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Abstract: In this brief review, possible mechanisms which could lead to complete biological
homochirality are discussed from the viewpoint of fundamental physics. In particular, the role
played by electroweak parity violation, including neutrino-induced homochirality, and contributions
from the gravitational interaction, will be emphasized.
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1. Introduction

Life is not symmetric; i.e., left- and right-handed biological structures are not equivalent. In fact,
there are almost only D-sugars and L-aminoacids in living systems. This remarkable fact is known
as biological homochirality, this being one of the more intriguing fundamental problems of science
for which an appropriate solution is still lacking [1]. Concerning possible routes which could led
to complete homochirality, the idea of an extraterrestrial origin [2,3] for it has been reconsidered
from the discovery of an enantiomeric excess of L-aminoacids in some meteorites [4]. Therefore,
symmetry-breaking Earth-based mechanisms are actually not considered, these being superseded
by universal mechanisms of chiral selection. Among these mechanisms, parity violation (PV) in
(electro)weak interactions acquires special interest despite its tiny effects due to its ubiquity from
particle physics to complex biological systems. We remark here that these effects have not been detected
in molecular systems up till now, although several routes have been proposed in the past 40 years to
succeed. Among the various proposals, here we remark on continuous efforts from several groups
around the world, which include Quack [5], MacDermott [6,7], Chardonnet [8], Schwerdtfeger [9],
Budker [10], DeMille [11,12], Hoekstra [13], Schnell [14] and Fujiki [15–17] groups and some proposals
by Bargueño and coworkers [18–21] which were strongly influenced by the pioneering works of
Harris [22]. In the context of blueautocatalysis and absolute asymmetric synthesis, the group of Soai
has identified an interesting reaction [23] which was later interpreted by Lente [24] in the context of PV.

Concerning the evidence of the role played by PV effects in establishing biological homochirality,
the works of MacDermott and coworkers have been decisive. They found [25] that the energy
differences between two enantiomeric forms of all aminoacids found in the Murchison meteorite
were negative due to PV (the so-called parity-violating energy differences (PVEDs)). Furthermore, they
found intriguing correlations between the observed values for the enantiomeric excess (excess for the
left enantiomer) and the calculated values for the PVEDs. Therefore, following these results, one could
conclude that the PVED between enantiomers is, at least, consistent with the meteoritic enantiomeric
excess [25]. At this point it is important to remark that an extremely small energy difference such as
the PVED can only be interpreted statistically and it will not cause a deterministic excess of the favored
enantiomer. Rather, it will cause a minor deviation from symmetry in the probability distribution,
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which has very important consequences as discussed, for example, in [26]. Among these consequences,
Lente concluded that the PVED is very unlikely to be relevant regarding the origin of homochirality,
based on calculations at room temperature. However, if the temperature of the medium is very cold, as
for instance in the interstellar medium, the PVED still persists as a valid candidate to produce complete
enantioselection.

Interestingly, in a different context but also related to PV, neutrino-induced homochirality is being
considered a plausible source for biological homochirality. From the early works of Cline [27,28], it
has been suggested that neutrinos emitted in a supernova explosion could lead to certain amount of
enantiomerism. Different suggestions, which explicitly depend on PV effects, involve the effects of
cosmological neutrinos [29,30], neutrinos from supernovae [31,32], or even dark-matter candidates [30]
on molecular electrons. In addition, there are some interesting works by Boyd and coworkers
concerning a mechanism from creating aminoacid enantiomerism by taking into account the couplings
of certain spins with the chirality of the molecules. In addition, for this mechanism to work, neutrinos
and the magnetic field coming from the supernova progenitor should be considered [33–36].

Finally, we would like to remark that even though the electroweak force is the only one among the
fundamental interactions that incorporates PV naturally, there are some interesting models that extend
the usual gravitational theory (Newtonian or Einsteinian) by incorporating PV effects. Although their
possible effects towards establishing complete enantioselection have not been considered until very
recently [37], here we remark that some of the parity-violating extensions of general relativity proposed
in [37,38] have been already tested [39], therefore paving the way for future experimental observations
of gravity-induced homochirality.

The present work is intended to provide a brief review of the theoretical description, together with
their experimental relevance, of the universal mechanisms described in this introduction which could
be related to biological homochirality. Therefore, we will focus on electroweak- (including neutrino-)
and gravitational PV.

2. Electroweak Parity Violation

One could think that both from the theoretical and from the experimental points of view, the
main advances in basic questions (in physics) usually come hand in hand with high-energy physics.
Although this is a generalized belief, here we will point out that this is not the general rule. However,
fundamental importance should be given to very important and exciting achievements within the field
of high-energy physics. The first symmetry violation was found by Wu [40] in the mid-1950s, after
some pioneering theoretical works by Lee and Yang [41]. After that, PV was naturally incorporated
into the Standard Model of Particle Physics (SMPP) by means of the electroweak unification developed
by Glashow [42], Salam [43] and Weinberg [44], together with its corresponding renormalization by
’t Hooft [45] and Veltman [46]. Coming back again to the experimental side of the history, the main
ingredients of the SMPP were found by the discovery of the Z boson [47] and, finally, of the Higgs
boson [48].

However, as first noticed in the 1970s at Novosibirsk, also table-top experiments could serve to ask
big questions. Specifically, spontaneous optical activity of Bismuth atomic vapors was observed [49,50],
extending the validity of the electroweak theory not only to the subatomic but to the atomic realm.
After this important low-energy experiment, by improving low-temperature and high-resolution
spectroscopic techniques, Wiemann and coworkers discovered the nuclear anapole moment of
Cesium [51]. Here we remark that the anapole moment results from a parity-violating interaction
between the nucleons and the electron. These and other low-energy experiments within PV are
used presently in the main laboratories around the world to search for new physics beyond the
SMMP [52–54]. Therefore, one can conclude that high-energy physics is not the only way of knowing
Mother Nature. For a recent review, please see Ref. [55].

Therefore, we have arrived at a point where PV has been observed in several energy scales ranging
from particles and nuclei to atoms. However, if we continue towards highly complex systems we
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find... molecules! Therefore, it is legitimate to ask: is there any role for PV in molecular systems?
Furthermore, could we gain valuable knowledge by studying it and by trying to observe it in the
laboratory? In addition, finally, is the question: is there any connection between molecular PV and
biological homochirality? Who knows?

2.1. Electron-Nucleon Interaction

What we already know is that with PV, there is a small enantiomeric energy difference between
the corresponding molecular ground states, this being (mainly) due to the nuclear spin-independent
interactions between nuclei and electrons [56]. Although these PVEDs are extremely small (of the
order of 100 aeV for the two enantiomers of CHBrClF) [57,58], they are expected to be detected
using different experimental techniques. Among them, we would like to point out rovibrational [8]
and Mössbauer/NMR spectroscopies [9], dynamics in excited electronic states [5,59], spin–spin
coupling [10], electronic spectroscopy [14] and a more recent technique that involves the use of
cold molecules [13]. Finally, different proposals concerning measurements of the optical activity of
a molecular sample with complete initial enantiomeric excess has been reported [18,19]. Despite all
these efforts, no one has succeeded.

Up to this point we have mentioned the PVED several times. Now, it is time to define it. The PVED,
∆Eew, between the L and R enantiomers is given by

∆Eew ≡ 〈L|Vew|L〉 − 〈R|Vew|R〉 = 2〈L|Vew|L〉, (1)

where Vew is the electroweak parity-violating potential that uses a nonrelativistic approximation for
the molecular electrons, reads [60,61]

Vew =
GF

2
√

2m

n

∑
i=1

N

∑
A=1

QW(A){pi · si, δ (ri − rA)}. (2)

Within this expression, GF, QW and θW are Fermi’s constant, the weak charge (corresponding
to the considered nucleus), and Weinberg’s angle, respectively. By m, si and pi we denote the mass,
spin, and momentum of the molecular electron. The delta function refers to the density of the nucleon,
which has been considered to be point-like.

Please note that when only electromagnetic interactions are considered, as is usually done in
molecular physics computations, the two enantiomers become degenerate and, thus, following simple
energetic considerations, equally probable. However, this time, the molecular Hamiltonian contains
a new term, given by Equation (2), which makes things very different. The most important point to
remark here is the following:

The helicity operator, h = s · p, is chiefly responsible for PV. This operator is P-odd, T-even and,
therefore, PT-odd. Thus, following Barron’s definition of what a truly chiral influence is [62–72], we see
that h constitutes a universal truly chiral influence. Therefore, it lifts (as the PVED does, which in fact
is based on the h operator) the degeneracy between enantiomers. Thus, if this small enantiomeric
excess coming from P-odd effects could be amplified by some mechanisms such as, for example, the
Kondepudi one [73] (for a review of amplification mechanisms with emphasis on stochastic models,
see, for example, Ref. [74]) and references therein, at the levels seen in the Murchison meteorite, this
would mean, at least, a big step towards establishing biological homochirality towards PV.

2.2. Electron-Neutrino Interaction

As previously mentioned in the introduction concerning the role of PV effects towards chiral
selection, the electroweak-mediated interaction between both neutrino and dark-matter candidates
(WIMPS) with molecular electrons have been reported in previous works [29–31]. In the first case, the
interaction is also based on an interaction potential with depends on h but, in contrast with Equation (2),
it crucially depends on the number-density difference between neutrinos and antineutrinos. In the



Symmetry 2019, 11, 661 4 of 9

WIMP-mediated case, it depends on the number-density difference between left- and right-handed
WIMPs [29–31].

As with the electron-nucleon interaction previously reviewed, one can obtain, for Dirac neutrinos
and assuming nonrelativistic electrons, a P-odd potential which reads

Vν−e ∼ GF
me

(nν − nν̄)∑
i

pi · si. (3)

As in the electron-nucleon case, this interaction causes a PVED between enantiomers because the
helicity of a molecular electron has a different sign for each molecule depending of its chirality.
Specifically, a surprisingly large energy split comparable with the thermal energy associated with
the interstellar medium (10 K) was obtained when considering supernova neutrinos [31]. Therefore,
although the model presented in Ref. [31] can be considerably improved, we think the large energy
split between enantiomers due to supernova neutrinos is large enough to include it as a plausible
mechanism for the origin of homochirality (we remark we are mainly reviewing the origin but not the
amplification of homochirality). Concerning cosmological neutrinos and dark-matter candidates, the
energy splits could reach, in the most favorable case, 10−21 eV [30].

3. Gravitational Parity Violation

The first ideas on gravitational PV appeared when Leitner and Okubo thought that if the weakness
of the weak interaction had something to do with the violation of the parity symmetry, then, following
the same reasoning, maybe there was some PV also present in the gravitational interaction [75]. After
their proposal concerning a modified gravitational potential [75], Hari Dass extended it by writing a
potential of the form (c = 1) [76]

Vgrav(r) = GM
(

α1
s · r
r3 + α2

s · v
r2 + α3

s× (r · v)
r3

)
. (4)

In this equation, M stands for the mass of the gravitating object and r is its separation vector from a
test particle whose spin and velocity are given by s and v, respectively. It is interesting to note that
under CPT conservation, only the α2 term represents a true chiral interaction within this extension.

As pointed out in [37] and, as far as the author knows, the first (and only) application of PV within
chiral molecules and the generalized gravitational potential of Equation (4) is Ref. [38]. The problem
to compute the corresponding PVED between enantiomers, ∆Egrav = 2〈L|Vgrav|L〉, is that α2 is totally
unknown. Despite this, what can be done is to put some bounds on the value of α2 using non-conclusive
experimental efforts towards establishing a clear signal of PV in chiral molecules (α2 < 1017 [38]).

Although Leitner, Okubo, and Hari Dass’s phenomenological ideas were appealing at that time,
the quest for a complete quantum theory of gravitation has provided us with well-motivated physical
mechanisms which naturally incorporate PV in the gravitational sector, as will be commented on in
the next section.

3.1. Chern-Simons Modified General Relativity and Loop Quantum Gravity

Chern-Simons (CS) theory is a modified theory for gravity [77] that extends general relativity
by including PV. This is done by considering not only the Einstein tensor (as usually done in general
relativity) but also the C–tensor [78] and an extra pseudoscalar (as the h operator previously defined)
field [77]. From the point of view of PV, one of the most important points to be remarked is that CS
gives place to some kind of birefringence somehow analogous to its electromagnetic counterpart (left-
and right-handed gravitational waves are selectively suppressed and, therefore, one could say that the
CS theory has preference for a particular chirality) [79]. The interested reader can have a look at other
signals of gravitational PV in Ref. [37] and references therein.
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Regarding the experimental constraint for the CS energy scale (Ecs), which will be of interest
when interpreted in terms of a possible enantioselection route, see Table 1. In view of these numbers,
it is not surprising to say that CS effects remain elusive. However, we ask the interested reader to
remain alert to the near future, in particular with relation to gravitational wave experiments.

Table 1. Experimental bounds for the CS energy scale. See text for details.

Ecs (eV) Ref. Method

10−14 [80] LAGEOS satellites
5 · 10−10 [81] Double binary pulsar

10−14 [82] EMRIs

Other important candidates that incorporate P violation in the gravitational sector is Loop
Quantum Gravity (LQG) [83–85], a theory which reconciles general relativity and quantum mechanics
at the Planck scale. Without entering into mathematical details, here we note that there are some
models within LQG [86] that give place to a nuclear spin-independent gravitational P-odd potential
between electrons and nuclei of the form

VGPV = −9πβGN
2m

n

∑
i=1

N

∑
A=1

(Z + N){pi · si, δ (ri − rA)}. (5)

Therefore, an effective weak charge appears when comparing Equations (2) and (5) [86] as

Qγ = −9πβ(Z + N)

√
2GN
GF

(6)

As the reader can see, the operator entered into Equation (5) is again h and, therefore, we have a
short-ranged P-odd gravitational potential which constitutes a truly chiral influence.

3.2. Gravitationally Selected Homochirality?

As noted before, the comparison between the two charges, weak and effective weak of Equations (2)
and (5) permits the opening of the way for treating PV in LQG as a possible candidate which could
contribute to the selection of biological homochirality. However, extremely precise experimental
constraints on β must be reported to finally see if the energy scale associated with it could reach the
electroweak one (which is about 1 Hz ' 10−14 eV). Concerning CS gravity, and as Table 1 shows, its
corresponding energy scale could reach (or even supersede) the electroweak one. Therefore, CS gravity
could also be also considered an interesting candidate towards establishing molecular homochirality.

4. Conclusions

In this work we have briefly reviewed possible ways to obtain complete biological homochirality
for the point of view of fundamental physics. Emphasis has been given to electroweak, neutrino, and
gravitational PV. Although the hypotheses here presented are well sustained from a theoretical point of
view, specific calculations (quantum chemistry-like) would be desirable to test them. We remark that
the work here presented refers to the origin but not to the amplification of molecular homochirality.
In this sense, amplifications mechanisms adapted to the initial biases here described could be designed
to see if the effects here presented remain realistic.

Author Contributions: Conceptualization, A.D.-U. and P.B.; investigation, A.D.-U. and P.B., writing—original
draft preparation, A.D.-U. and P.B.

Funding: This research was funded by UNIVERSIDAD DE LOS ANDES grant number INV-2018-50-1378.



Symmetry 2019, 11, 661 6 of 9

Acknowledgments: We thank Michiya Fujiki for his kind invitation to participate in this special issue on Possible
Scenarios for Homochirality on Earth. Funding from Universidad de los Andes is acknowledged (P. B.). This work is
dedicated to Lucía, Inés and Ana Bargueño-Dorta.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Guijarro, A.; Yus, M. The Origin of Chirality in the Molecules of Life; RSC Publishing: Cambridge, UK, 2009.
2. Engel, M.H.; Macko, S.A. Isotopic evidence for extraterrestrial non- racemic amino acids in the Murchison

meteorite. Nature 1997, 389, 265–268. [CrossRef] [PubMed]
3. Pizzarello, S.; Huang, Y. The deuterium enrichment of individual amino acids in carbonaceous meteorites:

A case for the presolar distribution of biomolecules precursors. Geochim. Cosmochim. Acta 2005, 69, 599–605.
[CrossRef]

4. Cronin, J.R.; Pizzarello, S. Enantiomeric Excesses in Meteoritic Amino Acids. Science 1997, 275, 951–955.
[CrossRef]

5. Quack, M. On the measurement of the parity violating energy difference between enantiomers.
Chem. Phys. Lett. 1986, 132, 147–153. [CrossRef]

6. MacDermott, A.J.; Hegstrom, R.A. A proposed experiment to measure the parity-violating energy difference
between enantiomers from the optical rotation of chiral ammonia-like “cat" molecules. Chem. Phys. 2004,
305, 55. [CrossRef]

7. MacDermott, A.J.; Hegstrom, R.A. Optical rotation of molecules in beams: The magic angle. Chem. Phys.
2004, 305, 47. [CrossRef]

8. Darquié, B.; Stoeffler, C.; Zrig, S.; Crassous, J.; Soulard, P.; Asselin, P.; Huet, T.R.; Guy, L.; Bast, R.;
Saue, T.; et al. Progress toward a first observation of parity violation in chiral molecules by high-resolution
laser spectroscopy. Chirality 2010, 22, 870–884. [CrossRef]

9. Lahamer, A.S.; Mahurin, S.M.; Compton, R.N.; House, D.; Laerdahl, J.K.; Lein ,M.; Schwerdtfeger, P. Search
for a Parity-Violating Energy Difference between Enantiomers of a Chiral Iron Complex. Phys. Rev. Lett.
2000, 85, 4470. [CrossRef] [PubMed]

10. Ledbetter, M.P.; Crawford, C.W.; Pines, A.; Wemmer, D.E.; Knappe, S.; Kitching, J.; Budker, D. Optical
detection of NMR J–spectra at zero magnetic field. J. Magn. Reson. 2009, 199, 25–29. [CrossRef]

11. DeMille, D.; Cahn, S.B.; Murphree, D.; Rahmlow, D.A.; Kozlov, M.G. Using Molecules to Measure Nuclear
Spin-Dependent Parity Violation. Phys. Rev. Lett. 2008, 100, 023003. [CrossRef]

12. Altuntas, E.; Ammon, J.; Cahn, S.B.; DeMille, D. Demonstration of a Sensitive Method to Measure
Nuclear-Spin-Dependent Parity Violation. Phys. Rev. Lett. 2018, 120, 142501. [CrossRef]

13. Quintero–Pérez, M.; Wall, T.E.; Hoekstra, S.; Bethlem, H.L. Preparation of an ultra–cold sample of ammonia
molecules for precision measurements. J. Mol. Spectrosc. 2014, 300, 112–115. [CrossRef]

14. Schnell, M.; Meijer, G. Cold molecules: Preparation, applications, and challenges. Angew. Chem. Int. Ed.
2009, 48, 6010–6031. [CrossRef] [PubMed]

15. Fujiki, M. Experimental Tests of Parity Violation at Helical Polysilylene Level. Macromol. Rapid Commun.
2001, 22, 669. [CrossRef]

16. Fujiki, M. Mirror Symmetry Breaking in Helical Polysilanes: Preference between Left and Right of Chemical
and Physical Origin. Symmetry 2010, 2, 1625–1652. [CrossRef]

17. Fujiki, M.; Koe, J.R.; Mori, T.; Kimura, Y. Questions of Mirror Symmetry at the Photoexcited and Ground
States of Non-Rigid Luminophores Raised by Circularly Polarized Luminescence and Circular Dichroism
Spectroscopy: Part 1. Oligofluorenes, Oligophenylenes, Binaphthyls and Fused Aromatics. Molecules 2018,
23, 2606. [CrossRef] [PubMed]

18. Bargueño, P.; Gonzalo, I.; de Tudela, R.P. Detection of parity violation in chiral molecules by external tuning
of electroweak optical activity. Phys. Rev. A 2009, 80, 012110. [CrossRef]

19. Gonzalo, I.; Bargueño, P.; de Tudela, R.P.; Miret–Artés, S. Towards the detection of parity symmetry breaking
in chiral molecules. Chem. Phys. Lett. 2010, 489, 127–129. [CrossRef]

http://dx.doi.org/10.1038/38460
http://www.ncbi.nlm.nih.gov/pubmed/9305838
http://dx.doi.org/10.1016/j.gca.2004.07.031
http://dx.doi.org/10.1126/science.275.5302.951
http://dx.doi.org/10.1016/0009-2614(86)80098-7
http://dx.doi.org/10.1016/j.chemphys.2004.06.017
http://dx.doi.org/10.1016/j.chemphys.2004.06.018
http://dx.doi.org/10.1002/chir.20911
http://dx.doi.org/10.1103/PhysRevLett.85.4470
http://www.ncbi.nlm.nih.gov/pubmed/11082573
http://dx.doi.org/10.1016/j.jmr.2009.03.008
http://dx.doi.org/10.1103/PhysRevLett.100.023003
http://dx.doi.org/10.1103/PhysRevLett.120.142501
http://dx.doi.org/10.1016/j.jms.2014.03.018
http://dx.doi.org/10.1002/anie.200805503
http://www.ncbi.nlm.nih.gov/pubmed/19637171
http://dx.doi.org/10.1002/1521-3927(20010601)22:9<669::AID-MARC669>3.0.CO;2-0
http://dx.doi.org/10.3390/sym2031625
http://dx.doi.org/10.3390/molecules23102606
http://www.ncbi.nlm.nih.gov/pubmed/30314330
http://dx.doi.org/10.1103/PhysRevA.80.012110
http://dx.doi.org/10.1016/j.cplett.2010.02.055


Symmetry 2019, 11, 661 7 of 9

20. Bargueño, P.; Pérez de Tudela, R.; Miret-Artés, S.; Gonzalo, I. An alternative route to detect parity violating
energy differences through Bose-Einstein condensation of chiral molecules. Phys. Chem. Chem. Phys. 2011,
13, 806. [CrossRef]

21. Bargueño, P.; Sols, F. Macroscopic amplification of electroweak effects in molecular Bose-Einstein condensates.
Phys. Rev. A 2012, 85, 021605(R). [CrossRef]

22. Harris, R.A.; Stodolsky, L. Quantum beats in optical activity and weak interactions. Phys. Lett. B 1978, 78,
313–317. [CrossRef]

23. Soai, K.; Sato, I.; Shibata, T.; Komiya, S.; Hayashi, M.; Matsueda, Y.; Imamura, H.; Hayase, T.; Morioka, H.;
Tabira, H.; et al. Asymmetric synthesis of pyrimidyl alkanol without adding chiral substances by the
addition of diisopropylzinc to pyrimidine-5-carbaldehyde in conjunction with asymmetric autocatalysis.
Tetrahedron Asymm. 2003, 14, 185–188. [CrossRef]

24. Lente, G. Stochastic Interpretation of the Asymmetry of Enantiomeric Distribution Observed in the Absolute
Asymmetric Soai Reaction. Tetrahedron Asymm. 2011, 22, 1595–1599. [CrossRef]

25. MacDermott, A.J.; Fu, T.; Nakatsuka, R.; Coleman, A.P.; Hyde, G.O. Parity–Violating Energy Shifts of
Murchison L–Amino Acids are Consistent with an Electroweak Origin of Meteorite L–Enantiomeric Excesses.
Orig. Life Evol. Biosph. 2009, 39, 459–478. [CrossRef] [PubMed]

26. Lente, G. Stochastic Analysis of the Parity-Violating Energy Differences between Enantiomers and Its
Implications for the Origin of Biological Chirality. J. Phys. Chem. A 2006, 110, 12711–12713. [CrossRef]
[PubMed]

27. Cline, D.B. (Ed.) Proceedings of the 1st Symposium on the Physical Origins of Homochirality of Life, Santa Monica,
CA, USA, February 1995; AIP Press: Woodbury, NY, USA, 1996.

28. Cline, D.B. Supernova Antineutrino Interactions Cause Chiral Symmetry Breaking and Possibly Homochiral
Biomaterials for Life. Chirality 2005, 17, S234. [CrossRef]

29. Bargueño, P.; Gonzalo, I. Effect of cosmological neutrinos on discrimination between the two enantiomers of
a chiral molecule. Orig. Life Evol. Biosph. 2006, 36, 171–176. [CrossRef]

30. Bargueño, P.; Dobado, A.; Gonzalo, I. Could dark matter or neutrinos discriminate between the enantiomers
of a chiral molecule? EPL (Europhys. Lett.) 2008, 82, 13002. [CrossRef]

31. Bargueño, P.; de Tudela, R.P. The role of supernova neutrinos on molecular homochirality. Orig. Life
Evol. Biosph. 2007, 37, 253–257. [CrossRef]

32. Tsarev, V.A. Physical and Astrophysical Aspects of the Problem of Origin of Chiral Asymmetry of the
Biosphere. Phys. Part. Nucl. 2009, 40, 998. [CrossRef]

33. Boyd, R.N.; Kajino, T.; Onaka, T. Supernovae and the Chirality of the Amino Acids. Astrobiology 2010, 10, 561.
[CrossRef]

34. Boyd, R.N.; Kajino, T.; Onaka, T. Supernovae, Neutrinos and the Chirality of Amino Acids. Int. J. Mol. Sci.
2011, 12, 3432–3444. [CrossRef] [PubMed]

35. Famiano, M.; Boyd, R.; Kajino, T.; Onaka, T.; Koehler, K.; Hulbert, S. Determining Amino Acid Chirality in
the Supernova Neutrino Processing Model. Symmetry 2014, 6, 909–925. [CrossRef]

36. Famiano, M.; Boyd, R.; Kajino, T.; Onaka, T. Selection of Amino Acid Chirality via Neutrino Interactions
with 14N in Crossed Electric and Magnetic Fields. Astrobiology 2018, 18, 1. [CrossRef] [PubMed]

37. Bargueño, P. Chirality and gravitational parity violation. Chirality 2015, 27, 375. [CrossRef]
38. Bargueño, P.; de Tudela, R.P. Constraining long–range parity violation in gravitation using high resolution

spectroscopy of chiral molecules. Phys. Rev. D 2008, 78, 102004. [CrossRef]
39. Zhu, L.; Liu, Q.; Zhao, H.-H.; Gong, Q.-L.; Yang, S.-Q.; Luo, P.; Shao, C.-G.; Wang, Q.-L.; Tu, L.-C.; Luo, J. Test

of the Equivalence Principle with Chiral Masses Using a Rotating Torsion Pendulum. Phys. Rev. Lett. 2018,
121, 261101. [CrossRef]

40. Lee, T.D.; Yang, C.N Question of parity violation in weak interactions. Phys. Rev. 1956, 104, 254–258.
[CrossRef]

41. Wu, C.S.; Ambler, E.; Hayward, R.W.; Hoppes, D.D.; Hudson, R.P. An experimental test of parity conservation
in beta decay. Phys. Rev. 1957, 105, 1413–1415. [CrossRef]

42. Glashow, S.L. Partial symmetries of weak interactions. Nucl. Phys. 1961, 22, 579–588. [CrossRef]
43. Weinberg, S. A model of leptons. Phys. Rev. Lett. 1967, 19, 1264–1266. [CrossRef]
44. Salam, A. Weak and electromagnetic interactions. In Proceedings of the 8th Nobel Symposium, 15–19 May 1968;

Svartholom, N., Ed.; Almkvist und Wiksel: Stockholm, Sweden, 1968; pp. 367–377.

http://dx.doi.org/10.1039/C0CP00907E
http://dx.doi.org/10.1103/PhysRevA.85.021605
http://dx.doi.org/10.1016/0370-2693(78)90030-8
http://dx.doi.org/10.1016/S0957-4166(02)00791-7
http://dx.doi.org/10.1016/j.tetasy.2011.09.016
http://dx.doi.org/10.1007/s11084-009-9162-9
http://www.ncbi.nlm.nih.gov/pubmed/19308669
http://dx.doi.org/10.1021/jp0658344
http://www.ncbi.nlm.nih.gov/pubmed/17125283
http://dx.doi.org/10.1002/chir.20142
http://dx.doi.org/10.1007/s11084-005-9005-2
http://dx.doi.org/10.1209/0295-5075/82/13002
http://dx.doi.org/10.1007/s11084-006-9060-3
http://dx.doi.org/10.1134/S1063779609070028
http://dx.doi.org/10.1089/ast.2009.0427
http://dx.doi.org/10.3390/ijms12063432
http://www.ncbi.nlm.nih.gov/pubmed/21747686
http://dx.doi.org/10.3390/sym6040909
http://dx.doi.org/10.1089/ast.2017.1686
http://www.ncbi.nlm.nih.gov/pubmed/29160728
http://dx.doi.org/10.1002/chir.22439
http://dx.doi.org/10.1103/PhysRevD.78.102004
http://dx.doi.org/10.1103/PhysRevLett.121.261101
http://dx.doi.org/10.1103/PhysRev.104.254
http://dx.doi.org/10.1103/PhysRev.105.1413
http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264


Symmetry 2019, 11, 661 8 of 9

45. ’t Hooft, G. iA onfrontation with infinity. Rev. Mod. Phys. 2000, 72, 333–339. [CrossRef]
46. Veltman, M.G.J. From weak interactions to gravitation. Rev. Mod. Phys. 2000, 72, 341–349. [CrossRef]
47. Groom, D.E.; Aguilar-Benitez, M.; Amsler, C.; Barnett, R.M.; Burchat, P.R.; Carone, C.D.; Caso, C.;

Conforto, G.; Dahl, O.; Doser, M.; et al. Review of Particle Physics 2000. Eur. Phys. J. C 2000, 15, 1–878.
48. Statement from ATLAS. Available online: http://www.atlas.ch/news/2012/latest-results-from-higgs-

search.html (accessed on 20 December 2012); Statement from CMS. Available online: http://cms.web.cern.
ch/news/observation-new-particle-mass-125-gev (accessed on 12 December 2012); Aad, G.; et al. (ATLAS
collaboration). Observation of a new particle in the search for the Standard Model Higgs Boson with
the ATLAS detector at the LHC. Phys. Lett. B 2012, 716, 1–29; Chatrchyan, S.; et al. (CMS collaboration).
Observation of a new Boson at a mass of 125 GeV with the CMS experiment at the LHC. Phys. Lett. B 2012,
716, 30–61.

49. Bouchiat, M.A.; Bouchiat, C. Parity violation induced by weak neutral currents in atomic physics. J. Phys. (Fr.)
1974, 35, 899–927. [CrossRef]

50. Khriplovich, I.B. Parity Nonconservation in Atomic Phenomena; Gordon and Breach: Philadelphia, PA,
USA, 1991.

51. Wood, C.S.; Bennett, S.C.; Cho, D.; Masterson, B.P.; Roberts, J.L.; Tanner, C.E.; Wiemann, C.E. Measurement
of Parity Nonconservation and an Anapole Moment in Cesium. Science 1997, 275, 1759–1763. [CrossRef]

52. Ginges, J.S.M.; Flambaum, V.V. Violations of fundamental symmetries in atoms and tests of unification
theories of elementary particles. Phys. Rep. 2004, 397, 63–154. [CrossRef]

53. Langacker, P. The Physics of Heavy Z’ Gauge Bosons. Rev. Mod. Phys. 2009, 81, 1199–1228. [CrossRef]
54. DeMille, D.; Dyle, J.M.; Sushkov, A.O. Probing the frontiers of particle physics with tabletop-scale

experiments. Science 2017, 357, 990. [CrossRef]
55. Safronova, M.S.; Budker, D.; DeMille, D.; Kimball, D.F.J.; Derevianko, A.; Clark, C.W. Search for new physics

with atoms and molecules. Rev. Mod. Phys. 2018, 90, 025008. [CrossRef]
56. Bakasov, A.; Ha, T.K.; Quack, M. Ab initio calculation of molecular energies including parity violating

interactions. J. Chem. Phys. 1999, 109, 7263–7285. [CrossRef]
57. Quack, M.; Stohner, J. Influence of parity violating weak nuclear potentials on vibrational and rotational

frequencies in chiral molecules. Phys. Rev. Lett. 2000, 84, 3807–3810. [CrossRef]
58. Quack, M.; Stohner, J. Combined multidimensional anharmonic and parity violating effects in CDBrClF.

J. Chem. Phys. 2003, 119, 11228–11240. [CrossRef]
59. Quack, M. Fundamental Symmetries and Symmetry Violations from High Resolution Spectroscopy.

In Handbook of High Resolution Spectroscopy; Quack, M., Merkt, F., Eds.; Wiley: Chichester, UK; New York, NY,
USA, 2011; Volume 1, Chapter 18, pp. 659–722.

60. Schwerdtfeger, P. Computational Spectroscopy; Grunenberg, J., Ed.; Wiley: Chichester, UK; New York, NY,
USA, 2010; pp. 201–221.

61. Berger, R. Parity Violation Effects in Molecules. Theor. Comput. Chem. 2004, 14, 188–288.
62. Barron, L.D. Fundamental symmetry aspects of optical activity. Chem. Phys. Lett. 1981, 79, 392–394.

[CrossRef]
63. Barron, L.D. Optical activity and time reversal. Mol. Phys. 1981, 43, 1395–1406. [CrossRef]
64. Barron, L.D. True and false chirality and absolute asymmetric synthesis. J. Am. Chem. Soc. 1986, 108,

5539–5542. [CrossRef]
65. Barron, L.D. Symmetry and molecular chirality. Chem. Soc. Rev. 1986, 15, 189–223. [CrossRef]
66. Barron, L.D. True and false chirality and parity violation. Chem. Phys. Lett. 1986, 123, 423–427. [CrossRef]
67. Barron, L.D. Reactions of chiral molecules in the presence of a time-non-invariant enantiomorphous influence:

A new kinetic principle based on the breakdown of microscopic reversibility. Chem. Phys. Lett. 1987, 135, 1–8.
[CrossRef]

68. Barron, L.D. Fundamental symmetry aspects of molecular chirality. In New Developments in Molecular
Chirality; Mezey, P.G., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1991; pp. 1–5.

69. Avalos, M.; Babiano, R.; Cintas, P.; Jiménez, J.L.; Palacios, J.C.; Barron, L.D. Absolute asymmetric synthesis
under physical fields: Facts and fictions. Chem. Rev. 1998, 98, 2391–2404. [CrossRef]

70. Barron, L.D. CP violation and molecular physics. Chem. Phys. Lett. 1994, 221, 311–316. [CrossRef]
71. Barron, L.D. Cosmic Chirality both True and False. Chirality 2012, 24, 957.

http://dx.doi.org/10.1103/RevModPhys.72.333
http://dx.doi.org/10.1103/RevModPhys.72.341
http://www.atlas.ch/news/2012/latest-results-from-higgs-search.html
http://www.atlas.ch/news/2012/latest-results-from-higgs-search.html
http://cms.web.cern.ch/news/ observation-new-particle-mass-125-gev
http://cms.web.cern.ch/news/ observation-new-particle-mass-125-gev
http://dx.doi.org/10.1051/jphys:019740035012089900
http://dx.doi.org/10.1126/science.275.5307.1759
http://dx.doi.org/10.1016/j.physrep.2004.03.005
http://dx.doi.org/10.1103/RevModPhys.81.1199
http://dx.doi.org/10.1126/science.aal3003
http://dx.doi.org/10.1103/RevModPhys.90.025008
http://dx.doi.org/10.1063/1.477360
http://dx.doi.org/10.1103/PhysRevLett.84.3807
http://dx.doi.org/10.1063/1.1622381
http://dx.doi.org/10.1016/0009-2614(81)80228-X
http://dx.doi.org/10.1080/00268978100102151
http://dx.doi.org/10.1021/ja00278a029
http://dx.doi.org/10.1039/cs9861500189
http://dx.doi.org/10.1016/0009-2614(86)80035-5
http://dx.doi.org/10.1016/0009-2614(87)87207-X
http://dx.doi.org/10.1021/cr970096o
http://dx.doi.org/10.1016/0009-2614(94)00253-3


Symmetry 2019, 11, 661 9 of 9

72. Barron, L.D. True and false chirality and absolute enantioselection. Rend. Fis. Acc. Lincei 2013, 24, 179–189.
[CrossRef]

73. Kondepudi, D.K. Selection of molecular chirality by extremely weak chiral interactions under far from
equilibrium conditions. Biosystems 1987, 20, 75. [CrossRef]

74. Lente, G. The Role of Stochastic Models in Interpreting the Origins of Biological Chiralit. Symmetry 2010, 2,
767–798. [CrossRef]

75. Leitner, J.; Okubo, S. Parity charge conjugation + time reversal in gravitational interaction. Phys. Rev. 1964,
136, B1542. [CrossRef]

76. Dass, N.D.H. Test for C, P, and T nonconservation in gravitation. Phys. Rev. Lett. 1976, 36, 393–395. [CrossRef]
77. Alexander, S.; Yunes, N. Chern–Simons modified general relativity. Phys. Repts. 2009, 480, 1–55. [CrossRef]
78. Jackiw, R.; Pi, S.Y. Chern-Ssimons modification of general relativity. Phys. Rev. D 2003, 68, 104012. [CrossRef]
79. Alexander, S.; Martin, J. Birefringent gravitational waves and the consistency check of inflation. Phys. Rev. D

2005, 71, 063526.
80. Smith, T.L.; Erickcek, A.L.; Caldwell, R.R.; Kamionkowski, M. The Effects of Chern–Simons gravity on bodies

orbiting the Earth. Phys. Rev. D 2008, 77, 024015. [CrossRef]
81. Ali-Haimoud, Y. Revisiting the double–binary–pulsar probe of non–dynamical Chern–Simons gravity.

Phys. Rev. D 2011, 83, 124050. [CrossRef]
82. Canizares, P.; Gair, J.R.; Sopuerta, C.F. Testing Chern–Simons Modified Gravity with Gravitational–Wave

Detections of Extreme–Mass–Ratio Binaries. Phys. Rev. D 2012, 86, 044010. [CrossRef]
83. Rovelli, C. Quantum Gravity; Cambridge University Press: Cambridge, UK, 2004.
84. Ashtekar, A. Background Independent Quantum Gravity: A Status Report. Class. Quantum Gravity 2004,

21, R53. [CrossRef]
85. Thiemann, T. Lectures on loop quantum gravity. Lect. Notes Phys. 2003, 631, 41.
86. Freidel, L.; Minic, D.; Takeuchi, T. Quantum gravity, torsion, parity violation, and all that. Phys. Rev. D 2005,

72, 104002. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12210-013-0224-6
http://dx.doi.org/10.1016/0303-2647(87)90022-0
http://dx.doi.org/10.3390/sym2020767
http://dx.doi.org/10.1103/PhysRev.136.B1542
http://dx.doi.org/10.1103/PhysRevLett.36.393
http://dx.doi.org/10.1016/j.physrep.2009.07.002
http://dx.doi.org/10.1103/PhysRevD.68.104012
http://dx.doi.org/10.1103/PhysRevD.77.024015
http://dx.doi.org/10.1103/PhysRevD.83.124050
http://dx.doi.org/10.1103/PhysRevD.86.044010
http://dx.doi.org/10.1088/0264-9381/21/15/R01
http://dx.doi.org/10.1103/PhysRevD.72.104002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Electroweak Parity Violation
	Electron-Nucleon Interaction
	Electron-Neutrino Interaction

	Gravitational Parity Violation
	Chern-Simons Modified General Relativity and Loop Quantum Gravity
	Gravitationally Selected Homochirality?

	Conclusions
	References

