Rabi Mohapatra and n — n Oscillations

Robert Shrock

C. N. Yang Institute for Theoretical Physics and Department of Physics and Astronomy,
Stony Brook University

Rabi Mohapatra Festschrift, University of Maryland, Oct. 20-21, 2022



Outline

e Prologue

e Rabi's key 1980 paper with Marshak on n — 71 oscillations

e General formalism for n — 7 oscillations

e n — 7 oscillations in matter and resultant matter instability

e Experimental limits

e An extra-dimensional model in which n — 7n oscillations are dominant manifestation
of baryon number violation (work with S. Nussinov and S. Girmohanta)

e Closing remarks



Prologue

Rabi Mohapatra has made many outstanding contributions to particle physics over his
long and very productive career. He is remarkable for his deep insights and innovative
ideas. He has been an inspiration to many generations of physicists.

This conference highlights some of Rabi’s contributions, including his co-development of
the seesaw mechanism explaining light neutrino masses, the left-right-symmetric gauge
theory and spontaneous parity violation, grand unified theories, baryon number
violation, neutron-antineutron oscillations, baryogenesis, majorons, supersymmetric
models, dark matter, and other ideas on physics beyond the Standard Model.

Truly, the breadth, depth, and importance of Rabi’'s research are remarkable.

Here | will focus on one of the many subjects on which Rabi has been a pioneer, namely
neutron-antineutron (nn — n) oscillations. Rabi wrote a seminal paper in 1980 with
Robert Marshak on this and has contributed many key ideas on this subject since then.

Further, Rabi has been a leading advocate for new experiments searching for n — n
oscillations and has worked tirelessly toward this goal. There are, indeed, prospects for a
new experimental search, as will be discussed by Yuri Kamyshkov.



My own interest in n — 7 oscillations started in 1982 with research that | did with one
of my early Ph.D. thesis students, Sumathi Rao. | have had the pleasure of working
with Rabi and Yuri on a number of white papers on this subject over the years (also

Girmohanta, Mohapatra, and RS, PRD 103, 015021 (2021) [arXiv:2011.01237]).

General motivations for expecting violation of baryon number, B: producing the
observed baryon asymmetry in the universe requires interactions that violate B (as well
as CP violation and deviation from thermal equilibrium) (Sakharov, 1967).

Suggestion of n — n transitions as a mechanism involved in generating baryon
asymmetry in the universe (Kuzmin, 1970).

Standard Model (SM) conserves B perturbatively. SU(2), instantons produce
nonperturbative violation of B and lepton number, L, while conserving B — L ('t
Hooft, 1976). These SU(2), instantons have a negligibly small effect at temperatures
T < vgw, but are important for T 2 vgw (Kuzmin, Rubakov, Shaposhnikov, 1985).

Since (anti)quarks and (anti)leptons are placed in same representations in grand unified
theories (GUTs), the violation of B and L is natural in these theories.
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Figure 1:

Rabi’s 1980 paper with Marshak

In the very important paper R. N. Mohapatra and R. E. Mohapatra, “Local B — L
Symmetry or Electroweak Interactions, Majorana Neutrinos, and Neutron Oscillations”,
Phys. Rev. Lett. 44, 1316 (1980), Rabi and Marshak made several key advances on
baryon number violation (BNV) and presented an explicit model in which:



e Baryon number violation is of | A B| = 2 type, via n — 7 oscillations, rather than
via AB = —1 nucleon decays.

e The physics responsible for these n — n oscillations is characterized by a mass scale
M,,» much smaller than a GUT scale.

e The scale M,,; characterizes both | A B| = 2 BNV via n — 7 oscillations and the
spontaneous breaking of left-right gauge symmetry and thus the spontaneous
breaking of parity, in particular, the breaking of SU(2)r ® U(1)p_r — U(1)y.

e In this model, B and L are gauged as U(1)s_y, in contrast to the SM, where B
and L are global symmetries at the perturbative level.

e Owing to a Higgs vacuum expectation value (VEV) breaking a gauged U(1)p_1,
symmetry, transforming as |A(B — L)| = 2, there is a natural connection between
the n — 7 oscillations with |[AB| = 2, AL = 0 and Majorana neutrino masses,
which transform as |AL| = 2 and AB = 0.

e This also involves a deep connection between the seesaw mechanism for light
neutrino masses m,, ~ m% /mpg and the scale mp of BNV responsible for n — n
oscillations.

e The explicit example in this 1980 paper by Mohapatra and Marshak used a partial
unification gauge group G422 = SU(4) ® SU(2) ® SU(2) g, which is



spontaneously broken to the left-right-symmetric (LRS) group
Grrs = SU3).®SU((2) ® SU2) g  U(1)p_1

The SU(3). ® U(1)p_g, part of GLrs forms a (maximal) subgroup of SU(4) (c.f.
J. C. Pati and A. Salam, “Lepton Number as the Fourth Color”, Phys. Rev. D 10,
275 (1974)).

e One of the appeals of the LRS model is the elegant relation for the electric charge:
B — L
Qem — T3L + T3R + 5

in contrast to the relation Q.,,, = T3 + (Y /2) in the SM.

e Since SU(4) = SO(6) and SU(2) ® SU(2) = SO(4), it follows that
G422 = SO(6) ® SO(4), which forms a (maximal) subgroup of the GUT group
SO(10).

Feynman diagram in Fig. 2 of Mohapatra-Marshak PRL 44, 1316 (1980) paper:



FIG. 1. The tree graph that induces the six-fermion
AB =2 vertex that leads to n =% oscillation.

Figure 2:



) SUQ) : Ex6: L HIsels
K ~

7 * < d
¥ R
(l‘l’ﬂ-z@:_’: ((:,r,a'))z,g
3 1 r1i3)213 -
’(\ JK > s ¢ N dﬂ V\
o (61113\2/3

notation : (/m (Rsuip.) ) dim (Rsueny, ), diim (Rosugay, )
‘[;(: (3)‘,2‘)'/3 ; Avcr(ﬂ : (GJI}B)Z/g

kk k& -
AR ‘ ({)L/3>—7_ / <AR - VR

[0~ dAm. syvnw\d'ric tensor rep. of SU(Kk) D SU(z)L x UC\\S_L

in Guza = SU(K)r SUC2)L K TU(Z)p
(p= l,+3 + 6

2/3 z2/3
SU(k) 2 SV * V(O gy

(nn)

Contributio to H e8¢

3 ’ Tv. 48 u 4
YD (T, e LR LA ARITASC 4

R-L

AYEE

(M2)” st 3 7 3 3 3 3
— color cmtrachioms -
cockf: ( = Bt é‘
™M
“w-n



Some other papers on n — n oscillations from the early 1980s include those of S.
Glashow, L. N. Chang and N.P. Chang, T. K. Kuo and S. Love, R. Cowsik and S.
Nussinov, S. Rao and R.S., etc.

Some early papers on LRS theory:

e R. N. Mohapatra and J. C. Pati, “Left-Right Gauge Symmetry and an ‘Isoconjugate’
Model of CP Violation”, Phys. Rev. D 11, 566 (1975)

e R. N. Mohapatra and J. C. Pati, “ ‘Natural’ Left-Right Symmetry”, Phys. Rev. D
11, 2558 (1975)

e G. Senjanovi¢ and R. N. Mohapatra, “Exact Left-Right Symmetry and Spontaneous
Violation of Parity”, Phys. Rev. D 12, 1502 (1975)

e R. E. Marshak and R. N.Mohapatra, “Quark - Lepton Symmetry and B-L as the
U(1) Generator of the Electroweak Symmetry Group,”, Phys. Lett. B 91, 222 (1980)

e R. N. Mohapatra and G. Senjanovi¢, “Neutrino Mass and Spontaneous Parity
Nonconservation”, Phys. Rev. Lett. 44, 912 (1980) (seesaw mechanism)

e R. N. Mohapatra and G. Senjanovi¢, “Neutrino Masses and Mixings in Gauge
Models with Spontaneous Parity Violation”, Phys. Rev. D 23, 165 (1981).



Neutrino masses and lepton mixing are confirmed physics beyond the SM, and the most
natural mechanism to explain light neutrino masses is the seesaw mechanism, which
involves a combination of Dirac mass terms v; LM,L-(jl))Vj, r + h.c. and Majorana mass

terms VgRCMig-R)Vj’ r + h.c.; the Majorana terms break L, as AL = 2 operators.

One realization of the seesaw is in a GUT, where elts. of M () are ~ GUT mass scale.
But the seesaw relation M) = MP)[AM B~ M PNT is invariant under
simultaneous rescaling M (P) — eM(P) and M B — e2M ) and hence so are
the neutrino mass eigenvalues of M (). For € < 1 this allows a low-scale seesaw
mechanism with elements of M (®) <« Moy

The occurrence of AL = 2 operators, possibly in a low-scale seesaw, in neutrino mass
models gives further motivation to explore the possibility that there might also be

A B = 2 operators at scales well below a GUT scale. This is particularly natural in
models with a gauged U(1)z_j, containing Higgs with | B — L| = 2, whose VEV thus
lead to both |AL| = 2 and |AB| = 2 processes.

So there are good motivations for new experimental searches for n — n oscillations and
associated AB = —2 dinucleon decays as well as proton and bound neutron decay, as
manifestations of baryon number violation (BNV).



The last exp. searching for n — 1 oscillations with free neutrons was done at the
Institut Laue-Langevin (ILL) in Grenoble, France (1985-1994). Currently, there is a plan
for n — n search exp. at European Spallation Source, ESS, in Lund, Sweden. Searches
for AB = —2 dinucleon decays at Super-K, in future at Hyper-K and DUNE.

Rabi has also played a key role in discussions of n — 7 oscillations at many workshops
and in white papers and reviews, starting in the early 1980s and extending to the
present. Some of these after 2000 (not a complete list) include

S. Raby,..., R. N. Mohapatra, et al., “DUSEL (Deep Underground Science and
Engineering Laboratory) White Paper” arXiv:0810.4551 (and associated workshops at
LBL in Sept. 2007 and Ohio State Univ. in Apr. 2008).

R. N. Mohapatra, “Neutron-Antineutron Oscillation: Theory and Phenomenology”, J.
Phys. G 36, 104006 (2009).

A. Kronfeld,..., R. N. Mohapatra, et al., “Physics Opportunities with Project X" for
Snowmass 2013 (Intensity Frontier), arXiv:1306.5009.

K. Babu,..., R. N. Mohapatra, et al., Neutron-Antineutron Oscillations: a Snowmass
2013 White Paper, arXiv:1310.8593; K. Babu et al., “Baryon Number Violation”
arXiv:1311.5268 (and associated Intensity Frontier Snowmass Workshop at Argonne
National Lab. in Apr. 2013).



D. G. Phillips,... R. N. Mohapatra et al. “Neutron-Antineutron Oscillations: Theoretical
Status and Experimental Prospects”, Phys. Repts., 612, 1 (2016) [arXiv:1410.1100]
(and associated workshops at North Carolina State Univ. in May 2014 and CERN in
June, 2014).

A. Addazi,..., R. N. Mohapatra, et al. “New High-Sensitivity Searches for Neutrons
Converting into Antineutrons and/or Sterile Neutrons at the European Spallation

Source”, Snowmass 2021 white paper, J. Phys. G 48, 070501 (2021)
[arXiv:2006.04907] and an associated Snowmass meetings and ACFI workshop.

K. S. Babu,... R. N. Mohapatra, et al., “|AB| = 2: State of the Field, and Looking
Forward - A Brief Status Report of Theoretical and Experimental Physics
Opportunities”, arXiv:2010.02299, for Snowmass 2021.

P. S. Bhupal Dev,... R. N. Mohapatra, et al., “Searches for Baryon Number Violation in
Neutrino Experiments: A White Paper”, arXiv:2203.08771, Snowmass 2021.



General Formalism for n — nn Oscillations

n — n Oscillations in Field-Free Vacuum:

CPT: (n|Hessr|n) = (n|Hepe|R) = m, —1i\,/2, where H.+ denotes relevant
effective Hamiltonian and A~ = 7, = 0.88 x 10° sec. H,¢s may also mediate
n < 7 transitions: (n|H.¢¢|n) = dm. Consider the matrix in (n, 2) basis:

My, — T, /2 om
M = ( om mn—iAn/Q)

Diagonalizing M yields mass eigenstates

1 _
[nt) = E“’” + 7))

with mass eigenvalues my = (m,, £ dm) — i\, /2.

So if start with pure |n) state at £ = 0, then there is a finite probability P for it to be
an |n) at t # 0. Denote 7,5 = 1/|dm|. Then

P(n(t) = n) = [(Aln(t))[> = [sin®(t/Tun)]e "



In general, in the (n, n) basis, write

L M11 om
M_ ( om M22)

Diagonalization yields mass eigenstates |n,) and |n.):
n1)\ [ cos@ sinb In)
Ing) /] \ —sin@ cos@ |72)

20m
AM
and AM = My, — Mss. The energy eigenvalues are

where

tan(20) =

1
By = 7| M+ My + /(AM)2 + 4(6m)?



Let AE = E; — Ey = \/(AM)?2 + 4(dm)?; transition probability:

P(n(t) — n) = |(n|n(t))|* = sin®*(20) sin’[(AE)t/2] e

) [(AM/(;)TJ)r (5m)2] sin” W (AM/2)? + (dm)? t} o~ nt

In realistic free-neutron experiment, |AM | > |dm/|, due to ambient magnetic field,
but the exp. achieves sensitivity to dm by arranging that [(1/2)AE|t K 1, i.e.,

[(AM/2)? + (6m) ] ?t < 1,

then by Taylor-expanding the sine squared, the quantity (AM/2)? 4 (6dm)? cancels,
so in this case

P(n(t) — ) = [(6m)t]2 e " = (t/7us)? e



n — 1 Oscillations in a Magnetic Field B:

Even with magnetic shielding, the neutrons in a free-neutron exp. searching for n — n
oscillations are subject to a nonzero external magnetic field B due to the earth. The n
and 71 interact with B via magnetic moment h=uc, iU, = —w; = Kun, where
k= —1.91, uy = e/(2my) = 3.15 X 10~ !* MeV/Tesla, so

M — mn—ﬁn-ﬁ—ikn/Z om
- om mn+ﬁn-§—i)\n/2

So AM = My; — My = —2fiy, - B and diagonalization yields mass eigenstates
|n1), |n2), with energy eigenvalues

Eyy = mp £/ (fin - B)? + (6m)2 — idn/2
ILL experiment reduced |B| = Bto ~ 1074 G = 1078 T, so

| B = (6.03 X 10722 MeV
al B = ( V) (105

Now |6m| S 10730 from Super-K, so |dm| < |, |B, and



AE = 2\/(fi, - B)? + (6m)? ~ 2|ji, - B

Experimentally, arrange that n's propagate a time ¢ such that [(1/2)AFE|t < 1, i.e,

t
)( )<<1 and t K 1,

1 sec

i, - B|t = 0.92
| i | (10_8 T

Then the exp. is sensitive to dm
P(n(t) — i) ~ [(dm) t]* = (t/Tnn)’

Denoting the total number of neutrons measured as IV,,, the resultant total number of
n's produced in an exp. is

N; = P(n(t) — n) N,

Here, IN,, = ¢T..,, where ¢ = is the neutron flux and T.,,, = the exp. running time.

The sensitivity of exp. depends in part on the product

t \? t \?
Tnn Tnn



so, with adequate magnetic shielding, want to maximize ¢, subject to condition
|fin, - B|t < 1 (and neutrons not falling too far in gravity to reach detector).

Most sensitive reactor n — 72 exp. done with ILL High Flux Reactor (HFR) at Grenoble
(Baldo-Ceolin, Fidecaro,.., 1985-1994; M. Baldo-Ceolin et al., Z. Phys. C63, 409
(1994))) with neutrons cooled to liquid D, temp., kinetic energy £ ~ 2 x 107 eV,
typical velocity v ~ 700 m/s, L ~ 76 m, t ~ 0.11 sec., ¢ ~ 1.25 x 10! n/s, so
ot? = 1.5 X 10° n - s; set limit

Tni > 0.86 X 10° sec (90 % CL)

i.e., |0m| = hA/7Tpn = (6.58 X 1072 MeV - s)/1hn < 0.77 X 1072 MeV.
In general, [dm| = (0.658 x 1072 MeV)(10% s/7,5).
Note that 7, > T, i.e., the lower bound on 7,,; is much larger than the free neutron

lifetime, 7,, = 0.88 X 103 sec, so most free neutrons decay before they might undergo
a transition to n.



n — n Oscillations in Matter:

For n — 7 oscillations involving a neutron bound in a nucleus, consider

M — (’mn,eff. om )

5m mﬁ,eff_
with

Mpeff = Min + Vi s Maeff. = My + Va

where the nuclear potential V,, is real, V,, = Vg, but V; has an imaginary part
representing the nIN annihilation: V; = V5;r — 1V51 with

Vars Vars Var ~ O(100) MeV (Dover, Gal, Richard; Friedman; recently work by
Barrow, Golubeva, Ladd, Paryev, Richard for 12C (ESS) and “°Ar (DUNE)).

Mixing is thus strongly suppressed; tan(26) is determined by
20m B 20m
[Mners. = Maesr|  /(Var — Var)® + Vi

Using the reactor exp. bound on |§m|, this gives || S 10731, This suppression in
mixing is compensated by the large number of nucleons in a nucleon decay detector,
~ 1033 n's in Super-K.

<1




Eigenvalues:

1
M2 = | Mneff. + Mieff. + \/ (Maneps. — Maesr)? + 4(dm)?

Expanding m for the mostly n mass eigenstate |n,) ~ |n),

(5m)2 VﬁI
(VnR - ‘fﬁ,R)2 + Vﬁzj

m~m,+V,—1
Imaginary part leads to matter instability, mainly via nn, np — w’'s, with rate

I 2(6m)?|Vi|
Tm.i. B (VnR - ‘/ﬁR)2 _|' VﬁzI

S0 Ty o< (dm) ™2 = Tsﬁ.

Writing 7,,,.;. = RT,,fﬁ, one has R ~ O(100) MeV, dependent on nucleus.
With & = 6.6 X 10722 MeV-sec, equiv. R ~ 10?3 sec—1.



Searches for matter instability due to n — 7 oscillations with large nucleon decay
detectors are complementary to searches with free neutrons at reactors or spallation
sources. Searches for matter instability due to n — n oscillations were performed most
recently by Soudan, Super-K, and SNO experiments.

Generic signature is a multipion final state resulting from the annihilation of the n with
a neighboring neutron or proton.

A lower bound on T, ;. yields a lower bound on 7,5 via Thi = (Tm../R)'/2. Current
best bound is from Super-Kamiokande 7,, ;. > 3.6 X 1032 yrs, giving

Tnn > 4.7 X 108 sec (90 % confidence level)

[Abe et al., Phys. Rev. D 103, 012008 (2021)] and thus

1 —30
6m| = — < 1.4 x 1073° MeV

T’I’L’I’L

The future n — 7n search experiment at ESS plans to achieve improved sensitivity (Yuri
Kamyshkov's talk).



The n — 1 transition operators (’),gnﬁ) are six-quark operators of the form uudddd,
with mass dimension 6 X (3/2) = 9 (in d = 4 spacetime dimensions), so the
coefficient of this operator is ~ 1 /Mgﬁ where M,,; is an effective scale characterizing
the BNV physics responsible for the n — 7 transition. Then dm is determined by
M, and the matrix elements (72| O\"™|n) ~ Acp» where Agop ~ 0.25 GeV.

So dm ~ A%CD/Mgﬁ, ie.,

A 1/5
M5 ~ ( QCD) Aqcp
|dm|

Hence, an lower bound on 7,5, i.e., upper bound on |§m| yields a lower bound on
M.,,7. Using the current lower limit on 7,,; from Super-K, we have

1/5
Tnﬁ
M,,= = 700 TeV ( )
4.7 X 108 sec

So n — n experiments probe baryon-number violating physics occurring at an mass
scale of ~ 10% — 103 TeV.



Another interesting possibility is that there could be mixing between neutrons in our
world and “mirror neutrons” (n’) in a mirror world. Rabi Mohapatra and others (Z.
Berezhiani, S. Nussinov, Y. Kamyshkov, L. Broussard,...) have studied neutron - mirror
neutron oscillations and mirror dark matter in many papers. Recent exp. at SNS,
ORNL: L. J. Broussard, J. L. Barrow,...,Y. Kamyshkov, et al., PRL 128, 212503 (2022)
and future searches at ORNL and ESS (Kamyshkov talk). Thus, the future ESS exp.
will also search for n — n/ and n — n’ as well as n — n transitions (Addazi et al.,
2006.04907). Some of Rabi’s papers on this subject include

e Z. G. Berezhiani, A. D. Dolgov, and R. N. Mohapatra, “Asymmetric Inflationary
Reheating and the Nature of the Mirror Universe”, Phys. Lett. B 375, 26 (1996)
[hep-ph/9511221].

e R. N. Mohapatra, S. Nussinov, and V. L. Teplitz, “Mirror Matter as Self-Interacting
Dark Matter”, Phys. Rev. D 66 063002 (2002) [hep-ph/0111381].

e R. N. Mohapatra, S. Nasri, S. Nussinov, “Some Implications of Neutron Mirror
Neutron Oscillation”, Phys. Lett. B 627 124 (2005) [hep-ph/0508109].

e R. N. Mohapatra and S. Nussinov, “Constraints on Mirror Models of Dark Matter
from Observable Neutron-Mirror Neutron Oscillation”, Phys. Lett. B 776, 22 (2018)
[arXiv:1709.01637].

e |. Goldman, R. N. Mohapatra, and S. Nussinov, “Bounds on Neutron-Mirror Neutron



Mixing from Pulsar Timing”, Phys. Rev. D 100, 12 (2019) [arXiv:1901.07077].

e |. Goldman, R. N. Mohapatra, S. Nussinov, and Y. Zhang, “Constraints on
Neutron-Mirror-Neutron Oscillation from Neutron Star Cooling”, arXiv:2203.08473.

e |. Goldman, R. N. Mohapatra, S. Nussinov, and Y. Zhang, “NeutronMirror-Neutron
Oscillation and Neutron Star Cooling”, Phys. Rev. Lett. 129, 061103 (2022)
[arXiv:2208.03771].

Rabi has also worked on many other interesting related topics, often in collaboration
with speakers at this conference. These topics include

e Further studies of left-right-symmetric gauge theories

e Further connections with neutrino masses and mixing

e Baryogenesis at various scales, including post-sphaleron baryogenesis
e Supersymmetric models

e Dark matter
e Other BSM topics



We next discuss a model in which proton decay can easily be suppressed well below
experimental limits while n — 7n oscillations can occur at level comparable to existing
limits (Shmuel Nussinov and RS, PRL 88, 171601 (2002) and recent work with
Sudhakantha Girmohanta).

Thus, in this model, n — n oscillations are the main manifestation of baryon number
violation, just as in the 1980 PRL by Mohapatra and Marshak.

Although we focus on n — 7 here and do not discuss neutrino masses and mixing, in

S. Girmohanta, R. N. Mohapatra, and RS, “Neutrino Masses and Mixing in Models with
Large Extra Dimensions and Localized Fermions”, Phys. Rev. D 103, 015021 (2021)
[arXiv:2011.01237]

we have investigated the question of whether this model can produce a (low-scale)
seesaw mechanism that can explain light neutrino masses and observed lepton mixing.
We show that the answer is yes.



Refs. for next section:

S. Nussinov and RS, “n — n Oscillations in Models with Large Extra Dimensions”,
Phys. Rev. Lett. 88, 171601 (2002) [hep-ph/0112337].

S. Girmohanta and RS, “Baryon-Number-Violating Nucleon and Dinucleon Decays in a
Model with Large Extra Dimensions”, Phys. Rev. D 101, 015017 (2020)
[arXiv:1911.05102].

S. Girmohanta and RS, “Improved Upper Limits on Baryon-Number Violating Dinucleon
Decays to Dileptons”, Phys. Lett. B 803, 135296 (2020) [arXiv:1910.08356].

S. Girmohanta and RS, “Baryon-Number-Violating Processes in a Left-Right Symmetric
Model with Large Extra Dimensions”, Phys. Rev. D 101, 095012 (2020)
[arXiv:2003.14185].

S. Nussinov and RS, “Using pp and ete™ Annihilation Data to Refine Bounds on the

Baryon-Number-Violating Dinucleon Decays nn — eTe™ and nn — u™ ™", Phys.
Rev. D 102, 035003 (2020) [arXiv:2005.12493].

S. Girmohanta, R. N. Mohapatra, and RS, “Neutrino Masses and Mixing in Models with
Large Extra Dimensions and Localized Fermions”, Phys. Rev. D 103, 015021 (2021)
[arXiv:2011.01237].



n — n Oscillations in an Extra-Dimensional Model

Extra spatial dimensions have been of interest since Kaluza and Klein and received
renewed attention with the development of string theory.

Consider a model with a d = 4 + n dimensional spacetime, with n extra spatial
dimensions. Denote usual spacetime coords. as x,,, v = 0, 1, 2, 3 and consider n
extra compact coordinates, y, with 0 < y, < L, i.e., size of extra dimension(s) is L.

Each SM fermion f has the form

Ui(z,y) = Pr(z)xr(y)
with strong localization at a point y, in the extra dimensions, with a Gaussian profile of

half-width o = 1/p < L:
xr(y) = Aelv=vs

I — Ae—lIn—nsl?

where [|ys|| = (3"%_; ¥%,)"/? A is a normalization constant, and we define a
convenient dimensionless variable ny = pyy.

Such models are of interest partly because they can provide a mechanism for obtaining
a generational hierarchy in fermion masses and quark mixing.



We use a low-energy effective field theory (EFT) approach with an ultraviolet cutoff
M., where M, > p for self-consistency. Only the lowest mode in the Kaluza-Klein
(KK) mode decompositions of each W field will be needed here; effects of higher modes
are considered in our papers.

Starting from the Lagrangian in the d-dimensional spacetime, one obtains the resultant
low-energy EFT in 4D by integrating over the extra n dimension(s). For canonical
normalization of the 4D fermion kinetic term,

A — (E)n/4un/2
TT
The localization is achieved by coupling to auxiliary “localizer” scalar fields with kink

form for n = 1, and similarly for higher n (Arkani-Hamed + Schmaltz;
Mirabelli+Schmaltz, 2000). Higgs fields are taken flat in extra dims.

Define A = 1/L; take A ~ 10% TeV, 0 = 1/u ~ L/30; this gives adequate
separation of fermions while fitting in interval [0, L], consistent with precision
electroweak data, collider bounds, flavor-changing neutral current constraints.
Corresponding compactification length: L = 2 x 10~ cm.

With Az = 102 TeV, this yields ;1 ~ 3 X 10° TeV.



This type of extra-dimensional (ED) model is often called a split-fermion model because
different chiral components of quark and lepton fields have localized wave function
centers at different positions in the extra dimensions.

N.B.: This split fermion ED model is quite different from ED models with low quantum
gravity scales (Arkani-Hamed, Dimopoulos, Dvali; Dienes, Dudas, Gherghetta, 1998), as
is clear from the fact that, e.g., for n = 2 and quantum gravity scale of 30 TeV, the
ADD-DDG models have a compactification size ~ 3 x 10~* cm., much larger than
the scale L ~ 2 x 10~'Y cm in the ED model that we use.

The split-fermion model used here is also different from warped (Randall-Sundrum)
models.



Given the localization of fermion wavefunctions on scale o < L, in the integration
. . L (o) . .
over the extra dimensions, can extend [,;° — |”__ to good approximation.

Integrals over extra dimensions have the general form (with f d'n = ffooo d"n)

- m "2 - ka:—r <k ajar||ng — ny |2
dnn exp [_ ailln — T’fi”2} — [—] exp Jre=1; < J k .
/ ; Z:,zl a; ZZL:1 as

For example, for m = 3,

[ @ exp [~ (ailln = ngll* + azlln — ngl? + aslln = ng )] =

a; + az + ag

[ - ]n/2 —(alazllnf1 — N |17 + azasl|ng, — ngll? + asaql||ng, — 77f1||2>
— exp *
a; + az + ag

If only one fermion involved in integrand, then no exponential suppression:

n/2
T
[ exp [~ ailn = nnl?] = | |

1



A Yukawa interaction in the d-dimensional space with coefficients of order unity and
moderate separation of localized fermion wavefunction centers yields a strong hierarchy
in the low-energy 4D Yukawa interaction,

I

/dny X(ny)X(yfR) ~ /dn’n e—||77—77fL||26—||77—77fR||2 ~ e~ W/Dlng—nsp

Resultant fermion masses m ¢:

( 1
~Y 2
my — hf) EGXP {— 5||"7fL — Nzl } )

where v/+/2 is SM Higgs VEV. With h(f) ~ 1, produce fermion generational
hierarchy via different separation distances |1, — m¢,|| for different generations.

Leading nucleon decay operators are of the form ggg€. Hence, one can suppress
nucleon decay well below experimental limits by arranging that the wavefunction centers
of the v and d quarks are separated far from those of the leptons.

Key point: this does not suppress n — 1 oscillations because the n — n transition
operators do not involve leptons.



For example, one nucleon decay operator is (with £ = e, )

Nd
O = €5, [us TCd)[u), " CLE
where o, 3, ~ are SU(3). color indices.

The product of y-dependent fermion wavefunctions in this operator is

Atexp [ - {2”77 — Nugll? + 1M — nagll® + |In — "”R”ZH

The integral over y yields

1

Nd

1N — b, exp [ — Z{2||"7uR — Nagll®* + 2/ 0ug — Negll® + 1725 — "7£R||2}]
where by = (pu/+/7)™.

One can guarantee that this is sufficiently small by taking the distances between
wavefunction centers ||, — 7¢,|| and/or ||na, — ne,||? sufficiently large.

Similarly for other nucleon decay operators.



At the quark level n — 7 is (udd) — (udd®). This is mediated by 6-quark
operators O(") ~ uddudd.

In d = 4 dims., effective Lagrangian for the n — n transition is
Lo (z) = Z "™ O™ () + h.c. .
Correspondingly, in d = 4 + n dimensions,

527;1}34+n(w, Y) = Z k"0 (x, y) + h.c. .

where the O("™) () and O("™ (z, y) are 6-quark operators in d = 4 and
d =4 4+ n dims.

In d-dimensional spacetime the dimension of a fermion field v/ in mass units is
dim () = (d — 1) /2, so dim(O{") = 6d,;, = 3(d — 1) and

dim(k,) = d — dim(O") =3 —2d =3 — 2(4 +n) = —(5 + 2n)



So the coefficients k, have the form

_ &)
Kl(nn) — r
T MS?—_JL—ZI’I,

where Ezq(f"ﬁ) are dimensionless and M, is the effective mass characterizing the physics
responsible for the n — 7 oscillation. We can set ("™ = 1 for the dominant O("™)
in defining M,,;.

Integration of fermion wavefunctions in the O("™(x, y) over y yield the coeffs. c("™
in terms of x (")



Operators (’),,(fm) must be color singlets and, for M,,; larger than the electroweak
symmetry breaking scale, also SU(2) x U(1)y-singlets. Relevant operators in SM
EFT:

O™ = (T apyope[uST Cul] [ Cdl,) [dor CdY)
O™ = (T) aprope [UET Cdy) [u)y Cdly) [dor CdS]
O(nn) (To) apropo€ij [QmTCQ‘;}B] [’UJVRTCd&R] [dll)%TCd(lj%]

O™ = (To)apropociserm[QETCQILNQYTCQY) Y Cdg)
where Qr = (}),, %, j.. are SU(2) indices, and color tensors are

(Ts)a,B'ydpo' — €pavy€aBs + €oav€pBs + €pB~v€Eoald + €opB~vEpasd

(Ta) aprops = €paB€ors + €caB€pys
(Ts)ap~spo is symmetric in the indices (a3), (v9), (po).
(T%) apyopo is antisymmetric in (o3) and (yd) and symmetric in (po).



SU(3),
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The integrals of these operators over y comprise three classes: operators OY”_“ and
O™ yield the integral

i 4
155 = bo x| = Sl — nagl?|

O™ yields the integral

157 = bg exp | — {2lIna, — Mugll® + 6lma, — Magll® + 3l1m, — 10,
3 6 €Xp 6 mQ, — Mg NQr — Ndgll” + 3|[Mup — Ndg y

O{"™ yields the integral

nn 4
157 = bo exp | = Sling, — nall|
where bg = (2 - 3712 12",

The coeffs. ¢ = g™ /(M,,)5 times these I("™) integrals.



Consider, e.g., case n = 2: one can fit data on quark masses, mixing with
11Q;, — Mugll = 4.75,  ||ng, — Ndgll ~ 4.60

||77uR — ndR” ~ 7

(nn),

We find that the |c("™| for r = 1,2, 3 are < |c\*™|, and hence we focus on c}

To leading order (neglecting small CKM mixings), ||ng, — Mdy|| is determined by mg

via relation (with Higgs vev v = 246 GeV)

v
myg = hdﬁ

with
hg = hapexp[—(1/2)||ng, — Nagll’]

where hg o is the Yukawa coupling in (4 4+ n)-dims. so that

exp [—(1/2)Inq, — naxll®] =

With hao ~ 1



Sim ~ ™) (= )y 4p 21/2my Ve -1 o)
m e @O ) = (gt ) (S ) mIo

Requiring that 7, = 1/|dm/| agree with the lower limit from Super-K,
T > 4.7 X 108 sec. yields the lower bound on the mass scale of n — 7 oscillations:

T )1/9 (- )4/9 (|<ﬁ|@§"">|n>|)1/9
4.7 X 108 sec 3 x 103 TeV .

where Agcp = 0.25 GeV. This bound is not very sensitive to the precise size of
(R]|O"™|n) because of the 1/9 power in the exponent.

M, > (51 TeV)( 5
Agep

Oflnﬁ) — —Q@3 in notation of lattice QCD calculation (Syritsyn et al. 2019), with
LQCD matrix element [(72|Q3|n)| ~ 5 x 107* GeV® = 2A{),; substituting this

yields factor 2/9 = 1.08 so lower bound is (1.08)51 TeV = 55 TeV.



Hence, for relevant values of M,,; in this model, n — 7 oscillations could occur at
levels that are close to the current limit.

This model also illustrates how baryon number violation can occur via n — n
oscillations with strongly suppressed proton decay.

With SM fermion wavefunction centers chosen to suppress BNV nucleon decays
adequately in this model, an interesting question is what are the predictions for other
AB = —1 nucleon and AB = —2 dinucleon decays, including

o (i) the AL = —3 nucleon decays p — £’ and n — pi’'v"”
o (") the AL =1 HUC|eon decays p — £+1/1/’ and n — 171/,1/”

o (iii) the AL = —2 dinucleon decays
pp — (eTet,utut, etut, e™r%, or u*v1), np — £+, and nn — DI,
where 6T =e™, ut, or T7;

e (iv) the AL = 2 dineutron decays nn — vv/’.

The decays of type (i) and (ii) are mediated by 6-fermion operators, while the decays of
type (iii) and (iv) are mediated by 8-fermion operators. In S. Girmohanta and RS, PRD
101, 015017 (2020) we show that the predictions of the model are in accord with
experimental constraints.



n — 1 Oscillations in an Extra-Dimensional Model with
G 1 rs Gauge Group

We have also studied n — 7 oscillations in an extra-dimensional model with the gauge
group GLRS = SU(?))C ® SU(Z)L ® SU(Z)R ® U(]-)B—L

in Girmohanta + RS, PRD 101, 095012 (2020) [arXiv:2003.14185].
This model provides a useful contrast to the previous study because in the SM the
n — 1 oscillations do not break the SM gauge symmetry, while in the LRS model, they

occur via the breaking of the U(1)z_7, gauge symmetry.

Recall field content of LRS model (Mohapatra, Pati, Senjanovi¢, 1975...) for fermions
(first gen.):

u u
QL = (d) : (3,2,1)1/3, Qr= (d) : (3,1,2)1/3,r
L R

Ve Ve
L = ( ) . (1’ 2, 1)—1,L , Lp= ( ) . (17 1, 2)—1,R ’
€/ €/ R



Higgs sector:

®:(1,2,2)g: P = <(b(1) qbi") :

b5 S
Ap:(1,3,1)2, Apg:(1,1,3),

Ao [Bia/VE AL
9 - b
AOL,R _A;:L,R/\/§

Minimization of Higgs potential (recent study: P. S. Bhupal Dev, R. N. Mohapatra, W.
Rodejohann, and X.-J. Xu, JHEP 02 (2019) 154) yields VEVs



At highest scale, vg breaks SU(2)g ® U(1)p_r — U(1)y with
|A(B — L)| = 2. This naturally yields n — 7 oscillations and connects them with
the Majorana neutrino mass generation. So in this model,

At electroweak level, k, ' break SU(2); ® U(1)y — U(1)em- Take vy K K, K’
to preserve p = 1 where p = m3;,/(m?7, cos® Oy).

As in the SM EFT, nucleon decay can be suppressed well below experimental limits by
separating the wavefunction centers of the quarks from those of the leptons.

Since the adjoint rep. of SU(2) is the rank-2 symmetric tensor, can write Ay as (Ap)Y
and Ag as (Ag)"7, where ¢, j are SU(2), indices and 4/, ' are SU(2) r indices.



O("™) operators:

(nn) __
01 = (Ts)a,@'ydpa (Ei’k’ej’m’ —|— Ej/klﬁilm/)(épl,r.leq/s/ —|— Eq’r’ep’s’) X

X [Q¥TCQiPQ T QT Qu CQL] (Al

(nn)
02 — (Ta)aﬂ’yépa' Ei’j’ekz’m’ (Epl,rleqlsl —|— Eq/,r.leplsl) X

x [QFTCQRIQR T CQR QR CQYI (AR
05" = (Tu)aprspo €ijerm (epregstegmeys) [QFTCQYNQR T CQR1IQRTCQET (AR
O™ = (Ta)apnipw €iierm (epmegstesmeyy) [QFETCRYIQY T CQIIQRTCQET (AR

Oé’nﬁ) — (Ts)a,@'yépa(eikejm + ejkeim)(eplrlﬁqlsl + qurrepls/) X

x [QETCYQYTCQQy T CQy ) (Al
After symmetry breaking of U(1)p_p, replace Ar by VEV, vg.



In the same way as before, we obtain the low-energy 4D EFT by integrating the
operator products over the n extra dimensions.

Because O\"™ and O™ involve only one kind of fermion field (namely, Q ), we find
that for these two operators the integral over y does not yield any exponential
(Gaussian) suppression factor. Coeffs. £{"™) can naturally be ~ O(1) in the model for
these operators.

This is in contrast to the SM EFT, where the integrals of all n — n operators involved
exponential suppression factors.

Because of this, the constraint that this model should agree with the experimental
lower limit on 7,,; imposes a more stringent lower bound on the scale M,,; in this
model than in the SM EFT analysis:

Tnn 1/9
4.7 x 108 sec)

v 4/9 (1R (R|OM™ ) |\ /0
( ) Cor=1,2

3 x 103 TeV ASep

M,» 2 max[(l x 10° TeV)(




Closing Remarks

Here we have discussed one of the many areas of particle physics where Rabi
Mohapatra has made contributions of pioneering, profound, and far-reaching
importance, namely n — n oscillations.

This festschrift is a wonderul recognition of Rabi's research contributions throughout
the many years of his remarkable career.

We look forward to results from future experimental searches for n — 7 oscillations in
free neutron propagation experiments and via searches for matter instability in deep
underground nucleon decay detectors.

We wish Rabi Mohapatra the best for good health and many more years of very
productive research and mentoring.

Thank you



