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We discuss the unique baryon number violation by two units neutron decay mode n — pe* x, with x
being the standard model (SM) neutrino v or antineutrino v or any beyond the SM light fermion, in the
framework of effective field theory. This mode is kinematically allowed but rarely discussed theoretically
or searched for experimentally. We estimate the lower bound on its partial lifetime from that of the
dinucleon decay np — e® x per oxygen nucleus 60 set by the Super-Kamiokande experiment, with a
v > 5.7 x 1032 yrs. We also discuss its characteristic signature for the future

experimental search and astrophysical implications.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The baryon-antibaryon asymmetry of the universe requires
the violation of baryon number (B), which is one of the three
Sakharov conditions for a successful baryogenesis mechanism [1].
The baryon number violation (BNV) is also a general feature in
scenarios of physics beyond the standard model like the grand
unified theories [2-4], in which the |AB| =1 single nucleon de-
cays like proton decay p — etm® are predicted. However, the
scale of new physics (NP) associated with |[AB| =1 nucleon de-
cay is constrained, by the current experimental data, to be around
10'4-16 GeV, which is unreachable to directly produce those heavy
particles at current and future high energy colliders.

On the other hand, there is a class of scenarios suppressing
|AB| =1 nucleon decay but contribute dominantly to |[AB| =2
processes like the neutron - antineutron (n—n) oscillation [5-7],
hydrogen - antihydrogen (H—H) oscillation and dinucleon to dime-
son/dilepton decays in nuclei (like pp — w7+, etet) [8-12].]
In such scenarios, the associated NP scale is lowered to be
around O(1 — 10%) TeV from the current experimental results
on n—n oscillation [15,16] and dinucleon to dimeson/dilepton de-
cays [17-19], and this TeV scale NP is appealing since it may be
directly tested at colliders like the LHC and other proposed ones
through the search of the mode pp — ¢ ¢ + 4 jets [20]. In this
latter case with |AB| =2 dinucleon decays, we noticed that there
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1" A detailed summary on the |AB| =1, 2 physics can be found in Refs. [13,14].
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exists a unique |AB| =2 single free or bound neutron decay mode
n— petx with x being the standard model (SM) neutrino v or
anti-neutrino v or any new light fermion beyond the minimal SM
such as a light sterile neutrino, but such a mode has not yet been
considered both theoretically and experimentally.” In this letter
we will investigate this neutron decay mode in the framework of
effective field theory and point out its distinct experimental signa-
ture relative to other dinucleon decays for the guidance of future
experimental searches.

From the perspective of standard model effective field theory
(SMEFT), the leading order interactions contributing to n — pe™ x
depend on the type of x. For the x to be the electron neu-
trino ve, 1 — peTv, can be generated, at leading order, by the
same dimension-9 (dim-9) operators mediating the n—n oscilla-
tion through an insertion of a SM charged weak current, which
is similar to the neutron-antineutron conversion through the same
n—n oscillation operators did by Gardner and Yan [23-25]. For the
muon and tau neutrinos vy ¢, the leading order interactions for
n — petv, ; appear at dim 13,2 this is because the SM has a
good lepton flavor symmetry and therefore n — pe™v, ; cannot
be realized like the decay n — pe* v, by dim-9 interactions.

On the other hand, for the antineutrino case, the decay modes
n— pe* v, ¢ also violate lepton number by two units (JAL| = 2)

2 A brief mention of n — petv, related to operators causing n—ii oscillation is
given in [21,22].

3 They are not generated at dim 12 in that the SMEFT has the property that the
operator’s dimension is even (odd) if |AB — AL|/2 is even (odd) [26]. For our case
here, |AB| =2 and AL =0 means the dimension of relevant operator is odd.
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SMEFT: [ dim-9: O(gqqqqq) Idim-11:0(qqqqquH)I dim-12: O(qqqqqqll) Idim-13:(’)(qqqqqqll_H)}

LE [ dim-9: O(uudddd) Idim-12: O(uuudddeﬁ)] dim-12: O(uuudddev)

SM: (d .y, ur)(7r" er)

BxPT: dim-6: O(npev) dim-6: O(npev)

Process: n — pet v, n— pety,, m — pet e,

(AB,AL) = (~2,0) (AB,AL) = (-2, -2)

Fig. 1. A flowchart of EFT consideration of n — pe™ x.

and their leading order interactions appear at dim 12. After send-
ing the Higgs field to its vacuum expectation value and expanding
the quark and lepton doublet, we obtain the relevant effective
interactions mediating n — pe™x with x # ve in the so-called
low energy effective field theory (LEFT) below the electroweak
scale [27-30], which consisting of two up-type and four down-type
quarks and a charged lepton current, i.e., having the configuration
(uudddde x ). For the decay n — pe*v,, it is a little bit complicated
since it can be generated at leading order from the same dim-9
n—n oscillation operators with the structure (uudddd) by inserting
a SM four-fermion vertex in one of the four down-type quark legs.

Once the relevant LEFT operators are obtained, one can perform
a non-perturbative QCD matching for the six-quark sectors using
the baryon chiral perturbation theory (BxPT) formalism [31-33].
In this way, one ends up with operators consisting of nucleons,
mesons and leptons and the decay rate can be readily calculated.
Here we note that the relevant interactions for pn — e x transi-
tion are the same as that of the decay n — pe™ x because these
two processes are related to each other by crossing symmetry.
Therefore constraints on the branching ratio of n — pe™ x can be
obtained by using known bound from pn — e x transition. If real-
izing the interactions via SMEFT operators, these interactions may
be related to other dinucleon to dilepton transitions such as pp —
ete™ and nn — V. An example of such a case will be given below.
We will present the details elsewhere for the above procedures to
our accompanying long paper concerning the |AB = AL| =2 dinu-
cleon to dilepton decays (pp — ¢1¢'t, pn — ¢V nn — vV’) in a
full EFT analysis [34]. In Fig. 1, we summarize our above discussion
in a pictorial way.

2. EFT analysis for n — pe*t x

In the following, we will take the EFT procedures outlined
in the above and start directly from the hadronic level interac-
tions for a model-independent analysis for n — pe™* x. We assume
the dominant interactions contributing to n — pe* x are encoded
in the leading order dim-6 operators with the field configura-
tion (npex).* The relevant dim-6 effective |AB| = 2 interactions
are classified into two sectors in terms of the net lepton number
|AL| =0 (for x =v) or |AL| =2 (for x =) as follows

(pn) (pn) (pn) (pn)
ﬂAB:Z:ZCAL —0,iOa1=0.i ZCAL 2i0a122i The (1)

where all the independent dim-6 operators in each sector are
parametrized as follows

4 From the perspective of the SMEFT, the SMEFT operators generated above the
electroweak scale should have all fields in contact form without additional propaga-
tors induced by SM degrees of freedom which could not lead to these dim-6 opera-
tors but rather even higher dimensional ones with additional derivatives in the form
(npex ™), we assume their effect relative to the dim-6 operators in Egs. (2), (3) is
small and can be neglected from the usual dimensional analysis.
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n— petv: 5;"”)5 = (p"Cn)(vreR) ,

OR" = (p"Cysm(Vrer) .

OPMY — (pTCym)(Tryter)

O™V — (pTCyuysm) iy ter)

OPOT = (pTCoyyn) (Vo Ver) (2)
n— petv: 0P = (pTcny(efcuy),

OUMS — (pTCysmyelCuy) |

0" = (p"Cyun)EekCytu).

OV = (p"Cyuysm)(erCy v,

oI — (pTCoyyn) el Copvvr) (3)

where C is the charge conjugation matrix satisfying CT = CT = —C
and C%2 = —1, and the flavor of SM left-handed neutrino is sup-
pressed. Except the neutron decay n — pe*x, the above inter-
actions can also contribute to the dinucleon decay pn — ety
in nuclei and the conversion e"p — nx and e n — pyx in the
electron-deuteron (e-d) scattering. This correlation of different pro-
cesses due to the crossing symmetry can help us to estimate the
partial lifetime of n — pe™ x from the experimental lower bound
on that of pn — ety per oxygen nucleus %0 set by the water
Cherenkov Super-Kamiokande (SK) experiment [17]. In the follow-
ing, we assume each time there is only one operator dominant for
the decays n — pe™ x and np — e* x, then the bound on the latter
mode can be used to extract a bound on the former.

As mentioned earlier that the low energy effective interactions
may be related to NP at high energies, which can be parametrized
through the SMEFT interactions. Here we give an example how a
SMEFT operator can generate some of the low energy operators.
We find the dim-12 operator

oy =(@ifcah@iTcap@rmcap gLy
X €qp€cd€eg€ fh T{mn}[kl][ij] , (4)

is of a very interesting case. Where C is again the charge con-
jugation matrix, Q and L are the SM quark and lepton doublets,
respectively. T{mn}[u][k” = €jjm€kin + €ijn€kim iS a color tensor re-
sponsible for the operator to be color invariant, €q(€jjk) is the
second (third) rank totally antisymmetric Levi-Civita symbol.

From UV completion viewpoint, this operator can be gener-
ated by introducing two leptoquark-like scalars S(3,1,—1/3) and
T(3,1,—1/3) into the SM field spectrum and a Z,; symmetry,
where the numbers indicate their SM quantum numbers under
SUB)c xSUR)L x U(1)y. We arrange the scalar T and SM leptons
L,e are odd parity under Z, and all others even. In this way, we
have the Yukawa interactions (SQ Q) and (TTQL) and the Higgs
quartic interaction (STT)2. Then one can easily see the Feynman
diagram in Fig. 2 would yield the operator after integrating out
those heavy scalars, as the same time, the Z, symmetry forbids
the generation of dim-6 |AB| =1 operators like (Q Q QL). In [34]
we show there are only two independent operators with the form
(Q6L?), the other one is a ‘tensor-like’ operator

Ogap = (QICQ)H QT CpPQCoumQp
x (LECO'MVL;)GabGCdEenghT{snfn’?[kl][ij] , (5)

we see from Fig. 2 this operator is also absent in our toy model.
The hadronic counterpart of the six-quark part of o5 éi; can
be obtained through the B PT matching, which has been used be-

fore for the dim-9 six-quark n—n oscillation operators in [33]. We
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Fig. 2. The Feynman diagram responsible for the operator Ofléi; Where the fields

in blue are odd parity under Z,.

first identify that the six-quark part of O éil belongs to the irre-

ducible representation (3;, 1g) of the two- ﬂavor QCD chiral group
SU2) x SU(2)g, then its leading order hadronic counterpart is re-
alized by appealing to the nucleon field ¥ = (p,n)T and pion ma-
trix u in such a way that the resultant operator has the same sym-
metry property as oS 6 L2 including the Lorentz covariance, baryon
number and chiral property. After carrying out the procedures de-
scribed in the above, we obtain the leading order hadronic op-
erator taking the form (u")y;q(u")y,pWIC [g3x1 + &3x1¥5] ¥p with
urg,vp=1,2 for u,d quarks.5 Expanding to zeroth order in the

pion fields, we find the operator leads to O"™° and OF™* in
Eq. (3) with the coefficients

s 5.(S s S.(S
C(Pn) 8g X]cQéL% , C(Pn) sg X]CQGL; , (6)

where Cééi; = A,QE is the Wilson coefficient of operator (’)Zéi;

with Anp being the associated NP scale. Here the hadronic
low energy constants gsy.1 and gs3xi are pertinent to the non-
perturbative QCD matching of quark level operators in the By PT.
g23x1 can be related to the n—n oscillation matrix element via
chiral symmetry, the latter has been determined by using lat-
tice QCD method [38], that implies g3x1 ~ 6 x 1076 GeV®, while
the value for g347 has not been calculated. A naive dimen-
sional analysis would give g3xq to be of order ~ A?(/(47T)4 ~

1.2 x 107 GeV® [39], where Ay, ~ 1.2 GeV is the chiral sym-
metry breaking scale. This result can also be estimated from the
fact that the dim-9 six-quark operator condensates into a dim-3
nucleon current together with the coupling g341, the mass di-
mension of g3.1 should be compensated by Aqcp ~ 200 MeV
since it is the scale for the non-perturbative QCD effect, then
g3x1 ~ A%CD ~ 6.4 x 107> GeV®. We see both estimations agree
within an O(10) uncertainty. For numerical estimations, we will
use this latter lower value for illustrations. The complete details
for the above analysis will be presented in our accompanying long
paper on LEFT and SMEFT operators [34].

It is also interesting that the above operator OQ5L2 not only

generates n — pe™v’ and np — ¢17’, but also pp — ¢t¢'F and
nn — V', If the future SK experiments could find the |AB| =2
signals from all those three different channels, it probably points
to the NP incorporated in this operator.

5 One should be careful that this matching result can not be applied to processes
involving hard pions like pn — e x +nm due to the breakdown of chiral power
counting. In that case, one may employ the chiral effective theory for nuclear forces
to reach a consistent theory, this has been recently applied to the study of deuteron
decay from n —n oscillation operators [35-37].
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3. Decay rate calculations

From the above interactions in Eqs. (1), (2), (3), it is straightfor-
ward to calculate the transition amplitude for n(k) — p(p)e™ (p1) x
X (p2) and henceforth the decay rate. The decay rate can be writ-
ten as

1 1 —
Tispety = 2 12872 fds/dt [ Mo pety | (7)

where m, is the neutron mass, the Mandelstam variables are de-
fined as s = (p1 + p2)?, t=(k—p1)? and u = (k — p2)?.

Taking the interactions in Egs. (1), (2), (3) into consideration,
after calculating the amplitude and finishing the phase space in-
tegration, and assuming one term dominates at a time, we obtain
the following decay rate for each type of the couplings,
&|CR[

Fn—>13e+ v =

’

Tl’l5 ~ 2
28;—3 [61|C;epn)5| s
e[ eled P

)

65|E(P”>T|2] ,

5
Ly ety = —on
3

n—peti = 5g {€1|C£pn)s|2» ea| M)

’

el el

)

eslc®T ] (8)

If several terms exist simultaneously, there are in general inter-
ference terms. In our numerical estimate later, we assume one
term dominates at a time and therefore the interference terms are
neglected. The dimensionless parameters ¢; stem from the phase
space integration over the kinematic variables and take the follow-
ing numerical values

€=78x10"%2, €=50x10"1,
€5=6.0x 10714, 9)

€1=50x10"1,
€e4=15x10"1,

where the suppression of €; is because of the small phase space
for the process.

We now analyze the dinucleon to dilepton decay pn — e™ x in
nucleus to obtain a correlation to the processes discussed above.
From the same interactions in Egs. (1), (2), (3), we can calculate
the transition rate for pn — e™ x in nucleus in the following man-
ner [40]

Upnoery = (2n)3W/d3k1d3k2pp(k1),0n(k2)
X Vrel. (1= V1 -V2)o (pn— et ), (10)

where p, (k)(on(k)) is the proton (neutron) density distribution in
momentum space and pp (o) is the average proton (neutron) den-
sity. vq(v2) is the velocity of the nucleon p(n) and v is their
relative velocity v = |vq — v2|. The total cross-section for the
free nucleon scattering process p(ki)n(kz) — et (p1)x(p2) takes
the form

2
, (11)

‘l N
o(pn—ety) = 7/dn2\/\4pn%+x
4E1E2Vrel.

where Eq(E;) is the energy of the initial state nucleon p(n). dI1,
is the relativistically invariant two-body phase space. For the oxy-
gen nucleus 160, we neglect the small effects due to nucleon Fermi
motion and nuclear binding energy [41]. Under the quasi-static ap-
proximation of nucleons, then the transition rate reduces into

ON T 2
Fpn~>6+x = W’Mpna(frx‘ Iy, (12)
N
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where the average nuclear matter density py approximately equals
0.25 fm™3 for either proton or neutron, and my = (m, +mp)/2.
The two-body final state phase space factor Il = (1/8m)(1 —
m2/(mp +mp)?). The relevant amplitude is calculated from the
interactions in Egs. (1), (2), (3). After finishing the phase space in-
tegration and combining all pieces together, we obtain

m2 ~ -
Fpn%e*v = pan {771 ’Cgm)sf , 7)2|C¥;{1)s‘2 ,

mlCPY L nafCEPY P msfCOMT)

m2
Upnsets = IOZﬂN {771 |C£pn)5}2 , n2|cézzn)5|2 )

mlc™Y P L nalcmY P wslcomT ) (13

where again we neglect the interference terms between any pair
of Wilson coefficients under the assumption of one operator dom-
inant each time. n; are dimensionless parameters and defined as

52\?
weom=(1-2) 21

4
52 52\° .
ng:—<1——> =74%1078,
4 4
52 52\*
=(2+4Z)(1=-%) =2,
4 (*4)( 4)

52 52
’75:4(”3)(]_1) =4, (14)

where § = mg/m,z\, and the nucleon velocity effect is neglected.
If we keep the small nucleon velocity effect, 113 will be modi-
fied to be proportional to the squared velocity, i.e., 713 ~ V%J ~
2AE/my ~ 1072, The nucleon velocity vy is estimated to be
around 0.1 ¢ by taking the average nucleon binding energy AE ~
8 MeV in oxygen nucleus, where c is the speed of light. For 13 45,
the nucleon velocity effect is small relative to their leading contri-
bution and can be safely neglected. In the following, we use the
modified value 7j; ~ v ~ 1072 for 7y but still keep n3’s value
as a conservative estimation for the bound on partial lifetime of
n— pety.

In order to employ the experimental result for np — e™ x, we
assume each time there is only one operator dominant. Accord-
ing to the decay rate in Eq. (8) for n — petx and Eq. (13) for
np — et x, after keeping one term each time and eliminating the
common Wilson coefficient, we obtain the following relation

8.3 2 .
1 _ 2% PNy Ni 4
pety — - -+
n—petx mg 477 € pn—ety

6,2
_ 2PN Mi g
- 3 €i pn—etx

mn
6,2
< 277N Mi —1,5K (15)
4y
=~ m% € Pnoetx

where in the last step we have taken the SK lower bound on the

1 Tifats . . . —1,5K
partial lifetime of pn — e*x as our input, in which Fpn_>e+x >

2.6 x 1032 yrs [17]. Then our main result for the prediction of the
|AB| =2 neutron decay n — pe*t x is as follows

r-! >7.7x 10 yrs, for OP™° 03 | (16)

n—pety ~

r-! >4.9x 10”3 yrs,

n—pety ~

for O, O3 | (17)
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F;lﬁﬁx >5.7x 10 yrs , for 52"")‘/ ,Ozp")v , (18)
T sery 252 x 10% yrs, for OV oMV (19)
Dl sery 22:6x10%yrs, for O, 0®WT (20)

We see that the extrapolated lower bound on the partial life-
time varies from O(10%%) to ©(10°3) years depending on which
operator is dominant. Furthermore, if we take 73 ~ 1072 as
did for 77, the lower bound is improved to be O(10%) years.
As a comparison with the experimental bound on the inclusive
mode F;::Egnythmg > 0.6 x 10%0 yrs quoted by the Particle Data
Group [42], we find the indirect bound obtained here is improved
by at least ten orders of magnitude. For the x = v, case, Ref. [43]
obtained a strong bound on F;;que > 104! yrs, which shall shift
our above lower bound on n — pe* v, by nine orders of magnitude
or so.

Even though we obtain the above bound on the SM neutrino
case, the bound is also valid for beyond the SM light fermion with
a mass my < mp — mp — M, the analysis is similar to the above
SM neutrino case. If the mass m, # 0, we would expect a stronger
bound on the partial lifetime due to an even smaller phase space.

We can also use the known constraints on dinucleon to dilepton
transition rate to set bound on NP scale. Applying the SK exper-
imental limits on the transitions (pp — ¢Y¢'*, pn — ¢¥v',nn —
vv’) from our example operator OZé‘z; [17,19], we find the scale
of NP Anp 2 2 — 3 TeV [34], which is compatible with the analysis
from collider study in [20]. In [34], we also set constraints on the
Wilson coefficients of the dim-6 hadronic operators in Eq. (3) and
the new physics scale associated with the relevant dim-12 SMEFT
operators by using the procedures outlined above together with
the experimental limits on the dinucleon decays.° This may be
probed at the LHC by looking at the process pp — £7¢'F + 4 jets
or the future LHeC via e"p — £* + 5 jets.

4. Discussions

From our analysis in this paper, we expect the partial lifetime
for the unique |AB| =2 neutron decay mode n — pet x is far
longer than the current experimental sensitivity. Nevertheless, this
decay mode has several distinct features in experimental searches
and also strong astrophysical implications. First, in the bound nu-
clei, if a neutron decays into an antiproton and a positron, then
the sub-MeV positron can be detected. The antiproton can annihi-
late with a neighbor proton (neutron) to release two bunches of
energetic mesons in the opposite direction through the QCD inter-
actions, or two O(1 GeV) gamma photons via the QED interaction,
those correlated signals can be used to identify this decay mode
if it could happen. It is worth of search in the future neutrino ex-
periments like the Super-K, DUNE [45], JUNO, etc. Second, unlike
the |AB| =2 dinucleon to dimeson/dilepton decays [17-19], this
decay mode can also be looked for from free neutron decay and
oscillation experiments like the European Spallation Source [46]
to obtain direct limit to test possibilities in all different ways de-
spite the strong indirect bound given in this work. This neutron
decay mode could also have impact on the astrophysical processes
like the cooling of neutron star and the evolution of the universe,
which can be used to constrain the relevant NP complementarily.

6 We also noticed Ref. [44] has considered the |AB| =3 triple nucleon decay pro-
cesses from dim-15 SMEFT operators, the inferred NP scale is around O(100 GeV).
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