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More Exotic B and L Violating Processes

• I’ll talk about breaking B and/or L by two          
(or more) units

• Julian Heeck’s talk will include |ΔB|=1 
processes….

We’ll consider what wasn’t discussed yesterday!   

There are really very many possibilities,
and several reach across subfield boundaries.  

I hope to review all (most?) of them, but
first I think I should tell you why…. 

E.g., could the p be stable but the H-atom not? 
[McKeen & Pospelov, 2003.02270]

 What of H-  oscillations? [Feinberg & Weinberg, 1961; Grossman, Ng, Ray, 2018]H̄
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Perspective
Experiment & observation reveal 

non-zero ν masses, 
a cosmic BAU, dark matter, dark energy.

Although B violation appears in the SM (sphalerons), 
[Kuzmin, Rubakov, & Shaposhnikov, 1985]

we know nothing of its pattern at accessible energies. 

B and L violation could well play a role in solving 
all of these puzzles?

Experimental limits on |ΔB|=1 processes are severe;
|ΔB|=2 processes can be of distinct origin & important.

 [Marshak and Mohapatra, 1980; Babu & Mohapatra, 2001 & 2012; Arnold, Fornal, & Wise, 2013]
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Perspective, Part II

Both (and much more!) appear in a SO(10) GUT, e.g., 
but can they be connected with minimal ingredients? 

Are there new ways of 
showing that a “Majorana ν’’ must exist?

 |ΔB|=2 &/or |ΔL|=2 interactions (w/ B-L violation) 
speak to fundamental Majorana dynamics

[cf. Babu & Mohapatra, 2015 (plus N decay); SG & Yan, 2019]

This is distinct from finding an Majorana neutrino mass 
of observable size.

What role does flavor play?
Can dark matter can induce B and/or L violation?

[Arnold, Fornal, & Wise, 2013; Assad, Fornal, & Grinstein, 2018; SG & Yan, 2019 ]
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A List of Possibilities
In addition to  oscillations, we could consider…n − n̄

 oscillations (or other flavorful transitions)
NN decays to various final (dark?) states

scattering-mediated  transitions
and/or 

spin-dependent or CP-violating effects therein
 collider searches for |ΔB|=|ΔL|=3 processes

Λ − Λ̄

NN̄

In addition to 0ν ββ decay we could consider…
 the role of light particle emission therein

|ΔL|=(or >) 2 processes also with μ or τ final states
muonium-antimuonium oscillations (a 2-fer!)
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 Oscillations, Dark Sectors, &
CP Violation

n − n̄
[McKeen & Nelson, 2016]
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For details of our formalism and how to derive M12 and
�12 from a more fundamental theory follow from the
treatment of Refs. [10, 11] and are recapped in the Ap-
pendix. While some authors [12] have recently claimed
that CP violation is required for neutron oscillations, it
is always possible to reparameterize the system and use a
definition of CP so that the mass matrix is not CP violat-
ing [13, 14]. CP violation in interference between mixing
and decays is possible, leading to the n ! n̄ oscillation
probability in vacuum differing from that for n̄ ! n,
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violating phase. We now examine the characteristics nec-
essary for a model that gives n-n̄ oscillations at a rate not
too far from the current upper bounds while also gener-
ating CP violation that is not vanishingly tiny.

Models that violate baryon number only by two units
allow for n-n̄ oscillations without generating proton de-
cay, which is subject to extremely strong constraints (see,
e.g., [5]). In such a model, if lepton number is not vio-
lated, �12 for the neutron system can be generated by
operators that allow for the decays

n ! p̄e
+
⌫e, n̄ ! pe

�
⌫̄e (6)

to proceed directly. However, the operators that generate
these decays are dimension-12, and it is difficult for them
to result in a value of �12 that is not exceedingly small
compared to 10

�33
GeV. We are therefore led to consider

new states that are lighter than the neutron.
As a motivation to consider such states, let us as-

sume that baryon number is only absolutely conserved
mod 2, so that we have a conserved Z2 symmetry which
is a subgroup of baryon number. This Z2 symmetry
could be used to guarantee the stability of a dark mat-
ter Majorana fermion �, provided that � is lighter than
mp+me. Stability of the proton requires than � be heav-
ier than mp � me.1 A slightly stronger lower bound of
m� > 937.9 MeV comes from requiring that 9

Be remain
stable and not decay via the reaction 9

Be !
8
Be+�. We

1 The stability of dark matter due to its mass being in this range
in a model to explain baryogenesis was considered in Ref. [15].

FIG. 1. One diagram that leads to the decay n ! �� as well
as to an absorptive portion to the n-n̄ transition amplitude,
�12, given a Majorana mass for �. Diagrams where the photon
is attached to the scalar � are suppressed by the large � mass.
Removing the photon gives the diagram responsible for n-�
(and n̄-�) transitions.

have checked that this is the strongest bound that comes
from requiring that all stable nuclides are kinematically
forbidden from decaying to � or �e

+. We then consider
the decays of both neutron and antineutron into � + �

in order to generate �12. Justifying why � should conve-
niently lie in this very narrow mass range is not the point
of this letter, but it could be argued for using anthropic
reasoning, or perhaps � could be a baryon of a sector
mirror to ours [16], with its own gauge interactions. It
is also possible that � only couples to heavy flavors, but
has a mass such that it can only decay into light flavors,
with 2 or more weak interactions are required for it to
decay, in which case the constraint on its mass can be
weakened.

As an example of how to generate an interaction that
would allow decays of the neutron or antineutron into
�+�, consider adding a scalar diquark, �, that is a color
antifundamental and carries hypercharge 1/3. Then it
can couple to quarks through

L � g�ūd̄+ h.c., (7)

where ū and d̄ are the (left-handed) up and down SU(2)

singlet quarks. We couple � and d̄ to the Majorana
fermion �,

L � y�
⇤
d̄�+ h.c. (8)

These interactions generate a transition dipole opera-
tor, through diagrams like the one shown in Fig. 1, which
appears as a term in the effective Lagrangian involving
the neutron field as
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Appearance of CP violation requires nonzero ImM12Γ*12
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�

FIG. 2. Left: diagram responsible for �12 through interme-
diate on-shell � and �. Right: diagram responsible for M12.
The crosses represent � mass insertions and the blobs are
the higher dimensional operators responsible for n-� and n̄-�
transitions, as seen in Fig. 1.

computation of this matrix element using lattice QCD,
see [17]). As shown on the left of Fig. 2, this coupling
gives a contribution to �12 that is
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where �M ⌘ mn � m� ⌧ mn. There is also a contri-
bution to M12 from an off-shell intermediate � exchange,
seen on the right of Fig. 2, that is larger than �12,
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For CP violation to be present, there must exist another
contribution to M12, since this necessarily has the same
phase as �12. This can be done any number of ways,
e.g. we can add another Majorana fermion �

0 with sim-
ilar couplings as � but different phases in the couplings.
Without fine-tuning the two separate contributions to
M12 against each other, we would then generically ex-
pect the level of CP violation in the neutron-antineutron
system to be tiny,
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One may wonder whether there is a contribution to the
neutron EDM that comes from attaching a photon to di-
agrams with external neutrons and a �-� loop. Since the
amplitudes responsible for an EDM must have �B = 0

(as we argued above, and as also done in Ref. [14],) poten-
tial contributions to the EDM from these diagrams must
not contain a B-violating � mass insertion. However, the
lack of a factor of m� in such diagrams (in contrast to
M12 and �12) means that they do not contain a physi-
cal CP -violating phase and thus do not contribute to the
neutron EDM.

There is a contribution to the neutron EDM from a
d quark (chromo)EDM that arises through a �-� loop.
However, since we assume that the coupling of � to quark
doublets is absent, this requires a light quark mass inser-
tion. Therefore � masses in the 10 � 100 TeV range are
safe, even with g ⇠ O(1). For a detailed discussion of
experimental limits on similar models, see [5, 18].

While a significant amount of CP violation in n-n̄ oscil-
lations does not appear promising, this analysis suggests
that oscillations of neutral baryons which are less directly
constrained by nuclear stability can exhibit larger CP vi-
olation. One might consider ⇤ � ⇤̄ oscillations [19], but
�B = 2 operators with �S = 2 are highly constrained
from decays of dinucleons into 2 kaons. Other neutral
baryons are more promising. Consider oscillations of ⌅0

and ⌅̄
0. Like neutron oscillation, this process involves

operators that have �B = 2, but also requires �S = 4.
Since four kaons are more massive than two nucleons,
such operators are subject to less stringent constraints
than those with �S = 0 or �S = 2. In particular,
they are not subject to strong limits from dinucleon de-
cays. It is necessary to avoid generating a similar size
for the much more constrained baryon number violat-
ing �S = 0, 1, 2 and �S = 3 [20] operators. Provided
that only SU(2) singlet strange quarks are involved in
the �S = 4 operators, then the radiative generation of
�S = 0, 1 and �S = 2 operators is suppressed by 2
more weak loop factors as well as light quark mass in-
sertions. However a �S = 3 operator may be generated
via a single weak loop, greatly constraining the size of
the operator which allows oscillations of the ⌅

0. Os-
cillations of baryons containing heavier flavors are less
constrained. For instance oscillations of the ⌅

0
b were con-

sidered by Kuzmin in 1996 [21] and an oscillation rate
which is comparable to the decay rate was shown to be
compatible with nuclear stability bounds. Therefore, if �
couples dominantly to heavy flavor SU(2) singlet quarks,
it is conceivable that the strongest limits on � comes from
collider searches, and m�/

p
gy could be a few hundred

GeV or less. Detailed study of the various flavor com-
binations for neutral baryon oscillations is underway in
Ref. [22], and has shown that there are several baryons
whose oscillation rates could be comparable to their de-
cay rates without leading to excessive dinucleon decay. In
addition, if there exists a neutral � fermion which both
the baryon and anti baryon can decay into, the larger
mass splitting between � and the heavy baryon allows
for sizable |�12/M12]. Given a mechanism for producing
neutral heavy flavored baryons out of equilibrium in the
early universe, such as via the late decay of some heavier
� particle as in Ref. [11], then CPV in their oscillations
and decays is a potential new mechanism for baryogene-
sis.
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CPV effects very small
EDM signal?
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On Neutrinoless Double Beta 
(0ν ββ) decay

If observed, the ν has a Majorana mass

(or π- π-      e- e- )

d

d u

u

e−

e−
ν

W−

W−

(a)
d

d
u

u

e−

e−
ν

W−

(b)

d

d
u

u

e−

e−
ν

(c)

d

d

u

u

e−

e−

(d)

Figure 2: Different contributions to 0νββ : (a)-(c) A light neutrino is exchanged between two point-
like vertices, which are classified as “long-range”. (d) Contributions mediated by heavy particles
are classified as “short-range”. Diagram (a) corresponds to the mass mechanism — the standard
interpretation of 0νββ with Majorana neutrino propagation. See main text for details.

2 Model-independent parametrisation of the 0νββ decay

rate

A general Lorentz-invariant parametrisation of new physics contributions to 0νββ has been developed
in [37,38]. This formalism allows to derive limits on any LNV new physics contributing to 0νββ decay
without recalculation of nuclear matrix elements. In order to make contact with this formalism, we
recapitulate the main results and definitions of [37, 38] in this section. The total amplitude of 0νββ
is most conveniently divided into two parts: Long-range and short-range contributions, see Fig. 2.

2.1 Long-range contributions

Consider first the long-range part. Here, we can sub-divide the amplitudes into parts (a)-(c) as
shown in the figure. In case (a), a massive Majorana neutrino is exchanged between two SM charged
current vertices, while cases (b) and (c) contain one and two (unspecified) non-standard interactions
respectively, indicated by the black blobs.

At low energy, we can write the relevant part of the effective Lagrangian with the leptonic (j)
and hadronic (J) charged currents as

L4-Fermi = LSM + LLNV

=
GF√
2

[

jµV−AJV−A,µ +
∑

α, β != V −A

εβα jβJα

]

. (2)

Here, we follow the notations of j and J adopted in [38], which are6

Jµ
V±A = (JR/L)

µ ≡ uγµ(1± γ5)d , jµV±A ≡ eγµ(1± γ5)ν , (3)

JS±P = JR/L ≡ u(1± γ5)d , jS±P ≡ e(1± γ5)ν ,

Jµν
TR/L

= (JR/L)
µν ≡ uγµν(1± γ5)d , jµνTR/L

≡ eγµν(1± γ5)ν ,

6Note that the difference in normalisation of Eq. (3) and the normal convention for L/R in particle physics leads
to various powers of two, see appendix, when relating models with the εβα of Eq. (2).

4

[Schechter & Valle, 1982]

O / ūūddēē

          can be mediated by a dimension 9 operator: 

“long range” “short range”
[Bonnet, Hirsch, Ota, & Winter, 2013]

“mass mechanism”

0ν ββ
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For choices of fermions fi 
this decay topology can yield
          or                  decay

0ν ββ Decay in Nuclei

The “short-range” mechanism involves new 
B-L violating dynamics; e.g., 

Can be mediated by “short-” or “long”-range mechanisms 

[Bonnet, Hirsch, Ota, & Winter, 2013]

S or V that carries B or L

u-u

0ν ββ
Can we relate the possibilities in a data-driven way?
[Yes!] [S.G. & Xinshuai Yan, PLB 2019]



Nucleon-Antinucleon Transitions 

1. Introduction. Searches for processes that violate standard model (SM) symmetries

are of particular interest because their discovery would serve as unequivocal evidence for

dynamics beyond the SM. The gauge symmetry and known particle content of the SM

implies that its Lagrangian conserves baryon number B and lepton number L, though it is

the combination B�L that survives at the quantum level. Thus the observation of neutron-

antineutron (n-n̄) oscillations, a |�B| = 2 process, would show that B � L symmetry is

broken and ergo that dynamics beyond the SM exists. The current constraints on |B| = 1

operators from the non-observation of nucleon decay are severe, with the strongest limits

coming from searches for proton decay to final states that respect B�L symmetry, such as

p ! e
+
⇡
0, for which the partial half-life exceeds 8.2⇥ 1033 years at 90% C.L. [1]. Although

particular |�B| = 1 operators, such as those that mediate n ! e
�
⇡
+, e.g., can also give rise

to n-n̄ oscillations, Mohapatra and others have emphasized that the origin of nucleon decay

and n-n̄ oscillations can be completely di↵erent [2–7]. Recently, moreover, simple models

that give rise to n-n̄ oscillations but not nucleon decay have been enumerated [6].

Phenomenological studies of meson mixing are typically realized in the context of a 2⇥ 2

e↵ective Hamiltonian matrix [8]. The seminal papers on free n-n̄ oscillations [9, 10] have also

followed such a framework, and the existing experimental search [11] has, in turn, followed its

guidance. Consequently we briefly review this work before turning to our generalization. The

neutron magnetic moment is well-known, yielding an interaction with an external magnetic

field B of form �µnSn ·B/Sn, where µn is the magnitude of the magnetic moment and Sn

is the neutron spin. Nevertheless, the early papers [9, 10] analyze the e↵ect of an external

magnetic field in a 2 ⇥ 2 framework, explicitly suppressing the role of the neutron (and

antineutron) spin. Supposing the neutron spin to be in the direction of the applied B-field

and employing CPT invariance, the mass matrix M takes the form [9]

M =

0

@ Mn � µnB �

� Mn + µnB

1

A , (1)

where we note that CPT invariance guarantees not only that the neutron and antineutron

masses are equal but also that the projections of the neutron and antineutron magnetic

moments on B are equal in magnitude and of opposite sign. We work in units ~ = c = 1

and ignore the finite neutron and antineutron lifetimes throughout. Diagonalizing M yields

2

Pn!n̄(t) '
�2

2(µnB)2
[1� cos(2µnBt)]

Can be realized in different ways 

• neutron-antineutron oscillations (free n’s & in nuclei)
Enter searches for 

• dinucleon decay (in nuclei)
     (limited by finite nuclear density)
• nucleon-antinucleon conversion

“spontaneous”
& thus sensitive to 

environment

[SG & Xinshuai Yan, 2017]

9

(mediated by external interactions)
(B-L need not be broken)



  & Nuclear Stabilityn − n̄n-n̄ Oscillations and Nuclear Stability
n-n̄ oscillations can be studied in bound or free systems.

New limits on dinucleon decay in nuclei have also recently been established.
[Gustafson et al., Super-K Collaboration, arXiv:1504.0104.]
16

O(pp) !14
C⇡+⇡+ has ⌧ > 7.22 ⇥ 1031 years at 90% CL.

16
O(pn) !14

N⇡+⇡0 has ⌧ > 1.70 ⇥ 1032 years at 90% CL.
16

O(nn) !14
O⇡0⇡0 has ⌧ > 4.04 ⇥ 1032 years at 90% CL.

Note ⌧NN = Tnuc⌧2
nn̄ with Tnuc ⇠ 1.1 ⇥ 1025

s
�1

Large suppression factors appear in all such nuclear studies, making

free searches more effective.

In the case of bound n-n̄ the suppression is set by

�2

(Vn � Vn̄)2

the difference in nuclear optical potentials. [Dover, Gal, and Richard; Friedman and Gal, 2008]

Now 16
O(n�n̄) has ⌧ > 1.9 ⇥ 1032 years at 90% CL,

yielding ⌧nn̄ > 2.7 ⇥ 108 s. [Abe et al., Super-K Collaboration, arXiv:1109.4227.]

Cf. free limit: ⌧nn̄ � 0.85 ⇥ 108
s at 90% C.L. [Baldo-Ceolin et al., ZPC, 1994 (ILL)]

with future improvements expected.
The nuclear suppression dwarfs that from magnetic fields.

S. Gardner (Univ. of Kentucky) n-n̄ with Spin KITP Seminar 9/30/16 7 / 21

(at first glance)

10Note recent EFT computations in d. [Oosterhof et al., 2019; 
Haidenbauer & Meissner 2020] 



n - n Transitions & Spin
Spin can play a role in a “mediated” process

n-n̄ Oscillations and Spin

Upon including ⌘2
cpt = �1

No n+ ! n̄� or n� ! n̄+ transitions

Quenching of nn̄ transitions irrespective of transverse magnetic fields

However, spin-dependent effects appear in n-n̄ transitions. Consider

O4 =  T C�µ�5 @
⌫Fµ⌫ + h.c.

n(+) ! n̄(�) occurs directly because the interaction with the current flips the
spin.
This is concomitant with n(p1, s1) + n(p2, s2) ! �⇤(k), for which only L = 1
and S = 1 is allowed via angular momentum conservation and Fermi
statistics. [Berezhiani and Vainshtein, 2015]

Here e + n ! n̄ + e, e.g., so that the experimental concept for “nn̄
conversion” would be completely different.

BSM theories that generate nn̄ oscillations support nn̄ conversion as well.
[SG and Yan, in preparation, 2016]

S. Gardner (Univ. of Kentucky) n-n̄ with Spin KITP Seminar 9/30/16 17 / 21

A neutron-antineutron oscillation is a spontaneous 
process & thus the spin does not ever flip
However, 
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Effective Lagrangian 

Le↵ � �1

2
µnn̄�

µ⌫nFµ⌫ � �

2
nTCn� ⌘

2
nTC�µ�5njµ + h.c.

Neutron interactions with B-L violation  & 
electromagnetism

magnetic moment
n ! n̄

n ! n̄

oscillation
conversion (spin!)

[SG & Xinshuai Yan, arXiv: 1710.09292]

Since the quarks carry electric charge, 
a BSM model that generates neutron-

antineutron oscillations can also 
generate conversion

“spontaneous”

Qej⌫ = @µF
µ⌫[                     ]
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Neutron-Antineutron Conversion
Different mechanisms are possible

u-u 

u-u

❋ conversion and oscillation could share 
the same “TeV” scale BSM sources 

Then the quark-level conversion
operators can be derived noting 
the quarks carry electric charge

❋ conversion and oscillation could come 
from different BSM sources

Indeed different |ΔB|=2 processes
could appear (e.g., e- p →e+     )
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Neutron-Antineutron Oscillation
Quark-level operators

III. n− n̄ TRANSITION OPERATORS
AT THE QUARK LEVEL

Considering the n − n̄ transition operators of Eq. (1)
from the viewpoint of simple dimensional analysis, we see
that the mass dimension of δ, [δ], has ½δ" ¼ 1, whereas
½η" ¼ −2 since ½jμ" ¼ 3. Since ½η/δ" ¼ −3, one might think
that n − n̄ conversion would be suppressed by an additional
factor of Λ3

NP, where ΛNP is the cutoff mass scale of new
physics. This is not necessarily true because of the presence
of other energy scales. To illustrate this explicitly, we need
to develop the form of the n − n̄ conversion operators at the
quark level. We do this by considering energy scales at
which the quark structure of the nucleon becomes explicit
but are still well below the nominal scale of new physics,
ΛQCD ≲ E ≪ ΛNP. In this way we can realize quark-level
n − n̄ conversion operators through electromagnetic inter-
actions, by dressing the quarks of the quark-level n − n̄
oscillation operators with photons, since the participating
quarks also carry electric charge.
The effective Lagrangian for n − n̄ oscillations at the

QCD scale involves operators with six quark fields, and
which thus have an associated coefficient of mass dimen-
sion −5. Since these operators are key to our work, we
briefly summarize their important ingredients. Based on
our earlier discussion of the nucleon-level operators, we
expect the quark-level “building blocks” to have the
structure qTα1χ Cq

β
2χ , where the numerical and Greek indices

are flavor and color labels, respectively. We work, too, in a
chiral basis with χ ∈ L, R and note that each quark block
appears as a chiral pair, since operators of mixed chirality
always vanish. The final n − n̄ operators should be com-
patible with the hadrons’ flavor content and also be
invariant under color symmetry, SUð3Þc. There are three
ways of forming an SU(3) singlet from a product of six
fundamental representations in SUð3Þc. However, in the
case of quarks of a single generation, only two color tensors
can occur [46], namely,

ðTsÞαβγδρσ ¼ ϵραγϵσβδ þ ϵσαγϵρβδ þ ϵρβγϵσαδ þ ϵσβγϵραδ;

ð5Þ

ðTaÞαβγδρσ ¼ ϵραβϵσγδ þ ϵσαβϵργδ ð6Þ

with ϵ denoting a totally antisymmetric tensor. We refer to
Ref. [46] for a discussion of B-L violating operators with
arbitrary generational structure. Working in a chiral basis,
so that qχ ≡ ð1þ χγ5Þq/2 and χ ¼ ' (or, equivalently,
writing qχ with χ ¼ R

L), we note, ultimately, that there are
three types of n − n̄ operators [47]:

ðO1Þχ1χ2χ3 ¼ ½uTαχ1 Cu
β
χ1 "½d

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTsÞαβγδρσ; ð7Þ

ðO2Þχ1χ2χ3 ¼½uTαχ1 Cd
β
χ1 "½u

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTsÞαβγδρσ; ð8Þ

ðO3Þχ1χ2χ3 ¼½uTαχ1 Cd
β
χ1 "½u

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTaÞαβγδρσ; ð9Þ

although only 14 of these 24 operators are independent,
because the antisymmetric tensors yield the relation-
ships [47]

ðO1Þχ1LR ¼ ðO1Þχ1RL; ðO2;3ÞLRχ3 ¼ ðO2;3ÞRLχ3 ; ð10Þ

and [48]

ðO2Þmmn − ðO1Þmmn ¼ 3ðO3Þmmn; ð11Þ

where m, n ∈ ½L; R". If we also demand that the operators
be invariant under SUð2ÞL × Uð1ÞY, the electroweak gauge
symmetry of the SM, then finally only four operators are
independent [47,48]. For example,

P1 ¼ ðO1ÞRRR; ð12Þ

P2 ¼ ðO2ÞRRR; ð13Þ

P3 ¼ ½qTiαL CqjβL "½u
Tγ
R CdδR"½d

Tρ
R CdσR"ϵijðTsÞαβγδρσ

¼ 2ðO3ÞLRR; ð14Þ

P4 ¼ ½qTiαL CqjβL "½q
Tkγ
L CqlδL "½d

Tρ
R CdσR"ϵijϵklðTaÞαβγδρσ

¼ 4ðO3ÞLLR; ð15Þ

where the Roman indices label the members of a left-
handed SU(2) doublet.
The matrix elements of these operators have been

evaluated in the MIT bag model by Rao and Shrock
[47] and, much more recently, in lattice QCD [49,50].
Once we have developed the quark-level n − n̄ conversion
operators we, too, use the MIT bag model to evaluate their
matrix elements. We discuss noteworthy technical aspects
of this in Appendix B.

A. From quark-level operators for n− n̄ oscillation
to n− n̄ conversion

Since dimensional analysis shows that the effective
operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
new physics mass scale, we wish to explore the manner in
which we can use SM physics to find a more favorable
relationship. In particular, since the quarks carry electric
charge, we explore the possibility that the external source
in the n − n̄ conversion operator is the electromagnetic
current. Of course quarks also carry color charge, but the
associated current ∂μFa

μν is not SUð3Þc gauge invariant. In
what follows we consider each of the n − n̄ transition
operators in turn and determine the low-energy effective
operator that follows from evaluating how its quarks
interact with a virtual photon generated by a scattered
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writing qχ with χ ¼ R
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where the Roman indices label the members of a left-
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The matrix elements of these operators have been

evaluated in the MIT bag model by Rao and Shrock
[47] and, much more recently, in lattice QCD [49,50].
Once we have developed the quark-level n − n̄ conversion
operators we, too, use the MIT bag model to evaluate their
matrix elements. We discuss noteworthy technical aspects
of this in Appendix B.

A. From quark-level operators for n− n̄ oscillation
to n− n̄ conversion

Since dimensional analysis shows that the effective
operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
new physics mass scale, we wish to explore the manner in
which we can use SM physics to find a more favorable
relationship. In particular, since the quarks carry electric
charge, we explore the possibility that the external source
in the n − n̄ conversion operator is the electromagnetic
current. Of course quarks also carry color charge, but the
associated current ∂μFa

μν is not SUð3Þc gauge invariant. In
what follows we consider each of the n − n̄ transition
operators in turn and determine the low-energy effective
operator that follows from evaluating how its quarks
interact with a virtual photon generated by a scattered
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sion −5. Since these operators are key to our work, we
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chiral basis with χ ∈ L, R and note that each quark block
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with ϵ denoting a totally antisymmetric tensor. We refer to
Ref. [46] for a discussion of B-L violating operators with
arbitrary generational structure. Working in a chiral basis,
so that qχ ≡ ð1þ χγ5Þq/2 and χ ¼ ' (or, equivalently,
writing qχ with χ ¼ R

L), we note, ultimately, that there are
three types of n − n̄ operators [47]:
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Tγ
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because the antisymmetric tensors yield the relation-
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and [48]
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where m, n ∈ ½L; R". If we also demand that the operators
be invariant under SUð2ÞL × Uð1ÞY, the electroweak gauge
symmetry of the SM, then finally only four operators are
independent [47,48]. For example,
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where the Roman indices label the members of a left-
handed SU(2) doublet.
The matrix elements of these operators have been

evaluated in the MIT bag model by Rao and Shrock
[47] and, much more recently, in lattice QCD [49,50].
Once we have developed the quark-level n − n̄ conversion
operators we, too, use the MIT bag model to evaluate their
matrix elements. We discuss noteworthy technical aspects
of this in Appendix B.

A. From quark-level operators for n− n̄ oscillation
to n− n̄ conversion

Since dimensional analysis shows that the effective
operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
new physics mass scale, we wish to explore the manner in
which we can use SM physics to find a more favorable
relationship. In particular, since the quarks carry electric
charge, we explore the possibility that the external source
in the n − n̄ conversion operator is the electromagnetic
current. Of course quarks also carry color charge, but the
associated current ∂μFa

μν is not SUð3Þc gauge invariant. In
what follows we consider each of the n − n̄ transition
operators in turn and determine the low-energy effective
operator that follows from evaluating how its quarks
interact with a virtual photon generated by a scattered
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operators we, too, use the MIT bag model to evaluate their
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operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
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which we can use SM physics to find a more favorable
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charge, we explore the possibility that the external source
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associated current ∂μFa
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Note
O2 → O3

 Ts →  Ta

[Rao & Shrock, 1982]

Only 14 of 24 operators are independent✿ 

[Caswell, Milutinovic, & Senjanovic, 1983]

14

✿ Only 4 appear in SM effective theory 

(but note Wagman, Buchoff, 2018)



B-L Violation via e-n scattering 
Linking neutron-antineutron oscillation to conversion 
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Interactions impact view on        osc. even in q2→0 limit;  
(cf. KS regeneration in matter); cf. Nesvizhevsky et al 
2018….
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TABLE I. Dimensionless matrix elements (Ii)
�3
�1�2�3

of n � n̄ conversion operators. The column “EM” denotes the matrix-
element combination of (� = R)� (� = L).

I1 I2 I3

�1�2�3 � = R � = L EM �1�2�3 � = R � = L EM �1�2�3 � = R � = L EM

RRR 19.8 19.8 0 RRR -4.95 -4.95 0 RRR 1.80 -8.28 10.1
RRL 17.3 17.3 0 RRL -2.00 -9.02 7.02 RRL -1.07 -8.81 7.74
RLR 17.3 17.3 0 RLR -4.09 -0.586 -3.50 RLR 7.20 6.03 1.17
RLL 6.02 6.02 0 RLL -0.586 -4.09 3.50 RLL 6.03 7.20 -1.17
LRR 6.02 6.02 0 LRR -4.09 -0.586 -3.50 LRR 7.20 6.03 1.17
LRL 17.3 17.3 0 LRL -0.586 -4.09 3.50 LRL 6.03 7.20 -1.17
LLR 17.3 17.3 0 LLR -9.02 -2.00 -7.02 LLR -8.81 -1.07 -7.74
LLL 19.8 19.8 0 LLL -4.95 -4.95 0 LLL -8.28 1.80 -10.1

where the states with the “q” subscripts are realized at the quark level. Explicitly, then,

�v̄(p0
, s

0)Cu(p, s) = hn̄q(p
0
, s

0)|
Z

d
3
x

X

i,�1,�2,�3

0
(�i)�1,�2,�3(Oi)�1,�2,�3 |nq(p, s)i (35)

and

⌘v̄(p0
, s

0)C/j�5u(p, s) = hn̄q(p
0
, s

0)|
Z

d
3
x

X

�

X

i,�1,�2,�3

0
(⌘i)

�
�1,�2,�3

(Õi)
�
�1,�2,�3

|nq(p, s)i . (36)

Using the connections we have derived in Eq. (26) and in and after Eq. (28) we can rewrite the latter as

⌘v̄(p0
, s

0)C/j�5u(p, s) =
em

3(p2e↵ �m2)

Qejµ

q2
hn̄q(p

0
, s

0)|
Z
d
3
x

X

i,�1,�2,�3

0
(�i)�1,�2,�3 [(Õi)

Rµ
�1,�2,�3

�(Õi)
Lµ
�1,�2,�3

]|nq(p, s)i , (37)

so that setting limits on ⌘ can also constrain the quark-level low-energy constants associated with n-n̄ oscillations. We
will determine that the operator matrix elements associated with i = 1 vanish, so that n-n̄ conversion can only probe
some of the n-n̄ oscillation operators. In the matching relations we have assumed that the quark-level low-energy
constants are evaluated at the matching scale, subsuming evolution e↵ects from the weak to QCD scales. Note, too,
that we assume that “�i” in Eqs. (35) and (37) are the same irrespective of such e↵ects. Considering the matching
relation of Eq. (37), we see that for a fixed experimental sensitivity to ⌘ the limit on (�i)�1�2�3 will be sharpest if
q
2 ' 0. Thus in evaluating the hadron matrix elements we wish to choose p ' p0. In the next section we compute
the pertinent quark-level n-n̄ matrix elements explicitly using the M.I.T. bag model, for which the most convenient
choice of kinematics is p = p0 = 0.

V. MATRIX-ELEMENT COMPUTATIONS IN THE M.I.T. BAG MODEL

Since the M.I.T. bag model is well known [34, 35], we only briefly summarize the ingredients that are important
to our calculation. In this model, the quarks and antiquarks are confined in a static, spherical cavity of radius R by
a bag pressure B, within which they obey the free-particle Dirac equation. We only need the ground-state solutions,
which we denote as us

↵,0(r) (v
s
↵,0(r)) for a quark (antiquark) of flavor ↵. We present their form and comment on the

proper definition of vs↵,0 in Appendix B. The quantized quark field is given by

 
i
↵(r) =

X

n,s

[bi↵s(pn)u
s
↵,n(r) + d

i†
↵s(pn)v

s
↵,n(r)] , (38)

where i is a color index and b
i
↵s (di†↵s) denotes a quark (antiquark) annihilation (creation) operator, for which the

non-null anticommutation relations are

{bi↵s(p), b
j†
�s0(p

0)} = �ss0�ij�↵��
(3)(p� p0), (39)

{di↵s(p), d
j†
�s0(p

0)} = �ss0�ij�↵��
(3)(p� p0) . (40)

B-L Violation via e-n scattering
Linking neutron-antineutron oscillation to conversion

Electromagnetic scattering yields 
conversion from O2 and O3 operators only! u-u

[SG & Xinshuai Yan,  arXiv:1710.09292, PRD 2018]

 u-u



Neutron-Antineutron Conversion
Different mechanisms are possible

u-u 

u-u

❋ conversion and oscillation could share 
the same “TeV” scale BSM sources 

Then the quark-level conversion
operators can be derived noting 
the quarks carry electric charge

❋ conversion and oscillation could come 
from different BSM sources

Here we consider nucleon-antinucleon
conversion

Now we turn to minimal scalar models.
17
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Models with |ΔB|=2 Processes
Enter minimal scalar models without proton decay

Already used for            oscillation without p decayn ! n̄
[Arnold, Fornal, Wise, PRD, 2013]

Note limits on |ΔΒ|=1 processes are severe!
E.g., τ(N→e+π) = 8.2 x 1033 yr [p] @ 90% CL 

Add new scalars Xi without N decay at tree level

Also choose Xi that respect SM gauge symmetry
and also under interactions XiXjXk or XiXjXkXl,  etc. 
— cf. “hidden portal” searches: possible parameters 
(masses, couplings) are limited by experiment
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Scalars without Proton Decay 
Scalar-fermion couplings

That also carry B or L charge

Note
SU(3)
rep’ns

2

TABLE I. Scalar particle representations in the
SU(3)c⇥SU(2)L⇥U(1)Y SM that carry nonzero B and/or L
but permit no proton decay at tree level, after Ref. [4]. We
indicate the possible interactions between the scalar X and
SM fermions schematically. Note that the indices a, b run
over three generations, that the symmetry of the associated
coupling gabi under a $ b exchange is noted in brackets, and
finally that our convention for Y is Qem = T3 + Y . Please
refer to the text for further discussion.

Scalar SM Representation B L Operator(s) [gabi ?]

X1 (1, 1, 2) 0 -2 Xeaeb [S]

X2 (1, 1, 1) 0 -2 XLaLb [A]

X3 (1, 3, 1) 0 -2 XLaLb [S]

X4 (6̄, 3,�1/3) -2/3 0 XQaQb [S]

X5 (6̄, 1,�1/3) -2/3 0 XQaQb, Xuadb [A,–]

X6 (3, 1, 2/3) -2/3 0 Xdadb [A]

X7 (6̄, 1, 2/3) -2/3 0 Xdadb [S]

X8 (6̄, 1,�4/3) -2/3 0 Xuaub [S]

X9 (3, 2, 7/6) 1/3 -1 XQ̄aeb, XLaūb [–,–]

clude the existence of a Majorana neutrino [41]. Here we
note that such a connection can be demonstrated with-
out requiring the observation of proton decay, or indeed
of any |�B| = 1 process.

Minimal scalar models with baryon number violation

but no proton decay. The minimal scalar models that
give rise to |�B| = 2 and not |�B| = 1 processes while
respecting SM gauge symmetries contain either three or
four scalar interactions. Following Refs. [4, 39, 40, 42]
we consider all the interactions permitted by Lorentz
and SU(3)c⇥SU(2)L⇥U(1)Y gauge symmetry. Models
for processes with both |�B| = 1, 2 have been con-
structed [4, 40, 42, 43], though in this paper we follow
Ref. [4]. The particular scalars that allow B or L violation
to appear but do not admit |�B| = 1 processes at tree
level are enumerated in Table I. We have also noted the
schematic interactions of the scalars Xi to right-handed
leptons and quarks of generation a as ea and ua, da and
to left-handed leptons and quarks as La and Qa, respec-
tively. The symmetries of the scalar representations un-
der color SU(3) and/or weak isospin SU(2) can fix the
symmetry of the associated coupling constant under a, b
interchange, and we have noted that as well in Table I —
the relation gabi = ±gbai indicates S(+) or A(�), respec-
tively, and “–” denotes no interchange symmetry. We
note that X9 cannot generate a B and/or L violating in-
teraction of mass dimension four or less, so that we do
not consider it further, and that interactions denoted by
“A” cannot involve only first-generation fermions.

In what follows we extend the models of Ref. [4] to in-
clude the possibility of |�L| = 2 processes as well. That
earlier work focused on the possibility of |�B| = 2 pro-
cesses without proton decay as mediated by interactions
of the form X2

1X2 or X3
1X2, where X1 and X2 are dis-

tinct scalars, because it turns out not to be possible to

TABLE II. Minimal interactions that break B and/or L from
scalars Xi that do not permit |�B| = 1 interactions at tree
level, indicated schematically, with the Hermitian conjugate
implied. Interactions labelled M1-M9 appear in models 1-9
of Ref. [4]. Interactions A-G possess |�L| = 2, |�B| = 0.
M19, M20, and M21 follow from M8, M17, and M18 un-
der X7 ! X6, respectively, but they do not involve first-
generation fermions only.

Model Model Model

M1 X5X5X7 A X1X8X
†
7 M10 X7X8X8X1

M2 X4X4X7 B X3X4X
†
7 M11 X5X5X4X3

M3 X7X7X8 C X3X8X
†
4 M12 X5X5X8X1

M4 X6X6X8 D X5X2X
†
7 M13 X4X4X5X2

M5 X5X5X5X2 E X8X2X
†
5 M14 X4X4X5X3

M6 X4X4X4X2 F X2X2X
†
1 M15 X4X4X8X1

M7 X4X4X4X3 G X3X3X
†
1 M16 X4X7X8X3

M8 X7X7X7X
†
1 M17 X5X7X7X

†
2

M9 X6X6X6X
†
1 M18 X4X7X7X

†
3

add just one scalar and achieve that end. Here we enu-
merate all the possible B and/or L violating interactions
that appear in mass dimension of four or less without re-
gard to the number of di↵erent scalars that can appear.
With three di↵erent scalars we can produce |�L| = 2
processes that also couple to quarks, and we study the
connections between |�B| = 2 and |�L| = 2 processes
explicitly.
We begin by fleshing out the precise interactions indi-

cated in Table I. Specifically, the possible scalar-fermion
interactions mediated by each Xi are

�gab1 X1(e
aeb) , �gab2 X2(L

a"Lb) ,

�gab3 XA
3 (La⇠ALb) ,�gab4 X↵�A

4 (Qa
↵⇠

AQb
�) ,

�gab5 X↵�
5 (Qa

↵"Q
b
�) , �g0ab5 X↵�

5 (ua
↵d

b
�) ,

�gab6 X6↵(d
a
�d

b
�)"

↵�� , �gab7 X↵�
7 (da↵d

b
�) ,

�gab8 X↵�
8 (ua

↵u
b
�) , (1)

where " = i⌧2 is a totally antisymmetric tensor, ⇠A ⌘

((1 + ⌧3)/2, ⌧1/
p
2, (1� ⌧3)/2), and ⌧A are Pauli matri-

ces with A 2 1, 2, 3. We note "⌧A was used in place of ⇠A

in Ref. [4], but that choice couples a single component
of the scalar weak triplet to fermion states of di↵ering
total electric charge, incurring couplings that break elec-
tric charge conservation. The Greek indices are color
labels, and we employ the SU(3) notation of Ref. [44] for
fundamental and complex conjugate representations. We
adopt 2-spinors such that the fermion products in paren-
theses are Lorentz invariant, and we map to 4-spinors
via (uL,R↵dL,R�) ! (uT

↵CPL,Rd�) where C = i�2�0 and
PL,R = (1⌥ �5)/2 in Weyl representation [45].
Possible baryon-number and/or lepton-number violat-

ing processes. We now turn to the possible minimal
scalar interactions that mediate either baryon and/or lep-
ton number violation but conserve SM gauge symmetries.

Qem = T3 + Y

[?: a⟷b symmetry]Note powerful reduction of # of “short distance” 
mechanisms in 0νββ decay [X.Yan (DBD 2018) & SG] 
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Phenomenology of New Scalars
Constraints from many sources — Focus on first generation

ii) Collider constraints

iii) P. V. Møller scattering

iv)

v) Nuclear stability

vi)
      

FIG. 1: Feynman diagrams that can give rise to the electron MDM, where l denotes a
charged lepton, ⌫ is a neutrino, and X denotes the new scalar.

or one electron and one electron neutrino. In the first case, similar to X1, X3 can contribute
to electron MDM through both diagrams. In the later case, however, because neutrino
is neutral, only Fig. 1(b) can make contribution. Current experimental upper bound for
�(g � 2)e through process e ! e� is 2.6⇥ 10�13 [7], which sets limits on M

0
1/
p
|g111 | � 75.76

GeV and M
0
3/
p
|g113 | � 65.11 GeV.

It should be pointed out that besides electron MDM, X1 and X2 can also mediate muon
MDM, we, however, ignore it simply because we focus on the first generation of fermion. We
leave the beyond the first generation case for future work.

3. Permanent electric dipole moment constraints

Note chiral flip is necessary, and only X5 can couple to both left- and right-handed quarks.
However, quarks involve more than one generation.

4. Constraints from flavor-changing processes

In addition to anomalous magnetic moment, the first three interactions listed in Eq. (1)
can mediate lepton flavor violating processes, too. Popular process include: (1) tree-level
lepton family number violating µ and ⌧ decays, i.e., l�a ! l

+
b l

�
c l

�
d , where a, b, c, and d are

generation indices; (2) muonium-antimuonium oscillations, i.e., µ+
e
� ! µ

�
e
+; (3) (µ� e�)-

type processes, e.g., ⌧ ! e� etc.; (4) la ! ⌫alb⌫̄b decays. However, since these processes
involves leptons of more than first generation, we leave them to future work, too.

Some of the most stringent constraints on new scalars can come from flavor changing
processes, such as neutral meson mixing, such as K � K̄, Bd,s� B̄d,s, and D� D̄ mixing, and
electric dipole moments, which all can be mediated through the rest of interactions listed in
Eq. (1). Since these neutral meson mixing involve quarks of more than first generation, as
the dilepton cases above, we ignore their constraints for now and leave them in future work.
As for the electric dipole moment of quarks, we here ignore it by assuming all couplings
constants gi in Eq. (1) to be real.

4

i) 

u-u

HH

CMS:  l+l+ search; cannot look at invariant masses 
below 8 GeV ATLAS: dijet studies “weaker”…

MX1,3/g1,311  < 2.7 TeV @ 90%CL [E158] (if “heavy”)

SuperK: pp→e+e+

Beware galactic magnetic fields!

Few GeV mass window possible

(g-2)e (superseded by Møller, save for light masses)
Light mass solution to Δae puzzle?

annihilation

[S.G. & Xinshuai Yan,  1907.12571]
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L10 � �gab1 X1(e
aeb)� gab7 X↵�

7 (da↵d
b
�)� gab8 X↵�

8 (ua
↵u

b
�)

��10X
↵↵0

7 X��0

8 X��0

8 X1✏↵��✏↵0�0�0 +H.c.

A Sample Model 

Each term has mass dimension ≤ 4

But can generate a mass-dimension 12 operator at 
low energies to realize e- p → e+ p−

There are several possible models.
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Patterns of |ΔB|=2 Violation?
[SG & Xinshuai Yan, arXiv: 1808.05288]

π-π-→e-e-  u-u
Note possible SM gauge invariant scalar models

“4 X” models
can yield 

e- p →e+    d

e- p →ν n   − −

2

TABLE I. Scalar particle representations in the
SU(3)c⇥SU(2)L⇥U(1)Y SM that carry nonzero B and/or L
but permit no proton decay at tree level, after Ref. [4]. We
indicate the possible interactions between the scalar X and
SM fermions schematically. Note that the indices a, b run
over three generations, that the symmetry of the associated
coupling gabi under a $ b exchange is noted in brackets, and
finally that our convention for Y is Qem = T3 + Y . Please
refer to the text for further discussion.

Scalar SM Representation B L Operator(s) [gabi ?]

X1 (1, 1, 2) 0 -2 Xeaeb [S]

X2 (1, 1, 1) 0 -2 XLaLb [A]

X3 (1, 3, 1) 0 -2 XLaLb [S]

X4 (6̄, 3,�1/3) -2/3 0 XQaQb [S]

X5 (6̄, 1,�1/3) -2/3 0 XQaQb, Xuadb [A,–]

X6 (3, 1, 2/3) -2/3 0 Xdadb [A]

X7 (6̄, 1, 2/3) -2/3 0 Xdadb [S]

X8 (6̄, 1,�4/3) -2/3 0 Xuaub [S]

X9 (3, 2, 7/6) 1/3 -1 XQ̄aeb, XLaūb [–,–]

clude the existence of a Majorana neutrino [41]. Here we
note that such a connection can be demonstrated with-
out requiring the observation of proton decay, or indeed
of any |�B| = 1 process.

Minimal scalar models with baryon number violation

but no proton decay. The minimal scalar models that
give rise to |�B| = 2 and not |�B| = 1 processes while
respecting SM gauge symmetries contain either three or
four scalar interactions. Following Refs. [4, 39, 40, 42]
we consider all the interactions permitted by Lorentz
and SU(3)c⇥SU(2)L⇥U(1)Y gauge symmetry. Models
for processes with both |�B| = 1, 2 have been con-
structed [4, 40, 42, 43], though in this paper we follow
Ref. [4]. The particular scalars that allow B or L violation
to appear but do not admit |�B| = 1 processes at tree
level are enumerated in Table I. We have also noted the
schematic interactions of the scalars Xi to right-handed
leptons and quarks of generation a as ea and ua, da and
to left-handed leptons and quarks as La and Qa, respec-
tively. The symmetries of the scalar representations un-
der color SU(3) and/or weak isospin SU(2) can fix the
symmetry of the associated coupling constant under a, b
interchange, and we have noted that as well in Table I —
the relation gabi = ±gbai indicates S(+) or A(�), respec-
tively, and “–” denotes no interchange symmetry. We
note that X9 cannot generate a B and/or L violating in-
teraction of mass dimension four or less, so that we do
not consider it further, and that interactions denoted by
“A” cannot involve only first-generation fermions.

In what follows we extend the models of Ref. [4] to in-
clude the possibility of |�L| = 2 processes as well. That
earlier work focused on the possibility of |�B| = 2 pro-
cesses without proton decay as mediated by interactions
of the form X2

1X2 or X3
1X2, where X1 and X2 are dis-

tinct scalars, because it turns out not to be possible to

TABLE II. Minimal interactions that break B and/or L from
scalars Xi that do not permit |�B| = 1 interactions at tree
level, indicated schematically, with the Hermitian conjugate
implied. Interactions labelled M1-M9 appear in models 1-9
of Ref. [4]. Interactions A-G possess |�L| = 2, |�B| = 0.
M19, M20, and M21 follow from M8, M17, and M18 un-
der X7 ! X6, respectively, but they do not involve first-
generation fermions only.

Model Model Model

M1 X5X5X7 A X1X8X
†
7 M10 X7X8X8X1

M2 X4X4X7 B X3X4X
†
7 M11 X5X5X4X3

M3 X7X7X8 C X3X8X
†
4 M12 X5X5X8X1

M4 X6X6X8 D X5X2X
†
7 M13 X4X4X5X2

M5 X5X5X5X2 E X8X2X
†
5 M14 X4X4X5X3

M6 X4X4X4X2 F X2X2X
†
1 M15 X4X4X8X1

M7 X4X4X4X3 G X3X3X
†
1 M16 X4X7X8X3

M8 X7X7X7X
†
1 M17 X5X7X7X

†
2

M9 X6X6X6X
†
1 M18 X4X7X7X

†
3

add just one scalar and achieve that end. Here we enu-
merate all the possible B and/or L violating interactions
that appear in mass dimension of four or less without re-
gard to the number of di↵erent scalars that can appear.
With three di↵erent scalars we can produce |�L| = 2
processes that also couple to quarks, and we study the
connections between |�B| = 2 and |�L| = 2 processes
explicitly.
We begin by fleshing out the precise interactions indi-

cated in Table I. Specifically, the possible scalar-fermion
interactions mediated by each Xi are

�gab1 X1(e
aeb) , �gab2 X2(L

a"Lb) ,

�gab3 XA
3 (La⇠ALb) ,�gab4 X↵�A

4 (Qa
↵⇠

AQb
�) ,

�gab5 X↵�
5 (Qa

↵"Q
b
�) , �g0ab5 X↵�

5 (ua
↵d

b
�) ,

�gab6 X6↵(d
a
�d

b
�)"

↵�� , �gab7 X↵�
7 (da↵d

b
�) ,

�gab8 X↵�
8 (ua

↵u
b
�) , (1)

where " = i⌧2 is a totally antisymmetric tensor, ⇠A ⌘

((1 + ⌧3)/2, ⌧1/
p
2, (1� ⌧3)/2), and ⌧A are Pauli matri-

ces with A 2 1, 2, 3. We note "⌧A was used in place of ⇠A

in Ref. [4], but that choice couples a single component
of the scalar weak triplet to fermion states of di↵ering
total electric charge, incurring couplings that break elec-
tric charge conservation. The Greek indices are color
labels, and we employ the SU(3) notation of Ref. [44] for
fundamental and complex conjugate representations. We
adopt 2-spinors such that the fermion products in paren-
theses are Lorentz invariant, and we map to 4-spinors
via (uL,R↵dL,R�) ! (uT

↵CPL,Rd�) where C = i�2�0 and
PL,R = (1⌥ �5)/2 in Weyl representation [45].
Possible baryon-number and/or lepton-number violat-

ing processes. We now turn to the possible minimal
scalar interactions that mediate either baryon and/or lep-
ton number violation but conserve SM gauge symmetries.

[ Models with |ΔL|=2 always involve 3 different scalars.]

[H.c. implied.]
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Patterns of |ΔB|=2 Violation?
[SG & Xinshuai Yan, arXiv: 1808.05288]

Use observations of nn oscillation or NN conversion  
(e- p →e+ p, …) to establish new scalars… 
& w/ both can predict the existence of π-π-→e-e-! 

Note possible BNV processes 4

TABLE III. Suite of |�B| = 2 and |�L| = 2 processes gen-
erated by the models of Table II, focusing on states with
first-generation matter. The (⇤) superscript indicates that a
weak isospin triplet of |�L| = 2 processes can appear, namely
⇡0⇡0 ! ⌫⌫ and ⇡�⇡0 ! e�⌫. Models M7, M11, M14, and
M16 also support ⌫n ! n̄⌫̄, revealing that cosmic ray neutri-
nos could potentially mediate a |�B| = 2 e↵ect.

nn̄ ⇡�⇡� ! e�e� e�p ! ⌫̄µ,⌧ n̄ e�p ! ⌫̄en̄/e
+p e�p ! e+p̄

M1 A M5 M7 M10

M2 B(⇤) M6 M11 M12

M3 C(⇤) M13 M14 M15

M16

guish the possibilities, detecting both the appearance of
an antinucleon and the electric charge of a final-state
charged lepton is necessary. For context, we note that M3
has scalar content X7X7X8 but A has X1X8X

†
7 , that M2

has X4X4X7 but B has X1X4X
†
7 , that M1 has X5X5X7

but D has X5X
†
7X2 — and finally that C has X3X8X

†
4 .

If n � n̄ oscillation occurs, then e�n ! e�n̄ can appear
also, if the mediating operator is not (O1)RRR [36]. Thus
the latter process acts as a diagnostic of the possible n�n̄
model. Possible patterns of |�B| = 2 discovery are shown
for the di↵erent n� n̄ models in Table IV. For example,
observing a n� n̄ oscillation and the process e�p ! e+p̄
in the absence of e�n ! e�n and e�p ! ⌫̄X n̄ would
point to model M3 and the existence of X1. Thus model
A should also exist because there would be no reason
that it should not. In contrast, observing a n � n̄ os-
cillation and e�n ! e�n would reveal that either M2
or M1 operate. If e�p ! ⌫̄X n̄ and e�p ! e+p̄ are also
both observed, then it would point to the existence of
X3 and thus models M2 and B. However, if e�p ! e+p̄
were instead absent, this would point to the existence of
X2 and thus models M3 and D. Note that the various
model possibilities cannot combine to show that only X8

exists, even if the noted |�B| = 2 processes are observed,
so that we cannot show that model C operates. The ob-
served patterns would establish the existence of |�L| = 2
processes from new short-distance physics, but the con-
nections we argue would not exclude the latter possibility
if no |�B| = 2 processes were observed.

The connections we consider exist regardless of
whether the neutrino also has a Dirac mass. Note that if
⌫R fields existed in the low-energy theory, not only could
the neutrino have a Dirac mass, but the X6 scalar could
also induce proton decay. Thus this possibility would rule
out models M4, M9, M19-M21, but they are not perti-
nent to our arguments. We also note that independent
constraints on X7 and X8 can be had from studies of KK̄
and DD̄ mixing, respectively. Thus the discovery of new
physics in DD̄ mixing could also help anchor evidence
for Model C and 0⌫�� decay from new short-distance
physics.

Observability. The non-observation of n � n̄ oscil-

TABLE IV. Possible patterns of |�B| = 2 discovery and
their interpretation in minimal scalar-fermion models. Note
that only n � n̄ oscillations and e�n ! e�n̄ break B-L
symmetry and that the pertinent conversion processes can
be probed through electron-deuteron scattering. The lat-
ter are distinguished by the electric charge of the final-state
lepton accompanying nucleon-antinucleon annihilation. Note
that the 0⌫�� query refers specifically to the existence of
⇡�⇡� ! e�e� from new, short-distance physics. Note that
we can possibly establish model D and |�L| = 2 violation,
but that model does not give rise to ⇡�⇡� ! e�e�. In con-
trast we cannot establish X8 alone and thus cannot establish
model C.

Model nn̄? e�n ! e�n̄? e�p ! ⌫̄X n̄? e�p ! e+p̄? 0⌫�� ?

M3 Y N N Y Y [A]

M2 Y Y Y Y Y [B]

M1 Y Y Y N ? [D]

– N N Y Y ? [C?]

lations [48, 49] can be interpreted as a limit on the
neutron’s Majorana mass of 2 ⇥ 10�33 GeV at 90%
CL [49], with greatly improved sensitivity anticipated at
a new experiment proposed for the European Spallation
Source [50]. Such limits do not preclude the observation
of processes associated with the dimension-12 operators
we have considered, because di↵erent scalars can have
di↵erent masses. The scalar self-interactions we consider
do not select a particular mass scale; rather, the allowed
masses and couplings should be determined from exper-
iment, as in hidden-sector searches [51]. Existing col-
lider constraints on color-sextet scalars (of O(500GeV)
with O(1) couplings) come from studies of t-quark final
states [52–55], and flavor-physics constraints, while more
severe, also involve second- and third-generation quark-
scalar couplings [4, 56–59]. Models that support e�p !

e+p̄ have low-energy operators whose quark parts corre-
spond to those found in n � n̄ oscillations under u $ d
exchange. Exploiting this and a MIT bag model [60, 61]
computation of hn̄|(O1)RRR|ni [46, 62] yields

� ⇠ 1.5⇥10�5(g117 )6(�8g
11
1 )2

✓
5GeV

MX7

◆12✓1GeV

MX1

◆4

ab (6)

in model M8 for an electron beam energy of 155 MeV
with a fixed target [63]. A broad range of possible scalar
masses and couplings exists.
Summary. We have considered di↵erent physical pro-

cesses that could reveal |�B| = 2 violation, both n � n̄
oscillation and conversion, and we have considered their
interrelationships within minimal scalar-fermion models
that support |�B| = 2 processes without proton de-
cay. In this context, we have shown how their patterns
of observation could be used to infer the existence of a
|�L| = 2 process, 0⌫�� decay in nuclei, speaking to the
Majorana nature of the neutrino and to new dynamics at
accessible energy scales.
Acknowledgments. We acknowledge partial support



24

Connecting |ΔB|=2 to |ΔL|=2…
An example…

u-u e- p → e+ p−
“M3” “M10”

“Oscillation” “Conversion”



25

Connecting |ΔB|=2 to |ΔL|=2…

“A”

π-π-→e-e-

“Everything not forbidden is compulsory” [M. Gell-Mann, 
                                                                                     after T.H. White]
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Patterns of |ΔB|=2 Violation
Discovery implications for 0ν ββ decay

Note high-intensity, low-energy e-scattering facilities
(P2, e.g.) can be used to broader purpose

[SG & Xinshuai Yan, arXiv: 1808.05288]
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TABLE III. Suite of |�B| = 2 and |�L| = 2 processes gen-
erated by the models of Table II, focusing on states with
first-generation matter. The (⇤) superscript indicates that a
weak isospin triplet of |�L| = 2 processes can appear, namely
⇡0⇡0 ! ⌫⌫ and ⇡�⇡0 ! e�⌫. Models M7, M11, M14, and
M16 also support ⌫n ! n̄⌫̄, revealing that cosmic ray neutri-
nos could potentially mediate a |�B| = 2 e↵ect.

nn̄ ⇡�⇡� ! e�e� e�p ! ⌫̄µ,⌧ n̄ e�p ! ⌫̄en̄/e
+p e�p ! e+p̄

M1 A M5 M7 M10

M2 B(⇤) M6 M11 M12

M3 C(⇤) M13 M14 M15

M16

guish the possibilities, detecting both the appearance of
an antinucleon and the electric charge of a final-state
charged lepton is necessary. For context, we note that M3
has scalar content X7X7X8 but A has X1X8X

†
7 , that M2

has X4X4X7 but B has X1X4X
†
7 , that M1 has X5X5X7

but D has X5X
†
7X2 — and finally that C has X3X8X

†
4 .

If n � n̄ oscillation occurs, then e�n ! e�n̄ can appear
also, if the mediating operator is not (O1)RRR [36]. Thus
the latter process acts as a diagnostic of the possible n�n̄
model. Possible patterns of |�B| = 2 discovery are shown
for the di↵erent n� n̄ models in Table IV. For example,
observing a n� n̄ oscillation and the process e�p ! e+p̄
in the absence of e�n ! e�n and e�p ! ⌫̄X n̄ would
point to model M3 and the existence of X1. Thus model
A should also exist because there would be no reason
that it should not. In contrast, observing a n � n̄ os-
cillation and e�n ! e�n would reveal that either M2
or M1 operate. If e�p ! ⌫̄X n̄ and e�p ! e+p̄ are also
both observed, then it would point to the existence of
X3 and thus models M2 and B. However, if e�p ! e+p̄
were instead absent, this would point to the existence of
X2 and thus models M3 and D. Note that the various
model possibilities cannot combine to show that only X8

exists, even if the noted |�B| = 2 processes are observed,
so that we cannot show that model C operates. The ob-
served patterns would establish the existence of |�L| = 2
processes from new short-distance physics, but the con-
nections we argue would not exclude the latter possibility
if no |�B| = 2 processes were observed.

The connections we consider exist regardless of
whether the neutrino also has a Dirac mass. Note that if
⌫R fields existed in the low-energy theory, not only could
the neutrino have a Dirac mass, but the X6 scalar could
also induce proton decay. Thus this possibility would rule
out models M4, M9, M19-M21, but they are not perti-
nent to our arguments. We also note that independent
constraints on X7 and X8 can be had from studies of KK̄
and DD̄ mixing, respectively. Thus the discovery of new
physics in DD̄ mixing could also help anchor evidence
for Model C and 0⌫�� decay from new short-distance
physics.

Observability. The non-observation of n � n̄ oscil-

TABLE IV. Possible patterns of |�B| = 2 discovery and
their interpretation in minimal scalar-fermion models. Note
that only n � n̄ oscillations and e�n ! e�n̄ break B-L
symmetry and that the pertinent conversion processes can
be probed through electron-deuteron scattering. The lat-
ter are distinguished by the electric charge of the final-state
lepton accompanying nucleon-antinucleon annihilation. Note
that the 0⌫�� query refers specifically to the existence of
⇡�⇡� ! e�e� from new, short-distance physics. Note that
we can possibly establish model D and |�L| = 2 violation,
but that model does not give rise to ⇡�⇡� ! e�e�. In con-
trast we cannot establish X8 alone and thus cannot establish
model C.

Model nn̄? e�n ! e�n̄? e�p ! ⌫̄X n̄? e�p ! e+p̄? 0⌫�� ?

M3 Y N N Y Y [A]

M2 Y Y Y Y Y [B]

M1 Y Y Y N ? [D]

– N N Y Y ? [C?]

lations [48, 49] can be interpreted as a limit on the
neutron’s Majorana mass of 2 ⇥ 10�33 GeV at 90%
CL [49], with greatly improved sensitivity anticipated at
a new experiment proposed for the European Spallation
Source [50]. Such limits do not preclude the observation
of processes associated with the dimension-12 operators
we have considered, because di↵erent scalars can have
di↵erent masses. The scalar self-interactions we consider
do not select a particular mass scale; rather, the allowed
masses and couplings should be determined from exper-
iment, as in hidden-sector searches [51]. Existing col-
lider constraints on color-sextet scalars (of O(500GeV)
with O(1) couplings) come from studies of t-quark final
states [52–55], and flavor-physics constraints, while more
severe, also involve second- and third-generation quark-
scalar couplings [4, 56–59]. Models that support e�p !

e+p̄ have low-energy operators whose quark parts corre-
spond to those found in n � n̄ oscillations under u $ d
exchange. Exploiting this and a MIT bag model [60, 61]
computation of hn̄|(O1)RRR|ni [46, 62] yields

� ⇠ 1.5⇥10�5(g117 )6(�8g
11
1 )2

✓
5GeV

MX7

◆12✓1GeV

MX1

◆4

ab (6)

in model M8 for an electron beam energy of 155 MeV
with a fixed target [63]. A broad range of possible scalar
masses and couplings exists.
Summary. We have considered di↵erent physical pro-

cesses that could reveal |�B| = 2 violation, both n � n̄
oscillation and conversion, and we have considered their
interrelationships within minimal scalar-fermion models
that support |�B| = 2 processes without proton de-
cay. In this context, we have shown how their patterns
of observation could be used to infer the existence of a
|�L| = 2 process, 0⌫�� decay in nuclei, speaking to the
Majorana nature of the neutrino and to new dynamics at
accessible energy scales.
Acknowledgments. We acknowledge partial support

Patterns of observation can distinguish the possibilities. 

S.G. & Xinshuai Yan, PRD 2018 [arXiv:1710.09292]
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 Low-Energy Electron Facilities
Note illustrative parameter choices TABLE III: Summary of experimental parameters for the event rate evaluation. Note that *

denotes a liquid hydrogen target.

Facility
Beam Target Luminosity

Energy(MeV) Current (mA) Length (cm) Density (g/cm3) (cm�2)

CBETA [14] 150 40 60 0.55⇥ 10�6 2.48⇥ 1036

MESA [15] 100 10 60 0.55⇥ 10�6 6.21⇥ 1035

ARIEL [16] 50 10
100 0.09⇥ 10�3 1.69⇥ 1038

0.2 71.3⇥ 10�3 2.68⇥ 1038

FAST [17] 150 28.8
100 0.09⇥ 10�3 4.88⇥ 1038

0.1 71.3⇥ 10�3 3.87⇥ 1038

We here assume M
0
1 = M

0
3 = 3.5 GeV. Moreover, because of the much looser constraint on

masses of scalars coupling to diquarks, we can choose M
0
4 = M

0
5 = M

0
7 = M

0
8 = 2.5 GeV.

Finally, we assume that the coupling constant �a that is associated with model a equals 1,
i.e., �7 = �10 = �11 = �12 = �14 = �15 = �16 = 1.

We now assume that the experiment runs for one year, and compute the expecting event
rate in units of #/yr within di↵erent models. For process e

�
p ! e

+
p̄, we summarize the

result in Table IV. Note that M14 in fact does not contribute to this processes, because
its matrix elements vanish as showed in Table VI. Moreover, various models contribute to
the expecting event rate di↵erently, because their matrix elements and SU(2) weak CG
coe�cients are distinct, which is explicitly demonstrated in Table VI, too. Eventually, we
find that M7 and M15 contribute to event rate most, and FAST [17] with a gas target is
expected to generate event rate most. This is not surprising, since such setup produces the
biggest luminosity. We also summarize the evaluation of expecting event rate for process
e
�
p ! ⌫̄en̄ within various models in Table V. In contrast to process e�p ! e

+
p̄, only M7

contributes to event rate of process e�p ! ⌫̄en̄ significantly.
Note that in estimation above, we implicitly assumed 100 percent detection e�ciency of

final anti-nucleons. However, there exits a subtlety about the relation between beam energy
and anti-nucleon detection e�ciency. We note that antinucleon - nucleus annihilation cross
section gains great enhancement for low-energy antinucleons [20]. We here take antiproton-
nucleus annihilation as an example. We compute the kinetic energy (ET ) of antiproton
produced through conversion process e�p ! e

+
p̄. Since the electron beam energy is much

bigger than electron mass, for simplicity, we treat electron as massless particle and obtain

ET =
2mpE

2
e cos

2
✓
0

(Ee +mp)2 � E2
e cos

2 ✓0
, (28)

where ✓
0 is the angle between antiprotons and incoming electrons. We find that ET reaches

its maximum at ✓0 ⇡ 0, and its maximum increases as one increases Ee. This implies that
for forward scattering, to gain maximal antiproton absorption e�ciency, special attention to
the length of antiproton detector is necessary, especially for relatively high beam energy.

B. model limits

In previous subsection, we give a simple estimation of event rate for two conversion
processes within various models. This is done under several assumptions, particularly

13

🎉

💡

💥

💡  = proposed, ERL (internal target)
💫 = ERL (e.g.)

💫

*

*

💥 = Linac (external target) 
🎉 = Linac, ILC test accelerator  

*Liquid

[Hydrogen]

Use E=40 MeV for estimates.
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Event Rates
Select particular scalar masses/couplings for reference

Rates in #/yr
e- p →e+ p:

e- p →νe n

TABLE III: Summary of experimental parameters for the event rate evaluation.

Facility
Beam Target Luminosity

Energy(MeV) Current (mA) Length (cm) Density (g/cm3) (cm�2)

CBETA [18] 40 40 60 0.55⇥ 10�6 2.48⇥ 1036

MESA [19] 40 10 60 0.55⇥ 10�6 6.21⇥ 1035

ARIEL [20] 40 10
100 0.09⇥ 10�3 1.69⇥ 1038

0.2 71.3⇥ 10�3 2.68⇥ 1038

FAST [21] 40 28.8
100 0.09⇥ 10�3 4.88⇥ 1038

0.1 71.3⇥ 10�3 3.87⇥ 1038

TABLE IV: Summary of event rate estimation for process e�p ! e
+
p̄ within various models.

Note that events rate is in unit of #/yr.

Facility M7 M10 M11 M12 M14 M15 M16

CBETA [18] 1.12 0.18 0.01 0.00 0 2.24 0.45

MESA [19] 0.28 0.05 0.00 0.00 0 0.56 0.11

ARIEL [20]
76.41 12.59 0.41 0.20 0 152.69 30.68
121.06 19.95 0.65 0.31 0 241.93 48.62

FAST [21]
220.05 36.27 1.18 0.56 0 439.75 88.37
174.33 28.73 0.93 0.45 0 348.38 70.00

detecting e�ciency.
There are three models, M5, M6, and M7, involving two new scalars. However, only

model 7 can mediate both conversion processes. Therefore, we start with exploring possible
“mass” ranges of the new scalar particles within this model, but point out that the following
argument can be applied to M5, too.

We first set the electron beam energy as Ke = 40 MeV and assume �7 = 1. If no event, less
than 10 events, or less than 100 events are observed after one year’s running of experiment,
we obtain excluded regions, i.e., the shadow region below various lines, for X4 in Fig. 4, as
we vary R3 from 26 GeV to 50 GeV. Note that we picked 30 GeV to satisfy the lower bound
of R3 but 50 GeV instead of 147 GeV simply for demonstration. Fig. 4 shows two processes
set slightly di↵erent constraints on R4. Moreover, O(10) GeV of R4 is always possible, which
implies possibility of O(10) GeV of MX4 , if g

11
4 is at O(1).

Given the same setup above but varying Ke of FAST [21], we investigate how the excluded
“mass” region changes. We consider three di↵erent beam energies, 10, 50, and 100 MeV for

TABLE V: Summary of event rate estimation for process e�p ! ⌫̄n̄ within various models.
Note that the antineutrino generated in M5 and M13 can not be in the first generation.

Facility M5 M6 M7 M11 M13 M14 M16

CBETA [18] 0.00 0 0.08 0.00 0.14 0 0.02

MESA [19] 0.00 0 0.02 0.00 0.03 0 0.01

ARIEL [20]
0.03 0 5.17 0.24 9.45 0 1.59
0.04 0 8.19 0.38 14.97 0 2.51

FAST [21]
0.08 0 14.88 0.70 27.20 0 4.57
0.06 0 11.79 0.55 21.55 0 3.62
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TABLE III: Summary of experimental parameters for the event rate evaluation.

Facility
Beam Target Luminosity

Energy(MeV) Current (mA) Length (cm) Density (g/cm3) (cm�2)

CBETA [18] 40 40 60 0.55⇥ 10�6 2.48⇥ 1036

MESA [19] 40 10 60 0.55⇥ 10�6 6.21⇥ 1035

ARIEL [20] 40 10
100 0.09⇥ 10�3 1.69⇥ 1038

0.2 71.3⇥ 10�3 2.68⇥ 1038

FAST [21] 40 28.8
100 0.09⇥ 10�3 4.88⇥ 1038

0.1 71.3⇥ 10�3 3.87⇥ 1038

TABLE IV: Summary of event rate estimation for process e�p ! e
+
p̄ within various models.

Note that events rate is in unit of #/yr.

Facility M7 M10 M11 M12 M14 M15 M16

CBETA [18] 1.12 0.18 0.01 0.00 0 2.24 0.45

MESA [19] 0.28 0.05 0.00 0.00 0 0.56 0.11

ARIEL [20]
76.41 12.59 0.41 0.20 0 152.69 30.68
121.06 19.95 0.65 0.31 0 241.93 48.62

FAST [21]
220.05 36.27 1.18 0.56 0 439.75 88.37
174.33 28.73 0.93 0.45 0 348.38 70.00

detecting e�ciency.
There are three models, M5, M6, and M7, involving two new scalars. However, only

model 7 can mediate both conversion processes. Therefore, we start with exploring possible
“mass” ranges of the new scalar particles within this model, but point out that the following
argument can be applied to M5, too.

We first set the electron beam energy as Ke = 40 MeV and assume �7 = 1. If no event, less
than 10 events, or less than 100 events are observed after one year’s running of experiment,
we obtain excluded regions, i.e., the shadow region below various lines, for X4 in Fig. 4, as
we vary R3 from 26 GeV to 50 GeV. Note that we picked 30 GeV to satisfy the lower bound
of R3 but 50 GeV instead of 147 GeV simply for demonstration. Fig. 4 shows two processes
set slightly di↵erent constraints on R4. Moreover, O(10) GeV of R4 is always possible, which
implies possibility of O(10) GeV of MX4 , if g

11
4 is at O(1).

Given the same setup above but varying Ke of FAST [21], we investigate how the excluded
“mass” region changes. We consider three di↵erent beam energies, 10, 50, and 100 MeV for

TABLE V: Summary of event rate estimation for process e�p ! ⌫̄n̄ within various models.
Note that the antineutrino generated in M5 and M13 can not be in the first generation.

Facility M5 M6 M7 M11 M13 M14 M16

CBETA [18] 0.00 0 0.08 0.00 0.14 0 0.02

MESA [19] 0.00 0 0.02 0.00 0.03 0 0.01

ARIEL [20]
0.03 0 5.17 0.24 9.45 0 1.59
0.04 0 8.19 0.38 14.97 0 2.51

FAST [21]
0.08 0 14.88 0.70 27.20 0 4.57
0.06 0 11.79 0.55 21.55 0 3.62

16 [S.G. & Xinshuai Yan, in preparation]

λi=1 MXi/gi1/2=30 GeV for i=1,2,3 else 1GeV



• The discovery of B-L violation would reveal the existence of 
dynamics beyond the Standard Model. There are several 
interesting experiments, that complement  oscillation  
and 0ν ββ decay searches. 

• Minimal scalar models can relate |ΔB|=2 to |ΔL|=2 processes [i.e., 
via the “short range” mechanism of 0νββ decay]

• We have noted nucleon-antinucleon conversion processes, i.e., 
scattering-mediated nucleon-antinucleon processes, in addition to 
neutron-antineutron oscillations, to establish an effective 
Majorana ν

• Such a connection does not establish the observed scale of the 
neutrino mass, nor the mechanism of 0νββ decay; thus direct 
empirical studies continue to be essential 

• Experiments with intense low-energy electron beams, e.g., 
complement essential neutron studies to help solve the ν mass 
puzzle

n − n̄
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Fundamental Majorana Dynamics

Lorentz invariance allows 

Can exist for electrically neutral massive fermions: 
either leptons (ν’s) or combinations of quarks (n’s)

L =  ̄i/@ � 1

2
m( TC +  ̄C ̄T )

[Majorana, 1937]
where m is the Majorana mass.

N.B.  a “Majorana neutron” is an entangled n and    state  u

Based on work in collaboration with Xinshuai Yan (U. Kentucky→CCNU)



Neutron-Antineutron Oscillation
Quark-level operators

III. n− n̄ TRANSITION OPERATORS
AT THE QUARK LEVEL

Considering the n − n̄ transition operators of Eq. (1)
from the viewpoint of simple dimensional analysis, we see
that the mass dimension of δ, [δ], has ½δ" ¼ 1, whereas
½η" ¼ −2 since ½jμ" ¼ 3. Since ½η/δ" ¼ −3, one might think
that n − n̄ conversion would be suppressed by an additional
factor of Λ3

NP, where ΛNP is the cutoff mass scale of new
physics. This is not necessarily true because of the presence
of other energy scales. To illustrate this explicitly, we need
to develop the form of the n − n̄ conversion operators at the
quark level. We do this by considering energy scales at
which the quark structure of the nucleon becomes explicit
but are still well below the nominal scale of new physics,
ΛQCD ≲ E ≪ ΛNP. In this way we can realize quark-level
n − n̄ conversion operators through electromagnetic inter-
actions, by dressing the quarks of the quark-level n − n̄
oscillation operators with photons, since the participating
quarks also carry electric charge.
The effective Lagrangian for n − n̄ oscillations at the

QCD scale involves operators with six quark fields, and
which thus have an associated coefficient of mass dimen-
sion −5. Since these operators are key to our work, we
briefly summarize their important ingredients. Based on
our earlier discussion of the nucleon-level operators, we
expect the quark-level “building blocks” to have the
structure qTα1χ Cq

β
2χ , where the numerical and Greek indices

are flavor and color labels, respectively. We work, too, in a
chiral basis with χ ∈ L, R and note that each quark block
appears as a chiral pair, since operators of mixed chirality
always vanish. The final n − n̄ operators should be com-
patible with the hadrons’ flavor content and also be
invariant under color symmetry, SUð3Þc. There are three
ways of forming an SU(3) singlet from a product of six
fundamental representations in SUð3Þc. However, in the
case of quarks of a single generation, only two color tensors
can occur [46], namely,

ðTsÞαβγδρσ ¼ ϵραγϵσβδ þ ϵσαγϵρβδ þ ϵρβγϵσαδ þ ϵσβγϵραδ;

ð5Þ

ðTaÞαβγδρσ ¼ ϵραβϵσγδ þ ϵσαβϵργδ ð6Þ

with ϵ denoting a totally antisymmetric tensor. We refer to
Ref. [46] for a discussion of B-L violating operators with
arbitrary generational structure. Working in a chiral basis,
so that qχ ≡ ð1þ χγ5Þq/2 and χ ¼ ' (or, equivalently,
writing qχ with χ ¼ R

L), we note, ultimately, that there are
three types of n − n̄ operators [47]:

ðO1Þχ1χ2χ3 ¼ ½uTαχ1 Cu
β
χ1 "½d

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTsÞαβγδρσ; ð7Þ

ðO2Þχ1χ2χ3 ¼½uTαχ1 Cd
β
χ1 "½u

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTsÞαβγδρσ; ð8Þ

ðO3Þχ1χ2χ3 ¼½uTαχ1 Cd
β
χ1 "½u

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTaÞαβγδρσ; ð9Þ

although only 14 of these 24 operators are independent,
because the antisymmetric tensors yield the relation-
ships [47]

ðO1Þχ1LR ¼ ðO1Þχ1RL; ðO2;3ÞLRχ3 ¼ ðO2;3ÞRLχ3 ; ð10Þ

and [48]

ðO2Þmmn − ðO1Þmmn ¼ 3ðO3Þmmn; ð11Þ

where m, n ∈ ½L; R". If we also demand that the operators
be invariant under SUð2ÞL × Uð1ÞY, the electroweak gauge
symmetry of the SM, then finally only four operators are
independent [47,48]. For example,

P1 ¼ ðO1ÞRRR; ð12Þ

P2 ¼ ðO2ÞRRR; ð13Þ

P3 ¼ ½qTiαL CqjβL "½u
Tγ
R CdδR"½d

Tρ
R CdσR"ϵijðTsÞαβγδρσ

¼ 2ðO3ÞLRR; ð14Þ

P4 ¼ ½qTiαL CqjβL "½q
Tkγ
L CqlδL "½d

Tρ
R CdσR"ϵijϵklðTaÞαβγδρσ

¼ 4ðO3ÞLLR; ð15Þ

where the Roman indices label the members of a left-
handed SU(2) doublet.
The matrix elements of these operators have been

evaluated in the MIT bag model by Rao and Shrock
[47] and, much more recently, in lattice QCD [49,50].
Once we have developed the quark-level n − n̄ conversion
operators we, too, use the MIT bag model to evaluate their
matrix elements. We discuss noteworthy technical aspects
of this in Appendix B.

A. From quark-level operators for n− n̄ oscillation
to n− n̄ conversion

Since dimensional analysis shows that the effective
operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
new physics mass scale, we wish to explore the manner in
which we can use SM physics to find a more favorable
relationship. In particular, since the quarks carry electric
charge, we explore the possibility that the external source
in the n − n̄ conversion operator is the electromagnetic
current. Of course quarks also carry color charge, but the
associated current ∂μFa

μν is not SUð3Þc gauge invariant. In
what follows we consider each of the n − n̄ transition
operators in turn and determine the low-energy effective
operator that follows from evaluating how its quarks
interact with a virtual photon generated by a scattered
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AT THE QUARK LEVEL

Considering the n − n̄ transition operators of Eq. (1)
from the viewpoint of simple dimensional analysis, we see
that the mass dimension of δ, [δ], has ½δ" ¼ 1, whereas
½η" ¼ −2 since ½jμ" ¼ 3. Since ½η/δ" ¼ −3, one might think
that n − n̄ conversion would be suppressed by an additional
factor of Λ3

NP, where ΛNP is the cutoff mass scale of new
physics. This is not necessarily true because of the presence
of other energy scales. To illustrate this explicitly, we need
to develop the form of the n − n̄ conversion operators at the
quark level. We do this by considering energy scales at
which the quark structure of the nucleon becomes explicit
but are still well below the nominal scale of new physics,
ΛQCD ≲ E ≪ ΛNP. In this way we can realize quark-level
n − n̄ conversion operators through electromagnetic inter-
actions, by dressing the quarks of the quark-level n − n̄
oscillation operators with photons, since the participating
quarks also carry electric charge.
The effective Lagrangian for n − n̄ oscillations at the

QCD scale involves operators with six quark fields, and
which thus have an associated coefficient of mass dimen-
sion −5. Since these operators are key to our work, we
briefly summarize their important ingredients. Based on
our earlier discussion of the nucleon-level operators, we
expect the quark-level “building blocks” to have the
structure qTα1χ Cq

β
2χ , where the numerical and Greek indices

are flavor and color labels, respectively. We work, too, in a
chiral basis with χ ∈ L, R and note that each quark block
appears as a chiral pair, since operators of mixed chirality
always vanish. The final n − n̄ operators should be com-
patible with the hadrons’ flavor content and also be
invariant under color symmetry, SUð3Þc. There are three
ways of forming an SU(3) singlet from a product of six
fundamental representations in SUð3Þc. However, in the
case of quarks of a single generation, only two color tensors
can occur [46], namely,

ðTsÞαβγδρσ ¼ ϵραγϵσβδ þ ϵσαγϵρβδ þ ϵρβγϵσαδ þ ϵσβγϵραδ;

ð5Þ

ðTaÞαβγδρσ ¼ ϵραβϵσγδ þ ϵσαβϵργδ ð6Þ

with ϵ denoting a totally antisymmetric tensor. We refer to
Ref. [46] for a discussion of B-L violating operators with
arbitrary generational structure. Working in a chiral basis,
so that qχ ≡ ð1þ χγ5Þq/2 and χ ¼ ' (or, equivalently,
writing qχ with χ ¼ R

L), we note, ultimately, that there are
three types of n − n̄ operators [47]:

ðO1Þχ1χ2χ3 ¼ ½uTαχ1 Cu
β
χ1 "½d

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTsÞαβγδρσ; ð7Þ

ðO2Þχ1χ2χ3 ¼½uTαχ1 Cd
β
χ1 "½u

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTsÞαβγδρσ; ð8Þ

ðO3Þχ1χ2χ3 ¼½uTαχ1 Cd
β
χ1 "½u

Tγ
χ2 Cd

δ
χ2 "½d

Tρ
χ3 Cd

σ
χ3 "ðTaÞαβγδρσ; ð9Þ

although only 14 of these 24 operators are independent,
because the antisymmetric tensors yield the relation-
ships [47]

ðO1Þχ1LR ¼ ðO1Þχ1RL; ðO2;3ÞLRχ3 ¼ ðO2;3ÞRLχ3 ; ð10Þ

and [48]

ðO2Þmmn − ðO1Þmmn ¼ 3ðO3Þmmn; ð11Þ

where m, n ∈ ½L; R". If we also demand that the operators
be invariant under SUð2ÞL × Uð1ÞY, the electroweak gauge
symmetry of the SM, then finally only four operators are
independent [47,48]. For example,

P1 ¼ ðO1ÞRRR; ð12Þ

P2 ¼ ðO2ÞRRR; ð13Þ

P3 ¼ ½qTiαL CqjβL "½u
Tγ
R CdδR"½d

Tρ
R CdσR"ϵijðTsÞαβγδρσ

¼ 2ðO3ÞLRR; ð14Þ

P4 ¼ ½qTiαL CqjβL "½q
Tkγ
L CqlδL "½d

Tρ
R CdσR"ϵijϵklðTaÞαβγδρσ

¼ 4ðO3ÞLLR; ð15Þ

where the Roman indices label the members of a left-
handed SU(2) doublet.
The matrix elements of these operators have been

evaluated in the MIT bag model by Rao and Shrock
[47] and, much more recently, in lattice QCD [49,50].
Once we have developed the quark-level n − n̄ conversion
operators we, too, use the MIT bag model to evaluate their
matrix elements. We discuss noteworthy technical aspects
of this in Appendix B.

A. From quark-level operators for n− n̄ oscillation
to n− n̄ conversion

Since dimensional analysis shows that the effective
operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
new physics mass scale, we wish to explore the manner in
which we can use SM physics to find a more favorable
relationship. In particular, since the quarks carry electric
charge, we explore the possibility that the external source
in the n − n̄ conversion operator is the electromagnetic
current. Of course quarks also carry color charge, but the
associated current ∂μFa

μν is not SUð3Þc gauge invariant. In
what follows we consider each of the n − n̄ transition
operators in turn and determine the low-energy effective
operator that follows from evaluating how its quarks
interact with a virtual photon generated by a scattered
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where the Roman indices label the members of a left-
handed SU(2) doublet.
The matrix elements of these operators have been

evaluated in the MIT bag model by Rao and Shrock
[47] and, much more recently, in lattice QCD [49,50].
Once we have developed the quark-level n − n̄ conversion
operators we, too, use the MIT bag model to evaluate their
matrix elements. We discuss noteworthy technical aspects
of this in Appendix B.

A. From quark-level operators for n− n̄ oscillation
to n− n̄ conversion

Since dimensional analysis shows that the effective
operator for n − n̄ conversion would be suppressed with
respect to that for n − n̄ oscillation by three powers of a
new physics mass scale, we wish to explore the manner in
which we can use SM physics to find a more favorable
relationship. In particular, since the quarks carry electric
charge, we explore the possibility that the external source
in the n − n̄ conversion operator is the electromagnetic
current. Of course quarks also carry color charge, but the
associated current ∂μFa

μν is not SUð3Þc gauge invariant. In
what follows we consider each of the n − n̄ transition
operators in turn and determine the low-energy effective
operator that follows from evaluating how its quarks
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Note
O2 → O3

 Ts →  Ta

[Rao & Shrock, 1982]

Only 14 of 24 operators are independent✿ 

[Caswell, Milutinovic, & Senjanovic, 1983]
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✿ Only 4 appear in SM effective theory 



charged particle, such as an electron. In any particular,
leading-dimension n − n̄ operator, there are three blocks,
and in each block there are two charged particles. When a
virtual photon is attached to these blocks, there are six
possible ways that correspond to six different Feynman
diagrams, as shown in Fig. 1. Note that we do not attach a
photon line to the solid “blob” at the center because, as we
shall see, this would yield an effect that would be sup-
pressed by higher powers of the new physics mass scale.
To determine the operator structures that emerge upon

including electromagnetic interactions, we first compute
the matrix element for the process qρðpÞ þ γðkÞ → q̄δðp0Þ,
noting that the superscripts are flavor indices. Working in a
chiral basis, the pertinent terms in the interaction
Hamiltonian are

HI ⊃
δq
2

X

χ1

ðψρT
χ1 Cψ

δ
χ1 þ ψ̄ δ

χ1Cψ̄
ρT
χ1 Þ þQρe

X

χ2

ψ̄ρ
χ2=Aψ

ρ
χ2

þQδe
X

χ3

ψ̄ δ
χ3=Aψ

δ
χ3 ; ð16Þ

where both qρ and q̄δ have mass m. Computing

hq̄δðp0ÞjT
!X

χ1;χ2

!
−i

δq
2

Z
d4xψρT

χ1 Cψ
δ
χ1

"

×
!
−iQρe

Z
d4yψ̄ρ

χ2=Aψ
ρ
χ2 − iQδe

Z
d4yψ̄ δ

χ2=Aψ
δ
χ2

""

× jqρðpÞγðkÞi; ð17Þ

using standard techniques [51], noting T is the time-
ordering operator and the quarks are treated as free fields,
we find

−
δq
2
emi

X

χ2

!
Qρ

ūδðp0; s0Þ=ϵðkÞð1þ χ2γ5Þuρðp; sÞ
p02 −m2

−Qδ
v̄ρðp; sÞ=ϵðkÞð1þ χ2γ5Þvδðp0; s0Þ

p2 −m2

"

× ð2πÞ4δð4Þðp0 − p − kÞ; ð18Þ

where ϵμ is the polarization vector of the photon, or, finally,

−
δq
2
emi

X

χ2

!
ūδðp0; s0Þ=ϵðkÞuρðp; sÞ

!
Qρ

p02 −m2
−

Qδ

p2 −m2

"

þ χ2ūδðp0; s0Þ=ϵðkÞγ5uρðp; sÞ
!

Qρ

p02 −m2
þ Qδ

p2 −m2

""

× ð2πÞ4δð4Þðp0 − p − kÞ; ð19Þ

where we have employed the conventions and relationships
of Appendix A throughout. Since p2 ¼ p02, we see the
vector term vanishes if Qρ ¼ Qδ, as we would expect from
CPT considerations [37]. However, if Qδ ≠ Qρ the final
result is nonzero even after summing over χ2. Replacing
ϵμðkÞ with kμ we see that the Ward-Takahashi identity is
satisfied after summing over χ2. For fixed χ2 the identity
also follows once we sum over the photon-quark contri-
butions that would yield an electrically neutral initial or
final state, as in the case of n − n̄ transitions. Thus we
extract the effective operator associated with the quark-
antiquark-photon vertex as

−
mδqe

p2 −m2
ðQρψδT

−χ2Cγ
μψρ

χ2 −QδψδT
χ2 Cγ

μψρ
−χ2Þ; ð20Þ

noting that only the Cγμγ5 Lorentz structure would survive
if ρ ¼ δ. For use in the neutron case we recast this as

FIG. 1. A neutron-antineutron transition is realized through electron-neutron scattering. The virtual photon emitted from the scattered
electron interacts with a general six-fermion n − n̄ oscillation vertex. The particular graphs shown illustrate the two possible ways of
attaching a photon to each of the blocks that appear in the ðO1Þχ1χ2χ3 operator of Eq. (7).

PHENOMENOLOGY OF NEUTRON-ANTINEUTRON CONVERSION PHYS. REV. D 97, 056008 (2018)

056008-5

charged particle, such as an electron. In any particular,
leading-dimension n − n̄ operator, there are three blocks,
and in each block there are two charged particles. When a
virtual photon is attached to these blocks, there are six
possible ways that correspond to six different Feynman
diagrams, as shown in Fig. 1. Note that we do not attach a
photon line to the solid “blob” at the center because, as we
shall see, this would yield an effect that would be sup-
pressed by higher powers of the new physics mass scale.
To determine the operator structures that emerge upon

including electromagnetic interactions, we first compute
the matrix element for the process qρðpÞ þ γðkÞ → q̄δðp0Þ,
noting that the superscripts are flavor indices. Working in a
chiral basis, the pertinent terms in the interaction
Hamiltonian are

HI ⊃
δq
2

X

χ1

ðψρT
χ1 Cψ

δ
χ1 þ ψ̄ δ

χ1Cψ̄
ρT
χ1 Þ þQρe

X

χ2

ψ̄ρ
χ2=Aψ

ρ
χ2

þQδe
X

χ3

ψ̄ δ
χ3=Aψ

δ
χ3 ; ð16Þ

where both qρ and q̄δ have mass m. Computing

hq̄δðp0ÞjT
!X

χ1;χ2

!
−i

δq
2

Z
d4xψρT

χ1 Cψ
δ
χ1

"

×
!
−iQρe

Z
d4yψ̄ρ

χ2=Aψ
ρ
χ2 − iQδe

Z
d4yψ̄ δ

χ2=Aψ
δ
χ2

""

× jqρðpÞγðkÞi; ð17Þ

using standard techniques [51], noting T is the time-
ordering operator and the quarks are treated as free fields,
we find

−
δq
2
emi

X

χ2

!
Qρ
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chiral basis, the pertinent terms in the interaction
Hamiltonian are

HI ⊃
δq
2

X

χ1

ðψρT
χ1 Cψ

δ
χ1 þ ψ̄ δ

χ1Cψ̄
ρT
χ1 Þ þQρe

X

χ2

ψ̄ρ
χ2=Aψ

ρ
χ2

þQδe
X

χ3

ψ̄ δ
χ3=Aψ

δ
χ3 ; ð16Þ

where both qρ and q̄δ have mass m. Computing

hq̄δðp0ÞjT
!X

χ1;χ2

!
−i

δq
2

Z
d4xψρT

χ1 Cψ
δ
χ1

"

×
!
−iQρe

Z
d4yψ̄ρ

χ2=Aψ
ρ
χ2 − iQδe

Z
d4yψ̄ δ

χ2=Aψ
δ
χ2

""

× jqρðpÞγðkÞi; ð17Þ

using standard techniques [51], noting T is the time-
ordering operator and the quarks are treated as free fields,
we find

−
δq
2
emi

X

χ2

!
Qρ

ūδðp0; s0Þ=ϵðkÞð1þ χ2γ5Þuρðp; sÞ
p02 −m2

−Qδ
v̄ρðp; sÞ=ϵðkÞð1þ χ2γ5Þvδðp0; s0Þ

p2 −m2

"

× ð2πÞ4δð4Þðp0 − p − kÞ; ð18Þ

where ϵμ is the polarization vector of the photon, or, finally,

−
δq
2
emi

X

χ2

!
ūδðp0; s0Þ=ϵðkÞuρðp; sÞ

!
Qρ

p02 −m2
−

Qδ

p2 −m2

"

þ χ2ūδðp0; s0Þ=ϵðkÞγ5uρðp; sÞ
!

Qρ

p02 −m2
þ Qδ

p2 −m2

""

× ð2πÞ4δð4Þðp0 − p − kÞ; ð19Þ

where we have employed the conventions and relationships
of Appendix A throughout. Since p2 ¼ p02, we see the
vector term vanishes if Qρ ¼ Qδ, as we would expect from
CPT considerations [37]. However, if Qδ ≠ Qρ the final
result is nonzero even after summing over χ2. Replacing
ϵμðkÞ with kμ we see that the Ward-Takahashi identity is
satisfied after summing over χ2. For fixed χ2 the identity
also follows once we sum over the photon-quark contri-
butions that would yield an electrically neutral initial or
final state, as in the case of n − n̄ transitions. Thus we
extract the effective operator associated with the quark-
antiquark-photon vertex as

−
mδqe

p2 −m2
ðQρψδT

−χ2Cγ
μψρ

χ2 −QδψδT
χ2 Cγ

μψρ
−χ2Þ; ð20Þ

noting that only the Cγμγ5 Lorentz structure would survive
if ρ ¼ δ. For use in the neutron case we recast this as

FIG. 1. A neutron-antineutron transition is realized through electron-neutron scattering. The virtual photon emitted from the scattered
electron interacts with a general six-fermion n − n̄ oscillation vertex. The particular graphs shown illustrate the two possible ways of
attaching a photon to each of the blocks that appear in the ðO1Þχ1χ2χ3 operator of Eq. (7).

PHENOMENOLOGY OF NEUTRON-ANTINEUTRON CONVERSION PHYS. REV. D 97, 056008 (2018)

056008-5

From Oscillation to Conversion
Quark-level operators: compute qρ(p)+γ(k)→qδ(p′)

flavor

matrix element:

Effective vertex

chiral basis

if δ=ρ
yields

C γμγ5 only

✿
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B-L Violation via e-n scattering 
Linking neutron-antineutron oscillation to conversion 

(O2)�1�2�3 = [uT↵
�1

Cd��1
][uT�

�2
Cd��2

][dT⇢
�3

Cd��3
](Ts)↵���⇢�

[Rao & Shrock, 1983]

e.g.:

(Õ2)
�µ
�1�2�3

=
h
[u↵T

��C�µ�5d
�
� � 2u↵T

� C�µ�5d
�
��][u

� T
�2

Cd��2
][d⇢T

�3
Cd��3

]

+[u↵T
�1

Cd��1
][u� T

��C�µ�5d
�
� � 2u� T

� C�µ�5d
�
��][d

⇢T
�3

Cd��3
]

+[u↵T
�1

Cd��1
][u� T

�2
Cd��2

][d⇢T
��C�µ�5d

�
� + d⇢T

� C�µ�5d
�
��]

i
Ts…
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B-L Violation via e-n scattering
Linking neutron-antineutron oscillation to conversion

(Õ1)
�µ
�1�2�3

=
h
� 2[u↵T

��C�µ�5u
�
� + u↵T

� C�µ�5u
�
��][d

� T
�2

Cd��2
][d⇢T

�3
Cd��3

]

+ [u↵T
�1

Cu�
�1
][d� T

��C�µ�5d
�
� + d� T

� C�µ�5d
�
��][d

⇢T
�3

Cd��3
]

+ [u↵T
�1

Cu�
�1
][d� T

�2
Cd��2

][d⇢T
��C�µ�5d

�
� + d⇢T

� C�µ�5d
�
��]

i
(Ts)↵���⇢�

(Õ1)
�
�1�2�3

= (�1)�1�2�3

em

3(p2e↵ �m2)

Qejµ
q2

(Õ1)
�µ
�1�2�3

,

Moreover…

yielding

with similar relationships for i=2,3
The hadronic matrix elements are computed 

in the MIT bag model. 

[Here χ=R - χ=L for em scattering]

[only these in em case]

35

(best connection to oscillation as q2 →0)



Interactions impact view on        osc. even in q2→0 limit;  
(cf. KS regeneration in matter); cf. Nesvizhevsky et al 
2018….

36
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TABLE I. Dimensionless matrix elements (Ii)
�3
�1�2�3

of n � n̄ conversion operators. The column “EM” denotes the matrix-
element combination of (� = R)� (� = L).

I1 I2 I3

�1�2�3 � = R � = L EM �1�2�3 � = R � = L EM �1�2�3 � = R � = L EM

RRR 19.8 19.8 0 RRR -4.95 -4.95 0 RRR 1.80 -8.28 10.1
RRL 17.3 17.3 0 RRL -2.00 -9.02 7.02 RRL -1.07 -8.81 7.74
RLR 17.3 17.3 0 RLR -4.09 -0.586 -3.50 RLR 7.20 6.03 1.17
RLL 6.02 6.02 0 RLL -0.586 -4.09 3.50 RLL 6.03 7.20 -1.17
LRR 6.02 6.02 0 LRR -4.09 -0.586 -3.50 LRR 7.20 6.03 1.17
LRL 17.3 17.3 0 LRL -0.586 -4.09 3.50 LRL 6.03 7.20 -1.17
LLR 17.3 17.3 0 LLR -9.02 -2.00 -7.02 LLR -8.81 -1.07 -7.74
LLL 19.8 19.8 0 LLL -4.95 -4.95 0 LLL -8.28 1.80 -10.1

where the states with the “q” subscripts are realized at the quark level. Explicitly, then,

�v̄(p0
, s

0)Cu(p, s) = hn̄q(p
0
, s

0)|
Z

d
3
x

X

i,�1,�2,�3

0
(�i)�1,�2,�3(Oi)�1,�2,�3 |nq(p, s)i (35)

and

⌘v̄(p0
, s

0)C/j�5u(p, s) = hn̄q(p
0
, s

0)|
Z

d
3
x

X

�

X

i,�1,�2,�3

0
(⌘i)

�
�1,�2,�3

(Õi)
�
�1,�2,�3

|nq(p, s)i . (36)

Using the connections we have derived in Eq. (26) and in and after Eq. (28) we can rewrite the latter as

⌘v̄(p0
, s

0)C/j�5u(p, s) =
em

3(p2e↵ �m2)

Qejµ

q2
hn̄q(p

0
, s

0)|
Z
d
3
x

X

i,�1,�2,�3

0
(�i)�1,�2,�3 [(Õi)

Rµ
�1,�2,�3

�(Õi)
Lµ
�1,�2,�3

]|nq(p, s)i , (37)

so that setting limits on ⌘ can also constrain the quark-level low-energy constants associated with n-n̄ oscillations. We
will determine that the operator matrix elements associated with i = 1 vanish, so that n-n̄ conversion can only probe
some of the n-n̄ oscillation operators. In the matching relations we have assumed that the quark-level low-energy
constants are evaluated at the matching scale, subsuming evolution e↵ects from the weak to QCD scales. Note, too,
that we assume that “�i” in Eqs. (35) and (37) are the same irrespective of such e↵ects. Considering the matching
relation of Eq. (37), we see that for a fixed experimental sensitivity to ⌘ the limit on (�i)�1�2�3 will be sharpest if
q
2 ' 0. Thus in evaluating the hadron matrix elements we wish to choose p ' p0. In the next section we compute
the pertinent quark-level n-n̄ matrix elements explicitly using the M.I.T. bag model, for which the most convenient
choice of kinematics is p = p0 = 0.

V. MATRIX-ELEMENT COMPUTATIONS IN THE M.I.T. BAG MODEL

Since the M.I.T. bag model is well known [34, 35], we only briefly summarize the ingredients that are important
to our calculation. In this model, the quarks and antiquarks are confined in a static, spherical cavity of radius R by
a bag pressure B, within which they obey the free-particle Dirac equation. We only need the ground-state solutions,
which we denote as us

↵,0(r) (v
s
↵,0(r)) for a quark (antiquark) of flavor ↵. We present their form and comment on the

proper definition of vs↵,0 in Appendix B. The quantized quark field is given by

 
i
↵(r) =

X

n,s

[bi↵s(pn)u
s
↵,n(r) + d

i†
↵s(pn)v

s
↵,n(r)] , (38)

where i is a color index and b
i
↵s (di†↵s) denotes a quark (antiquark) annihilation (creation) operator, for which the

non-null anticommutation relations are

{bi↵s(p), b
j†
�s0(p

0)} = �ss0�ij�↵��
(3)(p� p0), (39)

{di↵s(p), d
j†
�s0(p

0)} = �ss0�ij�↵��
(3)(p� p0) . (40)

B-L Violation via e-n scattering
Linking neutron-antineutron oscillation to conversion

Electromagnetic scattering yields 
conversion from O2 and O3 operators only! u-u

[SG & Xinshuai Yan,  arXiv:1710.09292, PRD 2018]

 u-u



B-L Violation via e-d scattering
What sorts of limits could be set?

⌘v̄(p0, s0)C/j�5u(p, s) =
em

3(p2e↵ �m2)

ejµ
q2

⇥hn̄q(p
0, s0)|

Z
d3x

X

i,�1,�2,�3

0
(�i)�1,�2,� 3 [(Õi)

Rµ
�1,�2,�3

� (Õi)
Lµ
�1,�2,�3

]|nq(p, s)i

Matching relation:

The best limits come from small-angle scattering
— using the uncertainty principle to estimate θmin

|�̃| . 2⇥ 10�15

r
N events

1 event

r
1 yr

t

s
0.6⇥ 1017 s�1

�

r
1 m

L

s
5.1⇥ 1022 cm�3

⇢
GeV.

Sensitivity estimate for a beam energy of 20 MeV:

for the Majorana mass of the neutron
37
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Based on work in collaboration with Xinshuai Yan (U. Kentucky→CCNU)
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Perspective
 An (g-2)e “anomaly” is a very new thing!

(t > 2011)

The measurement of ae ≡ (g-2)e /2 was once the only way 
to determine the fine-structure constant α precisely

Thus now both ae and aμ probe physics BSM! 

 Now with h/MX (for X=Rb or Cs) from 
atom interferometry

we have another precise way of determine α
[Bouchendira et al., 2011 [Rb]; Parker et al., 2018 [Cs]]

[… Hanneke, Fogwell, Gabrielse, 2008]
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aμ and ae Probe Physics 
Beyond the SM  

aeEXP - aeSM [Rb] = (-131 ± 77) x 10-14

aeEXP - aeSM [Cs] = (-88 ± 36) x 10-14

aμEXP - aμSM = (2.74 ± 0.73) x 10-9

               

[Aoyama, Kinoshita, Nio,  2019 ]

(!)

~2.4σ

~3.7σ
Both the relative sign and size are important.

A viable new-physics solution cannot distinguish 
μ and e only by their mass! (Δae is 10x too big!)
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aμ & ae Signal 
Lepton Flavor Universality (LFU) 

Violation

(δaf )new~ mf 2 / Mnew2

Note mμ2/me2 ~ 4.2x104

Thus Δae [Cs,Rb] implies Δaμ         ⇐ BNL E821!

“LFU” means that μ and e differ only in their mass 
⇐

Thus LFU is violated

This also suggests the appearance of 
 “light” new physics  
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Interpreting Δaμ & Δae 
Challenging to explain both at once  

BSM solutions must treat μ and e differently

i) a single, real scalar φ; but introduce e-φ couplings 
to drive Barr-Zee  graph for ae  

ii) Models with Lμ-Lτ symmetry… [Crivellin et al., 2018]

iii) Models that stabilize the Higgs sector…
iv) A complex scalar with CP-odd couplings
to e but CP-even couplings to μ

Some Possibilities

[Davoudiasl & Marciano, 2018]

[Hiller et al., 2019]

[Liu, Wagner,  Wang, 2018]

(Similar, e.g., to other Δaμ solutions) 
Models with axial vector bosons can explain sign of Δae 

[Fayet, 2007; Kahn et al., 2017]
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A New Interpretation of Δae 

Enter Lepton-Number-Carrying Scalars
We adopt minimal scalar models previously

used for the study of baryon & lepton number
violation 

[SG & Yan, 2019]

[Arnold, Fornal, & Wise, 2013 & 
2013;  SG & Yan, PLB 2019]

Proton decay evaded by quantum number assignment
No “secret ingredients”!

Δae<0!
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[S.G. & Xinshuai Yan,  1907.12571]

 Δae Solutions Confront PVES
Doubly Charged Scalars Appear in s-Channel

X1

X3

Also subject to (KLOE-2) α running constraint
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|

��e-�e��
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�ae

Δae Solutions Confront τ Decay
Scalar X2 cannot explain the anomaly

Thus the possible Δae solutions are somewhat limited;  
employ “heavy” limits in what follows….


