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Topics | will cover:

Lecture 1: beta-decay
e A brief history of the electroweak theory---the precursor to the Standard
Model.
* Neutron decay to test the V-A theory & beyond the SM interactions
e Current status with neutron experiments on gA & lifetime
* Physics is Symmetries
Lecture 2: EDM
e CPviolation
e Electric Dipole Moments: Highly sensitive low-energy probes of new Physics
* muon- g-2
Lecture 3: other symmetry violation measurements/tests
e Baryogenesis & symmetry violations
* Nnbar oscillation: B violation
* Hadronic weak interactions: P violation
e NOPTREX: T violation
* Neutron interferometry: Lorentz symmetry violation

Q: What are the cosmological
consequences of symmetry brg¢aking?

w Chen-Yu Liu



HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Cosmic Microwave Structure

Background radiation formation
Accelerators is visible
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Matter-Antimatter Asymmetry of the Universe
(or Baryon Asymmetry of the Universe, BAU)
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n T: baryon asymmetry of the universe (BAU)
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left-handed particle

Th e Sa k h arov CO N d |t | ons under C - left-handed antiparticle

then P - right-handed antiparticle

The baryon asymmetry of the universe
motivates three hypotheses put forward by

_ W

Sakharov in 1967 e 19a2%a%) d
Any model attempting to explain our universe et wet R
must satisfy the following:

1. CP violation (& C non-conservation; G‘—W <
different interactions of particles and o _
antiparticles) 8, uct d

» EXxists in SM, but the degree of _
violation might be too small. w w K
2. Departure from thermal equilibrium rl ol ~

(provided by the expansion of the universe)

« Demonstrated from
astronomical observations

3. Baryon number (charge) B violation
» Still never seen experimentally

w Chen-Yu Liu



http://phys.columbia.edu/%7Edvp/dvp-sakharov.pdf

Adapted from Rabi Mohapatra

From NNbar to Majorana
neutrino via sphalerons —

aleron Op. rewrite B-L Triangle:
——

QRQQAQRQ QRAQL LL

Observe p-decay and nn-bar->Neutrino Majorna
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n—nbar Oscillation

Unkown mixing interaction

) (o)

|y (t) = >-Sin (—\/a) +4g°t1h)
p2 p°
a):(En _Eﬁ) :(mn + +Vn)_(mﬁ + +Vﬁ)
2m. 2m_

e Schrédinger equation

ih%(:Z:Hi“ <

e Transition Probability: (if wt <<1)

Pnﬁn(t)=wn(t)2=sz-(t/h)2:( ! ] Tng



Suppression of n—>nbar transition
lw. ()= ——Sin (—\/a) +4£°t1h)

* Free neutron in a magnetic field
2 2

w=(E, ~E)=(m +-> 1V )—(m +-> 4V )=24-B
2m 2m

n n

* Under ear%\ field (0.5 gauss), 2LHB=6%10"12eV
23 g
e & =—<10“eVwith t,,.>1.2x10%s

Tnﬁ

nn
|Wﬁ@)|_ sm 2(t/ 7 ) =107 sin?(t/2x1077)
0)

» To measure T;,.>1.2%x108 s, the magnetic field has to be as small as
0.5%x1011gauss!

o . RP-T - h ~
For the neutron time-in-flight t=0.1s, g = <10 eV

e B<5mgauss. t




Current Limits

Cold n-source
25K D2
B

v = fastn,y background
HFR @ ILL Bent n-guide **Ni coated,
- L~63m,6 x12 cm?
H53 n-beam g

~1.7.10" n/s _ Focusing reflector 33.6 m

N Flightaath 76 1
- Detector:

Magnetically 5 U Tracking&
shielded \\ Calorimetry
95 m vacuum tube R /
v, ~ 600 m/s

Baldo-Ceolin et al,
Annihilation

target &1.1m
AE~1.8 GeV

* Nt?=1.510%2 P < 1.6 10 (run lasted ~1 year) and T > 0.86 10%s
* Many subtle optimizations to minimize losses and backgrounds
* CN integrated beam flux was 1.25x10 n/s
* Experiment was background-free

* Bound neutron limits ~3 times better

* Many considerations make these measurements complementary to free
neutron oscillations




Typical Detector for the
UCN N—Nbar Experiment

Pressure
vessel, _

magnetic
shield

gt

Tracker

—+—

Neutron guide

n

Neutron reflector

Typical n-nbar event:

E,, ~ 1.5 GeV
Nplons ~3
E,,, ~ 0.3 GeV

= (5)r's (E=1.8GeV)




Stability of matter from Neutron-Antineutron transition search

2 . . - .
TA =R * (Tf,-ee) , Where R is "nuclear suppression factor" in intranuclear transition
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Bound Neutron Search at the DAVE
Deep Underground Neutrino ExBeriment
—— NE international

NEUTRINO EXPERIMENT
collaboration of 1000+
» Partnership of Fermilab and

LBNF
Sanford Underground » Will construct world’s most
Research Facility _ - e . intense v beam

he far detectof Will ttilize

L J
*

e |
e = T ~40 kilotons
', ‘  OFBual phase design
P\ atiofsypossible
2 DETECTO A kKing and
s
N

R
h S,
b

searcn possible?

. The real question we need to
answerl!!
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Adapted from

Atmospheric v Backgrounds Impede Intranuclear n - n Event "
Identification In Large Underground Experiments

Previous searches for n — 7 suffered greatly from this! 10000 _ 10

» Super-Kamiokande: 24 candidate events Hipotetical sssinption. ™~ 1
* DUNE? backgroundless F < 10%
« Convolutional Neural Network: sig.eff: bkgrcount = 14%: 3 1000 £ getectors S BB I
 Fully oscillated sample! %) & i
¢ Important v, interactions 8 é &
e Truth: sig.eff:bkgrcount = 27%: 0 > io6 ui | 40
e Unoscillated sample! (a large grain of salt) & : CNN DUNE aaalysis Eattéroundless" g
Theorists and computational physicists are working tirelessly to % ® ' e
improve the accuracy of v generators o _ 10333
- This is a requirement for understanding v oscillation parameters £ ™| 1 Expected
precisely and atmospheric background properly 3 3 £ O S, 400 kt - yr
« GENIE is one of many used today & 3 3 i A 280al for
« New cross section model from Pastore will be implemented soon P8 Q@ § 2 g% 1 " DUNE with
* Implement explicit transformation radius dependence, spectral 9, E = ¥ ¥ irreducible
functions 3 & & g I bkgr?
* GIBUU and NUWRO getting great comparative results from o] SRR 07, E Y .|5 il J 10*
1 10 100 1000 10000 100000

MicroBooNE with their novel and unique techniques
* Planto run/re-run proper signal and background events on
all these platforms for separability comparisons in the future

exposure X 1032 neutron - years
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http://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2017-27.pdf
https://public.ornl.gov/conferences/ns2016/8_Sunday_NiNP/Session_1/NNP2016_SN1_1_Jorge_Morfin.pdf
http://genie.hepforge.org/
http://www.fnal.gov/pub/forphysicists/fellowships/intensity_frontier/past_and_current/Pastore_Project.pdf
https://gibuu.hepforge.org/trac/wiki
https://github.com/NuWro/nuwro
https://www-microboone.fnal.gov/
http://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2017-27.pdf

Theoretically Important Probability Parameter Space of 7,5

Post-sphaleron baryogenesis can

_— . 2 J—
predict the freen - n T =R Ty

Babu, Dev, Fortes, and Mohapatra-DOI: 10.1103/PhysRevD.87.115019

transformation time 007 A ==

* Blue shows converted limit from 006 3 £
intranuclear transformation time 5 005 § §
* DUNE, 10 years, ~13,500x ILL sensitivity % 0-042" ‘...z'..' ?09
 Assumes 25% efficiency—more possible? S 0.03f 3 3
e Assumes no background! = 0.02?- =

* Red line shows free neutron 0.01f
transformation time 0.00 - | .
* ESS, 3 yr, goal of ~1000x ILL sensitivity / .10
 Assuming ILL-like zero background Super-ftamickande T/ (107560)

e Future work to show this definitively Current DUNE Analysis

~3:14%
Improvements to be made
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.115019
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.072006
http://inspirehep.net/record/1662648

Summary on nnbar experiments

Baryon number violation is a requirement for the existence of our universe
Arguably the best way to look for this is BSM processes such as n — n with pure
AB # 0

 Ability to say something experimentally about this depends on further integration of
efforts between the neutron and HEP community

DUNE has significant reach potential to constrain popular baryogenesis theories

* Need to take into account zeroth—first-order corrections in nuclear physics models to
understand signals and backgrounds properly
» Transformation/annihilation radius distribution, spectral functions, new v cross section
Free experiments (NNbar collaboration at ESS, see next talk from Albert) are
also possible, and promise a similar reach

Bound and free searches are incredibly complementary, and, ifn - n is
definitively observed, rate differences could hint at further important BSM physics

THE UNIVERSITY OF
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A New Limit on Time-Reversal-Invariance Violation
In Beta Decay: Results of the emiT-1l Experiment
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NEW RESULT: D=[-0.94+1.89(STAT)+0.97(svs)]x10 ~ Phys. Rev. C 86, 035505
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emiT: 8-fold symmetry

64 proton SBDs/4 3 scintillators

Proton Detector Area

P

L] ] N

¥ / (2 % 8 Array)

Beta Detect

Area _\;\ |- I ! ’

Eontribution to the D Term for events with

U"-[_pexpp_]:o

ISin Yep

0 30 100 I 130
Electron-Proton Angle yep, (degrees)

! | |
DJ,- (p, x P,)
|_—Proton-electron momenta anticorrelated
Coincidence rate favors 180°
/:sinee|D favors 90°
« FOM (1/52) 9x improved at 135°
« Symmetrical, segmented detector:

« Minimize sensitivity to A and B
e Investigate nonuniformities

« Study systematic effects
17



Final emiT Result
D=(-0.94+1.89 (stat)+0.97(sys))x10*

¢bav =180.012° + 0.028°

emiT ———» little a

in0 -0
02 |- : /
O \\\\\ )
E E

R from n
| 1 1

-0.4 0.0 0.4 }
Im(C-C,)/C, Im(C-C,)/C,

-0.2

0.4

This is the most sensitive measurement of D in nuclear 3 decay. The result can be interpreted as a measurement
of the phase of the ratio of the axial-vector and vector coupling constants (C,/C,=|\|e*")

with ¢,,=180.0120+0.028° (68% confidence level). This result can also be used to constrain time-reversal-
violating scalar and tensor interactions that arise in certain extensions to the Standard Model such as leptoquarks.



Fritzsch, Gell-Mann & Leutwyler f=udscbt

SU(3) gauge group

r——— A

I —————————— =i,

1
é@on =3 (t' ’r‘”' = mf)@f = Bl

1w oI af,a = Uap 916
q-f = qjl.l
R =) () S0
. A? Eight non-commuting generators #'J
Dyugy = (0u +igAu) ar A, = A,

'\ Ab 0 c
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Au(@) = Au(@) — ~0,0(2)

Fe, = 8,A% — 8,A%

(QED)
(@) = A3(2) + 20,8°(@) TR (2)6" (@) (D)

-
Generators of the adjoint representation

Gluons are in the adjoint representation



Non-perturbative QCD
Lattice QCD calculations

— experiment

C WICILN

& QCD

Supercomputers evaluate QCD
correlation functions on a spacetime
lattice.

Gets the right hadron spectrum once a
few masses are supplied
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Tuly 2009

& & Deep Inelastic Scattering
oe 't Annihilation
o® Heavy Quarkonia

as(Mz) = 0.1184 + 0.0007
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Perturbative QCD

Asymptotic Freedom

David J. Gross, H. David Politzer & Frank Wilczek, 2004
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NN Weak Interaction: use EW parity violation to probe QCD

In the Standard Model, the structure of the quark-quark weak interaction is known from
the electroweak sector. However, strong QCD confines color and breaks chiral
symmetry, thereby strongly correlating the quarks in both the initial and final nucleon
ground states.

QCD contains only

p{% —— %}n : {tg[,‘ - tg&} 5 vector quark-gluon
w-" z. couplings 2 P is
n {% - < '/ p n { ‘f, > > %} n
U - u i - U conserved.
p{% — 5}p p{% - 5} . Relative strength
u . d u Z u
n{% —— ‘&}n {% %}} n 2 2
u > u u u g —
/ ~ 10
Two aspects of qq weak interaction make it useful as an interesting probe of QCD: ]\/I Tn'

(1) Since it is weak, it probes the nucleons in their ground states without exciting them.

(2) Since it is short-ranged compared with the size of the nucleon, NN weak amplitudes
should be first-order sensitive to quark-quark correlation effects in the nucleon.



Few-Body P-odd NN in progress: n-p, n-3He, n-*He

NPDy . _ l—c‘ N-He3
A'Y""’ 10- — . Ap ~ 2 1 8
O - k O " P p~ 2x10
n 4
, n-He4 spin rotation (PRC83, 022501(R)(2011):
) Ppnc= [+1.7 £ 9.1 (stat) £1.4 (sys)] x 107 rad/m
V4 .
L i o,k
C
Cold
neutrons
N analyzer

polarizer
detector



CP-violation in Low Energy Phenomena

Energy Fundamental
A ©R phases
Tev i \
QCD dy d, CoesCaq |~ ‘ 0,dy,dg,w ]
~S o gluon
y \\ S e self-couplings
Muon EDM \ T
\ S
C N \
\ AN \ Neutron
nuclear eN couplin¥g AN N EDM (d,,)
NN EDMs of nuclei
N . and ions
AN (deuteron, etc)
N\ N\
Y N ¢
EDMs of paramagnetic LA
molecules EDMs of diamagnetic
atomic (YbF, PbO, HfF*) atoms (Hg,Xe,Ra,Rn)
Atoms in traps (TI,Rb,Cs)

Pospelov Ritz, Ann Phys 318 (05) 119



IKEK 2018512 [l Neutron Optics for Parity and Time Reversal EXperiment
I

NOPTREX Collaboration

polarized neutron L polarized neutror]€
o

o-k o - (k x I)

target polarized target

; g P:o-(kxI)—o-((—k)x1I)
T:o-(kxI) = (—0) (k) x (-1))

P-odd P-odd T-odd

®



g=1/

n+13%L.a (Ex=0)
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cross section [b]

Compound States
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Enhanced P-violation in Compound States

oL — 0 Ao #%Th
AL = L (: _) 139 . T
04 + o_ a0 10 L _ 108pd
Longitudinal Asymmetry '“‘ Loy Cd 00pa
131X 107Ag 238) ; 1 J
- ‘ * |zszth
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E 81Br 232Th 1212;1; f
® - { o127 §
S 0 115|n §
g =9 | 'Age :
E i . 13¢d "Iiln
E d | Ei l|||| |” “' .
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m 1l fi!.- \:m“n |
1 10 100 1000
NN-interaction 107 (10- 5%) En [eV]

Mitchell, Phys. Rep. 354 (2001) 157



T-violation in Neutron Optics

f=A+Bo-I+Co-k-HD

q ?
Spin Independent Spin Dependent P-violation
P-even T-even P-even T-even P-odd T-even

T-violation
P-odd T-odd

T-violating matrix element )
& ¢ |

D,_ AO' CP — H,(J ) WAJP Gudkov, Phys. Rep. 212 (1992) 77

T-violation angular 1

P-violation

momentum
<3.9x%x1074

factor

P-violating matrix element

W’

k(J) =0.991988 4 847538



T-violation in Neutron Optics

f=A'+Beo-I+C'ec-kHD

q ?
Spin Independent Spin Dependent P-violation
P-even T-even P-even T-even P-odd T-even

T-violation
P-odd T-odd

T-violation

q ?
Spin Independent Spin Dependent P-violation
P-even T-even P-even T-even P-odd T-even P-odd T-odd

A= EiZA' cosb B = ?;F:iZA, SiubleB’
7= 2P, G =i 24 S0 5o
k b

17‘4! Sil’l b

b=Z(B?+C?+D*HV? D= " "zD" PEEAVED



IKEK 2018512 il Neutron Optics for Parity and Time Reversal EXperiment

NOPTREX Collaboration

Target
Spallation Dynamically N\
Neutron Polarized N Superconducting
Source Proton Filter

Magnetic Shield
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} T o y
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spin analyzer
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Spin
7 7 Analyzer
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Neutron Interferometer Sample OUT  Sample IN
20009 & ..

quartz phase flag w:(,?lm%-m-rm |
; 15001 /

Si(111)
1000

500-

wesag-Q weag-H

[IINNNNNRRANNANARRRRRT AN

splitter 13 e e
3
Phase Flag (deg)

Interferogram:

Ip = A[1+ C * cos(Psam1 + Psam2(deff) + Po)]

I B
\ perfect Si crystal neutron IH =\ Z S COS(¢sam,1 L (psam,z (deff) + ¢0)

interferometer

The fringe visibility or contrast (C) is an
important parameter as §¢» « C ! and is used
to evaluate an interferometer’s quality.




Phase Shifts S

neutron interferometr Gty b
is a diverse instrument! _gravity

o Gravity M9Msin(a)
2’

Pmag~15m for | cm of 100 G field

Aharonov-Casher: ¢ ¢

Geometric: Pgeq

Sagnac: q’)-sﬂy
» Aharonov-Casher + 2a E-D

he $sag~m for 0.002 m?Area




n - beam

Precision Scattering Lengths —

phase shifter N Si(111)
= Tighter constraints for NN and few-nucleon potential A/

L

r 1

models |
vacuum ce
~

1001

Neutron scattering lengths of light nuclei are T X , el

benchmarks for chiral effective field theories and can

be used to calculate low-energy coefficients required
cell in

by the theory . ; . T
WO =
s _“ %

= “4He is often utilized in fundamental neutron
experiments exploring physics beyond the standard

model

D(T) = D1 + a(T — Ty)]

P
kgT(1+ BpP + CpP2)

N(T, P)AD(T) N(T.P) =

A =2.70913(15) A ﬂ‘li]jhliwn\'N|\|11\i1\\\l\w\\\\\\\\\\\\\W
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n-*He Preliminary Results

1951 McReynolds |

1963 Genin

1969 Rorer

1979 Kaiser

1985 Meier

Transmission

Transmission
s

Transmission
——

Neutron Interferometenr
e

Christiansen filter
——

This Work

b, [fm]

|0x more precise result and

shifts the world average

FEA calculations of
the effects of cell
deformation when
pressurized will
shift this result ~10
are pending...




Quantum States in the Gravity Potential

€ Bound States
& Discrete energy levels
© Ground state 1.4 peV

& Airy-Functions

h* 0°
(_Zmazg + mgzj(on(z) = EngDn (Z)




Nesvizhevsky et al. 2002: Observation of Bound Quantum States

Neutron

I Absorber
Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-Z-EI'* d etec tO r

Collimator Bottom mirrors

~10 cm

Neutron mirror:

polished glass plate 10 cm long

0.14
s 0014
T ]
3J
0
o
=

L R e -

0 10 20 ?’D _ 40 = Nesvizhevsky et al. Nature 415 299 (2002) me—



Neutrons test Newton

E [peV] ] ' 1
N N /_\\/

; ® Strength o o orss
M) oMMy, .e-ru)‘ g
r & Range A IRAVANY

Hypothetical Gravity Like Forces =

(2.46) ,f '

T T T
0 10 20 0 4n 50 G0
z [um]

The string and D,-brane theories predict the existence of extra space-time
dimensions

Randall and Sundrum
from new Bosons: a deviation from the ISL can be induced by the

exchange of new (pseudo)scalar and (pseudo)vector bosons

Scalar boson. Cosmological consideration
Bosons from Hidden Supersymmetric Sectors
Gauge fields in the bulk (ADD, PRD 1999) - - - -

36



Short range fundamental forces

Ultra cold neutron quantum states [ Etats quantiques des neutrons ultra froids

Short-range fundamental forces

1) =G M1, .e7l%)

Forces fondamentales G courte portée

I. Antoniadis?, S. Baessler™¢, M. Biichnerd, V.V. Fedorov®, S. Hoedl I A Lambrecht i
V.V. Nesvizhevsky &%, G. Pignol ", K.V. Protasov", S. Reynaud!, Yu. Sobolev!
I. Antoniadis et al. / C_R. Physique 12 (2011) 755-778
m, eV
L A A U L A ® Quantum interference:

1030 | | | | 1 | | 1 |

sensitivity to fifth forces

1025_- . . .
] coming from extra dimensions

string theories (higher dimensional
field theories)

102G ]

- axion fields
10“:‘_:.. !

© stroboscopic snapshots

- spatial resolution 1um

Interaction strength, g

105—:
- low background: 1 neutron every
100s

Interaction strength, « (normalized to gravity)

T T T
107" 10* 10® 107 10°

interaction length 2, m



M. Thalhammer, T. Jenke et al.
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Acoustic Rabi Transitions

Three regions (marked I, I, 1l1). rough neutron mirror on top (1) the neutron mirror (2) neutron detector (3) All neutron mirrors are
mounted on nano-positioning tables (4). An optical system (parts in 5) controls the induced mirror oscillations. A movable system
based on highly precise capacitive sensors (6) controls and levels steps between the regions. The experiment is shielded by y-metal
against the magnetic field of the Earth. Flux-gate magnetic field sensors (7) log the residual magnetic fields.
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gBounce — Gravity Resonance Spectroscopy
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Question: Why Lorentz Violation?

& Discrete Symmetries

Energy
E. & M.,
Newton's Atoms, Cosmology, Newtonian
Laws Molecules,... | | Astrophysics,... | Gravity |
Standard Model General Relativity
=R > ()
25 o M | 28 2E
c & N =l o € S o
55 I EE | Se 50
O'§ L-R Symmetric; 3| o IS O a
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Theory of Everything

Answer: Symmetry violations (at low E-scales) are evidences, pointing to new
physics that unifies all forces at high E-scales.

Experimental Approach: Precision measurements on small values of symmetry-
violating observables.




A (Possible)
Unified Theory of
Everything

Chen-Yu Liu

10%

-10

Time (seconds)
10

10

10

Quantum gravity era

------------------------------

ooooooooo

...........

10

|||||||

.......

Temperature Particle
energy
32

10%K 10" Gev

27 14
10 K 10 GeV

10K 100 GeV.

- Quark confinement

.- Neutrino transparency

" Deuterium stable
Transparency point

for light
]

-4
3K 10 eV
Present time

43



History: Unifications through Symmetries

VxVxE=-V’E = .
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Stern and Gerlach: Intrinsic spin, properties with respect to the rotation operator
J doubles the number of electron states

Dirac: particle/antiparticle, properties with respect to the Lorentz boost
generator, K, doubling the number of electron states: electron-positron

Supersymmetry: introduces a new generator Q doubling the number of states

once again: electron and scalar electron (selectron) Mike Berger
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Questions?
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