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We present a high-precision calculation of the recoil–finite-size correction to the hyperfine splitting 
(HFS) in muonic and electronic hydrogen based on nucleon electromagnetic form factors obtained from 
dispersion theory. This will help guide the upcoming searches of the HFS transition in muonic hydrogen, 
and will allow a precise determination of the sum of the polarizability and Zemach radius contributions 
when this transition is found.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Laser spectroscopy of muonic hydrogen (μp), an atom formed by a negatively charged muon and a proton, represents an excellent 
pathway to investigate low-energy properties of the proton. The exquisite sensitivity of the muonic hydrogen energy levels to the proton 
structure rests on the large muon mass, 207 times larger than the electron mass, that leads to a 107 times larger overlap between the 
atomic wavefunction and the proton compared to regular (electronic) hydrogen, abbreviated as H in what follows.

The measurement of the 2S-2P energy splitting by the CREMA collaboration with 1 × 10−5 relative accuracy [1,2] and its comparison 
with the corresponding theoretical prediction (we use here the equation of Ref. [3])

Eth
2P−2S = 206.03470(3) − 5.2275(10)r2

p − �E2γ
2S-2P [meV] (1)

can be used either to extract the proton charge radius rp with unprecedented accuracy when assuming the two-photon exchange con-

tribution �E2γ
2S-2P from theory (and measured data from electron-proton scattering), or to extract �E2γ when assuming a proton charge 

radius from H or electron-proton scattering. Using the evaluation of the 2γ -exchange �E2γ
2S-2P = −33(2)μ eV by Ref. [4], a proton radius 

value of rp = 0.84099(36) fm is obtained from μp [3]. This value is in agreement with the best and most recent determination from 
electron-nucleon scattering and e+e− annihilation data based on dispersion theory, rp = 0.840+0.003

−0.002
+0.002
−0.002 fm [5]. These numbers agree 

within errors, but clearly the muonic hydrogen result is more precise. Note further that there has been (and still is) some tension with 
several other determinations from H spectroscopy and electron-proton scattering, that continues to spark lively discussions and triggering 
more investigations across various fields, such as H spectroscopy or further proton form factor measurements with electron and muon 
beams. For an update of the present situation we refer to recent review articles, see e.g. [3,6–9].

While the 2S-2P energy splitting is sensitive to electric properties of the proton as the proton charge radius, the hyperfine splitting 
(HFS) is sensitive also to magnetic properties of the proton as it arises from the interaction between the proton and muon magnetic 
moments. To leading order, this interaction between magnetic moments yields an energy splitting expressed in terms of the Fermi energy

EF = 8(Zα)4m3
r (1 + κ)

3mM
= 182.443 [meV] , (2)
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where m is the muon mass, M the proton mass, mr the reduced mass of the μp system, α the fine-structure constant and κ the anomalous 
magnetic moment of the proton. Radiative, recoil, relativistic and proton structure dependent contributions modify this energy splitting 
[8,10–13]. For the HFS of the ground state in μp the updated theory takes the form [3]:

Eth
HFS(μp) = E F + �EQED + �E2γ

= 182.443 + 1.354(7) + E F

(
1.01958(13)�

μp
Z + 1.01656(4)�

μp
recoil + 1.00402�

μp
pol

)
[meV] .

(3)

The second term �EQED = 1.354(7) meV is the sum of all calculated QED contributions, including minor weak (Z-exchange) and hadronic 
vacuum polarization contributions. For the HFS, the leading proton structure contribution is given by the two-photon-exchange contri-
bution �E2γ , which is conventionally divided into a Zemach radius contribution �μp

Z , a recoil contribution �μp
recoil and a polarizability 

contribution �μp
pol [14,15,17–20]. While the sum of these three structure-dependent contributions is unambiguous, the separation between 

the recoil and polarizability corrections depends upon a protocol [14], here we use the formalism as presented in Ref. [19].
To give an idea of their sizes, these contributions are typically expressed in terms of the Fermi energy E F , and their value is about 

�
μp
Z ≈ 7500 ppm, �μp

recoil ≈ 850 ppm and �μp
pol ≈ 350 ppm (see e.g. [17]). The small deviations from unity of the numerical coefficients in 

Eq. (3) arises from radiative corrections. All three coefficients include wavefunction corrections caused by the one-loop electron vacuum 
polarisation while the coefficient in front of �μp

Z accounts also for the electron-vacuum polarisation insertion in the two-photon exchange 
diagram [3].

In a dispersive framework [14,15,17–21], all the three contributions forming �E2γ can be expressed in terms of phenomenologi-
cal (measurable) quantities of the proton structure. The Zemach contribution �μp

Z that accounts for the elastic part of the two-photon 
exchange contribution can be expressed through the electric, G E (Q 2), and magnetic, G M(Q 2), Sachs form factors:

�Z = −2Zαmr rZ , (4)

where Z is the atomic number and rZ the Zemach radius defined as [22]

rZ = − 4

π

∞∫
0

dQ

Q 2

[
G E(Q 2)G M(Q 2)

1 + κ
− 1

]
. (5)

For early work on this moment of the charge/magnetization distribution of the proton, see e.g. [22,23], and for the most recent ones, see 
e.g. [5,24,25]. For a precise definition of the squared momentum transfer Q 2, see Sect. 2.

The so-called recoil contribution, which more precisely is the recoil correction to the Zemach contribution, can also be described solely 
by form factors. In addition to G E (Q 2) and G M(Q 2) in this case also the Dirac F1(Q 2) and Pauli F2(Q 2) form factors are used (see the 
Supplement of Ref. [3] and some earlier references [11,22]):

�recoil = Zα

π(1 + κ)

∞∫
0

dQ

Q

{
G M(Q 2)

Q 2

8mM

vl + v

(
2F1(Q 2) + F1(Q 2) + 3F2(Q 2)

(vl + 1)(v + 1)

)

− 8mr G M(Q 2)G E(Q 2)

Q
− mF 2

2(Q 2)

M

5 + 4vl

(1 + vl)
2

}
, (6)

where v = √
1 + 4M2/Q 2 and vl = √

1 + 4m2/Q 2. For earlier calculations of this quantity, see e.g. Refs. [14,17]. Recent work on the 
recoil corrections can be found in Ref. [26]. Differently the polarizability contribution that accounts for the inelastic part of the two-
photon exchange contribution can be expressed through integrals over the inelastic structure functions gi(x, Q 2) and the Pauli form factor 
F2(Q 2). The interested reader can find them e.g. in Refs. [14,18]. Note that the polarisability contribution obtained from the dispersive 
approach [14,19] is derived from the Compton scattering amplitude with finite proton mass so that in this framework no recoil corrections 
to the polarizability contribution are needed.

A precise evaluation of �μp
recoil is timely given the ongoing experimental efforts carried out by three collaborations that aim at the HFS 

in μp [27–29] with relative accuracies ranging from 1 to 10 ppm. While comparing with the measured HFS in muonic hydrogen, the 
theoretical prediction of Eq. (3) can be used to extract the total two-photon exchange contribution �E2γ , the interpretation of the experi-
mentally obtained �E2γ requires a precise knowledge of the recoil contribution. Indeed, in order to extract the polarisability contribution 
�

μp
pol or the Zemach radius rZ from the measured HFS, the recoil contribution �μp

recoil has to be subtracted from the empirically determined 
�E2γ . The purpose of this paper is thus to reduce the uncertainty of �μp

recoil , presently on the 5 ppm level [30], to maximize the physics 
interpretation of the HFS measurements when they will be available.

From the theoretical side, the formalism can be straightforwardly extracted from the muonic case to the H case, by replacing the 
muon mass by the electron mass and correspondingly the reduced mass of the lepton-proton bound state and the lepton velocity vl . For 
completeness and to give a sense of the size of the various corrections we report a summary of the theory in H in a form analogous to 
Eq. (3). The HFS for the ground state in H from Ref. [3] is

Eth
HFS(H) = 1418840.082(9) + 1613.024(3) + EH

F

(
1.01558(13)�H

Z + 0.99807(13)�H
recoil + 1.00002�H

pol

)
[kHz] (7)

where the Fermi energy for hydrogen is EH
F = 1418840.082(9) kHz.

Evaluating �H
recoil is interesting for the same reason as in μp, i.e., for dissecting the polarizability and the Zemach radius contributions 

from the measurement of the HFS in hydrogen. Moreover, an improvement of �H
recoil can also be used to improve on the prediction of 

two-photon exchange contribution in μp via the scaling procedure presented in Ref. [13].
2
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Fig. 1. Cartoon of the nucleon spectral function. Left panel: Isoscalar case. Here, the ω and φ mesons are relevant together with the πρ and K K̄ continua, while s1, s2, ...
are narrow and S1, S2, ... are broad effective poles. Right panel: Isovector case. Here, the ππ continuum not only generates the ρ but is also visibly enhanced on the left 
shoulder of the ρ . Further, v1, v2, v3, ... are narrow and V 1, ... are broad effective poles.

This paper is organized in the following way. Sect. 2 contains a brief review of the underlying dispersion-theoretical formalism and 
recalls the pertinent results from Ref. [5] used here. The results for the recoil correction in muonic as well as electronic hydrogen are 
displayed and discussed in Sect. 3.

2. Formalism

To set the stage, we briefly define the nucleon electromagnetic form factors. In fact, for the dispersive analysis it is mandatory to 
consider protons and neutrons together, for details see the review [6]. Only later we will specialize to the proton case (as already done 
in the introduction). These form factors are given by the matrix element of the electromagnetic current jμ sandwiched between nucleon 
states,

〈p′| jem
μ |p〉 = ū(p′)

[
F1(t)γμ + i

F2(t)

2M
σμνqν

]
u(p) , (8)

with M the nucleon mass (either proton or neutron), u(p) a conventional nucleon spinor and t = (p′ − p)2 the four-momentum transfer 
squared. In the space-like region of relevance here, one often uses the variable Q 2 = −t > 0, cf. Eq. (6). The form factors are normalized 
as

F p
1 (0) = 1 , F n

1(0) = 0 , F p
2 (0) = κp , F n

2(0) = κn , (9)

with κp = 1.793 and κn = −1.913 the anomalous magnetic moment of the proton and the neutron, respectively. Also used are the Sachs 
form factors, given by

G E(t) = F1(t) − τ F2(t) , G M(t) = F1(t) + F2(t) , (10)

where τ = −t/(4M2). The proton charge radius rp follows as

r2
p = 6

dG E
p(t)

dt

∣∣∣
t=0

. (11)

Next, we turn to the dispersive analysis of the nucleon electromagnetic form factors. For a generic form factor F (t), one writes down 
an unsubtracted dispersion relation of the form:

F (t) = 1

π

∞∫
t0

Im F (t′)
t′ − t − iε

dt′ , (12)

where t0 is the threshold of the lowest cut of F (t) and the iε defines the integral for values of t on the cut. In fact, in the isospin basis, 
t0 = 4M2

π in the isovector and t0 = 9M2
π in the isoscalar channel, respectively. The imaginary part Im F , the so-called spectral function, 

encodes the constraints from analyticity and unitarity besides other important physics. These spectral functions are given in terms of 
continua, narrow vector meson poles as well as broad vector mesons. In the isovector case, the spectral function can be reconstructed 
up to about ∼ 1 GeV2 from data on pion-nucleon scattering and the pion vector form factor, as most precisely done in Ref. [31]. This in 
fact not only generates the ρ-meson but also an important enhancement on the left shoulder of the ρ , that is of utmost importance to 
properly describe the nucleon isovector radii. In the isoscalar spectral function, the ω-meson represents the lowest contribution, that is 
not affected by uncorrelated three-pion exchange. Further up, in the region of the φ-meson, there is a strong competition between K K̄
and πρ effects, which to some extent suppresses this part of the spectral function. For momenta above ∼ 1 GeV2, effective narrow poles 
represent the physics at higher energies. To describe the observed oscillations of the cross sections for e+e− → pp̄ and e+e− → nn̄ in 
the timelike region, additional broad poles are required. The spectral functions are further constrained by the normalizations of the form 
factors given in Eq. (9) as well as the perturbative QCD behaviour, F1(t) ∼ 1/t2 and F2(t) ∼ 1/t3. A cartoon of the spectral functions is 
given in Fig. 1.

The spectral functions are determined from a fit to the world data set on electron-proton scattering as well as the reactions e+e− ↔
p̄p, ̄nn, the latter giving the form factors in the timelike region. The fit parameters are the vector meson masses (except for the ω and 
the φ) and the residua as well as the widths for the broad poles. There are two sources of uncertainties that need to be accounted for. 
First, the statistical error is obtained using a bootstrap procedure and second, the systematic error is calculated from varying the number 
of vector meson poles so that the total χ2 does not change by more than 1%. A detailed description of these methods is given in the 
review [6].
3
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Fig. 2. Electric (left panel) and magnetic (right panel) form factor of the proton from Ref. [5] divided by the canonical dipole form factor are shown by the red lines. The light 
red band is the statistical uncertainty and the purple band shows the systematic error added in quadrature.

The electric and magnetic form factors of the proton from Ref. [5] normalized to the canonical dipole form, Gdip(Q 2) = (1 +
Q 2/0.71 GeV2)−2, are shown in Fig. 2 together with their statistical and systematic uncertainties. From these, the proton charge radius 
and the proton Zemach moment have already been extracted as [5]

rp = 0.840+0.003
−0.002

+0.002
−0.002 fm , rz = 1.054+0.003

−0.002
+0.000
−0.001 fm , (13)

where the first error is statistical and the second one is systematic. These values are in good agreement with previous high-precision 
analyses of the spacelike data alone [6,32] and have comparable errors.

3. Results and discussion

We now turn to the calculation of the recoil correction defined in Eq. (6). Consider first the μp system. We find

�
μp
recoil = (837.6+1.7

−1.0
+2.2
−0.1) × 10−6 = (837.6+2.8

−1.0) × 10−6 = (837.6+2.8
−1.0) ppm , (14)

with the first error stemming from the bootstrap and the last one from the variation of the poles (systematic uncertainty). These errors 
are a few permile, so that this can be considered as a high-precision determination. Compared with the most recent value from Ref. [16], 
�

μp
recoil = 844(7) × 10−6, these numbers agree within errors but our result is more precise.

The analogous value for regular hydrogen is

�H
recoil = (526.9+1.1

−0.3
+1.3
−0.2) × 10−8 = (526.9+1.7

−0.4) × 10−8 , (15)

which is, as expected, two orders of magnitude smaller but with comparable uncertainties as in the μp case. Again, the corresponding 
number from Ref. [16], �H

recoil = 532.8(4.9) × 10−8, is about 1% larger but is also a bit less precise. Note that the difference of the two-
photon-exchange contribution to the hyperfine splitting between the muonic and electronic hydrogen can be reliably estimated using 
chiral perturbation theory that is expressed as the difference of the coefficient c4,TPE, that is, cμp

4,TPE − cep
4,TPE [13]. Considering only the 

Zemach (�Z ) and recoil (�recoil) contributions, we obtain the difference of c4,TPE is 4.11+0.10
−0.09 that agrees with the chiral perturbation 

theory value 3.42(62) given by Ref. [13] within errors.
The Zemach radius can be extracted from the HFS measurement using the theory of Eq. (3), with �μp

recoil from this study and assuming 
�

μp
pol from theory. Similarly the polarizability contribution can be extracted using the theory of Eq. (3), with �μp

recoil from this study and 
taking the Zemach radius from e-p scattering or from H spectroscopy. Pinning down the uncertainty of this recoil–finite-size contribu-
tion allows therefore to eliminate the most important higher-order proton-structure dependent contribution that complicates and limits 
extraction of the leading-order proton-structure effect (Zemach and polarizability contributions) from the μp measurement. The reduced 
uncertainty of �μp

recoil from this study can become particularly relevant in the scenario that the smaller value of the polarizability contri-
bution predicted by the chiral perturbation theory will be confirmed. Indeed there is presently an interesting tension between the value 
of �μp

pol predicted in a chiral perturbation theory framework, �μp
pol = 37(95) ppm [3,34,35], and the values obtained from the data-driven 

approach, e.g. �μp
pol = 364(89) ppm from Ref. [15].

Analogously, the reduced uncertainty of �H
recoil can be used to improve on the extraction of the polarizability contribution and the 

Zemach radius from the HFS in H which has been measured with a fractional accuracy of 7 × 10−13 [33]. The relative uncertainty of 
about 1 × 10−8 of �H

recoil set also the limit to which theory and experiment can be confronted in H. Testing the hydrogen HFS beyond this 
relative accuracy requires improving on the proton form factors.

Beside improving the interpretation of the μp HFS measurements when they will be completed, the reduced uncertainty of � H
recoil can 

also be used to refine the prediction of two-photon exchange contribution in μp using the scaling procedure presented in Ref. [13]. This 
serves to narrow down significantly the search range for the HFS transition in μp easing considerably the ongoing experimental efforts.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.
4



A. Antognini, Y.-H. Lin and U.-G. Meißner Physics Letters B 835 (2022) 137575
Data availability

No data was used for the research described in the article.

Acknowledgements

This study has been initiated at the PREN2022 convention at Paris that was funded within the EU Horizon 2020 research and inno-
vation programme, STRONG-2020 project under grant agreement No. 824093. We thank the organizers for providing a very stimulating 
atmosphere. UGM and YHL acknowledge the support of the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) and 
the NSFC through the funds provided to the Sino-German Collaborative Research Center TRR 110 “Symmetries and the Emergence of Struc-
ture in QCD” (DFG Project-ID 196253076 - TRR 110, NSFC Grant No. 12070131001), by the Chinese Academy of Sciences (CAS) through 
a President’s International Fellowship Initiative (PIFI) (Grant No. 2018DM0034), and by the VolkswagenStiftung (Grant No. 93562). AA 
acknowledges the support of the European Research Council (ERC) through CoG. #725039, and the Swiss National Science Foundation 
through the projects SNF 200021_165854 and SNF 200020_197052.

References

[1] R. Pohl, A. Antognini, F. Nez, F.D. Amaro, F. Biraben, J.M.R. Cardoso, D.S. Covita, A. Dax, S. Dhawan, L.M.P. Fernandes, et al., Nature 466 (2010) 213–216.
[2] A. Antognini, F. Nez, K. Schuhmann, F.D. Amaro, Francois Biraben, J.M.R. Cardoso, D.S. Covita, A. Dax, S. Dhawan, M. Diepold, et al., Science 339 (2013) 417–420.
[3] A. Antognini, F. Hagelstein, V. Pascalutsa, arXiv:2205 .10076 [nucl -th].
[4] M.C. Birse, J.A. McGovern, Eur. Phys. J. A 48 (2012) 120, arXiv:1206 .3030 [hep -ph].
[5] Y.H. Lin, H.W. Hammer, U.-G. Meißner, Phys. Rev. Lett. 128 (5) (2022) 052002, arXiv:2109 .12961 [hep -ph].
[6] Y.H. Lin, H.-W. Hammer, U.-G. Meißner, Eur. Phys. J. A 57 (2021) 255, arXiv:2106 .06357 [hep -ph].
[7] H. Gao, M. Vanderhaeghen, Rev. Mod. Phys. 94 (1) (2022) 015002, arXiv:2105 .00571 [hep -ph].
[8] C. Peset, A. Pineda, O. Tomalak, Prog. Part. Nucl. Phys. 121 (2021) 103901, arXiv:2106 .00695 [hep -ph].
[9] J.P. Karr, D. Marchand, E. Voutier, Nat. Rev. Phys. 2 (11) (2020) 601–614.

[10] M.I. Eides, H. Grotch, V.A. Shelyuto, Phys. Rep. 342 (2001) 63–261, arXiv:hep -ph /0002158 [hep -ph].
[11] K. Pachucki, Phys. Rev. A 53 (1996) 2092–2100.
[12] A. Antognini, F. Kottmann, F. Biraben, P. Indelicato, F. Nez, R. Pohl, Ann. Phys. 331 (2013) 127–145, arXiv:1208 .2637 [physics .atom -ph].
[13] C. Peset, A. Pineda, J. High Energy Phys. 04 (2017) 060, arXiv:1612 .05206 [nucl -th].
[14] C.E. Carlson, V. Nazaryan, K. Griffioen, Phys. Rev. A 78 (2008) 022517, arXiv:0805 .2603 [physics .atom -ph].
[15] O. Tomalak, Eur. Phys. J. C 77 (8) (2017) 517, arXiv:1701.05514 [hep -ph].
[16] O. Tomalak, Eur. Phys. J. C 77 (12) (2017) 858, https://doi .org /10 .1140 /epjc /s10052 -017 -5435 -z, arXiv:1708 .02509 [hep -ph].
[17] O. Tomalak, Eur. Phys. J. A 54 (1) (2018) 3, arXiv:1709 .06544 [hep -ph].
[18] C.E. Carlson, V. Nazaryan, K. Griffioen, Phys. Rev. A 83 (2011) 042509, arXiv:1101.3239 [physics .atom -ph].
[19] F. Hagelstein, R. Miskimen, V. Pascalutsa, Prog. Part. Nucl. Phys. 88 (29) (2016), arXiv:1512 .03765 [nucl -th].
[20] R.N. Faustov, I.V. Gorbacheva, A.P. Martynenko, Proc. SPIE Int. Soc. Opt. Eng. 6165 (2006), arXiv:hep -ph /0610332 [hep -ph].
[21] A. Pineda, Phys. Rev. C 67 (2003) 025201, https://doi .org /10 .1103 /PhysRevC .67.025201, arXiv:hep -ph /0210210 [hep -ph].
[22] A.C. Zemach, Phys. Rev. 104 (1956) 1771–1781.
[23] J.L. Friar, Ann. Phys. 122 (1979) 151.
[24] K. Borah, R.J. Hill, G. Lee, O. Tomalak, Phys. Rev. D 102 (7) (2020) 074012, arXiv:2003 .13640 [hep -ph].
[25] M.O. Distler, J.C. Bernauer, T. Walcher, Phys. Lett. B 696 (2011) 343–347, https://doi .org /10 .1016 /j .physletb .2010 .12 .067, arXiv:1011.1861 [nucl -th].
[26] K. Pachucki, arXiv:2206 .08033 [physics .atom -ph].
[27] P. Amaro, A. Adamczak, M.A. Ahmed, L. Affolter, F.D. Amaro, P. Carvalho, T.L. Chen, L.M.P. Fernandes, M. Ferro, D. Goeldi, et al., arXiv:2112 .00138 [physics .atom -ph].
[28] S. Kanda, Y. Fukao, Y. Ikedo, K. Ishida, M. Iwasaki, D. Kawall, N. Kawamura, K.M. Kojima, N. Kurosawa, Y. Matsuda, et al., Phys. Lett. B 815 (2021) 136154, arXiv:2004 .05862

[hep -ex].
[29] C. Pizzolotto, A. Adamczak, D. Bakalov, G. Baldazzi, M. Baruzzo, R. Benocci, R. Bertoni, M. Bonesini, V. Bonvicini, H. Cabrera, et al., Eur. Phys. J. A 56 (7) (2020) 185.
[30] O. Tomalak, Eur. Phys. J. A 55 (5) (2019) 64, arXiv:1808 .09204 [hep -ph].
[31] M. Hoferichter, B. Kubis, J. Ruiz de Elvira, H.W. Hammer, U.-G. Meißner, Eur. Phys. J. A 52 (11) (2016) 331, arXiv:1609 .06722 [hep -ph].
[32] Y.H. Lin, H.-W. Hammer, U.-G. Meißner, Phys. Lett. B 816 (2021) 136254, arXiv:2102 .11642 [hep -ph].
[33] H. Hellwig, R.F.C. Vessot, M.W. Levine, P.W. Zitzewitz, D.W. Allan, D.J. Glaze, IEEE Trans. Instrum. Meas. 19 (1970) 200–209.
[34] F. Hagelstein, Few-Body Syst. 59 (5) (2018) 93, arXiv:1801.09790 [nucl -th].
[35] F. Hagelstein, V. Pascalutsa, PoS CD15 (2016) 077, arXiv:1511.04301 [nucl -th].
5

http://refhub.elsevier.com/S0370-2693(22)00709-2/bib007182E1912C1FED5202958804CFC7CDs1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibC1CE70B4A6FB4D30C10F760D9623BAEDs1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibD4CD4F81E3B660DED29E6830B7ACBD8Ds1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibCE9E9FD4EB1FB168BB873CF441DFFC42s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib886470315A9B697050AA3A820A85C07Es1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibCD5D2790F101416709B88D8382B7A900s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibF8D89E9A085A04AD4822E3026D33A075s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib998F8F2C42E76CB49E14E1453ED7AE0As1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib5EE45E459D5AC86353A2FDAFCCE001E4s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibFE8A87CB126A5E0C2F9B876B19339FB9s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibF4DAC69674816A633E4F46ACD894DA81s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib3FC376ABE6BC3B1FA28C8E077F7F1B98s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibF2EABA5B6F2701252D37A2616DB9A3F4s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibB4113A28D84FD9FD85494F1134EDC7C6s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib23A624E410EBF61E5A1293B471CBA5A2s1
https://doi.org/10.1140/epjc/s10052-017-5435-z
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibC002EBE21D142A217CEC3800BA69744Bs1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib575E4DDF007274D892DC0B1843948253s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib050D2DA625E18FE1187909CB5F0B16F8s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib6061DB48F07BC441EDA1E78BFDA28B30s1
https://doi.org/10.1103/PhysRevC.67.025201
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib8EC8E1575EE2A7506A73CAEEFF822081s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibC96A57D30E6D491598709754A8A3F413s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib8ACC52C0E6609975FEEC5643492D176Fs1
https://doi.org/10.1016/j.physletb.2010.12.067
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibEBFDF69C1AE6AFF202D8AD467948B7CEs1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib944D32F163AF26A0324BE52DF20860A8s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib4D5B187AD98FC0C844E58DB179E289ADs1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib4D5B187AD98FC0C844E58DB179E289ADs1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibBA875784449ECC65F2210F436203175Es1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib3D9313986CE4538DA72BCDFD9487E0C7s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibD87664041E4694E95CDC456D14AA5D92s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bib8F4DF7C6CECB106325A898C810FF7C76s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibFE2FBE2F72DEBCFB3FD2702635FB6B5As1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibCBA5A33F192578354F78BFE46FC22517s1
http://refhub.elsevier.com/S0370-2693(22)00709-2/bibD9B4C32053D5669A5BFCB953AA96F632s1

