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Abstract

Recently, experiments at the ATOMKI laboratory, located in Debrecen, Hungary,
point to the possible existence of a low-energy addition to the Standard Model.
They have generated widespread attention. While the experimental findings lack
an independent confirmation, they give incentive, from a more general point of
view, to investigate the possible detection of new particles with a rest mass of 15
to 20 MeV, in atomic physics high-precision experiments. We find that, in this
mass range, the effects will be most pronounced in the spectra of muonic (not
electronic) bound systems, and, most notably, in the hyperfine structure. While it
is a challenge to separate the effects from nuclear-structure corrections to the
hyperfine splitting, this endeavor is definitely not hopeless. In general, in our
work [Phys.Rev.A 101 (2020) 062503], we derive the effective potentials
corresponding to the exchange of a pseudoscalar particle, and a new vector
particle, in two-body bound systems. Comparison with the literature reveals that
the corresponding effective potentials may not have been treated consistently in the
past. In our analysis of conceivable effects to be seen in true muonium (bound
system of oppositely charged muons), we compare the magnitude of the new effects
to the uncertainty due to hadronic vacuum polarization. An interesting theoretical
question, of some general importance, concerns the use of the Coulomb gauge for
the massive vector propagator and its suitability for bound-state calculations.

The project has been supported by the NSF (grants PHY-1710856 and
PHY-2011762).
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Upcoming Book

For more than 60 years, the book of BETHE and SALPETER has been a cornerstone
in the description of few-body atomic systems. An update may be indicated.
Starting from the basic nonrelativistic and relativistic formulas for the hydrogen
bound and continuum states, we proceed to discuss Green functions (including
Schwinger’s momentum representation of the Schrodinger-Coulomb Green
function and its derivation) in detail. The calculation of Bethe logarithms is
discussed. interaction potentials are derived by matching scattering amplitudes
and effective Hamiltonians. Higher-order effects are an integral part of the
treatment, and so is the calculation of the helium spectrum, including relativistic
and radiative corrections. Relativistic recoil corrections are discussed in detail,
using various methods, i.e., the Bethe-Salpeter equation and nonrelativistic
quantum electrodynamics (NRQED). Further topics include the renormalization
group, field-theory methods, and vacuum-mediated corrections to photon
propagators. The book serves both as a textbook as well as a monograph and has
meanwhile appeared in print (July 2022).
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Chapter 11: New Results

General Results for the Eighth—Order Foldy—Wouthuysen Transformation
(Surprise!)



Chapter 15: Calculation of Binding Corrections to the Lamb Shift

» Diagrams:

» The original result was due to Bethe, Baranger and Feynman,

. a (Za)’m - 139 1
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» Modern Approach: Dispersion Relation! Idea: Let the incoming
Coulomb momentum, which is initially space-like, ¢> = —g2 < 0,
continue into the time-like domain, ¢ — @2 > 4m?, where the
expression for the energy correction develops a branch cut in the
complex plane. Then, write a dispersion relation which connects the
cut to real energy shift. This simplifies the calculation dramatically.



Chapters 15, 16, 17:
Three Ways to the Relativistic Recoil Correction (Salpeter)

The derivation of the so-called “Relativistic Recoil Correction” (correction
to bound-state energy levels beyond the Breit Hamiltonian) is presented,
for a general atomic reference state and for arbitrary mass ratios, in three
different ways:

» Way I (Chapter 15): Ad hoc approach, matching scattering amplitudes

» Way II (Chapter 16): Ab initio, relativistic Bethe—Salpeter equation

G=S+SKG

» Way III (Chapter 17): From an Effective Field Theory (NRQED)
(There is a Bethe—Salpeter Equation of NRQED!)
(It corresponds to the Schrodinger equation!)



Summary of Book Project

» World Scientific will be the publisher

» Textbook on advanced quantum mechanics;
textbook on quantum field theory
with an emphasis on renormalization,
and the renormalization group;
monograph on the gravitational coupling of
relativistic quantum mechanical spin-1/2 particles;
monograph on the laser-dressed relativistic electron propagator;
monograph on higher-order binding corrections to
QED effects in atoms;
monograph on the Bethe—Salpeter equation
and Nonrelativistic QED (NRQED)
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Hungarian Experimental Results (ATOMKI Laboratory, Debrecen)

Excess of electron-positron pairs in the bombardement of “Li by protons in a
distinct angular region, consistent with competing reactions (standard theory with
a virtual photon)

"Li+p— 8Be* = 8Be+ vy — 8Be+ete™ a1t —=oh)

and transition via an intermediate X 17MeV) hosonic virtual particle, termed the
X17 boson,

"Li4+p— ®Be* — ®Be + X(17TMeV) _, 8Be 4 ¢te= (1T = 07T)

PRL 116, 042501 (2016) PHYSICAL REVIEW LETTERS

Observation of Anomalous Internal Pair Creation in *Be: A Possible Indication of a Light,
Boson

M. Huny Stuhl, J. Timdr

Experimental results remain to be confirmed by other groups. (New 2019 paper
by the Hungarian group on helium nuclei seems to confirm their observations.
Reaction: 3H + p — *He* — *He + X(17MeV) _ 4He 4 ete—.) X17 has small
coupling strengths to protons (in particular) and neutrons.
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Motivation (Group of Attila Krasznahorkay, ATOMKI)

Beryllium (2016):

"Li4+p—®Be” = ®Be++v— ®Be+efe” (1t —0")
Helium (2019):
*H+p— "He* - *He+~ — ‘He+eTe” (0~ = 0™)

From arXiv:1910.10459:
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Caricature

EXPECTED °Be TRANSITION

HYPOTHETIC

8Be
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Mass of new particle: about 17 MeV.

Particle paths are
close together

Particle paths
areata
wide angle
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Possible Theoretical Explanations

Group of Jonathan Feng (PRL, 2016):
“The X17 might be a protophobic vector boson.”

Paper of Ellwanger and Moretti (JHEP, 2016):
“The X17 might be a light pseudoscalar boson.”

Let us remember that in atomic physics precision experiments, we would
actually like to see deviations of experimental observations from
experiments attributable to “new physics”. This has been a significant
motivation pushing the theoretical and experimental efforts for the last
couple of decades.

Recent attempts at alternative explanations for the Hungarian
observations, but noone has carried out any experiment. Room for
improvement: Angular resolution, in Hungary!
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Light Vector and Pseudoscalar Particles and Atomic Physics
We investigate, irrespective of the Hungarian experimental results,
what the effect of a light (mass in the approximate range from 10 MeV to
100 MeV) vector or pseudoscalar new particle is for atomic-physics
experiments.

Here, f denotes the bound fermion (typically, an electron or a muon) and
N denotes the atomic nucleus. (Inspired by the mentioned theoretical
papers of Feng et al., and of Ellwanger and Moretti.)

Unfortunately, the mass range of 17 MeV (give or take) is quite problematic
for atomic-physics studies, because the Yukawa potentials are almost
indistiguishable from a nuclear-size effect for electronic bound states. Way
out: study muonic systems.



X17 Lagrangian

Vector or pseudoscalar?
Vector hypothesis (Jonathan Feng’s group, PRL, 2016):

Lxyv =— § /i}‘ {’f ¥ Xy — § ﬁfw‘ 77’\ o YN Xy,
f N
Parameterization:
/I ! .
hy =ese, hny =ene,
B = 2Ew AF Eal 5 En = €y + 2€4.

Available parameter space (electron, neutron, proton):

2x107 % <e, <14x1072,

3
len| = |ew + 2e4] = ‘§Ed
lep| = |26 + 4] <8 x 1072,

Second equation (“conjecture”): we need this coupling in order
to explain the ATOMKI experimental results!
Latter bound: we assume a “protophobic” interaction!
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X17 Lagrangian
Pseudoscalar hypothesis (Ellwanger and Moretti, JHEP, 2016):

Lx,a== hrprin® s A= AvYniv PN A.
f N

Parameterization:

m my
hy =& —L, fin =68 — .
v v

Ellwanger and Moretti obtain:
hy= % (—0.40&, — 1.71¢,4) ~ —2.4 x 1072,

mp

fin = = (—0.40&, + 0.85¢4) ~ 5.1 x 1077,

Available parameter space (electron):

4 < & <500,
8.13x 107% < he < 1072.



Effective Hamiltonian for Vector Boson Exchange

Vector exchange leads to the following contribution to HE'S:

o ﬁ}ﬁg\f 87T5(3)(—') =, .5
=— |[—— T)Of- O
HFS,V 16 mmympy 3 FroN
_mg( (5f'FEN'F—T25f'EN) o X T
7D
35f~FEN-F—T25f-5N —mx T
—(1+mxr) - e "X
m Gn L
—<2+—f) (I+mxr) UNS e X"
my 7P
Derivation:

[Phys. Rev. A 101, 062503 (2020)]



Effective Hamiltonian for Pseudoscalar Boson Exchange

Pseudoscalar exchange exclusively contributes to the HF'S:

ﬁf hAn 47 (3) o
Jit ___yhtn AT .
HFS, A 6rmymy | 3 (F)df-on

9 = = = =

7mXUf'TJN'Temer

r3
35]‘~F&N~T—“—5f‘0_:]\77‘2

—m T

+(1+mxr) e "X

r5

Leaves Lamb shift invariant!
[Phys. Rev. A 101, 062503 (2020)]



Bound on the Muon Coupling Parameter

Vector model:

/i;l, = (ﬁ;L)opt =5.6 X 1074 o

Pseudoscalar model:

hy = (Ap)max = 3.8 x 107



Enhancement of X17 Effects in Muonic Systems

Example: Relative correction to the S state splitting is

Ex7v(nsl/2) " 2/i}/i3\] Z my
Ep(nsl/g) gENT mx ’

EX,A(TLSUQ) - flfle Zmr
EF(nSI/Q) - gNT  mx

Have the reduced mass m, in the numerator after dividing by the
leading-order Fermi splitting.

(Electronic systems: relative corrections to HFS of order 107°.)
(So: Concentrate on muonic systems)

Just to clarify:

The nuclear g factor gn is used in a specific normalization

[Phys. Rev. A 101, 062503 (2020)].
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Predictions for Muonic Deuterium

S states (with realistic estimates for coupling parameters):
d
Eggv)(”slﬁ) -6
0~ & 38x 10",
EF(nsl/Q)
d
EgéL,A) (nSl/g) —6
———————~ —1.0x10 ".
EF(nS1/2)
P states:

E¥Y(nP

Bxv®Pia) oy 5107 (1 - i) :
Er(nP)s2) n?
E(Hd) nP,

Exalnh) o oewro® (12 L) .
EF(TLP1/2) n?

This could be measurable but an enhanced understanding of nuclear
polarization effects might be required for S states.

For P states, nuclear effects are strongly suppressed.

22



Predictions for True Muonium (u*p™)

Define
_ 4Ex,v(nS) | 3 Eann,v(nS
xv(nS) = 7 Er(nd) 7 Bann 4(n9)
4 Ex,a(nS) | 3 Eann,a(nS)
9) == 2 b , )
) 7 Er(nS) 7 EANN,(nS)

Obtain the estimates
yv(nS) & 1.3x107°,
xa(nS) & 2.1x107°.

This could very well be measurable; only a very moderate improvement of
the accuracy of the predictions for hadronic vacuum polarization is required.
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Summary on the X17 and Atomic Physics

vVvyyvyyvyy

\4

X17 effects have to be confirmed in other nuclear transitions.
Somewhat unfortunate energy range for atomic physics.
Drastic enhancement of X17 effects in muonic systems.

Look at the hyperfine splitting.

Pseudoscalar hypothesis leads to “wrong sign” in regard to a muon
g — 2 “remedy”.

Estimates for X17-mediated effects for a number of atomic systems:

[Phys. Rev. A 101, 062503 (2020)).

Most promising candidates: Muonic deuterium and true muonium.
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Hadronic Vacuum Polarization

Justified to dedicate additional attention to hadronic vacuum polarization
because it limits the accuracy to which we can test QED effects.
Inaccuracies in hadonic VP calculations could shadow new physics effects in
low-energy precision tests of the Standard Model.

Example Feynman diagram: Contribution of hadronic VP to the anomalous
magnetic moment of an electron (muon)

N

a



Hadronic Vacuum Polarization
Contribution of hadronic VP to a (mainly) QED observable X;:
[e o]
AX(hVP)=C / ds p(s) Kx(s,m) ()
S=Sth
One integrates from pion pair production threshold si, = 4m2 up to
infinity. Kj; is a specific kernel, C} is a coefficient, and K is a kernel, while

m is a mass scale external to the kernel.
Drell ratio R = R(s) enters the density

R(s) =

olete” = h)

o(ete” = ptp™)

©)

Example of the kernel K for X = x [anomalous magnetic moment of an
electron (muon)] with g = 2(1 + k):

2\ ~1/2 ;2 14 4/1— 4m?
K&(s):—(1—4m> (2‘54—2—‘2+1)1n —
s m m 1— 17¥
(= B m () -5+ )
2m*  m?2 m?2 m2 = 2

Here, m = me or m = my,.
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Fitting the Drell Ratio

From H. Lamm, Hadronic vacuum polarization in true muonium,
Phys. Rev. A 95, 012505 (2017):

FIG. 1. R( ' e experim resul
rhad [44]. The o i ¥ in the J!
k.




Example: Paper on the Muon Anomalous Magnetic Moment

PHYSICAL RE

Muon g -2 and a(M}

Alexander Kesha
"Department of Mathematical
’KEK Theory Lut!w Tsukuba, Ibaraki 305-0:
ukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

ited Kingdom

®| (Received 6 April 2018; published 25 June 2018)

This work presents a complete reevaluation of the hadronic vacuum polarization contributions to the
anomalous magnetic moment of the muon, a,****, and the hadronic contributions to the effective QED
coupling at the mass of the Z boson, Aay, om the combination of ¢ = hadrons cross section
data. Focus has been placed on the d ulmpm t of a new data combination method. which fully
incorporates all correlated statistical and systematic uncertainties in a bias free approach. All available
e*e” — hadrons cross section data have been analyzed and included, where the new data cnmp\lunun has
yielded the full hadronic R-ratio and its covariance matrix in the g 11.2 GeV,

combined data and perturb:

v
es of the hadronic
vacuum polarization contributions to g—2 of the muon of af* 0" — (69326 +2.46) x 10717 and
ANV — (29,82 + 0.04) x 1071, The new estimate for the Standard Model prediction is found to be

M £ 3.56) x 1071, which is 3.7¢ below the current experimental measurement. The

flavor hadronic contribution to the D coupling at the Z boson m is

+1.11) x 107, resu g in a'(MY) =1 46 £ 0.015. Detailed comparisons
with r:\ull\ Imm \\]ﬂl|.ll related works are given.

DOIL: 10.110:

Accuracy of hVP contribution: 3 permille




Example: Paper on the Hadronic VP in True Muonium

PHYSICAL REVIEW A 95, 012505 (2

Hadronic vacuum polarization in true muonium

/ Lamm’
Department of Ph 3 1y, Tempe, Arizona
(Received 14 November 2016; published 23 January 2017)

In order to reduce the theoretical uncertainty in the prediction, the leading hadronic
contribution to the hyperfine splitting of true muonium is reevaluated in two ws

factor and better estimates of the perturbative contributions are used to study the model dependence of
the previous calculation. The second, more accurate method directly integrates the Drell rati 0

Cuv (.0487 . correspond an energy shift in the hyperfine splitting (HES) of A Ejp
—8202(16) MHz and r s a factor-of-50 reduction in the theos

We also compute the

DOIL: 10.1103/Phy

cuum polarization

omplex pionic form

Accuracy of hVP contribution: 2 permille



Recent Measurements at VEPP-4M

Contents lists available at ScienceDirect

Physics Letters B

Isevier.com/locate/phy

Precise measurement of R,qs and R between 1.84 and 3.72 GeV at the
KEDR detector

V.V. Anashin?, O.V. Anchugov?, V.M. Aulchenko*, E.M. Baldin®", G.N. Baranov*<,
AK. Barladyan A.Yu. Barnyakov *", M.Yu. Barnyakov b, S.E. Baru®”, LYu. Basok‘
AM. Batrakov ?, E.A. Bekhtenev *, AE Blinov®", V.E. B]mov"” AV. Bobrov™”,
V.S Bobrovmkov YAV, Bugomyagkov“ AE. Bondar®", AR. Buzykaev?*
PB. Cheblakov ", VL Dorohov*<, S.I. Eidelman ®-?, D.N. Grigoriev *->¢, S.A. Clukhov 4
V.V. Kaminskiy?, S.E. Karnaev?, G.V. Karpov?, S.V. I(arpov , K-Yu. Karukina®,
D.P. Kashtankin?, P.V. Kasyanenko?, T.A. Kharlamova“?, V.A. Kiselev ¢, V.V. Kolmogorov?,
S.A. Kononov? b 'K Yu. Kotov?, A.A. Krasnov?, EA. Kravchenko®?, V.N. Kudryavtsev®°,
GYa Kurkin ¢, LA. Kuyanov‘l E.B. Levichev ¢ DA Maksimov *
V.M. Malyshev , AL. Maslennikov®", O.I. Meshkov®", S.I. Mlshnev ', LA. Moroz
LI Morozov *°, S.A. Nikitin?, LB. Nikolaev b, LN. Okunev?, A.P. Onuchin®"<,
, A.A. Osipov P, LV. Ovtin <, S.V. Peleganchuk*", S.G. Pivovarov**
V. Petrov?, V.G. Prisekin O.L. Rezanova®”, A.A. Ruban®?,
L, DA Shvedov‘ BA Shwanz ",
SV Sinyatkin?, AN Skrinsky ¢, A.
A.M. Sukharev -, EV. Stalostma 2D AA. Talyshev®
Yu.A. Tikhonov * b , K.Y S b+ A.G. Tribendis?, G.M. Tumaikin?, Yu.V. Usov?,
A.L Vorobiov?, VN hl]lCh D AA. Zhukov V.V. Zhulanov®®, AN. Zhuravlev "

* Budker Institute of Nuclear emika Lavrentieva prospec 630090, Russia
090,

ys. Lett. B 788, 42 (2019) and
Phys. Lett. B 770, 174 (2017) by the same authors



Hadronic VP: The Crux

We need the Drell ratio in a kinematic region
where QCD is highly nonperturbative.

For the perturbative regime, see R. V. Harlander and M. Steinhauser,
Comput. Phys. Commun. 153, 244 (2003).

One notes the inverse power of s in the expression p(s) = R(s)/(3s),
which stresses the importance of the nonperturbative region.

It may be difficult to get better than the permille range
for the accuracy of AX(hVP) in typical cases.



Conclusions

» Book: QED and low-energy field theory revisited, in many ways.
» X17: A candidate for new physics, nothing more and nothing less.

» X17: We learned something about pseudoscalar particles and atomic
physics.

» hVP: Interesting effect, very interesting.

» hVP: May be difficult to get better than the permille range for hVP.



