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Abstract: In this paper we systematically consider the baryon (B) and lepton (L) num-
ber violating dinucleon to dilepton decays (pp → `+`′+, pn → `+ν̄ ′, nn → ν̄ν̄ ′) with
∆B = ∆L = −2 in the framework of effective field theory. We start by constructing a basis
of dimension-12 (dim-12) operators mediating such processes in the low energy effective field
theory (LEFT) below the electroweak scale. Then we consider their standard model effec-
tive field theory (SMEFT) completions upwards and their chiral realizations in baryon chi-
ral perturbation theory (BχPT) downwards. We work to the first nontrivial orders in each
effective field theory, collect along the way the matching conditions, and express the decay
rates in terms of the Wilson coefficients associated with the dim-12 operators in the SMEFT
and the low energy constants pertinent to BχPT. We find the current experimental limits
push the associated new physics scale larger than 1− 3TeV, which is still accessible to the
future collider searches. Through weak isospin symmetry, we find the current experimental
limits on the partial lifetime of transitions pp→ `+`′+, pn→ `+ν̄ ′ imply stronger limits on
nn→ ν̄ν̄ ′ than their existing lower bounds, which are improved by 2−3 orders of magnitude.
Furthermore, assuming charged mode transitions are also dominantly generated by the sim-
ilar dim-12 SMEFT interactions, the experimental limits on pp→ e+e+, e+µ+, µ+µ+ lead
to stronger limits on pn → `+α ν̄β with α, β = e, µ than their existing bounds. Conversely,
the same assumptions help us to set a lower bound on the lifetime of the experimentally
unsearched mode pp→ e+τ+ from that of pn→ e+ν̄τ , i.e., Γ−1

pp→e+τ+ & 2× 1034 yr.
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1 Introduction

The observed matter-antimatter asymmetry of the universe requires the violation of baryon
number, which as one of the three Sakharov conditions for a successful baryogenesis mecha-
nism [1]; at the same time, the extremely possible Majorana nature of neutrinos breaks the
lepton number. Both facts lead to the existence of a class of new physics scenarios beyond
the minimal standard model (SM) in which the baryon and/or lepton numbers are violated
explicitly or spontaneously to a certain degree, this is because the baryon (B) and lep-
ton (L) numbers are accidental global symmetries in the SM but are violated through the
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quantum anomaly at an unobservable level [2].1 On the other hand, the violation of baryon
and/or lepton numbers would be expected in the grand unified theories (GUT) [3, 4]. Thus,
the search of rare baryon and/or lepton number violation signals becomes more and more
important than ever before for the pursuit of new physics (NP).

Usually, the experimentally accessible baryon number violation signatures can be cat-
egorized into two classes in terms of the net baryon number being changed by one unit
(∆B = 1) or two units (∆B = 2). For the ∆B = 1 case, the relevant processes are the
single free or bound nucleon decays, which could change the lepton numbers by ∆L = ±1
or ±3 units, like the most well-known proton decay mode p → e+π0, etc, see ref. [5] and
references therein for a thorough discussion on these ∆B = 1 processes. Such processes
have been searched for experimentally for a long time but with null results [6], which,
however, tightly constrain the NP scenarios and push the NP scale around the GUT scale
unaccessible directly for the current and future collider experiments.

On the other hand, for the ∆B = 2 case, the net lepton numbers can be changed by
either ∆L = 0 or ∆L = ±2 units.2 They are interesting because they can be searched
for experimentally with clean signatures and high precision, as well as because there exist
NP scenarios in which their contributions are dominant but that of ∆B = 1 processes
like proton decay are suppressed [8–12]. The neutron-antineutron oscillation (n−n̄) is a
representative example for the ∆L = 0 case, which has attracted a lot of attention in recent
years both theoretically and experimentally, see the review [13] and references therein for
a summary on the state of the art of this process. For the ∆L = ±2 case, the interesting
processes are the dinucleon to dilepton decays in nuclei, including pp→ `+`′+, pn→ `+ν̄ ′

and nn → ν̄ν̄ ′ with `(`′) = e, µ, τ and ν̄(ν̄ ′) = ν̄e, ν̄µ, ν̄τ , respectively.3 Such processes
get less attention than the above mentioned ∆B = 1 and n−n̄ oscillation processes [9,
12, 16, 17], but they may open new avenues for the baryon number violation signals due
to their distinct theoretical origin and clear experimental signatures.4 The most stringent
lower limits on the partial lifetime of those dinucleon to dilepton decays in oxygen 16O and
carbon 12C nuclei are reported by the earlier Frejus and KamLAND experiments [19, 20]
and the recent Super-K results [21, 22], and are collected in table 1 for our latter use.

Confronted with the relatively less studies on those baryon and lepton number violating
∆B = ∆L = −2 decays pp→ `+`′+, pn→ `+ν̄ ′ and nn→ ν̄ν̄ ′, it is our goal in this paper
to make a comprehensive analysis via the model-independent framework of effective field
theory (EFT). Our approach is pictorially explained in figure 1 which shows the series of
EFTs relevant to the decays, including the relevant degrees of freedom and symmetries
in each EFT, and the matching and renormalization group running procedures among
different EFTs. We start by constructing a basis mediating such processes using the first
two flavors of quarks (u, d) and the charged and neutral leptons (`, ν) that enjoys the

1The difference B − L is still an exact symmetry survived from the anomaly cancellation in the SM.
2For the processes with other larger even units of lepton numbers (∆L = ±4,±6, · · · ), their effect would

be expected to be severely suppressed due to higher dimensionality of the relevant interactions [7] and thus
omitted here.

3There are also ∆L = 0 dinucleon decays with the final states being a pair of leptons conserving lepton
flavor and number or two mesons, like pn→ `+ν, nn→ νν̄ and pp→ π+π+,K+K+ [14, 15].

4A timely brief status report of the ∆B = 2 physics can be found in [18].
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Decay mode Lifetime limit Decay mode Lifetime limit Decay mode Lifetime limit
pp→ e+e+ 4.2×1033 yr [21] pn→ e+ν̄′ 2.6×1032 yr [22] nn→ ν̄ν̄′ 1.4×1030 yr [20]
pp→ e+µ+ 4.4×1033 yr [21] pn→µ+ν̄′ 2.2×1032 yr [22]
pp→µ+µ+ 4.4×1033 yr [21] pn→ τ+ν̄′ 2.9×1031 yr [22]
pp→ e+τ+ —

Table 1. The lower bound on the partial lifetime of the dinucleon to dilepton transitions. Where
the limits for the charged modes (pp) and (pn) were set per oxygen nucleus 16O in water Cherenkov
Super-K experiment at 90% confidence level [21, 22] while the limit on the neutral mode (nn)
is obtained from the carbon nucleus 12C in KamLAND experiment [20]. The bounds on modes
involving anti-neutrinos are also valid for the cases with neutrinos since they are treated as invisible
states in the experimental search.

Figure 1. The flow chart for an EFT calculation of the low energy observables.

QCD and QED gauge symmetries SU(3)C×U(1)EM in the low energy effective field theory
(LEFT) below the electroweak scale ΛEW. At leading order in the LEFT, the contribution
arises from effective interactions of dimension-12 (dim-12) ∆B = ∆L = −2 operators
that involve six quark fields and two lepton fields (qqqqqqll), where q denotes u, d while
l stands for `, ν. By crossing symmetry, those operators also parametrize the general
interactions contributing to the baryon and lepton number violating conversion processes
e−p→ e+p̄ , ν̄n̄ and e−n→ ν̄p̄ in the electron-deuteron (e-d) scattering [11], the neutron
exotic decay n→ p̄e+ν̄ [23] and the hydrogen-antihydrogen (H−H̄) oscillation [24].

To translate the experimental constraints at low energy to those on NP at a high scale
ΛNP, we have to climb up the ladder of energy scales in figure 1. If there are no new particles
with a mass at or below ΛEW , the standard model effective field theory (SMEFT) defined
between some NP scale ΛNP and the electroweak scale ΛEW is a good starting point to
parametrize the UV NP in a model-independent way. Based on this logic, we then consider
the leading order SMEFT completions of the LEFT interactions in question and it happens
that the relevant operators also first appear at dim 12, and without counting lepton flavors
we obtain 29 independent operators contributing to the decays. Along the way we perform
a tree-level matching between the SMEFT and LEFT interactions at ΛEW, and it turns
out that the interaction structures simplify significantly due to the constraints of the SM
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gauge symmetry SU(3)C × SU(2)L ×U(1)Y and many LEFT Wilson coefficients vanish at
this leading order.

To calculate the transition rate, at low energy which we take to be the chiral symmetry
breaking scale Λχ, we perform the non-perturbative matching of the LEFT interactions of
quarks to those of nucleons and mesons using the two-flavor baryon chiral perturbation
theory (BχPT) formalism [25–27]. In order to realize this, we first organize the LEFT
operators into irreducible representations under the chiral group SU(2)fL×SU(2)fR of chiral
u, d quarks and then construct the corresponding hadronic operators using the spurion
techniques with the non-perturbative QCD effect being encoded in the so-called low en-
ergy constants (LECs). These LECs may be extracted by chiral symmetry from other
measured processes, or computed in lattice theory (LQCD), or estimated based on the
naive dimensional analysis [28–30].

Last we collect all pieces together to express the transition rate as the function of the
Wilson coefficients of effective interactions in the SMEFT and the LECs. The merit in such
an approach is that the uncertainties incurred in the result may be estimated systematically.
Taking the current experimental limits into consideration, we find the NP scale is pushed
around 1-3TeV, which is accessible to the future collider searches to complementarily study
the relevant NP. If we further assume these transitions are dominantly generated by the
similar dim-12 SMEFT operators, then the three different types of transitions are correlated
with each other via the weak isospin symmetry, and the experimental limits on the partial
lifetime of one type of transitions may be translated into stronger limits on that of another
type than their existing experimental lower bounds. In addition, this correlation helps
us to set a lower bound on the lifetime of the experimentally unsearched decay mode
pp → e+τ+ from that of pn → e+ν̄τ , and we find the partial lifetime is constrained to be
Γ−1
pp→e+τ+ & 2× 1034 yr.

This paper is organized as follows. In section 2, we will first list at quark level the
operators for dinucleon and dilepton transitions. We then establish the basis of dim-12
operators contributing to the dinucleon to dilepton transitions with ∆B = ∆L = −2 in
the LEFT in subsection 2.1, and we will do a similar job to establish the leading order
dim-12 operators contributing to the same transitions in the SMEFT in subsection 2.2. In
subsection 2.3, we give tree-level matching relations between LEFT and SMEFT operators.
Section 3 is devoted to the chiral realization of the six-part of these dim-12 operators at
Λχ. After some brief explanation how to perform matches to chiral theory from quark level
operators in subsection 3.1, in subsections 3.2 and 3.3, we discuss the chiral irreducible
representation decompositions and matching operators. In section 4, we calculate the de-
cay rate from the series of EFTs and make predictions for the sensitivity of such processes
for future experimental searches. We summarize our main results in section 5. In appen-
dices A to H we list the operator basis in each EFT obtained and chiral decompositions
and matching leading to the main results described in the text.
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2 Operator basis for pp → `+`′+, pn → `+ν̄ ′, nn → ν̄ν̄ ′ transitions

Since all operators we are interested in violate baryon and lepton numbers and are thus
non-Hermitian, we only list one half of them relevant to this work, and the other half is
easily obtained by Hermitian conjugation. To have dinucleon to dilepton transitions of
∆B = ∆L = −2, the quark level operators first appear at dim 12 and contain six quark
fields made out of the up and down quarks (u, d) and two leptons (`, ν). By the Fierz
transformation, these operators can be factorized as the pure quark sectors multiplied by
the proper lepton currents. At the hadron level, according to the initial state nucleons or
the final state leptons, by the electric charge conservation, we have three different types of
transitions: pp→ `+`′+, pn→ `+ν̄ ′ and nn→ ν̄ν̄ ′, respectively. The corresponding lepton
currents for each type of transitions are defined as follows

pp→ ``′ : j``
′

S,± = (`TCP±`′) , j``
′,µ

V = (`TRCγµ`′L) , j``
′,µν

T,± = (`TCσµνP±`′) , (2.1)

pn→ `ν̄ ′ : j`ν
′

S = (`TLCν ′L) , j`ν
′,µ

V = (`TRCγµν ′L) , j`ν
′,µν

T = (`TLCσµνν ′L) , (2.2)

nn→ ν̄ν̄ ′ : jνν
′

S = (νT
LCν

′
L) , jνν

′,µν
T = (νT

LCσ
µνν ′L) , (2.3)

where C is the charge conjugation matrix satisfying CT = C† = −C and C2 = −1, the
charged lepton field is denoted by `, `′ ∈ {e, µ, τ} and the SM left-handed neutrinos by
νL, ν

′
L ∈ {νe, νµ, ντ}.5 The chiral projection operators are abbreviated as P± ≡ PR,L =

(1 ± γ5)/2 and therefore `R,L = PR,L` = P±`. Here we see that for the diproton and
dineutron transitions pp→ `+`′+, nn→ ν̄ν̄ ′, the scalar lepton current is symmetric under
the exchange of the two leptons while the tensor lepton current is anti-symmetric. Es-
pecially, for the transitions with identical charged leptons pp → e+e+, µ+µ+ the tensor
lepton current vanishes, and the non-vanishing scalar and vector currents can be equiva-
lently parametrized by the four-component Dirac fields as

jS = (`TC`) , jS,5 = (`TCγ5`) , jµV,5 = (`TCγµγ5`) , (2.4)

and the vector current (`TCγµ`) = 0 from the same reason as the tensor current.
For the dinucleon to dilepton transitions, from the above classification, we may first

write down a minimal hadron level effective Lagrangian consisting of nucleon currents
NTΓN ′ (N,N ′ ∈ {p, n}) as well as the lepton currents in eqs. (2.1)–(2.3),

LNN ′ =
∑
a

C(pp)
a O(pp)

a +
∑
b

C
(pn)
b O(pn)

b +
∑
c

C(nn)
c O(nn)

c , (2.5)

where a, b, c are just labels to distinguish different operators, and C(NN ′)
a,b,c are the Wilson co-

efficients associated with the relevant hadronic operators O(NN ′)
a,b,c . Those operators O(NN ′)

i

5We do not include the right-handed neutrinos since they are absent in the SM framework.
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are dim-6 and composed of dinucleon and the above lepton currents, and can be written as

pp→ `+`′+ : O(pp)S
L = (pTCp)(`TLC`′L) , O(pp)S

5L = (pTCγ5p)(`TLC`′L) ,

O(pp)S
R = (pTCp)(`TRC`′R) , O(pp)S

5R = (pTCγ5p)(`TRC`′R) ,

O(pp)V = (pTCγµγ5p)(`TRCγµ`′L) , (2.6)

pn→ `+ν̄ ′ : O(pn)S
L = (pTCn)(`TLCν ′L) , O(pn)S

5L = (pTCγ5n)(`TLCν ′L) ,

O(pn)V
L = (pTCγµn)(`TRCγµν ′L) , O(pn)V

5L = (pTCγµγ5n)(`TRCγµν ′L) ,

O(pn)T = (pTCσµνn)(`TLCσµνν ′L) , (2.7)

nn→ ν̄ν̄ ′ : O(nn)S
L = (nTCn)(νT

LCν
′
L) , O(nn)S

5L = (nTCγ5n)(νT
LCν

′
L) , (2.8)

where there are no operators with a vector or tensor diproton/dineutron current since such
currents vanish, i.e., (NTCγµN) = (NTCσµνN) = (NTCσµνγ5N) = 0 for N ∈ {p, n}.

Since the dinucleon fields in the above operators must originate from the u, d quarks,
it is thus necessary to start from the classification of relevant operators at the quark level.
There are two approaches in constructing relevant quark level operators responsible for
dinucleon to dilepton transitions. One is to use effective degrees of freedom below the
electroweak scale to obtain all relevant operators respecting SU(3)C × U(1)EM, this is the
LEFT approach. And the other is to use effective degrees of freedom of the SM to obtain
all relevant operators respecting the SM gauge symmetry SU(3)C × SU(2)L × U(1)Y, the
SMEFT. We will obtain the operators in both approaches.

In both the LEFT and SMEFT approaches the color SU(3)C symmetry must be re-
spected, the six quarks in all operators obtained must form color singlets. We denote a
general six-quark field configuration as

Oijklmn = qiIq
j
Jq

k
Kq

l
Lq

m
Mq

n
N , (2.9)

where the superscripts {i, j, k, l,m, n} are the color indices in fundamental representation of
SU(3)C while the subscripts {I, J,K,L,M,N} encode the flavor and chiral information for
each quark field. To form a color invariant operator, the color indices must be contracted
by a color tensor Tijklmn such that OijklmnTijklmn is invariant under SU(3)C. This color
symmetry can be achieved by contracting the color indices {i, j, k, l,m, n} in the quark
fields with the following five independent color tensors

TSSS{ij}{kl}{mn} = εikmεjln + εiknεjlm + εilmεjkn + εilnεjkm ,

TSAA{ij}[kl][mn] = εimnεjkl + εiklεjmn , TSAA{kl}[mn][ij] = εijkεmnl + εijlεmnk ,

TSAA{mn}[ij][kl] = εijmεkln + εijnεklm , TAAA[ij][kl][mn] = εijmεkln − εijnεklm . (2.10)

We put the details for the color tensor construction and their subtleties in appendix A.

2.1 LEFT operators

In the LEFT framework, the effective degrees of freedom are the SM light quarks
(u, d, s, c, b), charged and neutral leptons (e, µ, τ, νe, νµ, ντ ), and the effective interactions

– 6 –
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are governed by the higher dimensional local operators Qdi built out of those fields and
satisfying the symmetry SU(3)C × U(1)EM. The LEFT Lagrangian LLEFT is organized in
terms of the canonical mass dimension of the local operators

LLEFT = Ldim≤4 +
∑

dim 5,i

Ĉ5,i
Λ Q

5
i +

∑
dim 6,i

Ĉ6,i
Λ2 Q

6
i + · · ·+

∑
dim 12,i

Ĉ12,i
Λ8 Q

12
i + · · · , (2.11)

where Ldim≤4 is the renormalizable terms, and the Wilson coefficients Ĉd,i together with
the heavy scale Λ encode informations about the presumed fundamental physics. The
systematic enumeration of operator bases up to dim 9 have been figured out in [31–34].
In our case, the relevant operators first appear at dim 12 and can be parametrized as the
product of six-quark sectors and a proper lepton current given in eqs. (2.1)–(2.3).

For the quark sectors, we can repeatedly apply the Fierz identities (FI) to reach as
many quark scalar bilinear currents as possible. In this way, by the Lorentz symmetry,
for the operators with a lepton scalar current their quark sectors can be factorized as
three quark scalar currents, and for the operators with a lepton vector (tensor) current
their quark sectors can be factorized as two quark scalar currents along with a single quark
vector (tensor) current. As a non-trivial example, at the end of appendix C, we will employ
the FIs to show how the operators with a lepton tensor current in quark scalar-vector-vector
bilinear structure are shifted into those with a scalar-scalar-tensor structure outlined here.
Lastly, the color SU(3)C invariance can be done by contracting the free quark color indices
using the independent color tensors constructed earlier. In doing so, one should be careful
with operators containing several identical quark fields since the color relations in eq. (A.4)
and the FIs in appendix C may further restrict their independency. Combining the above
points and excluding potential redundant operators, and for nf ( nf = 3 in the real
case) flavors of lepton fields (`, ν), the final bases of the dim-12 operators mediating the
transitions pp→ `+`′+, pn→ `+ν̄ ′, nn→ ν̄ν̄ ′ are summarized one by one as follows:

� Dim-12 operators contributing to pp → `+`′+. One can attach different lepton
currents to operators already formed by six quarks to form the operators. We will discuss
for each type in the following. For a scalar current j``′S,±, one just attaches it to some color
singlet and Lorentz scalar six quark operators. An example of this class of operators, the
Q(pp)S,±

1LLL,a , is given in the following

Q(pp)S,±
1LLL,a = (uiTL Cu

j
L)(ukT

L CdlL)(umT
L CdnL)j``′S,±TSSS{ij}{kl}{mn} .

We find that there are 28 independent operators without referring to lepton flavors which
are listed in (B.1) in appendix B.

For the operators with a vector lepton current j``
′,µ

V , there are 19 independent opera-
tors, and for the operators with a tensor lepton current j``

′,µν
T , we find there are 16 indepen-

dent operators. Therefore there are total 63 operators which we give them in eqs. (B.1)–
(B.3) in appendix B. For nf flavors of charged leptons, there are 41n2

f + 6nf operators.
As a cross-check, we also confirmed our above results (and following ones) by the

Hilbert series method [35–38]. In appendix B, by a non-trivial example, we also show how
to reduce the redundant operators using the Fierz and Schouten identities.
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When restricting to the same flavor leptons with `′ = `, we find there are 28 + 19 = 47
independent operators from the scalar and vector lepton currents, because the tensor lepton
current vanishes for identical fields. Besides the transitions pp → e+e+, µ+µ+ , such
operators also contribute to the H−H̄ oscillation process and have been enumerated long
ago by Caswell, Milutinovic and Senjanovic in ref. [39]. However, we find 13 out of total
60 operators in their counting are redundant and all of them belong to the class with the
vector lepton current j``,µV . In appendix C, we show explicitly the redundancy of the basis
in [39] and give the correspondence of their basis (after excluding the redundant ones) with
the basis in eqs. (B.1), (B.2).

� Dim-12 operators contributing to pn → `+ν′. For the operators with a scalar
current j`ν′S , we find there are 14 independent operators without counting lepton flavors.
For the operators with a vector current j`ν

′,µ
V , there are 24 independent operators. And for

the operators with a tensor current j`ν
′,µν

T , there are 13 independent operators.
In total, there are 51 independent operators for the transition pn → `+ν̄ ′ which are

listed in eqs. (B.4)–(B.6) in appendix B. For nf flavors of charged leptons and neutrinos,
there are 51n2

f operators. These operators are also responsible for the conversions e−p→ ν̄n̄

and e−n→ ν̄p̄ in the electron-deuteron scattering. In addition, we find they can contribute
to the unique neutron decay mode with the baryon number being changed by two units
n→ p̄e+ν̄ [23].

� Dim-12 operators contributing to nn → ν̄ν̄′. For the operators with a scalar
current jνν′S , we find there are 14 independent operators. And for the operators with a
tensor neutrino current jνν

′,µν
T , we find there are only 8 independent operators. In total,

there are 22 independent operators which are listed in eqs. (B.7), (B.8) in appendix B. For
nf flavors of neutrinos there are 11n2

f + 3nf operators. Excluding the scalar neutrino cur-
rents, one can easily identity the remaining 7 quark operators in eq. (B.7) plus their parity
partners are just the 14 operators contributing to the neutron-antineutron oscillation [39].

2.2 SMEFT completions

To connect with the NP scenarios at a higher scale than ΛEW, the SMEFT can serve as a
suitable bridge between the LEFT interactions and the unknown NP as shown in figure 1.
It parametrizes the high scale UV NP in a model-independent way and therefore is a good
starting point for the systematic EFT analysis of low energy processes. In this section, we
consider the leading order SMEFT completions for the ∆B = ∆L = −2 dinucleon to dilep-
ton transition operators discussed above. It happens that the relevant SMEFT operators
also first appear at dim 12 at leading order, and contain six quark fields and two lepton
fields. By the similar logic as the construction of the LEFT operators, we first factorize the
operators as the convolution of the six-quark part and the proper lepton bilinear current
through the Fierz rearrangement. Furthermore, since the nucleons made out of the up and
down quarks, we only focus on the first generation of quark fields but without restriction for
the generation of the lepton fields. We denote the SM left-handed lepton and quark doublet
fields as L(1, 2,−1/2), Q(3, 2, 1/6) and right-handed up-type quark, down-type quark and
charged lepton fields as uR(3, 1, 2/3), dR(3, 1,−1/3), eR(1, 1,−1). We employ the front
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Latin letters (a, b, c, d, e, f) for the SU(2)L indices and the middle ones (i, j, k, l,m, n) for
the color SU(3)C indices in fundamental representations, respectively. Similar to the clas-
sification of operators in the LEFT, we classify the relevant dim-12 SMEFT operators in
terms of the lepton currents, and the final results are summarized in appendix D.

Here we briefly comment the procedures to reach the independent operators in ap-
pendix D.1). Based on the U(1)Y invariance, one can easily identify the allowed field con-
figurations with six quarks and two leptons. 2). For each field configuration, we first use the
Fierz transformation to fix the Lorentz structure of the operator so that it takes the quark-
lepton factorized form Oq×jL in which the lepton current jL can be either scalar, vector, or
tensor type. For the scalar/vector/tensor lepton current, the Fierz transformation can be
used further to organize the corresponding six-quark part to be scalar-scalar-scalar/scalar-
scalar-vector/scalar-scalar-tensor bilinear structures as we did in section 2.1.3). Followed
by step 2), we consider the electroweak SU(2)L invariance which can be done by implement-
ing the contractions using the rank-2 Levi-Civita tensor εab. In doing so, the SI identity
εabεcd = εacεbd+εadεcb has to be considered carefully for the multiple SU(2)L contractions so
as to reduce the redundant operators. 4). Last, the color SU(3)C invariance can be done by
contracting the free color indices using the independent color tensors discussed in section A
and appendix A. If there are multiple identical quark fields, the color relations in eq. (A.4)
and the FIs in appendix C must be taken into account to reduce the operators into the
minimal basis given in appendix D.5). We also count the number of independent operators
in each configuration using the Hilbert series method [38] and confirmed our result.

The following is an example of using SM building blocks to build the SMEFT dinucleon
to dilepton operators which are different from those in the LEFT,

OS,(S)
Q6L2 = (QiTa CQ

j
b)(Q

kT
c CQld)(QmT

e CQnf )(LT
g CL

′
h)εabεcdεegεfhTSAA{mn}[kl][ij] . (2.12)

This time, uL and dL must appear at the same time so that the SM gauge symmetries are
respected. Expanding Q into its uL and dL components, one obtains

OS,(S)
Q6L2 = 4(uiTL Cu

j
L)(ukT

L CdlL)(umT
L CdnL)TSAA{ij}[kl][mn]j

``′
S,−

− 8(uiTL Cd
j
L)(ukT

L CdlL)(umT
L CdnL)TSAA{ij}[kl][mn]j

`ν′
S

+ 4(diTL Cd
j
L)(ukT

L CdlL)(umT
L CdnL)TSAA{ij}[kl][mn]j

νν′
S

= 4O(pp)S,−
1LLL,b − 8O(pn)S

1LLL,b + 4O(nn)S
1LLL,b . (2.13)

Therefore it is expected that the SMEFT approach will have less independent operators
than that can be constructed in the LEFT approach. Without counting the lepton flavors,
for operators with a scalar lepton current, we find there are 12 independent operators. For
operators with a vector lepton current, we find there are 7 independent operators. And
for operators with a tensor lepton current, we find there are 10 independent operators.
In total, there are 29 operators which are listed in appendix D. For nf flavors of leptons
there are 18n2

f + nf operators. Except the sub-GeV scale dinucleon to dilepton processes
studied in this work, these SMEFT operators are crucial for the model-independent study
of the ∆B = ∆L = 2 signals on colliders, for example, the process pp → `+`′+ + 4 jets at
LHC [16] and e−p→ `+ + 5 jets in the future electron-proton colliders like LHeC.
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In literature, refs. [12, 17] also provide a bunch of dim-12 operators contributing to
dinucleon to dilepton transitions in the SMEFT. We find the operators given in [12] are
neither complete nor independent as a basis. Specifically, the 28 operators6 listed in [12]
can be covered by 21 operators in our counting and 8 of them are redundant. In addition,
the 9 operators OS,(A)

u3d3L21,2, O
S,(A)
u2d2Q2L22, O

T,(A)
u2d2Q2L22, O

T,(A)
udQ4L23, O

T,(S)
Q6L2 , OT,(A)

u4d2e2 , O
T,(A)
u3dQ2e21,2

in our basis are missed in their list. In appendix E, we translate their operators as linear
combinations of our above operators so that one can easily recognize the redundancy and
incompleteness of the operators in [12].

2.3 Relations between SMEFT and LEFT operators

As already mentioned earlier that some of the SMEFT operators contain several LEFT
operators, i.e. OS,(S)

Q6L2 = 4O(pp)S,−
1LLL,b − 8O(pn)S

1LLL,b + 4O(nn)S
1LLL,b. The SMEFT approach will

have less independent operators than that can be constructed in the LEFT approach at
the same order. To have better idea on how these operators are related to each other,
in table 2, we perform a tree-level matching of the dim-12 SMEFT operators listed in
appendix D to the dim-12 LEFT operators listed in appendix B at the electroweak scale
ΛEW. We have approximated the CKM factor Vud ≈ 1 arising from the mismatch of the
flavor and mass eigenstates of the left-handed down quark dL. From table 2, it is obvious
that the operators with the singlet charged lepton scalar/tensor current (eT

RCΓe′R) can
only exclusively contribute to the transition pp→ `+`′+, while the operators with an anti-
symmetric scalar lepton current ‘S,(A)’ and the operators with a symmetric tensor current
‘T,(S)’ can only contribute to the transition pn → `+ν ′. The remaining operators with a
symmetric scalar lepton current ‘S,(S)’ or with an anti-symmetric tensor current ‘T,(A)’
could contribute to both the three different transition channels. Last but not least, one must
be careful that the SMEFT Wilson coefficients with a superscript ‘(A)’ vanish for identical
lepton fields since the relevant operators are anti-symmetric for the two lepton fields.

From appendix D and table 2, we see there are many operators which can be con-
structed in the LEFT, but not in the SMEFT at leading dim-12 order, for instance, oper-
ators Q(pp)S,±

4LLR , Q(pn)S
4LLR and Q(nn)S

4LLR for the three channels respectively. Those operators are
not SU(2)L×U(1)Y invariant and can only be generated by the higher dim-14 and/or dim-
16 SMEFT SU(2)L×U(1)Y invariant operators consisting of dim-12 fermion part (qqqqqqll)
together with additional Higgs doublets. The physical effects from such operators are sup-
pressed with additional factors like v2/Λ2

NP and/or v4/Λ4
NP relative to the dim-12 SMEFT

operators and will be neglected in our numerical analysis.

6Ref. [12] also considered operators with the SM singlet right-handed neutrinos, here we only focus on
the SMEFT subsets.
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SMEFT operators pp→ ``′ pn→ `ν̄′ nn→ ν̄ν̄′

OS,(A)
u3d3L21 — C

(pn)S
1RRR,a =−2CS,(A)

u3d3L21 —
OS,(A)
u3d3L22 - C

(pn),
1RRR,b =−2CS,(A)

u3d3L22 —
OS,(S)
u2d2Q2L21 C

(pp)S,−
3RRL,a =C

S,(S)
u2d2Q2L21 C

(pn)S
3RRL,a =−2CS,(S)

u2d2Q2L21 C
(nn)S
3RRL,a =C

S,(S)
u2d2Q2L21

OS,(A)
u2d2Q2L22 — C

(pn)S
3RRL,b =−4CS,(A)

u2d2Q2L22 —
OS,(S)
u2d2Q2L23 C

(pp)S,−
3RRL,b =C

S,(S)
u2d2Q2L23 C

(pn)S
3RRL,c =−2CS,(S)

u2d2Q2L23 C
(nn)S
3RRL,b =C

S,(S)
u2d2Q2L23

OS,(A)
udQ4L21 — C

(pn)S
3LLR,c =−8CS,(A)

udQ4L21 —
OS,(S)
udQ4L22 C

(pp)S,−
2LLR,b = 2CS,(S)

udQ4L22 C
(pn)S
3LLR,b =−4CS,(S)

udQ4L22 C
(nn)S
2LLR,b = 2CS,(S)

udQ4L22

OS,(S)
Q6L2 C

(pp)S,−
1LLL,b = 4CS,(S)

Q6L2 C
(pn)S
1LLL,b =−8CS,(S)

Q6L2 C
(nn)S
1LLL,b = 4CS,(S)

Q6L2

OS,(S)
u4d2e21 C

(pp)S,+
1RRR,a =C

S,(S)
u4d2e21 — —

OS,(S)
u4d2e22 C

(pp)S,+
1RRR,b =C

S,(S)
u4d2e22 — —

OS,(S)
u3dQ2e2 C

(pp)S,+
2RRL,b = 2CS,(S)

u3dQ2e2 — —
OS,(S)
u2Q4e2 C

(pp)S,+
3LLR,b = 4CS,(S)

u2Q4e2 — —
OVu3d2QeL1 C

(pp)V
1RR,a =−CVu3d2QeL1 C

(pn)V
1RR,a =CVu3d2QeL1 —

OVu3d2QeL2 C
(pp)V
1RR,b =CVu3d2QeL2 C

(pn)V
1RR,b =−CVu3d2QeL2 —

OVu3d2QeL3 C
(pp)V
1RR,c =−CVu3d2QeL3 C

(pn)V
1RR,c =CVu3d2QeL3 —

OVu2dQ3eL1 C
(pp)V
4LR,c = 2CVu2dQ3eL1 C

(pn)V
4RL,b =−2CVu2dQ3eL1 —

OVu2dQ3eL2 C
(pp)V
4LR,d = 2CVu2dQ3eL2 C

(pn)V
4RL,d = 2CVu2dQ3eL2 —

OVu2dQ3eL3 C
(pp)V
4LR,e =−2CVu2dQ3eL3 C

(pn)V
4RL,e =−2CVu2dQ3eL3 —

OVuQ5eL C
(pp)V
1LL,c = 4CVuQ5eL C

(pn)V
2LL,c =−4CVuQ5eL —

OT,(S)
u2d2Q2L21 — C

(pn)T
3RRL,a =−4CT,(S)

u2d2Q2L21 —
OT,(A)
u2d2Q2L22 C

(pp)T,−
3RRL =C

T,(A)
u2d2Q2L22 C

(pn)T
3RRL,b =−2CT,(A)

u2d2Q2L22 C
(nn)T
3RRL =−CT,(A)

u2d2Q2L22

OT,(S)
u2d2Q2L23 — C

(pn)T
3RRL,c =−4CT,(S)

u2d2Q2L23 —
OT,(A)
udQ4L21 C

(pp)T,−
2LLR,b = 2CT,(A)

udQ4L21 C
(pn)T
3LLR,c =−4CT,(A)

udQ4L21 C
(nn)T
2LLR,b =−2CT,(A)

udQ4L21

OT,(S)
udQ4L22 — C

(pn)T
3LLR,b =−8CT,(S)

udQ4L22 —
OT,(A)
udQ4L23 C

(pp)T,−
2LLR,c =−2CT,(A)

udQ4L23 C
(pn)T
3LLR,d =−4CT,(A)

udQ4L23 C
(nn)T
2LLR,c =−2CT,(A)

udQ4L23

OT,(S)
Q6L2 — C

(pn)T
1LLL,b =−16CT,(S)

Q6L2 —
OT,(A)
u4d2e2 C

(pp)T,+
1RRR =C

T,(A)
u4d2e2 — —

OT,(A)
u3dQ2e21 C

(pp)T,+
2RRL,a = 2CT,(A)

u3dQ2e21 — —
OT,(A)
u3dQ2e22 C

(pp)T,+
2RRL,c = 2CT,(A)

u3dQ2e22 — —

Table 2. The SMEFT dinucleon to dilepton operators and their matching onto the LEFT at the
ΛEW. Where the notation for the Wilson coefficients is similar to the corresponding operators with
the replacement of O by C, e.g., CT,(A)

u3dQ2e22 for OT,(A)
u3dQ2e22, We do not show the explicit flavors of

leptons in the above matching but can be easily recognized through the corresponding operators.

3 Chiral realizations

3.1 Some basics of chiral matching

After establishing the operator basis for dinucleon to dilepton transitions in the LEFT
and SMEFT, the next step is to calculate the transition matrix elements and the decay
rates. However, the hadronic matrix elements between the initial dinucleon state and the
QCD vacuum are not a trivial task due to their non-perturbative QCD nature. In order to
obtain those matrix elements with a controllable uncertainty, fortunately, one can employ
the successful effective chiral perturbation theory of the low energy QCD and the spurion
field techniques to shift the quark level interactions into those interactions among hadrons
and leptons.
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In the QCD sector, the approximate chiral symmetry Gχ = SU(2)fL×SU(2)fR of the two-
flavor QCD Lagrangian under the limit of massless up and down quarks is spontaneously
broken into its isospin subgroup SU(2)V by the quark condensation 〈q̄q〉 at the scale Λχ.7

The interaction of the resultant pseudo Nambu-Goldstone pion fields at low energy (p < Λχ)
is described by the χPT which inherits the QCD chiral symmetry [40, 41], and the baryon
extended χPT termed as BχPT is our main focus in this section. The (B)χPT Lagrangian
is organized in terms of the power of the soft momentum p relative to Λχ. Introducing the
proper external sources transforming under the chiral group, the global chiral symmetry
can be promoted to be a local one. Therefore, the (B)χPT Ward identities can be easily
formulated and the interaction of hadrons with other light particles such as leptons and
photon can be included. In the following we will use the two-flavor BχPT formalism and
the spurion field techniques to construct an equivalent effective chiral Lagrangian for the
dim-12 interactions in section 2.1.

Before performing the detailed non-perturbative matching for the LEFT interactions,
we can expect the six-quark part of those dim-12 operators will be transformed into proper
nucleon current together with pions and derivatives. For our purpose of capturing the
leading order contributions to the dinucleon to dilepton transitions, it is enough to consider
the dim-6 terms composed of a nucleon bilinear current and a lepton bilinear current
without any pions and derivatives in eqs. (2.6)–(2.8). The hadron level Wilson coefficients
C

(NN ′)
a,b,c will be determined below by the chiral matching to the quark level operators.

Once these Wilson coefficients are obtained, it is straightforward to obtain the transition
amplitudes and henceforth the decay rates, which will be postponed in section 4 for a
detailed analysis. Now we turn to the chiral matching and find the relationship between
the Wilson coefficients of the operators in eqs. (2.6)–(2.8) and those in the LEFT/SMEFT.

We start from the basics of the χPT. For the light two-flavor quarks q = (u, d)T, the
QCD-like Lagrangian with extended external sources is parametrized as

L = LM=0
QCD + qLlµγ

µqL + qRrµγ
µqR −

[
qR(s− ip)qL − qR(tµνl σµν)qL + h.c.

]
, (3.1)

where the flavor space 2 × 2 matrices {lµ = l†µ, rµ = r†µ, s = s†, p = p†, tµνr = tµν†l } are
the external sources related to the corresponding quark currents. Under the global chiral
transformation qL → L̂qL and qR → R̂qR with (L̂, R̂) ∈ Gχ, the pure QCD part LM=0

QCD is
invariant. The introduction of the external sources with proper transformation properties
can promote the global chiral symmetry to be a local one. In this way, the whole Lagrangian
L can be made invariant under the local chiral transformation qL → L(x)qL ≡ LqL and
qR → R(x)qR ≡ RqR together with the following transformations of the external sources

χ→ RχL† , lµ → LlµL
† + iL∂µL

† , rµ → RrµR
† + iR∂µR

† , tµνl → Rtµνl L† , (3.2)

where χ ≡ 2B(s+ip) with B = −〈q̄q〉/(2F 2
π ) ≈ 2.8 GeV. Fπ is the pion decay constant, and

the quark condensate 〈q̄q〉 can be treated as an order parameter to measure the strength
of the spontaneous chiral symmetry breaking.

7Usually the strange quark s can also be included in this framework to consider the larger group breaking
pattern SU(3)fL × SU(3)fR → SU(3)V [40, 41]. For our purpose, it is enough to only focus on the two-flavor
case in which the chiral symmetry breaking effect is relatively smaller.
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For the Lagrangian in eq. (3.1), the equivalent chiral Lagrangian at low energy can
be constructed by identifying the relevant degrees of freedom and to write down the most
general chiral invariant Lagrangian ordered in terms of the number of soft momenta. The
relevant degrees of freedom are just the light hadrons (pseudo-scalar pions and nucleons)
and all possible non-QCD states (like leptons and photon) encoded in the external sources.
Define the pseudo Nambu-Goldstone matrix U as

U = u2 , u = exp
(
iΠ
2F0

)
, Π = πaτa =

 π0 √
2π+

√
2π− −π0

 . (3.3)

Then, under the chiral transformation (L,R) ∈ Gχ, they transform as U → RUL† and
u → Ruh† = huL† with the compensator matrix h ∈ SU(2)V as a function of U,L,R.
Furthermore, we define the chiral vielbein as

uµ = i
(
u†(∂µ − irµ)u− u(∂µ − ilµ)u†

)
, u†µ = uµ , (3.4)

which transforms as uµ → huµh
† under the chiral group. The power counting of these

building blocks in terms of the soft momentum p is

u = O(p0) , uµ = O(p1) , χ = O(p2) . (3.5)

Then the leading order mesonic chiral Lagrangian is at O(p2) and takes the form

L2 = F 2
0

4 Tr[uµuµ + χ+] , χ+ = u†χu† + uχ†u , (3.6)

where F0 is the pion decay constant in the chiral limit. Here we see the tensor exter-
nal source does not enter into the leading chiral Lagrangian but rather first appears at
O(p4) [42].

Next, we include the nucleons in this framework. Denote the nucleon doublet as
Ψ = (p, n)T which transforms as Ψ → hΨ under the chiral transformation. The covariant
derivative of the nucleon doublet is

DµΨ = (∂µ + Γµ)Ψ , Γµ = 1
2
(
u†(∂µ − irµ)u+ u(∂µ − ilµ)u†

)
, (3.7)

where Γµ is the chiral connection which helps DµΨ to have the same transformation rule
as Ψ. The power counting for the nucleon field is Ψ = O(p0), and also DµΨ = O(p0), this
latter result is because the nucleon mass mN is comparable with the expansion scale Λχ.
However, (i /D −mN )Ψ = O(p1), then the leading order baryonic chiral Lagrangian takes

L(1)
πN = Ψ̄

(
i /D −mN + gA

2 γµγ5uµ

)
Ψ , (3.8)

where gA is the axial-nucleon coupling constant. For the chiral matching of the dim-12
operators below, we will treat DµΨ as a higher term than Ψ through the naive dimensional
analysis, and neglect their contribution to the leading order chiral realization of the relevant
dim-12 operators. A possible way out for saving the power counting rule of the nucleons is
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via the heavy baryon chiral perturbation formalism (HBχPT) [26] but with the sacrifice of
Lorentz covariance. The HBχPT formalism is beyond our current scope and one can check
ref. [43] for the treatment of neutron-antineutron oscillation. A brief comment concerning
the relation between the Lorentz covariant operators and their HBχPT reduction is given
at the end of this section.

3.2 Decomposition of irreducible chiral symmetry

In the matching onto BχPT for the effective operators in our case, the lepton current
together with the associated Wilson coefficient of a dim-12 operator in the LEFT behaves as
a fixed external source, thus we only have to cope with the six-quark sector of the operator.
One of the key steps for the chiral matching is to identify irreducible chiral representations.
We describe the procedures in the following. Suppose the quark sector has been decomposed
into a sum of irreducible representations/tensors (irreps) of the chiral group

P = θuvwxyz(qiTχ1,uCΓ1q
j
χ2,v)(q

kT
χ3,wCΓ2q

l
χ4,x)(qmT

χ5,yCΓ3q
n
χ6,z)T

color
ijklmn , (3.9)

where qχi are the chiral quark doublets (u, d)T
χi with χi being the proper chiral projectors

P±, Γi are the Dirac gamma matrices, T color
ijklmn a general color tensor discussed in section 2

and appendix A. The flavor indices {u, v, w, x, y, z} as dummy indices are summed over
and take 1 or 2 for the up quark u or down quark d respectively. The set of pure numbers
θuvwxyz depends on the irrep under consideration. θ is promoted as a spurion field that
transforms properly together with chiral transformations of the quarks under Gχ, so that
P looks like a chiral invariant.

The chiral counterparts of operator P are constructed out of the spurion field θ plus
the hadronic degrees of freedom {Ψ, Dµ, u, uµ, χ, · · · } and share the same symmetry trans-
formation properties as that of P , which include the chiral symmetry, the Lorentz and the
global baryon/lepton transformation properties. Since P is chiral invariant and violates
baryon number by two units, the matched operators must also be chiral invariant and
contain exactly one spurion field θ and two nucleon fields Ψs. Based on the chiral power
counting property of the hadronic degrees of freedom, the obtained operators are ordered in
terms of the number of soft momenta p and the dominant terms are those with least power
of p. Last, for each independent operator we associate it with an unknown LEC which
accommodates the non-perturbative QCD dynamics. These LECs can be determined by
fitting to the data, or calculated using the LQCD method, or estimated based on the naive
dimensional analysis. In addition, for the LEFT operators belonging to the same chiral
irrep, the chiral symmetry implies their chiral counterparts at a given chiral order share the
same LEC. Here we remark that the above procedures have been used previously to the non-
perturbative matching of the dim-9 operators mediating the nuclear and kaon neutrinoless
double beta decay processes [44, 45] as well as the neutron-antineutron oscillations [43].

With the above procedures, we can now match the operator basis in the LEFT in
section 2.1 onto BχPT at leading order of the chiral expansion, i.e., at O(p0).8 We first
transform the LEFT operator basis into a chiral basis in which each operator itself belongs

8The higher order terms can be constructed in the same style as was done in [43].
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to some irrep of the chiral group Gχ. The chiral bases are shown in table 5, table 6
and table 7 in appendix F for the operators contributing to the transition pp → `+`′+,
pn→ `+ν̄ ′ and nn→ ν̄ν̄ ′, respectively. In the tables, we list their relations with the LEFT
operators in the first and second column and show their chiral irreps in the third column
(where the subscripts (a, b, c) behind some irrep are used to distinguish different irreps
with the same chiral type)9 and the corresponding chiral spurion fields in last column.
Except the gray sectors, which already include the parity conjugates, all the rest ones have
their parity conjugates with L↔ R (and an additional exchange of +↔ − for the tensor
operators in table 5). The parity conjugate of chiral operator Pi is denoted by P̃i once it is
needed. For those chiral operators expressed as a linear combination of two or more LEFT
operators, their equivalent definitions are given in appendix F through fully symmetrizing
all free quark flavors with the same chirality. The relations between the Wilson coefficients
of the chiral basis as those of the LEFT operators can be determined easily. The general
expression for the spurion fields takes the form

θu1L···unLv1R···vmR
(i1···in)(j1···jm) = θv1R···vmRu1L···unL

(j1···jm)(i1···in) = [δu1
(i1δ

u2
i2
· · · δunin)][δ

v1
(j1δ

v2
j2
· · · δvmjm)] , (3.10)

where we take the symmetrization notation with the round brackets (· · · ). Symmetrization
with respect to a group of indices is defined by placing these indices between round brackets
(· · · ), so we have

δu1
(i1δ

u2
i2
· · · δunin) = 1

n!
[
δu1
i1
δu2
i2
· · · δunin + (n!− 1) permutations of (i1, · · · , in)

]
, (3.11)

where we take the normalization as in [46]. For example, for the operators with a scalar
lepton current belonging to the chiral (3L,1R) and (5L,3R) irreps in table 5, we have

θuLvL(11) = θuLvR11 = δu1 δ
v
1 ,

θuLvLwLxLyRzR(1112)(12) = 1
8[δu1 δv1δw1 δx2 + δu1 δ

v
1δ
w
2 δ

x
1 + δu1 δ

v
2δ
w
1 δ

x
1 + δu2 δ

v
1δ
w
1 δ

x
1 ][δy1δz2 + δy2δ

z
1 ] ,

θuLvLwLxLyRzR(1122)(11) = 1
6[δu1 δv1δw2 δx2 + δu1 δ

v
2δ
w
1 δ

x
2 + δu1 δ

v
2δ
w
2 δ

x
1 + 1↔ 2]δy1δz1 ,

θuLvLwLxLyRzR(1111)(22) = δu1 δ
v
1δ
w
1 δ

x
1δ
x
2δ
z
2 . (3.12)

From tables 5–7, we see that for the operators with a scalar lepton current, there are
six types of irreps under the chiral group: (3L,1R), (5L,3R), (7L,1R) plus their parity
conjugates. The three operators P (pp)S

1,a , P
(pn)S
1,a , P

(nn)S
1,a belong to the same irrep (7L,1R)

and relate to each other by the chiral symmetry, and similar situation appears in the irrep
(5L,3R) in which the nine operators are related to each other. However, for the irrep type
(3L,1R), there are three different irreps distinguished by the subscripts a, b, c and each one
contains three operators. For the operators with a vector lepton current, there are also six
types of irreps: (2L,2R), (4L,2R), (4L,4R), (6L,2R), (2L,4R) and (2L,6R). One should
be careful that there are four different irreps for the type (2L,2R) since the parity conjugate

9For the operators belonging to the same irrep, they must have the similar chiral, Lorentz and color
structures so that they can be related to each other through the action of the chiral transformation.
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of the irrep (2L,2R)|a is different from itself and will be denoted as (2L,2R)|d . Last, for
the operators with a tensor lepton current, there are still six types of irreps: (1L,1R),
(3L,1R), (3L,3R), (5L,1R), (1L,3R) and (1L,5R). Where the type (3L,3R) contains four
different irreps due to the parity conjugates of (3L,3R)|a,b are distinct from themselves for
the operators in table 5. Another interesting fact is that the LEFT operators belonging
to the same chiral irrep will not mix with each other under the QCD renormalization and
have the same anomalous dimensions since the QCD preserves the chiral symmetry and
quark flavors. In addition, the QCD renormalization for the operators related to each
other by parity is also the same. For the operators with a scalar lepton current, the 1-
loop QCD renormalization is identical to the dim-9 operators contributing to the n−n̄
oscillation and can be found in [39, 47]. But there is no result for the operators with a
vector or tensor lepton current yet, and we will neglect the QCD renormalization effect
for the current work due to the involvement of considerable effort. However, from the
1-loop anomalous dimension matrix result for the dim-9 n−n̄ oscillation operators given
in [47], we can estimate the 1-loop QCD correction for those operators with a lepton scalar
current. From the electroweak scale ΛEW to the scale Λχ, we find the running effect could
have substantial impact on some scalar lepton current operators but the influence on the
derived NP scale is at most O(30 %) due to the high power dependence (Ci ∝ Λ−8

NP). We
will systematically explore in the future work their renormalization effect.

3.3 Chiral matching for the operators

Based on the chiral irrep, we reorganize the chiral building blocks in terms of the power of
soft momentum p and the explicit chiral left or right doublet indices such that they have
only one or two free indices, i.e., the building blocks are constructed to take the forms: Xuχ1

and Xuχ1vχ2
with χi = L,R.10 They transform as Xuχ1

→ (gχ1)uχ1 ûχ1
Xûχ1

and Xuχ1vχ2
→

(gχ1)uχ1 ûχ1
(gχ2)uχ2 ûχ2

Xûχ1 v̂χ2
under chiral transformation gχi ∈ SU(2)fL,R. Therefore, the

first few building blocks with lower chiral order are constructed as follows [43]:

O(p0) : (Uiτ2)xRyL , (uΨ)xR , (u†Ψ)xL ,
O(p1) : (uuµuiτ2)xRyL , (uuµu†iτ2)xRyR , (u†uµuiτ2)xLyL ,
O(p2) : (χiτ2)xRyL , (χ†iτ2)xLyR , · · · , (3.13)

where for O(p2) we just show a few examples, and the full list should include terms with
two uµs, field strength tensors for the vector external sources, etc. Due to the fact that
xτ2 = τ2x∗ for x ∈ SU(2), the other possible O(p0) and O(p1) building blocks are not
independent: (U †iτ2)xLyR = −(Uiτ2)yRxL and (u†uµu†iτ2)xLyR = −(uuµuiτ2)yRxL . Note
that the two O(p1) objects with the same chirality are anti-symmetric under the exchange
of the two indices. In the above, we neglect those O(p0) terms with derivatives acting on
the nucleon field like (uDµΨ)xR since, at leading O(p0) order of the matched operators,
they are actually redundant and can be transformed into those non-derivative operators
plus higher order terms (O(p≥1)) via the equation of motion (EoM) of nucleon fields and

10The building blocks with three or more free indices are not independent and can be reduced into a
product of Xuχ1 s and Xuχ1vχ2 s.
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integration by parts (IBP) relations. At the same time they can not yield the operators in
eq. (2.5) used for the analysis in this paper. For instance, we consider the lepton vector
current operators, one possible leading O(p0) order operator with derivative acting on the
nucleon field takes (ΨT

a iD
µΨb)P (u)jV,µ with P (u) a polynomial of pion field u. It can be

reduced as follows

2ΨT
aCiD

µΨbP (u)jV,µ
= ΨT

aC(i /Dγµ + γµi /D)ΨbP (u)jV,µ
EoM= ΨT

aC(i /Dγµ +mNγ
µ)ΨbP (u)jV,µ +O(p1)

IBP= −ΨT
aC(
←−
/Dγµ −mNγ

µ)ΨbP (u)jV,µ −ΨT
aCγ

νγµΨb∂ν [P (u)jV,µ] +O(p1) ,

where in the last line, the first term can be further reduced by the EoM to be a derivative-
free operator, the second term is again O(p1) due to the derivative acting on the pion and
external source. The other O(p0) terms with derivatives acting on the nucleon field can be
reduced in a similar fashion.

Without consideration of the operators involving covariant derivatives acting on the
nucleon fields, the leading order matching results for all the relevant chiral irreps are shown
in table 8. Where the spurion fields are easily identified from tables 5–7 for each specific
operator, and gi are the unknown LECs parametrizing non-perturbative QCD effect. One
should keep in mind that for each independent irrep there is a corresponding LEC.

Here we again take the operator OS,(S)
Q6L2 as an example to show the relevant spurion

fields and the chiral matching result. From eq. (2.13), the six-quark part of the matched
three LEFT operators O(pp)S,−

1LLL,b ,O
(nn)S
1LLL,b,O

(pn)S
1LLL,b can be rewritten as

(uiTL Cu
j
L)(ukT

L CdlL)(umT
L CdnL)TSAA{ij}[kl][mn] = (δu1 δv1)TuLvL ≡ θ

uLvL
(11) TuLvL ,

(uiTL Cd
j
L)(ukT

L CdlL)(umT
L CdnL)TSAA{ij}[kl][mn] = 1

2(δu1 δv2 + δu2 δ
v
1)TuLvL ≡ θ

uLvL
(12) TuLvL ,

(diTL Cd
j
L)(ukT

L CdlL)(umT
L CdnL)TSAA{ij}[kl][mn] = (δu2 δv2)TuLvL ≡ θ

uLvL
(11) TuLvL , (3.14)

where we have defined the spurion fields as

θuLvL(11) = δu1 δ
v
1 , θuLvL(12) = 1

2(δu1 δv2 + δu2 δ
v
1) , θuLvL(11) = δu2 δ

v
2 , (3.15)

and TuLvL = TvLuL is a three-dimensional irrep tensor under the group SU(2)fL but a singlet
under SU(2)fR, and takes the form

TuLvL = 1
4εwxεyz(q

iT
LuCq

j
Lv)(q

kT
LwCq

l
Lx)(qmT

Ly Cq
n
Lz)TSAA{ij}[kl][mn]

Gχ→ LxuL
y
vTxy ∈ (3L,1R) .

(3.16)
According to the previous procedures, the leading order chiral realization of TuLvL is at
O(p0) and formed by two (u†Ψ)uLs to have the same baryon number and chiral structure.
In addition, the Lorentz covariance further restricts TuLvL to be a scalar and have the
general form (u†)uLa(u†)vLaΨb [g3×1 + ĝ3×1γ5] Ψb as shown in table 8. Then the complete
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matching for OS,(S)
Q6L2 together with its Wilson coefficient becomes

C
S,(S)
Q6L2OS,(S)

Q6L2→ 4CS,(S)
Q6L2

(
θuLvL(11) j``

′

S,−−2θuLvL(12) j`ν
′

S +θuLvL(22) jνν
′

S

)
(u†)uLa(u†)vLbΨa [g3×1 + ĝ3×1γ5]Ψb .

(3.17)

Keeping the O(p0) terms in table 8 and expanding them to zeroth order in the pion
fields, we have

OS3×1,i → θuLvL(αβ) [ΨT
uL
C(g3×1,i + ĝ3×1,iγ5)ΨvL ] ,

OS5×3 → θuLvLwLxLyRzR(αβγρ)(στ) εyRwLεzRxL [ΨT
uL
C(g5×3 + ĝ5×3γ5)ΨvL ] ,

OV,µ2×2,i → θuLvRαβ [ΨT
uL
Cγµ(g2×2,i + ĝ2×2,iγ5)ΨvR ] ,

OV,µ4×2,i → g4×2,iθ
uLvLwLxR
(αβγ)ρ εxRwL [ΨT

uL
Cγµγ5ΨvL ] ,

OV,µ4×4 → θuLvLwLxRyRzR(αβγ)(ρστ) εyRvLεzRwL [ΨT
uL
Cγµ(g4×4 + ĝ4×4γ5)ΨxR ] ,

OT,µν1×1,i = 1
2ε

ab[ΨT
aCσ

µν(g1×1,i + ĝ1×1,iγ5)Ψb] ,

OT,µν3×3,i → θuLvLwRxR(αβ)(γρ) εxRvL [ΨT
uL
Cσµν(g3×3,i + ĝ3×3,iγ5)ΨwR ] , (3.18)

and the similar expressions for the parity conjugates ÕS1×3,i, ÕS3×5 and ÕV,µ4×2,i. Taking the
specific expressions of the spurion fields in tables 5–7 into consideration, we can obtain
the matching results for the Wilson coefficients of the operators in eqs. (2.6)–(2.8) as the
function of the LECs and the LEFT/SMEFT Wilson coefficients, the full matching results
from the LEFT and SMEFT operators are listed in appendix H.

In the following, we show as an example the matching results from the SMEFT oper-
ators CS,(S)

Q6L2 and CT,(S)
Q6L2 . In terms of their LEFT counterparts Q(pp,pn,nn)S

1LLL and Q(pn)T
1LLL , we

have

C
(pp)S
R(L) = g3×1,a

(3
5C

(pp)S,±
1LLL,a + C

(pp)S,±
1LLL,b

)
+ · · · , C

(pp)S
5R(L) = C

(pp)S
R(L) |g→ĝ ,

C
(pn)S
L = g3×1,a

(9
5C

(pn)S
1LLL,a + C

(pn)S
1LLL,b

)
+ · · · , C

(pn)S
5L = C

(pn)S
L |g→ĝ ,

C(pn)T = gr1×1,a

(1
3C

(pn)T
1LLL,a + C

(pn)T
1LLL,b

)
+ · · · ,

C
(nn)S
L = g3×1,a

(3
5C

(nn)S
1LLL,a + C

(nn)S
1LLL,b

)
+ · · · , C

(nn)S
5L = C

(nn)S
L |g→ĝ , (3.19)

where · · · stand for contributions from other operators. For the tensor case C(pn),T
L , we have

used the identity σµνγ5 = iεµνρσσρσ/2 to eliminate the operator (pTCσµνγ5n)(`TRCσµννL)
in favor of (pTCσµνn)(`TRCσµννL) with the shifted LECs gri×i,x = gi×i,x − ĝi×i,x. After
neglecting the QCD running effect and replacing the LEFT Wilson coefficients by the
SMEFT ones CS,(S)

Q6L2 and CT,(S)
Q6L2 as the way shown in table 2, we find the above results are
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simplified to become

C
(pp)S
L = 4g3×1,aC

S,(S)
Q6L2 + · · · , C

(pp)S
5L = C

(pp)S
L |g→ĝ ,

C
(pn)S
L = −8g3×1,aC

S,(S)
Q6L2 + · · · , C

(pn)S
5L = C

(pn)S
L |g→ĝ ,

C(pn)T = −16gr1×1,aC
T,(S)
Q6L2 + · · · ,

C
(nn)S
L = 4g3×1,aC

S,(S)
Q6L2 + · · · , C

(nn)S
5L = C

(nn)S
L |g→ĝ . (3.20)

Once the hadronic LEC gi is known one can obtain the dinucleon and dilepton transitions.
In the following section we will discuss how this can be done and obtain constraints on the
LEFT and SMEFT operators.

Before doing that, let us have some discussion about the LECs. By the parity invariance
of QCD, we expect the LECs of an operator and its parity conjugate are the same up to a
sign determined by the parity transformation property of the quark and the corresponding
hadron level operators, i.e., gi×j = ±gj×i. Particularly, for the scalar current case, we have

g3×1,i = −g1×3,i , ĝ3×1,i = +ĝ1×3,i , g3×5 = −g5×3 , ĝ3×5 = +ĝ5×3 . (3.21)

The numerical value of g3×1,i and g3×5 can be determined by the LQCD results for the
n−n̄ oscillation matrix elements [47]. This is because the quark sectors of the 14 operators
with a scalar lepton current contributing to nn → ν̄ν̄ ′ transitions are exactly the 14 dim-
9 operators mediating n−n̄ oscillation. Neglecting the lepton current, the scalar chiral
operators in the irreps (1L,3R) and (5L,3R) in table 7 have the following correspondence
with the dim-9 chiral operators for the n−n̄ oscillation [47]

Q1 = −4P̃ (nn)S
1,b , Q2 = −4P̃ (nn)S

2,b , Q3 = −4P (nn)S
3,b ,

Q5 = P
(nn)S
4 , Q6 = −4P (nn)S

2,a , Q7 = −4P (nn)S
3,a . (3.22)

After comparing the LQCD results on the n−n̄ matrix elements from Qi and our chiral
matching results for P (nn)S

i in eq. (3.18), we find

g1×3,a,c ∼ −6× 10−6 GeV6 , g1×3,b ∼ 1× 10−5 GeV6 , g5×3 ∼ 5× 10−6 GeV6 , (3.23)

at the scale Λ ∼ 2GeV or so and the uncertainty in [47] is neglected.
Except the above LECs, the rest of the hadronic couplings, such as the ĝi and the ones

related to the vector and tensor current operators, have not been determined. For these
LECs, we will use dimensional analysis as a guide to illustration. Since the transition from
quarks to hadrons is through the non-perturbative QCD dynamics, the only relevant scale
ΛQCD ∼ 200MeV will come into play. To make the dimensionality correct, one can take
as a rough estimate the couplings to be of order Λ6

QCD ∼ 6.4 × 10−5 GeV6. This is larger
than the numbers in (3.23). But considering the large uncertainties involved, we can take
it as a guide for estimate.

Alternatively, these LECs can be estimated via the naive dimensional analysis by keep-
ing track of 4π factors [28, 29] and relating the hadronic matrix element to the chiral sym-
metry breaking scale Λχ = 1190MeV. One introduces “reduced” couplings for the hadron
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and quark level operators and to match them [30]. For a coupling constant g appearing
in an interaction of dimensionality D in mass which containing N field operators, the re-
duced coupling is (4π)2−NΛD−4

χ g. For our case, the hadronic operators involve two fields
(N = 2) with a coupling gN as given in eqs. (2.6)–(2.8). The quark operators involve six
quarks (N = 6) with a coupling gq, therefore we would obtain gN/Λχ = gq(Λχ)5/(4π)4

by matching. Setting gq = 1, one would have the hadronic coupling to be of order
(Λχ)6/(4π)4 ∼ 11 × 10−5 which is about 2 times the above dimensional estimate. For
our numerical estimate of the undetermined LECs in the next section, we assume their
value to be the similar order as Λ6

QCD .
Last, we comment the heavy baryon χPT formalism [26], which is a consistent frame-

work for the power counting of nucleon fields. In this framework, for our case, the anti-
nucleon mode is integrated out and the remaining heavy nucleon doublet is defined as
Nv(x) = e+imv·xPv+Ψ with Pv± ≡ 1

2(1 ± /v), where v is a reference velocity satisfying
v2 = 1 and usually taken as v = (1,0). The chiral power counting for DµNv(x) is O(p1)
as promised in this formalism. To leading order of chiral matching, there should have no
derivatives acting on the nucleon fields. Since

NT
v CNv = NT

v P
T
v+CPv+Nv = NT

v CPv−Pv+Nv = 0 , (3.24)

we find that the matched operators using heavy nucleon fields can be directly obtained
from the matched operators using the relativistic nucleon fields in table 8 by replacing the
nucleon field Ψ by Nv together with the omission of the operators with a scalar nucleon
current. The use of relativistic formalism is its explicit Lorentz invariance and chiral
symmetry, which are convenient for the loop calculations.

4 Dinucleon and dilepton transition rate

Combining the previous sections for the effective interactions from the SMEFT, to LEFT,
then to BχPT, in this section we will collect all pieces together and calculate the din-
ucleon to dilepton decay rate. Denote collectively NN ′ ∈ {pp, pn, nn} and lαlβ ∈
{`+`′+, `+ν̄ ′, ν̄ν̄ ′}, then the decay rate for dinucleon NN ′ to dilepton lαlβ transition in
nucleus can be estimated in the following way [48]

ΓNN ′→lαlβ = 1
(2π)3√ρNρN ′

∫
d3k1d

3k2ρN (k1)ρN ′(k2)vrel.(1− v1 · v2)σ(NN ′ → lαlβ) , (4.1)

where ρN (k) is the nucleon density distribution in momentum space and ρN is the average
nucleon density defined as ρN =

∫
d3kρN (k)/(

√
2π)3. v1(v2) is the velocity of the nucleon

N(N ′). The total cross-section for the free nucleon scattering process N(k1)N ′(k2) →
lα(p1)lβ(p2) is

σ(NN ′ → lαlβ) = 1
S

1
4E1E2vrel.

∫
dΠ2

∣∣∣MNN ′→lαlβ

∣∣∣2, (4.2)

where E1(E2) is the energy of the initial state nucleon N(N ′), and S is a symmetry factor
and equals 2 for identical final leptons lα = lβ = {e+, µ+, ν̄e, ν̄µ, ν̄τ}, otherwise S = 1. dΠ2
is the relativistically invariant two-body phase space.
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The dinucleon collisions occur at low relative velocity v, they may be affected by
some other SM interaction resulting in modification of the cross sections. For example for
pp→ `+α `

+
β , there is a repulsive force between the two protons due to electrodynamics which

reduces the cross section. The effect of exchange photons between protons is best captured
by the Sommerfeld effect [49, 50]. Because the repulsive nature of the electromagnetic
force there is a reduction of the cross section, the original cross section σ is modified to
σ̃ = σSF with SF given by (αemπ/v)/(exp[αemπ/v]− 1). This reduction factor SF could
be very severe if v is very small. For the case in question, the typical v of about 0.1 leads
to SF ≈ 0.9. Had v be 0.01, SF is further reduced to 0.26. Therefore the case we are
considering the reduction is not severe. One expects such effects for np and nn cases will
be smaller. We still use eq. (4.2) as our order of magnitude estimate.

To a good approximation for the oxygen nuclei 16O, we treat the nucleons to be quasi-
free and neglect the small effects due to the nucleon Fermi motion and nuclear binding
energy, as well as the above Sommerfeld suppression effect. The average nuclear mat-
ter density ρN approximately equals 0.25 fm−3 for either proton or neutron. Then the
transition rate reduces into

ΓNN ′→lαlβ = 1
S

ρN
4m2

N

∣∣∣MNN ′→lαlβ

∣∣∣2Π2 , (4.3)

where we have neglected the mass difference between proton and neutron and taken both
to be mN = (mp +mn)/2. The two-body final state phase factor Π2 takes

Π2 = 1
8π [λ(1, δα, δβ)]1/2 , δα = m2

α

4m2
N

, λ(x, y, z) = x2 + y2 + z2 − 2(xy + yz + zx) . (4.4)

Working on the center of mass frame of the two-nucleon system and neglecting the nu-
cleons’ velocity, from the effective interaction in eq. (2.5), then the spin-averaged squared
amplitudes are

∣∣∣∣Mpp→`+α `+β

∣∣∣∣2 = 32m4
N

[
S2 (1− δα − δβ)

(∣∣C(pp)S
5L

∣∣2 +
∣∣C(pp)S

5R
∣∣2)

+
(
δα + δβ − (δα − δβ)2

) ∣∣C(pp)V ∣∣2 − 4S2
√
δαδβRe

[
C

(pp)S
5L C

(pp)S∗
5R

]
(4.5)

+2S
(

(1 + δα − δβ)
√
δβRe

[
C(pp)V C

(pp)S∗
5R

]
− (L, δα ↔ R, δβ)

)]
+O(v2) ,∣∣∣Mpn→`+α ν̄β

∣∣∣2 = 8m4
N (1− δα)

[∣∣C(pn)S
5L

∣∣2 + δα
∣∣C(pn)V

5L
∣∣2 + (2 + δα)

∣∣C(pn)V
L

∣∣2 + 4(1 + 2δα)

×
∣∣C(pn)T ∣∣2 − 2

√
δαRe

[
C

(pn)S
5L C

(pn)V ∗
5L − 6C(pn)V

L C(pn)T∗]]+O(v2) , (4.6)∣∣∣Mnn→ν̄αν̄β

∣∣∣2 = 32S2m4
N

∣∣C(nn)S
5L

∣∣2 +O(v2) , (4.7)

where we see that the contribution to pp→ `+α `
+
β (nn→ ν̄ν̄ ′) transition from the operators

O(pp)S
L,R (O(nn)S

L ) vanishes in that pp (nn) annihilation through such operators is p-wave
(∝ v2), whereas the contribution from the vector operator O(pp)V is helicity-suppressed
(∝ δα,β). For pn→ ν̄ν̄ ′, the vanishing from O(pn)S

L has a similar reason.
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WC [10−30 GeV−2] WC [10−30 GeV−2] WC [10−30 GeV−2]
C

(pp)S
L,R — C

(pp)S
5L,R |ee,eµ,µµ 0.068, 0.094, 0.067 C(pp)V |ee,eµ,µµ 350, 1.7, 1.7

C
(pn)S
L — C

(pn)S
5L |eν,µν,τν 0.77, 0.84, 22 C

(pn)V
L |eν,µν,τν 0.55, 0.59, 13

— — C
(pn)V
5L |eν,µν,τν 2800, 15, 23 C(pn)T |eν,µν,τν 0.39, 0.42, 6.6

C
(nn)S
L — C

(nn)S
5L |νανα,νανβ 6=α 3.7, 5.3

Table 3. The upper limit on the Wilson coefficients (WC) of the dim-6 hadronic operators in
eqs. (2.6)–(2.8). Where we take the current experimental lower limit on the dinucleon to dilepton
transitions in table 1 to set the bound.

The partial lifetime characterizing the matter instability is the inverse of the rate
(τ/Bi)i ≡ Γ−1

i , where Bi is a branching ratio. Taking the experimental lower limits on the
partial lifetime in table 1 into consideration, and by the relation Γ−1

i = (τ/Bi)i ≥ τexp,
we can obtain the constraints on the coefficients in eqs. (4.5)–(4.7). Assuming one term
dominates at a time, then the result is shown in table 3, where the upper limit on the Wilson
coefficients is classified in terms of the final state leptons. We see the most stringent limit
is for the operator O(pp)S

5L,R |ee,eµ,µµ in which C(pp)S
5L,R |ee,eµ,µµ ≤ 6.8, 9.4, 6.6×10−32 GeV−2, this

is because the strong experimental limits on these decay modes.
Next, we consider the above limits on the implications of SMEFT Wilson coeffi-

cients and the relevant NP scales. Based on the matching results in eqs. (H.11)–(H.20)
in appendix H, and assuming one term active in the matching result at a time, then
the limits in table 3 translate into limits on the SMEFT Wilson coefficients as shown in
table 4. In obtaining the results, we have taken our previous estimation of the LECs
gi ∼ Λ6

QCD ∼ 6.4× 10−5 GeV6 as our benchmark value, therefore, the factor (gi/Λ6
QCD)1/8

is O(1). Up to the O(1) hadronic LECs ratio, the associated NP scale is found to be around
0.8 − 2.7 TeV for all relevant operators. Here we see that, even the effective interactions
are at dim 12, the matter instability puts a stringent limit on the NP scale. Similarly, we
can set constraints on the LEFT operators. However, taking the assumption of the NP
scale much higher than ΛEW, the above constraints on the SMEFT interactions are more
illuminating in connection with NP scenarios, and thus we do not show the constraints on
the LEFT interactions here for brevity.

Furthermore, we consider the contribution to the transitions from the dim-12 operators
OS,(S)
Q6L2 , OS,(S)

u2d2Q2L21,3 and OS,(S)
udQ4L22 containing purely left-handed lepton fields. By weak

isospin symmetry, they can contribute to both three transition modes, and in particular,
they are the only possible operators contributing to the nn→ ν̄ν̄ ′ modes at leading order.
From the previous discussion, the transition rates become

Γ̃pp→`+α `+β = S

π
(1− δα − δβ)

√
1− 2(δα + δβ) + (δα − δβ)2m2

NρNC
2
αβ ,

Γ̃pn→`+α ν̄β = 1
π

(1− δα)2m2
NρNC

2
αβ ,

Γ̃nn→ν̄αν̄β = S

π
m2
NρNC

2
αβ , (4.8)
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SMEFT WCs
pp→ e+e+, e+µ+, µ+µ+ pn→ e+ν, µ+ν̄, τ+ν̄ nn→ ν̄αν̄α, ν̄αν̄β 6=α

ΛNP≡ |Ci|−
1
8 [TeV] ΛNP≡ |Ci|−

1
8 [TeV] ΛNP≡ |Ci|−

1
8 [TeV]

C
S,(A)
u3d3L21 — 2.04, 2.02, 1.34×

[
ĝ1×3,a
Λ6

QCD

] 1
8

—

C
S,(A)
u3d3L22 — 1.89, 1.87, 1.25×

[
ĝ1×3,a
Λ6

QCD

] 1
8

—

C
S,(S)
u2d2Q2L21,3 2.35, 2.26, 2.36×

[
ĝ3×1,c
Λ6

QCD

] 1
8

1.89, 1.87, 1.25×
[
ĝ3×1,c
Λ6

QCD

] 1
8

1.43, 1.37×
[
ĝ3×1,c
Λ6

QCD

] 1
8

C
S,(A)
u2d2Q2L22 — 2.07, 2.04, 1.36×

[
ĝ1×3,b
Λ6

QCD

] 1
8

—

C
S,(A)
udQ4L21 — 2.25, 2.23, 1.48×

[
ĝ1×3,c
Λ6

QCD

] 1
8

—

C
S,(S)
udQ4L22 2.57, 2.46, 2.57×

[
ĝ3×1,b
Λ6

QCD

] 1
8

2.07, 2.04, 1.36×
[
ĝ3×1,b
Λ6

QCD

] 1
8

1.56, 1.49×
[
ĝ3×1,b
Λ6

QCD

] 1
8

C
S,(S)
Q6L2 2.80, 2.69, 2.81×

[
ĝ3×1,a
Λ6

QCD

] 1
8

2.25, 2.23, 1.48×
[
ĝ3×1,a
Λ6

QCD

] 1
8

1.70, 1.63×
[
ĝ3×1,a
Λ6

QCD

] 1
8

C
S,(S)
u4d2e21 2.21, 2.12, 2.21×

[
ĝ1×3,a
Λ6

QCD

] 1
8

— —

C
S,(S)
u4d2e22 2.35, 2.26, 2.36×

[
ĝ1×3,a
Λ6

QCD

] 1
8

— —

C
S,(S)
u3dQ2e2 2.57, 2.46, 2.57×

[
ĝ1×3,b
Λ6

QCD

] 1
8

— —

C
S,(S)
u2Q4e2 2.80, 2.69, 2.81×

[
ĝ1×3,c
Λ6

QCD

] 1
8

— —

CVu3d2QeL1,3 0.808, 1.58, 1.58×
[
ĝ2×2,d
Λ6

QCD

] 1
8

1.81, 1.79, 1.22×
[
g2×2,d
Λ6

QCD

] 1
8

—

CVu3d2QeL2 0.704, 1.37, 1.37×
[
ĝ2×2,d
Λ6

QCD

] 1
8

1.58, 1.56, 1.06×
[
g2×2,d
Λ6

QCD

] 1
8

—

CVu2dQ3eL1 0.837, 1.63, 1.63×
[
ĝ2×2,c
Λ6

QCD

] 1
8

1.88, 1.86, 1.27×
[
g2×2,c
Λ6

QCD

] 1
8

—

CVu2dQ3eL2 0.881, 1.72, 1.72×
[
ĝ2×2,b
Λ6

QCD

] 1
8

1.98, 1.96, 1.33×
[
g2×2,b
Λ6

QCD

] 1
8

—

CVu2dQ3eL3 0.881, 1.72, 1.72×
[
ĝ2×2,c
Λ6

QCD

] 1
8

1.98, 1.96, 1.33×
[
g2×2,c
Λ6

QCD

] 1
8

—

CVuQ5eL 0.961, 1.88, 1.88×
[
ĝ2×2,a
Λ6

QCD

] 1
8

2.16, 2.13, 1.45×
[
g2×2,a
Λ6

QCD

] 1
8

—

C
T,(S)
u2d2Q2L21,3 — 2.25, 2.23, 1.35×

[
gr1×1,c
Λ6

QCD

] 1
8

—

C
T,(A)
u2d2Q2L22 — 1.89, 1.87, 1.33×

[
gr3×3,b
Λ6

QCD

] 1
8

—

C
T,(A)
udQ4L21 — 2.07, 2.04, 1.45×

[
gr3×3,a
Λ6

QCD

] 1
8

—

C
T,(S)
udQ4L22 — 2.46, 2.43, 1.72×

[
gr1×1,b
Λ6

QCD

] 1
8

—

C
T,(S)
Q6L2 — 2.68, 2.65, 1.88×

[
gr1×1,a
Λ6

QCD

] 1
8

—

Table 4. The constraint on the effective NP scale from the current experimental data in table 1.
The flavor index is suppressed and can be easily recognized in terms of the transition mode. One
should keep in mind that the SMEFTWilson coefficients with a superscript ‘(A)’ vanish for identical
lepton flavors.

where we use a ‘tilde’ to represent such special contributions, and

Cαβ=4ĝ3×1,aC
S,(S),αβ
Q6L2 +2ĝ3×1,bC

S,(S),αβ
udQ4L22+ĝ3×1,c

(
C
S,(S),αβ
u2d2Q2L21+CS,(S),αβ

u2d2Q2L23
)
+ ĝ3×5

6 C
S,(S),αβ
u2d2Q2L21 .

Here we have added the lepton flavor indices for a more careful treatment.11 By the weak
isospin symmetry, we see the three transitions are related to each other. From eq. (4.8),

11For pn→ `+α ν̄β mode, the last term should take a minus sign. We neglect this sign difference here.
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we obtain

Γ̃−1
pn→`+α ν̄β

=
S (1− δα − δβ)

√
1− 2(δα + δβ) + (δα − δβ)2

(1− δα)2 Γ̃−1
pp→`+α `+β

,

Γ̃−1
nn→ν̄αν̄β = (1− δα − δβ)

√
1− 2(δα + δβ) + (δα − δβ)2Γ̃−1

pp→`+α `+β
,

Γ̃−1
nn→ν̄αν̄β = S−1(1− δα)2Γ̃−1

pn→`+α ν̄β
. (4.9)

Due to the stronger experimental limits on pp→ `+α `
+
β and pn→ `+α ν̄β , through the above

relations, we can set new stronger limits on the neutral modes nn → ν̄αν̄β . Taking the
experimental limits for the charged modes into consideration and requiring Γ̃−1

pp→`+α `+β
&

τ exp
pp→`+α `+β

and Γ̃−1
pn→`+α ν̄β

& τ exp
pn→`+α ν̄β

, we obtain

{Γ̃−1
nn→ν̄eν̄e , Γ̃

−1
nn→ν̄eν̄µ , Γ̃

−1
nn→ν̄µν̄µ} & 4× 1033 yr , {Γ̃−1

nn→ν̄eν̄τ , Γ̃
−1
nn→ν̄µν̄τ } & 2× 1032 yr .

(4.10)
One can see the limits on nn → ν̄αν̄β are improved by 2 − 3 orders of magnitude than
the direct experimental search in table 1. On the other hand, if we assume the charged
modes also exclusively mediated by the same operators, then the experimental bounds on
pp→ `+α `

+
β imply the following new bounds on pn→ `+α ν̄β for α, β = e, µ flavors,

{Γ̃−1
pn→e+ν̄e , Γ̃

−1
pn→µ+ν̄µ

} & 8× 1033 yr , {Γ̃−1
pn→e+ν̄µ , Γ̃

−1
pn→µ+ν̄e

} & 4× 1033 yr , (4.11)

which are also stronger than the current experimental bounds by at least an order of magni-
tude. Conversely, the experimental limit on pn→ `+e ν̄τ can further translate into a bound
on the transition pp→ e+τ+, which is also kinetically allowed but has not yet been searched
for experimentally. Based on eq. (4.9) and the limit on pn→ `+e ν̄τ in table 1, we obtain

Γ̃−1
pp→e+τ+ & 2× 1034 yr , (4.12)

we see this bound is even more stronger than any other ones due to the small phase space.
In figure 2 we show the dependence of the partial lifetime on the NP scale. For sim-

plicity, we only consider the contribution from operator OS,(S)
Q6L2 and take Λ ≡

[
C
S,(S)
Q6L2

]−1/8
.

The relevant hadronic LEC ĝ1×3,a is set equal to 6.4 × 10−5 GeV. From the figure we
see the partial lifetime is very sensitive to the NP scale, because of the large power
dependence(∝ Λ16). For a future experimental sensitivity about 1040 yr the NP scale is
pushed towards 5 TeV or so.

Finally, we make a brief comments on the concrete NP models and the collider signals.
For a given NP model, one can integrate out the heavy new physics states and match onto
the dim-12 SMEFT operators. In literature, there exist models contributing to dinucleon to
dilepton transitions with ∆B = ∆L = 2 but not giving rise to the ∆B = 1 nucleon decays
or ∆B = 2 neutron-antineutron oscillation. In refs. [9, 11], the authors considered a class of
such models which involve new scalar-fermion and scalar-quartic interactions, meanwhile,
the left-right symmetric models with extra-dimensions considered in refs. [12, 17] can also
do the job. On the other hand, from the above limit of NP scale we have set, one may expect
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pp→e+e+, μ+μ+; nn→νανα

pp→e+μ+; pn→e+ν, μ+ν; n→νανβ≠α

pp→e+τ+, pn→τ+ν

1 5 10 50 100
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1
[y
rs
]

Super-K bound: pp case

Super-K bound: pn case
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vi
ty

Figure 2. The partial lifetime of the dinucleon to dilepton transitions as a function of the NP scale
in the SMEFT. Where we assume the contribution from operator OS,(S)

Q6L2 and set Λ ≡
[
C
S,(S)
Q6L2

]−1/8
.

the search of the ∆B = ∆L = 2 NP signals at the current/future high energy colliders to
be interesting. Ref. [16] has made such a try by studying the process pp → e+e+ + 4 jets
based on a dim-12 SMEFT operator (similar to the operator OS,(S)

Q6L2 in our basis). However,
the eight fermion operator considered in [16] cannot yet be processed by the FeynRules
to MG5AMC framework, and the authors take a “stand-in” operator for estimation. Such
a procedure could yield large uncertainty, and we would like to come back to the collider
signals in the future for a more precise analysis.

5 Conclusion and outlook

In this work we have made a thorough investigation on the baryon and lepton number
violating dinucleon to dilepton decays (pp → `+`′+, pn → `+ν̄ ′, nn → ν̄ν̄ ′) with ∆B =
∆L = −2 in the framework of effective field theory. We first construct a basis of dim-
12 operators mediating such processes in the low energy effective field theory (LEFT)
below the electroweak scale. Such a basis not only contribute to the dinucleon decays
studied in this work, it also serves as a starting point for model independent study of the
hydrogen-antihydrogen oscillation and the low energy baryon number violating conversions
e−p→ e+p̄, ν̄n̄, e−n→ ν̄p̄ in electron-deuteron scattering. Then we consider their leading-
order standard model effective field theory (SMEFT) completions upwards and obtain the
SMEFT basis mediating such processes at dim 12. We find the SMEFT gauge symmetry
has a strong constraint on the structure of the interactions. The dim-12 SMEFT operators
are suitable for the high energy signature on colliders like LHC to search the excess of
events with four jets plus two same-sign charged leptons.

– 25 –



J
H
E
P
0
6
(
2
0
2
1
)
0
4
7

Next, we analyze the chiral structure of the LEFT operators and make a non-
perturbative matching through the baryon chiral perturbation theory (BχPT). In doing so,
we construct a chiral basis in which each operator belongs to an irreducible representation
of the two-flavor chiral group SU(2)fL × SU(2)fR, and then we construct the corresponding
hadronic operators through the spurion techniques. Last, we express the dinucleon to dilep-
ton decay rates in terms of the Wilson coefficients associated with the dim-12 operators in
the LEFT/SMEFT and the low energy constants pertinent to BχPT. Our result is general
in that it does not depend on dynamical details of physics at a high scale that induce the
effective interactions in the SMEFT and in that it does not appeal to any hadronic models.
We find the current experimental limits push the associated new physics scale larger than
a few TeV, a scale appealing to the future experimental searches. Due to the weak isospin
symmetry, based on the experimental limits on pp → `+α `

+
β , pn → `+α ν̄β , we improve the

lower limits on the partial lifetimes of the neutral transition modes nn→ ν̄αν̄β (except the
(α, β) = (τ, τ) case) by 2− 3 orders of magnitude than their current experimental sensitiv-
ity. Furthermore, assuming these transitions dominantly generated by the similar dim-12
SMEFT operators, we find the limits on the partial lifetime of pp→ e+e+, e+µ+, µ+µ+ are
also transformed into stronger limits on pn→ `+α ν̄β (α, β = e, µ) than their existing lower
bounds.

Our operator basis obtained in this work is a starting point for further investigation
on the related processes with ∆B = ∆L = 2 signals, in which the hydrogen-antihydrogen
oscillation and the collider signals pp → `+`′+ + 4 jets and e−p → `+ + 5 jet are the
most interesting ones. Both of these processes can be systematically studied in the cur-
rent LEFT/SMEFT framework, and we will come back to these processes in the future
publications.
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A Independent color tensors

In this appendix, we give details the independent color tensors to contract with six quarks
in a color SU(3)C invariant way. Denoting a general six-quark field configuration as

Oijklmn = qiIq
j
Jq

k
Kq

l
Lq

m
Mq

n
N , (A.1)
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where the superscripts {i, j, k, l,m, n} are the color indices in fundamental representation of
SU(3)C while the subscripts {I, J,K,L,M,N} encode the flavor and chiral information for
each quark field. To form a color invariant operator, the color indices must be contracted
by a color tensor Tijklmn such that OijklmnTijklmn is invariant under SU(3)C . Since all
quark fields belong to the fundamental representation of the color group, the color tensor
Tijklmn must be a linear combination of two rank-3 totally anti-symmetric tensor εxyzs. By
the Schouten identities (SI) [51]

εimnεjkl = −εijmεkln + εikmεjln − εilmεjkn ,
εijmεkln = εikmεjln + εiknεjlm − εilmεjkn − εilnεjkm − εijnεklm , (A.2)

we can split the m-index and n-index into two epsilon tensors via the first SI, in turn, there
are six independent combinations remained and the second SI further reduces them into five
independent ones. By symmetrizing or anti-symmetrizing pairs of indices (ij), (kl), (mn),
we can choose the following five independent color tensors:

TSSS{ij}{kl}{mn} = εikmεjln + εiknεjlm + εilmεjkn + εilnεjkm ,

TSAA{ij}[kl][mn] = εimnεjkl + εiklεjmn = εikmεjln − εiknεjlm − εilmεjkn + εilnεjkm ,

TSAA{kl}[mn][ij] = εijkεmnl + εijlεmnk = εikmεjln − εiknεjlm + εilmεjkn − εilnεjkm ,

TSAA{mn}[ij][kl] = εijmεkln + εijnεklm = εikmεjln + εiknεjlm − εilmεjkn − εilnεjkm ,

TAAA[ij][kl][mn] = 1
3 (εijmεkln − εijnεklm − εijkεmnl + εijlεmnk + εiklεjmn − εimnεjkl)

= εijmεkln − εijnεklm . (A.3)

where the subscripts in curly bracket {ij} and squared bracket [kl] indicate separately the
symmetrization and anti-symmetrization under the exchange of two color indices i ↔ j

within. In the above, the TSSS{ij}{kl}{mn} and TAAA[ij][kl][mn] are separately totally symmetric
and anti-symmetric under the exchange of any pairs of the arguments, and TSAA{ij}[mn][kl]
is symmetric for the latter two pairs of indices. In addition, we have the constraints for
exchanging two indices among two different pairs of indices

2TSSS{ik}{jl}{mn} = −TSSS{ij}{kl}{mn} + 3TSAA{mn}[ij][kl] ,

2TSAA{ij}[km][ln] = TSSS{ij}{kl}{mn} + TSAA{ij}[kl][mn] ,

2TSAA{ik}[jl][mn] = −TSAA{ij}[kl][mn] + TSAA{kl}[mn][ij] + 2TAAA[ij][kl][mn] ,

2TSAA{in}[kl][mj] = −TSAA{ij}[kl][mn] − T
SAA
{mn}[ij][kl] − 2TAAA[ij][kl][mn] ,

2TAAA[ik][jl][mn] = TSAA{ij}[kl][mn] + TSAA{kl}[mn][ij] . (A.4)

These relations are useful to reduce redundant operators, and will be used repeatedly in
latter sections to reach the minimal basis for the dim-12 ∆B = ∆L = −2 operators both
in the LEFT and in the SMEFT .

B LEFT operators

The full list for dim-12 operators inducing dinucleon to dilepton transitions.
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� Dim-12 operators contributing to pp → `+`′+. For the operators with a scalar
current j``′S,±, we find there are 28 independent operators which can be parametrized as
follows

Q(pp)S,±
1LLL,a = (uiTL Cu

j
L)(ukT

L CdlL)(umT
L CdnL)j``′S,±TSSS{ij}{kl}{mn} ,

Q(pp)S,±
1LLL,b = (uiTL Cu

j
L)(ukT

L CdlL)(umT
L CdnL)j``′S,±TSAA{ij}[kl][mn] ,

Q(pp)S,±
2LLR,a = (uiTL Cu

j
L)(ukT

L CdlL)(umT
R CdnR)j``′S,±TSSS{ij}{kl}{mn} ,

Q(pp)S,±
2LLR,b = (uiTL Cu

j
L)(ukT

L CdlL)(umT
R CdnR)j``′S,±TSAA{ij}[kl][mn] ,

Q(pp)S,±
3LLR,a = (uiTL Cd

j
L)(ukT

L CdlL)(umT
R CunR)j``′S,±TSSS{ij}{kl}{mn} ,

Q(pp)S,±
3LLR,b = (uiTL Cd

j
L)(ukT

L CdlL)(umT
R CunR)j``′S,±TSAA{mn}[ij][kl] ,

Q(pp)S,±
4LLR = (uiTL Cu

j
L)(ukT

L CulL)(dmT
R CdnR)j``′S,±TSSS{ij}{kl}{mn} , (B.1)

together with their parity partners with L↔ R.

For the operators with a vector lepton current j``
′,µ

V , there are 19 independent operators
which are chosen to take

Q(pp)V
1LL,a = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cγµu

n
R)j``

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pp)V
1LL,b = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cγµu

n
R)j``

′,µ
V TSAA{ij}[kl][mn] ,

Q(pp)V
1LL,c = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cγµu

n
R)j``

′,µ
V TSAA{mn}[kl][ij] ,

Q(pp)V
2LL,a = (uiTL Cu

j
L)(ukT

L CdlL)(umT
L Cγµd

n
R)j``

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pp)V
2LL,b = (uiTL Cu

j
L)(ukT

L CdlL)(umT
L Cγµd

n
R)j``

′,µ
V TSAA{ij}[kl][mn] ,

Q(pp)V
3LR,a = (uiTL Cu

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j``

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pp)V
3LR,b = (uiTL Cu

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j``

′,µ
V TSAA{ij}[kl][mn] ,

Q(pp)V
4LR,a = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµu

n
R)j``

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pp)V
4LR,b = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµu

n
R)j``

′,µ
V TSAA{ij}[kl][mn] ,

Q(pp)V
4LR,c = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµu

n
R)j``

′,µ
V TSAA{kl}[mn][ij] ,

Q(pp)V
4LR,d = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµu

n
R)j``

′,µ
V TSAA{mn}[ij][kl] ,

Q(pp)V
4LR,e = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµu

n
R)j``

′,µ
V TAAA[ij][kl][mn] , (B.2)

together with the parity partners for operators QV1−3 with L↔ R.
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For the operators with a tensor lepton current j``
′,µν

T , we find there are 16 independent
operators which are chosen to take

Q(pp)T,−
1LLL = (uiTL Cσµνu

j
L)(ukT

L CdlL)(umT
L CdnL)j``

′,µν
T,− TSAA{mn}[ij][kl] ,

Q(pp)T,−
2LLR,a = (uiTL Cσµνu

j
L)(ukT

L CdlL)(umT
R CdnR)j``

′,µν
T,− TSAA{kl}[mn][ij] ,

Q(pp)T,−
2LLR,b = (uiTL Cσµνu

j
L)(ukT

L CdlL)(umT
R CdnR)j``

′,µν
T,− TSAA{mn}[ij][kl] ,

Q(pp)T,−
2LLR,c = (uiTL Cσµνu

j
L)(ukT

L CdlL)(umT
R CdnR)j``

′,µν
T,− TAAA[ij][kl][mn] ,

Q(pp)T,+
2LLR,a = (uiTL Cu

j
L)(ukT

L CdlL)(umT
R Cσµνd

n
R)j``

′,µν
T,+ TSSS{ij}{kl}{mn} ,

Q(pp)T,+
2LLR,b = (uiTL Cu

j
L)(ukT

L CdlL)(umT
R Cσµνd

n
R)j``

′,µν
T,+ TSAA{ij}[kl][mn] ,

Q(pp)T,−
3LLR = (uiTL Cd

j
L)(ukT

L Cσµνd
l
L)(umT

R CunR)j``
′,µν

T,− TSAA{mn}[ij][kl] ,

Q(pp)T,+
3LLR = (uiTL Cd

j
L)(ukT

L CdlL)(umT
R Cσµνu

n
R)j``

′,µν
T,+ TSAA{ij}[kl][mn] , (B.3)

together with the parity partners for operators QT1−3 with L↔ R and − ↔ +.
As a non-trivial example for the reduction of redundant operators, we consider the

above tensor current operator Q(pp)T,+
3LRR in eq. (B.3) with the replacement of the color

tensor TSAA{ij}[kl][mn] by T
SSS
{ij}{kl}{mn}, then the new operator is reduced as follows

2(uiTL Cu
j
L)(ukT

R CdlR)(umT
R Cσµνd

n
R)j``

′,µν
T,+ TSSS{ij}{kl}{mn}

FI= −2(uiTL Cu
j
L)
[
(umT
R CdlR)(ukT

R Cσµνd
n
R) + (ukT

R CumR )(dlTR CσµνdnR)
]
j``
′,µν

T,+ TSSS{ij}{kl}{mn}

SI= (uiTL Cu
j
L)(ukT

R CdlR)(umT
R Cσµνd

n
R)j``

′,µν
T,+

(
TSSS{ij}{kl}{mn} + 3TSAA{ij}[kl][mn]

)
+ (uiTL Cu

j
L)(ukT

R CulR)(dmT
R Cσµνd

n
R)j``

′,µν
T,+

(
TSSS{ij}{kl}{mn} − 3TSAA{ij}[kl][mn]

)
(= 0) ,

where in the second step we have used the FIs in appendix C and the third step the SI
in eq. (A.4), and the terms in last line vanish due to mismatched color symmetry. We see
this new operator is equivalent to Q(pp)T,+

3LRR and therefore redundant. All other operators
with different color tensors or Lorentz structures beyond the above lists can be reduced in
a similar manner.

� Dim-12 operators contributing to pn → `+ν′. For the operators with a scalar
current j`ν′S , there are 14 independent operators which can be parametrized as follows

Q(pn)S
1LLL,a = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L CdnL)j`ν′S TSSS{ij}{kl}{mn} ,

Q(pn)S
1LLL,b = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L CdnL)j`ν′S TSAA{ij}[kl][mn] ,

Q(pn)S
2LLR = (uiTL Cu

j
L)(ukT

L CdlL)(dmT
R CdnR)j`ν′S TSSS{ij}{kl}{mn} ,

Q(pn)S
3LLR,a = (uiTL Cd

j
L)(ukT

L CdlL)(umT
R CdnR)j`ν′S TSSS{ij}{kl}{mn} ,

Q(pn)S
3LLR,b = (uiTL Cd

j
L)(ukT

L CdlL)(umT
R CdnR)j`ν′S TSAA{ij}[kl][mn] ,

Q(pn)S
3LLR,c = (uiTL Cd

j
L)(ukT

L CdlL)(umT
R CdnR)j`ν′S TSAA{mn}[ij][kl] ,

Q(pn)S
4LLR = (diTL Cd

j
L)(ukT

L CdlL)(umT
R CunR)j`ν′S TSSS{ij}{kl}{mn} , (B.4)

together with their parity partners with L↔ R.
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For the operators with a vector current j`ν
′,µ

V , we find there are 24 independent oper-
ators which are parametrized as follows

Q(pn)V
1LL,a = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cγµd

n
R)j`ν

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pn)V
1LL,b = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cγµd

n
R)j`ν

′,µ
V TSAA{ij}[kl][mn] ,

Q(pn)V
1LL,c = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cγµd

n
R)j`ν

′,µ
V TSAA{mn}[ij][kl] ,

Q(pn)V
2LL,a = (uiTL Cd

j
L)(ukT

L CdlL)(dmT
L Cγµu

n
R)j`ν

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pn)V
2LL,b = (uiTL Cd

j
L)(ukT

L CdlL)(dmT
L Cγµu

n
R)j`ν

′,µ
V TSAA{ij}[kl][mn] ,

Q(pn)V
2LL,c = (uiTL Cd

j
L)(ukT

L CdlL)(dmT
L Cγµu

n
R)j`ν

′,µ
V TSAA{mn}[ij][kl] ,

Q(pn)V
3LR = (uiTL Cu

j
L)(dkT

R CdlR)(umT
L Cγµd

n
R)j`ν

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pn)V
4LR,a = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j`ν

′,µ
V TSSS{ij}{kl}{mn} ,

Q(pn)V
4LR,b = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j`ν

′,µ
V TSAA{ij}[kl][mn] ,

Q(pn)V
4LR,c = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j`ν

′,µ
V TSAA{kl}[mn][ij] ,

Q(pn)V
4LR,d = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j`ν

′,µ
V TSAA{mn}[ij][kl] ,

Q(pn)V
4LR,e = (uiTL Cd

j
L)(ukT

R CdlR)(umT
L Cγµd

n
R)j`ν

′,µ
V TAAA[ij][kl][mn] , (B.5)

together with their parity partners with L↔ R.
For the operators with a tensor current j`ν

′,µν
T , there are 13 independent operators

which can be parametrized as follows

Q(pn)T
LLL,a = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cσµνd

n
L)j`ν

′,µν
T TSAA{ij}[kl][mn] ,

Q(pn)T
LLL,b = (uiTL Cd

j
L)(ukT

L CdlL)(umT
L Cσµνd

n
L)j`ν

′,µν
T TSAA{mn}[ij][kl] ,

Q(pn)T
2LLR = (uiTL Cσµνu

j
L)(ukT

L CdlL)(dmT
R CdnR)j`ν

′,µν
T TSAA{mn}[ij][kl] ,

Q(pn)T
3LLR,a = (uiTL Cd

j
L)(ukT

L Cσµνd
l
L)(umT

R CdnR)j`ν
′,µν

T TSAA{ij}[kl][mn] ,

Q(pn)T
3LLR,b = (uiTL Cd

j
L)(ukT

L Cσµνd
l
L)(umT

R CdnR)j`ν
′,µν

T TSAA{kl}[mn][ij] ,

Q(pn)T
3LLR,c = (uiTL Cd

j
L)(ukT

L Cσµνd
l
L)(umT

R CdnR)j`ν
′,µν

T TSAA{mn}[ij][kl] ,

Q(pn)T
3LLR,d = (uiTL Cd

j
L)(ukT

L Cσµνd
l
L)(umT

R CdnR)j`ν
′,µν

T TAAA[ij][kl][mn] ,

Q(pn)T
4LLR = (diTL Cσµνd

j
L)(ukT

L CdlL)(umT
R CunR)j`ν

′,µν
T TSAA{mn}[ij][kl] ,

Q(pn)T
2RRL = (uiTR Cu

j
R)(ukT

R CdlR)(dmT
L Cσµνd

n
L)j`ν

′,µν
T TSAA{ij}[kl][mn] ,

Q(pn)T
3RRL,a = (uiTR Cd

j
R)(ukT

R CdlR)(umT
L Cσµνd

n
L)j`ν

′,µν
T TSSS{ij}{kl}{mn} ,

Q(pn)T
3RRL,b = (uiTR Cd

j
R)(ukT

R CdlR)(umT
L Cσµνd

n
L)j`ν

′,µν
T TSAA{ij}[kl][mn] ,

Q(pn)T
3RRL,c = (uiTR Cd

j
R)(ukT

R CdlR)(umT
L Cσµνd

n
L)j`ν

′,µν
T TSAA{mn}[ij][kl] ,

Q(pn)T
4RRL = (diTR Cd

j
R)(ukT

R CdlR)(umT
L Cσµνu

n
L)j`ν

′,µν
T TSAA{ij}[kl][mn] . (B.6)
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� Dim-12 operators contributing to nn → ν̄ν̄′. For the operators with a scalar
current jνν′S , there are 14 independent operators which are parametrized as follows

Q(nn)S
1LLL,a = (diTL Cd

j
L)(dkT

L CulL)(dmT
L CunL)jνν′S TSSS{ij}{kl}{mn} ,

Q(nn)S
1LLL,b = (diTL Cd

j
L)(dkT

L CulL)(dmT
L CunL)jνν′S TSAA{ij}[kl][mn] ,

Q(nn)S
2LLR,a = (diTL Cd

j
L)(dkT

L CulL)(dmT
R CunR)jνν′S TSSS{ij}{kl}{mn} ,

Q(nn)S
2LLR,b = (diTL Cd

j
L)(dkT

L CulL)(dmT
R CunR)jνν′S TSAA{ij}[kl][mn] ,

Q(nn)S
3LLR,a = (diTL Cu

j
L)(dkT

L CulL)(dmT
R CdnR)jνν′S TSSS{ij}{kl}{mn} ,

Q(nn)S
3LLR,b = (diTL Cu

j
L)(dkT

L CulL)(dmT
R CdnR)jνν′S TSAA{mn}[ij][kl] ,

Q(nn)S
4LLR = (diTL Cd

j
L)(dkT

L CdlL)(umT
R CunR)jνν′S TSSS{ij}{kl}{mn} , (B.7)

together with their parity partners with L↔ R.
And for the operators with a tensor neutrino current jνν

′,µν
T , there are only 8 indepen-

dent operators which are parametrized as follows

Q(nn)T
1LLL = (diTL Cσµνd

j
L)(dkT

L CulL)(dmT
L CunL)jνν

′,µν
T TSAA{mn}[kl][ij] ,

Q(nn)T
2LLR,a = (diTL Cσµνd

j
L)(dkT

L CulL)(dmT
R CunR)jνν

′,µν
T TSAA{kl}[mn][ij] ,

Q(nn)T
2LLR,b = (diTL Cσµνd

j
L)(dkT

L CulL)(dmT
R CunR)jνν

′,µν
T TSAA{mn}[ij][kl] ,

Q(nn)T
2LLR,c = (diTL Cσµνd

j
L)(dkT

L CulL)(dmT
R CunR)jνν

′,µν
T TAAA[ij][kl][mn] ,

Q(nn)T
3LLR = (diTL Cu

j
L)(dkT

L Cσµνu
l
L)(dmT

R CdnR)jνν
′,µν

T TSAA{mn}[ij][kl] ,

Q(nn)T
2RRL,a = (diTR Cd

j
R)(dkT

R CulR)(dmT
L Cσµνu

n
L)jνν

′,µν
T TSSS{ij}{kl}{mn} ,

Q(nn)T
2RRL,b = (diTR Cd

j
R)(dkT

R CulR)(dmT
L Cσµνu

n
L)jνν

′,µν
T TSAA{ij}[kl][mn] ,

Q(nn)T
3RRL = (diTR Cu

j
R)(dkT

R CulR)(dmT
L Cσµνd

n
L)jνν

′,µν
T TSAA{ij}[kl][mn] . (B.8)

C Reduction of the redundant operators in the LEFT

The dim-12 operators contributing to H−H̄ oscillation and pp → e+e+ transitions in the
LEFT were given first in ref. [39]. For the operators with the scalar lepton current, their
results are consistent with ours, and the 28 operators in their paper can be easily identified
with the results shown in eq. (B.1). For the operators with a vector current, they count 32
operators and 13 of them are redundant and will be reduced in the following. In doing so, we
first notice that the color tensors in ref. [39] have the following one-to-one correspondence
with our notation

(TS)ijklmn = TSSS{ij}{kl}{mn} , (TA)ijklmn = TSAA{mn}[kl][ij] , (T̃A)ijklmn = TAAA[ij][kl][mn] . (C.1)

The relations in eq. (A.4) imply the following corresponding relations

2(TS)ikjlmn = 3(TA)ijklmn − (TS)ijklmn ,
2(TA)mjklin = −2(T̃A)ijklmn − (TA)ijklmn − (TA)mnklij . (C.2)
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Since the two lepton fields in the vector current have different chirality, ref. [39]
parametrized all such operators using four scalar fermion bilinears in which the two lepton
fields are combined separately with two quark fields to make scalar currents. By the Fierz
identity

(qmT
L C`L)(qnT

R C`R) = −1
2(qmT

L Cγµq
n
R)(`TRCγµ`L) , (C.3)

we can rewrite the operators with a pair of (`L, `R) in ref. [39] to have a factorized vector
lepton current as follows

(OHH̄H1 )χ1χ2LR = −1
2(uiTχ1Cu

j
χ1)(ukT

χ2 Cu
l
χ2)(dmT

L Cγµd
n
R)(`TRCγµ`L)(TS)ijklmn ,

(OHH̄H2 )χ1χ2LR = −1
2(uiTχ1Cu

j
χ1)(dkT

χ2 Cd
l
χ2)(umT

L Cγµu
n
R)(`TRCγµ`L)(TS)ijklmn ,

(OHH̄H3 )χ1χ2LR = −1
2(uiTχ1Cu

j
χ1)(ukT

χ2 Cd
l
χ2)(umT

L Cγµd
n
R)(`TRCγµ`L)(TS)mnklij ,

(OHH̄H4 )χ1χ2LR = −1
2(uiTχ1Cu

j
χ1)(ukT

χ2 Cd
l
χ2)(umT

L Cγµd
n
R)(`TRCγµ`L)(TA)mnklij ,

(OHH̄H3 )χ1χ2RL = −1
2(uiTχ1Cu

j
χ1)(ukT

χ2 Cd
l
χ2)(dmT

L Cγµu
n
R)(`TRCγµ`L)(TS)mnklij ,

(OHH̄H4 )χ1χ2RL = +1
2(uiTχ1Cu

j
χ1)(ukT

χ2 Cd
l
χ2)(dmT

L Cγµu
n
R)(`TRCγµ`L)(TA)mnklij ,

(OHH̄H5 )χ1χ2LR = −1
2(uiTχ1Cd

j
χ1)(ukT

χ2 Cd
l
χ2)(umT

L Cγµu
n
R)(`TRCγµ`L)(TS)ijklmn ,

(OHH̄H6 )χ1χ2LR = −1
2(uiTχ1Cd

j
χ1)(ukT

χ2 Cd
l
χ2)(umT

L Cγµu
n
R)(`TRCγµ`L)(TA)ijklmn ,

(OHH̄H7 )χ1χ2LR = −1
2(uiTχ1Cd

j
χ1)(ukT

χ2 Cd
l
χ2)(umT

L Cγµu
n
R)(`TRCγµ`L)(T̃A)ijklmn ,

(OHH̄H8 )χ1χ2LR = −1
2(uiTχ1Cd

j
χ1)(ukT

χ2 Cd
l
χ2)(umT

L Cγµu
n
R)(`TRCγµ`L)(TA)mnklij , (C.4)

where the convention for the operators is taken from ref. [39] with a minor change
e ↔ `. Under the exchange of the chirality L ↔ R, we see easily that (OHH̄Hi )χ1χ2RL =
(OHH̄Hi )χ1χ2LR for i = 1, 2, 5, 6 and (OHH̄Hj )χ1χ2RL = −(OHH̄Hj )χ1χ2LR for j = 7, 8. Consid-
ering (χ1χ2) ∈ {LL,LR,RL,RR}, there are totally 40 operators in the above. The 32
operators counted in [39] can be obtained after taking into account the following eight
obvious relations

(OHH̄Hi )LRLR = (OHH̄Hi )RLLR , i = 1, 5, 6 ,

(OHH̄H7 )χ1χ2LR = −(OHH̄H7 )χ2χ1LR , χ1,2 = L,R ,

(OHH̄H2 )χχLR = (OHH̄H5 )χχLR − 3(OHH̄H6 )χχLR , χ = L,R , (C.5)

where the last relation is obtained by exploiting the first relation in eq. (C.2) and the Fierz
identity

(ψT
1χCψ2χ)(ψT

3χCψ4χ) = −(ψT
1χCψ3χ)(ψT

2χCψ4χ)− (ψT
1χCψ4χ)(ψT

3χCψ2χ) , χ = L,R .

Now we show that the remaining 32 operators in eq. (C.4) after modulo the relations
in eq. (C.5) can be further reduced into the 19 operators shown in eqs. (B.2). Using the
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following Fierz identities

(ψT
1LCψ2L)(ψT

3LCγ
µψ4R) =−(ψT

1LCψ3L)(ψT
2LCγ

µψ4R)−(ψT
2LCψ3L)(ψT

1LCγ
µψ4R) , (C.6)

(ψT
1RCψ2R)(ψT

3LCγ
µψ4R) =−(ψT

1RCψ4R)(ψT
3LCγ

µψ2R)−(ψT
2RCψ4R)(ψT

3LCγ
µψ1R) ,

= +(ψT
1RCψ4R)(ψT

2RCγ
µψ3L)+(ψT

2RCψ4R)(ψT
1RCγ

µψ3L) , (C.7)

where the third equality is obtained due to ψT
aLCγ

µψbR = −ψT
bRCγ

µψaL [52], and the
relations in eq. (C.2), we finally obtain the following relations among the remaining 32
operators

(OHH̄H1 )χLLR = (OHH̄H3 )χLLR − 3(OHH̄H4 )χLLR , χ = L,R ,

(OHH̄H1 )χRLR = (OHH̄H3 )χRRL − 3(OHH̄H4 )χRRL , χ = L,R ,

(OHH̄H2 )χLLR = (OHH̄H3 )χLRL − 3(OHH̄H4 )χLRL , χ = L,R ,

(OHH̄H2 )χRLR = (OHH̄H3 )χRLR − 3(OHH̄H4 )χRLR , χ = L,R ,

(OHH̄H3 )RχLR = (OHH̄H5 )RχLR − 3(OHH̄H8 )χRLR , χ = L,R ,

(OHH̄H3 )LχRL = (OHH̄H5 )LχLR + 3(OHH̄H8 )χLLR , χ = L,R ,

(OHH̄H4 )RχLR = +(OHH̄H6 )RχLR + 2(OHH̄H7 )RχLR + (OHH̄H8 )RχLR , χ = L,R ,

(OHH̄H4 )LχRL = −(OHH̄H6 )LχLR + 2(OHH̄H7 )LχLR + (OHH̄H8 )LχLR , χ = L,R , (C.8)

On top of the relations in eq. (C.5), the above relations give 13 new constraints which
therefore reduce the 32 operators into 19 independent operators as we claimed. Choosing
the following 19 independent operators

(OHH̄H3,4)LχLR , (OHH̄H3,4)RχRL , (OHH̄H5,6,8)χχLR , χ = L,R ; (OHH̄H5,6,7,8)LRLR , (OHH̄H8 )RLLR .

One can easily find they have a one-to-one correspondence with the ones given in eq. (B.2):

(OHH̄H3,4)LLLR + L↔ R⇔ Q(pp)V
2LL,a,b + L↔ R ,

(OHH̄H3,4)LRLR + L↔ R⇔ Q(pp)V
3LR,a,b + L↔ R ,

(OHH̄H5,6,8)LLLR + (OHH̄H5,6,8)RRLR ⇔ Q(pp)V
1LL,a,b,c + L↔ R ,

(OHH̄H5,6,7,8)LRLR + (OHH̄H8 )RLLR ⇔ Q(pp)V
4LR,a,b,c,d,e . (C.9)

Last, in response to the statement at the beginning of section 2.1, here we take a
constructive approach to reduce the lepton tensor current operators with a quark scalar-
vector-vector current structure into those with a scalar-scalar-tensor structure. In doing so,
we only need to transform the vector-vector current into scalar-tensor ones. From the FIs in
eqs. (C.6), (C.7), we can replace ψ2L by γνψ2R in eq. (C.6) and ψ1R by −γνψ1L in eq. (C.7)
to obtain new FIs, such a manipulation is guaranteed by the fact that the FI actually is the
algebraic identity of gamma matrix and independent of the specific representation of spinor
fields. Then we combine the two new FIs from the above replacements, after noticing that
ψT

1RC → (−γνψ1L)TC = −ψT
1L(γν)TC = +ψT

1LCγ
ν , and obtain

2(ψT
1LCγ

νψ2R)(ψT
3LCγ

µψ4R)=(ψT
1LCψ3L)(ψT

2RCγ
νγµψ4R)+(ψT

1LCγ
νγµψ3L)(ψT

2RCψ4R)
+(ψT

1LCγ
µψ4R)(ψT

2RCγ
νψ3L)+(ψT

1LCγ
νψ4R)(ψT

2RCγ
µψ3L) ,
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where the two terms in the second line are symmetric with each other under µ↔ ν. Anti-
symmetrizing the two indices µ and ν from the contraction with the lepton tensor current,
we reach

i(ψT
1LCγ

[νψ2R)(ψT
3LCγ

µ]ψ4R) = (ψT
1LCψ3L)(ψT

2RCσ
νµψ4R) + (ψT

1LCσ
νµψ3L)(ψT

2RCψ4R) ,

where [ν, · · · , µ] means anti-symmetrization of the two indices. The other chiral structures
can be shown in a similar manner. Thus, the above finishes the proof of the equivalence.

D SMEFT operators

For operators with a scalar lepton current, there are 12 independent operators chosen as
follows

OS,(A)
u3d3L21 = (uiTR Cd

j
R)(ukT

R CdlR)(umT
R CdnR)(LT

aCL
′
b)εabTSSS{ij}{kl}{mn} ,

OS,(A)
u3d3L22 = (uiTR Cd

j
R)(ukT

R CdlR)(umT
R CdnR)(LT

aCL
′
b)εabTSAA{ij}[kl][mn] ,

OS,(S)
u2d2Q2L21 = (uiTR Cd

j
R)(ukT

R CdlR)(QmT
a CQnb )(LT

c CL
′
d)εacεbdTSSS{ij}{kl}{mn} ,

OS,(A)
u2d2Q2L22 = (uiTR Cd

j
R)(ukT

R CdlR)(QmT
a CQnb )(LT

c CL
′
d)εabεcdTSAA{ij}[kl][mn] ,

OS,(S)
u2d2Q2L23 = (uiTR Cd

j
R)(ukT

R CdlR)(QmT
a CQnb )(LT

c CL
′
d)εacεbdTSAA{mn}[kl][ij] ,

OS,(A)
udQ4L21 = (uiTR Cd

j
R)(QkT

a CQlb)(QmT
c CQnd )(LT

e CL
′
f )εabεcdεefTSAA{ij}[kl][mn] ,

OS,(S)
udQ4L22 = (uiTR Cd

j
R)(QkT

a CQlb)(QmT
c CQnd )(LT

e CL
′
f )εabεceεdfTSAA{mn}[kl][ij] ,

OS,(S)
Q6L2 = (QiTa CQ

j
b)(Q

kT
c CQld)(QmT

e CQnf )(LT
g CL

′
h)εabεcdεegεfhTSAA{mn}[kl][ij] ,

OS,(S)
u4d2e21 = (uiTR Cu

j
R)(ukT

R CdlR)(umT
R CdnR)(eT

RCe
′
R)TSSS{ij}{kl}{mn} ,

OS,(S)
u4d2e22 = (uiTR Cu

j
R)(ukT

R CdlR)(umT
R CdnR)(eT

RCe
′
R)TSAA{ij}[kl][mn] ,

OS,(S)
u3dQ2e2 = (uiTR Cu

j
R)(ukT

R CdlR)(QmT
a CQnb )(eT

RCe
′
R)εabTSAA{ij}[kl][mn] ,

OS,(S)
u2Q4e2 = (uiTR Cu

j
R)(QkT

a CQlb)(QmT
c CQnd )(eT

RCe
′
R)εabεcdTSAA{ij}[kl][mn] , (D.1)

where the first superscript ‘S’ ( and the following ‘V’ and ‘T’ ) is used to represent the
relevant operator with a scalar (vector and tensor for the following ones) lepton current, and
the bracket superscripts ‘(S)/(A)’ indicate the flavor symmetric/anti-symmetric property
of the lepton current under the exchange of the two lepton fields.

– 34 –



J
H
E
P
0
6
(
2
0
2
1
)
0
4
7

For operators with a vector lepton current, we find there are 7 independent operators
chosen as follows

OVu3d2QeL1 = (uiTR Cd
j
R)(ukT

R CdlR)(QmT
a Cγµu

n
R)(eT

RCγ
µL′b)εabTSSS{ij}{kl}{mn} ,

OVu3d2QeL2 = (uiTR Cd
j
R)(ukT

R CdlR)(QmT
a Cγµu

n
R)(eT

RCγ
µL′b)εabTSAA{ij}[kl][mn] ,

OVu3d2QeL3 = (uiTR Cd
j
R)(ukT

R CdlR)(QmT
a Cγµu

n
R)(eT

RCγ
µL′b)εabTSAA{mn}[kl][ij] ,

OVu2dQ3eL1 = (uiTR Cd
j
R)(QkT

a CQlb)(QmT
c Cγµu

n
R)(eT

RCγ
µL′d)εabεcdTSAA{ij}[kl][mn] ,

OVu2dQ3eL2 = (uiTR Cd
j
R)(QkT

a CQlb)(QmT
c Cγµu

n
R)(eT

RCγ
µL′d)εabεcdTSAA{mn}[kl][ij] ,

OVu2dQ3eL3 = (uiTR Cd
j
R)(QkT

a CQlb)(QmT
c Cγµu

n
R)(eT

RCγ
µL′d)εabεcdTAAA[ij][kl][mn] ,

OVuQ5eL = (QiTa CQ
j
b)(Q

kT
c CQld)(QmT

e Cγµu
n
R)(eT

RCγ
µL′f )εabεcdεefTSAA{mn}[kl][ij] , (D.2)

where the lepton current mixes the lepton doublet field L and singlet field eR and therefore
no any flavor symmetry property.

For operators with a tensor lepton current, there are 10 independent operators which
are chosen as follows

OT,(S)
u2d2Q2L21 = (uiTR Cd

j
R)(ukT

R CdlR)(QmT
a CσµνQ

n
b )(LT

c Cσ
µνL′d)εabεcdTSSS{ij}{kl}{mn} ,

OT,(A)
u2d2Q2L22 = (uiTR Cd

j
R)(ukT

R CdlR)(QmT
a CσµνQ

n
b )(LT

c Cσ
µνL′d)εacεbdTSAA{ij}[kl][mn] ,

OT,(S)
u2d2Q2L23 = (uiTR Cd

j
R)(ukT

R CdlR)(QmT
a CσµνQ

n
b )(LT

c Cσ
µνL′d)εabεcdTSAA{mn}[kl][ij] ,

OT,(A)
udQ4L21 = (uiTR Cd

j
R)(QkT

a CQlb)(QmT
c CσµνQ

n
d )(LT

e Cσ
µνL′f )εabεceεdfTSAA{ij}[kl][mn] ,

OT,(S)
udQ4L22 = (uiTR Cd

j
R)(QkT

a CQlb)(QmT
c CσµνQ

n
d )(LT

e Cσ
µνL′f )εabεcdεefTSAA{mn}[kl][ij] ,

OT,(A)
udQ4L23 = (uiTR Cd

j
R)(QkT

a CQlb)(QmT
c CσµνQ

n
d )(LT

e Cσ
µνL′f )εabεceεdfTAAA[ij][kl][mn] ,

OT,(S)
Q6L2 = (QiTa CQ

j
b)(Q

kT
c CQld)(QmT

e CσµνQ
n
f )(LT

g Cσ
µνL′h)εabεcdεef εghTSAA{mn}[kl][ij] ,

OT,(A)
u4d2e2 = (uiTR Cσµνu

j
R)(ukT

R CdlR)(umT
R CdnR)(eT

RCσ
µνe′R)TSAA{mn}[ij][kl] ,

OT,(A)
u3dQ2e21 = (uiTR Cσµνu

j
R)(ukT

R CdlR)(QmT
a CQnb )(eT

RCσ
µνe′R)εabTSAA{kl}[mn][ij] ,

OT,(A)
u3dQ2e22 = (uiTR Cσµνu

j
R)(ukT

R CdlR)(QmT
a CQnb )(eT

RCσ
µνe′R)εabTAAA[ij][kl][mn] . (D.3)

E Reduction of the redundant operators in the SMEFT

Ref. [12] provides a bunch of the dim-12 operators contributing to dinucleon to dilepton
transitions in the SMEFT, but the operators are neither complete nor independent as a
basis. By using the color tensor relations in eq. (A.4) and the SI for the SU(2)L group and
FIs in appendix C, in the following, we translate their operators as linear combinations
of operators given in appendix D so that one can easily recognize the redundancy and
incompleteness in [12]:

O(pp)
1 = +OS,(S)

u4d2e21−3OS,(S)
u4d2e22 ,

O(pp)
2 = +OS,(S)

u4d2e21 ,

– 35 –



J
H
E
P
0
6
(
2
0
2
1
)
0
4
7

O(pp)
3 = +OS,(S)

u4d2e22 ; (E.1)

O(pp)
4 = +OS,(S)

u3dQ2e2 ; (E.2)

O(pp)
5 = +OS,(S)

u2Q4e2 ,

O(pp)
6 =−3OS,(S)

u2Q4e2 ; (E.3)

O(pp,np)
7 =−1

8
(
CVu3d2QeL1−3CVu3d2QeL3

)
,

O(pp,np)
8 =−1

8
(
CVu3d2QeL1−6CVu3d2QeL2 +3CVu3d2QeL3

)
,

O(pp,np)
9 =−1

8
(
CVu3d2QeL1−3CVu3d2QeL3

)
,

O(pp,np)
10 =−1

8
(
CVu3d2QeL1 +4CVu3d2QeL2 +CVu3d2QeL3

)
,

O(pp,np)
11 =−1

8
(
CVu3d2QeL1−2CVu3d2QeL2−C

V
u3d2QeL3

)
; (E.4)

O(pp,np)
12 =−1

2
(
CVu2dQ3eL1 +CVu2dQ3eL2 +CVu2dQ3eL3

)
,

O(pp,np)
13 =−1

2C
V
u2dQ3eL1 ,

O(pp,np)
14 =−1

2C
V
u2dQ3eL3 ,

O(pp,np)
16 = +3

2
(
CVu2dQ3eL1 +CVu2dQ3eL2 +2CVu2dQ3eL3

)
,

O(pp,np)
17 = +3

2C
V
u2dQ3eL1 ; (E.5)

O(pp,np)
15 =−1

2O
S
uQ5eL ,

O(pp,np)
24 = +3

2O
S
uQ5eL ; (E.6)

O(pp,np,nn)
18 =− 1

16
(
8OS,(S)

u2d2Q2L21−24OS,(S)
u2d2Q2L23−O

T,(S)
u2d2Q2L21 +3OT,(S)

u2d2Q2L23

)
,

O(pp,np,nn)
19 =− 1

16
(
8OS,(S)

u2d2Q2L21−O
T,(S)
u2d2Q2L21

)
,

O(pp,np,nn)
20 =− 1

16
(
8OS,(S)

u2d2Q2L23−O
T,(S)
u2d2Q2L23

)
,

O(pp,np,nn)
22 = + 1

16
(
8OS,(S)

u2d2Q2L21−24OS,(S)
u2d2Q2L23 +3OT,(S)

u2d2Q2L21−9OT,(S)
u2d2Q2L23

)
,

O(pp,np,nn)
23 = + 1

16
(
8OS,(S)

u2d2Q2L21 +3OT,(S)
u2d2Q2L21

)
; (E.7)

O(pp,np,nn)
21 =− 1

16
(
8OS,(S)

udQ4L22−O
T,(S)
udQ4L22

)
,

O(pp,np,nn)
25 = +3

8
(
2OS,(A)

udQ4L21−O
T,(A)
udQ4L21

)
,

O(pp,np,nn)
26 = + 1

16
(
8OS,(S)

udQ4L22 +3OT,(S)
udQ4L22

)
,

O(pp,np,nn)
27 = +4OS,(A)

udQ4L21 +OT,(A)
udQ4L21 ; (E.8)

O(pp,np,nn)
28 =− 1

16
(
8OS,(S)

Q6L2−OT,(S)
Q6L2

)
. (E.9)
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F Chiral basis construction

In tables 5–7, we rewrite the operator basis in the LEFT into a chiral basis which has
well-defined chiral transformation properties. This chiral basis is obtained from LEFT
basis by symmetrizing quark flavors with the same chirality modulo the anti-symmetric
chiral singlet bilinear Dijχ = εuv(qiTχ,uΓqjχ,v) = (uiTχ Γdjχ) − i ↔ j. In doing so, most of the
operators with color tensors TSAA{ij}[kl][mn] and T

AAA
[ij][kl][mn] in the LEFT already belong to the

chiral irreps under SU(2)fL × SU(2)fR as shown in tables 5–7. For the remaining operators,
especially those with color tensor TSSS{ij}{kl}{mn}, the chiral irrep ones are defined in terms
of the above flavor symmetrization procedures as follows:

� Dim-12 operators contributing to pp→`+`′+.

P
(pp)S,±
1,a = 1

5(uiTL CujL)
[
4(ukT

L CdlL)(umT
L CdnL)+(ukT

L CulL)(dmT
L CdnL)

]
j``
′

S,±T
SSS
{ij}{kl}{mn} ,

P
(pp)S,±
3,a = 1

3
[
2(uiTL CdjL)(ukT

L CdlL)+(uiTL CujL)(dkT
L CdlL)

]
(umT
R CunR)j``

′
S,±T

SSS
{ij}{kl}{mn} ,

P
(pp)V
1,a = 1

5
[
2(uiTL CdjL)(ukT

L CdlL)(umT
L Cγµu

n
R)+(uiTL CujL)(dkT

L CdlL)(umT
L Cγµu

n
R)

+2(uiTL CujL)(ukT
L CdlL)(dmT

L Cγµu
n
R)
]
j``
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pp)V
1,b = 1

3(ukT
L CdlL)

[
2(uiTL CdjL)(umT

L Cγµu
n
R)+(uiTL CujL)(dmT

L Cγµu
n
R)
]
j``
′,µ

V TSAA{ij}[kl][mn] ,

P
(pp)V
2,a = 1

5(uiTL CujL)
[
4(ukT

L CdlL)(umT
L Cγµd

n
R)+(ukT

L CulL)(dmT
L Cγµd

n
R)
]
j``
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pp)V
3,a = 1

3(uiTL CujL)
[
2(ukT

R CdlR)(umT
L Cγµd

n
R)+(dkT

R CdlR)(umT
L Cγµu

n
R)
]
j``
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pp)V
4,a = 1

9
[
4(uiTL CdjL)(ukT

R CdlR)(umT
L Cγµu

n
R)+2(uiTL CujL)(ukT

R CdlR)(dmT
L Cγµu

n
R)

+2(uiTL CdjL)(ukT
R CulR)(umT

L Cγµd
n
R)+(uiTL CujL)(ukT

R CulR)(dmT
L Cγµd

n
R)
]
j``
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pp)V
4,b = 1

3(ukT
R CdlR)

[
2(uiTL CdjL)(umT

L Cγµu
n
R)+(uiTL CujL)(dmT

L Cγµu
n
R)
]
j``
′,µ

V TSAA{ij}[kl][mn] ,

P
(pp)V
4,c = 1

3(uiTL CdjL)
[
2(ukT

R CdlR)(umT
L Cγµu

n
R)+(ukT

R CulR)(umT
L Cγµd

n
R)
]
j``
′,µ

V TSAA{kl}[mn][ij] ,

P
(pp)T,−
2,a = 1

2
[
(uiTL CσµνujL)(ukT

L CdlL)+(uiTL CσµνdjL)(ukT
L CulL)

]
(umT
R CdnR)j``

′,µν
T,− TSAA{kl}[mn][ij] .
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� Dim-12 operators contributing to pn→`+ν̄′.

P
(pn)S
1,a = 1

5(uiTL CdjL)
[
2(ukT

L CdlL)(umT
L CdnL)+3(ukT

L CulL)(dmT
L CdnL)

]
j`ν
′

S TSSS{ij}{kl}{mn} ,

P
(pn)S
3,a = 1

3
[
2(uiTL CdjL)(ukT

L CdlL)+(uiTL CujL)(dkT
L CdlL)

]
(umT
R CdmR )j`ν

′
S TSSS{ij}{kl}{mn} ,

P
(pn)V
1,a = 1

5
[
2(uiTL CdjL)(ukT

L CdlL)(umT
L Cγµd

n
R)+(uiTL CujL)(dkT

L CdlL)(umT
L Cγµd

n
R)

+2(uiTL CujL)(ukT
L CdlL)(dmT

L Cγµd
n
R)
]
j`ν
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pn)V
1,b = 1

3(ukT
L CdlL)

[
2(uiTL CdjL)(umT

L Cγµd
n
R)+(uiTL CujL)(dmT

L Cγµd
n
R)
]
j`ν
′,µ

V TSAA{ij}[kl][mn] ,

P
(pn)V
2,a = 1

5
[
2(uiTL CdjL)(ukT

L CdlL)(dmT
L Cγµu

n
R)+(uiTL CujL)(dkT

L CdlL)(dmT
L Cγµu

n
R)

+2(uiTL CdjL)(dkT
L CdlL)(umT

L Cγµu
n
R)
]
j`ν
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pn)V
2,b = 1

3(ukT
L CdlL)

[
2(uiTL CdjL)(dmT

L Cγµu
n
R)+(diTL CdjL)(umT

L Cγµu
n
R)
]
j`ν
′,µ

V TSAA{ij}[kl][mn] ,

P
(pn)V
4,a = 1

9
[
4(uiTL CdjL)(ukT

R CdlR)(umT
L Cγµd

n
R)+2(uiTL CujL)(ukT

R CdlR)(dmT
L Cγµd

n
R)

+2(uiTL CdjL)(dkT
R CdlR)(umT

L Cγµu
n
R)+(uiTL CujL)(dkT

R CdlR)(dmT
L Cγµu

n
R)
]
j`ν
′,µ

V TSSS{ij}{kl}{mn} ,

P
(pn)V
4,b = 1

3(ukT
R CdlR)

[
2(uiTL CdjL)(umT

L Cγµd
n
R)+(uiTL CujL)(dmT

L Cγµd
n
R)
]
j`ν
′,µ

V TSAA{ij}[kl][mn] ,

P
(pn)V
4,c = 1

3(uiTL CdjL)
[
2(ukT

R CdlR)(umT
L Cγµd

n
R)+(dkT

R CdlR)(umT
L Cγµu

n
R)
]
j`ν
′,µ

V TSAA{kl}[mn][ij] ,

P
(pn)T
1,a = 1

6(ukT
L CdlL)

[
4(uiTL CdjL)(umT

L Cσµνd
n
L)+(uiTL CujL)(dmT

L Cσµνd
n
L)

+(diTL CdjL)(umT
L Cσµνu

n
L)
]
j`ν
′,µν

T TSAA{ij}[kl][mn] ,

P
(pn)T
3,a = 1

6
[
4(uiTL CdjL)(ukT

L Cσµνd
l
L)+(uiTL CujL)(dkT

L Cσµνd
l
L)+(diTL CdjL)(ukT

L Cσµνu
l
L)
]

×(umT
R CdnR)j`ν

′,µν
T TSAA{ij}[kl][mn] ,

P̂
(pn)T
3,a = 1

3
[
2(uiTR CdjR)(ukT

R CdlR)+(uiTR CujR)(dkT
R CdlR)

]
(umT
L Cσµνd

n
L)j`ν

′,µν
T TSSS{ij}{kl}{mn} .

� Dim-12 operators contributing to nn→ν̄ν̄′.

P
(nn)S
1,a = 1

5(diTL Cd
j
L)
[
4(dkT

L CulL)(dmT
L CunL)+(dkT

L CdlL)(umT
L CunL)

]
jνν
′

S TSSS{ij}{kl}{mn} ,

P
(nn)S
3,a = 1

3
[
2(diTL Cu

j
L)(dkT

L CulL)+(diTL Cd
j
L)(ukT

L CulL)
]
(dmT
R CdnR)jνν′S TSSS{ij}{kl}{mn} ,

P
(nn)T
2,a =−1

2
[
(diTL Cσµνd

j
L)(dkT

L CulL)+(diTL Cσµνu
j
L)(dkT

L CdlL)
]
(dmT
R CunR)jνν

′,µν
T TSAA{kl}[mn][ij] .

They are converted into the linear combinations of the LEFT operators shown in tables 5–7
via the Schouten identities in eq. (A.4) and the Fierz identities in eqs. (C.6), (C.7) and
their similar cousins.
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Chiral basis LEFT basis Chiral irrep. Chiral spurion

P
(pp)S,±
1,a

1
5

(
5Q(pp)S,±

1LLL,a −3Q(pp)S,±
1LLL,b

)
(7L,1R) θuLvLwLxLyLzL(111122)

P
(pp)S,±
1,b Q(pp)S,±

1LLL,b (3L,1R)|a θuLvL(11)

P
(pp)S,±
2,a Q(pp)S,±

2LLR,a (5L,3R) θuLvLwLxLyRzR(1112)(12)

P
(pp)S,±
2,b Q(pp)S,±

2LLR,b (3L,1R)|b θuLvL(11)

P
(pp)S,±
3,a Q(pp)S,±

3LLR,a−Q
(pp)S,±
3LLR,b (5L,3R) θuLvLwLxLyRzR(1122)(11)

P
(pp)S,±
3,b Q(pp)S,±

3LLR,b (1L,3R)|c θuRvR(11)

P
(pp)S,±
4 Q(pp)S,±

4LLR (5L,3R) θuLvLwLxLyRzR(1111)(22)

P
(pp)V
1,a

1
5

(
5Q(pp)V

1LL,a−6Q(pp)V
1LL,b−3Q(pp)V

1LL,c

)
(6L,2R) θuLvLwLxLyLzR(11122)1

P
(pp)V
1,b

1
3

(
3Q(pp)V

1LL,b−Q
(pp)V
1LL,c

)
(4L,2R)|a θuLvLwLxR(112)1

P
(pp)V
1,c Q(pp)V

1LL,c (2L,2R)|a θuLvR11

P
(pp)V
2,a

1
5

(
5Q(pp)V

2LL,a−3Q(pp)V
2LL,b

)
(6L,2R) θuLvLwLxLyLzR(11112)2

P
(pp)V
2,b Q(pp)V

2LL,b (4L,2R)|a θuLvLwLxR(111)2

P
(pp)V
3,a Q(pp)V

3LR,a−Q
(pp)V
3LR,b (4L,4R) θuLvLwLxRyRzR(111)(122)

P̃
(pp)V
3,a −

(
Q(pp)V

3RL,a−Q
(pp)V
3RL,b

)
(4L,4R) θuLvLwLxRyRzR(122)(111)

P
(pp)V
3,b Q(pp)V

3LR,b (4L,2R)|b θuLvLwLxR(111)2

P̃
(pp)V
3,b Q(pp)V

3RL,b (2L,4R)|b θuLvRwRxR2(111)

P
(pp)V
4,a

1
3

(
3Q(pp)V

4LR,a+3Q(pp)V
4LR,b−3Q(pp)V

4LR,c−Q
(pp)V
4LR,d+2Q(pp)V

4LR,e

)
(4L,4R) θuLvLwLxRyRzR(112)(112)

P
(pp)V
4,b

1
3

(
3Q(pp)V

4LR,b−Q
(pp)V
4LR,d+2Q(pp)V

4LR,e

)
(4L,2R)|b θuLvLwLxR(112)1

P
(pp)V
4,c

1
3

(
3Q(pp)V

4LR,c+Q(pp)V
4LR,d−2Q(pp)V

4LR,e

)
(2L,4R)|b θuLvRwRxR1(112)

P
(pp)V
4,d Q(pp)V

4LR,d (2L,2R)|b θuLvR11

P
(pp)V
4,e Q(pp)V

4LR,e (2L,2R)|c θuLvR11

P
(pp)T,−
1 Q(pp)T,−

1LLL (5L,1R)|a θuLvLwLxL(1112)

P
(pp)T,−
2,a Q(pp)T,−

2LLR,a +Q(pp)T,−
2LLR,c (5L,1R)|b θuLvLwLxL(1112)

P
(pp)T,−
2,b Q(pp)T,−

2LLR,b (3L,3R)|a θuLvLwRxR(11)(12)

P
(pp)T,−
2,c Q(pp)T,−

2LLR,c (3L,1R)|d θuLvL(11)

P
(pp)T,−
3 Q(pp)T,−

3LLR (3L,3R)|a θuLvLwRxR(12)(11)

P̂
(pp)T,−
2,a Q(pp)T,−

2RRL,a (1L,5R)|c θuRvRwRxR(1112)

P̂
(pp)T,−
2,b Q(pp)T,−

2RRL,b (3L,3R)|b θuLvLwRxR(12)(11)

P̂
(pp)T,−
3 Q(pp)T,−

3RRL (3L,3R)|b θuLvLwRxR(11)(12)

Table 5. The chiral basis and their chiral irreps under Gχ for the operators contributing to
pp→ `+`′+.
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Chiral basis LEFT basis Chiral irrep. Chiral spurion

P
(pn)S
1,a

1
5

(
5Q(pn)S

1LLL,a−9Q(pn)S
1LLL,b

)
(7L,1R) θuLvLwLxLyLzL(111222)

P
(pn)S
1,b Q(pn)S

1LLL,b (3L,1R)|a θuLvL(12)

P
(pn)S
2 Q(pn)S

2LLR (5L,3R) θuLvLwLxLyRzR(1112)(22)

P
(pn)S
3,a Q(pn)S

3LLR,a−Q
(pn)S
3LLR,c (5L,3R) θuLvLwLxLyRzR(1122)(12)

P
(pn)S
3,b Q(pn)S

3LLR,b (3L,1R)|b θuLvL(12)

P
(pn)S
3,c Q(pn)S

3LLR,c (1L,3R)|c θuRvR(12)

P
(pn)S
4 Q(pn)S

4LLR (5L,3R) θuLvLwLxLyRzR(1222)(11)

P
(pn)V
1,a

1
5

(
5Q(pn)V

1LL,a−6Q(pn)V
1LL,b −3Q(pn)V

1LL,c

)
(6L,2R) θuLvLwLxLyLzR(11122)2

P
(pn)V
1,b

1
3

(
3Q(pn)V

1LL,b −Q
(pn)V
1LL,c

)
(4L,2R)|a θuLvLwLxR(112)2

P
(pn)V
1,c Q(pn)V

1LL,c (2L,2R)|a θuLvR12

P
(pn)V
2,a

1
5

(
5Q(pn)V

2LL,a+6Q(pn)V
2LL,b −3Q(pn)V

2LL,c

)
(6L,2R) θuLvLwLxLyLzR(11222)1

P
(pn)V
2,b

1
3

(
3Q(pn)V

2LL,b +Q(pn)V
2LL,c

)
(4L,2R)|a θuLvLwLxR(122)1

P
(pn)V
2,c Q(pn)V

2LL,c (2L,2R)|a θuLvR21

P
(pn)V
3 Q(pn)V

3LR (4L,4R) θuLvLwLxRyRzR(111)(222)

P̃
(pn)V
3 −Q(pn)V

3RL (4L,4R) θuLvLwLxRyRzR(222)(111)

P
(pn)V
4,a

1
3

(
3Q(pn)V

4LR,a−3Q(pn)V
4LR,b−3Q(pn)V

4LR,c+Q(pn)V
4LR,d−2Q(pn)V

4LR,e

)
(4L,4R) θuLvLwLxRyRzR(112)(122)

P̃
(pn)V
4,a − 1

3

(
3Q(pn)V

4RL,a−3Q(pn)V
4RL,b−3Q(pn)V

4RL,c+Q(pn)V
4RL,d−2Q(pn)V

4RL,e

)
(4L,4R) θuLvLwLxRyRzR(122)(112)

P
(pn)V
4,b

1
3

(
3Q(pn)V

4LR,b−Q
(pn)V
4LR,d+2Q(pn)V

4LR,e

)
(4L,2R)|b θuLvLwLxR(112)2

P̃
(pn)V
4,b

1
3

(
3Q(pn)V

4RL,b−Q
(pn)V
4RL,d+2Q(pn)V

4RL,e

)
(2L,4R)|b θuLvRwRxR2(112)

P
(pn)V
4,c

1
3

(
3Q(pn)V

4LR,c−Q
(pn)V
4LR,d+2Q(pn)V

4LR,e

)
(2L,4R)|b θuLvRwRxR1(122)

P̃
(pn)V
4,c

1
3

(
3Q(pn)V

4RL,c−Q
(pn)V
4RL,d+2Q(pn)V

4RL,e

)
(4L,2R)|b θuLvLwLxR(122)1

P
(pn)V
4,d Q(pn)V

4LR,d (2L,2R)|b θuLvR12

P̃
(pn)V
4,d −Q(pn)V

4RL,d (2L,2R)|b θuLvR21

P
(pn)V
4,e Q(pn)V

4LR,e (2L,2R)|c θuLvR12

P̃
(pn)V
4,e −Q(pn)V

4RL,e (2L,2R)|c θuLvR21

P
(pn)T
1,a

1
3

(
3Q(pn)T

1LLL,a−Q
(pn)T
1LLL,b

)
(5L,1R)|a θuLvLwLxL(1122)

P
(pn)T
1,b Q(pn)T

1LLL,b (1L,1R)|a 1
P

(pn)T
2 Q(pn)T

2LLR (3L,3R)|a θuLvLwRxR(11)(22)

P
(pn)T
3,a

1
3

(
3Q(pn)T

3LLR,a−Q
(pn)T
3LLR,b

)
(5L,1R)|b θuLvLwLxL(1122)

P
(pn)T
3,b Q(pn)T

3LLR,b (1L,1R)|b 1
P

(pn)T
3,c Q(pn)T

3LLR,c (3L,3R)|a θuLvLwRxR(12)(12)

P
(pn)T
3,d −Q(pn)T

3LLR,d (3L,1R)|d θuLvL(12)

P
(pn)T
4 Q(pn)T

4LLR (3L,3R)|a θuLvLwRxR(22)(11)

P̂
(pn)T
2 Q(pn)T

2RRL (3L,3R)|b θuLvLwRxR(22)(11)

P̂
(pn)T
3,a Q(pn)T

3RRL,a−Q
(pn)T
3RRL,c (1L,5R)|c θuRvRwRxR(1122)

P̂
(pn)T
3,b Q(pn)T

3RRL,b (3L,3R)|b θuLvLwRxR(12)(12)

P̂
(pn)T
3,c Q(pn)T

3RRL,c (1L,1R)|c 1
P̂

(pn)T
4 Q(pn)T

4RRL (3L,3R)|b θuLvLwRxR(11)(22)

Table 6. The chiral basis and their chiral irreps under Gχ for the operators contributing to
pn→ `+ν̄′.
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Chiral basis LEFT basis Chiral irrep. Chiral spurion

P
(nn)S
1,a

1
5

(
5Q(nn)S

1LLL,a−3Q(nn)S
1LLL,b

)
(7L,1R) θuLvLwLxLyLzL(112222)

P
(nn)S
1,b Q(nn)S

1LLL,b (3L,1R)|a θuLvL(22)

P
(nn)S
2,a Q(nn)S

2LLR,a (5L,3R) θuLvLwLxLyRzR(1222)(12)

P
(nn)S
2,b Q(nn)S

2LLR,b (3L,1R)|b θuLvL(22)

P
(nn)S
3,a Q(nn)S

3LLR,a−Q
(nn)S
3LLR,b (5L,3R) θuLvLwLxLyRzR(1122)(22)

P
(nn)S
3,b Q(nn)S

3LLR,b (1L,3R)|c θuRvR(22)

P
(nn)S
4 Q(nn)S

4LLR (5L,3R) θuLvLwLxLyRzR(2222)(11)

P
(nn)T
1 −Q(nn)T

1LLL (5L,1R)|a θuLvLwLxL(1222)

P
(nn)T
2,a −

(
Q(nn)T

2LLR,a+Q(nn)T
2LLR,c

)
(5L,1R)|b θuLvLwLxL(1222)

P
(nn)T
2,b −Q(nn)T

2LLR,b (3L,3R)|a θuLvLwRxR(22)(12)

P
(nn)T
2,c Q(nn)T

2LLR,c (3L,1R)|d θuLvL(22)

P
(nn)T
3 −Q(nn)T

3LLR (3L,3R)|a θuLvLwRxR(12)(22)

P̂
(nn)T
2,a −Q(nn)T

2RRL,a (1L,5R)|c θuRvRwRxR(1222)

P̂
(nn)T
2,b −Q(nn)T

2RRL,b (3L,3R)|b θuLvLwRxR(12)(22)

P̂
(nn)T
3 −Q(nn)T

3RRL (3L,3R)|b θuLvLwRxR(22)(12)

Table 7. The chiral basis and their chiral irreps under Gχ for the operators contributing to
nn→ ν̄ν̄′.
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G Chiral irreducible representations in terms of hadrons

Ope. type Chi. irrep Chi. order Matching operator

Sc
al
ar

cu
rr
en
t:
O
S qu

ar
k
×
j S (3L,1R)|i p0 OS3×1,i = θuLvL(αβ) (u†)uLa(u†)vLb[Ψ

T
aC(g3×1,i+ ĝ3×1,iγ5)Ψb]

(5L,3R) p0 OS5×3 = θuLvLwLxLyRzR(αβγρ)(στ) (Uiτ2)yRwL(Uiτ2)zRxL(u†)uLa(u†)vLb[Ψ
T
aC(g5×3 + ĝ5×3γ5)Ψb]

(7L,1R) p2(×) OS7×1 = θuLvLwLxLyLzL(αβγρστ) (u†uµuiτ2)wLxL(u†uµuiτ2)yLzL(u†)uLa(u†)vLb[Ψ
T
aC(g7×1 + ĝ7×1γ5)Ψb]

(1L,3R)|i p0 ÕS1×3,i = θuRvR(αβ) uuRauvRb[Ψ
T
aC(g1×3,i+ ĝ1×3,iγ5)Ψb]

(3L,5R) p0 ÕS3×5 = θuRvRwRxRyLzL(αβγρ)(στ) (Uiτ2)wRyL(Uiτ2)xRzLuuRauvRb[Ψ
T
aC(g3×5 + ĝ3×5γ5)Ψb]

(1L,7R) p2(×) ÕS1×7 = θuRvRwRxRyRzR(αβγρστ) (uuµu†iτ2)wRxR(uuµu†iτ2)yRzRuuRauvRb[Ψ
T
aC(g1×7 + ĝ1×7γ5)Ψb]

Ve
ct
or

cu
rr
en
t:
O
V
,µ

qu
ar

k
×
j V
,µ (2L,2R)|i p0 OV,µ2×2,i = θuLvRαβ (u†)uLauvRb[Ψ

T
aCγ

µ(g2×2,i+ ĝ2×2,iγ5)Ψb]

(4L,2R)|i p0 OV,µ4×2,i = g4×2,iθ
uLvLwLxR
(αβγ)ρ (Uiτ2)xRwL(u†)uLa(u†)vLb[Ψ

T
aCγ

µγ5Ψb]

(4L,4R) p0 OV,µ4×4 = θuLvLwLxRyRzR(αβγ)(ρστ) (Uiτ2)yRvL(Uiτ2)zRwL(u†)uLauxRb[Ψ
T
aCγ

µ(g4×4 + ĝ4×4γ5)Ψb]

(6L,2R) p1(×) OV,µ6×2 = θuLvLwLxLyLzR(αβγρσ)τ (Uiτ2)zRwL(u†uµuiτ2)xLyL(u†)uLa(u†)vLb[Ψ
T
aC(g6×2 + ĝ6×2γ5)Ψb]

(2L,4R)|i p0 ÕV,µ2×4,i =−g2×4,iθ
uRvRwRxL
(αβγ)ρ (Uiτ2)wRxLuuRauvRb(Ψ

T
aCγ

µγ5Ψb)

(2L,6R) p1(×) ÕV,µ2×6 =−θuRvRwRxRyRzL(αβγρσ)τ (Uiτ2)wRzL(uuµu†iτ2)xRyRuuRauvRb[Ψ
T
aC(g2×6 + ĝ2×6γ5)Ψb]

Te
ns
or

cu
rr
en
t:
O
T
,µ
ν

qu
ar

k
×
jµ
ν

T (1L,1R)|i p0 OT,µν1×1,i = 1
2 ε
ab[ΨT

aCσ
µν(g1×1,i+ ĝ1×1,iγ5)Ψb]

(3L,1R) p1(×) OT,µν3×1 = θuLvL(αβ) (u†uµ)uLa(u†)vLb[Ψ
T
aCγ

ν(g3×1,T + ĝ3×1,T γ5)Ψb]−µ↔ ν

(3L,3R)|i p0 OT,µν3×3,i = θuLvLwRxR(αβ)(γρ) (Uiτ2)xRvL(u†)uLauwRb[Ψ
T
aCσ

µν(g3×3,i+ ĝ3×3,iγ5))Ψb]

(5L,1R)|i p1(×) OT,µν5×1,i = g5×1,iθ
uLvLwLxL
(αβγρ) (u†uµuiτ2)wLxL(u†)uLa(u†)vLb(Ψ

T
aCγ

νγ5Ψb)−µ↔ ν

(1L,3R) p1(×) ÕT,µν1×3 = θuRvR(αβ) (uuµ)uRauvRb[Ψ
T
aCγ

ν(g1×3,T + ĝ1×3,T γ5)Ψb]−µ↔ ν

(1L,5R)|i p1(×) ÕT,µν1×5,i = g1×5,iθ
uRvRwRxR
(αβγρ) (uuµu†iτ2)wRxRuuRauvRb(Ψ

T
aCγ

νγ5Ψb)−µ↔ ν

Table 8. The leading order chiral matching of the chiral irrep six-quark part in our assumed
framework without including terms containing nucleon derivatives. Where in the third column we
show the leading chiral order of each matched operator, and the crosses (×) behind p1,2 indicate
the matched operators cannot contribute to the leading order dim-6 interactions in eq. (2.5).

H LEFT and SMEFT contributions to Cpp, Cpn and Cnn

Taking the specific expressions of the spurion fields in tables 5–7 into the leading order
matching results in eq. (3.18), and combining with the relevant LEFT Wilson coefficients
and lepton currents, we obtain the final matching results for the operators in eqs. (2.6)–(2.8)
as the function of the LECs and the LEFT Wilson coefficients as follows

C
(pp)S
R(L) =

[
g3×1,a

(
3
5C

(pp)S,±
1LLL,a +C(pp)S,±

1LLL,b

)
+g3×1,bC

(pp)S,±
2LLR,b +g3×1,c

(
C

(pp)S,±
3RRL,a+C(pp)S,±

3RRL,b

)
+g5×3

(
−1

4C
(pp)S,±
2LLR,a+1

6C
(pp)S,±
3LLR,a+C(pp)S,±

4LLR

)]
+
(

L↔R
gi×j↔gj×i

)
, (H.1)

C
(pp)S
5R(L)=C(pp)S

R(L) |g→ĝ , (H.2)
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C(pp)V =
[
ĝ2×2,a

(
C

(pp)V
1LL,a+1

3C
(pp)V
1LL,b+C(pp)V

1LL,c

)
+
(

L↔R
ĝ2×2,a↔ĝ2×2,d

)]
+ĝ2×2,b

(
C

(pp)V
4LR,d−

1
3

(
C

(pp)V
4LR,a−C

(pp)V
4LR,b+C

(pp)V
4LR,c

))
+ĝ2×2,c

(
C

(pp)V
4LR,e+

2
3

(
C

(pp)V
4LR,a−C

(pp)V
4LR,b+C

(pp)V
4LR,c

))
+ĝ4×4

(
1
3

(
C

(pp)V
3LR,a+C(pp)V

3RL,a

)
−2

9C
(pp)V
4LR,a

)
+
[
g4×2,a

(
1
3

(
6
5C

(pp)V
1LL,a+C(pp)V

1LL,b

)
−
(

3
5C

(pp)V
2LL,a+C(pp)V

2LL,b

))
+
(

L↔R
gi×j↔gj×i

)]
−g4×2,b

((
C

(pp)V
3LR,a+C(pp)V

3LR,b

)
+1

3

(
C

(pp)V
4LR,a−C

(pp)V
4LR,b

))
−g2×4,b

((
C

(pp)V
3RL,a+C(pp)V

3RL,b

)
−1

3

(
C

(pp)V
4LR,a+C(pp)V

4LR,c

))
, (H.3)

C
(pn)S
L =

[
g3×1,a

(
9
5C

(pn)S
1LLL,a+C(pn)S

1LLL,b

)
+g3×1,bC

(pn)S
3LLR,b+g3×1,c

(
C

(pn)S
3RRL,a+C(pn)S

3RRL,c

)
+g5×3

(
1
2C

(pn)S
2LLR−

1
3C

(pn)S
3LLR,a+1

2C
(pn)S
4LLR

)]
+
(

L↔R
gi×j↔gj×i

)
, (H.4)

C
(pn)S
5L =C(pn)S

L |g→ĝ , (H.5)

C
(pn)V
L =

[
g2×2,a

(
C

(pn)V
1LL,a+1

3C
(pn)V
1LL,b +C(pn)V

1LL,c−C
(pn)V
2LL,a+1

3C
(pn)V
2LL,b−C

(pn)V
2LL,c

)
+
(

L↔R
g2×2,a↔g2×2,d

)]
+g2×2,b

[(
C

(pn)V
4LR,d+1

3

(
C

(pn)V
4LR,a+C(pn)V

4LR,b+C(pn)V
4LR,c

))
+(L↔R)

]
+g2×2,c

[(
C

(pn)V
4LR,e−

2
3

(
C

(pn)V
4LR,a+C(pn)V

4LR,b+C(pn)V
4LR,c

))
+(L↔R)

]
+g4×4

(
C

(pn)V
3LR +C(pn)V

3RL −
1
3

(
C

(pn)V
4LR,a+C(pn)V

4RL,a

))
, (H.6)

C
(pn)V
5L =

[
ĝ2×2,a

(
C

(pn)V
1LL,a+1

3C
(pn)V
1LL,b +C(pn)V

1LL,c +C(pn)V
2LL,a−

1
3C

(pn)V
2LL,b +C(pn)V

2LL,c

)
+
(

L↔R
ĝ2×2,a↔ĝ2×2,d

)]
+ĝ2×2,b

[(
C

(pn)V
4LR,d+1

3

(
C

(pn)V
4LR,a+C(pn)V

4LR,b+C(pn)V
4LR,c

))
−(L↔R)

]
+ĝ2×2,c

[(
C

(pn)V
4LR,e−

2
3

(
C

(pn)V
4LR,a+C(pn)V

4LR,b+C(pn)V
4LR,c

))
−(L↔R)

]
+ĝ4×4

(
C

(pn)V
3LR −C

(pn)V
3RL −

1
9

(
C

(pn)V
4LR,a−C

(pn)V
4RL,a

))
−2

3

[
g4×2,a

(
6
5C

(pn)V
1LL,a+C(pn)V

1LL,b +6
5C

(pn)V
2LL,a−C

(pn)V
2LL,b

)
+
(

L↔R
gi×j↔gj×i

)]
−2

3

[
g4×2,b

(
C

(pn)V
4LR,a+C(pn)V

4LR,b−C
(pn)V
4RL,a−C

(pn)V
4RL,c

)
+
(

L↔R
gi×j↔gj×i

)]
, (H.7)

C(pn)T =gr1×1,a

(
1
3C

(pn)T
1LLL,a+C(pn)T

1LLL,b

)
+gr1×1,b

(
1
3C

(pn)T
3LLR,a+C(pn)T

3LLR,b

)
+gr1×1,c

(
C

(pn)T
3RRL,a+C(pn)T

3RRL,c

)
−gr3×3,a

(
C

(pn)T
2LLR−

1
2C

(pn)T
3LLR,c+C

(pn)T
4LLR

)
−gr3×3,b

(
C

(pn)T
2RRL−

1
2C

(pn)T
3RRL,b+C

(pn)T
4RRL

)
, (H.8)
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C
(nn)S
L =

[
g3×1,a

(
3
5C

(nn)S
1LLL,a+C(nn)S

1LLL,b

)
+g3×1,bC

(nn)S
2LLR,b+g3×1,c

(
C

(nn)S
3RRL,a+C(nn)S

3RRL,b

)
+g5×3

(
−1

4C
(nn)S
2LLR,a+1

6C
(nn)S
3LLR,a+C(nn)S

4LLR

)]
+
(

L↔R
gi×j↔gj×i

)
, (H.9)

C
(nn)S
5L =C(nn)S

L |g→ĝ . (H.10)

After neglecting the QCD running effect and taking the matching result of the LEFT
and SMEFT interactions in table 2 into consideration, we find the above results simplify
considerably and take

C
(pp)S
L = 4g3×1,aC

S,(S)
Q6L2 +2g3×1,bC

S,(S)
udQ4L22 +g3×1,c

(
C
S,(S)
u2d2Q2L21 +C

S,(S)
u2d2Q2L23

)
+ g3×5

6 C
S,(S)
u2d2Q2L21 , (H.11)

C
(pp)S
R = g1×3,a

(
3
5C

S,(S)
u4d2e21 +C

S,(S)
u4d2e22

)
+2g1×3,bC

S,(S)
u3dQ2e2 +4g1×3,cC

S,(S)
u2Q4e2 ,

C
(pp)S
5L(R) =C

(pp)S
L(R) |g→ĝ , (H.12)

C(pp)V = 4ĝ2×2,aC
V
uQ5eL− ĝ2×2,d

(
CVu3d2QeL1−

1
3C

V
u3d2QeL2 +CVu3d2QeL3

)
−2ĝ2×2,b

(
1
3C

V
u2dQ3eL1−CVu2dQ3eL2

)
+2ĝ2×2,c

(
2
3C

V
u2dQ3eL1−CVu2dQ3eL3

)
− g2×4,a

3

(
6
5C

V
u3d2QeL1−CVu3d2QeL2

)
+ 2

3g2×4,bC
V
u2dQ3eL1 , (H.13)

C
(pn)S
L =−2

(
4g3×1,aC

S,(S)
Q6L2 +2g3×1,bC

S,(S)
udQ4L22 +g3×1,c

(
C
S,(S)
u2d2Q2L21 +C

S,(S)
u2d2Q2L23

))
−2
(
g1×3,a

(
9
5C

S,(A)
u3d3L21 +C

S,(A)
u3d3L22

)
+2g1×3,bC

S,(A)
u2d2Q2L22 +4g1×3,cC

S,(A)
udQ4L21

)
+ 2

3g3×5C
S,(S)
u2d2Q2L21 , (H.14)

C
(pn)S
5L =C

(pn)S
L |g→ĝ , (H.15)

C
(pn)V
L = 4g2×2,aC

V
uQ5eL+g2×2,d

(
CVu3d2QeL1−

1
3C

V
u3d2QeL2 +CVu3d2QeL3

)
−2g2×2,b

(
1
3C

V
u2dQ3eL1−CVu2dQ3eL2

)
+2g2×2,c

(
2
3C

V
u2dQ3eL1−CVu2dQ3eL3

)
, (H.16)

C
(pn)V
5L =−4ĝ2×2,aC

V
uQ5eL+ ĝ2×2,d

(
CVu3d2QeL1−

1
3C

V
u3d2QeL2 +CVu3d2QeL3

)
+2ĝ2×2,b

(
1
3C

V
u2dQ3eL1−CVu2dQ3eL2

)
−2ĝ2×2,c

(
2
3C

V
u2dQ3eL1−CVu2dQ3eL3

)
,

− 2
3g2×4,a

(
6
5C

V
u3d2QeL1−CVu3d2QeL2

)
+ 4

3g2×4,bC
V
u2dQ3eL1 , (H.17)

C(pn)T =−16gr1×1,aC
T,(S)
Q6L2 −8gr1×1,bC

T,(S)
udQ4L22−4gr1×1,c

(
C
T,(S)
u2d2Q2L21 +C

T,(S)
u2d2Q2L23

)
−2gr3×3,aC

T,(A)
udQ4L21−g

r
3×3,bC

T,(A)
u2d2Q2L22 , (H.18)

C
(nn)S
L = 4g3×1,aC

S,(S)
Q6L2 +2g3×1,bC

S,(S)
udQ4L22 +g3×1,c

(
C
S,(S)
u2d2Q2L21 +C

S,(S)
u2d2Q2L23

)
+ g3×5

6 C
S,(S)
u2d2Q2L21 , (H.19)

C
(nn)S
5L =C

(nn)S
L |g→ĝ . (H.20)
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