carrier w/ ~ MeV mass
pp: 0.33meV - Batell etal. (2011)
pud: 0.45 meV — excluded by p*Het! (prelim.!)

(9—2)u: 3.50 — Tucker-Smith, Yavin (2011)
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Outlook

proton Sma”er (Pohl et al. Nature 2010, Antognini et al. Science 2013)

deuteron smaller (ot etal. science 2016)

To agrees with e~ -scattering (preliminary)

helium-3: theory in preparation.
Will give insight into charge radius difference.

more experiments to come: H(2S-4P), H(2S-6P), H(2S-2P),

MUSE, He™, ISR, PRAD, pup(HFS), u*He™(HFS) and many
more
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Thank you for your attention!
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