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Strong CP Problem Overview

The ninth goldstone boson which is missing in the low energy QCD (U(1)A problem) has been elegantly
solved by ‘t Hooft who pointed out that the instanton effects at the quantum level will explicitly break the
U(1)A [1]. The resulting η′ mass will be the order of the QCD scale instead of pion-mass scale. Precisely
due to the QCD solution to the U(1)A problem, the θ term in QCD becomes physically relevant. The
relevance of the θ term can be studied at lattice and by using the current algebra. The most stringent
bound θ < 10−10 comes from the neutron electric dipole moment [2], whose contribution from θ term has
been calculated in [3,4]. Such small numbers call for an explanation. Various solutions have been proposed
including adding a dynamical axion field [5–7], making CP an exact symmetry [8, 9] and using massless up
quark as a solution [10–13]. Note that one can re-interpret the bound on θ to the imaginary part of up quark
mass by making a chiral transformation uR → eiθuR and the bound would become I[mu] < 4.0× 10−4 eV.
.

Neutrino Masses

The discovery of neutrino oscillation indicates the non-zero values of neutrino masses [14, 15], which is
a sign of new physics beyond SM. Although one can simply extend the SM by adding the right-handed
neutrinos, it would be very nice that we can learn something new when explaining the smallness. One of
the most attractive idea is the seesaw mechanism [16–18], which generates the tiny neutrino masses (∼ 0.05
eV) from one large scale M ∼ 1015 GeV as mν ∼ v2/M . The scale M can be associated with the Majorana
fermion mass scale as in [19] or the scalar mass as in the Dirac seesaw models [20, 21], although the latter
case needs to stabilize the scalar masses with respect to the Planck scale.

Dirac Seesaw and Neutron EDM

In [22], we have taken the closeness of the two scales I[mu] and mν as an indication and explored the
Dirac seesaw mechanism [20, 21] and its supersymmetric extension to provide a common origin. The real
part of the up quark mass obtains additive renormalization from instanton effects above the chiral symme-
try breaking scale ∼ 1 GeV to be consistent with observed large low energy chiral up quark mass ∼ MeV.
Example involves the ultraviolet extension of QCD to SU(3)3 gauge groups with each generation of quarks
charged under different group [23]. Small instanton associated with gauge groups can give contribution to
the Yukawas of up, strange and bottom quarks to the SM Higgs, which are forbidden by some discrete
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Figure 1: The neutron EDM as a function of the imaginary part of the up quark mass I[mu] = I[mH
u ]. The

blue and orange horizontal lines indicate the current 90% C.L. bound [2] and prospective sensitivity from
the future neutron EDM measurements [24–30].

symmetries at tree-level. Irrespective of the detailed origin of this additive instanton contribution, the novel
part of our construction is that the neutrino mass scale is strongly correlated with the static non-zero value
of the neutron EDM as shown in Fig. 1, with predicted values that are expected to be probed by the next
generation of experiments [24–30]. In the Snowmass 2021, we plan to study if it is possible to further predict
quantitative relation between neutrino mass and the value of neutron EDM, because previous model can
only give a similar scale between the two.

References

[1] G. ’t Hooft, “Symmetry Breaking Through Bell-Jackiw Anomalies,” Phys. Rev. Lett. 37 (1976) 8–11.

[2] J. M. Pendlebury et al., “Revised experimental upper limit on the electric dipole moment of the
neutron,” Phys. Rev. D92 no. 9, (2015) 092003, arXiv:1509.04411 [hep-ex].

[3] R. J. Crewther, P. Di Vecchia, G. Veneziano, and E. Witten, “Chiral Estimate of the Electric Dipole
Moment of the Neutron in Quantum Chromodynamics,” Phys. Lett. 88B (1979) 123. [Erratum: Phys.
Lett.91B,487(1980)].

[4] M. Pospelov and A. Ritz, “Theta vacua, QCD sum rules, and the neutron electric dipole moment,”
Nucl. Phys. B573 (2000) 177–200, arXiv:hep-ph/9908508 [hep-ph].

[5] R. D. Peccei and H. R. Quinn, “CP Conservation in the Presence of Instantons,” Phys. Rev. Lett. 38
(1977) 1440–1443. [,328(1977)].

[6] F. Wilczek, “Problem of Strong P and T Invariance in the Presence of Instantons,” Phys. Rev. Lett.
40 (1978) 279–282.

[7] S. Weinberg, “A New Light Boson?,” Phys. Rev. Lett. 40 (1978) 223–226.

[8] A. E. Nelson, “Naturally Weak CP Violation,” Phys. Lett. B 136 (1984) 387–391.

[9] S. M. Barr, “Solving the Strong CP Problem Without the Peccei-Quinn Symmetry,” Phys. Rev. Lett.
53 (1984) 329.

[10] T. Banks, Y. Nir, and N. Seiberg, “Missing (up) mass, accidental anomalous symmetries, and the
strong CP problem,” in Yukawa couplings and the origins of mass. Proceedings, 2nd IFT Workshop,
Gainesville, USA, February 11-13, 1994, pp. 26–41. 1994. arXiv:hep-ph/9403203 [hep-ph].

2

http://dx.doi.org/10.1103/PhysRevLett.37.8
http://dx.doi.org/10.1103/PhysRevD.92.092003
http://arxiv.org/abs/1509.04411
http://dx.doi.org/10.1016/0370-2693(80)91025-4, 10.1016/0370-2693(79)90128-X
http://dx.doi.org/10.1016/S0550-3213(99)00817-2
http://arxiv.org/abs/hep-ph/9908508
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.40.279
http://dx.doi.org/10.1103/PhysRevLett.40.279
http://dx.doi.org/10.1103/PhysRevLett.40.223
http://dx.doi.org/10.1016/0370-2693(84)92025-2
http://dx.doi.org/10.1103/PhysRevLett.53.329
http://dx.doi.org/10.1103/PhysRevLett.53.329
http://arxiv.org/abs/hep-ph/9403203


[11] H. Georgi and I. N. McArthur, “INSTANTONS AND THE mu QUARK MASS,”.

[12] W. A. Bardeen, “Instanton Triggered Chiral Symmetry Breaking, the U(1) Problem and a Possible
Solution to the Strong CP Problem,” Submitted to: Phys. Rev. Lett. (2018) , arXiv:1812.06041
[hep-ph].

[13] K. Choi, C. W. Kim, and W. K. Sze, “Mass Renormalization by Instantons and the Strong CP
Problem,” Phys. Rev. Lett. 61 (1988) 794.

[14] Super-Kamiokande Collaboration, Y. Fukuda et al., “Evidence for oscillation of atmospheric
neutrinos,” Phys. Rev. Lett. 81 (1998) 1562–1567, arXiv:hep-ex/9807003.

[15] SNO Collaboration, Q. Ahmad et al., “Measurement of the rate of νe + d→ p+ p+ e− interactions
produced by 8B solar neutrinos at the Sudbury Neutrino Observatory,” Phys. Rev. Lett. 87 (2001)
071301, arXiv:nucl-ex/0106015.

[16] T. Yanagida, “Horizontal gauge symmetry and masses of neutrinos,” Conf. Proc. C 7902131 (1979)
95–99.

[17] R. N. Mohapatra and G. Senjanovic, “Neutrino Mass and Spontaneous Parity Nonconservation,”
Phys. Rev. Lett. 44 (1980) 912. [,231(1979)].

[18] M. Gell-Mann, P. Ramond, and R. Slansky, “Complex Spinors and Unified Theories,” Conf. Proc. C
790927 (1979) 315–321, arXiv:1306.4669 [hep-th].

[19] T. Yanagida, “Horizontal Symmetry and Masses of Neutrinos,” Prog. Theor. Phys. 64 (1980) 1103.

[20] P.-H. Gu and H.-J. He, “Neutrino Mass and Baryon Asymmetry from Dirac Seesaw,” JCAP 0612
(2006) 010, arXiv:hep-ph/0610275 [hep-ph].

[21] C. Bonilla, J. M. Lamprea, E. Peinado, and J. W. F. Valle, “Flavour-symmetric type-II Dirac neutrino
seesaw mechanism,” Phys. Lett. B779 (2018) 257–261, arXiv:1710.06498 [hep-ph].

[22] M. Carena, D. Liu, J. Liu, N. R. Shah, C. E. Wagner, and X.-P. Wang, “ν solution to the strong CP
problem,” Phys. Rev. D 100 no. 9, (2019) 094018, arXiv:1904.05360 [hep-ph].

[23] P. Agrawal and K. Howe, “A Flavorful Factoring of the Strong CP Problem,” JHEP 12 (2018) 035,
arXiv:1712.05803 [hep-ph].

[24] C. Abel et al., “The n2EDM experiment at the Paul Scherrer Institute,” in International Workshop on
Particle Physics at Neutron Sources 2018 (PPNS 2018) Grenoble, France, May 24-26, 2018. 2018.
arXiv:1811.02340 [physics.ins-det].

[25] R. Picker, “How the minuscule can contribute to the big picture: the neutron electric dipole moment
project at TRIUMF,” JPS Conf. Proc. 13 (2017) 010005, arXiv:1612.00875 [physics.ins-det].

[26] TUCAN Collaboration, W. Schreyer, “Towards TUCAN’s Search for the Neutron Electric Dipole
Moment,” in CIPANP Conference, Palm Springs, California, USA, May 29-June 3, 2018. 2018.
arXiv:1809.10337 [physics.ins-det].

[27] S. Slutsky et al., “Cryogenic magnetic coil and superconducting magnetic shield for neutron electric
dipole moment searches,” Nucl. Instrum. Meth. A862 (2017) 36–48, arXiv:1701.03101
[physics.ins-det].

[28] A. Serebrov, “Present status and future prospects of n-EDM experiment of PNPI-ILL-PTI
collaboration,” PoS INPC2016 (2017) 179.

[29] T. M. Ito et al., “Performance of the upgraded ultracold neutron source at Los Alamos National
Laboratory and its implication for a possible neutron electric dipole moment experiment,” Phys. Rev.
C97 no. 1, (2018) 012501, arXiv:1710.05182 [physics.ins-det].

[30] F. Kuchler et al., “A new search for the atomic EDM of129Xe at FRM-II,” Hyperfine Interact. 237
no. 1, (2016) 95.

3

http://arxiv.org/abs/1812.06041
http://arxiv.org/abs/1812.06041
http://dx.doi.org/10.1103/PhysRevLett.61.794
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://arxiv.org/abs/hep-ex/9807003
http://dx.doi.org/10.1103/PhysRevLett.87.071301
http://dx.doi.org/10.1103/PhysRevLett.87.071301
http://arxiv.org/abs/nucl-ex/0106015
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://arxiv.org/abs/1306.4669
http://dx.doi.org/10.1143/PTP.64.1103
http://dx.doi.org/10.1088/1475-7516/2006/12/010
http://dx.doi.org/10.1088/1475-7516/2006/12/010
http://arxiv.org/abs/hep-ph/0610275
http://dx.doi.org/10.1016/j.physletb.2018.02.022
http://arxiv.org/abs/1710.06498
http://dx.doi.org/10.1103/PhysRevD.100.094018
http://arxiv.org/abs/1904.05360
http://dx.doi.org/10.1007/JHEP12(2018)035
http://arxiv.org/abs/1712.05803
http://arxiv.org/abs/1811.02340
http://dx.doi.org/10.7566/JPSCP.13.010005
http://arxiv.org/abs/1612.00875
http://arxiv.org/abs/1809.10337
http://dx.doi.org/10.1016/j.nima.2017.05.005
http://arxiv.org/abs/1701.03101
http://arxiv.org/abs/1701.03101
http://dx.doi.org/10.22323/1.281.0179
http://dx.doi.org/10.1103/PhysRevC.97.012501
http://dx.doi.org/10.1103/PhysRevC.97.012501
http://arxiv.org/abs/1710.05182
http://dx.doi.org/10.1007/s10751-016-1302-9
http://dx.doi.org/10.1007/s10751-016-1302-9

