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T'ypes of Fundamental Neutron
Physics Experiments

1. Neutron Decay Parameters (lifetime,
angular corrleations)

2. Neﬂtron—nuclear weak interactions
(P, T violation)

3. Neutron Electric Dipole Moment

4. Neutron Interferometry



Advantages of Reactor Source

2. High capture flux (esp. neutron decay
experiments)

¢capture — /%ng('l))dv




Advantages of Spallation Source

1. Evaluation of velocity-dependent
systematics.

2. Precision neutron polarimetry.

‘3. Velocity selection (superthermal
UCN production). |



Precise Neutron Polarimetry

flipper flipper detector
n beam
- - experiment e
polarizer
A T+ T} analyzer
T1+T |

In general, neutron polarization depends on both
velocity and position.

Polarimetry precision better than 1% is challenging!

Using 3He spin filter: Ty = emloN0FH)

T, —T.

P =
T, +T_

= tanh(nglo(\)Ps)

Ty + T
2

To = e~ Weosh(nzlo (V) Ps)

To(Ps)
To(Ps = 0)

= cosh(nslo

WP = s

This has been demonstrated at LANSCE to a precision
0f0.3%



Parity Violation in the
Nucleon-Nucleon System

"_’—

« Parity-non-conserving (PNC) observable
isolates the weak-interaction contribution

e The weak charged and neutral currents (W, Z
exchange) are contained within the PNC
vertex. |

. Experimental test of neutral current
interaction between quarks.

o Difficult to calculate due to strong interaction
(non-perturbative QCD)



DDH Values of weak nucleon
~ coupling coefficients

Desplanques, Donoghue, and Holstein (1980)

Coefficient ?x?:?‘?&%g@d “.—rgﬁggrzg%%)” “be?)t(;/ gg;”e
f T 0—1.1 0.45
h,° p -3.1—1.1 -1.1
h,’ p -0.038 —0 -0.02
h,? p -1.1—0.76 -0.95
h,’ ® -1.0—0.57 -0.19
h,' ® -0.19—-0.08 -0.11



PNC Observables}

Circular polarization of capture gamma ray:
Gy Py
Asymmetry of capture gamma ray:

—

] NP Y
Longitudinal analyzing power:
Jn Pn
Spin rotation:
(Jinit X J finat ) Pn

Few nucleon systems:
Observables are tiny (=107), theory is
straightforward.

Light nuclear systems:
A few special cases where observables are

enhanced (=10*) and theory is straightforward.

- Heavy nuclear systems: |
Many cases where observables are enhanced but

theory is problematic.
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Measurement of Parity
Nonconservation and an Anapole
Moment in Cesium

C. S. Wood, S. C. Bennett, D. Cho,* B. P. Masterson,t
J. L. Roberts, C. E. Tanner,t C. E. Wieman$§

The amplitude of the parity-nonconserving transition between the 65 and 78 states of
cesium was precisely measured with the use of a spin-polarized atomic beam. This
measurement gives Im(E1 )/ = —1.5935(56) millivolts per centimeter and provides an
improved test of the standard model at low energy, including a value for the S parameter
of = 1.3(3) gy (1 ineory The Nuclear spin—-dependent contribution was 0.077(11) millivolts
per centimeter; this contribution is a manifestation of parity violation in atomic nuclei and
is a measurement of the long-sought anapole moment.

It has been recognized for more than 20

years that electroweak unification leads to
parity nonconservation (PNC) in atoms
(1). This phenomenon is the lack of mirror-
reflection symmetry and is displayed by any
object with a left or right handedness. Per-
haps the most well-known example of a
PNC effect is the asymmetry in nuclear beta
decay first observed in 1957 by Wu and
collaborators (2). Precise measurements of
PNC in a number of different atoms have
provided important tests of the standard
model of elementary patticle physics at low
energy (3). Atomic PNC is uniquely sensi-
tive to a variety of “new physics” (beyond
the standard model) because it measures a
set of model-independent electron-quark
electroweak coupling constants that are dif-
ferent from those that are probed by high-
energy experiments. Specifically, the stan-
dard model is tested by comparing a mea-
sured value of atomic PNC with the corre-
sponding theoretical value predicted by the
standard model. This prediction requires, as
input, the mass of the Z boson and the
electronic structure of the atom in question.
The Z mass is now known to 77 parts per
million (4), but the uncertainties in the
atomic structure are 1 to 10%, depending
on the atom. In recent years, PNC measure-
ments in several atoms have achieved un-
certainities of a few percent (5, 6). Of these
atoms, the structure of cesium is the most
accurately known (1%) because it is an
alkali atom with a single valence electron
outside of a tightly bound inner core. Thus,
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higher precision measurements of PNC in
cesium provide a sensitive probe of physics
beyond the standard model.

In addition to exploring the physics of
the standard model, high-precision atomic
PNC experiments also offer a different ap-
proach for studying the effects of parity
violation in atomic nuclei. In 1957, it was
predicted that the combination of parity
violation and electric charges would:lead to
the existence of a so-called anapole mo-
ment (7), but up until now, such a moment
has not been measured. Fifteen years ago, it
was pointed out that an anapole moment in
the nucleus would lead to small nuclear-
spin—dependent contributions to atomic
PNC that could be observed as a difference
in the values of PNC measured on different
atomic transitions (8). With the determi-
nation of the anapole moment, the mea-
surement of this difference thus provides a
valuable probe of the relatively poorly un-
derstood PNC in nuclei.

Here, we report a factor of 7 improve-
ment in the measurement of PNC in atomic
cesium. This work provides an improved
test of the standard model and a definitive
observation and measurement of an anapole
moment.

This experiment is our third-generation
measurement of PNC in atomic cesium.
Conceptually, the experiment is similar to

_our previous two (6, 9). As a beam of

atomic cesium passes through a region of
perpendicular electric, magnetic, and laser

- fields, we excite the highly forbidden 6S to

7S transition. The handedness of this region
is reversed by reversing each of the field
directions. The parity violation is apparent
as a small modulation in the 65-7S excita-
tion rate that is synchronous with all of
these reversals. There are numerous exper-
imental differences from our eatlier work,
however, including the use of a spin-polar-

i

ized atomic beam and a more efficient de-
tection method. This paper describes the
basic concept of the experiment, the appa-
ratus, the data analysis, the extensive stud-
ies that have been done on possible system-
atic errors, and finally, the results and some
of their implications. Because this experi-
ment has involved 7 years of apparatus de-
velopment and 5 years studying potential
systematic errors, we provide only a rela-
tively brief summary of the work here. Fur-
ther details on both the technology and the
systematic errors will be presented in subse-
quent, longer publications.

Experimental concept. In the absence of
electric fields and weak neutral currents, an
electric dipole (El) transition between the
6S and 78 states of the cesium atom (Fig. 1)
is forbidden by the parity selection rule. The
weak neutral current interaction violates

. parity.and-mixes-asmall.amount (~~102!!

of the P state into the 6S and 7S states,
characterized by the quantity Im(Elpyc) (Im
selects the imaginary portion of a complex
number). This mixing results in a parity-
violating E1 transition amplitude ‘Apyc be-
tween these two states. To obtain an observ.
able that is first order in this amplitude, we
apply a dc electric field E that also mixes S
and P states. This field-gives rise to a “Stark-
induced” E1 transition amplitude Ag that is
typically 10° times larger than Apye and can
interfere with it.

A complete analysis of the relevant tran-
sition rates is given in (9). To get a nonzero
interference between Ay and Apye, We ex-
cite the 6S to 7S transition with an ellipti-
cally polarized laser field of the form €,z +

F=3 h-13 -
Fig. 1. Partial cesium energy-level diagram includ-
ing the splitting of S states by the magnetic field.
The case of 540-nm light excitingthe F = 3, m =
3 level is shown. Diode lasers 1 and 2 optically
pump all of the atoms into the (3, 3) level, and laser
3 drives the 6S.., (Fued 10 6Pc_¢ transition to
detect the 7S excitation. PNC is atso measured for
excitation from the (3, —3), (4, 4), and (4, —4) 6S
levels. The diode lasers excite different transitions
for the latter two cases.
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The Importance of Determining |
the PNC Coupling Coefficients

1. The only practical way to study the quark-quark
neutral current interaction at low energy.

2. Understand the interplay of low energy QCD and
the neutral weak interaction.
(compare to AI = 1/2 rule for charged-currents).

3. Benchmark for non-perturbative QCD calulations.

4. Improve understanding of atomic anapole moments.



Cold Neutron Experiments

1. Gamma ray asymmetry in
n+p——d+7Yv

2. Neutron spin rotation in He-4

3. Neutron spin rotation in H
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Benefits of TOF signal '
forn+p—d+7Y

1. RF spin flipper - no B gradients needed

2. Understand velocity-dependent scattering effects
that mimic PNC signal

3. Precise polarization analysis
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How spin rotation works:

neutron forward scattering amplitude contains a smali
PNC helicity dependence due to weak interaction:

f(0) = fpc +_ fonc (G - Py )

Start with transverse polarized beam, <G x> =+1

In z basis (beam direction) this is:
1
%)= 5l1++1-)]

multiply by phase accumulated in target:

1 i(¢PC+(PPNC) i(¢PC—<PPNC)
%)= —ﬁ[ez [+)+e2 )

Now we have:
<0'x> = cos(Ppnc)

(0,) = sin(@pxc)

and Qpnc = 4TPZfpyc



spin rotation experiment

~input

. output coil/

supermirror coil - .
polarizer | flipper \ velocity
| sensitive

| mu-metal shields 3He
neutron detector

guide tube _| \
: : N
beam 4 ﬁ i

\ supermirror

|
analyzer
target \\ /!E-oo:
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How we measure @ppc:

For each target:

O =1(N+‘N*)

2N, +N_
Combine the two targets:
(NR NL
q)rot = : NE Nl—{ -1
Tt 22 NENE

Sources of target-dependent
PC background rotations

e diamagnetism of liquid helium
¢ index of refraction of liquid helium

e scattering in target

reflection from target walls
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Result from 1996 run
at NIST:

0. =80 + 14 (stat)+ 2.2 (sys)

x 107 rad/m

Using DDH "best values' the
expected result 1s:

¢, =—-0.6 x 107 rad/m



Benefits of TOF signal
neutron spin rotation experiment

1. Eliminate residual Larmor rotations (proportional
to 1/v).

2. Ramp pi coil - increase useful range of wavelengths

3. Precise polarization analysis
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Neutron Beta Decay

proton

e- kY
u u e
a— - - -
W
udd
neutron

n - p+e +v, +782keV
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Neutron Decay Parameters

Phenomenological (J = 1/2 —» J = 1/2) beta decay
formula [ Jackson, Treiman, Wyld, 1957 ] :

dW o l F(Ee) 1 +@Pe Py _'_[Eme +@Gn "‘Pe
EeEv Ee

® E,

T0n Py _i_l'ﬁ_lan ,',(I_se Xﬁv)—l
= E.E,

For allowed beta decay, neclecting recoil order terms,
the standard electroweak model (Weinberg, Glashow,
Salam, et al.) predicts:

1—-A%
a= 5
1+3A

2 2 .
_ 5 A” +Re(A) B=2 A° —Re(L)

T 14302 T 14302
D=21m(x3.z0 T“%‘
1+3A gy +3g4

where A= EA
gv



Testing the Standard Model

Standard Model predicts:
Fi=1+A-B-a=0
F,=aB-A-A%2=0

Present experimental values:

F, = 0.0025 + 0.0064

F, = 0.0034 + 0.0050

The uncertainty is dominated by
the measurement of “a”.

A departure could be Caused by:

e recoil order corrections (=107 in decay parameters)

e right handed weak currents

e scalar, tensor weak forces

e CVCviolation : \
e second class weak hadronic currents % Gardnei- and Zl’““j (00,



Limits on RHC from Neutron Decay
( J. Deutsch, 1997 )

weak vector bosons: W, -W, cos( + W,sin{
| Wg--W, sin{ + W,cos(

§=(m,/my)

0.20 —
0.18 —
- 0.16 —
0.14 —

90% CL exclusion

NAand T

0.12
0.10 —
0.08 —
0.06
0.04 —
0.02 -

0.00 — T I T 1 1 [ l | |

-100x107 60 -40 -20 0 20 40 60 80 100
G



0.4 | ”
324,
95% CL Ar|
0.2
(L R R I 00 EE— -
®He
0.2 - -
-0.4 T
0.4 0.2 0.0 0.2 0.4




Unitarity of Vckm

Vekw:  3x3 matrix that transforms the quark mass
eigenstates to weak eigenstates

d Vud Vs Vub d
b)) Ve V.

Unitarity requires |Vud]2 +|Vus|2 +|Vub|2 =1

From high energy experiments:

[Vis| = 0.2196 £ 0.0023
[Vup| = 0.0032 + 0.0008

[Vu| can be measured in three ways:

1. 0* =»0* nuclear beta decay
2. neutron decay parameters

3. pion betd decay
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The Importance of Neutron Decay

Tn :

gv !

a, A, B:

Parameters

Big Bang nucleosynthesis - determines
primordial “He abundance

determines Vg4, test of CKM unitarity
axial vector coupling in weak decays
search for new CP violation

precise comparison is sensitive to non-SM
physics:

- right handed currents

- scalar and tensor forces

- CVC violation

- second class currents



Neutron Beta Asymmetry
Coefficient (A):

PERKEO II (ILL, France)

Electron Detecior Experimentcl Zone PF1
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Fig. 1. View of the setup.
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Fig. 2. A schematic view of the spectrometer.

Fig. 3. The beta spectrum in detector 1 is shown, with a fit, its
extrapolation and the subtracted background.

The experiment measures the product PA.
The beam polarization was determined to 0.1% using three
different methods. |

Result: A =-0.1189(8)



Neutron Antineutrino Asymmetry
Coefficient (B):

Serebrov, et al. (ILL, France)

7

/ TN 6

A 7))

Measurement of the proton TOF
(gives x-component of momentum) and
beta energy is sufficient to determine cos6g,

The experiment measures the product PB.
The beam polarization was determined to 0.4% .

Result: B =0.9821(40)




Neutron Lifetime

1) Beam:
I
det1ector d‘e’:jioen
—N_1(¢
T=r= F(V)Vdet
2) Bottle:
[ ]ucNsource
AT
T =
Ny
log( )
3) Exponential decay:
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neutron lifetime (s)

Recent Measurements of the Neutron Lifetime

900 —
8904 |
880 — {
¢
world average: T, =885.8+09s
870 — |
+ e Beam
e Bottle/Trap
860 — ’
| ! I | | I | |
1988 1990 1992 1994 1996 1998 2000 2002
year
Year Value Error Who
1988 891 9 Spivak (USSR)
1989 887.6 3 Mampe (France, UK, USA)
1989 877 10 Paul (Germany, France, USA)
1992 888.4 3.3 Serebrov (Russia)
1993 882.6 2.7 Morozov (Russia)
1996 889.2 4.8 Byme (UK, USA, France)
1997 885.4 1.3 Morozov (Russia, France)
1999 881 3 : MAMBO I (France, UK, USA)
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Superthermal UCN Production
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- Magnetic Trapping of Ultracold Neutrons

1.5

Trap Depth of 1 Tesla (0.7 mK)

liquid helium
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Magnetic Trapping of Ultracold Neutrons
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' Magnetically trapped
UCN lifetime experiment

biggest problems: n activation background
luminescence background

at start of counting cycle signal/bkgd = 0.03

A big part of the solution to the background problem is
to illuminate the cell with 8.9A neutrons only.

Efficient velocity selection!



Neutron Electric Dipole Moment

Hamiltonian: H=-2(p,0-B+d,0-E)

violatesPand T

-—

spin precession frequency: V = _2(”%‘5 + a%ﬂ)

Lo l»

- » D
(1) (2)
EB EB
' waitforT>> 71 duration= 71
\ — D¢=Tr
@3 J — ué =0
- » b
(3) 4

(5) analyze polarization

(6) repeat for opposite E



Results:

Institute Laue-Langevin
[ Harris, et al., Phys. Rev. Lett.. 82, 904 (1999) |

d =-1.0+3.6x10%*ecm

Petersburg Nuclear Physics Institute
[ Altarev, et al., Phys. Atom. Nucl. 59,1152 (1996) |

d, =2.6+4.8x10%*ecm

Resulting limit on QCD theta parameter:

6eff <1 0_9



Los Alamos Superthermal
UCN EDM Experiment

ground

SQUID
pickup

9A cold neutrons—s
polarizing SM guide

cell containing

_——— superfluid He4
and ~10719 He3

)\— wav h-shifting

fiber

+HV

to PMTs

signal: scintillation from 3He(n,p) reaction
o = 10 kb (singlet)
o = 0 (triplet)

N(t) = (y,~Y3)Bt = 2ed EM

expected sensitivity ~ 10%% cm




