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Proton decay in six-dimensions orbifolded on square T2=Z2 is highly suppressed at tree level. This is
because baryon number violating (BNV) operators containing only the zero mode of bulk fermions must
satisfy the selection rule 3

2
ΔB� 1

2
ΔL ¼ 0mod 4. In this article, we show that the above relation does not

prohibit mass dimension-six BNV operators containing Kaluza-Klein partners of the bulk fermions.
Together with a “spinless” adjoint scalar partner of hypercharge gauge boson (the dark matter candidate),
these novel operators generate dark matter assisted proton decay at mass dimension eight. Here, with
explicit examples of scalar and vector baryon number violating interactions, we discuss the importance of
such ΔB ¼ 1 ¼ ΔL and ΔB ¼ 2 ¼ ΔL operators and derive the limit on new physics.

DOI: 10.1103/PhysRevD.109.095039

I. INTRODUCTION

Baryon-antibaryon asymmetry in the Universe has been
one of the most intriguing mysteries in Nature. With the
partial lifetime of a proton confirmed to beyond 1034 years
[1], it is impossible for simple baron number violating new
physics models to exist at Oð1 TeVÞ. On the other hand,
next order effects like neutron-antineuron (n − n̄) oscilla-
tions [2], nn → ν̄ ν̄, hydrogen-antihydrogen (H − H̄) oscil-
lations, or double proton annihilation (pp → eþeþ), which
violate baryon number by two units, have been interesting
due to the much lower constraint on the new physics scale.
Such rare processes that violate these accidental symmetries
of the StandardModel (SM) have been very powerful probes
to exploring physics beyond the Standard Model. Thus, if
detected, it will be of fundamental importance in particle
physics and cosmology. New experiments [3] are being
devised to detect these rare events.On the other hand, the lack
of any conclusive observation of such events on terrestrial
experiments poses an indomitable challenge for new physics
models. In an effective field theory, since both scalar and
vector operators lead toΔB ¼ 1 andΔB ¼ 2 processes, it is
not possible to predict observableΔB ¼ 2 processes without
suppressing ΔB ¼ 1 with discrete symmetries or additional
quantum numbers. The solution to these problems could lie
in some dynamical processwhich suppresses baryon number

violating currents on Earth, but have had significant con-
tributions to baryogengesis in the evolution of the Universe.
Though baryon and lepton numbers are accidental sym-

metries of the StandardModel at the classical level, quantum
effects break themnonperturbatively [4] toUð1ÞB−L. There is
no a priori reason for these symmetries to be preserved in
beyond Standard Model scenarios. Nevertheless, to describe
new physics with a minimal SM-like gauge structure and
representations, it is suggestive to keep the Uð1ÞB−L sym-
metry to be intact.With the proton decay suppressed, various
new physics models [5–15] can accommodate baryon
number violation by two units. These processes are highly
sensitive to new physics at an intermediate energy scale
∼Oð1–100 TeVÞ. The strongest constraint on this inter-
mediate scale arises from neutron-antineutron oscillation
∼500 TeV [11] in four-dimensions. On the other hand,
embedding themodel in six dimensions with nested warping
[15] has proven to substantially relax this constraint to
∼3 TeV. More interestingly, though n − n̄ oscillation is
usually understood to be baryon number violating by two
units, with a suitably extended Higgs sector [16] that
spontaneously breaks global B − L symmetry, this process
also violates the lepton number. With the neutrino mass
mν ≲ 10−1 eV, this model accommodates a much relaxed
new physics scale ∼1 TeV.
The identification of 11 possible candidates with an

expected background of 9.3� 2.7 events at Super-
Kamiokande [17], 0.37 megaton-year exposure, and the
prospect of observing the neutron-antineutron oscillation at
Hyper-Kamiokande [18] and HIBEAM/NNBAR [19] with
much improved sensitivity has reignited the interest in
ΔB ¼ 2 processes. Moreover, the predictions of hydrogen-
antihydrogen oscillation and proton-proton annihilation
(pp → eþeþ) [20] are other possible signatures of the
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new physics. At the quark-level, H − H̄=pp → eþeþ is
given by the dimension-12 operator,

CH−H̄ðuudÞ2ðēceÞ: ð1Þ

At the scale of the measurement (∼2 GeV), it is convenient
to construct hadron-level effective field theory as

Oppee ¼
1

Λ2
ppee

ðp̄cΓppÞðēcΓeeÞ

where Γp;e ¼ ð1; iγ5; γμγ5Þ: ð2Þ

The quark-level effective operator could then be compared
with the low-energy effective field theory operator made up
of leptons and hadrons as

Λppeeð0.22mpÞ3 ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
CH−H̄

p
; ð3Þ

where we have used h0juudjpi ¼ ffiffiffiffiffiffiffiffiffi
2mp

p
βH, with the

hadronic parameter βH ¼ 0.014 GeV3 determined by lat-
tice methods [21].
With large densities of atomic hydrogen present at the

interstellar medium (ISM), the search for ΔB ¼ 2;ΔL ¼ 2
process in the oscillation-induced diffused γ-rays survey, by
Fermi LAT, constrains the upper-limit of the oscillation
matrix element to δ ¼ 2hpe−jHjp̄eþi ≲ 6 × 10−17s−1 [22].
On the other hand, search for pp → eþeþ (proton anni-
hilation rate in oxygen nuclei), at Super-Kamiokande [1],
places a much stronger upper bound of δ≲ 10−21s−1. This
limit constrains the scale of new physics to be ≳2 TeV.
In 4kþ 2 dimensions, the operator in Eq. (1) does not

remain invariant under Lorentz transformations. This is
because the charge conjugation operators in 4k and 4kþ 2
dimensions behave differently. In even dimensions, it is
understood that the Lorentz group is reducible and there
exists a chiral projection operator. While in 4k dimensions,
the charge conjugation operator anticommutes with the
chirality projection operator, in 4kþ 2 dimensions they
commute. Thus, it is not straightforward to realize a 4k-
dimensional model by compactifying from 4kþ 2 dimen-
sions, in the presence of currents with charge conjugate
fields. In this article, we discuss the correct manner to
address the baryon number violating operators in 4kþ 2
dimensions, in particular in six dimensions. We conduct a
model independent effective field theory analysis with
scalar, vector, and mixed operators, generated through
the interactions of a scalar and vector bilinear of spinor
fields that transform under the full 4kþ 2-dimensional
Lorentz symmetry. An interesting scenario arises with
operators containing KK-1 modes at the lowest order.
Note that in generic d dimensions, the gauge boson has

d − 2 polarizations. After compactification, a combination
of d − 4 broken polarization in the Kaluza-Klein (KK)
spectrum becomes the “spinless adjoint scalar field.” One

such combination is “eaten” by the KK towers to become
massive, while other combinations survive. In six dimen-
sions, the surviving combination of the broken polariza-
tions of the hypercharge gauge boson forms the “spinless
adjoint scalar,”which, with the degeneracy of the KK-mode
masses lifted at one loop [23,24], becomes the lightest
stable particle and thus the dark matter (DM) [25]. Limits
from the WMAP data [26] constrains the mass of this
adjoint scalar to be ∼2 TeV [27], but it can be relaxed by
allowing additional resonant annihilation and coannihila-
tion channels. One such possibility is to embed the model
in higher dimensional space-time with warping [28].
With the spinless adjoint scalar becoming the dark matter

candidate, its interactions with the KK-1 fermion can
influence the aforementioned operators leading to dark
matter assisted baryon number violating currents. These
operators influenced by the dark matter, in 4kþ 2 dimen-
sions, can predict large baryon number violation near
superdense dark matter clumps [29,30]. This can also
explain the absence of any observation yet at the terrestrial
experiments. Moreover, this operator also provides an
interesting annihilation channel for the dark matter.
In literature, four-dimensional models that predict such

dark matter influenced baryon number violation [31–34]
are discussed usually in the context of asymmetric dark
matter carrying a net antibaryon number which can
describe both dark and baryonic matter origin through a
unified phylogenesis mechanism. These antibaryonic dark
matter can cause induced nucleon decay with ∼1 GeV
meson in the final sate and provide a novel signature in the
terrestrial nucleon decay experiments. Models with hidden
MeV dark matter [35] can also contribute to dark matter
induced processes like f̄p → eþn and have interesting
signatures at Super-Kamiokande. They are constrained by
dark matter relic density and supernova cooling, and for
Majorana type dark matter, Super-Kamiokande strongly
rules them out up to the scale ∼100 TeV.
A minimal 4kþ 2 extra-dimensional construction

assumes six dimensions, such that the six-dimensional
Lorentz symmetry is broken to four dimensions by orbi-
folding on T2=Z2. This construction, with Standard Model-
like bulk fermions transforming under a SUð3Þc ×
SUð2ÞW × Uð1ÞY gauge group, boasts a rich phenomenol-
ogy [36–39], provides a viable cold dark matter candidate
[25,40], predicts the number of chiral generations [41], and
can lead to a small cosmological constant [42] naturally.
Upon compactification, the six-dimensional Lorentz sym-
metry SOð5; 1Þ breaks to the four-dimensional Lorentz
symmetry SOð3; 1Þ and a residual Uð1Þ45 symmetry which
generates rotation in the x4 − x5 plane. Thus in addition to
the four-dimensional Lorentz transformations, the fermions
also transform under the Uð1Þ45 symmetry. This brings in
an additional charge to the fermions and leads to the
selection rule 3

2
ΔB� 1

2
ΔL ¼ 0mod 4 for the baryon and

lepton number violating operator constructed only of zero
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mode of fermions [43]. This selection rule suppresses the
proton decay to very large orders at tree level, and saves the
model from tight constraints.
In this article, we explicitly show that this selection rule

does not hold true with operators containing Kaluza-Klein
partners of the SM fermions. These new sets of operators,
although inconsequential on their own, become interesting
when we include their interaction with the “spinless”
adjoint scalar field. The interaction of KK-1 fermions with
the spinless adjoint scalar field can readily convert it to a
SM fermion. Thus, here, we show that the proton can decay
faster than what was discussed in [43], albeit in the
presence of dark matter (spinless adjoint scalar field).
This process then can explain the rarity of proton decay
on Earth with the lack of enough dark matter density.
This article is organized as follows. In the next section

and its subsection, we will derive some of the relevant
properties of Clifford algebra and fields 4kþ 2 dimensions,
particularly in six dimensions and also discuss the field
content in our model. In Sec. III, we discuss the possible
baryon number violating interactions of scalar and vector
new physics fields and resultant operators and in Sec. IV,
we discuss the proton decay and assisted proton decay. The
ΔB ¼ 2 ¼ ΔL term is discussed in Sec. V and we also
derive limits on these operators from various processes like
pp → eþeþ, DM þ p → DM þ p̄þ eþ þ eþ, and dark
matter initiated hydrogen-antihydrogen oscillation. We
conclude our analysis in Sec. VI.

II. CLIFFORD ALGEBRA IN 4k+ 2 DIMENSIONS

In a general d-dimensional vector space, with the basis
generated by ΓM, over the field of complex numbers, the
Clifford algebra is given by [44,45]

fΓM;ΓNg ¼ 2ηMN; ð4Þ

where ηMN ¼ diagð−1;þ1;þ1;þ1;…; d − 1 timesÞ and
M;N ¼ ð0; 1; 2; 3;…; d − 1Þ. When d is even, the
Clifford algebra falls apart into two simple sets, whose
representations we call Weyl spinors.
The Lorentz group generators in this geometry become

ΣMN ¼ −
i
2
½ΓM;ΓN �: ð5Þ

In even dimensions, the Lorentz symmetry also supports an
extra Gamma matrix that anticommutes with all the other
ΓM as,

Γ4kþ3 ¼ αΓ0Γ1Γ2…:Γ4kþ1; ð6Þ

where α ¼ 1 in 4kþ 2 dimensions, chosen to satisfy
ðΓ4kþ3Þ2 ¼ 1. Using this, we can define a chiral projection
operator P� ¼ 1

2
ð1� Γ4kþ3Þ, such that every Dirac fermion

(ψ ) can be projected into two irreducible Weyl representa-
tions (ψ�) by

ψ� ¼ P�ψ : ð7Þ

We name the chiralities in 4kþ 2 dimensions to beþ and −
to distinguish from the chiralities in 4k dimensions where
they are called left and right.
Moreover, for gamma matrices ΓM, there exists sim-

ilarity transformation that relates them to −ΓM�. Given this
transformation, we can define a charge conjugation oper-
ator that acts on the fermion field as

ψc ¼ Cψ ≡ ðCΓ0Þψ�; ð8Þ

such that theψ andψc have the sameLorentz transformation,
satisfying ½CΓ0;ΣMN � ¼ 0. Further, the transformation of the
Gamma matrix under this operator is given by

ΓM ¼ −ðCΓ0ÞΓM�ðCΓ0Þ−1
¼ −CðΓMÞTC−1: ð9Þ

Now, from Eq. (6), we see that ½CΓ0;Γ4kþ3� ¼ 0 in 4kþ 2
dimensions. Unlike in four dimensions, since the charge
conjugation operator ðCΓ0Þ commutes with Γ4kþ3, the
charge conjugate fermion representation in six dimensions
must satisfy the same Weyl condition as the original spinor
field did. Due to this, the charge conjugation operator does
not flip chirality in 4kþ 2 dimensions.
For illustrating the arguments above, we will work with

Standard Model fermions in six dimensions and describe
the relevant Lorentz symmetry properties below. In six
dimensions, the spin-half representation of the Lorentz
group is defined by six 8 × 8 gamma matrices that satisfy
the relation in Eq. (4). In particular, we choose to work in
the representation of the algebra defined by

Γμ ¼ γμ ⊗ σ1; Γ4 ¼ γ5 ⊗ σ1; Γ5 ¼ 1⊗ σ2: ð10Þ

In the above relations, γμ denotes the four-dimensional
Dirac matrices and γ5 the chirality projection operator four
dimensions. The Lorentz algebra for the spinor field is now
generated by

Σμν ¼
i
2
½Γμ;Γν�; Σμ4 ¼

i
2
½Γμ;Γ4�;

Σμ5 ¼
i
2
½Γμ;Γ5�; Σ45 ¼

i
2
½Γ4;Γ5�; ð11Þ

with spinors transforming as Ψ → e
i
4
ΣMNθ

MNΨ. As we dis-
cussed previously, the Lorentz group in six dimensions
admits irreducible chiral representations Ψ� ¼ 1

2
ð1�Γ7ÞΨ,

where the chiral projection operator is given by
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Γ7 ¼ Γ0Γ1Γ2Γ3Γ4Γ5 ¼ 1 ⊗ σ3: ð12Þ

Using Eq. (9), along with the gamma matrices given in
Eq. (12), the charge conjugation operator C can be seen to
anticommute with Γ0, Γ2, Γ4 and commute with Γ1, Γ3, Γ5.
Therefor the charge conjugation operator is given by

C ¼ iΓ4Γ2Γ0

¼ γ5γ2γ0 ⊗ σ1: ð13Þ

A. Standard Model fermions in six dimensions

Let us now consider bulk StandardModel fermions in six
dimensions that transform under the SUð3Þc × SUð2ÞW ×
Uð1ÞY gauge group. These fermions are denoted by Qþ,
U−,D− for quarks and Lþ, E−,N − for leptons, where� are
chiralities defined by the chirality projection operator
defined as P� ¼ 1

2
ð1� Γ7Þ. These fields are set to satisfy

the gauge quantum numbers given in Table I.
Unlike in four dimensions, in six dimensions the gauge

anomalies are give by box diagrams. The aforementioned
fermion chiralities and gauge charges are assigned such that
the irreducible ½SUð3Þc�3Uð1ÞY and mixed gauge-gravita-
tional anomalies vanish exactly. But, the nonvanishing
reducible anomalies, ½SUð2ÞW �4, ½SUð2ÞW �2½SUð3Þc�2,
½SUð2ÞW �2½Uð1Þ�2Y , and ½SUð3Þc�2½Uð1Þ�2Y are cancelled
via the Green-Schwarz mechanism [46].
On compactifying the six-dimensional geometry on a

torus T2, the Lorentz generators in Eq. (11) break to Σμν

and Σ45. Note that, Σ45 generates rotation in the x4 − x5
plane. Hence, along with the four-dimensional Lorentz
transformation, Ψ� → e

i
4
Σμνθ

μνΨ�, the fermions also trans-
form under Σ45 as Ψ� → e

i
4
Σ45θ

45Ψ�. This residual

Uð1Þ45 ¼ eiΣ
45θ45 symmetry, where θ45 is an arbitrary

rotation in the ðx4; x5Þ plane, is broken to its discrete
subgroups upon orbifolding. The T2=Z2 orbifold on a
rectangle, in general, is now invariant under a rotation
through π, thus preserving the Z2 subgroup of Uð1Þ45.
Whereas, a square T2=Z2 possesses a Z4 symmetry since it
is invariant under π=2 rotations.
Orbifolding six dimensions on T2=Z2 breaks the six-

dimensional fermion Ψ�ðxMÞ to its Fourier mode
Ψ�ðxMÞ¼

P
nψ

n
�lðxμÞχnl ðx4;x5Þþψn

�rðxμÞχnr ðx4;x5Þ, where
l and r are four-dimensional chiralities given by ψ�l ¼
PLΨ� ¼ 1

2
ð1þ γ5ÞΨ� and ψ�r ¼ PRΨ� ¼ 1

2
ð1 − γ5ÞΨ�,

where γ5 ¼ iγ0γ1γ2γ3. Since the residual Z4 subgroup of
Uð1Þ45 is preserved under orbifolding, the fermion ψ�l
gets a charge �1=2 and ψ�r gets charge ∓1=2 under this
symmetry [43]. Thus, all the operators originating from six-
dimensional geometry are bound to preserve this quantum
charge.
To understand what this means for six dimensions with

the bulk Standard Model, let us consider their Kaluza-Klein
decomposition,

Qþðxμ; xaÞ ¼
ffiffiffi
2

p

ð2πRÞ
�
qð0;0Þþl ðxμÞ þ

ffiffiffi
2

p X
m;n

�
PLQ

ðm;nÞ
þl ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
þ PRQ

ðm;nÞ
þr ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

���
;

U−ðxμ; xaÞ ¼
ffiffiffi
2

p

ð2πRÞ
�
uð0;0Þ−r ðxμÞ þ

ffiffiffi
2

p X
m;n

�
PRU

ðm;nÞ
−r ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
þ PLU

ðm;nÞ
−l ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

���

D−ðxμ; xaÞ ¼
ffiffiffi
2

p

ð2πRÞ
�
dð0;0Þ−r ðxμÞ þ

ffiffiffi
2

p X
m;n

�
PRD

ðm;nÞ
−r ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
þPLD

ðm;nÞ
−l ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

���

Lþðxμ; xaÞ ¼
ffiffiffi
2

p

ð2πRÞ
�
lð0;0Þ
þl ðxμÞ þ

ffiffiffi
2

p X
m;n

�
PLL

ðm;nÞ
þl ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
þ PRL

ðm;nÞ
þr ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

���
;

E−ðxμ; xaÞ ¼
ffiffiffi
2

p

ð2πRÞ
�
eð0;0Þ−r ðxμÞ þ

ffiffiffi
2

p X
m;n

�
PRE

ðm;nÞ
−r ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
þPLE

ðm;nÞ
−l ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

���
;

N −ðxμ; xaÞ ¼
ffiffiffi
2

p

ð2πRÞ
�
nð0;0Þ−r ðxμÞ þ

ffiffiffi
2

p X
m;n

�
PRN

ðm;nÞ
−r ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
þ PLN

ðm;nÞ
−l ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

���

ð14Þ

TABLE I. Six-dimensional Standard Model fermions and their
charges under SUð3Þc × SUð2ÞW × Uð1ÞY gauge group.

Fermions SUð3Þc SUð2ÞW Uð1ÞY
QþðxMÞ 3 2 1=3
U−ðxMÞ 3 1 4=3
D−ðxMÞ 3 1 −2=3
LþðxMÞ 1 2 −1
E−ðxMÞ 1 1 −2
N −ðxMÞ 1 1 0
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where qð0;0Þþl , uð0;0Þ−r , and dð0;0Þ−r are the zero modes and are
identified with the four-dimensional Standard Model

quarks. Similarly, lð0;0Þ
þl , eð0;0Þ−r , and nð0;0Þ−r are identified

with the Standard Model leptons and the right-handed
neutrino. The rest of the states are Kaluza-Klein partners of
the Standard Model fermions and carry the same gauge
quantum charge. As mentioned before, the fermions are
also charged under the residual Uð1Þ45 symmetry. Since
Σ45 ¼ γ5 ⊗ σ3, from Eq. (11), left- and right-handed
partners of the same fermion carry opposite charge. The
full set of charges that four-dimensional fermion fields
carry are given in Table II.

B. New physics scalar and vector
bosons in six dimensions

The Higgs field and SUð3Þc × SUð2ÞW × Uð1ÞY gauge
bosons are assumed to propagate in the bulk of six
dimensions. Upon compactification and orbifolding, they
break to a KK state. For brevity, we will not discuss the
Standard Model scalar and vector fields, but refer the reader
to [47]. On the other hand, since the spinless adjoint scalar
partner of the hypercharge gauge boson is of importance,
we will discuss the Abelian gauge theory in six dimensions
in the Appendix.
Let us now consider the new physics scalar and vector

bosons that mediate the baryon number violating currents.
Their charges under the Standard Model gauge group are
given in Table III. We will assume that unlike Standard
Model fields these new physics bosons satisfy the Dirichlet
boundary condition at orbifold fixed points. The reason for
this will be clear when we write their interaction terms.
To that end, let us begin with the Lagrangian of a

complex scalar boson [Φðxμ; x4; x5Þ] in six dimensions
given by

LS ¼ ðDMΦÞ†ðDMΦÞ −m2
ΦΦ†Φ; ð15Þ

where DM is the covariant derivate. Orbifolding the
geometry and applying the Dirichlet boundary condition,
Φ can be expanded in its Fourier modes as

Φðxμ; x4; x5Þ ¼
X
m;n¼0

Φðm;nÞðxμÞ sin
�
mx4
R

þ nx5
R

�
: ð16Þ

With this, after integrating out the extra dimensions, the
four-dimensional Lagrangian density becomes,

LS4D ¼
Z

dx4dx5LS ¼ ðDμΦðm;nÞÞ†ðDμΦðm;nÞÞ

−
�

1

R2
ðm2 þ n2Þ þm2

Φ

�
Φðm;nÞ†Φðm;nÞ: ð17Þ

Note that the lightest mode in the above Lagrangian has
mass ð 1

R2 þm2
ΦÞ1=2.

Similarly, the Lagrangian density of the vector boson
(AM) in six dimensions is given by

TABLE II. Resultant charges of four-dimensional fermions after breaking the six-dimensional Lorentz symmetry,
SOð5; 1Þ, to SOð3; 1Þ ×Uð1Þ45.
6d fermions 4d fermions SUð3Þc SUð2ÞW Uð1ÞY Uð1Þ45
QþðxMÞ qð0;0Þþl ðxμÞ, Qðm;nÞ

þl ðxμÞ 3 2 1/3 1=2

Qðm;nÞ
þr ðxμÞ −1=2

U−ðxMÞ uð0;0Þ−r ðxμÞ, Uðm;nÞ
−r ðxμÞ 3 1 4/3 1=2

Uðm;nÞ
−l ðxμÞ −1=2

D−ðxMÞ dð0;0Þ−r ðxμÞ, Dðm;nÞ
−r ðxμÞ 3 1 −2=3 1=2

Dðm;nÞ
−l ðxμÞ −1=2

LþðxMÞ lð0;0Þ
þl ðxμÞ, Lðm;nÞ

þl ðxμÞ 1 2 −1 1=2

Lðm;nÞ
þr ðxμÞ −1=2

E−ðxMÞ eð0;0Þ−r ðxμÞ, Eðm;nÞ
−r ðxμÞ 1 1 −2 1=2

Eðm;nÞ
−l ðxμÞ −1=2

N −ðxMÞ nð0;0Þ−r ðxμÞ, N ðm;nÞ
−r ðxμÞ 1 1 0 1=2

N ðm;nÞ
−l ðxμÞ −1=2

TABLE III. Six-dimensional scalar and vector color represen-
tations in addition to Standard Model fields.

Field SUð3Þc SUð2ÞL Uð1ÞY
Φ† 3 2 5=3
AM 6̄ 3 2=3
V�
M 3 1, 3 2=3

UM 3 1 2=3
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LA ¼ −
1

4
FMNFMN −m2

AAMAM

¼ −
1

4
FμνFμν −

1

2
Fμ4Fμ4 −

1

2
Fμ5Fμ5 −

1

2
F45F45 −m2

AAμAμ −m2
AA4A4 −m2

AA5A5; ð18Þ

where Fμ4 ¼ ∂μA4 − ∂4Aμ, Fμ5 ¼ ∂μA5 − ∂5Aμ, and F45 ¼ ∂4A5 − ∂5A4. For simplicity we have considered Abelian fields
here, but the derivation can be extended to non-Abelian fields as well.
Upon orbifolding, we again consider a Dirichlet boundary condition for the Aμ component of the vector field, while A4

and A5 are set to satisfy the Neumann boundary condition. The components of the 6D vector field that satisfy the above
boundary condition in the orbifolded geometry, now can be Fourier expanded as

Aμðxμ; x4; x5Þ ¼
X
m;n≠0

Aðm;nÞ
μ ðxμÞ sin

�
mx4
R

þ nx5
R

�
;

A4ðxμ; x4; x5Þ ¼
X
m;n¼0

Aðm;nÞ
4 ðxμÞ cos

�
mx4
R

þ nx5
R

�
;

A5ðxμ; x4; x5Þ ¼
X
m;n¼0

Aðm;nÞ
5 ðxμÞ cos

�
mx4
R

þ nx5
R

�
: ð19Þ

The Lagrangian density in Eq. (18), in generalized Rζ gauge-fixing, after integrating over the x4 and x5 directions,
becomes

LA ¼ −
1

4
FμνFμν −

1

2
Fμ4Fμ4 −

1

2
Fμ5Fμ5 −

1

2
F45F45 −m2

AAμAμ −m2
AA4A4 −m2

AA5A5 −
1

2ζ
ð∂μAμ þ ζð∂4A4 þ ∂5A5ÞÞ2

¼
X
m;n≠0

−
1

4
Fðm;nÞ
μν Fðm;nÞμν −

1

2

��
m
R

�
2

þ
�
n
R

�
2
�
Aðm;nÞ
μ Aðm;nÞμ −m2

AA
ðm;nÞ
μ Aðm;nÞμ −

1

2ζ
ð∂μAðm;nÞμÞ2

þ
X
m;n¼0

−
1

2
ð∂μAðm;nÞ

4 Þ2 − 1

2
ð∂μAðm;nÞ

5 Þ2

−
1

2

�
n
R
Aðm;nÞ
4 −

m
R
Aðm;nÞ
5

�
2

−
ζ

2

�
m
R
Aðm;nÞ
4 þ n

R
Aðm;nÞ
5

�
2

−m2
AA

ðm;nÞ2
4 −m2

AA
ðm;nÞ2
5 : ð20Þ

Since in this article we are only interested in the first few heavy modes of the field, the dynamics of zeroth and first KK
sates, represented by ðm ¼ 0; n ¼ 0Þ and ðm ¼ 1; n ¼ 0Þ is given by

LA ¼
X

0<m≤1
−
1

4
Fðm;0Þ
μν Fðm;0Þμν −

1

2

�
m
R

�
2

Aðm;0Þ
μ Aðm;0Þμ −m2

AA
ðm;0Þ
μ Aðm;0Þμ −

1

2ζ
ð∂μAðm;0ÞμÞ2

×
X

0≤m≤1
−
1

2
ð∂μAðn;0Þ

4 Þ2 − m̃ζAmA
ðm;0Þ2
4 −

1

2
ð∂μAðm;0Þ

5 Þ2 − m̃2
AmA

ðm;0Þ2
5 ; ð21Þ

where m̃ζAm ¼ ζðmRÞ2 þm2
A and m̃Am ¼ ðmRÞ2 þm2

A.

C. Baryon number violating interactions of the new physics scalar and vector boson

In this subsection, we discuss the baryon number violating interactions of the new physics described above. To start with,
let us consider the interaction of the scalar boson. The interaction terms in the Lagrangian density is given by

ðLintÞΦ ¼ Q̄cþU−Φþ Ēc
−QþΦ†

¼ QTþCU−Φðxμ; x4; x5Þ þ ET
−CQþΦ†ðxμ; x4; x5Þ; ð22Þ

where Q̄cþ ¼ CQ̄Tþ ¼ ðCQ̄TþÞ†Γ0 ¼ Q̄�þC†Γ0 ¼ QTþΓ0C†Γ0 ¼ QTþC. Here, we have used the property ΓM† ¼ Γ0ΓMΓ0 and
the charge conjugation operator C is defined in Eq. (13).
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Using the Fourier decompositions given in Eq. (14) and Eq. (16), after integrating out the x4 and x5 directions, the above
interaction contains

Z
dx4dx5ðLintÞΦ ⊃

X
n;m≠0

qð0;0ÞTþl γ2γ0Uðm;nÞ
−l Φðm;nÞðxμÞ þ

X
n;m≠0

Eðm;nÞT
−l γ2γ0qð0;0Þþl Φðm;nÞ†ðxμÞ: ð23Þ

The rest of the terms are not of interest to us.
Similarly, for the vector bosons, the six-dimensional interaction is given by

ðLintÞU ¼ Ūc
−ΓMD−UM ¼ UT

−CΓMD−UM

¼ UT
−CΓμD−Uμðxμ; x4; x5Þ þ UT

−CΓ4D−U4ðxμ; x4; x5Þ þ UT
−CΓ5D−U5ðxμ; x4; x5Þ: ð24Þ

Here, we have used the interaction terms of UMðxNÞ as an example.

Using the KK decomposition of the fermions and vector
boson given in Eq. (14) and Eq. (19), after integrating out
the x4 and x5 directions, the nonvanishing contributions of
the fermion KK states contain

Z
dx4dx5ðLintÞU ⊃ −

X
m;n≠0

uð0;0ÞT−r γ2γ0γμDðm;nÞ
−l Uðm;nÞ

μ ðxμÞ

ð25Þ

⊃ −uð0;0ÞT−r γ2γ0γμDð1;0Þ
−l Uð1;0Þ

μ ðxμÞ: ð26Þ

Since we are only interested in the lightest KK partner of
the vector boson, the most dominant contribution to the
baryon number violating operator arises from the inter-
action term,

Z
dx4dx5ðLintÞU ⊃ −uð0;0ÞT−r γ2γ0γμDð1;0Þ

−l Uð1;0Þ
μ ðxμÞ: ð27Þ

This analysis can be generalized to other vector fields
given in Table III and we get

Z
dx4dx5ðLintÞA ⊃ −qð0;0ÞTþl γ2γ0γμQð1;0Þ

þr Að1;0Þ
μ ðxμÞ; ð28Þ

Z
dx4dx5ðLintÞV� ⊃ −qð0;0ÞTþl γ2γ0γμLð1;0Þ

þr Vð1;0Þ�
μ ðxμÞ; ð29Þ

Z
dx4dx5ðLintÞU� ⊃ −uð0;0ÞT−r γ2γ0γμEð1;0Þ

−l Uð1;0Þ�
μ ðxμÞ: ð30Þ

Integrating out these heavy bosons generates the oper-
ators that violate baryon number violation. But these
operators contain KK-1 modes of the Standard Model
fermions. As an example, from Eq. (23), integrating out
Φð1;0ÞðxμÞ we obtain the operator,

ðqTð0;0Þþl γ0γ2Uð1;0Þ
−l ÞðETð1;0Þ

−l γ0γ2qð0;0Þþl Þ:

And from Eq. (27) and Eq. (30), on integrating out

Uð1;0Þ
μ ðxμÞ, we get the corresponding vector operator.

One important observation is that there are no direct proton
decay operators at tree level.
But, before we conclude this section, it is important that

we discuss the interactions of the spinless adjoint scalar.

D. Interaction of spinless adjoint
scalar (Vð1;0Þ

B ) with fermions

For illustration, let us consider the interaction term in the
six-dimensional Lagrangian density for the spinless adjoint
scalar with quark field. Details required for this subsection
are given in the Appendix.
The kinetic term of the quarks are given by

Lf ¼ Q̄þðxMÞΓMDMQþðxMÞ þ Ū−ðxMÞΓMDMU−ðxMÞ;
ð31Þ

where ΓM are the six-dimensional gamma matrices and the
covariant derivatives are defined as DMQþ ¼ ð∂M −
ig
2
τiWi

M − i gY
2
yþBMÞQþ and DMU−¼ð∂M− igY

2
y−BMÞU−.

The hypercharge interaction term in the above Lagrangian
is given by

LI ¼
igY
2

ðyþQ̄þΓMBMQþ þ y−Ū−ΓMBMU−Þ: ð32Þ

Using the KK expansions given in Eqs. (14) and (A4) for
quarks and Standard Model gauge bosons, and integrating
out the extra dimensions, the above interaction term
contains the term
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LI ⊃
igY
2

ðBð1;0Þ
4 ðyqQ̄ð1;0Þ

þr γ5qþl þ yuŪ
ð1;0Þ
−l γ5u−rÞ

þ Bð1;0Þ
5 ðyqQ̄ð1;0Þ

þr qþl − yuŪ
ð1;0Þ
−l u−rÞ: ð33Þ

On diagonalizing using Eq. (A8), for ðm ¼ 1; n ¼ 0Þ, the
term becomes

LI ⊃
igY
2

ðVð1;0Þ
1 ðyqQ̄ð1;0Þ

þr qþl − yuŪ
ð1;0Þ
−l u−rÞ

þ Vð1;0Þ
2 ðyqQ̄ð1;0Þ

þr qþl − yuŪ
ð1;0Þ
−l u−rÞ: ð34Þ

Since the Vð1;0Þ
1 field is nondynamical, in unitary gauge, the

interaction of the spinless adjoint is given by

LI ⊃ Vð1;0Þ
2 ðyqQ̄ð1;0Þ

þr qþl − yuŪ
ð1;0Þ
−l u−rÞ: ð35Þ

Upon identifying the Vð1;0Þ
2 with the dark matter and

renaming it to Vð1;0Þ
B , we see that the nonvanishing terms

in the interaction between the Vð1;0Þ
B and quarks take the

form

LI ¼
igY
2

Vð1;0Þ
B ðyqQ̄ð1;0Þ

þr qþl − yuŪ
ð1;0Þ
−l u−rÞ ð36Þ

Similarly, for leptons, the interaction becomes

LI ¼
igY
2

Vð1;0Þ
B ðylL̄ð1;0Þ

þr lþl − yeĒ
ð1;0Þ
−l e−rÞ: ð37Þ

The terms shown here satisfy the quantum charge ofUð1Þ45
given in Table II.

III. BARYON NUMBER VIOLATING OPERATORS

In this section, we discuss the baryon number violating
operators generated by integrating out the new physics
scalar and vector bosons discussed in Sec. II B. Though we
work with six dimensions to illustrate our arguments, the
operators and results can be generalized to any 4kþ 2
dimensions. The operators to be discussed here are a
consequence of the interactions discussed in Eq. (23)
and Eqs. (27) through (30).
Before, going to the main discussion of this article, for

completeness, let us first discuss why there are no tree-level
proton decay operators [43], containing only the zero

modes of fermions. Since each quark carries 1=3 baryon
number, the operator mediating baryon number violation
contains 3ΔB quarks. From Table II, note the zero mode of
quarks carry an additional 1=2 charge under Uð1Þ45. Hence,
a baryon number violating operator, under this residual
symmetry, has charge 3

2
ΔB. Assuming that the lepton

number is also violated in the process, the operator carries
3
2
ΔB� 1

2
ΔL charge under Uð1Þ45. Since the T2=Z2 orbifold

breaks the Uð1Þ45 symmetry down to a discrete subgroup,
the operators constructed only with the zero modes now
must satisfy the selection rule,

3

2
ΔB� 1

2
ΔL ¼ 0mod 4: ð38Þ

This makes sure that baryon number violating operators
appear only at dimension 15 [43].
On the other hand, the quantum charges in Table II

clearly show that this relation does not hold true once KK
modes are introduced in the external legs. Below, we will
derive the baryon number violating operators with KK
modes and we will show that such novel operators become
relevant and interesting on introducing interactions with
spinless adjoint scalar partners of the hypercharge
gauge boson.
Using the interaction terms given in Eqs. (23), (27), (28),

(29), (30), the four-dimensional Lorentz invariant scalar
and vector operators that generate dominant contribution to
baryon and lepton number violations can be obtained and
are given in Table IV. Indeed, the CS

1 and CS
2 Wilson

coefficients are generated by scalar new physics, whereas,
CV
1 and CV

2 are generated by vectors. For simplicity, we
have kept only the dominant term containing zero mode of
doublet Standard Model fermions among these four-
dimensional operators. The rest of the contribution can
be derived similarly. The dimension-eight operators require
additional quartic interactions of scalar bosons but we do
not get into the details here.
On the other hand, using the interactions of a spinless

adjoint partner of the hypercharge boson, given in Eqs. (36)
and (37), the above operators generate operators given in
Table V. We will analyze the phenomenology of these
operators in the coming sections.

TABLE IV. The list of dominant four-dimensional Lorentz invariant baryon number violating operators that
originate from the interactions in Eq. (23), and (27) through (30).

Operators ΔB ¼ 1 ¼ ΔL ΔB ¼ 2 ¼ ΔL

Scalar CS
1

Λ2
4

ðqð0;0ÞTþl γ2γ0Uð1;0Þ
−l ÞðETð1;0Þ

−l γ2γ0qð0;0Þþl Þ CS
2

Λ8
4

ðqð0;0ÞTþl γ2γ0Uð1;0Þ
−l Þ2ðETð1;0Þ

−l γ2γ0qð0;0Þþl Þ2
Vector CV

1

Λ2
4

ðuð0;0ÞT−r γ2γ0γμDð1;0Þ
−l Þðuð0;0ÞT−r γ2γ0γμE

ð1;0Þ
−l Þ CV

2

Λ8
4

ðuð0;0ÞT−r γ2γ0γμDð1;0Þ
−l Þ2ðuð0;0ÞT−r γ2γ0γμE

ð1;0Þ
−l Þ2
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IV. (ASSISTED) PROTON DECAY

After orbifolding and integrating out the extra dimen-
sions, the operators that contribute to the baryon number
violation by one unit, in Table IV, are

O1 ¼
CS
1

Λ2
4

ðqð0;0ÞTþl γ2γ0Uð1;0Þ
−l ÞðETð1;0Þ

−l γ2γ0qð0;0Þþl Þ

þ CV
1

Λ2
4

ðuð0;0ÞT−r γ2γ0γμDð1;0Þ
−l Þðuð0;0ÞT−r γ2γ0γμE

ð1;0Þ
−l Þ: ð39Þ

The scalar operator generates an exotic baryon number
violating current, where the KK-1 partner of the right-
handed up quark decays to two SM quarks and a lepton
KK-1 mode. Such decays are allowed due to the ∼20 GeV
mass split [23–25] between the KK-1 modes of the up
quark and the lepton [23].
Along with the adjoint scalar interactions, the first term

in Eq. (39) becomes

CANDOAND ¼ yuyeg2Y
CS
1

Λ2
4

1

M2
KK

ðqTð0;0Þþl γ2γ0uð0;0Þ−r Þ

× ðeTð0;0Þ−r γ2γ0qð0;0Þþl ÞVð1;0Þ
B Vð1;0Þ

B ; ð40Þ

where gY is the coupling for the KK-1 hypercharge spinless
adjoint scalar field and yu ¼ 4=3, ye ¼ −2. The processes
generated by this operator are shown in Fig. 1. With SM-
like interactions, the hypercharge coupling is given by

g2Y ¼ 4M2
zSinθ2W
v2 ≃ 0.14. This operator leads to the assisted

proton decay process in the early epochs of the Universe,
and also provides a new annihilation channel for the dark
matter.
Note that at one loop, as shown in Fig. 2(b), this operator

contributes to the direct proton decay. The effective
operator in Eq. (40) for the process, after integrating out
the loop, becomes

Cp→eO
ð2Þ
d ¼ yuyeg2Y

CS
1

16π2Λ2
4

�
Ms

MKK

�
4

× ðuTð0;0Þþl γ2γ0dð0;0Þþl ÞðeTð0;0Þ−r γ2γ0uð0;0Þ−r Þ; ð41Þ

whereMs is the loop momentum and the Wilson coefficient
for the decay can be read off as

Cp→e ¼ yuyeg2Y
CS
1

16π2Λ2
4

�
Ms

MKK

�
4

: ð42Þ

After matching the quark level operator in Eq. (41) with
the nucleon decay matrix element using χPT [21], the
hadronic operator generates the decay width,

Γp→e ¼
1

2 × 1034

				 Cp→e

ð3 × 1015 GeVÞ−2
				
2

: ð43Þ

Then, from the above relation, assuming CS
1 ¼ 0.01,

MKK ¼ 10 TeV and Ms ¼ mp, the new physics that
contributes to the proton decay can be constrained to be
≳140 TeV. This scale can be relaxed further to ∼40 TeV,

TABLE V. The baryon number violating operators with Standard Model zero mode fermions in the external legs,
generated after including the interaction of spinless adjoint scalar field, given in Eq. (36) and Eq. (37).

Operators ΔB ¼ 1 ¼ ΔL

Scalar yuyeg2Y
CS
1

Λ2
4

1
M2

KK
ðqTð0;0Þþl γ2γ0uð0;0Þ−r ÞðeTð0;0Þ−r γ2γ0qð0;0Þþl ÞVð1;0Þ

B Vð1;0Þ
B

Vector yuyeg2Y
CV
1

Λ2
4

1
M2

KK
ðuð0;0ÞT−r γ2γ0γμdð0;0Þ−r Þðuð0;0ÞT−r γ2γ0γμe

ð0;0Þ
−r ÞVð1;0Þ

B Vð1;0Þ
B

Operators ΔB ¼ 2 ¼ ΔL

Scalar y2uy2eg4Y
CS
2

Λ8
4

1
M4

KK
ðqð0;0ÞTþl γ2γ0uð0;0Þ−r Þ2ðeTð0;0Þ−r γ2γ0qð0;0Þþl Þ2Vð1;0Þ

B Vð1;0Þ
B Vð1;0Þ

B Vð1;0Þ
B

Vector y2uy2eg4Y
CV
2

Λ8
4

1
M4

KK
ðuð0;0ÞT−r γ2γ0γμdð0;0Þ−r Þ2ðuð0;0ÞT−r γ2γ0γμe

ð0;0Þ
−r Þ2Vð1;0Þ

B Vð1;0Þ
B Vð1;0Þ

B Vð1;0Þ
B

(a) (b)

FIG. 1. (a) The process DM þ p → DM þ eþ þ π0 generated
through the scalar operator in Eq. (40). The stable spinless adjoint

scalar field, Vð1;0Þ
B , is the dark matter candidate. (b) The process

p → eþ þ π0 generated at one loop.
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which is within the reach of possible future 100 TeV hadron
collider [48] for Wilson Coefficient CS

1 ∼Oð10−3Þ.
Getting back to the assisted nucleon decay (AND), in the

scenario in which the spinless adjoint scalar becomes DM,
the effective rate can be written as

ΓAND ¼ nDMðσvÞAND; ð44Þ

where nDM is the dark matter density and ðσvÞAND is the
cross section for the assisted proton decay process. Using
Eq. (40), the assisted proton decay cross section can be
computed as

ðσvÞAND ∼
1

16π

				 yuyeg
2
YC

S
1

Λ2
4M

2
KK

				
2

m6
p: ð45Þ

The lifetime of this process is then given by

τAND ¼ 1

ΓAND
¼ MKK

ρDMðσvÞAND
; ð46Þ

where the number density of DM has been replaced with
the mass density ρDM ¼ MKKnDM ¼ 0.3 GeV=cm3. Using
the scale of the operator previously computed,
Λ4 ∼ 140 TeV, the time period for the assisted proton
decay, given in Eq. (46) and assuming CS

1 ¼ 0.01, becomes
τAND ≫ 1.4 × 1034 years, satisfying the constraint from
Super-Kamiokande [1]. Thus, the model suggests that
the rareness of dark matter density on Earth results in
the assisted nucleon decay time period much beyond the
observational sensitivity of terrestrial experiments.
Nevertheless, note that this process produces a striking
signature with a highly collimated pion and positron
Cherenkov rings. Moreover, the assisted proton decay
can be much more enhanced near large dark matter
densities like center of the galaxy. And since the process

preserves the dark matter number density, this will play a
major role in the baryon number violation near very heavy
astrophysical objects.

V. (ASSISTED) ΔB= 2, ΔL= 2 PROCESS

After orbifolding and integrating out the extra dimen-
sions, the operators that contribute to violation of baryon
number and lepton number by two units, given in Table IV,
are

O2 ¼
CS
2

Λ8
4

ðqð0;0ÞTþl γ2γ0Uð1;0Þ
−l Þ2ðETð1;0Þ

−l γ2γ0qð0;0Þþl Þ2

þ CV
2

Λ8
4

ðuð0;0ÞT−r γ2γ0γμDð1;0Þ
−l Þ2ðuð0;0ÞT−r γ2γ0γμE

ð1;0Þ
−l Þ2:

ð47Þ

These operators, along with the spinless adjoint scalar
interaction term given in Eq. (36), generates the assisted
nucleon nucleon annihilation (ANNA). An example of this
process, generated from the scalar operator, is given by the
effective Lagrangian term,

CANNAOANNA¼ y2uy2eg4Y
CS
2

Λ8
4M

4
KK

ðqð0;0ÞTþl γ2γ0uð0;0Þ−r Þ2

× ðeTð0;0Þ−r γ2γ0qð0;0Þþl Þ2Vð1;0Þ
B Vð1;0Þ

B Vð1;0Þ
B Vð1;0Þ

B :

ð48Þ

If the adjoint scalar becomes the dark matter, this inter-
action generates DMþpþDMþp→DMþeþþDMþeþ
and assisted hydrogen-antihydrogen oscillation as shown in
Fig. 2(a). Though the probability of these processes is very
small on Earth, they can be substantial near dark matter
clumps. These processes can be interesting to study in the

(a) (b)

FIG. 2. (a) The processes ΔB ¼ 2, ΔL ¼ 2 given in Eq. (48). The stable adjoint scalar field, Vð1;0Þ
B , is the dark matter candidate.

(b) The process generated at two loops.
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context of the observed positron excess in cosmic rays
[49–54].
At loop level there exists processes like

pþ p → eþ þ eþ, DM þ p → DM þ p̄þ eþ þ eþ, and
ðDM þ eÞ þ p → ðDM þ eþÞ þ p̄, but except for the first,
current experiments do not constrain the rest directly.
Nevertheless, we rederive the bounds on these processes
using the results from pp → eþeþ below.

A. p+ p → e + + e+

At two loops, the diagram given in Fig. 2(b) generates
processes like hydrogen-antihydrogen oscillation and
pþ p → lþ þ lþ, where lþ ¼ ðeþ; μþÞ. For the pro-
ton-proton annihilation process, the hadron-level effective
operator becomes

1

Λ2
ppee

ðp̄cγ5pÞðēcγ5eÞ: ð49Þ

At Super-Kamiokande, this term is constrained by studying
the process 16O → 14Cþ lþ þ lþ, with same-sign dilepton
back-to-back Cherenkov rings with no hadrons. With a
fiducial mass of 22.5 kilotons containing ∼1034 nucleons,
the time period of the decay per oxygen nucleus is con-
strained to Tpp→eþeþ ¼ 4.2 × 1033 years [1]. Comparing
Eq. (49) with the first term in Eq. (47), and using the
well-known nuclear matrix element, we get

1

Λ2
ppee

¼ CS
2

Λ8
4

� ð0.22mpÞ6
�

1

16π2

�
2
�

Ms
MKK

�
4

: ð50Þ

Assuming a new physics scaleΛ4 ∼ 2 TeV, withCS
2 ∼Oð1Þ

and MKK ¼ 10 TeV, the hadronic effective operator gets
highly suppressed beyond the current sensitivity of
experiments.
Moreover, the hydrogen-anti hydrogen oscillation proc-

ess pe → p̄eþ, obtained by Fierz transforming the relation
in Eq. (49), can be studied by measuring the
γ rays from the annihilation of antihydrogen at the
interstellar medium [22], and annihilation of proton in a
nucleus with an electron in the inner shell of oxygen at
Super-Kamiokande [1].

B. DM + p → DM + p̄ + e + + e+

Interestingly, the term in Eq. (47) generates baryon
number violating processes in which dark matter interacts
with the proton legs. The most constraining among these
processes is the one in which dark matter scatters with one
proton producing same-sign dileptons, an antiproton (p̄)
and dark matter at rest (DM þ p → DM þ p̄þ eþ þ eþ).
With the p̄ annihilating with a another proton, the results of
pþ p → eþ þ eþ can be recasted here. Since this is
initiated by a heavy dark matter, the dileptons produced
will be highly energetic. They can be searched for at Super-

Kamiokande through two collinear Cherenkov rings. To
analyze this, let us write the hadron-level operator,

OVVppee ¼
1

ðΛVVppeeÞ4
ðp̄cpÞðēceÞVð1;0Þ

B Vð1;0Þ
B ; ð51Þ

where, comparing with Eq. (48), we get

1

ðΛVVppeeÞ4
¼ yuyeg2Y

CS
2

Λ8
4

1

M2
KK

ð0.22mpÞ6
1

16π2

�
Ms

MKK

�
2

:

ð52Þ

The effective decay width for the nucleon, then, becomes

ΓANNA ¼ nDMðσvÞANNA; ð53Þ

where nDM is the dark matter density and ðσvÞANNA ∼
1

16π j 1
ðΛVVppeeÞ4 j

2m6
p is the cross section for the assisted

double nucleon decay process given by the operator in
Eq. (51). The lifetime of this process is then given by

τANNA ¼ 1

ΓANNA
¼ MKK

ρDMðσvÞANNA
: ð54Þ

In the above equation, we have replaced the number density
of DM with the mass density ρDM ¼ MKKnDM ¼
0.3 GeVcm−3. For dark matter of mass MKK ¼ 2 TeV,
from the galactic center, with speed ∼100 km=s, colliding
with an 16O atom in the experiment, the average transfer
momentum can be computed to be Pt ¼ mVv ∼ 600 MeV.
In this process, DM þ p → DM þ p̄þ eþ þ eþ, since
me ≪ Pt < mp ≪ mV , and we can safely assume that the
DMandantiprotonare produced at rest. Thus, for all practical
considerations, this is a 2 → 2 process with a proton in the
incoming leg at rest in the lab frame.
Using the limit on double proton decay time period

τpp→eþeþ ≳ 4.2 × 1033 years [1], we get

τANNA ¼ 5 × 1033years

 ΛVVppee

300 GeV

�
8
: ð55Þ

This is a very weak limit for the new physics model, thus
terrestrial experiments are not very sensitive to the assisted
nucleon-nucleon decay yet. On the other hand, the clean and
unique signal for this event is very interesting, in case a dark
matter interacts in the upcoming Hyper-Kamiokande [18]
experiment. The constraint on this operator isweak due to the
rarity of dark matter density on Earth, whereas in primordial
superdense cosmological dark matter clumps [29,30] with
largegravitatingmass, thismaynot be the case. Such assisted
double nucleon decays can be a very large source of baryon
number violation in cosmology. The processes such as
assisted hydrogen oscillation [DMðpeÞ → DMðp̄eþÞ] can
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also be searched for at the interstellar medium by Fermi-Lat
and can give complementary measurements for the operator.
This process also generates baryon number violation in

which the dark matter interacts with the lepton legs.
Though this process is kinematically prohibited at low
energies, it can be probed in high energy collider experi-
ments. Such processes can be constrained by the CMS [55]
study where they consider finals states with two same sign
leptons, two or more hadronic jets, and missing energy.
Unfortunately, since the operator is at mass dimension 10, it
is highly suppressed and moreover, at a high energy
collider, the patrons will probe the insides of the effective
operator. Though the best constraint on this operator might
arise from the collider experiments, this will not be a model
independent result.

C. ðDM + eÞ+ p → ðDM + e + Þ+ p̄
On the other hand, ðDM þ eÞ þ p → ðDM þ eþÞ þ p̄,

or DM assisted hydrogen-antihydrogen oscillation can be a
better probe to study this operator. The relevant constraint
emanates from the nonobeservation of hydrogen-
antihydrogen annihilation γ rays from the ISM surveyed
by Fermi LAT.
We consider the scenario where the hydrogen atoms, in

its ground state, are influenced by dark matter. Then the
oscillation Hamiltonian,

Hosc ¼
1

Λ4
AHH̄

ðp̄ceÞðp̄ceÞVð1;0Þ
B Vð1;0Þ

B ; ð56Þ

generates small amounts of antihydrogen. Since the con-
version is enabled by dark matter number density (nDM) in
the ISM, the rate of antihydrogen production is given by

τosc ¼
1

Γosc
¼ 1

nDMðσvÞosc
; ð57Þ

where ðσvÞosc ¼ 1
16π ð

m6
p

Λ8
AHH̄

Þ is the cross section for the

process.
Then, the rate of assisted hydrogen oscillation can be

computed by studying the production rate of γ rays due to
the annihilation of the antihydrogen with hydrogen [20].
For a new physics, presumably at ΛAHH̄ of Oð1 TeVÞ, the
width of the process can be computed to be
Γosc ∼ 7 × 10−44s−1. Thus, the constraint placed by the
analysis of γ-ray data from Fermi LAT in the range
100 MeV–9.05 GeV [22] does not constrain this operator.
A more reliable bound can be obtained from 14 TeV or
100 TeV LHC, but that requires a UV complete model.
Nevertheless, this process also depends on the dark matter
density. Thus, galaxy cluster centers can be a good source
of assisted hydrogen-antihydrogen oscillation.

VI. CONCLUSION

The phenomenology in 4kþ 2 dimensions, in particular
six dimensions, is very interesting. Vanishing of the
Witten anomaly in six dimensions, arising from the non-
trivial winding of the spacetime on SUð2ÞW given by
π6ðSUð2ÞWÞ ¼ Z12, correctly predicts the fermion genera-
tions charged under the SUð2Þw gauge group to be multiples
of 3. The gauge bosons in dimensions d ≥ 6 also exhibit
interesting properties. In an uncompactified geometry, these
gauge bosons have d − 2 polarization vectors. Upon com-
pactification, d − 4 of them break and one combination
among them is “eaten”by theKKmodesmaking themheavy.
The rest of the broken polarizations become the spinless
adjoint scalar fields and remain in a KK spectrum with mass
∼1=R, whereR is the compactification radius. In general, due
to mass corrections, at one loop, the degeneracy among all
the lightest KK masses is lifted leading to a mass hierarchy,
and the spinless adjoint scalar of the hypercharge gauge
boson becomes the lightest. Including the KK-partiy con-
servation, this KK-1 scalar is stable and hence is the dark
matter candidate in the model. The relic density constraint
places a bound of ∼2 TeV on the compactifications scale,
assuming that the adjoint scalar makes up the entire dark
matter density. This limit can be relaxed by introducing
additional resonant annihilation and coannihilation channels,
either by including additional fields or embedding the six
dimensions in a seven-dimensional space-time with only
gravity allowed to propagate in the bulk [56].
The spinor properties in 4kþ 2 dimensions are different

from 4k dimension. In 4kþ 2 dimensions, the charge
conjugation operator commutes with the chiral projection
operator, thus keeping the chirality unchanged under charge
conjugation of the fermion. And its consequences are
interesting in the context of baryon number and lepton
number violating currents. In this article, we analyze such
effective operators in six dimensions, as aminimal extension.
For simplicity and clarity, we explicitly work with Standard
Model and new physics (scalar and vector bosons) in the
bulk. Though these new physics fields, in four dimensions,
generate the usual baryon number violation, in orbifolded six
dimensions they generate novel operators given in Table IV.
In six dimensions, the tree-level proton decay operator with
onlyKKzeromodes in their external legs have been shown to
be highly suppressed [43] due to the emergent selection
criteria 3=2ΔB� 1=2ΔL ¼ 0 mod 4. Here, we show that
this selection criteria can be circumvented if we allow higher
Kaluza-Klein modes in the operators. Moreover, these novel
operators generate dark matter assisted baryon number
violating processes at mass dimension eight and higher upon
including the interaction of the spinless adjoint scalar field.
These processes, among others, contain assisted proton

decay Vð1;0Þ
B þ p → Vð1;0Þ

B þ eþ þ π0 and assisted hydro-

gen-antihydrogen oscillation Vð1;0Þ
B þ pþ e → Vð1;0Þ

B þ
p̄þ eþ. We show that the proton decay data from Super-
Kamiokande constrains the assisted proton decay operator to
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≳1400 TeV, for 1=R ¼ 10 TeV and CS
1 ¼ Oð1Þ. Though

the kinematics of this 2 → 3 process are different, they can be
identified in the water Cherenkov detector with rings
corresponding to a positron and a pion [34]. The lower
bound on the new physics can indeed be brought within the
reach of a 100 TeV collider in the weak coupling limit,
CS
1 ≲ 10−3. But in the upcoming HyperKamiokande experi-

ment, with its better sensitivity to the proton decay process,
the scale of new physics could be constrained by a
factor Oð10Þ.
Unlike the models with baryon number violating scalar

and vector bosons in four dimensions, here we show that
the rarity of the processes at terrestrial experiments could
be explained by the lack of enough dark matter density on
Earth. On the other hand, they have larger probability to
occur near dark matter clusters and can be uniquely
identified by studying the positron fluxes emerging from
such clusters. Such a scenario could also arise from dark
matter accumulation in the Sun.
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APPENDIX: STANDARD MODEL
HYPERCHARGE GAUGE FIELD

AND ITS KK MODES

The Lagrangian density of an Abelian gauge field in six
dimensions is given by

L ¼ 1

4
FMNFMN þ LGF; ðA1Þ

where M ¼ 0, 1, 2, 3, 4, 5 and LGF is the appropriate
gauge-fixing term. Since the six-dimensional geometry is
orbifolded on T2=Z2, we use the generalized Rξ gauge,

LGF ¼ −
1

2ξ
ð∂μAμ − ξð∂4A4 þ ∂5A5ÞÞ2: ðA2Þ

Expanding the terms we get

L ¼ 1

4
FμνFμν þ

1

2
ðð∂μA4 − ∂4AμÞ2 þ ð∂μA5 − ∂5AμÞ2 þ ð∂5A4 − ∂4A5Þ2Þ −

1

2ξ
ð∂μAμÞ2

−
ξ

2
ðð∂4A4Þ2 þ ð∂5A5Þ2 þ 2ð∂4A4Þð∂5A5ÞÞ − ð∂μAμÞð∂4A4Þ − ð∂μAμÞð∂5A5Þ: ðA3Þ

Upon orbifolding, the Aμðxμ; x4; x5Þ is set to satisfy the Neumann boundary condition and A4ðxμ; x4; x5Þ;
A5ðxμ; x4; x5Þ are set to satisfy the Dirichlet boundary condition at both the brane positions. Hence, they get decomposed
in terms of their KK modes as

Aμðxμ; x4; x5Þ ¼ Aμ
ð0;0ÞðxμÞ þ

ffiffiffi
2

p X
m;n

Aðm;nÞ
μ ðxμÞ cos

�
1

R
ðmx4 þ nx5Þ

�
;

A4ðxμ; x4; x5Þ ¼
X
m;n

Aðm;nÞ
4 ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

�
;

A5ðxμ; x4; x5Þ ¼
X
m;n

Aðm;nÞ
5 ðxμÞ sin

�
1

R
ðmx4 þ nx5Þ

�
: ðA4Þ

The zero mode of Aμðxμ; x4; x5Þ is identified with the four-dimensional Standard Model gauge field, while A4 and A5 are
adjoint scalar fields that arise from the two broken polarizations of the six-dimensional gauge field. Note that these adjoint
scalar fields do not possess zero modes.
After integrating out the x4, x5 coordinates, the partial derivatives ∂4, ∂5 are replaced by m

R and n
R respectively. The

simplified four-dimensional Lagrangian density is given by

L ¼ 1

4
Fðm;nÞμνFðm;nÞ

μν −
1

2ξ
ð∂μAðm;nÞ

μ Þ2 þ ð∂μAðm;nÞ
4 Þ2 þ ð∂μAðm;nÞ

5 Þ2 þ 1

2

�
n
R
Aðm;nÞ

4 −
m
R
Aðm;nÞ

5

�
2

−
ξ

2R2
ðm2Aðm;nÞ2

4 þ n2Aðm;nÞ2
5 þ 2mnAðm;nÞ

4 Aðm;nÞ
5 Þ: ðA5Þ
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In the above equation, the Lagrangian term with ξ
2
can be

written in matrix form,

Lξ ¼
�
Aðm;nÞ

4 Aðm;nÞ
5

�
1

R

�
m2 mn

mn n2

�
1

R

�
Aðm;nÞ

4

Aðm;nÞ
5

�
: ðA6Þ

After diagonalizing this matrix we get

Lξ ¼
�
Vðm;nÞ
1 Vðm;nÞ

2

�
1

R

�
m2 þ n2 0

0 0

�
1

R

�
Vðm;nÞ
1

Vðm;nÞ
2

�
; ðA7Þ

where Vðm;nÞ
1 and Vðm;nÞ

2 are given by

Vðm;nÞ
1 ¼ mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 þ n2
p Aðm;nÞ

4 þ nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p Aðm;nÞ
5 ;

Vðm;nÞ
2 ¼ −nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 þ n2
p Aðm;nÞ

4 þ mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p Aðm;nÞ
5 : ðA8Þ

The fields Aðm;nÞ
4 and Aðm;nÞ

5 are replaced by its scalar

adjoint Vðm;nÞ
1 and Vðm;nÞ

2 in Eq. (A3),

L ¼ 1

4
Fðm;nÞμνFðm;nÞ

μν −
1

2ξ
ð∂μAðm;nÞ

μ Þ2

þ ð∂μVðm;nÞ
1 Þ2 þ ξ

2R2
ðm2 þ n2ÞVðm;nÞ2

1

þ ð∂μVðm;nÞ
2 Þ2 þ ðm2 þ n2ÞVðm;nÞ2

2 : ðA9Þ

Gauge invariance implies that ξ must drop out from any
calculation of physical observables. The limit ξ → ∞,
unitary gauge, V1 becomes nondynamical. Hence, only

the adjoint Vðm;nÞ
2 remains as a physical spin-0 particle. The

lightest stable spinless adjoint partner of hypercharge gauge

boson, Vð1;0Þ
2 , becomes the dark matter candidate. We refer

to it as Vð1;0Þ
B throughout this article.
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