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King Midas & the
Golden Touch

How to turn things into Gold?
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Topics | will cover:

Lecture 1: beta-decay
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
Current status with neutron experiments on gA & lifetime
Physics is Symmetries
Lecture 2: EDM
e CPviolation
* 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
e Hadronic weak interactions: P violation
 NOPTREX: T violation
* Neutron interferometry: Lorentz symmetry violation

m Chen-Yu Liu 3

Q: Why is beta-decay much slower than other nuclear processes?
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Continuous* Beta spectrum

*Crisis in the 1930s: Energy in beta-decays is not conserved!
Pauli proposed the (non-detectable) neutrino, which carries

away the missing energy.

20
Fermi (1934)
T P(W)dW = G* IMP (Z,W) (W, = W) (W? = 1)* W dW,
g
8 Konopinski & Ulenbeck (1935)
P(W)dW = GIM? (Z,W) (W, - W) (W?* - 1) WdwW
OO 1000 2000HP 3000 4000

Fi1G. 1, Csi¥7 8-ray spectrum.

J. Townsend, et al., PRB 79, 99 (1948)
w “The Beta-Spectrum of Tritium and the Mass of the Neutrino,” L. M. Langer and R. J. D. Moffat, Phys.
Chen-Yu Liu
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Theory of Nuclear Beta-decay

* Pauli showed 5 possible forms of Lorentz-invariant

couplings: o R
T (640i60)(8.0i60,)

Table1.2. Elementary fermion transition operators

n—>p+e+v,+782keV

For non-relativistic

(")I- Transformation Number of fermions in nuclear
= A : beta decay
property of ¥ O;¥ matrices
v Vector (V) 4 p
otV = i[*ﬂ",’y"] Tensor (7)) 6 'i" Gamow-Teller
4 ol - : Axial vector (A) 4 ¢pa¢n (spin-changing, Al = +1,0)
s = —1y011 7273 Pseudoscalar (P) | — ()
= iy Oy 14243
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Spectral measurements (pre-1950)

Hine= §¥0n) (Cs¥ s +Cs'Vevsys)
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Figure 2.4. “Influence of form of coupling on shape of spectrum for fixed values
of the mass of the p-and p, meson. Contrast this result with the case of ordinary
beta-decay, where the atomic nucleus has negligible velocity and the decay
curves have the same shape in all five cases” (Tiomno and Wheeler 1949a,
p. 148).

m Chen-Yu Liu “Experiment, Right or Wrong” by Allen Franklin (Cambridge University Press, 1990) -



THE EXPERIMENTAL CLARIFICATION
OF THE THEORY OF g-DECAY?

By E. J. Ko~opPINSKI AND L. M. LANGER
Physics Department, Indiana University, Bloomington, Indiana

1953

INTRODUCTION

Fermi advanced his successful theory of 8-decay in 1934. It has since
then undergone development in which two general directions may be dis-
cerned. One has been a broadening of the scope of the theory, the other a
narrowing of its initial ambiguities.

The Fermi type of interaction was invented expressly for nucleonic
B-processes but now promises to apply to all known processes involving the
direct interaction of four fermions (spin 1/2 particles). The known fermions
are: the electron (e*), the neutrino (¢), and antineutrino (¥), the nucleon
(N or P) and the p-meson or muon (u%). The direct interactions among these
for which evidence exists are listed in Table I. This review is primarily con-
cerned with the -processes only. The relation of the others to f-decay is
briefly summarized in the section on the Universal Fermi interaction.

evelopment has been toward a progressive experi-
mental clarification. Fermi provided criteria for a 8-coupling which are not
quite sufficient to give it a unique form. An arbitrary linear combination of
five interaction forms (symbolized by S, V, T, 4, and P) is consistent with
the a priori provisions of the Fermi theory. The experimental effort has been
to reduce this arbitrariness. As we shall interpret the evidence here, the

correct law must be what is known as ancombination. This remains
for the present a phenomenological result. No principle has been suggested
so far (cf. THE A PRIORI THEORETICAL BASIS) which escapes con-
tradiction by the experiments as interpreted here.

TABLE IT*
SELECTION RULES

;s Occurring
Ord . Nuclear Matrix Element for Selection Rules on
o Ja Interaction Nuclear Spin, I
Type
Allowed Ji(or JB) sV Al=0
(noparity Js(or JB9) T, 4 AI=0, +1 (not 0—0)
change)
ISz | P2 al=0
Once | Je sv |
Forbidden fa V,T o t%j)'
(parity | Joxr 1,4 | o
change) ' ‘
l Jo-r T.4 , Al=0
' S.-,--fa.-x,--!-a,'x(—}d-ra.-; T, A ' Al=0, +1, +2
;’ | (n0t0-0, =4, 0631)
—_—— e — . — —
l Srsr P A AI=0, 1 (not 0-0)
Twice R.-;-fx;x,-—{r‘ﬁ;- S,V
Forbidden A.—,-afu-‘x.'-l-nrixs"iu,'ri.y v, T . (no: g_:g' ::_l,'i .4:0‘2_’1)
(no parity | Tyy=fleXe]ixi+[eXr]m| T, 4 ' !
change)
Jarr vV, T AI=0
JaXr v, T AI'=0, +1 (not 0-0)
al=0, +1, +2, +3
Siie=Jotigp— - - - T, 4 |(not 00, }—4}, 34, 11,0001,

1
I

i

032)

* Actually, the operator enters all the matrix elements aﬁsing from the S, T, and
P interactions. It is ignored to permit contraction of the Table. It has no effect on
selection rules, but may affect sizes which are treated as unknown here anyway.

The chief information gained from spectra other than|R:

210Rp;
| and theBI

“unique” spectra, is that the Fierz-type of interference is absent. Its absence
in allowed spectra forbids combining S and V or T and 4. That, alone, nar-
rows the alternatives to STP, SAP, VTP, and VAP. Next, the like absence
of Fierz-type interference in once- and twice-forbidden spectra eliminates
SA, AP, and VT combinations. Hence, from such arguments alone, one is
left with only STP, or VP, or VA. Then VP must be discarded because it
does not yield Gamow-Teller selection rules. However, STP is favored over

VA only by the evidence of RaE.




Questions of Parity Conservation* in Weak Interactions
(T-D- Lee & C.N. Yang 1956) *Crisis in the 1950s: Parity is not conserved (the 6-t puzzle)!

Proposed to measure P-violating observables, such

as Energy and angle distribution of the electron in an allowed
pl-(p2 xp3),or transition:
g-p £
N (W .8)dWw sin9d6=—3F(Z,W)pW(Wo—- W)?
(1) Beta asymmetry in oriented nucleus (Wu 1957) 4r
(2) Circular polarization of gamma (Goldhaber 1958) ap b _
(3) Hyperon decays to form p1 - (p2 X p3) X (H‘—W‘ 0059+ﬁ)dW sinfdf, (A.2)
where
Total decay rate E=(|Cs|2+|Cy |2+ |C |2+ | Cv'|2) | Mz |2
+([Cr >+ [Cal*+[|Cr' [+ [Cd' [D | Me.r.|% (A3)
Electron-neutrino correlation aE=3(|Cr|?— |Ca|*+ |Cr 2= |CA'|D) | Mg 1. |2

—(|Cs|*=[Cv >+ |Cs'[2= |Cy'|D) [ Mz.12,  (A4)
Fierz interference bEz'y[(C,g*CV-[-CsCV*)—i— (Cs’*CV’-i—CS,CV'*)]lMF. | 2
+‘Y|: (CT*CA+CA*CT)+ (CT’*CA'“*'CA’*CT’)]
X|Mg.r. |2 (A.S5)

w Lee, Yang, Phys. Rev. 104, 254 (1956)



Parity is violated in ®°Co decay! (1957)
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Helicity of Neutrinos*

*How to measure the helicity state of neutrinos, while they cannot be detected?

° ' ® K-shell electron
7 I=1 1=0
Y —— o e | s ) el __.
U m"* Right circularly polarized
Negative helicity (o - p) Negative helicity (o - p)

m Chen-Yu Liu M. Goldhaber, L. Grodzins, A.W. Sunyar, Phys. Rev., 109, 1015 (1958) 11



Helicity of Neutrinos*

*How to measure the helicity state of neutrinos, while they cannot be detected?

° ' ® K-shell electron
] - I-1 \ I-0
_______ ____"___.
U m"* Left circularly polarized
Positive helicity (o - p) Positive helicity (o - p)

m Chen-Yu Liu M. Goldhaber, L. Grodzins, A.W. Sunyar, Phys. Rev., 109, 1015 (1958) 12



Finally, it emerges the V—A theory!

The helicity projection operator P_ selects the LH particle

1
P’y =§(1i)’5)

(¢p O?’ Cb'n,) (Cbe OZ be) Table1.3. Properties of helicity projected fermion transition operators
| 5| o
TRH\A (+LHY _ (D1 y.( P! S 1 0
(Cbe )O@(Gbl/ ) = (P+¢A6,)OZ(P_¢V) v b NP = %7#(1 — ~5)
= (¢e)Oi(¢v) T ohv 0
l A | vty | =Pl =14* (1 —9s)
A . P 75 0

R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 (1958);
Chen-Yu Liu E. C. G. Sudarshan and R. E. Marshak, Phys. Rev. 109, 1860 (1958) 13



Measurements of Asymmetries in the
Decay of Polarized Neutrons*

oo
e
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Fic. 1. Vertical cross section (normal to the neutron beam)
through the detector system of the experiment measuring the
correlation of the neutrino momentum and the neutron spin.

‘TasrE II. Predicted values for (& and (.

S+Ta S-T V+A _ )
A Pr VL Ve Vi, V& VL
Q -1 +1 —0.07¢ 0.07 +1 —1 0.07
® —0.07 0.07 —1 +1 —0.07 0.07 —1
s The relative signs in this row are those of the couplings present; i.e., V —A means CA/ OV —1.14,
b ¥r(r) means left (right) handed antineutrino; i.e., PL(r) corresponds to Ci/Ci' = —1(+

¢ The uncertainty of +0.05 in x introduces an uncerta.inty of 0,02 in this number, 0. 07 wherever it appears.



Experimental supports for V—A (nuclear data)

beta-neutrino .
. Pure Gl
correlation, a e

6He, 8Li, ...

Pure F
+]

Superallowed 0* — 0*

a
10C, 14, etc.

g.M g,

X=——"+—

gMy

Neutron,
Mirror Nuclei:
37K, 19Ne, 21Na, 35AI‘

w Chen-Yu Liu “The Theory of Beta Radioactivity” by E. J. Konopinski, Oxford Clarendon Press (1966) 15



The Spatial Inversion Symmetry (or Parity)

is Broken!

THE MIRROR BiD NOT S€EM T
BE OPERATING PROPERLY.

Chen-Yu Liu

RH
antiparticle

" It v
-

LH particle
S S S S

Gamow-Teller
transition

Mirror image

antiparticle 1



Girl before a mirror,
Pablo Picasso (1932)

The Museum of Modern Art
(MoMA), New York
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Neutron beta-decay (minimal V—A)

p -

udu Ve
o
Hg = Hya
w- G pVad - 5 T 5\ i
— e Vi 1 —_ v n
NG Gei(1 — 7). Op(gv + gay’)V' ¢
udd
" [ =1(cvo)
gr(py ,n)= <p [uy,d| n>
o V V.V [ — —
‘ M Tus Tub € Py, v =(pliy,ysd |n)
" 1=l Vg Ves Vep |l S
[) ’ ‘/,I(i ‘/ILV ‘/711) l)

Gerstein S. S. and Zeldovich Ya. B.: Zh. Eksp. Teor. Fiz. 29 (1955) 698.
Chen-Yu Liu Feynman R. P. and Gell-Mann M.: Phys. Rev. 109 (1958) 193. 18



Neutron beta-decay

Fermi-Decay: & 1 J
g =GpVy V2 1

4—<‘Eim<|

|
T=>
1=

Gamow-Teller-Decay:

8a= Ge Vg

<| =—» ‘_‘Em<|

(0]

fi
=
l
fi
s
|
f
e S=1,mg=1
l

——

Two unknown parameters, g, and g, need to be determined in 2 experiments

1. Neutron-Lifetime: Tn_l oC (g\z, T 3gf\) T, ~ 885s

w Chen-Yu Liu Graph credit: S. Baessler
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Neutron beta-decay & angular correlations

Beta Neutring beta-neutrino
T % asymmetry  asymmetry correlation
Fermi-Decay: & 1 { ﬁ - N }
— =i © @ = B=0 a=1
gV:GF'Vud V2 ) l %e ﬂ © A O
o 1
— @— Lew-e x| A=0 B=0 a=1
Gamow-Teller-Decay: l % I
8a= G Vg &
fi _ _ _
- 9_ 8 @ A=1 B=1 a=-1
A=-2 —&~4.] = —~—0.1
1+ 3A 1+ 307
Two unknown parameters, g, and gy, need to be determined in 2 experiments 22 )
- 3 5 5 B=2——~098
I. Neutron-Lifetime: T = o€ (gv + 3gA) T, ~885s | +3A°

" S 4
L
,.'.M = -
. 0.
Chen-Yu Liu 57 20



More angular correlations

Oriented nucleus:
@ ({(J) | Eo/20,2,)AEAQdLQ,
1 Pe'Py M
1+4+a +b—
(27r)5 .l Al
- [1 PeDy  (Pe-]) (py-i)][f(f+1)—3<(1-i)2>J
cl = —
3 EE, EE J(2J—1)

<J> pV pepr
itz o
J E, E, E.E,

DoBoo(E'— E,)*dE 40,40,

Electron polarization in non-oriented nucleus:

(0| Ee,20,2,)dE 42.4Q,

1
=5 )5peE (0~ E)dE.dQ.49,
T

Pe
X3E{14a

e~y

Pe Pe P>
+K ( )-I—L
EAm\ EE,

In oriented nucleus:

(3,0 Eo ) dE 42,

1
=_-~p E.(E'—E,)*dE., dsz
(2m)*

E[ 1—|—b——+ (A +Go-) ~E——!—o

Jackson, Treiman, Wyld, Phys. Rev. 106,
Chen-Yu Liu 517 (1957)

a2 (O2)a

p” m pe : P:«
+b—+o- [G——+H——
E, E, E

PeX pp]
E.E,

[ <J>
7
(J) P
J f%f

g

Al



Measurement of the Transverse Polarization of Electrons
Emitted in Free-Neutron Decay

Linear sensitivity toS & T

Magnet coils Plastic scintillators
— s = Spin-electron polarization asymmetry
_/ MWPC N = —0.218Re(B8+ 0.335Re(@)— %A,

Pb foil—~—

E

="

Spin-electron polarization-beta momentum (triple) corr.

R R = —0.218Im{8) + 0.335Im(T) — A,
L1 L 137p
Magnet p|ate N =0.056 £ 0.011 + 0.005,
| | ] ]
SLiF collimator ®LiF beam dump R =0.008+0.015 £ 0.005.

2m

FIG. 1. Schematic top view of the experimental setup. A
sample projection of an electron V-track event is indicated.

A. Kozela, et al. PRL 102, 172301 (2009)
Chen-Yu Liu 22



Beta decays and new physics models

® Model — set overall size and pattern of effective couplings

® Beta decays can play very useful diagnosing role

e Qualitative picture:

EL ER Ep &s er
Wk
LRSM X " i X X X > s -<
U——
LQ v X v v v d/LQ——:\V

Can be made
quantitative H*
v v x T

2HDM X X

MSSM v v v

YOUR FAVORITE o A
MODEL s

23



Scalar and Tensor Couplings - beyond the standard Model

i, = S a6+ 7w ) (pn)]+ hee.

I~y

H, = Gf/g”d 4e, [(Ealﬂ(l+y5)v)gf(pawn) +h.c.

5 2" =0.97(12)(6)
g~ ——| ~107 - )
77| 3 g1 =0.987(51)(20)

S
Z PNDME: PRD 94, 054508 (2016)
PRD 92, 094511 (2015)

v = (2+2G;)"1/? = 174 GeV

T. Bhattacharya et al.,, PRD 85, 054512 (2012)
V. Cirigliano, S. Gardner, and B. Holstein, Prog. Part. Nucl. Phys. 71, 93 (2013) 24



Scalar and Tensor Couplings - beyond the standard Model

| CURRENT CONSTRAINTS | | PROSPECTIVE CONSTRAINTS |
0.015F" " ‘LO\va-.em'arvg)-r:V T -L‘orwi-e'nerg.y:. ; “mi’: i Low-energy:. T Low-energy;
gst from quark model_ + -~ gs1 from lattice t gs from quark model _ _  gsrfrom lattice
| // \\ ,{ \\
0.010 / s 0.010 ] \
/ \ )| 1
’ \ I
I 1 ;/ |
I | | el I
0.005 | 'I 0.005 } ! r
I ! I/ |
7] ! : ") L 1
W W i ]
‘ | I /
0.000 - S * 1 0.000 ¢ + ,«/
. . ‘ ‘ - 1 /
Fierz interference v\ Py v
. ’/ \\ 7
Scalar Currents: b, SIS ik | _
/ 252 | e | LHC:
fml'i‘ ij/lme/Ee = l-a’Z vs=8TeVY | [ Vs = 14 TeV
8010 ' L =20, —_— L =10, 300 fb
CS/CV :_bF/2:0-0014(13) -0003 -0002 -0001 0000 0001 0002 0003 " -0.0010 -0.0005 00000 00005 00010
3090 Y ¥ ET ET
= 3080 LHC: pp > ev+X
& e . 0% s 0* Fierz b A >7TeV Future &g, e;: Neutron b, b,
S F Fut : ®He b
N A, >13TeV uture gr: e
10 20 30 40 Er: T—>evy
Z of daughter

T. Bhattacharya, V. Cirigliano, S.D. Cohen, R. Gupta, H.-W. Lin, and B. Yoon (PNDME Collaboration),

Chen-Yu Liu PRD 94, 054508 (2016)



V 0+ - O+ — s’ = Vcd Vcs Vcb
n — pev '
v (ﬂ'i — JL'OBV) P T NV b Vfd Vrs V{b
Vus K—mxlv A — pe\_/,... K —uy
\ V,A A

» Currently, the most precise input comes from pureV or A channels

* V:nuclear decays and semi-leptonic K decays (need f,(0))

* A: leptonic decays = Vus/Vud (need fi/frr)

Hardy- FLAVIANET report Lattice QCD input from
Towner1411.5987 1005.2323 FLAG 1607.00299
Chen-Yu Liu 26

Slide: V. Cirigliano



V 0227 1

us

D226
D225

0224

D222

D221

Ly 1y
0971 0972

Slide: V. Cirigliano

P TR L
0973 0974

[|Vud|2 + |Vus|2 +W2 =14+ ACKM(Q‘)]

Hardy-Towner1411.5987
FLAVIANET report 1005.2323
Lattice QCD input from FLAG 1607.00299

Vus from K= pv (pi> puv)
Ackm= -(4£5):10% 090

Ackm= - (12£6)«10* 2.l0

Vus from K— T1TIV

W precision tests

27



V,4 from Superallowed 0* — 0* Decays

3090} (a)
3080F J
:
3070
3060 ]
¢
3050- l ;} ; R ¢
3040 { }
[
3030
10C 22Mg SBCa 46V (b)
Y0 EMAIMCI®TK  ®Mn ®Ga  ™Rb |
34 42, 54
3090 Ar *“Sc Co
3080 } [ }
I ;
: t

3070 } } it ¢

| 1P /v=052 l t
3060 L

1:) l 2l0 * SIO
Z of daughter

m Chen-Yu Liu

40

= F1(1+ 8p)(1 + bxs — 8¢) =

~1.5%

0.5% -1.2%

K

2Gy (1 + Ay)
| 2.361(38)%
GV - GF 'Vud

"' E @
:!E
7 epe g %

J.C. Hardy and L.S. Towner, PRC 91, 025501 (2015)

28



V4 from neutron decays

Marciano & Sirlin, PRL 96, 032002 (2006)

f: Phase space factor=1.6886
(Fermi function, nuclear mass, size, ¥ ¢

recoil) H'f
.ﬁ"d"
F

1/t,= fGL2|V, 4|2m 5(1+3g,2)(1+RC)/2n3 n

f RC = j d 2 F(Q?
4 ), Q Q2 + mwz Q%)
From p-decay: 0.6 ppm (MuLan 2011)

4908.7 +1.9s
) |V, = .

To math the theoretical uncertainty: 4 x10* it requires
experimental uncertainties of: AA/A = 4AA/A < 2 x10-3 and

w Chen-Yu Liu AT/T =4 ><10-4. 29




V4 from neutron decays

v

gv = GFVudf(O)

Neutron Decay Correlations

g,/ 8y

How thick are the
bands and do they
overlap ?

n Lifetime

g +3g;

w Chen-Yu Liu

8A

30




The confusing situationof g,, g, & V4

0.982

0.98

0.978

0.976

o

lllllllllllll[l

Y ¢002-24d
Y 200Z-3sod

S PDG 0" 0"
> 0974 2
0.972 :—
0.97—
- . 4908.7+1.9s
0.968[— VLl (g, +32Y)

1 l 1 1 1 1
1.27 1.275 1.28

A] =|gA /gV|

m Chen-Yu Liu Figure Credit: M. A.-P. Brown 3

1.255 1.26 1.265




Energy (e/kg in K)

20

Ultracold Neutrons (UCN)

7 m/s TRermal
~350 neV ~50 peV ~25 meV ~500 keV
I I | I Kinetic
>
| | I I ~ Energy

ultracold very cold cold

epithermal fast

15|

10 |

T T

|//v'\|t — @‘ @
o, o storage ——

Downscatter

Elementary Excitations
in Liquid Helium

superthermal production:

UCN can be accumulated to a density higher
—AE/KT

10 0 than the Boltzmann factor, e

Momentum q ( % in nm!)

cold moderation

R. Golub and ].M. Pendlebury, PLA 53, 133 (1975)
R. Golub and ].M. Pendlebury, PLA 62,337 (1977)

C.L. Morris et al., PRL 89, 272501 (2002)
F. Atchinson et al., PRL 95, 182502 (2005)
C.M. Lavelle et al., PRC 82,015502 (2010)

w Chen-Yu Liu
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Different ways to manipulate UCN

e Nuclear force (max: 350neV) * Magnetic force (60neV/T)
High field seeker

e Gravitational force
(100neV/m)

'\lg

lll Chen-Yu Liu \

Low field seeker

Low field seekers

magnetic
quadruple
trap

33




NN
. . (a) DET1 DET 2 5:--1—ILHL
UCN improve data quality | oo ] s
|+1.S
F ___." | B L | PR B L | T . '_-
-] 0.5 :I:b} S Wy = +— Backgrosnd subtracted i :
Low background 3 " . R
Long storage time £ osf o Moworedbeckgromd -
UCNtau 02— y ]
10000 - I L 1
01 Background ! . .
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A

B-Asymmetry

However, the values of the Beta asymmetry and Neutron

li

fetime are changing...
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The History of Neutron Lifetime Measurement
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g, From Lattice QCD

C.C. Chang et al., arXiv:1710.06523
—> 1.33% Resultfor g, !
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Big-Bang Nucleosynthesis:
a sensitive probe to early universe (1000 s after the BB)

N\

Nn—> H+te +v

Be s )
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The ingredients:

protons & neutrons
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Big Bang nucleosynthesis

| us I's 100s
Thermal equilibrium After freezeout Nucleosynthesis (T~0.1 MeV)
(T > 1 MeV) n/p decreases due to Light elements are formed
neutron decay
n o p+n—d+y
— X € — _
p nPTE TV d + d —4He + ~

p+v, on+et
n+v.—p+e ‘ b
O® [
E - " &
o &
o O
e &
O Almost all neutrons
present are ‘He

Neutron lifetime dominates the theoretical
uncertainty of “He abundance.
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Big Bang Nucleosynthesis (BBN):
Neutron lifetime & the primordial “He abundance (Y,)
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R. H. Cyburt, B.D. Fields, K.A. Olive, T-H Yeh, Rev. Mod. Phys. 88, 015004
(2016)
L. Salvati et al. JCAP 1603 (2016) no.03, 055

Astrophysical Observations
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Two ways to measure the neutron lifetime 1,

alpha, triton T‘TL — _Nn / Nn

detector
‘ . .
Cold prec1810n B= 4 6 T pl'OtOl'l
ol aperture detector
s
neutron beam
6 '."
n+°Li—> ot de " mirror trap electrodes door open
* p (+800 V) (ground)

Ultracold —(tz—tl)
Neutron Tn
(UCN) ln( )
Bottle

m Chen-Yu Liu
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Halbach Array Completion: Dec 2012




An in-situ UCN (dagger) detector

n+1B->7Li +a
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Z. Wang et al., NIMA 798, 30 (2015).
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Multi-step UCN detection =2 control over-threshold UCN

Uncleaned Correction
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Lifetime measurements better than 10-3 are challenging

* In UCNtau, we store N,=25,000 neutrons, and count N,=6000 neutrons after
storing them for t,-t,=1000 s.
100 neutrons unaccounted for (due to upscatter, spin flip, or heating) will
-the measured neutron lifetime by 10 s.

1 1 1 1 1 1 1
= —+—+—+—+ +—+ ..

Tmea T Tab Tup Tsf Theat Tgb

To reach 1 s, we can miss no more than 10 neutrons (per run).
To reach 0.1 s, no more than 1 neutron.

* Inthe beam experiment, underestimating the proton efficiency (storage, transport,
detection) by 1 % will increase the measured neutron lifetime by 8 s.




Are neutrons disappearing at a rate faster than
*Crisis in 2000: mass density is dominated by

the rate of beta-decay? unidentified dark matter & dark energy

910 : i
) | | Mirror matters
_ Does the difference in two methods = T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956);
i 905 |- of neutron lifetime measurement ? I. Y. Kobzarey, L. B. Okun and I. Y. Pomeranchuk, Yad.
= L show a signal of neutron to mirror ' EE 3,L1154B(£§6()1;9R51F)027t, E Levz'and.R. IR. Volkas,
o 900 B -— * : ys. Lett. . For a historical overview,
$ : state transformation? g DM scattering ; @ see L. B. Okun, Phys. Usp. 50, 380 (2007)
Q " ' .
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o i , ; Serebrov’s large Gravitrap experiment
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I ' * ' (manuscript in preparation)
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| ? | — UCNtau experiment (submitted to Science)
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Summary on neutron beta-decay experiments

* SM tests:

* Asingle parameter yields 4 =g,/g,, multiple angular
correlations yield V,, (and S, T couplings)

* New measurements on both A and 7, have been shifting
values.

* CKM unitarity: Do neutrons and super-allowed beta decays
agree?

2
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excluded 16.26,3

=
p—

» Searches for BSM new physics
* right-handed currents (250 GeV limit from n decay)
* Scalar and tensor couplings from B and b
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* Neutron lifetime discrepancy

* Neutron decays (bottle experiments) faster than the rate of beta-
decay (beam experiments)
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Physics is Symmetries
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Theory of Everything
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Question: Why Lorentz Violation?
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Question: Why Lorentz Violation?

& Discrete Symmetries
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Question: Why Lorentz Violation?

& Discrete Symmetries
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Phase Transitions

critical point
i LIQUID !
ﬁ 1
N8
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g & |
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Symmetry is broken (at low T),
after phase transition(s).
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Spontaneous Symmetry Breaking
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The simplest interacting QFT involves a Lorentz scalar field:
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0
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Symmetry is broken (at low T),
- after phase transition(s).
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L-R symmetry is broken R - Rk |
A
The (L-R) symmetry is respected in the Lagrangian, s&"*&
but the (L-R) symmetry is broken in the particular solution. |
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Question: Why Lorentz Violation?
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Answer: Symmetry violations (at low E-scales) are evidences, pointing to new
physics that unifies all forces at high E-scales.
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Questions?



