
Ernest Henley and Isospin

My first encounter with Ernest occurred 
about two  years before I met him 

I was a grad student, working on isospin  
violating hadronic corrections to the  
widths of isobaric analog states

John Negele told me that there was a 
new preprint on isospin violations  
from Henley in the Physics Library
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Ernest Henley and Isospin

My first encounter with Ernest occurred 
about two  years before I met him 

I was a grad student, working on isospin  
violating hadronic corrections to the  
widths of isobaric analog states

John Negele told me that there was a 
new preprint on isospin violations  
from Henley in the Physics Library

Article was much more advanced than I had ever seen.
I thought: What is a man like that doing in Seattle?
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• paper established isospin as  

• approximate symmetry

• collected the evidence 

•  defined the terms 

from Isospin in Nuclear Physics 
ed. by Wilkinson  1970

Ernest Establishes the Field



Ernest organized the nuclear force

• Fact: np and nn nuclear forces are different, but still called charge 
independent

• Ernest: Charge independence defined: as pp, np and nn forces 
are equal to each other in the same space-spin state

• Charge symmetry - nn and pp forces are identical

• Generalized these statements to all hadrons

• Electromagnetic forces break these symmetries

• Catalogued the non-electromagnetic forces 



Isospin invariance vs charge 
symmetryCharge Symmetry: QCD if 

md=mu,   L  invariant under u$ d 

Isospin invariance [H,Ti]=0, charge 
independence, CS does NOT imply CI 

Isospin invariance:
Physics independent

of any rotation in 
isospin space 

Charge Symmetry: QCD if 
md=mu,   L  invariant under u$ d 

Isospin invariance [H,Ti]=0, charge 
independence, CS does NOT imply CI 

Charge symmetry  is invariance
 under a particular rotation

Charge symmetry does not imply  isospin invariance
needs [H,Ti] = 0
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also called charge independence



Ernest defined important future 
directions

• Theory:Unless an understanding of the hadronic NN 
force is possible, it will remain extremely difficult to 
make convincing theoretical calculations of non-
electromagnetic hadron-hadron interactions

• Experiment: further work to accurately establish nn 
scattering length - ⇡� +D ! nn + �
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Theory carried out brilliantly by Gibbs, Gibson, Stephenson 
(1975)results still correct. Experiments showed that nn force

more attractive than np in 1S0 state
<latexit sha1_base64="lMsjEzpIKzQswiJm8UuQomYQrF8="></latexit><latexit sha1_base64="lMsjEzpIKzQswiJm8UuQomYQrF8="></latexit><latexit sha1_base64="lMsjEzpIKzQswiJm8UuQomYQrF8="></latexit><latexit sha1_base64="lMsjEzpIKzQswiJm8UuQomYQrF8="></latexit>

1S0 state
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⇡� +D ! nn + �
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Ernest asked
me to join 85%

15%

Theory summary- CSB hard to calculate
serve to stimulate experiment

Experiment:
np scattering
Pn(✓) = Pp(⇡ � ✓)
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Pn(✓) = Pp(⇡ � ✓)
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dd !4 He + ⇡0
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dd !4 He + ⇡0
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CIB well established, need to
study CSB

Angular asymmetry in np! d⇡0
<latexit sha1_base64="TiHdr/lMOTeBDIjeMZqky3UyC2E="></latexit><latexit sha1_base64="TiHdr/lMOTeBDIjeMZqky3UyC2E="></latexit><latexit sha1_base64="TiHdr/lMOTeBDIjeMZqky3UyC2E="></latexit><latexit sha1_base64="TiHdr/lMOTeBDIjeMZqky3UyC2E="></latexit>

Angular asymmetry in np! d⇡0
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Ernest worked with PACs all
all were done at TRIUMF & IUCF

we later wrote many
 papers  with C-Y Cheung

& Mary Alberg



Nucleon-nucleon force classification
Henley-Miller 1977

NN force classification-Henley Miller 1977 

   Coulomb: VC(1,2)=(e2/4r12)[1+(τ3(1)+τ3(2))
+τ3(1)τ3(2)] 

I: ISOSCALAR : a +b τ1¢τ2 
II: maintain CS, violate CI, charge dep. 
τ3(1)τ3(2) = 1(pp,nn) or -1 (pn) 
III: break CS AND CI:  (τ3(1)+τ3(2)) 
IV: mixes isospin 
 

Coulomb potential Vc(1, 2) =
e2

r12
[1 + (⌧3(1) + ⌧3(2)) + ⌧3(1)⌧3(2)]

I: Isoscalar A(r12) +B(r12)~⌧1 · ~⌧2

II: maintains CS, CIB, charge dep. C(r12)⌧3(1)⌧3(2)=+1 (pp,nn), -1 (np)

III: breaks CS and CI: D(r12)(⌧3(1)+⌧3(2)) - no isospin mixing in 2N system

IV: mixes isospin:

VIV (1, 2) = E(r12)(⌧3(1)� ⌧3(2))(�(1)� �(2)) · ~L

magnetic np force Class IV:

~jp interacts with µn

spin flip

3P0 $1 P0, 1D2 $3 D2 in TRIUMF, IUCF experiments
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Coulomb potential Vc(1, 2) =
e2

r12
[1 + (⌧3(1) + ⌧3(2)) + ⌧3(1)⌧3(2)]

I: Isoscalar A(r12) +B(r12)~⌧1 · ~⌧2

II: maintains CS, CIB, charge dep. C(r12)⌧3(1)⌧3(2)=+1 (pp,nn), -1 (np)

III: breaks CS and CI: D(r12)(⌧3(1)+⌧3(2)) - no isospin mixing in 2N system

IV: mixes isospin:

VIV (1, 2) = E(r12)(⌧3(1)� ⌧3(2))(�(1)� �(2)) · ~L

magnetic np force Class IV:

~jp interacts with µn

spin flip

3P0 $1 P0, 1D2 $3 D2 in TRIUMF, IUCF experiments
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+…

Polarization difference



Search for class IV forces 

Δ A  -see next slide 
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Precision Measurement of Charge Symmetry Breaking in n p Elastic Scattering at 347 MeV

R. Abegg, A. R. Berdoz, '* J. Birchall, J.R. Campbell, C. A. Davis, ' P. P. J. Delheij, L. Gan, P.W. Green, '

L.G. Greeniaus, ' D. C. Healey, ' R. Helmer, ' N. Kolb, ~ E. Korkmaz, ~ L. Lee, C. D. P. Levy, ' J. Li,
C.A. Miller, ' A. K. Opper, S.A. Page, H. Postma, W. D. Ramsay, J. Soukup, G.M. Stinson,

W. T.H. van Oers, A. N. Zelenski, ' and J. Zhao '~

'TRIUMF, 4004 Wesbrook Mall, Uancouver, British Columbia, Canada, U6T 283
Department of Physics, University ofManitoba, Winnipeg, Manitoba, Canada R3T 2N2
Department of Physics, University ofAlberta, Edmonton, Alberta, Canada T6G 2N5

Laboratory for Technical Physics, Technical University Delft, 2600 GA, Delft, the Netherlands
(Received 20 March 1995)

Charge symmetry breaking in n p elastic scattering at 347 MeV has been measured with
high precision. From fits of the measured asymmetry curves over the angular range 53 4
t9, ~ 86.9, the difference in the center-of-mass zero-crossing angles of the analyzing powers
was determined to be 0.438 ~ 0.054 (stat) ~ 0.051 (syst). Using the experimentally determined
slope of the analyzing power, dA/d0 = (—1.35 ~ 0.05) X 10 2 deg ', this is equivalent to kA =
[59 ~ 7(stat) ~ 7(syst) ~ 2(syst)] X 10 4. Predictions of nucleon-nucleon interaction models based
on meson exchange agree well with this result.

PACS numbers: 13.75.Cs, 11.30.HV, 24.70.+s, 24.80.De

Isospin symmetry or charge independence in the NN
system refers to the invariance of the NN interaction un-
der arbitrary rotations in isospin space (isospace). Charge
symmetry, which is a less restrictive symmetry, refers
to the invariance of the interaction under a 180 rota-
tion about the "2" axis in isospace. On the fundamen-
tal quark level, charge symmetry breaking (CSB) arises
from the difference in the up and down quark masses and
from the electromagnetic interaction among the quarks.
The charge symmetry operator relates the up and down
quarks as P, , ~u) = —~d) and P„(d) = ~u) [1,2]. A de-
tailed study of CSB, which shows at what level and how
this symmetry is broken, will provide stringent constraints
on NN potential models based on meson exchange theory
and give insight into the applicability of such models at
short distances. This will help to form a bridge between
the meson-exchange based phenomenological NN poten-
tial models and the theory of quantum chromodynamics.
Isospin symmetry and charge symmetry breaking were

first observed in the difference of the low energy NN
scattering parameters [2,3] and in the binding energy dif-
ferences of mirror nuclei. The latter is the well-known
Okamoto-Nolen-Schiffer effect [4,5]. The nonzero dif-
ference of the 'So scattering lengths, z(a„„+azz)—a„=5.7 ~ 0.3 fm, shows charge independence break-
ing, and the much smaller difference, a „—app—1.5 ~ 0.5 fm, shows charge symmetry breaking, with
the superscript "N" denoting the nuclear interaction part
with the purely electromagnetic contribution removed [2].
Studies of charge symmetry breaking in np elastic scat-

tering have a unique advantage due to the absence of
the Coulomb interaction. Charge symmetry in np elas-
tic scattering leads to the separation of the isospin-singlet
and isospin-triplet states. This in turn leads to the de-
coupling of the spin-singlet and spin-triplet states and

the equality of the analyzing powers [6] when polarized
neutrons are scattered from unpolarized protons and vice
versa. Any nonzero difference of the analyzing powers,
AA —= A, —A„, where the subscripts denote the polar-
ized nucleon, is clearly evidence for CSB. In np elastic
scattering CSB is a manifestation of class IV forces in the
classification scheme of Henley and Miller [7], which mix
the isospin-singlet and isospin-triplet states. Earlier mea-
surements of CSB in np elastic scattering include the first
such experiment ever at 477 MeV [8], which yielded a re-
sult of AA = (47 ~ 22 ~ 8) X 10, and a later, more
precise experiment at 183 MeV [9], which yielded a re-
sult of AA = (34.8 ~ 6.2 ~ 4.1) X 10 where in both
cases the first error is the statistical error and the second
the systematic error, and the results are at the zero-crossing
angle of the average analyzing power. Theoretical calcu-
lations of CSB in np elastic scattering have been carried
out with meson-exchange based NN potential models [10—
14]. In these calculations the major contributions to AA
stem from (1) the interaction of the proton current with the
neutron magnetic moment (one photon exchange), (2) the
np mass difference affecting charged pion exchange, and
(3) the short range p -co mixing. A contribution corre-
sponding to ~-y exchange has not been evaluated quanti-
tatively but is assumed to be small. While these theoretical
calculations agree with earlier experiments, concerns [15]
have been raised regarding the application of on-shell me-
son mixing amplitudes to off-shell virtual processes such as
p -co mixing. Various calculations [16] have shown that
off-shell effects have a significant inhuence on the contri-
bution of p -co mixing to the observed difference of the
analyzing powers. On the other hand, it has been pointed
out [2,14,17] that all available experimental results support
theoretical calculations employing on-shell meson mixing
amplitudes.
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Zero —Crossing Result

three measurements, underscoring the success of modern
meson exchange theories at describing nucleon-nucleon
scattering.
This work was supported in part by the Natural

Sciences and Engineering Research Council of Canada.
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FIG. 2. Shape of the angular distribution of AA. The con-
nected points are from Iqbal and Niskanen's predictions,
Ref. [14]. The "open square" points are from the measure-
ment ("raw" data) and the "filled square" points are obtained
from the ~ minimization. The error bars on the experimental
data are statistical errors only. The "star" point (indicated by
the arrow) is the measured 6A at the zero-crossing angle.

When the electromagnetic contribution of one photon ex-
change is removed, leaving only the strong NN interaction,
the difference in the analyzing powers, AA =—A„—A„,
is 5 standard deviations away from zero. The theoretical
predictions of Holzenkamp, Holinde, and Thomas (HHT)
[12] and Iqbal and Niskanen (IN) [14],agree well with the
result of this experiment. Figure 3 shows a comparison
of the predictions of HHT and IN with the three existing
measurements of AA. Existing theories concur with all
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FIG. 3. A summary of the existing measurements of CSB in
np elastic scattering and comparison of the theoretical calcula-
tions by Iqbal and Niskanen, Ref. [14] (IN) and Holzenkamp,
Holinde, and Thomas, Ref. [12] (HHT). The inner error bars
on the data points represent the statistical errors, and the outer
error bars represent the quadrature sum of the systematic and
statistical errors. The horizontal lines are the various summed
contributions obtained from IN and HHT (y: one photon ex-
change; ~, p, and 2~: np mass difference affecting ~, p, and
2~ exchanges; p-co: po-to mixing). Note that the po-co mixing
contribution at the two higher energies is small since it changes
sign close to the zero-crossing angle of the average analyzing
power.
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OPEP dominant
at 477 MeV

Miller Thomas Williams
PRL56, 2567

HHT Holzenkamp,Holinde Thomas
IN Iqbal Niskanen

Strong interaction parameters determined from np scattering 
data



 from 1969 henley article

•  

• “if isospin is conserved this reaction is forbidden, 
however contrary to all claims made in the 
literature, this reaction only tests charge parity (EH 
word for charge symmetry) 

dd ! ↵⇡0
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Observation of the Charge Symmetry Breaking   Reaction Near Threshold
E. J. Stephenson, A. D. Bacher, C. E. Allgower, A. Gårdestig, C. M. Lavelle, G. A. Miller, H. Nann, J. 

Olmsted, P. V. Pancella, M. A. Pickar, J. Rapaport, T. Rinckel, A. Smith, H. M. Spinka, and U. van Kolck
Phys. Rev. Lett. 91, 142302    (2003)
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Figure 2: Historgrams of the can-
didate events at the two deuteron
bombarding energies as a function
of their missing mass value. The
smooth curves show the reproduc-
tion of these histograms with a
Gaussian peak and a continuum.

acceptance boundaries of the channel, increasing the ambiguity of its shape. The decision
was made to complete production running at the higher energy of 231.8 MeV (1.75◦ cone)
with a kinematic endpoint of 138.0 MeV even though an additional 10% of the π0 events
would be lost in the channel. The result shown in the lower panel of Fig. 2 still has a
broad peak (FWHM = 660 keV) but there is now a clear distribution of double radiative
capture events on either side.

The spectra of Fig. 2 were modelled with a Gaussian peak and a continuum. The
continuum shape was obtained from the distribution in missing mass of all 4He events (rate
about 103 higher than for candidate events alone) reduced by the ratio of the calculated
double radiative capture cross section to the phase space value. These 4He events without
coincident photons, which may have originated from (d,4He) reactions on residual gas and
storage ring structures, were broadly distributed in energy and angle, and were used as an
estimate of the product of phase space and channel acceptance. The continuum curves in
Fig. 2 are a smooth representation of this shape. The centroids of the Gaussian peaks have
a fitting error of less than 60 keV and are consistent with the π0 mass. Events in the peak
appear to be isotropically distributed in the center of mass as shown by their distribution
in scattering angle and time of flight.

The 66 and 50 4He + π0 events recorded at the two energies of 228.5 and 231.8 MeV
lead to total cross section values of 12.7±2.2 pb and 15.1±3.1 pb respectively, including a
6.6% normalization error for all systematic effects. Corrections at the two energies included
Pb-glass efficiency (0.34 and 0.32), trigger losses (0.94 and 0.96 for random vetoes), system
livetime (0.95 and 0.94), wire chamber efficiency (0.93 and 0.95), and other channel losses
from acceptance and multiple scattering (0.95 and 0.81). These cross sections are consistent
with being proportional to η = pπ/mπ with a combined slope of σTOT/η = 80 ± 11 pb.

5

12.7 +/- 2.2 pb

15.1 +/-3.1pb

Survey of charge symmetry breaking operators for  
A. Gårdestig, C. J. Horowitz, A. Nogga, A. C. Fonseca, C. Hanhart, G. A. Miller, J. A. Niskanen, and U. van 

Kolck
Phys. Rev. C 69, 044606 (2004)
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total cross section; 23, 31 pb

� (pb)
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Charge symmetry breaking in np → dπ0

A.K. Opper,1, ∗ E. Korkmaz,2 D.A. Hutcheon,3, 4 R. Abegg,3, 4, † C.A. Davis,4, 5 R.W.
Finlay,1 P.W. Green,3, 4 L.G. Greeniaus,3, 4 D.V. Jordan,1, 3, ‡ J.A. Niskanen,6

G.V. O’Rielly,2, § T.A. Porcelli,2 S.D. Reitzner,1, ¶ P.L. Walden,4, 7 and S. Yen4

1Ohio University, Athens, Ohio 45701
2University of Northern British Columbia, Prince George, British Columbia, Canada

3University of Alberta, Edmonton, Alberta, Canada
4TRIUMF, Vancouver, British Columbia, Canada

5University of Manitoba, Winnipeg, Manitoba, Canada
6University of Helsinki, Helsinki, Finland

7University of British Columbia, Vancouver, British Columbia, Canada
(Dated: June 15, 2018)

The forward–backward asymmetry in np → dπ0 , which must be zero in the center-of-mass system
if charge symmetry is respected, has been measured to be [17.2 ± 8(stat) ± 5.5(sys)]× 10−4, at an
incident neutron energy of 279.5 MeV. This charge symmetry breaking observable was extracted
by fitting the data with GEANT-based simulations and is compared to recent chiral effective field
theory calculations, with implications regarding the value of the u d quark mass difference.

PACS numbers: 11.30.Er, 13.75.Cs, 24.80.+y

In the quark model, the breaking of charge indepen-
dence and charge symmetry arises from the mass differ-
ence of the up and down current quarks and the elec-
tromagnetic interaction between quarks. The basic np
interaction is particularly sensitive to such fundamental
effects since the “background” Coulomb force is absent
in this system. Indeed, charge symmetry breaking (CSB)
has been unambiguously observed [1, 2, 3] in np elas-
tic scattering at three different energies. Measurement
of CSB in the inelastic np → dπ0 reaction complements
the existing data in that it is sensitive to contributions
that are absent in the elastic channel. Furthermore,
this reaction is unique as a testing ground for effective
field theory calculations addressing the important issue
of isospin symmetry violation in pion-nucleon scattering.
The observable of interest in np → dπ0 is the center-of-
mass forward–backward asymmetry, Afb, which we define
as

Afb(θ) ≡
σ(θ) − σ(π − θ)

σ(θ) + σ(π − θ)
(1)

where θ is the angle between the incident beam and the
scattered deuteron. Note that the asymmetry must be
zero if charge symmetry is conserved. We report on a
measurement of this asymmetry at a neutron energy a
few MeV above the reaction threshold (275.06 MeV), and
compare our result to recent theoretical predictions [4, 5]
bearing on such fundamental questions as the u d quark
mass difference and our understanding of QCD dynamics
and symmetries in low-energy hadronic interactions.

THE EXPERIMENT

The experiment was performed at TRIUMF with a
279.5 MeV neutron beam, a liquid hydrogen target, and

the SASP magnetic spectrometer [6] positioned at 0◦.
With these near threshold kinematics and the large ac-
ceptance of SASP, the full deuteron distribution from
np → dπ0 was detected in one setting of the spectrom-
eter thereby eliminating many systematic uncertainties.
These deuterons form a distinct kinematic locus in mo-
mentum vs laboratory scattering angle, which is shown
in fig. 1 for the collected data.

FIG. 1: Kinematic locus of np → dπ0 data.

The TRIUMF CHARGEX facility [7] produced the
neutron beam by passing a high intensity proton beam
through a thin 7Li target. A sweeping magnet deflected
the primary proton beam into a well- shielded dump. The
liquid hydrogen target (LH2) was centered 92 cm down-
stream from the 7Li target and was contained within a

PRL 91(2003) 212302
The forward-backward asymmetry in np→dπ0, which must be zero in the center-of-mass 

system if charge symmetry is respected, has been measured to be [17.2±8.0(stat)
±5.5(syst)]×10−4, at an incident neutron energy of 279.5 MeV.



old strong 
int. calc. 

4

TABLE II: Stability of the four free parameters over target
subspaces; b = bottom; t = top; l = left; r = right.

(A1/A0) relative relative relative

(10−4) LH2 (mm) p0 (MeV/c) Tbeam (MeV)

full 34.4 ± 16 0.94 ± 0.05 0.365 ± 0.015 0.048 ± 0.001

b 30 ± 26 0.39 ± 0.09 0.547 ± 0.025 0.086 ± 0.002

t 20 ± 20 1.14 ± 0.07 0.236 ± 0.018 0.021 ± 0.002

l 29 ± 23 1.21 ± 0.08 0.273 ± 0.021 0.042 ± 0.002

r 15 ± 22 0.75 ± 0.08 0.427 ± 0.021 0.051 ± 0.002

schemes the best fit values of the asymmetry in the accep-
tance subspaces agreed within errors with the value for
the full acceptance, which is (34.4± 16)× 10−4, implying
Afb = [17.2± 8(stat)± 5.5(sys)]× 10−4.
Theoretical predictions of Afb have been made by

Niskanen [4] using a meson-exchange coupled-channel

model which showed that the major contribution by far
is due to πη (and πη′) mixing in both the exchange and
produced (outgoing) meson. At our energy the prediction
is Afb = −28× 10−4, when accepted values are used for
the ηNN coupling constant and the π0η mixing matrix
element (g2ηNN/4π = 3.68 from meson exchange NN po-
tential models [12] and ⟨π0|H|η⟩ = −0.0059 GeV2 from
analysis of η decay data [13]). More recently, Afb was
revisited [5] within the framework of chiral effective field
theory where the issue of charge symmetery breaking in
the rescattering amplitude of the exchanged pion was ad-
dressed. The resulting additional contribution to Afb is
then expressed in terms of two parameters δmN and δ̄mN

representing contributions from the u d quark mass differ-
ence and from electromagnetic effects within the nucleon,
respectively. Specifically, at our energy, Afb is expressed
as

Afb = −0.28%×

[(

gηNN
√

4π(3.68)

)

(

⟨π0|H|η⟩

−0.0059 GeV2

)

−
0.87

MeV
(δmN −

δ̄mN

2
)

]

(3)

where the first term arises from πη mixing and the sec-
ond from π0 N scattering. With the introduction of the
new term, Afb changes sign and becomes positive with
an estimated upper value around +69×10−4, when large
but reasonable values of δmN and δ̄mN are used [5]. Our
positive experimental result strongly suggests, therefore,
that such isospin violating π0N interactions as outlined
in reference [5] are indeed significant.
The parameters δmN and δ̄mN are also constrained by

the proton-neutron mass difference as

∆N = mn −mp = δmN + δ̄mN = 1.29 MeV. (4)

When our Afb result is combined with equations 3 and
4, and the values given above for the ηNN coupling
constant and πη mixing matrix element, we find that
δmN = 1.66± 0.27 MeV and δ̄mN = −0.36± 0.27 MeV,
assuming no theoretical uncertainties. We emphasize,
however, that this last exercise is only meant to illustrate
the significance and potential important implications of
our Afb result. Further theoretical studies are currently
underway [14] to accommodate simultaneously the new
CSB result of our study and that of a recent cross-section
measurement of the isospin forbidden reaction dd → απ0
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Summary

• Henley’s isospin vision was carried out by a host of 
experimentalists and theorists- the program laid out 
in his reviews was carried out-

• Ernest always acted with grace

• He was   a model of how to behave, I tried to 
emulate

• I am very grateful for having known him and will 
miss him forever


