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1. Introduction

Violation of baryon number B is a requirement in any model that tries to explain the existence of
a baryon asymmetry of the Universe. In order to have successful baryogenesis!, the three Sakharov
conditions i) B violation, ii) C and CP violation, and iii) out-of-equilibrium dynamics, need to be
satisfied [1]. In the SM, the first condition is fulfilled by the sphaleron interactions, which violate
B + L, the sum of baryon and lepton numbers. However, the sphaleron interaction is not enough
for baryogenesis to occur. Therefore, in order to understand the baryon asymmetry of the Universe,
it is necessary to search for additional sources of B or L violation. To this end, there are only a
handful of ways to test B or L violation in a laboratory setting, some of the most prominent being
neutron-anti-neutron oscillation, dinucleon decay, neutrinoless double beta decay, and proton decay.

Neutron-anti-neutron (n — 1) oscillation is an unobserved process that converts a neutron into
an anti-neutron. This interaction violates conservation of baryon number B by two units, |AB| = 2,
and can not occur in the Standard Model (SM), thereby requiring New Physics (NP) beyond the SM
(BSM). Experimental programs to constrain the neutron-anti-neutron oscillation time 7,_5; involve
bound searches (where the neutron is bound to a nuclei) and free searches (where the neutron is
not bound). Currently, the most stringent constraint on the n — 7 oscillation time comes from
the Super-Kamiokande experiment [2], which provides a limit TES‘%“‘:‘ > 4.7 x 108 s. For the free
n — n oscillation time, the most stringent constraint at Trfff; > (0.86 x 108 s comes from the ILL
experiment [4]. Experimental limits on both the free and bound 7 — 7z oscillation times are expected
to be improved in the near future. At the DUNE experiment, the limit on the bound n — 77 oscillation
time is expected to reach Tsf‘j{‘d ~ 7 % 10% s [3, 5] while for the free oscillation, the NNBAR
experiment at ESS is expected to provide the most stringent bound on the free n — 77 oscillation
time of T,flrff_l > 3 x 10° s [5] . Due to the current stringent limits and expected improvements in
the experimental sensitivities for the future n — 71 oscillation searches, it is very timely to study the
impact of n — 71 oscillation on baryogenesis.

An observation of n — 71 oscillation would have implications for the matter/anti-matter asym-
metry of the Universe. Out of the Sakharov conditions, n — 71 oscillation only probes B violation,
which by itself is not enough for baryogenesis, but may be connected to the other conditions through
various BSM realizations of the n —7i oscillation mechanism. Only fulfilling B violation is, however,
enough for a process to wash out a preexisting baryon asymmetry. In such a scenario, assuming
baryogenesis to have occurred at a high energy scale, a washout of the matter/anti-matter asym-
metry can transpire through the same mechanism that mediates the oscillation between neutron
and anti-neutron, effectively reducing or removing the asymmetry completely. Therefore, con-
straining n — 71 oscillation parameters experimentally is crucial for understanding the generation of
the baryon asymmetry of the Universe, and exploring the theoretical consequences of a potential
n — i oscillation signal is an attractive gateway to discern possible NP models leading to such an
asymmetry.

1Baryogenesis is the mechanism by which a baryon asymmetry is generated.
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2. Neutron-anti-neutron effective field theory

Assuming the NP that mediates the n — 77 oscillation to contain degrees of freedom which
appear at a high energy scale as compared to the mass of a nucleon, the oscillation can be described
by the effective Lagrangian

= > (GO0 +CF (wOF () +hee.. (1)
i=1,2,3,5
Here, u is the energy scale at which the operator is defined, and C; are effective Wilson coefficients
that correspond to the effective dimension-9 operators O;. The relevant independent operators with
non-vanishing matrix elements are given by [6]
O1 = (YCPRIT*Y) (WCPRIT*Y) (YCPRIT* T YT,
02 = (YCPLIT*Y) (WCPRIT ) (WCPRIT* THY) T,
O3 = (WCPLITY) (YCPLITY) (YCPRIT* T Y) T,
Os = (WCPRiT* T Y) (WCPLIT* T ) (WCPLiT T y) TS5,

2

where parity transformed operators (denoted by a superscript P) can be obtained by the replace-
ment P; < Pg, and ¥, = (u,d) is a quark isospin doublet, with # and d being Dirac spinors.
Furthermore, Pg 1 = % (1 + ys) are projection operators acting on the Lorentz-indices of the quark
doublets, 7 is the ith Pauli matrix, such that i7? is the two-dimensional antisymmetric tensor acting
on the isospin indices of the quark doublets, with 7* = % (T1 + irz), and C is the charge conjugation
matrix. Finally, 7555 and T455 are symmetric and antisymmetric tensors respectively, given by

SSS

T{ij}{kl}{mn} = Eikm€jln T EjkmEiln t EilmE jkn t Eikn€ jIm, 3)
AAS

T[ij][kl]{mn} = EijmEkin T Eijn€kim,

which act on the color indices of the quark doublets. From the Lagrangian in Eq. (1), the n — 7z
oscillation time 7,_5; can be obtained to be given by

Tl = ALY =] D (Gl Mi(w) + CF (wME (), @)
i=1,2,3,5

where M; is the matrix element corresponding to operator O;. In order to match the operators at the
energy scale of n — 71 oscillations to the scale of new physics, which is assumed to be relatively high,
renormalization group (RG) running effects should be taken into account. Defining the operators
at a low energy scale g, which satisfies my, > yo > m., where my, and m. are the masses of the
bottom and charm quarks respectively, their evolution to a higher energy scale unp > m,, where m,
is the mass of the top quark, can be calculated as [7]

0i (1) = U/ (un P, 10)Oi (o) = U,'Nf:6(,uNP,mz)UZVfZS(mt,mb)UZVf:4(mb,,UO)Oi(,UO)’ (5)

where N is the number of fermions, and Ul.Nf (g1, q2) is given by [10]
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(i
;
fermions N, ¢;; is the Kronecker delta function, and ag(u) is the strong coupling constant defined

Here (0, y](.i) and (; are dimensionless constants, where y ) and Bi depend on the number of
at an energy scale u. Taking values for the matrix elements M; obtained using lattice quantum
chromodynamics in [6], the operators are evolved to a high energy NP scale un p where the Wilson
coefficients C; are be defined. In this way, heavy NP can be related to n — 7 oscillation at the energy
scale of the experiment, and a possible n — 71 oscillation signal can be understood in terms of the
effective operators coming from high-mass BSM particles.

3. Baryogenesis

In order to study the effects on baryogenesis coming from a n—7 operator, we use the Boltzmann
equation [8, 9]

d
tHm, T == 3 [Xa-oif], )

a,i,j,

which describes an evolution of the number density of a particle, in this case X, under the influence

of scatterings and decays. Here z = mx /T is the variable under which the number density evolves,

where my is the mass of particle X and T is the temperature. Furthermore, H is the Hubble rate,

and nx = nx /n, is the number density of particle X normalized to the number density of photons

n,, where the Hubble rate and photon number density are given by
2

T _ 2{_(23) 73

H=1.66+/g.—, Ty

b 8
- ®)

where g. ~ 107 is the number of degrees of freedom, Ay =~ 1.2 X 10'° GeV is the Planck scale, and
{ is the Riemann zeta function. The quantity in square brackets on the right-hand side of Eq. (7) is
defined as

.. nxng:-- L. nin; ..
[Xa DR H lJ .. -] E #fyeq(xa ... H lJ .. -) —_— #'yeq (lJ ... —) Xa .. .) . (9)
nyng -+ i

where n?q is the number density in equilibrium of particle i, and y® is the scattering density in
thermal equilibrium. The sum in Eq. (7) ensures that all particle interactions in which X participates
are involved in the evolution of the number density. Under the influence of a washout process?,
without any mechanism to generate an asymmetry?>, Eq. (7) can be re-expressed in terms of density
of baryon number A B,

dnap

zHn, = -, (10)

where 'V is the rate of the washout process. With Eq. (10), a baryon number violating interaction
such as n — 71 oscillation can be connected to the washout of baryon asymmetry in the early

2Washout is a mechanism by which a baryon asymmetry is reduced or removed via baryon number violating
interactions.
3Here it is assumed that the asymmetry was already generated at a higher temperature.



Probing Baryogenesis using Neutron-Anti-Neutron Oscillation Kaére Fridell

10°
—T

10'1 L
>
Q
<)
= 103 L

102 L v =174 GeV

10° 10* 10° 108

A [GeV]

Figure 1: Temperature T (A) at which the fraction I'/H is equal to one (purple solid line), as a function of
the NP scale A. The red dashed line shows the scale of electroweak symmetry breaking.

Universe. As an example, focusing on the n — 7 oscillation operator Os from Eq. (2), using the
methods described in [7, 11], the equilibrium scattering rate is obtained as

25 T4
P 11
Y05 = 15 Co (1) an
This leads to a washout rate .
1375 T
O = (12)

% 21n° C5(T)*
In Fig 1, the temperature 7" at which the fraction ng /H is equal to one is shown as a function of
the NP scale A. Above the temperature 7', the washout coming from operator Os can be assumed
to be strong [7]. The current experimental reach of n — i1 oscillation experiments is shown in
shaded orange, as calculated using Eq. (4) for the limit TES‘;—lnd > 4.7 x 10% s coming from the
Super-Kamiokande experiment [2]. A more accurate calculation can be performed by integrating
the relevant Boltzmann equations [7]. Furthermore, in the presence of CP violating interactions
involving new fields which violate baryon number and induce n — 71 oscillation, a complete and
consistent treatment of the Boltzmann equations involving the decays and washout processes is
necessary to test the viability of high- and low-scale baryogenesis mechanisms [7].

4. Summary

Neutron-anti-neutron oscillation will be searched for at an unprecedented sensitivity in the
coming years. An observation of such a B violating NP process as n — 7 would open the door for
answers to many outstanding problems in particle physics, providing a clear sign of NP beyond the
SM, and shedding light on the origin of the matter/anti-matter asymmetry in the Universe. In the
case of a non-observation on the other hand, the upcoming exclusion limits on the n — 77 oscillation
time will put severe restrictions on the parameter space of viable baryogenesis models, since many
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of them predict n — 71 oscillation at an observable rate. Therefore, improving the experimental
lower limit on the n — 77 oscillation time could contribute to falsifying various baryogenesis models,
and would provide a step closer to understanding the overabundance of matter in comparison to
anti-matter in the Universe.
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