Proton Size Puzzle: Fat or Thin?
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In 2010 the CREMA (Charge Radius Experiments with Muonic Atoms)
Collaboration measured very precisely the Lamb shift of muonic hydrogen. I
opened the new era of the precise investigation of the spectrum of simple ato

In the new experiments by this Collaboration withuonic deuteriunand ions of
muonic heliuma charge radii of light nuclei were obtained withry high precision

Formuonic hydrogerandmuonic deuteriunmt was shown that obtained values @
the charged radii arsignificantly differenfrom those which were extracted fron
experiments with electronic atoms and in the scattering of the electrons with
nuclei and were recommended for using by CODAFS,Isd {PRGIDN GHARC
RADIUS PUZZLB@

Several experimental groups plan to measure the hyperfine structure of variol
muonic atomswith more high precision.



One can consider experiments witinuonic atomsas asmoking gurfor:
Precise measurements of tiigoton charge radius
Test of theStandard ModeWwith greater accuracy

and, possibly, to reveal the source of previously unaccounted interactions
between the particles forming theound state in QED
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The HFS requires the sgpin coupling that is
the interaction between the nuclear spin S
and the electron total angular momentum j,
where f = + S is the atom total angular
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2P fine structure

Two transitions measured 'T =498813Y( 65) GHz
ng = 5461116(1.05 GHz

From these two transition measurements, one can independently
deduce both the Lamb shibRg =DE(2R,,b H,4)
and the 28HFS splitting¥g g by the linear combinations

1 3
—hvs +—=hvi = AEL + 8.8123(2)meV Lamb
4 4 ' shift

singlet

hvs — hvy = AEges — 3.2480(2)meV

Then one get
=1

DE " =202370623) meV 25, b
DE e =22.808951) meV

]2 S hyperfine splitting

F=0



Proton Size Puzzle

r = ()_875;(6])fm (CODATA- 2()14)‘ From spectrum of electronic atoms and
D the scattering of the electrons with nuclei

Lamb shift in muonic Hydrogemp) (a proton orbited by a negative muon)
muon mass m; ~ 200 Xm,

Bohr radius r, ~ 1/200 xr, np has much smaller Bohr radius compared to electronic hydrogen and
} | so ismuch more sensitivéo the finite size of the proton

u inside the proton: 200° ~ 10’

o CREMA experimemntature 2010; Science 2013
DES" =202370623) meV (0.05% precision)

3/2 3 . R
DE, . = 206066425)-5. 227\"(qu< >+O%r > B[me\/] 2-22/321[1}; ;l)Jmmary. Antognini et al. AnnPhys 2013

r, =0.8408%39)fm (CREMAcoII.Antogninietal.,2013)| 5.6 deviation! 1 = [drr? pg(r)




ZemaCh rad I US 2P fine structure
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The proton rms charge radius measured with
electrons: 0.8751 4= 0.0061 fm
muons: 0.8409 £ 0.0004 fm

up 2013 =« ° CODATA-2014
r,is 7s smaller than CODA1Z2010
up 2010 - . ° 'H spectroscopy
4.0s smaller than r, (H spectrosopy)
® . e-p scatt.
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Muonic deuterium CREMAL6

F=5/2 0.7534 meV
= F=3/2 0.3634 meV
FS: 8.86412 meV

LS: 202.88 meV

2S-HFS: 6.27 meV




Deutron charge radius

DE." =202878%34) meV

DEL =2287764 10) meV (QED)
+1.7096200) meV (TPE)
- 6.1103  3)r2 meV/fm?

MY r,=21256278) meV (CREMA2016)

H/D isotope shift: ;

f“ — 3.82007(65) fm?

rpfrom pHgives  rg =2.12771( 22) fm < 540 fromr, | |CODATA 2014 14 =2.14130(250) fm
3.50 indep. of r, = "o 1 SDectr r 4is 7.5s smaller than CODAT2010
(99% correlated with r!)
ubD e another 6¢ discrepancy!
- - 3.5s smaller than r, (D spectrosopy)
UH + 1so H/D(1S-2S5) - CODATA-2010
(5.40 from uH) —
= i
e-d scatt.
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The leading contribution to the hyperfine splitting (HFS) in muonic hydrogen is coming frepmoto& exchange
[AP Martynenko, RN Faustov 2004]
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We calculate further the contribution to HFS coming from light pseudoscalar aneragtal meson exchanges
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Pseudosclamesons

The effective vertex of the interaction of tli&s mesonand virtual photons can be expressed |
terms of the transition form factors

1

ko > " 9. 9 9
A ( l(q1,e1) V(az.e2) 7 T(P)) = 1€ upo€] Equtb A2 [ sy (p » 415 qQ)
T

As a result, the hyperfine part of the potential of the goien interaction of a muon and a
proton in the Sstate takes the form

2 2 I Py P —k q,
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Upper block: twegamma transition FF into PS meson
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Calculating the matrix elements with wave functions of 1S , 2S and 2ftes, we obtain the
corresponding contributions to the HFS spectrume (Use data from CLEO on JFF

305 AW (1+ 2 < s mi 2
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AxialVector Mesons

The transition from initial state of two virtual photons with feomomenta k1, k2 to aaxial vector meso@ (JPC
= 1++) with the mass Mor the small values of the relative momenta of particles in the initial and final states
and small value of transfer momentum t between muon and proton is

T""=8pi a,g k KF;, . (M,f;0,0)

99
The final result for the HFS potential is

_ :32151’2{}41_?;);) y (2}'2 —+ Il|2) .- ;
AVIEP(p—q) = -5t / id e ——— 0 Py (0. k2. k2
(P =W =g ey ) TR0 g T )

By using L3 Collaboration data (production,01285) and {(1420)), we can parameterize the transition form factor for the

case of two photons with equal virtualities
L2
2.1,2 L2\ — 2. 2 2 2\ —__ =A
Frw o(MZK.K) = F o (M20,0 F2 (k2 Fav (K?) 7 e

with the normalization fixed from the decay width of axvalctor meson measured hy3 Collaboration (Expect improvements

From BESIIlI and BELLI
LS 1040 %8 MeV, L"]_l 926 78 Me

f,(1285 f,(1420



Meson-Nucleon Couplings

Within the NJL model from Triangle diagram one has

2 125910, 0) = iz

(12899 *g( M f; (12891

Another couplings are related to each others by using chiral symmetry
and SU(6model for wave function of the proton

g f,(1260qq -9 f,(1283qq’
5

—
—

gf1(1283 pp = gfl( 1285qq’ g1‘1( 126Ppp 3 gfL( 1295qq

With Mg=300 MeV one gets

Ot,a285pp — (128309 I 126pqq 340 1719,
o —2-67 °1.98, g, 4.51 0.1

9 f,(1260) 1420 pp



Our result for HFES interaction can be rewritten (azAm)

y) (0)
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Making the Fourier transform and averaging the obtained expression with the wave functio
1S and 2S states, we obtain the following contribution to hyperfine splitting
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where W=m andmis the reduced mass.



AxialVector and Pseudoscalar mesons contribution to HFS of muonic hydrogen

mesons | I€(JPC) | Ay | F{....(0.0) AEMs(18) AEMs(28)
in MeV in GeV 2 in meV in meV
F1(1285) [ OF(1FT) | 1040 0.266 —0.0003 £ 0.0033 | —0.0012 £ 0.0004
a1(1260) | 1-(177) [ 1040 0.501 —0.0437 £0.0175 | —0.0055 + 0.0022
F1(1420) [ 0T (17T) | 026 0.103 —0.0013 £ 0.0008 | —0.0002 % 0.0001
0 1—(0-7) | 776 —0.0017 £ 0.0001 | —0.0002 = 0.00002
Sum —0.0560 £ 0.0178 | —0.0071 £ 0.0024




Corrections of 2ohoton interaction to the fine and hyperfine structure of-Bnergy levels of mthydrogen

" =k 0N

/.l > =1 )
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p

P2 g2

State |Correction of 2+ exchange|Correction of axial meson exchange
amplitudes, peV amplitudes, peV

21Py )9 -0.2027 0.0005

25Py /9 0.0761 -0.0002

23Py )9 0 -0.00005

2°Py 9 0 0.00003

The corrections from twephoton exchange amplitudes are more significant f@recise comparison with the experimental
data because their numerical values are of tdrder of 0.000ImeV.
Recall that to explain the proton radipsizzle, a contribution of about 0.8neVis needed.



Hierarchy of contributions to Lamb shift

1-loop eVP A 205 meV

proton size

2-loop eVP

USE and uVP
discrepancy

1-loop eVP m 2 Coul.
recoil

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light
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Conclusions

FromCREMAexperiment side

Gt NPG2y NI RA dzz=1lduilisiptiz&e  |r, =0.8408739)fm|

r, =1.08437)fm

Muonichelium-3 and-4 ions show (preliminary) no big discrepancy

New projects are ongoing, one of them FAMAsI(caAtomi MUonic) with accuracy 2 ppm




In our theoretical work

A newlarge contribution to the HFS of muonic hydrogen is discovered, that
Induced bypseudoscalaandaxialvector couplings to two photon state.

While results do not influence on the proton charge radius, they provide diminishing of
the Zemachradius |r, =1.04037)fm| (compare witHr, =1.08237)fm )

It should be taking into account for the interpretation of the new data on HFS in this
atom.

There are still a number of uncertainties in phenomenological input used in our
calculations and some other new effects unaccounted by us. (Work is in progress)



This will make it possible to better understand the existing "puzzle" of the proton charge radius, to check the Standard
Model with greater accuracy and, possibly, to reveal the source of previously unaccounted interactions between the
particles forming the bound state in QED.

One of the ways of overcoming the crisis situation arises from a deeper theoretical analysis of the fine and hyperfine
structure of muonic atom spectrum, with the verification of previously calculated contributions and the more accurate
construction of the particle interaction operator in quantum field theory, the calculation of new corrections whose value
for muonic atoms can increase substantially in comparison with electronic atoms. The expected results will allow to get a
a new very important information about the forces which are responsible for the structure of atoms.

Below, we discuss the effects of exchanges between muon and proton which can contribute to hyperfine structure of
muonic hydrogen coming from the effective light meson exchange between muon and proton induced by coupling of piol
to two photons. In spite that numerically such contribution was found to be rather small, its contribution will might be
Important for the interpretation of new data.



|

Results from muonic hydrogen and deuterium:

»

»

»

»

»

Proton charge radius: rp= 0.84087 (39) fm
Proton Zemach radius: Rz = 1.082 (37) fm
Rydberg constant: R.. = 3.2898419602495 (10)™ (25)FP x 10" Hz/c

Deuteron charge radius: ry; = 2.12771 ( 22) fm from uH + H/D(1S-2S5)
The “Proton radius puzzle”

muonic helium-3 and -4: charge radius 10x more precise. No big discrepancy
H(25-4P) gives revised Rydberg = small r, PRELIMINARY

New projects:

e o o b o © b

1S-HFS in muonic hydrogen/*He <« PSI, J-PARC, RIKEN-RAL, ...

LS in muonic Li, Be, B, T, ...;  muonic high-Z, ...
1S-2S and 2S-n/ in Hydrogen/Deuterium/Tritium, He™
He, H,, HDT,...

Positronium = e*e~, Muonium = u e~
Electron scattering: H at lower Q{ D, He
Muon scattering: MUSE @ PSI
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