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Weak-interaction contributions to hyperfine splitting and Lamb shift in light muonic atoms
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Weak-interaction contributions to hyperfine splitting and Lamb shift in light electronic and muonic atoms
are calculated. We notice that correction to hyperfine splitting turns into zero for deuterium. Weak correction
to the Lamb shift in hydrogen is additionally suppressed in comparison with other cases by a small factor

(1 — 45sin? Oy).
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I. INTRODUCTION

Unexpected results of the Lamb shift measurement in
muonic hydrogen at Paul Scherrer Institute (PSI) [1] gave rise
to the proton radius puzzle. It consists of the five o discrepancy
in the value of the proton radius extracted from the muonic
hydrogen experiment [1] on the one hand and the values
extracted from the electronic hydrogen (see review in the
Committee on Data for Science and Technology (CODATA)
compilation [2]) and electron-proton scattering [3] on the
other hand. A burst of theoretical activity followed the PSI
experiment. Old results on the Lamb shift in muonic hydrogen
were recalculated and confirmed (see, e.g., Ref. [4] and refer-
ences therein), proton structure and polarizability corrections
were critically reevaluated and improved (see Refs. [5,6] and
references therein), and possible new physics explanations
were explored (see Refs. [7,8] and references therein). Despite
all these efforts no resolution of the proton radius puzzle was
found. It seems now that the solution of this problem will
require a lot of additional experimental and theoretical work,
in particular, precise measurements of different transition
frequencies in muonic hydrogen and other light muonic atoms.
An experimental program on the measurement of transition
frequencies in light muonic atoms is now in progress by
the CREMA Collaboration at PSI. First experimental data
on hyperfine splitting (HFS) in muonic hydrogen is coming
soon, and the results for muonic deuterium and helium ion
are to follow [9]. In anticipation of these experimental data
we calculate below weak-interaction contributions to HFS and
Lamb shift in light muonic atoms, generalizing old results for
muonic hydrogen [10] (see also Ref. [11]).

An effective low-energy field-theoretic weak-interaction
Hamiltonian due to neutral currents for the fundamental
fermions has the form (see, e.g., Ref. [12])
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where 0y is the Weinberg angle, Q is the charge operator in
terms of the proton charge, T3 = T3(1 — y3)/2, T is the weak
isospin, and summation goes over all species of fermions.
Each current in this local four-fermion Hamiltonian contains
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a vector and an axial part. For nucleons, axial parts are
renormalized by strong interactions and should be multiplied
by g4 = 1.27 (see, e.g., Ref. [12]). Specializing for the case of
lepton-nucleon interaction the Hamiltonian in Eq. (1) reduces
to [an extra factor of 2 arises because all fields enter each factor
in Eq. (1)]
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where ; is the lepton (electron or muon) field, and ¥,
and v, are the proton and neutron fields, respectively.

This Hamiltonian generates all weak-interaction contributions
considered below.

Hz = Uiy (1 — 4sin® Oy)]

II. WEAK-INTERACTION CONTRIBUTIONS TO
HYPERFINE SPLITTING

The leading weak-interaction contribution to HFS arises
from interaction of axial currents in Eq. (2). In the leading
nonrelativistic approximation only spatial components of axial
neutral currents give nonzero contributions [10], and the
Hamiltonian simplifies to

H, — 849 f‘” By Y ) TV Vn — Ty V)
gA F 43 Toi5

Wi XUy Y VDY v 0 — Uy v V).

(3)

For a nucleus with Z protons and A-Z neutrons this field-
theoretic Hamiltonian in the nonrelativistic limit reduces to
the quantum mechanical Hamiltonian

(Za,, ZU)S%) )

Matrix elements of this operator give the leading weak-
interaction contributions to HFS that is nonzero only in §
states. The only remaining task is to calculate the expectation
value of the scalar product taking into account the nuclear
wave function. We consider below in parallel light electronic
and muonic atoms and ions, but numerical results are provided
only for muonic systems.
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A. Hydrogen

In the case of muonic (electronic) hydrogen there is only one
term in the nuclear factor in Eq. (4), and we immediately obtain
the leading weak-interaction contribution to HES splitting in
the nS state [10] in the form

G
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where  ¥,(0) = /(Zam,)?/(wn3) is the Coulomb-

Schrodinger wave function at the origin (Z =1 for
hydrogen), m, =mym,/(m; +m,) is the reduced mass,
J = 0/2 is the lepton spin operator, I = o ,/2 is the proton
(nucleus) spin operator, and F = I + J is the total angular
momentum. Obviously, (¢, - ¢ ,)|5=) = 4 and
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Numerically for n = 2 in muonic hydrogen the weak contri-
bution is

F=1

F=0 )

AEZ(28) =2.8 x 107* meV, (7)

which is at least an order of magnitude smaller than the
uncertainty in HFS due to proton structure contributions [13].

To elucidate the magnitude of the weak-interaction contri-
bution let us compare it with the dominant Fermi contribution
to HFS in muonic hydrogen (see, e.g., [14,15]),
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where g, ~ 5.58... [2] is the proton g factor in nuclear
magnetons.

For excited states the dominant contribution to HFS scales
as 1/n3 and for the state with an arbitrary principal quantum
number 7 the ratio of the weak and the dominant contributions
to HFS in muonic hydrogen is
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B. Deuterium

Deuteron is a spin-1 loosely bound system of two non-
relativistic nucleons that are predominantly described by
the S-state wave function. Respective spin wave function
is symmetric and the matrix element of the spin-symmetric
deuteron nuclear factor of the effective Hamiltonian in Eq. (4)
in this approximation is equal to zero:

<Up_611> =0. (10)

This conclusion remains valid even after account of the
admixture of the D wave in the deuteron wave function, since
the D-wave spin function is also symmetric with respect to spin
variables (see, e.g., Ref. [16]). Hence, the weak-interaction
contribution to HFS in electronic and muonic deuterium in the
leading nonrelativistic approximation is zero.

C. Tritium

Triton is a spin—% (I = 1/2) system of one proton and two
neutrons (Z = 1, A = 3). The third component of isospin for
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the triton is minus one half (73 =1/2 - 1/2 - 1/2 = —1/2).
It is predominantly described by a product of the S-wave
coordinate wave function and a completely antisymmetric
spin-isospin wave function. Obviously, in this approximation
(0, —0, —0,)=2I.Amore accurate analysis taking into
account the other components of the triton wave function
produces [17]

(0p—0n —04)=2I(1—3%Py — 2Pp) =2cI, (11)

where ¢ & 0.92.
Further calculations go exactly like in the hydrogen case
above and we obtain
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Numerically for » = 2 in muonic tritium the weak contribution
is

AEz(nS) =

12)

AEz(n=2)=3.1x 107 meV. (13)

Like in the hydrogen case we compare the weak contribu-

tion with the dominant Fermi energy in muonic tritium:
4 oe(Zoz)3mf
Ep =g ———
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where g, = 5.957924896(76) [2] is the triton g factor in
nuclear magnetons.

For excited states the dominant contribution to HFS scales
as 1/n3, and for the state with an arbitrary principal quantum
number 7 the ratio of the weak and the dominant contributions
to HFS in muonic tritium is
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D. Helium ion

Helion is a spin-% (I = 1/2) system of two protons and a
neutron (Z = 2, A = 3). The third component of isospin for
the helion is one half (73 =1/2+1/2 —1/2 =1/2). Like
the triton the helion is predominantly described by a product
of the S-wave coordinate wave function and a completely
antisymmetric spin-isospin wave function. Obviously, in this
approximation (¢, +0,, —0,) = —2I. A more accurate
analysis taking into account the other components of the helion
wave function produces [17]

—0,)=—-2I(1—3Py —3Pp) =—2cl. (16)

(Op, —0p, 3

Further calculations go exactly like in the hydrogen and
tritium cases above and we obtain

2cgaGr (Zam,)®
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Numerically forn = 2 in muonic helium the weak contribution
is

AEZz(nS) = (17)

AEz;(n=2)=—-2.5...x 107> meV. (18)
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Like in the hydrogen and tritium cases we compare the
weak contribution with the dominant Fermi energy in muonic
helium:

4 a(Zo)m?
Ep=cgn——F
3 myn,
where g, = —4.255250613 [2] is the helion g factor in
nuclear magnetons.

For excited states the dominant contribution to HFS as 1/7°,
and for the state with an arbitrary principal quantum number
n the ratio of the weak and the dominant contributions to HFS
in muonic helium is

n3AE% _ 3 cgaGrmyum, ~ 15
Er  2V2r  @nZa o

= —1370.8... meV, (19)

x 1073, (20)

E. Helium ions ¢*He* and u*He*

The spin of the « particle is zero and there is no hyperfine
structure in e*Het and p*He' helium ions and no weak-
interaction contribution to hyperfine structure.

III. LEADING WEAK-INTERACTION CONTRIBUTION TO
LAMB SHIFT

The leading weak-interaction contribution to the Lamb shift
arises from interaction of vector currents in Eq. (2). In the lead-
ing nonrelativistic approximation only time components give
nonzero contributions [10], and the interaction Hamiltonian
simplifies to

Hy — 25 / P[Py (1 — 4sin’ O )01
X wnyuwn - wpyu(l — 4sin® Qw)wp
G _
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For a nucleus with Z protons and A-Z neutrons this field-
theoretic Hamiltonian in the nonrelativistic limit reduces to
the quantum mechanical Hamiltonian

H; = ﬁ(1 —4sin Oy)[A — Z — Z(1 — 4sin” 6y)189(r).

232
(22)

The matrix element of this operator gives the leading weak-
interaction contributions to the Lamb shift that is nonzero only
in S states. We obtain an explicit expression for the leading
weak correction in all light atoms in the form

Gr . 2 . 2
= ——(1 —4sin“ Oy)[(A — Z) — Z(1 — 4 sin” Oy)]
232 " v
(m,Za)?
X —.
n3
For A = Z =1 this result was obtained in Ref. [10]. It is
interesting to notice that in muonic hydrogen due to A =
Z = 1 the weak contribution to the Lamb shift is additionally
suppressed by a small factor, 1 —4sin®@y =~ 0.08. This
suppression disappears for all other light muonic systems.

AE;(nS)

(23)
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Let us compare the weak contribution to the Lamb shift
with the dominant contribution. The principal contribution to
the Lamb shift in light muonic atoms is generated by the
diagram with the electron vacuum polarization insertion in the
Coulomb photon and was calculated a long time ago [18] (see
also reviews in Refs. [14,15,19]):

8u(Za)*m,
3rn3

0B = f pdp / dcf,ﬂ

(1 + —) ‘/ﬁ (25)
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LZZJrl ,(x) is the associated Laguerre polynomial [20] and 8 =
me (m Za).
For the experimentally relevant interval 2P — 2.5 we obtain

AE, = — 0B, (24)
where
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This expression demonstrates once again that due to the
condition A = Z =1 the weak interaction contribution to
the Lamb shift is additionally suppressed by an extra factor,
1 — 4sin? 0y ~ 0.08,in comparison with the weak-interaction
contribution in other light muonic systems. For muonic
hydrogen, 8 ~ 0.7, 0%)(8) = 0.056, 0})(8) = 0.0037, and
we obtain

AE;Lin=2)

—1.7x107°. 2
AEQP —25) % 29

We see that the weak correction to the Lamb shift in muonic
hydrogen is orders of magnitude smaller than the relative error
of the Lamb shift measurement [1]. It is also much smaller
than the uncertainties of the proton structure corrections [5].

IV. CONCLUSIONS

We calculated the leading weak contributions to HFS and
Lamb shift in light muonic atoms and ions. The leading
correction to HFS in deuterium is zero because the deuteron
weak-interaction Hamiltonian is antisymmetric with respect to
nucleon spin variables while the deuteron spin wave function
is symmetric. Corrections to Lamb shift in hydrogen are
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additionally suppressed by the small factor (1 — 4 sin? Oy).
This happens because all other nuclei contain neutrons that
weakly interact with leptons without this suppression factor.
In all cases weak corrections are much smaller than current
experimental and theoretical errors.

PHYSICAL REVIEW A 85, 034503 (2012)

ACKNOWLEDGMENTS

I am deeply grateful to Franz Kottmann for a question that
triggered this Brief Report. This work was supported by NSF
Grant No. PHY-1066054.

[1] R. Pohl et al., Nature (London) 466, 213 (2010).
[2] P. J. Mohr, B. N. Taylor, and D. B. Newell, Rev. Mod. Phys. 80,
633 (2008).
[3] J. C. Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010).
[4] E. Borie, Ann. Phys. 327, 733 (2012).
[5] C. E. Carlson and M. Vanderhaeghen, Phys. Rev. A 84,
020102(R) (2011).
[6] R.J. Hill and G. Paz, Phys. Rev. Lett. 107, 160402 (2011).
[7] V. Barger, C.-W. Chiang, W.-Y. Keung, and D. Marfatia, Phys.
Rev. Lett. 106, 153001 (2011).
[8] B. Batell, D. McKeen, and M. Pospelov, Phys. Rev. Lett. 107,
011803 (2011).
[9] E. Kottmann (private communication).
[10] M. L. Eides, Phys. Rev. A 53, 2953 (1996).
[11] J. G. Esteve et al., Phys. Lett. B 100, 500 (1981).
[12] K. Nakamura (Particle Data Group), J. Phys. G 37, 075021
(2010).

[13] C. E. Carlson, V. Nazaryan, and K. Griffioen, Phys. Rev. A 83,
042509 (2011).

[14] M. L. Eides, H. Grotch, and V. A. Shelyuto, Phys. Rep. 342, 63
(2001).

[15] M. 1. Eides, H. Grotch, and V. A. Shelyuto, Theory of Light
Hydrogenic Bound States (Springer, Berlin, Heidelberg, New
York, 2007).

[16] A. Akhiezer and I. Pomeranchuk, Problems in the Theory of
Nuclei, Moscow-Leningrad (GosTechlzdat, 1950).

[17]J. L. Friar and G. L. Payne, Phys. Rev. C 72, 014002
(2005).

[18] A. D. Galanin and I. Ia. Pomeranchuk, Dokl. Akad. Nauk SSSR
86, 251 (1952).

[19] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii, Quantum
Electrodynamics, 2nd ed. (Pergamon, Oxford, 1982).

[20] L. D. Landau and E. M. Lifshitz, Quantum Mechanics, 3rd ed.
(Butterworth-Heinemann, London 1997).

034503-4


http://dx.doi.org/10.1038/nature09250
http://dx.doi.org/10.1103/RevModPhys.80.633
http://dx.doi.org/10.1103/RevModPhys.80.633
http://dx.doi.org/10.1103/PhysRevLett.105.242001
http://dx.doi.org/10.1016/j.aop.2011.11.017
http://dx.doi.org/10.1103/PhysRevA.84.020102
http://dx.doi.org/10.1103/PhysRevA.84.020102
http://dx.doi.org/10.1103/PhysRevLett.107.160402
http://dx.doi.org/10.1103/PhysRevLett.106.153001
http://dx.doi.org/10.1103/PhysRevLett.106.153001
http://dx.doi.org/10.1103/PhysRevLett.107.011803
http://dx.doi.org/10.1103/PhysRevLett.107.011803
http://dx.doi.org/10.1103/PhysRevA.53.2953
http://dx.doi.org/10.1016/0370-2693(81)90614-6
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1103/PhysRevA.83.042509
http://dx.doi.org/10.1103/PhysRevA.83.042509
http://dx.doi.org/10.1016/S0370-1573(00)00077-6
http://dx.doi.org/10.1016/S0370-1573(00)00077-6
http://dx.doi.org/10.1103/PhysRevC.72.014002
http://dx.doi.org/10.1103/PhysRevC.72.014002

