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A diverse assortment of graphic representations of “IU,” Indiana University’s 
acronym, has been in use dating back to 1898. Many variations appear in 
limestone carvings throughout the university, and many more have been 
developed for other applications.

One version of the “IU” expression, created and first implemented in 2002, and 
referred to as the Block IU, has been selected as the foundational element for 
the Indiana University Integrated Image Program. It is graphically strong, simple, 
communicative, and can be quite effective when integrated with other elements. 

The IU Seal, discussed in detail later in this guide, is to be reserved for 
ceremonial and executive-level communications. Given that many universities 
have institutional seals of approximately the same contours, the Block IU offers 
a more differentiating presentation. IU has also been represented in the past 
by a wordmark; however, while distinctive, it does not provide the flexibility to 
accommodate the complex identification system required by the university’s 
various needs and has therefore been discontinued. 

Adopting the Block IU as the standard across all media and increasing its presence 
will help meet the objectives of the program and provide synergies supporting the 
extensive presence of the university throughout the state and globally.

Note: The IUPUI wordmark is in development and will be addressed in the next 
iteration of this guide.

Mark: Block IU
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Neutron Decay Parameters

Phenomenological (J = 1/2 → J = 1/2) beta decay formula [ Jackson, Treiman,
Wyld, 1957 ] :
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For allowed beta decay, neglecting recoil order terms, the standard
electroweak model (Weinberg, Glashow, Salam, et al.) predicts:
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Why do we measure neutron decay parameters? 
 
Within Standard Model:  Get GA , GV 

 
Beyond Standard Model:  
 
Mostovoy Parameters, model-independent consistency test of SM: 
        predicted                  actual 
F1 = 1+ A − B − a = 0       F1 = 0.0025 ± 0.0064    uncertainties dominated 
F2 = aB − A − A2 = 0         F2 = 0.0034 ± 0.0050                  by "a" 
 
Precise comparisons of a, b, A, B, D are sensitive to: 
• scalar and tensor weak currents 
• right handed weak currents 
• new CP violation 
• CVC violation and second-class currents (Gardner and Zhang, 2000) 
• SUSY (Profumo, Ramsey-Musolf, and Tulin, 2007) 



Standard method for measuring the
e-ν correlation:

recoil energy spectrum

statistically most advantageous



A Novel Method to Measure a
(Yerozolimsky and Mostovoy, 1996)



We separate groups I and II by beta energy and 
proton time-of-flight: 
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Our goal is a < 1% 
measurement of "a" 

We separate groups I and II by beta energy
and proton time-of-flight (TOF) 

X(E) = NI − NII

NI − NII

= a fa (E)
wishbone

asymmetry
geometric
function
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Electron backscatter
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Electron backscatter will cause electrons to appear at a lower, 
incorrect energy, filling in the gap between the branches.



aCORN backscatter suppressed 
beta spectrometer
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aCORN Beta Spectrometer	  
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Beta Spectrometer Energy Resolution (FWHM) 

2

FWHM = A∗channel
A = 800 ± 47



Electrostatic mirror

Polyflon	

0.010” teflon sheet electroplated 	

with 4.4 μm copper, etched into 	


63 x 6.7 mm wide bands, 	

with 0.3 mm separation

Pyrex tube

0.15” wall thick teflon tube

resistor chain



Electrostatic mirror

100 μm gold-plated BeCu wire grid, 	

2-mm spacing

• The assembly fits inside a
pyrex tube for shielding.

• Grid pieces with fine tungsten
wires cap both ends.

• The bottom grid is held at 3
kV, the top at ground.

The Electrostatic Mirror: Description

Slide: 22/23

Bottom 
Grid 
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beta collimator
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Proton detector



 

aCORN proton detector 



The aCORN Experiment
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FIG. 25. Monte Carlo simulation of the distribution of ⇡one million proton hits on the detector

(gray-scale, 99.97 %), on the detector support (red circles, 0.02 %), and on the focusing electrodes

(green circles, 0.01 %). The active area of the detector is shown by the black circle. The elliptic

profile of the beam results because the accelerating electric field that guides the protons to the

detector is not parallel to the experimental axis.

magnetics in its vicinity, past and present, makes a slight unwanted neutron polarization

possible. Unfortunately we were unable to directly measure the neutron polarization on

NG-6.

We collected data with both directions of the axial magnetic field. A simple average

of the a-coe�cients obtained with magnetic field up (aup) and down (adown) cancels the

polarization e↵ect, assuming that Pup = Pdown. There is an additional correction in the case

of a small di↵erence in polarization:

a =
1

2
(aup + adown) +

1

2

✓
Pdown � Pup

Pdown + Pup

◆
(aup � adown) (10)

XIII. CONCLUSION

The aCORN apparatus operated on the NIST NG-6 beamline from February 2013 through

May 2014, collecting 1900 hours of data. These data have been analyzed and will be the

subject of a forthcoming paper. The apparatus was then moved to the higher flux NG-

45

Proton Focusing Simulation

106  protons total

detector active region: 99.97%

focusing ring: 0.008%

detector can: 0.020%

missed: 0.002%
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A Novel Method to Measure a

(Yerozolimsky and Mostovoy, 1996)

neutron beam. A long solenoid, aligned to the axis
of the detectors, is located between the beam and
proton detector. Coincidence detection of the
electron and proton is possible for neutrons that
decay in the indicated region. The solenoid
produces a uniform central magnetic field B.
Within the solenoid are a series of precisely aligned
circular apertures of radius r. A proton’s trajectory
inside the solenoid is helical, with radiusR
proportional to its transverse momentum R ¼
p?c=eB [19]. Only those decay protons with
transverse momentum below a threshold value
(which depends on the position of the decay
vertex) can pass unobstructed through the aper-
tures and be detected. A pair of fine wire grids
produces an electric field around the decay region,
directing all decay protons toward the proton
detector regardless of their initial axial momenta.
Decay electrons are energetic enough to pass
through this electric field.

The determination of a from this scheme is best
illustrated by the momentum-space diagram
shown in Fig. 3. The cold neutron’s kinetic energy
is very small (about 0.003 eV) so it can be treated
as decaying at rest. Let us assume the decay vertex
was on axis. A typical momentum vector for a
detected beta electron is shown as pe. The solenoid
and aperture arrangement will allow any proton
whose transverse momentum is less than eBr=2c to
be detected. The electric field guarantees that any
value of the proton’s axial momentum will be
accepted. Therefore, the proton’s momentum
acceptance is described by the lower circular
cylinder shown in the figure. Any proton whose
momentum vector lies inside this cylinder is
detected, and an electron–proton coincidence is
obtained. Now consider the antineutrino. It is not
detected, but conservation of momentum requires

that the antineutrino momentum vector (pn) lie in
a second cylinder (shaded in the figure), identical
to the lower cylinder but translated by "pe?. If we
neglect the decay proton’s kinetic energy, con-
servation of energy fixes the length of the
antineutrino momentum vector to be
jpnj ¼ Q=c"

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2e þm2
ec

2
p

, where Q is the total
decay energy. For any neutron decay where both
the electron and proton are detected, the possible
antineutrino momenta must fall into one of two
kinematically distinct groups, indicated in the
figure by the regions labeled I and II. These two
regions are formed by the intersections of the
upper cylinder with a spherical shell of radius
jpnj.The detection solid angles subtended by the
two regions are equal in size; so if a is zero, there is
equal probability for the antineutrino to be in
either group.A nonzero value of a is associated
with an average correlation between the electron
and antineutrino momenta, and will cause an
asymmetry between coincidence events in groups I
and II. To simplify this illustration we have
assumed the decay vertex to be on axis, but in
general it will be off axis. In that case the cylinders
in Fig. 3 would have elliptical, rather than circular,
cross-sections, but the above analysis is similar
and its conclusions are the same.
The two groups of coincidence events, corre-

sponding to regions I and II, can be experimentally
distinguished by time-of-flight (TOF). The beta
electron is detected a few nanoseconds after the
neutron decays. The proton is much slower and
takes microseconds to reach the proton detector.
The time between electron and proton detection
can be easily measured using standard TOF
methods. The protons associated with group I
events have greater axial momentum than those of
group II events, so they reach the proton detector
more quickly. By recording for each event the
electron energy and proton time-of-flight, we
obtain, after many decays, NI events in group I
and NII events in group II for each electron
energy. It can be shown that

aðEÞ ¼
1

ve

2X ðEÞ
ðfIðEÞ " fIIðEÞÞ " X ðEÞðfIðEÞ þ fIIðEÞÞ

" #

.

(6)
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Fig. 3. A momentum space diagram of the determination of a
from the coincidence measurement.
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Here X ðEÞ is the experimental asymmetry:

X ðEÞ ¼
NI $NII

NI þNII
(7)

for some slice of electron energy E and ve is the
beta electron speed (fraction of c). The parameters
fIðEÞ and fIIðEÞ are defined by

fIðEÞ ¼
R

dOe

R

I dOn cos yen
OeOI

n

fIIðEÞ ¼
R

dOe

R

II dOn cos yen
OeOII

n
. ð8Þ

Looking at Fig. 3, fI can be understood to be the
cosine of the angle between the electron and
neutrino momentum vectors, averaged over the
cone that defines group I, and then averaged again
over the accepted beta momentum directions for a
particular beta energy, assuming that there is no
angular correlation (i.e. calculated assuming
a ¼ 0). It is effectively just a geometry calculation;
it contains no physics. The parameter fII is the
corresponding average for neutrino group II. Note
that fI is a positive number and fII is negative.
These parameters, which are both functions of
electron energy, depend on the transverse momen-
tum acceptances of the proton and beta, and so
they can be calculated from the measured axial
magnetic field and the collimator geometries.

The second term in the denominator of Eq. (6) is
small, about 1% of the first term, so as a
convenient approximation we can write:

aðEÞ &
1

ve
KðEÞX ðEÞ (9)

with

KðEÞ ¼
2

fIðEÞ $ fIIðEÞ
. (10)

To a good approximation aðEÞ is proportional to
the experimental asymmetry X ðEÞ at each slice of
electron energy. For discussion purposes, Eq. (9) is
easier to work with, but of course there is no
difficulty in using the full expression, Eq. (6), when
needed to analyze the data precisely. Using
a ¼ $0:1, the asymmetry X ðEÞ has an average
value of about $0:05 for the electron energies used
in our experiment. Our calculations show that to
determine fIðEeÞ and fIIðEeÞ, and hence KðEeÞ, to
a precision of o0:5%, it is sufficient to know the
magnetic field to 1.5% and the collimator diameter
and alignment to '1mm.
There is a small correction that comes from our

neglect of the proton’s kinetic energy in the
momentum space discussion. If we account for
this energy, the neutrino momentum acceptances
for groups I and II (see Fig. 3) differ by 0.1%. It
would cause a slight asymmetry even if a were
zero. This effect is a 2% correction to the
measured a.
While Fig. 2 shows the minimum configuration

for this scheme to work, it would be more practical
and efficient to extend the magnetic field from the
proton detector to the electron detector and select
both protons and beta electrons by their transverse
momenta. This is indicated in Fig. 4, which shows
a sketch of a realistic experimental apparatus.
Instead of a continuous solenoid, the axial
magnetic field is produced by an array of precisely

ARTICLE IN PRESS

Fig. 4. Sketch of a realistic instrument to measure a using the proposed method.
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~0.5% correction

The geometric function f  (E)a

X(E) = a fa (E)wishbone asymmetry:

fa (E) =
1
2
v φ I (E)−φ II (E)( )

                  are the average angle between 
electron and antineutrino momentum vectors for all 

momenta within the aCORN acceptance, 
independent of the beta decay distributions.

φ I (E),φ II (E)

f  (E) depends ONLY on:
• magnetic field strength
• collimator geometry
• neutron beam density distribution (weakly)

a -1.0

-0.5

0.0

0.5

1.0

7006005004003002001000
beta energy (keV)

φ
Ι

 

φ
ΙΙ

 

1.0

0.8

0.6

0.4

0.2

0.0

7006005004003002001000
beta energy (keV)

fa(E)



-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

w
is

hb
on

e 
as

ym
m

et
ry

5004003002001000
beta energy (keV)

 Monte Carlo, with "a"  = -.102
 data

Uncorrected wishbone asymmetry



Energy-dependent corrections











Beam Polarization

With a polarized neutron beam:

wishbone asymmetry Awb = afa (Eβ )+ PBfB(Eβ )

BfB(Eβ )
afa (Eβ )

≈14

pe

pe

-pepνpν

III

eBr
2c

P



Ratio of X(E) / f  (E)a

-0.3

-0.2

-0.1

0.0

lit
tle

  a

5004003002001000

beta energy (keV)

B up combined

fit  a = -.0994 ± .0045

 χν
2

 =  17.69 / 14 dof = 1.26

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

w
is

hb
on

e 
as

ym
m

et
ry

5004003002001000

beta energy (keV)

B up combined

 uncorrected
 including corrections
 < a > * fa(E)



Ratio of X(E) / f  (E)a

-0.3

-0.2

-0.1

0.0

lit
tle

  a

5004003002001000

beta energy (keV)

B down combined

fit  a = -.1178 ± .0041

 χν
2

 =  17.68 / 14 dof = 1.27

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

w
is

hb
on

e 
as

ym
m

et
ry

5004003002001000

beta energy (keV)

B down combined

 uncorrected
 including corrections
 < a > * fa(E)



-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

a-
co

ef
fic

ie
nt

Grigorev 1968

Stratowa 1978
Byrne 2002

aCORN B up

PDG

aCORN B down



can be explained
 by ~ 0.6%

neutron polarization

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

a-
co

ef
fic

ie
nt

Grigorev 1968

Stratowa 1978
Byrne 2002

aCORN B up

PDG

aCORN B down



-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

a-
co

ef
fic

ie
nt

Grigorev 1968

Stratowa 1978
Byrne 2002

PDG

aCORN average
(stat error)



-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

a-
co

ef
fic

ie
nt

Grigorev 1968

Stratowa 1978
Byrne 2002

PDG

aCORN NG-6 final
 



aCORN NG-6 Result
correction 1 � uncert. relative

electrostatic mirror 0.00571 0.00114 0.0105
proton threshold -0.00318 0.00076 0.0070
energy loss in grid -0.00111 0.00022 0.0020
absolute B field -0.00010 0.00050 0.0046
B field shape 0.00031 0.00082 0.0075
residual gas 0.00046 0.00046 0.0042
e scattering -0.00153 0.00153 0.0140
beta energy calibration 0.00031 0.0028
proton collimator align. 0.00050 0.0046
p scattering 0.00041 0.00050 0.0046
p focusing 0.00010 0.00010 0.0009
wishbone asymmetry 0.00100 0.0091
beam polarization 0.00102 0.0094
total systematic 0.00107 0.00283 0.0260
statistical 0.00302 0.0277
total uncertainty 0.00414 0.0380



aCORN NG-6 Result

a = -0.1090 ± 0.0030 (stat) ± 0.0028 (sys) 

G. Darius, et al. Phys. Rev. Lett. 119, 042502 (2017)

correction 1 � uncert. relative
electrostatic mirror 0.00571 0.00114 0.0105
proton threshold -0.00318 0.00076 0.0070
energy loss in grid -0.00111 0.00022 0.0020
absolute B field -0.00010 0.00050 0.0046
B field shape 0.00031 0.00082 0.0075
residual gas 0.00046 0.00046 0.0042
e scattering -0.00153 0.00153 0.0140
beta energy calibration 0.00031 0.0028
proton collimator align. 0.00050 0.0046
p scattering 0.00041 0.00050 0.0046
p focusing 0.00010 0.00010 0.0009
wishbone asymmetry 0.00100 0.0091
beam polarization 0.00102 0.0094
total systematic 0.00107 0.00283 0.0260
statistical 0.00302 0.0277
total uncertainty 0.00414 0.0380



aCORN on new NG-C beamline
• aCORN moved to new NG-C end position at NIST in 2015
• Ran on NG-C from July 2015 - September 2016
• ~ 5x wishbone event rate, signal/bkgd similar to NG-6
• Collected a good data set ~10 times NG-6
• Improved systematics
• Analysis in progress
• We expect a new result with relative uncertainty < 2%
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of these correlation coefficients, B has the least sensitivity to λ 
but the most sensitivity to possible right-handed currents



100

90

80

70

60

50

TO
F 

(5
0 

ns
/b

in
)

10008006004002000
beta enegy (keV)

P = -1

100

90

80

70

60

50

TO
F 

(5
0 

ns
/b

in
)

10008006004002000
beta enegy (keV)

P = +1

measure both flip states:

Monte Carlo:

Awb
+ − Awb

−

2
= PBfB(Eβ )
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Statistics estimate:
• assume factor 10 lower neutron flux (XSM polarizer, collimation)

• 150 beam days (∼1 year) → 1% little "a"

• 14x larger asymmetry signal

• assume S/B  same as aCORN

σ B

B
≈ 10

14
(1%) = 0.0023 (stat)

Monte Carlo:
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