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Symmetry Tests with Neutrons

“Windows” on New Physics

Some examples...
® Searches for new sources of CP

violation: namely, bermanent electric dipole
moment (EDM); time-dependent EDMs as
brobes of ultralight (axion-like) dark matter

—> Note Session E talks on Aug. 1: S. Syritsyn, C. Roccia

' Searches for new S, T degrees of
Today ' freedom & ... in beta-decay

{0 Searches for baryon number violation:

. esp. quark probes of Majorana dynamics
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Effective Field Theory & New Physics
Enter a "Model Independent” Analysis Framework

Suppose new physics enters at an energy seale E > A
Thentor E <A e can extend the SM as per

Cq
LSM :>£SM+ZAD—4O7P’

. . . i . .
Symmetries guide their construction [ Weinberg, 19791
Here assume SM electroweak symmetry [Buchmuller & Wyler, 1986;

Grzadkowski et al., 2010]

New physics can enter as (i) new operators or

as (i) modifications of ¢; for operators in the SM
cf. non-V-A tests with tests of CKM unitarity

Other searches involve new operators exclusively
[Note Session E talk Aug. 3 on cLFV: 6. Prunal




Theoretical Framework for 3 Decay

| |
. 1 1 !
L eff = Loy + /\—Oi == Lsut+ — QO ,

: . 2
Wlth Qj = V2//\i . [Buchmuller & Wyler, 1986; Grzadkowski et al., 2010; Cirigliano, Jenkins, Gonzalez-Alonso, 2010;

o vx A Radiative correction™!
- e 1+ 0 &y (1 —5)re @@y (1 — 15)d

V2
eL O (1 — ) a@y" (1 —y5)d + = @y, (1 + 5) &Y (1 — 75)d
er (1 — ) @By (1 + 45)d + er @y (1 + 5)- a8y (1 + ~5)d
+ e @1 — ) &@d + +5 @(1+ )~ a@d
— ¢ep &(1 —5) aBysd — eép €(1 + ~y5)1- adysd
+  er @oux(1 — y5)1- &80 (1 — 45)d + 1 @opu(1 + 5)r- &@0H7 (1 + ~5)d

+ h.c..
*[Sirlin, 1974, 1978, 1982; Marciano & Sirlin, 1986, 2006; Czarnecki, Marciano, & Sirlin, 2004}

Note right-handed neutrinos appear explicitly
QCP (hadron matrix elements) play a key role!

Cirigliano, Gonzalez-Alonso, Graesser, 2013]




n,p! Theoretical Framework

\ Connecting to Lee and Yang....

Hint = (%! n)(Cst! ! Cs¥"s! )+ (9" ! n)(Cy1%" 1 | Cya i gl )
! (!gp"u"5! n)(CA!ge"“"5! ! ! C,!A!ﬂe"“! !)+( !gp"5"u! n)(CP!ﬂeHS! ! | C|!D!ﬂe! !)

1 .. ..
+ 5 (Gt n)(Cri%est 11, Ci!@.# *"s5! )+ h.c.

G(O)

The terwms appear in Ci = Vi
a O"Q'TO'O“Q Wlap.... Cy = gv(1+0s+¢€r+er+eér+er)
C:{/ = gy (1+0ds+ € +er— ¢ —éR)
The ”ch par'l's” are “ow clear'y gjlél i —gA (1 + gﬁ’ + €L — €r — fL =+ %R)
identified; note, e.g., in n decay o ettt
ppp)ludnp.)) = 95(¢°) tp(pp) un(pn) g‘/g - ((ES - gNS))
p = dgp (¢p —€p
* - Cp = gp (ep+ép)
Enter lattice QCP.... AN
[Bhattacharya et al., 2012} Cl = 4dgp (ep —ép) .



Summary Snapshot
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Summary Snapshots

Nucleon scalar and tensor isovector charges

g {Gupta et al. [PNDME], 1806.090061 p
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Act to sharpen constraints on non-V-A currents
from decay correlation measurements (esp. b)



Decay Correlations

. # >
d°T B 1 2 Me De * Du J Pe Dy Pe X Dy
dEedQedQV_(27‘(‘)5p6E€(E0_E€)§ 1—|—bFe—|—CLEeEV —I_<j> AE—I‘BE—V—l—D EBEV + ...
[Jackson, Treiman, Wyld, 1957} : If JE1/2 /
2H , ,
b = 1+ 312 gsRe(ls)! 12 gTRe('T) :
! 11
h = 2 Re('s)! ! 4gr Re('t) (1! 2!)
T 11312 Os s): * 4dr T)L: &
0004 [ :
| B(Ee) = Bo+ bhme/E
0.002} .
Comparison assumes
% 0.000 .f:"/ ,‘E l BSM > I 3 TeV
\ / [{Gupta et al. [PNDME], 1806.09006;
- \ | / current ! decay from
~000 \ o _ Gonzalez-Alonso et al, 1803.087521
oo oeee 1 Analysis & forecast neglect
0004t tTTtem | FuvelHC

~0.002  -0.001 0.000 0.001 0.002 SeCOnd CIaSS currents [SG & Plaster, 2013}
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The Neutron Lifetime Puzzle

900 (8.6 s, 4#)
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[Figure Credit: L. Boussard] Y that !
1igure Credit: L.. boussar car UCN " _
" persist

What if neutrons also decay invisibly?

[Recall early suggestion: Z. Berezhiani & “mirror neutrons”}
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Possible Dark Decays

Modeled fo solve the n lifetime puzzle
[Fornal & Grinstein, PRL, 2018}

Thus " beam =" bottle / Br(n$ p + anything)

Kyisible invisible ™ —g99,

L = fz(i@—mn +%&'! F )n

2m,,

Enter & = (3, |,-1/3) and %a SM singlet
Select Yomass window to avoid proton decay

& nuclear constraints

|10



Status of Vg
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Dark Aftermaths?

Particular models are now excluded
= a5 explanations of the entire anomaly
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[Tang et al., PRL, 2018]}

These models also run afoul of the existence of 2 M4,
neutron stars (unless %is self-interacting or heavy)

[McKeen et al., 2018; Baym et al., 2018, Motta et al., 2018}
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B-L Violation with
Quarks

in collaboration with Xinshuvai Yan



Origins of the Neutrino Mass
The Majorana mass and 0 v fff decay

A neutrino can have a Majorana mass
if B-L symmetry is broken

(Enter the Weinberg operator (Vweak?/! new) (L' C (1)
= Or (and) the neutrino could have a Dirac mass

(Enter the right-handed neutrino & the Higgs mechanism)
But only B-L violation permits 0 v §f decay

[Schechter & Valle, 1982]



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, = )\vvzvealj! A ~1and! > vyeak then naturally m, < mg!
N.B.ifm ~ 0.2eV,then! ~ 1.6 x 102 GeV!

Alternatively it could also be generated by higher dimension |* L| =2
operators, so that m, is small just because d > 4 and! 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 transitions



Neutron-Antineutron Transitions

Can be realized in different ways

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

€6 99 M M, “nB
spontaneous - : M., + 1B
& thus sensitive to

environment 2
-0 = 50,

5 |1 — cos(2p, 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)]
16



Effective Lagrangian

Neutron interactions with B-L violation &

electromagnetism

1 H .
Log D —§unr‘1! HYnF,, — gnTCn _ inT C$$°nj, + h.c.

/ f \ [Qej” =1 W FHY ]

magnetic moment

N! B
| .
n: o conversion

‘spontaneous” —= oscillation
[SG & Xinshuai Yan, arXiv: 1710.09292, PRD 18}

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

generate conversion ( here e n — ¢ n)



Patterns of |IABI=2 Violation?
Minimal scalar-fermion models give connections

[SG & Xinshuai Yan, arXiv: 1808.nnnn}

Note such models of n! 8 oscillation without p decay
[Arnold, Fornal, Wise, PRD, 2013}

Enter new scalars X that respect SM gauge symmetry
and interactions XiXjXi or XiXjXiX|

— cf.”’hidden sector” searches: possible

masses are limited by experiment

Here products of different new scalars give n$ n
oscillation and nn conversion (e p $ e* p,...),
and thus can predict * * -$ ee’!

|18



Summary

The long-standing ga problem in LQCD appears to have been
finally solved!

The possibility of light, dark physics in neutron decay has
generated intense interest — with no end as yet!

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 noted neutron-antineutron conversion, I.e., neutron-
antineutron transitions as mediated by an external current (as via
scattering)

Experiments with intense low-energy electron beams, e.g., can
also be used to search for B-L violation & help solve the v mass
puzzle

19



Backup Slides
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Direct Detection: Dark Matter “WIMPSs”
Limits rely on local VM density and velocity distribution
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Theoretical Framework
Fixing the Fermi constant

Gg?) /V2 = g*/8M32, is fixed from muon decay

L e, = —4 G’g?) (140, +€u) evuler - VY1, + h.c.

[van Ritbergen & Stuart, 2000}
[N.B. MuLan expt,

(0) "
Chitwood, 2007} GM | GF (1 + !H + I.I(Z

— New physics!
Thus testing CKM unitarity probes  °= e
weak universality!

Also each extracted Vv; can .
contain BSM effects )

N.B. explicit studies in the MSSM...

[Kurylov & Ramsey-Musolf, 2002; Bauman, Erler, 0000

- -0.002 -0.001 0 0.001 0.002
Ramsey-Musolf, 2012} )
e/u

0.001 |

O L
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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 = " C My 0" Fyi + hec.

n(+) — @(—) occurs directly because the interaction with the current 3ips the
spin.

This is concomitant with n(p1, s1) + n(p2, s2) — ' (k), for whichonly L = 1
and S = 1 is allowed via angular momentum conservation and Fermi

statistics. [Berezhiani and Vainshtein, 2015]

Here e+ n — @+ e, e.g., so that the experimental concept for O n#
conversionO would be completely different.
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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}
24



Theoretical Framework
On non "V-A’ currents

' Gg) Vud
2

% e#, (1" #s5)$, a@H#" (1" #s5)d + 9 e#,(1+ #:5)$, agt' (1" #s)d

% e#, (1" #s5)$, aght (1+ #:5)d + 9m e#,(1+ #s5)$, ag#" (1 + #s)d

% 8(1" #3)%,aad + Y5 6(1 + #5)9$, aad

% 8(1" #5)%, a0#sd " Y% 6(1 + #5)$, ad#Hsd

% &, (1" #5)$, 408" (1" #5)d + % €&, (1 + #5)$, 4@&"" (1 + #5)d

h.c. . "+ "R CKM unitarity

* 'SH'T enter "Ry Ry R

in linear order!
s b, B [a, A]

“most visible” *

" b, B [a, A, #! e$
R # (" eSO/ uSIA).

L eff = [ (1+ "ﬁ) Bt (1" #5)$e 40H (1" #s)d

TEp Ri



