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5 lectures:

1. Physics/ Technology of Cold and Ultracold Neutrons

2. Electroweak Standard Model Tests [neutron beta decay]
3. Nuclear physics/QCD [weak interaction between nucleons]
4. Physics Beyond the Standard Model [EDM/T violation]

5. Other interesting stuff that neutrons can do [NNN
interaction, searches for extra dimensions,...]



SM Tests with Neutron Decay

1. Some facts about the weak interaction

2. Connection with Big Bang Theory

3. Neutron Decay: description

4. Lifetime and T-even correlation coefficients
B. Searches for T-odd correlations

Thanks for slides to: K. Bodek (PSI), H. Abele (Heidelberg),
Chen-Yu Liu (LANL), Paul Huffman (NC State), Takeyasu Ito
(Tennessee/ORNL)



Neutron 3-decay

Clean extraction of fundamental parameters at the charged current
sector of the electroweak theory.

Combine:
+ Neutron lifetime + B-asymmetry + p lifetime = G V4 ga
+ Weak decay rate of K,B mesons = Unitarity of CKM matrix



Why is neutron decay interesting for
Cosmology?

t~1 sec after Big Bang, neutrons and protons are free (no
nuclei). Relative number~Boltzmann factor, kept in equilibrium
by weak interactions.

Universe expands and cools. Weak reaction rates fall below
expansion rate->neutrons start to decay, proton # goes up

t~few minutes, universe cool enough to bind the deuteron-
>neutrons are safe again

Nuclear reactions quickly guide almost all neutrons into 4He
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Now gives the best/comparable constraints on certain forms of:

(1) new T-even V,A charged currents (from L-R symmetric, exotic
fermion, leptoquark, R-parity-violating SUSY, and composite models
(2) New T-odd V,A charged current interactions (from leptoquark models)

Can soon give the best/comparable constraints on:

new T-odd scalar charged current interactions (from extra Higgs,
leptoquark, composite, and some SUSY models)

Can soon give the best measurement of Vud

P. Herczeg, Prog. Part. Nucl. Phys 46 (2001).



The weak interaction: just like EM,

except for a few details..
one EM photon 3 “weak photons” [W*, W-, Z%], can change quark type

W e_ _ W
>
e ’Y e- o Z o W+

V(r)=e*/r, m =0

“V’(r)=[e*/r]exp(-Mr) , M, = 80-90 GeV

“Empty” space (vacuum) is a weak interaction superconductor

B

| penetration depth
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weak field
1/ M, w
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our “vacuum’’




The weak interaction violates mirror
symmetry and changes quark type

weak quark mass W
. o C u
nieraction = [ KM] * eigenstates W
eigenstates u c

Matrix must be unitary Vg In n decay

Only the weak interaction breaks mirror symmetry: not understood

) - r-=-r in mirror, but s->+s




The Quark Mixing CKM Matrix

Parametrization: 3 angles, and a phase

1—\2/2 A AN (p — in)
V = —\ 1—\2/2 AN? + O\
AN (1 —p—in) —AN? 1

A, p, n are real

0.9741 to 0.9756 0.219 to 0.226  0.0025 to 0.0048
0.219 to 0.226  0.9732 to 0.9748 0.038 to 0.044
0.004 to 0.014  0.057 to 0.044  0.9990 to 0.9993




The Quark Mixing CKM Matrix

‘ U Ve [ Vil + Vil + Vi = 1-A]

Vu V. V!
U CKM = Vcd Vcs Vcb
\th Vts th )

V4 from Vs from

‘Nuclear beta decay V,4=0.9740(5), 2.3 sigma | *Hyperon

‘Pi beta decay V =0.9717(56) decays
‘Neutron beta decay K decays




Formalism
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CKM Unitarity/Standard Model Tests
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Superallowed p-transitions = = ° ﬁ o
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FR>0'-3072.3(9)s V/,~0.9740(5) Towner, Hardy 4 Sept 2002
2.5 sigma deviation from unitarity !l , PDG: V/,~0.9740(10) I
ST Nucl-th/0209014




’\/ ‘2 _ (K /ln2)BI‘(7t+ —> T[Oe+Ve)
G A+ AT T F(1+ 5.,

Pion 3-decay

n
= CKM Workshop, HD, September
= u'v (1.0) 2002:
= urvy (~2.0x 104 Br ~1.044 + 0.007,+ 0.009 .x 108
P-NaY, (~ 1.2 x 10_4) PIBETA : vud = 09771(51)

Pocanic, Ritt
vy (= 1.0x 1075 e R

+ Br=1025(34) 108
v 1.22.6033(50) 1065

V_.=0.9670+0.0160,. + 0.0009=0.967 + 0.016




V

Uus ?9';/“53‘ m:C2[f,(0) 1(1+8)(1+Ap)
+ Kaon semi lep’ronlc decays

- Kr—>nll*v,

- KO —»nl*y, s—ul*v,

A = (2.12+0.08%), § = -2.0% for K* and 0.5% for K°

V.= 0.2196 + 0.0017,, . + 0.0018,,

QX"

- 0.2196 + 0.0026 (PDG 2002)
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Decay Chain

Mechanism for the
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V , from neutron f-decay

i =CN[ FR1+32)-(1+Ap)

C=G.'m’/27*)=1.1613-10"s",
f* =1.71335(15), A, =0.0240(8)

7 =885.7(7), 1 =1.2739(19)

Wilkinson 1982,
CKM Workshop September 2002: —
Marciano et Sirlin

V4| =0.9717(13)



Radiative Correction AR

¢ Ag = o/(2m)[4In(m,/m ) +
In(m,/my)

T 2Cborn] T ...

e Ag = (2.12 - 0.03 + 0.20 +
0.1)%

= 2.40(9)%



Neutron (3-decay lifetime

+ Cold Neutron beam experiments: 7, =N,/N,

— Absolute measurements of the neutron number and the decay
particle flux.

-T/t
+ Bottled UCN: N(I)=Ne " =1, Z%l(zvo IN(T))
— Ratio of the neutrons stored for different periods. It is a relative
measurement.
— Material bottle -- Mampe (887.6 + 3 s)
e Wall loss depends strongly on the UCN spectrum.
e Systematically limited.

— Magnetic bottle -- hexapole bottle (876.7 = 10 s), NIST bottle.
e Statistically limited.



N beam

+ 889.214.8 (Sussex-ILL,
1995)

+ 886.8+1.2+3.2 (NIST,
2004)

+ Particle data (2003 without
PNPI-ILL,2003 &
NIST,2004):

o 7, =(885.7+0.8) s

UCN storage
878.5+0.7+ 0.3 (PNPI-

¢

® & oo o

ILL,2004)

885.4+0.9+0.4 (KI-ILL, 1997)
882.6+2.7  (KI-ILL, 1997)
888.4+3.1+1.1 (PNPI, 1992)
887.6+3.0 (ILL, 1989)



In-Beam Neutron Lifetime

Experiment

Charged particle detector

Precision aperture to define the detector solid angle

B> 5Tesla

Neutron target (° LiF or "B deposit on a silicon wafer )

_—"" Proton detector
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Neutron Lifetime Using UCN Magnetic Trap in Superfluid 4He
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Goal: 0.1 second precision, 1 order of magnitude improvement



Magnetic Trapping of Ultracold Neutrons

Neutron
lifetime
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Expression for Neutron Decay
Correlation Coefficients

WAE, a0, a0), ~ p,E,(E, - E,)’ dE,dD a0,
><[1+apep +b—+< >(Ape+3p +D,De><p +R expe)]

\EE E / E.e/ E \ E E \ O, E
‘ Pv I ‘ I‘ I triple I ‘ Tr'iple. I
correlation asymﬁw etry asym:ne‘rr'y correlation correlation

11% _11% 97% sm:0 M0




Neutron decay A Coefficient

+ Neutron spin — electron momentum
angular correlation

+ Sensitive to G,/G =

+ Important input for determining CKM
element V , from neutron

1 K
G+ AL) 7, (1+38) £ R




T-even Angular correlations for
Polarized neutrons

A

Electron ; B

Neutrino

Rate [Hz]

C

Proton




A Correlation W(9)={1+v/cPAcos(9)}

Neutron Spin
Electronil Coefficien'r A and IifeTime T

determine V,,and A




Principle of A-coefficient

Measurement
Detector 1 B field Detector 2
: :
0 44
gk a

Polarized neutron Decay electron

dW=[1+/PAcosd|d/(E) N,(E)—N,(E) < >
1 2 ~ (P

N () s No(E) ~ (PIABLeos)

Ay (B) =

(End point energy = 782 keV)



Decay Asymmetry Apparatus
PERKEO (Abele et al)

scintillation detector magnetic field
electron
photomultiplier readout \ H \ H/
I
HV, 25k§l}r T/Z
| gg | _
neutrons ezl §

.

% T -

split pair superconducting magnet




UCNA Experiment: Beta asymmetry

T. J. Bowles, A. R. Young, et al.
R=R,(1+v/c)PA(E)cost

B-asymmetry = A(E) in angular distribution of decaying e
from polarized neutrons

,980-”1\” I N
: ] S AA+D)

Tarity A=— —0.1162+0.0013
o5 CKM Unitarity \.\\\ 1+ ( )

L ft(0*= 0%)
= g% (: ~1.2670£0.0035)
Vv

Vud

070

| 1% PNPI 97
I rﬂim%?i
.965 PR T A S TN [N SN (NN S M ('

I SN R T N N
1.255 1.260 1.265 1.|2’?0 1.2735 1.280

Goal: measure A to 0.2% or better with UCN.



Neutron Polarization Using UCN

+ Can obtain > 99.9% polarization using u¢B potential
wall for wrong spin UCN

[ 1 /"
/‘(ﬁ:T\

+ A number of methods to measure “depolarization” —

only modest accuracy is needed when the
polarization is high

+ Polarization goal: >99.9%




Experiment Design
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Angular correlations in neutron
decay with T Violation

Angular distribution with explicit dependence on electron
spin contains 4 T-odd observables (lowest order):

Ww- dEedgzedQ oC peEe (EO o Ee)2 ) dEedgzedgzv )

EE Ee EE’EV

e’

D T-odd P-even

R: T-odd P-odd

V- T-odd P-odd

L: T-odd P-even

N : T-even P-even P,

J-invariance +neglectof FSE = D, R, V, L = 0




Angular correlations in neutron
decay with T Violation

and - are sensitive to distinct aspects of T-violation:

I * * ' % ' %
D= MFMG”/—lz IM(C,C; - C,C. +CiCy —C,C) + Dg

R-E=M [ - 2|m(cc +cc;)

+MMGT,/ 2|mcc +CiCo—C,Cr —C)Ch)+ Reg

— |m,] UCS\ +\CV\ eyl +les) )+W(,~r\ Ocr\ o +\c;‘2+\c;,‘z)

IS primarily sensitive to the relative phase between IV and A
couplings.

IS sensitive to the linear combination of imaginary parts of
and couplings.




The R-correlation for neutron
decay

+ Transverse electron polarization component

contained in the plane perpendicular to the parent
polarization.

+ Not measured for the decay of free neutron yet
M,=1, M, =~3, C,=C,=ReC, =1,
C,=C,=ReC,=-1.26, [C,,[Cs}lC/]\[cr|<<1
»_Imlc; +2c5)e, + ¢, )+ ciles + ¢
[ +3c.

. .m(%} . .m(ﬂj

A

A

O One obtains finally:

R=028-5+033-7



Where could it come from?

+ J-violation in n -decay may arise from:
— semileptonic interaction (d—uev,)
— nonleptonic interactions

+ SM-contributions for /- and R-correlations:

— Mixing phase 6.\ gives contribution which is 2"? order in
weak interactions:
<1010

— 0O-term contributes through induced NN PVTV interactions:
<10°
+ Candidate models for scalar contributions (at tree-
level) are:
— Charged Higgs exchange

— Slepton exchange (R-parity violating super symmetric
models)

— Leptoquark exchange

+ The only candidate model for tree-level tensor
contribution (in renormalizable gauge theories) is:
— Spin-zero leptoquark exchange.



R-correlation measurements
IN Nuclel

Table 1: The results (in units of 107?) of the experiments investigating R-type (7T-
odd, P-violating) observables in weak decays. .J is the spin of the decaying system,
p, & are the momentum and spin of the decay product.
Decay Correlation Result Ref.
YNe — YF ety, JNe(pe X G.) —79+53 Princeton
0

AN —7p JA(pp X 0p) —100 %70 BNL

A — 7 p A(pp x a,) —944+60  CERN

pt — etuep, J (Do X Ge) 7423 SIN

SLi — ®Bee v, JLi(pe X o) 1.6 2.2 PSI




1st order “Final State Effect”
contribution

aZm 1
Rpgr- & = Q'T'HMGT\Q

. Re(CTC!T* — CAC,Z)

I+1
/ |t
+ MpMeagr T+1 . RG(CSCT + C'sCr™ —
OO, — Oy C%) ]
¢ In the SM Cl — C’V — ReCV =1, OA = C’A = ReCA = —1.206,

Csl, [C7sl, 1Cr], [Cr] = 0

aZm
Rpsisv = — - Agm-

For neutron decay, A=-0.1173(13)




Anticipated accuracy: AR (neutron) =
5x103

T
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Tensor

S = Im[(Cs+CL)/C4l,
T = Im[(Cr+C})/C4]

Figure 1: Results from the experiments testing time reversal symmetry in the scalar
and tensor weak interaction. The bands indicate 1o limits. Constraints from the
study of the R-correlation in the free neutron decay with an accuracy of +0.005 are
attached. This prediction is arbitrarily fixed at S, T = 0.



Experiment
+ Needed:

— Intense source of highly polarized, free neutrons

— Efficient polarimetry for low energy electrons (200-800 keV)
+ Best combination:

— Polarized cold neutron beam: Ny, ~ 2 cm?s™

— Syt ® 0.4+ 0.5

10*F T 1 kev

i . Au & Au
0] s | n =0.1
i —— | H0o
e —

o E T =
= = | 1200
(& .‘_:’:-:'.’_-::-:-:_-:_""“--a_j-- e _‘-\‘5\_—“—‘"—'—-—-—.
ey 300
Ei 10 2 :: ‘--~z:::&__ 400
5 = 1500
S =T 1500
' 1700
10 !
100 120 140 160
¥

a Difficulties:
0 Weak decay source in presence of high background due to neutron
capture.
0 Depolarization of electrons due to multiple Coulomb scattering in detectors
and Mott target.



Principle of measurement

+ Tracking of electrons in  scintitizors Scatt.¢
low-mass, low-Z s
MWPCs IIREE e

+ Identification of Mott- SEEEE S SUEE
scattering vertex. 1 R Y

¢+ R-correlation: T
asymmetry for events S &/' o

in the plane parallel (¢
= 0) to the neutron
polarization.

+ Frequent neutron spin
flipping.

+ ,Foil-in” and ,foil-out”
measurements.




Current Situation in Neutron Decay

Lots of experimental activity to measure Vud in n decay,
Vus in K decay with higher accuracy to test CKM
unitarity

Many correlation coefficients are accessible experimentally,
can be used to search for beyond SM physics

New experimental techniques/sources are available



