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Perspective: Why Search for n-n?

The origin of the neutrino mass is not yet known
A massive neutrino can have a Dirac and/or Majorana mass

If Dirac, then one can use the Higgs mechanism

(after adding a new field: Vr )
If Majorana, a dimension five (B-L violating!) mass term

appears ()‘(szveak//\)VLTCVL ) [Weinberg, 1979

If both mass types appear, the mass eigenstates would be

Majorana [Gribov and Pontecorvo, 1969; Bilenky and Pontecorvo, 1983]

- The nevutrino is its own antiparticle

If B-L is broken, then the “see-saw’ mechanism can explain

Wh)' My IS SO small [Minkowski, 1977; Gell-Mann, Ramond, & Slansky;,
1979; Yanagida, 1980; Mohapatra & Senjanovic, 1980]
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Mechanisms of Ov 33 decay
Why the energy scale of B-L violation matters

If it is generated by the Weinberg operator, then SM electroweak symmetry
yields m, = \v, Weak//\' It A ~ 1 and A > Vyea, then naturally m, < my!
N.B.if m, ~0.2eV,then A ~ 1.6 x 10° GeV!

Alternatively it could also be generated by higher dimension |AL| = 2
operators, so that m, is small just because d > 4 and A need not be so large.

[EFTs: Babu & Leung, 2001; de Gouvea & Jenkins, 2008 and many models]

Can we establish the scale of 5 — £ violation in another way?

N.B. searches for same sign dilepton final states at the LHC also constrain
the higher dimension (“short range”) operators. [Helo, Kovalenko, Hirsch, and Pas, 2013]

Here we consider B-L violation in the quark sector:
via n-n fransitions

w—> Ap ~ |00 TeV
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Neutron-Antineutron Transitions

Can be realized in different ways

Enter searches for
® neutron-antineutron oscillations (free n’s & in nuclei)

‘¢ ’9 M = M = pin B 0
spontanegus 5 M, + B
& thus sensitive to
environment o°
al(t) 20 B)Q[ cos(2pun, Bt)]

® dinucleon decay (in nuclei)
(limited by finite nuclear density)

® neutron-antineutron conversion (NEW!)
[SG & Xinshuai Yan, arXiv:1710.09292, PRD 2018 (also arXiv:1602.00693, PRD 2016)]
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Neutron-Antineutron Transitions
Some Novel Features
® Majorana C,P, and T phase constraints

Recall from neutrino physics: the discrete symmetry transformations of a
theory should not depend on whether it contains Dirac or Majorana fields.
[Kayser and Goldhaber, 1983; Kayser, 1984 — also Carruthers, 1971; Feinberg and Weinberg, 1959]

Consequently the CPT, CP, and C phases of Majorana fields or states are
restricted.
[Kayser and Goldhaber, 1983; Kayser, 1984]

Generalizing this to theories of fermions with B-L violation, the phases
associated with the discrete symmetry transformations must themselves be
restricted.

[SG and Yan, 2016]

® |ncompatible with pure QCD in the isospin
symmetry (but compatible with the SM!)

[SG & Xinshuai Yan, 201 6: Carruthers, 1967....]
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Dirac Fermions with B-L Violation
Constraints on unimodular phasein P CT, and CPT!

The prototypical B — L violating operator is of form

Y™ Cy + h.c.
Since C satisfies (c#*)! C = —Co*", this operator is Lorentz invariant. Under

CPT... . . .
unimodular phases: Npx i ; NPNcNT = |

Oy = T Cih + hec. = (161p1t)? e~ + 1
Oz =" Cys1p + hec. = —(77077/0771‘)2
O3z = T CyHap 0" F,., + h.c. i} +(77077p77t)2 x
Oy = " CyHy51) 0¥ F,., +h.c. ] —(77077p77t)2
Os =" Co,1p F* + h.c. LY (nemom)? %
O = 1" Copyyst) F* +hec. = 4 (10mp1t)? *

The phase constraint is crucial!
CPT odd operators vanish from fermion antisymwetry

[Schechter and Valle, 1981; Nieves, 1982; Kayser, 1982; Shrock, 1982; Li and Wilczek, 1982; Davidson, Gorbahn, Santamaria,

Neutrinos: ...
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n - h Transitions & Spin

Spin can play a role in a “mediated” process

A neutron-antineutron oscillation is a spontaneous

process & thus the spin does not ever flip
However,

O4 = 1" CyH 51 0"F,., +h.c.

n(4+) — n(—) occurs directly because the interaction with the current flips the
spin.

This is concomitant with n(p1, s1) + n(p2, s2) — v*(k), for which only L = 1
and S = 1 is allowed via angular momentum conservation and Fermi
statistics. [Berezhiani and Vainshtein, 2015]

Here e + n — n+ e, e.g., so that the experimental concept for “nn
conversion” would be completely different.



Neutron-Antineutron Conversion
Different mechanisms are possible

% n-n conversion and oscillation could share

the same “TeV” scale BSM sources
== [hen the quark-level conversion

operators can be derived noting
the quarks carry electric charge

¥ N-N conversion and oscillation could come
from different BSM sources
== [hen the neutron-level conversion
operators could also be different

[Kumar & Marfatia, PRD, 2013}
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Effective Lagrangian
Neutron interactions with B-L violation &

electromagnetism
1 0
Lo D —§,unﬁ0“”nFW — §nTCn — gnTC’v“ffan + h.c.

/ f \ [ Qej” = 0,7 ]

magnetic moment _
n—mn

n—mn conversion

‘spontaneous’ —== oscillation - |
[SG & Xinshuai Yan, arXiv: 1710.09292}

Since the quarks carry electric charge,
a BSM wodel that generates nevtron-
antineutron oscillations can also
generate conversion



Neutron-Antineutron Oscillation
Reo & Shrock. 081 AUAYk-level operators

(O1) s = Uy *Cidy [dy] C ][y Clg )(T )

afyopo?
(0,), . =[ul*Cdl ||u,! Cd® |[d’Cds.)(T,)
20 T X1 X2 X217 X3 X3 s afyopo>
(Ts)aﬂ;/épa — €pay€0ﬁ6 T Gaayepﬂé T Gpﬂyeaaé -+ eaﬂygpaéa N Ot e
O = O3
(Ta)aﬁyépa — €papCoys T €sap€pys TS — Ta

¥ Only 14 of 24 operators are independent

(O1),,.r = (O1)y,re: (O23)1ry, = (023)kiy,

(92)mn = (O1) mn = 3(03) ymn - {Caswell, Milutinovic, & Senjanovic, 1983}
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From Oscillation to Conversion
Quark-level operators: compute ge(p)+y(k)—=q2(p’)

5 T _ _oT _ \
Hi D> (wh Cyl, + w5, Cy ) + Qpe > W Ayl

2 A1 \ X2 ﬂaVOI‘
+ Q5ezl/_/)(?3Al//}5(3a . .
matrix element:  *© chiral basis

@ (P)IT (Z (—l% / d*xyry, Cl//)a)

X142

x |g?(p)r(k)). o if.6=p
Effective vertex / yields
mé, e i C YuYs only




B-L Violation via e-n scattering
Linking neutron-antineutron oscillation to conversion

_ I

e.g.

/& O f\
d d
d d

-

d
u

d

d

;
> <1l
d
d

\d

u % u
J/

©,

T T 0 T o
(02)X1X2X3 — [uX1 Cd)él][uX;CdXQ][dX:deX:%](TS)Ofﬂ’Y(SPU
{Rao & Shrock, 1983}

~

X1X2X3

a T 5 5 o
+[uX1TCd§1][uZXC’fy“”y5dX — ZUZTCWM%CZ_X_ _digC’dXS_

(02X s = [T O sl = 208 T Coyttsd? J[u F O [df T €,

Hug T Cdf Ny T O3, (A Cry**sdg, + df T Cy*sd? )| T
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B-L Violation via e-n scattering
Linking neutron-antineutron oscillation to conversion

Moreover...
(@1)§<<1MX2X3 — { B 2[/“33;07“75/“)6 + u;'C‘TCW“%ng][d;QTC’de][df(?)TCd;B]
+ 1S, Cu )AL, Oy sy + 43T Oy ysd2 [df O]
+ [y eud Jldyreds,][d? ) Cyiysds + dchw%diX]} (Ts)apyspo

yielding [Here X=R-X=L for em scattering]
(O)X e Qejy (O;)xH

X1X2X3 (51)X1X2X3 3(102lcf — m2) e X1X2X3
c

with similar relationships for i=2,3 [only these in em case]
The hadronic matrix elements are computed

in the MIT bag model.



B-L Violation via e-d scattering
What sorts of limits could be set?

Matching relation:

(o O B em €
no(p’, s )Cysu(p, s) 3(p2s —m?) ¢
(g5 [ @55 3 60 oG) g s~ (G0, 2 Jna(,5))

1,X1,X2,X3
The best limits come from small-angle scattering
— using the uncertainty principle to estimate Omin

Sensitivity estimate for a beam energy of 20 MeV:

5l <2x 101 N events\/l yr [0.6x 107 s7! /Tm [5.1 x 10?2 cm—3 eV
~ 1 event t 0 L 0 '

for the Majorana mass of the neutron

| 4




B-L Violation via n-d scattering
What sorts of limits could be set?

For cold neutrons (as at the ILL)

p,| = 1.94 keV

Sensitivity estimate (set by n-e scattering):

51 < 3x 1019 N events\/l yr [1.7x 101 s7! /1m [5x10%2 cm—3 Qe
™~ 1 event t 1) L 0

for the Majorana mass of the neutron

The combination of e and n beam experiments should
offer a powerful crosscheck

|5



Ongoing Work

We are studying
how the best experimental paths
change if conversion and oscillation
stem from different
new physics sources



Summary

The discovery of B-L violation would reveal the existence of
dynamics beyond the Standard Model

The energy scale of B-L violation speaks to different explanations
as to why the neutrino is light (A “TeV scale” mechanism could also
generate B-L violation in the quark sector)

We have discussed neutron-antineutron conversion, i.e., neutron-
antineutron transitions as mediated by an external current (as via
scattering)

Neutron-antineutron conversion is not sensitive to medium effects
and can also yield limits on the neutron’s Majorana mass. It can
also lead to the discovery of B-L violation in its own right

Experiments with intense low-energy electron or neutron beams
can also be used to search for B-L violation
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Neutron-Antineutron Transitions
0P &TPhase Constraints

For any fermion field
Cy(x)C " = ncCy2¢* (X) = o™ (X) = nep®(x)
Pw(ta X)P_1 — 77p’70¢(ta —X) ’

Thus P2y(x)P~2 = n2y(x) but C2(x)C 2 = 9(x); Te(x) T2 = —4i(x)

The plane wave expansion of a general Majorana field v, is

¥m(X) = / (27) 3/2\/7 Z {f(p,s “PX 1 A (p, s)v(p, 5)eP ¥}

Applying C and noting the Majorana relation,
iV hm(X) = X Ym(x)
yields
Cium(x)C™" = A" Ym(X)

Ci(p,s)C~" = ncA*f(p, s) and Cf(p, s)C~" = ncA*f1(p, s)
Since C is a unitary operator, taking the ac?j;oint shows n} A\ is real.



C, P, & T Phase Constraints

Under CP, we find n7n¢ A is imaginary, or that r; is imaginary.

Under T we find that n; )\ is real, whereas

CPTm(X)(CPT) ™" = —nenpmy’ v (—X)
yielding
CPT/(p, S)(CPT)_1 = SN\ ncnpnif(P, —S)
CPTfi(p, s)(CPT)~" = —sAnenpn:f!(p, —$)

Since CPT is antiunitary, CPT = KU, where U, denotes a unitarity
operator.

We conclude n¢npn; IS pure imaginary.

Since 7, is imaginary, nen; must also be real — but 7.7, itself is
unconstrained.

Since the phases are unimodular, they impact the discrete symmetry
transformation properties of 5-L violating operators only.

Building a Majorana field from Dirac fields yields

Ym+(X) = ((x)icw(x)c )and)\ +n.; all our other conclusions

emerge as weII. .
» npoc | npnCnT x
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n - N & Nuclear Stability

n-n oscillations can be studied in bound or free systems.

New limits on dinucleon decay in nuclei have also recently been established.
[Gustafson et al., Super-K Collaboration, arXiv:1504.0104.]

1%0(pp) =1*Catnt has 7 > 7.22 x 10°! years at 90% CL.

1%0(pn) =" N=*t7% has 7 > 1.70 x 102 years at 90% CL.

1%0(nn) =% 0 7%° has 7 > 4.04 x 1032 years at 90% CL.

Note Ty = Tnuchf, with T, ~ 1.1 X 102°g~]

Large suppression factors appear in all such nuclear studies, making
free searches more effective. (at first glance)
In the case of bound n-n the suppression is set by

52
(Vn _ Vﬁ)2

the difference in nuclear OPtical potentials. [Dover, Gal, and Richard; Friedman and Gal, 2008]
Now '°O(n—n) has 7 > 1.9 x 103 years at 90% CL,

yleldlng Tnn > 2.7 X 108 S. [Abe et al., Super-K Collaboration, arXiv:1109.4227.]

Cf. free limit: 7,5 > 0.85 x 108 s at 90% C.L. [Baldo-Ceolin et al., ZPC, 1994 (ILL)]

with future improvements expected.

The nuclear suppression dwarfs that from magnetic fields.
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B-L Violation & Self-Conjugate Fermions

In attempting to rationalize the spectral pattern of the low-lying, light
hadrons, Carruthers discovered a class of theories for which the CPT
theorem does not hold. carruthers, 1967

The pions form a self-conjugate isospin multiplet (7, 7%, #=), but the kaons
form pair-conjugate multiplets (K*, K°) and (K°, K™).

Carruthers discovered that free theories of self-conjugate bosons with
half-integer isospin are nonlocal, that the commutator of two self-conjugate
fields with opposite isospin components do not vanish at space-like
separations. [carruthers, 1967]

Moreover, since weak local communitivity fails, CPT symmetry is no longer
expected to hold, nor should the CPT theorem of Greenberg apply. (carruthers,
1968; Streater and Wightman, 2000; Greenberg, 2002]

The neutron and antineutron are members of pair-conjugate / = 1/2
multiplets. The quark-level operators that generate n — n oscillations would
also produce p — p oscillations under the isospin transformation u < d,
though the latter are removed by electric charge conservation....

Ergo n-n oscillations are problematic in pure QCD in the isospin limit.
[SG and Yan, 2016]
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B-L Violation & n-n Transitions

It has long been thought that n-n oscillations could shed light on the
mechanism of

@ Baryogenesis Kuzmin, 1967]
@ Neutrino mass [Mohapatra and Marshak, 1980]

The observation of n-n transformations would reveal that B — £ Is indeed
broken.

Extracting the scale of 5 — L breaking from such a result can be realized
through a matrix element computation in lattice QCD. There has been much
progress towards this goal.

[Buchoff, Schroeder, and Wasem, 2012; Buchoff and Wagman, 2016; Syritsen, Buchoff, Schroeder, and Wasem, 2016]

In contrast to proton decay, n-n probes new physics at “intermediate” energy
scales. The two processes can be generated by d=6 and d=9 operators,
respectively.

Crudely, Ap gecay > 10" GeV and App > 10°° GeV.

Observing a neutron-antineutron transition
would show that B-L violation does exists at an

intermediate (~100 TeV) scalg....



Why Search forn-n ?

The Standard Model (SM) cannot explain the origin of the
coswmic baryon asymmetry, dark matter, or dark energy.

B violation plays a role in at least one of these puzzles.

Although B violation appears in the SM (sphalerons),
[Kuzmin, Rubakov, & Shaposhnikov, 1985]

we know nothing of its pattern at accessible energies.

[Marshak and Mohapatra, 1980; Babu & Mohapatra, 2001 & 2012; Arnold, Fornal, & Wise, 2013]

If nevtron-antinevtron oscillations, e.q., are observed,
then B-L is broken, and we have found physics BSM!



