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Recoil effects in E&M

Hadrons exchange gluons

so need to include most general
Lorentz-invariant terms in
interaction

Recoil effects

(Vo <p(gﬂ>

Anomalous magnetic
moment

Has to be zero to allow
conservation of charge:

/

<é’yVE&Mﬂ> = <(quﬂ7/ﬂ + gwqﬂgﬂqu + gSqﬂq”)> — g5q2 + ()




‘ Recoil effects in Weak decays

Recoil effects

(pv'm)e (pler’ D ”)n>
(pa'n)e (plg.r"7. (80,75 + 2" 75)n)

ds and g,,u: Conservation of the Vector Current:
I=1 form factors in Vg, are identical to form factors in Vjygax

dps: Partial Conservation

of the Axial Current
(plus pion-pole dominance):

2i mp 84 g Second Class
8ps =~ 2 2 Currents:
qg + m, breaking of G-parity




Conservation of the Vector Current:
I=1 form factors in V;,, are identical to form factors in Viygax

Width of M1 and (e,e’)
cross-section 1=1,J7=0"
determine <g,,,,> 140
for E&M I=1,J7=0"

1=1,J7=0"
14C \ ¥
14N
Shape of beta spectrum,
Potential for checking CVC 7, determines <gy,,>
at fraction of % level for WEAK

A. Garcia and B.A. Brown,
Phys Rev. C 52, 3416 (1995).




gps: Partial Conservation
of the Axial Current
(plus pion-pole dominance):

8ps =

2im, g,

qZ + mﬂZ

Approximation should hold very well : u and d quarks are very light
chiral symmetry: V. Bernard et al. Phys. Rev. D 50, 6899 (1994).

Measure intensityof u+p=v+n +y

gp = ﬂgPS(O.SSmﬂz) =(6.7£02)g,

gp/ 841
- Radiative p capture
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g Second Class Currents:
breaking of G-parity

In 1970’s evidence that (ft)*/(ff) changed
linearly with end-point energy
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In the 70’s Wilkinson pointed out that ft (~) # fi(B")
could originate in: f; #0.

Ist-class currents II-class currents

11 ~-1 I
G VG- +V, G G = -Y

. I 1 11
GAIMG1= _A G A G = +A,

where:
G =Ce'™2

I
v

f, and fg represent the couplings for II Class Curr.

Large 2nd-Class Curr. are strongly disfavored by
1st-Class theorists
But: 1) we heard that before (Parity, Time-Reversal...)
2) even in the absence of new physics the
differences in the u-d quark wave functions yields:

f, /s = 0.03

Present upper limits are: f /fy<0.4




Observables

+
1) Angular distribution of B~ from oriented nuclei.
For example, for 1t — 0™

dW/idQ o 1x P(1+E a¢) P, (cosB) + A Ea¢P2(cose)

Alignment can be obtained (analyzed) by:

a) delicate manipulation of populations using external magnetic
fields in crystals; (Minamisono et al. PRL 80, 1998)

b) measuring B-y angular correlations (Rosa et al. PRC 37, 1988

Tribble et al. PRC 23, 1981)

2) B-v correlation:.
For example, for i = o"

dW/idQ a 1+X v/cll’ (cosb) + (v/c)2E/M P2 (cosd)

X =-1/3+ IT_/VM veer I-;




From R. D. McKeown, et al.
Phys. Rev. C 22, 738-749 (1980)
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FIG. 16. The slopes of the p; coefficients vs heta rfrn-
ergy when the data are analyzed without regard for final-
gtate energy. The solid dots are p./E CLi decay) and
the open circles are p,/E {*B decay).



The ratio }E(E) of S-ray counts detected in regn;nI[b} -
the up (down) counter with alignment A+ to the counts

with alignment A_ is given as

R(E) = 1= N(E,A, PL)/N(E,A-,P_) — 1

= (—D*2AP(B,/By) + AA(B2/By), (2)

ok i

From Minamisono et al. , .
Phys. Rev. Lett. 80, 4132(1998). _
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FIG. 2. Values of B1/By from aligned ?B (*N). Three sets
of (By/By)= obtained at different times are shown (circles:
1996: diamonds: 1992; squares: 1985). A 2M(fr/fa) value
is extracted from the best fit of the theoretical curve to each
set of data. The solid lines are the theoretical curves with the
weighted mean values given in Table IL

. _____ The ratio is given as B:(E)/By(EV/E =



‘ Angular momentum and Rotations
¥ =R (a)x
v" (¥)= U (a)y(X)
Invariance: ()?) = R()?R) = (l-l- 50(£)le ()_5)
0 0

(1-da— Jy(x) = ' () U.(@)=(1-oa—)
@

Rotating the coordinate system:

—ialiilh

For any rotation: U~ (a) = e
n

Invariance under rotations imply conservation of J




‘ Isospin

Notice n+n, n+p, p+p hadronic interactions are very similar.

Use spin formalism to take into account Pauli exclusion principle etc.
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‘ Weak Decays of Quarks

Once upon atime: u d s

Weak interactions needed neutral component to render g sinf= e.

But the process
K Dprw
could not be observed.
Why not??




‘ Weak Decays ot Quarks

«— G.I.M. proposed

C
(scosg—dsinlg

<dcos9+ ssin 9

U
[dcos&H ssin g

The neutral weak
currents go like: <d cosd- ssind

JnC
Jl’lC

(d]J\d)+ {5 J"s)

|

d cos 3+ ssin9>+

dcos&*—ssin9>:

No strangeness-changing
Neutral Currents




‘ Weak Decays ot Quarks

«— G.I.M. proposed

C
(scosg—dsinlg

<dcos9+ ssin 9

U
[dcos&H ssin g

The neutral weak
currents go like: <d cosd- ssind

The process

uc -
K >p*u
actually goes through
d
this diagram

7]

JnC
Jl’lC

_ LY (d].J(d)+ (55}

d cos 3+ ssin9>+

dcos&*—ssin9>:




Finding J/Psi confirmed the existence of the ¢ quark and
gave validity to the G.I.M. hypothesis
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‘ Weak decays in the Standard Model

Q\ | | L
GG S
e) \u) \r) -1 _
u C t ) d W
i L) )
d) \s') \b) -3

Ke3 0.220 b= ulv
From nuclear

0.974) / ‘/d 0.080

d' Vud Vus Vub

CKM matrix: Is it really Unitary?

s'\= |Ved Ves Veb| |s

b’ Vid Vis Vib) \b




In order to measure V _, we compare
intensities for semi-leptonic to purely
leptonic decays

d e+
Ve
Fermi’s Golden rule:
' a |<fHi>|? f(E) u
Then: v o
@udz ~ fTu /quuarks ) Ve

\ M
e
@11} J+ Iw




‘ Example: decay of *O

LZ‘;GII g::si’:yc’;z:ihigh 1=1 I1z=1, Jr= 140 easy to produce
 Isosp .‘1’ and half-life convenient
mixing very smaii. 190 (t1/2=70.6 s) «—| for separating from other

radioactivity.
I=1 I1z=0, J~=0*

branch <1%

! Additional branches so
14N small that beta intensity

\ can almost be obtained

directly from #O half-life

Many features contnbute
to allowing a precise
determination of ft




Nuclear weak decays are driven by two
currents : 17 and A,

17, is conserved (in the same sense that the
electromagnetic current is conserved).

Initially most precise results came from decays
for which only V| can contribute:

J™(Initial nucleus)=0* - J®(Final nucleus)=0*



From Hardy et al, Nucl. Phys. A509, 429 (1990).

Note this 306 ]
range is ol l l |
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Figure 2. Ft values for the nine well-known cases and the best least-squares one-parameter fit.
Nuclear 0+ - 0+ decays:

| Vud |* +|Vus | +|Vub |’=0.9968 +0.0014

2.3c away from 1




Complication: Isospin symmetry breaking

ILL)+e|I+1,1)

Nuclei do have charge and ‘W> =

To understand it we can separate it into effects at two different levels:
1) decaying proton and new-born neutron sample different mean fields.

E

A

2) shell-model configurations are mixed

Z




Radiative and isospin breaking corrections have to

be taken into account.

Table 1. Experimental results (Qgc, 12 and branching ratio, R) and calculated corrections (d¢
and dg) for 0F — 0T transitions.

Qec t1/2 R It dc dr Ft

(keV) (ms) (%) (s) (%) (%) (s)
100 1907.77(9)  19290(12)  1.4638(22) 3040.1(51) 0.16(3) 1.30(4) 3074.4(54)
10 2830.51(22)  70603(18)  99.336(10) 3038.1(18) 0.22(3) 1.26(5) 3069.7(26)
26mAL 4232.42(35)  6344.9(19) > 99.97  3035.8(17) 0.31(3) 1.45(2) 3070.0(21)
BICL  5491.71(22) 1525.76(88) > 99.988  3048.4(19) 0.61(3) 1.33(3) 3070.1(24)
38mK 6043.76(56) 923.95(64) > 99.998 3047.9(26) 0.62(3) 1.33(4) 3069.4(31)
42G. 6425.58(28)  680.72(26)  99.9941(14) 3045.1(14) 0.41(3) 1.47(5) 3077.3(24)
18y 7050.63(69) 422.51(11)  99.9848(13) 3044.6(18) 0.41(3) 1.40(6) 3074.4(27)
SOMn  7632.39(28)  283.25(14)  99.942(3)  3043.7(16) 0.41(3) 1.40(7) 3073.8(27)
Co  8242.56(28) 193.270(63)  99.9955(6) 3045.8(11) 0.52(3) 1.39(7) 3072.2(27)

From Hardy et al, Nucl. Phys. A509, 429 (1990).




‘The complication of isospin-breaking
corrections
can be circumvented by looking at:
D rar>nlet v
2)n=2pevV
1) nt>7w" e* v has a very small branch (x10-8);

2) n =2 p e vis a mixed transition
(Vu and Ap contribute).




Determinnig V _, from neutron 3 decay

= Disadvantage: V and A contribute to this
J™=1/2* = 1/2* decay. Consequently need to
measure 2 quantities with precision.

= Advantage: Simplest nuclear decay. No
iIsospin-breaking corrections.

Neutron t already well known: need to
determine 3 asymmetry (e~ angular
distribution) from polarized neutrons.
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Weak Coupling Constants

CoId-Neu;ron Decay

g®*x 10A62 (J mA3)
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CONTRIBUTIONS TO V_, UNCERTAINTY

Nuclear 0*~0" Neutron Pion beta decay
V,,=0.97400.0005 V,=0.9740:0.0013 V,,=0.9760+0.0161
'T 161 (24 future)

Exp

4

Uncertainty x 10

J.C. Hardy, 2003




Beta asymmetry with beam of Cold Neutrons (v = 500 m/s)

o
vacuum
/ beam pipe
neutron A NS
momentum .
neutron
spin ;
P B field decreases to

decrease transverse

component of momentum

Abele et al. which lowers
Phys. Rev. Lett. 88, 211801 (2002). backscattering




‘ Ultra-Cold Neutron Source ILayout

(LANL)

SS UCN Bottle

’
/7
Flapper

valve \

UCN Detector

A. Saunders, 2003

/ 58Ni coated stainless guide

Liquid N,

—

=

LA

I~

| Be reflector

LHe

|
A

| solidD,

—— 77 K poly

Tungsten Target

C. Morris et al, PRL 89, 272501




‘ . A. Saunders, 2003
Llﬂe C Measurements C. Morris et al, PRL 89, 272501

cn_spec

100

UCN

Detector

Cold Neutron |
Detector &

Cold Neutrons/10° protons

30 o mefs)
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100 ]

* Line C results show reduced (+100) UCN & ° | '
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*  Gravity+Aluminum detector window



Solid D, in a “windowless” container

Grown from a gas phase at 50 mbar Cooled through the triple point
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A. Saunders, 2003
C. Morris et al, PRL 89, 272501




B asymmetry from neutron decay

using Ultra Cold Neutrons

UCN from
spallation =
source

plus scintillator |

o
7 Tesla Adiabatidc | (D
Polarizing | |Fast
Field Passage| |(Q
Q
Wire chamber

PIOUSD|OS




Neutrons in Magnetic Field

obm

dM R - -
Mx B M=yJ
I =7 /4
In a frame rotating with freq. o:
a M i
= + @ X
dt ot
oM Mx (B+ 5))
R y had
ot ! ¥

B =B+

e

o
y




Neutrons in Magnetic Field

dM - =

Mx B M=yJ
I =) MX /4

In a frame rotating with freq. o:
a’M_ﬁM -
i o
oM - (z§+“3)
R y had
ot ! ¥

obm

>

=

Field B, rotating
with freq. ®
around B,.

:\)> EZ ]IC\BO-l-El

strength of B,
/ freq. of B,

SN

strength of B,




Neutrons in Magnetic Field Bes

LA W, O A0, .
=k(-—+—)-1— B,

y o7 /
AR
1=l -—+—| +|—| =-—

y o7 4 Y

tan 9 =

!

W, - O

In S motion is precession around B, with angular velocity a = -o B,

M

B it
cosa =17 —
B,|M

cosa = cos” 3+ sin” Jcos(at)

(M sin $sin(at),- M sin 3 cos(at), M cos )
B, = (0,-B,sin$, B, cosJ)
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