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您的邀
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Day-1
The birth of spin physics: Stern-Gerlach to Wu
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What is spin?
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Orbital angular momentum 

<latexit sha1_base64="EfunXYhDSe3QMaKvKEk1GF3ad78=">AAACCHicbVDLSsNAFL3xWesr6tKFg0VwVRIp6kYounHhooJ9QBPKZDpph04ezEwKJWTpxl9x40IRt36CO//GaZqFth4YOPece7lzjxdzJpVlfRtLyyura+uljfLm1vbOrrm335JRIghtkohHouNhSTkLaVMxxWknFhQHHqdtb3Qz9dtjKiSLwgc1iakb4EHIfEaw0lLPPHLGlKR3GbpCOROZo1hA5ayKs55ZsapWDrRI7IJUoECjZ345/YgkAQ0V4VjKrm3Fyk2xUIxwmpWdRNIYkxEe0K6mIdbL3DQ/JEMnWukjPxL6hQrl6u+JFAdSTgJPdwZYDeW8NxX/87qJ8i/dlIVxomhIZov8hCMVoWkqqM8EJYpPNMFEMP1XRIZYYKJ0dmUdgj1/8iJpnVXt82rtvlapXxdxlOAQjuEUbLiAOtxCA5pA4BGe4RXejCfjxXg3PmatS0YxcwB/YHz+AOE0mek=</latexit>

ωL = ωr → ωp

Orbital angular momentum is a measure  
of the rotational momentum of a body.

Spin angular momentum 

Spin angular momentum is an intrinsic property 
of a particle, not due to classical rotation

Particles have a unique value of spin:  
Integer spin → bosons (photon, gluon, W,Z boson…) 
Half-integer → fermions (quark, electron, neutrino…)
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Angular momentum in quantum mechanics
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In quantum mechanics, both orbital and spin angular momenta are quantized 
<latexit sha1_base64="YNAsb8nE2uTCXI+GapjoA1npL2E="></latexit>

L2 = l(l + 1)⊋2, Lz = ml⊋
l = 0, 1, 2, ...

ml = →l,→l + 1, ...,+l

(2l+1) possible projections

<latexit sha1_base64="eIRe6nlnyZwZWSQkvxvKPyErqLU="></latexit>

S2 = s(s+ 1)⊋2, Sz = ms⊋
ms = →s,→s+ 1, ...,+s

(2s+1) possible projections
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In quantum mechanics, both orbital and spin angular momenta are quantized 
<latexit sha1_base64="YNAsb8nE2uTCXI+GapjoA1npL2E="></latexit>

L2 = l(l + 1)⊋2, Lz = ml⊋
l = 0, 1, 2, ...

ml = →l,→l + 1, ...,+l

(2l+1) possible projections

<latexit sha1_base64="eIRe6nlnyZwZWSQkvxvKPyErqLU="></latexit>

S2 = s(s+ 1)⊋2, Sz = ms⊋
ms = →s,→s+ 1, ...,+s

(2s+1) possible projections

e.g. for electron, s=1/2  → ms= +1/2,  -1/2

A spin-1/2 particle has only two possible spin projections along a chosen axis.
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Angular momentum in quantum mechanics
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In quantum mechanics, both orbital and spin angular momenta are quantized 
<latexit sha1_base64="YNAsb8nE2uTCXI+GapjoA1npL2E="></latexit>

L2 = l(l + 1)⊋2, Lz = ml⊋
l = 0, 1, 2, ...

ml = →l,→l + 1, ...,+l

(2l+1) possible projections

<latexit sha1_base64="eIRe6nlnyZwZWSQkvxvKPyErqLU="></latexit>

S2 = s(s+ 1)⊋2, Sz = ms⊋
ms = →s,→s+ 1, ...,+s

(2s+1) possible projections

e.g. for electron, s=1/2  → ms= +1/2,  -1/2

A spin-1/2 particle has only two possible spin projections along a chosen axis.

How can we experimentally observe angular momentum quantization?

Orbital angular momentum has integer values, while spin can take half-integer, 
which is a purely quantum-mechanical property



Discovery of spin
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Stern-Gerlach experiment (1922)
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2 Stern-Gerlach Experiments

Stern-Gerlach experiment, the magnetic field gradient is primarily in the z-direction, and the resulting 

z-component of the force is

  Fz =
0

0z
 1M~B2 

(1.1)

  ! mz 
0Bz

0z
 .  

This force is perpendicular to the direction of motion and deflects the beam in proportion to the com-

ponent of the magnetic moment in the direction of the magnetic field gradient.

Now consider how to understand the origin of the atom’s magnetic moment from a classical view-

point. The atom consists of charged particles, which, if in motion, can produce loops of current that give 

rise to magnetic moments. A loop of area A and current I produces a magnetic moment

 m = IA (1.2)

in MKS units. If this loop of current arises from a charge q traveling at speed v in a circle of radius r, 

then

  m =
q

2pr>v
 pr 2 

  =
qrv

2
 (1.3)

  =
q

2m
 L ,  

where L = mrv is the orbital angular momentum of the particle. In the same way that the earth 

revolves around the sun and rotates around its own axis, we can also imagine a charged particle in 

an atom having orbital angular momentum L and a new property, the intrinsic angular momen-

tum, which we label S and call spin. The intrinsic angular momentum also creates current loops, 

so we expect a similar relation between the magnetic moment M and S. The exact calculation 
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FIGURE 1.1 Stern-Gerlach experiment to measure the spin component of neutral 

particles along the z-axis. The magnet cross section at right shows the inhomogeneous 

field used in the experiment.

?silver beam

W. Gerlach and O. Stern, Z.Phys. 9, 349-352 (1922)

B. Friedrich, Isr. J. Chem. 2023, 63, e202300047.

In any case, Stern expected that in an inhomogeneous
magnetic field of gradient @ℌ/@Z, the silver atoms will be
subject to a force ! whose components ! ! mZ

@ℌ
@Z ! "mB

@ℌ
@Z , (6)

Figure 1. Otto Stern (1888–1969) was trained in Physical Chemistry
by Otto Sackur[2] at the University of Breslau and in Theoretical
Physics by Albert Einstein[a] at the German University in Prague and
at the ETH Zurich.[3] In 1913, Stern became Privatdozent for
Theoretical Physics at Zurich and in 1914, under Max von Laue’s
auspices, at the University of Frankfurt. In 1919, within Frankfurt’s
Institute for Theoretical Physics headed by Max Born, Stern launched
his molecular beam method to examine the fundamental assump-
tions of theory that transpire in atomic, molecular, optical, and
nuclear physics. Stern’s experimental endeavors at Frankfurt (1919–
1922), Hamburg (1923–1933), and, upon his forced emigration, in
Pittsburgh (1933–1945) provided insights into the quantum world
that were independent of spectroscopy and that concerned well-
defined isolated systems, hitherto accessible only to Gedanken
experiments. Apart from the SGE, Stern’s seminal experiments
include the threestage Stern–Gerlach experiment; experimental
evidence for de Broglie’s matter waves; measurements of the
magnetic dipole moment of the proton and the deuteron;
experimental demonstration of momentum transfer upon absorption
or emission of a photon; the experimental verification of the
Maxwell–Boltzmann velocity distribution via deflection of a molec-
ular beam by gravity. In 1944, Otto Stern was awarded the 1943
Nobel prize in Physics (unshared) “for his contribution to the
development of the molecular ray [beam] method and his discovery
of the magnetic moment of the proton”. The official number of
nominations provided by the Nobel Archives for Otto Stern is eighty-
two, more than any other Physics Nobel laureate on public record.
Thirty nominations were for the Stern–Gerlach experiment, fifty-two
for Stern’s other molecular beam work.[4] For more on Stern, see
Ref. [5]. [a] Stern’s contact to Einstein was mediated by Sackur via
Sackur’s and Einstein’s common colleague and friend Fritz Haber.

Figure 2. Angular momentum L (blue arrow) of an orbiting electron
and the magnetic dipole moment μ=# e

2me
L (red arrow) it generates.

Note that in the schematic, we set e
2me
! mB. Also shown are the

projections LZ and μZ of the angular momentum and the magnetic
dipole moment, respectively, on the space-fixed axis Z as defined by
the magnetic field vector ℌ. With θ the angle subtended by the
vectors Z and L, LZ= jL jcosθ.

Figure 3. Possible values of the projections of the electronic angular
momentum LZ and the magnetic dipole moment μZ of a one-
quantum atom on the direction of a magnetic field ℌ as inferred
from the Bohr–Sommerfeld–Debye model of the atom by Otto Stern
in Ref. [6, 7]. See also Figure 2.

Figure 4. Schematic view of the spots (beam deposits) on the
collection plate as anticipated by Stern in Ref. [6] for (a) a zero
magnetic field and (b) and (c) for a horizontal magnetic field whose
gradient is likewise horizontal. Panel (b) pertains to a single beam
velocity and panel (c) to a Maxwellian distribution of beam
velocities. The dashed vertical line marks the position of the
undeflected beam. Reproduced from Ref. [20].

Review

Isr. J. Chem. 2023, 63, e202300047 (3 of 20) © 2023 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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cf. Eq. (6), will impart to the atoms equal but opposite
deflections – along and against the direction of the magnetic
field gradient. Stern calculated that the deflection s on a path
of length l through the magnetic field will be

s ! " mB

2m
@ℌ
@Z

l2

v2 , (7)

where m is the mass of the atoms and v their velocity, taken as
v !

!!
#

p
3kT=m$, with temperature T ! 1300 K. For a beam

of ground-state silver atoms (assumed to have L ! 1 and
M ! "1), feasible magnetic field gradients (on the order of
104 Gauss/cm), and dimensions of the molecular beam
apparatus (whose core wasn’t much bigger than a fountain
pen), Stern estimated the separation, 2 s, of the spots
corresponding to mZ ! %mB and mZ ! &mB to be on the order
of 10 μm.[6] At which point Stern realized that he would need
to team up with “a real experimentalist” in order to get this
experiment done. Stern:[21]

I was attuned to molecular beams through the measurement of
molecular velocities and so I tried the experiment. I did it jointly
with Gerlach, because it was a difficult matter, and so I wanted to
have a real experimental physicist working with me. It went quite
nicely … for instance, I would build a little torsional balance to
measure the [magnetic] field that worked but not very well. Then
Gerlach would build a very fine one that worked much better.
Incidentally, I’d like to emphasize one thing on this occasion,
[namely] that we did not [acknowledge] sufficiently at the time the
help that we received from [Erwin] Madelung. Born was already
gone then [moved to his new post at Göttingen] and his successor
was Madelung. Madelung essentially suggested to us the [realiza-
tion of the inhomogeneous] magnetic field [by making use] of an
edge [and groove combination].

This is how Walther Gerlach, Figure 5, reminisced about
his recruitment for the SGE by Stern:[22]

One day Stern would come to me a say: “Do you know what space
quantization is?” I would say: “No, I have no idea.” “But you
should actually know that. Recently Debye and Sommerfeld
published [papers] suggesting that the [anomalous] Zeeman effect
can be explained by a quantum effect, by the so-called space
quantization. That is, [the magnetic dipole of] a silver or sodium
atom can only have two settings [orientations] in a magnetic field,
it cannot adjust itself at will or precess, but can only have two
very specific settings [orientations], or actually even three, namely
perpendicular to the magnetic field or in … the direction or against
the direction [of the magnetic field] …” Repeated discussions with
Stern during our daily visits at Café Rühl finally led to a plan to
make the experiment in such a way that there was hope of seeing
space quantization.

Gerlach perhaps thought that he would just have to modify
his ongoing experiment on the magnetic properties of bismuth.
Finally he agreed: “Yes, I want to try it”.[22] But then, Gerlach
continued,

[Stern] would come back again: “It isn’t worth it, I’ve miscalcu-
lated, factor of ten too little.” And then, it went back and forth a
couple of times for a week or a fortnight and one day he would
come back and say: “Yes, now I’ve done [the calculations]
properly and the thing only works if you get fields with an

inhomogeneity of about ten or fifty thousand Oersted per
centimeter – and that’s not possible.” And then I said to him: “Yes,
I am almost there, I already have ten thousand [Oersted per
centimeter], namely for my planned bismuth experiment.” “So”,
he said, “let’s try it”.

And they did. The collaboration between Stern and
Gerlach was a stroke of luck not only for the Stern–Gerlach
experiment (SGE) but for physics at large. It brought together
Stern’s “out-of-the-box” thinking (Querdenken) with Gerlach’s
skills and tenacity in the laboratory.

Figure 5. Walther Gerlach (1889–1979) became a major player in
experimental physics already when he was a Ph.D. student in
Friedrich Paschen’s laboratory at the University of Tübingen. Among
Gerlach’s many achievements is the first quantitative measurement
of the pressure of light (with absolutely measured radiation energy),
done jointly with his Ph.D. student Alice Golsen in 1924. Gerlach’s
wide-ranging research programs at the Universities of Tübingen,
Frankfurt, and Munich entailed spectroscopy and spectral analysis,
the study of the magnetic properties of matter, and radioactivity.
Gerlach stayed in Germany during the Nazi era but never joined the
NSDAP. However, during the last sixteen months of the existence of
the Third Reich, Gerlach held the high-ranking position of the
Plenipotentiary for Nuclear Research (a.k.a. Uranprojekt). He
supported the effort of the German physicists to achieve a controlled
chain reaction in a uranium reactor until the last moments before
the effort was halted by the Allied Alsos Mission. His behavior
during the Third Reich remains controversial. After World War Two,
Gerlach dedicated his boundless elan to reconstructing German
academia. He held the presidency of the University of Munich
(1948–1951) and of the Fraunhofer Society (1948–1951) as well as
the vice-presidency of the German Science Foundation (1949–1961)
and the German Physical Society (1956–1957). As a member of
Göttinger Achtzehn, he signed the Göttingen Declaration (1957)
against arming the Bundeswehr with nuclear weapons. Gerlach was
co-nominated, with Otto Stern, thirty times for the Nobel Prize in
Physics for the Stern–Gerlach experiment.

Review

Isr. J. Chem. 2023, 63, e202300047 (4 of 20) © 2023 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Stern credited for his way of thinking his apprenticeship in
theoretical physics with Albert Einstein:[21]

I learned the Querdenken from him [Einstein] … I also learned
from Einstein to talk nonsense every now and then. Einstein
registered with pleasure when he had made a mistake. He would
admit his mistake and remark: “It’s not my fault that der liebe
Gott [the dear Lord] didn’t make things the way I had imagined.”

To which Immanuel Estermann, a close co-worker and
friend of Stern’s, later added:[23]

From his collaboration with Einstein, the real benefit was to learn
how to distinguish which problems of contemporary physics were
important and which were not so important; which questions to
ask and which experiments to undertake in order to answer the
questions. Thus from a brief scientific collaboration evolved a
close, life-long friendship, which would be the basis for Stern’s
great achievements.

Gerlach’s time at Paschen’s institute in Tübingen proved
formative for both his personality and his experimental
abilities. Either became a key prerequisite for the success of
the Stern–Gerlach experiment and other precision measure-
ments where Gerlach pushed the limits of the possible.
Gerlach provided the following definition of a precision
measurement:[24]

By “precision measurement” we mean an investigation in which
all sources of error are taken into account and all observed
phenomena are clarified: It is also characteristic of [a precision]
measurement that each individual step is theoretically and numeri-
cally justified, its influence on the course of the experiments
thoroughly tested, spelled out, and presented in all detail; in short,
the reader must be able to form a judgment from the description of
the experiments about the evidential value and the certainty of the
results.

Gerlach’s own work had set a standard of precision
physics.

3. Teasing out Nature’s Answer

Luckily, Stern and Gerlach chose for their experiment silver
atoms (2S1/2), favored by Stern, rather than bismuth atoms
(4S3/2), whose magnetic properties Gerlach was eager to
investigate in a separate experiment. However, there could
have been even less fortunate choices than Bi, see Section 7.

A schematic of the Stern–Gerlach apparatus is shown in
Figure 6. The silver beam was produced by effusion of silver
vapor from a 1 mm diameter orifice of an oven into the
vacuum. As shown in Stern’s previous beam experiment,[12,13]
the silver atoms obeyed the Maxwell–Boltzmann velocity
distribution and so the scenario depicted in Figure 4c was
expected to come into force if space quantization existed. The
electrically heated oven was placed within a water-cooled
capped double-walled brass cylinder to whose inner wall it
was attached via a quartz capillary. The whole contraption
(oven and water cooler) was placed within a glass differ-
entially-pumped vacuum chamber equipped with feed-
throughs and attached to the probe chamber. The differ-

entially-pumped probe chamber housed the pole pieces of the
electromagnet. The edge piece held the collimation pinholes
(later slits), which facilitated proper alignment. This had to be
accurate within 5 μm for slits with horizontal (i. e., along the
direction of the magnetic field and its gradient, both
perpendicular to the beam velocity) dimension of 30 to 60 μm.
At the end of the probe chamber was the glass collector plate
(with a surface area of just a few mm2) that was attached to
another double-walled cylinder serving as a liquid-air or dry-
ice cryo pump.

The Stern–Gerlach apparatus evolved over three genera-
tions of improvements before the SGE came to a successful
conclusion. These entailed different designs of the oven as
well as implementations of the magnetic field, the collimation
elements, and the handling of the vacuum. Figure 7 shows a
photo of the 4th generation apparatus that Gerlach built for his
later (1924–1925) investigations of the magnetic properties of
atoms (no photographs of the earlier versions of the apparatus
are available). We note that in all generations of the apparatus,
the magnetic field and its gradient were oriented horizontally,

Figure 6. Schematic of the Stern–Gerlach apparatus. The silver beam
effuses from an oven (O), passes through a pinhole (Sp1) and a
rectangular slit (Sp2) before it enters the magnetic field generated by
the pole pieces (M) and finally reaches the collector plate (P). The
distances between the components of the 3rd generation apparatus
(that made it possible to see the splitting of the silver beam for the
first time) were as follows: O to exit pinhole from cooler, 2–3 cm;
exit pinhole from cooler to rectangular collimation slit Sp2, 7–12 cm;
path through the magnetic field, 3 cm. The measured maximum
inhomogeneity of the magnetic field in the beam region was about
23 kG/cm. Reproduced from Ref. [20].

Figure 7. Photograph of the Stern–Gerlach apparatus with improve-
ments of 1922–1924 (4th generation). See also Figure 6. Adapted
from Ref. [25].

Review

Isr. J. Chem. 2023, 63, e202300047 (5 of 20) © 2023 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Otto Stern Walther Gerlach

Silver atoms were evaporated from a heated oven  
and collimated into an atomic beam
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2 Stern-Gerlach Experiments

Stern-Gerlach experiment, the magnetic field gradient is primarily in the z-direction, and the resulting 

z-component of the force is

  Fz =
0

0z
 1M~B2 

(1.1)

  ! mz 
0Bz

0z
 .  

This force is perpendicular to the direction of motion and deflects the beam in proportion to the com-

ponent of the magnetic moment in the direction of the magnetic field gradient.

Now consider how to understand the origin of the atom’s magnetic moment from a classical view-

point. The atom consists of charged particles, which, if in motion, can produce loops of current that give 

rise to magnetic moments. A loop of area A and current I produces a magnetic moment

 m = IA (1.2)

in MKS units. If this loop of current arises from a charge q traveling at speed v in a circle of radius r, 

then

  m =
q

2pr>v
 pr 2 

  =
qrv

2
 (1.3)

  =
q

2m
 L ,  

where L = mrv is the orbital angular momentum of the particle. In the same way that the earth 

revolves around the sun and rotates around its own axis, we can also imagine a charged particle in 

an atom having orbital angular momentum L and a new property, the intrinsic angular momen-

tum, which we label S and call spin. The intrinsic angular momentum also creates current loops, 

so we expect a similar relation between the magnetic moment M and S. The exact calculation 
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FIGURE 1.1 Stern-Gerlach experiment to measure the spin component of neutral 

particles along the z-axis. The magnet cross section at right shows the inhomogeneous 

field used in the experiment.

silver beam

W. Gerlach and O. Stern, Z.Phys. 9, 349-352 (1922)
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2 Stern-Gerlach Experiments

Stern-Gerlach experiment, the magnetic field gradient is primarily in the z-direction, and the resulting 

z-component of the force is

  Fz =
0

0z
 1M~B2 

(1.1)

  ! mz 
0Bz

0z
 .  

This force is perpendicular to the direction of motion and deflects the beam in proportion to the com-

ponent of the magnetic moment in the direction of the magnetic field gradient.

Now consider how to understand the origin of the atom’s magnetic moment from a classical view-

point. The atom consists of charged particles, which, if in motion, can produce loops of current that give 

rise to magnetic moments. A loop of area A and current I produces a magnetic moment

 m = IA (1.2)

in MKS units. If this loop of current arises from a charge q traveling at speed v in a circle of radius r, 

then

  m =
q

2pr>v
 pr 2 

  =
qrv

2
 (1.3)

  =
q

2m
 L ,  

where L = mrv is the orbital angular momentum of the particle. In the same way that the earth 

revolves around the sun and rotates around its own axis, we can also imagine a charged particle in 

an atom having orbital angular momentum L and a new property, the intrinsic angular momen-

tum, which we label S and call spin. The intrinsic angular momentum also creates current loops, 

so we expect a similar relation between the magnetic moment M and S. The exact calculation 
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FIGURE 1.1 Stern-Gerlach experiment to measure the spin component of neutral 

particles along the z-axis. The magnet cross section at right shows the inhomogeneous 

field used in the experiment.
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2 Stern-Gerlach Experiments

Stern-Gerlach experiment, the magnetic field gradient is primarily in the z-direction, and the resulting 

z-component of the force is

  Fz =
0

0z
 1M~B2 

(1.1)

  ! mz 
0Bz

0z
 .  

This force is perpendicular to the direction of motion and deflects the beam in proportion to the com-

ponent of the magnetic moment in the direction of the magnetic field gradient.

Now consider how to understand the origin of the atom’s magnetic moment from a classical view-

point. The atom consists of charged particles, which, if in motion, can produce loops of current that give 

rise to magnetic moments. A loop of area A and current I produces a magnetic moment

 m = IA (1.2)

in MKS units. If this loop of current arises from a charge q traveling at speed v in a circle of radius r, 

then

  m =
q

2pr>v
 pr 2 

  =
qrv

2
 (1.3)

  =
q

2m
 L ,  

where L = mrv is the orbital angular momentum of the particle. In the same way that the earth 

revolves around the sun and rotates around its own axis, we can also imagine a charged particle in 

an atom having orbital angular momentum L and a new property, the intrinsic angular momen-

tum, which we label S and call spin. The intrinsic angular momentum also creates current loops, 

so we expect a similar relation between the magnetic moment M and S. The exact calculation 
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FIGURE 1.1 Stern-Gerlach experiment to measure the spin component of neutral 

particles along the z-axis. The magnet cross section at right shows the inhomogeneous 

field used in the experiment.
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One 5s electron 
outside of the closed shell

<latexit sha1_base64="9RTgj2vLAueBMePZb8zpaZDLFf4="></latexit>

Fz =
ω

ωz
(µ ·B)

→ µz
ωBz

ωz

Force along the direction of B-field

<latexit sha1_base64="/mFAgNLzFPedq9keGsb+2fUEh3o="></latexit>

µ = µL + µS

= → e

2me
(L+ gsS)

μAg is determined by one 5s electron μ5s-e 
and 5s electron has L=0

Not Ag ion but Ag atom
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What did Stern and Gerlach know in 1922?

1922: Stern–Gerlach experiment 
Observed two discrete components 

Demonstrated space quantization of angular momentum 

Electron spin was not yet known 
 

1925: Electron spin was proposed 
Uhlenbeck & Goudsmit proposed s=1/2 

The two-fold splitting was later understood in terms of the spin magnetic moment of 
the unpaired electron, and cannot be explained by L=0 of the 5s electron

12

(3 years later)
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Discovery of electron spin

1922: Stern-Gerlach experiment 

1925: G. Uhlenbeck & S. Goudsmit proposed the idea of electron spin 

- A few months before: R. Kronig proposed the idea of electron spin, 
 which was strongly criticized by Pauli and Heisenberg (unpublished) 
 

- P. Ehrenfest encouraged Uhlenbeck& Goudsmit (published) 
 

1927: Pauli formulated the quantum theory of electron spin using Pauli matrices 

1928: Dirac formulated a relativistic quantum theory of electrons, in which spin 
naturally emerges and it predicted antiparticle

13

George Uhlenbeck Samuel Goudsmit
Hendrik Kramers

From https://lorentz.leidenuniv.nl/

“You are both young enough to be able to afford a stupidity!”

One objection to the classical picture of a “spinning electron” was that  
its surface would have to move faster than light.

https://lorentz.leidenuniv.nl/history/spin/spin.html
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Stern-Gerlach experiment Quiz. 
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SG-z

Setup: A beam of spin-1/2 particles first passes through SG-z device 
          ＊ ”SG” box represents Stern-Gerlach device

<latexit sha1_base64="NcZdyHpf/8zHeG0RPXXGvZVEUdA=">AAACDXicbZDLSsNAFIYn9VbrLV52bgaL4KokpagboejGZUXbCk0ok+mkHTozCTMToQ15Bl/Bre7diVufwa1P4rTNwrb+cODnP+dwDl8QM6q043xbhZXVtfWN4mZpa3tnd8/eP2ipKJGYNHHEIvkYIEUYFaSpqWbkMZYE8YCRdjC8mfTbT0QqGokHPYqJz1Ff0JBipE3UtY/uu+MrL5QIp26WVjNvECDZtctOxZkKLhs3N2WQq9G1f7xehBNOhMYMKdVxnVj7KZKaYkaykpcoEiM8RH3SMVYgTpSfTr/P4KlJejCMpCmh4TT9u5EirtSIB2aSIz1Qi71J+F+vk+jw0k+piBNNBJ4dChMGdQQnKGCPSoI1GxmDsKTmV4gHyKDQBtjclYBnJQPFXUSwbFrVinteqd3VyvXrHE8RHIMTcAZccAHq4BY0QBNgMAYv4BW8Wc/Wu/Vhfc5GC1a+cwjmZH39Avkwm88=</latexit>

Sz =
1

2
⊋

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-z What is the outcome?
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Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-z What is the outcome?

A. 100% Sz=+1/2 
B. 50% Sz=+1/2, 50% Sz= -1/2 
C. 100% Sz= -1/2
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a beam of spin-1/2 particles
SG-z What is the outcome?

A. 100% Sz=+1/2 
B. 50% Sz=+1/2, 50% Sz= -1/2 
C. 100% Sz= -1/2

Answer is A.
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Sz =
1

2
⊋

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-x What is the outcome?

A. 100% Sx=+1/2 
B. 50% Sx=+1/2, 50% Sx= -1/2 
C. 100% Sx= -1/2
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Stern-Gerlach experiment Quiz. 
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SG-z

Setup: A beam of spin-1/2 particles first passes through SG-z device 
          ＊ ”SG” box represents Stern-Gerlach device

<latexit sha1_base64="NcZdyHpf/8zHeG0RPXXGvZVEUdA=">AAACDXicbZDLSsNAFIYn9VbrLV52bgaL4KokpagboejGZUXbCk0ok+mkHTozCTMToQ15Bl/Bre7diVufwa1P4rTNwrb+cODnP+dwDl8QM6q043xbhZXVtfWN4mZpa3tnd8/eP2ipKJGYNHHEIvkYIEUYFaSpqWbkMZYE8YCRdjC8mfTbT0QqGokHPYqJz1Ff0JBipE3UtY/uu+MrL5QIp26WVjNvECDZtctOxZkKLhs3N2WQq9G1f7xehBNOhMYMKdVxnVj7KZKaYkaykpcoEiM8RH3SMVYgTpSfTr/P4KlJejCMpCmh4TT9u5EirtSIB2aSIz1Qi71J+F+vk+jw0k+piBNNBJ4dChMGdQQnKGCPSoI1GxmDsKTmV4gHyKDQBtjclYBnJQPFXUSwbFrVinteqd3VyvXrHE8RHIMTcAZccAHq4BY0QBNgMAYv4BW8Wc/Wu/Vhfc5GC1a+cwjmZH39Avkwm88=</latexit>

Sz =
1

2
⊋

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-x What is the outcome?

A. 100% Sx=+1/2 
B. 50% Sx=+1/2, 50% Sx= -1/2 
C. 100% Sx= -1/2

Answer is B. 
Because 

<latexit sha1_base64="IjcSmvjOb6n3htq/koJF/jVDIDs="></latexit>

|+ z→ = 1↑
2
(|+ x→+ |↓ x→)
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SG-z

Setup: A beam of spin-1/2 particles first passes through SG-z device 
          ＊ ”SG” box represents Stern-Gerlach device

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-x What is the outcome?SG-z

<latexit sha1_base64="IzAuBhSjo8uJ9rMWHhj4h8ORKnM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMToYa8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFmbZwE</latexit>

Sz = +
1

2
⊋

<latexit sha1_base64="C6Tb9OCwQNswDSYbuGcWyiRGZjM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMTsYS8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFjIZwC</latexit>

Sx = +
1

2
⊋
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SG-z

Setup: A beam of spin-1/2 particles first passes through SG-z device 
          ＊ ”SG” box represents Stern-Gerlach device

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-x What is the outcome?

A. 100% Sz=+1/2 
B. 50% Sz=+1/2, 50% Sz= -1/2 
C. 100% Sz= -1/2 
D. No splitting

SG-z
<latexit sha1_base64="IzAuBhSjo8uJ9rMWHhj4h8ORKnM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMToYa8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFmbZwE</latexit>

Sz = +
1

2
⊋

<latexit sha1_base64="C6Tb9OCwQNswDSYbuGcWyiRGZjM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMTsYS8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFjIZwC</latexit>

Sx = +
1

2
⊋
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SG-z

Setup: A beam of spin-1/2 particles first passes through SG-z device 
          ＊ ”SG” box represents Stern-Gerlach device

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-x What is the outcome?

A. 100% Sz=+1/2 
B. 50% Sz=+1/2, 50% Sz= -1/2 
C. 100% Sz= -1/2 
D. No splitting

Answer is B. 
Because 

<latexit sha1_base64="IjcSmvjOb6n3htq/koJF/jVDIDs="></latexit>

|+ z→ = 1↑
2
(|+ x→+ |↓ x→)

SG-z
<latexit sha1_base64="IzAuBhSjo8uJ9rMWHhj4h8ORKnM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMToYa8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFmbZwE</latexit>

Sz = +
1

2
⊋

<latexit sha1_base64="C6Tb9OCwQNswDSYbuGcWyiRGZjM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMTsYS8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFjIZwC</latexit>

Sx = +
1

2
⊋
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17

SG-z

Setup: A beam of spin-1/2 particles first passes through SG-z device 
          ＊ ”SG” box represents Stern-Gerlach device

<latexit sha1_base64="aLTeIzlkbOckLia0vcJT1y0cG7A=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiuLEkpagboejGZUV7gSaUyXTSDp2ZhJmJUEPewVdwq3t34tZXcOuTOG2zsK0/HPj5zzmcwxfEjCrtON/W0vLK6tp6YaO4ubW9s2vv7TdVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoY3437rkUhFI/GgRzHxOeoLGlKMtIm69uF99+nqzAslwqmbpZXMGwRIdu2SU3YmgovGzU0J5Kp37R+vF+GEE6ExQ0p1XCfWfoqkppiRrOglisQID1GfdIwViBPlp5P3M3hikh4MI2lKaDhJ/26kiCs14oGZ5EgP1HxvHP7X6yQ6vPRTKuJEE4Gnh8KEQR3BMQvYo5JgzUbGICyp+RXiATIotCE2cyXgWdFAcecRLJpmpeyel6t31VLtOsdTAEfgGJwCF1yAGrgFddAAGKTgBbyCN+vZerc+rM/p6JKV7xyAGVlfv2m1nAY=</latexit>

Sz = →1

2
⊋

a beam of spin-1/2 particles
SG-x What is the outcome?SG-z

<latexit sha1_base64="IzAuBhSjo8uJ9rMWHhj4h8ORKnM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMToYa8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFmbZwE</latexit>

Sz = +
1

2
⊋

<latexit sha1_base64="C6Tb9OCwQNswDSYbuGcWyiRGZjM=">AAACDnicbZDLSsNAFIYnXmu9RcWVm8EiCEJJSlE3QtGNy4r2Ak0ok+mkHTozCTMTsYS8g6/gVvfuxK2v4NYncdpmYVt/OPDzn3M4hy+IGVXacb6tpeWV1bX1wkZxc2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvxv3WI5GKRuJBj2Lic9QXNKQYaRN17cP77tPVmRdKhFM3SyuZNwiQ7Nolp+xMBBeNm5sSyFXv2j9eL8IJJ0JjhpTquE6s/RRJTTEjWdFLFIkRHqI+6RgrECfKTyfvZ/DEJD0YRtKU0HCS/t1IEVdqxAMzyZEeqPneOPyv10l0eOmnVMSJJgJPD4UJgzqCYxawRyXBmo2MQVhS8yvEA2RQaENs5krAs6KB4s4jWDTNStk9L1fvqqXadY6nAI7AMTgFLrgANXAL6qABMEjBC3gFb9az9W59WJ/T0SUr3zkAM7K+fgFjIZwC</latexit>

Sx = +
1

2
⊋

After the SG-x measurement, the particle no longer has a definite Sz.
<latexit sha1_base64="Dr0nwFgy9jO6obz+IgJA0Uj+lOE=">AAACE3icbZDLSsNAFIYnXmu9Rd3pJlgEF1ISKeqy6MZlRXuBNITJdNIOnZnEmYlYQ8CX8BXc6t6duPUB3PokTtsItvWHgY//nMM58wcxJVLZ9pcxN7+wuLRcWCmurq1vbJpb2w0ZJQLhOopoJFoBlJgSjuuKKIpbscCQBRQ3g/7FsN68w0KSiN+oQYw9BruchARBpS3f3HXbPajS68y/P/qlB6/N8a3tmyW7bI9kzYKTQwnkqvnmd7sToYRhrhCFUrqOHSsvhUIRRHFWbCcSxxD1YRe7GjlkWHrp6A+ZdaCdjhVGQj+urJH7dyKFTMoBC3Qng6onp2tD87+am6jwzEsJjxOFORovChNqqcgaBmJ1iMBI0YEGiATRt1qoBwVESsc2sSVgWVGH4kxHMAuN47JzUq5cVUrV8zyeAtgD++AQOOAUVMElqIE6QOARPIMX8Go8GW/Gu/Exbp0z8pkdMCHj8wcCP56K</latexit>

[Ŝx, Ŝz] →= 0

Sx and Sz operators do not commute.  
They are incompatible observables and cannot have definite values simultaneously.
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A quantum state can be described by density matrix
<latexit sha1_base64="QRvW9VYYayhT79/kDY9eX6OgzRY=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KokUdSMU3bisYB/QhDKZ3rRDJ5MwMxFK2qUbf8WNC0Xc+gnu/BunbRbaeuByD+fcy8w9QcKZ0o7zbS0tr6yurRc2iptb2zu79t5+Q8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAaDm4nffACpWCzu9TABPyI9wUJGiTZSxz7yZD/GV3jkJYp5kogeB4/PmlFGHbvklJ0p8CJxc1JCOWod+8vrxjSNQGjKiVJt10m0nxGpGeUwLnqpgoTQAelB21BBIlB+Nj1kjE+M0sVhLE0Jjafq742MREoNo8BMRkT31bw3Ef/z2qkOL/2MiSTVIOjsoTDlWMd4kgruMglU86EhhEpm/oppn0hCtcmuaEJw509eJI2zsntertxVStXrPI4COkTH6BS56AJV0S2qoTqi6BE9o1f0Zj1ZL9a79TEbXbLynQP0B9bnD/Zmmfg=</latexit>

ω = |ε→↑ε|

For a spin-1/2 particle
<latexit sha1_base64="kKosemztFmqxdjqYp6g+euK8n+0="></latexit>

| →↑ =
(
1
0

)
, | ↓↑ =

(
0
1

)
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A quantum state can be described by density matrix
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<latexit sha1_base64="kKosemztFmqxdjqYp6g+euK8n+0="></latexit>

| →↑ =
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1
0

)
, | ↓↑ =

(
0
1

)

Then, a mixture of spin-up and spin-down states can be  
written as: <latexit sha1_base64="FhAUQ4WEeugn2FBBq9cBroJ8SrQ="></latexit>

ω = p→| →↑↓→ |+ p↑| ↔↑↓↔ | =
(
p→ 0
0 p↑

)

p→ + p↑ = 1, p→ ↗ p↑ = P
p↑, p↓ : population fraction
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The density matrix ρ can be rewritten with polarization P:
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ω = |ε→↑ε|

For a spin-1/2 particle
<latexit sha1_base64="kKosemztFmqxdjqYp6g+euK8n+0="></latexit>

| →↑ =
(
1
0

)
, | ↓↑ =

(
0
1

)

The density matrix ρ can be rewritten with polarization P:
<latexit sha1_base64="VgJIYN3nHboAUxf8oKyzWBZBgUo="></latexit>

ω =
1

2

(
1 + P 0

0 1→ P

)

P=0 (unpolarized):
<latexit sha1_base64="39r7O1DQHFJoioycs6fqKrrfEag="></latexit>

ω =
1

2

(
1 0
0 1

)

0<P<1 (partially polarized):
<latexit sha1_base64="5aPRTtHsxBIuVUMJfyqDuLJv7S0="></latexit>

ω =
1

2

(
1+P 0
0 1→P

)

P=1 (fully polarized):
<latexit sha1_base64="SMrm2c0BidqXCBJkfElf2ZJOESI="></latexit>

ω =
1

2

(
2 0
0 0

)

The density matrix describes the spin composition of an ensemble

Then, a mixture of spin-up and spin-down states can be  
written as: <latexit sha1_base64="FhAUQ4WEeugn2FBBq9cBroJ8SrQ="></latexit>

ω = p→| →↑↓→ |+ p↑| ↔↑↓↔ | =
(
p→ 0
0 p↑

)

p→ + p↑ = 1, p→ ↗ p↑ = P
p↑, p↓ : population fraction
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Statistical mixture

Coherent superposition

A single spin state can be a superposition of spin ↑ and ↓ states,  
with a definite relative phase

<latexit sha1_base64="rAjoPG+qFfuNnWUqgSaa1uH8K6I="></latexit>

|ω→ = a| ↑→+ b| ↓→

ε = |ω→↔ω| =
(
|a|2 ab→

a→b |b|2
)

each particle is either up↑ or down↓p↑, p↓ : statistical probability (population fraction)

<latexit sha1_base64="0NEDI7AlNF+TYA6+Eqj8sJ0aPsw="></latexit>

ω = p→| →↑↓→ |+ p↑| ↔↑↓↔ | =
(
p→ 0
0 p↑

)
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in a solid material, just as conventional electronics 
and logic are today. A complete communications and 
data processing system must therefore incorporate 
a hybrid technology that combines photonic and 
electronic spin qubits, and it must provide a way to 
convert between them. The research that we describe 
in this article addresses materials science and basic spin 
physics that can enable solid-state electronics based on 
spin coherence. Optical techniques are central to our 
work, as the ability to prepare and measure individual 
spins is critical for coupling spin-based electronics 
with communication.

SEMICONDUCTOR QUANTUM DOTS
 
Just as conventional logic circuits consist of 

ordered networks of transistors, one must likewise 
specify the spatial position, energies, and mutual 
interactions of electron spins in a multispin circuit. 
We use semiconductor QDs for this purpose. QDs 
are very small particles of crystalline material with 
discrete energy levels that correspond to confined 
orbital states of electrons in the QD. A typical QD in 
our research program consists of 104 to 105 atoms of a 
III-V compound semiconductor such as InAs, which 
is embedded within a host material of larger bandgap 
such as GaAs or AlGaAs. We can control their energy 
levels by modifying their composition, size, and 
shape. Advanced crystal growth and nanofabrication 
techniques offer ways to position QDs into ordered 
arrangements.

We fabricate QDs by molecular beam epitaxy 
(MBE), an ultrahigh vacuum technique for growing 
extremely pure semiconductor crystals from elemental 
precursors. Our QD fabrication was carried out in the 
NRL Epicenter, an MBE facility in Building 208 that 
is staffed by scientists and engineers from four NRL 
divisions. The facility contains four MBE machines 
for growth of III-V and II-VI compound semicon-
ductors and magnetic materials, material processing 

capabilities, scanning probe microscopy, and surface 
spectroscopy.

Our work on spin preparation and measurement 
involves two types of QDs. The first type consists of a 
thin planar GaAs quantum well sandwiched between 
AlGaAs barriers (Fig. 2(a)). Although the GaAs layer 
is nominally two-dimensional, with confinement in 
the growth direction, the interfaces between GaAs 
and AlGaAs have roughness on the scale of one or two 
atomic layers. This roughness is sufficient to confine 
electrons within the plane of the quantum well, 
thereby producing a QD. The second type of QD is 
formed through Stranski-Krastanov self-assembly (Fig. 
2(b)). Here, a material such as InAs is grown on a flat 
substrate surface of GaAs, which has a smaller lattice 
constant. When the growth first starts, a very thin 
planar “wetting layer” forms, but only a few atomic 
layers of planar InAs can be grown before a critical 
threshold is reached. When the strain between the two 
materials becomes too great, most of the wetting layer 
coalesces into small solid droplets of InAs. These QDs 
are shaped like domes or pyramids, 10 to 50 nm wide 
and 3 to 6 nm high. For many of our samples, the 
newly formed dots are buried under a capping layer of 
GaAs or other materials. Figure 2(c) shows a typical 
plan-view atomic force microscope image of these dots 
(taken without the capping layer).

In order to controllably insert a single electron 
into each QD, we embed the QD layer in the insulat-
ing region of a Schottky diode heterostructure (Fig. 
2(d)). This structure consists of an insulating GaAs 
layer grown by MBE on a heavily doped GaAs sub-
strate and buffer layer. With a metal layer evaporated 
on the surface and wire contacts to the front and back 
of the sample, we apply an electric field across the 
insulating layer that contains the QDs. Figure 2(e) 
shows a heterostructure band-edge diagram. At low 
or forward bias (dark blue), the electric field is small, 
and the discrete energy levels of the QD lie below the 
Fermi sea of electrons, so that the dots each contain 

FIGURE 1
Schematic depiction of classical angular 
momentum with different projections and 
analogous quantum mechanical spin 
wavefunctions.
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Statistical mixture

Coherent superposition

A single spin state can be a superposition of spin ↑ and ↓ states,  
with a definite relative phase

<latexit sha1_base64="rAjoPG+qFfuNnWUqgSaa1uH8K6I="></latexit>

|ω→ = a| ↑→+ b| ↓→

ε = |ω→↔ω| =
(
|a|2 ab→

a→b |b|2
)

each particle is either up↑ or down↓

Diagonal elements: 
Probability/populations of spin states along the quantization axis

p↑, p↓ : statistical probability (population fraction)

<latexit sha1_base64="0NEDI7AlNF+TYA6+Eqj8sJ0aPsw="></latexit>

ω = p→| →↑↓→ |+ p↑| ↔↑↓↔ | =
(
p→ 0
0 p↑

)

72 2005 NRL Review     featured research    

in a solid material, just as conventional electronics 
and logic are today. A complete communications and 
data processing system must therefore incorporate 
a hybrid technology that combines photonic and 
electronic spin qubits, and it must provide a way to 
convert between them. The research that we describe 
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physics that can enable solid-state electronics based on 
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involves two types of QDs. The first type consists of a 
thin planar GaAs quantum well sandwiched between 
AlGaAs barriers (Fig. 2(a)). Although the GaAs layer 
is nominally two-dimensional, with confinement in 
the growth direction, the interfaces between GaAs 
and AlGaAs have roughness on the scale of one or two 
atomic layers. This roughness is sufficient to confine 
electrons within the plane of the quantum well, 
thereby producing a QD. The second type of QD is 
formed through Stranski-Krastanov self-assembly (Fig. 
2(b)). Here, a material such as InAs is grown on a flat 
substrate surface of GaAs, which has a smaller lattice 
constant. When the growth first starts, a very thin 
planar “wetting layer” forms, but only a few atomic 
layers of planar InAs can be grown before a critical 
threshold is reached. When the strain between the two 
materials becomes too great, most of the wetting layer 
coalesces into small solid droplets of InAs. These QDs 
are shaped like domes or pyramids, 10 to 50 nm wide 
and 3 to 6 nm high. For many of our samples, the 
newly formed dots are buried under a capping layer of 
GaAs or other materials. Figure 2(c) shows a typical 
plan-view atomic force microscope image of these dots 
(taken without the capping layer).

In order to controllably insert a single electron 
into each QD, we embed the QD layer in the insulat-
ing region of a Schottky diode heterostructure (Fig. 
2(d)). This structure consists of an insulating GaAs 
layer grown by MBE on a heavily doped GaAs sub-
strate and buffer layer. With a metal layer evaporated 
on the surface and wire contacts to the front and back 
of the sample, we apply an electric field across the 
insulating layer that contains the QDs. Figure 2(e) 
shows a heterostructure band-edge diagram. At low 
or forward bias (dark blue), the electric field is small, 
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Statistical mixture

Coherent superposition

A single spin state can be a superposition of spin ↑ and ↓ states,  
with a definite relative phase

<latexit sha1_base64="rAjoPG+qFfuNnWUqgSaa1uH8K6I="></latexit>

|ω→ = a| ↑→+ b| ↓→

ε = |ω→↔ω| =
(
|a|2 ab→

a→b |b|2
)

each particle is either up↑ or down↓

Off-diagonal elements:  
Coherence between ↑ and ↓ states

Diagonal elements: 
Probability/populations of spin states along the quantization axis

p↑, p↓ : statistical probability (population fraction)

<latexit sha1_base64="0NEDI7AlNF+TYA6+Eqj8sJ0aPsw="></latexit>

ω = p→| →↑↓→ |+ p↑| ↔↑↓↔ | =
(
p→ 0
0 p↑

)
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For spin-1/2
<latexit sha1_base64="otaBHAEj99ZjvINGiDUG9X3ApsQ="></latexit>

ω =
1

2
(I + P · ε)

=
1

2

(
1 + Pz Px → iPy

Px + iPy 1→ Pz

)

P : polarization vector 
σ : Pauli matrices

＊choose z-axis as the quantization axis

<latexit sha1_base64="dRof+/bNDtJerfmIpQQ/pvoWrwU="></latexit>

m = +1, 0, → 1

ω =




ω11 ω10 ω1,→1

ω01 ω00 ω0,→1

ω→1,1 ω→1,0 ω→1,→1





For spin-1

<latexit sha1_base64="2IromSmTneguXkOgkAVedBqw0iA=">AAACK3icbZDLSgMxFIYz9VbrrerSTbAIFW2ZaFE3haIblxV6g04pmTRtQ5OZIckIZZgH8SF8Bre6dqW4ceF7mGkr2OqBkI//P4eT/G7AmdK2/WallpZXVtfS65mNza3tnezuXkP5oSS0Tnzuy5aLFeXMo3XNNKetQFIsXE6b7ugm8Zv3VCrmezU9DmhH4IHH+oxgbaRu9jxypIA1GecdOfSPYRkmdzdCKD6Zkm3/UAGdFlBcRt1szi7ak4J/Ac0gB2ZV7WY/nZ5PQkE9TThWqo3sQHciLDUjnMYZJ1Q0wGSEB7Rt0MOCqk40+VwMj4zSg31fmuNpOFF/T0RYKDUWrukUWA/VopeI/3ntUPevOhHzglBTj0wX9UMOtQ+TpGCPSUo0HxvARDLzVkiGWGKiTZ5zW1wRm0zQYgJ/oXFWRBfF0l0pV7mepZMGB+AQ5AECl6ACbkEV1AEBD+AJPIMX69F6td6tj2lryprN7IO5sr6+AfBhpjY=</latexit>

Tr(ω) = ω11 + ω00 + ω→1,→1 = 1

The diagonal elements represent the populations of  
the three spin-projection states.

In case for equal populations:
<latexit sha1_base64="24W8hNtqQbkN9+XzT2QbUUBh7jE=">AAACJHicbZDLSgMxFIYzXmu9jbp0EyyCi7ZMtKgboejGZQV7gXYYMmmmDc1cSDJCGeYlfAifwa2u3YkLN4JvYqYdwbb+EPj4zzmck9+NOJPKsj6NpeWV1bX1wkZxc2t7Z9fc22/JMBaENknIQ9FxsaScBbSpmOK0EwmKfZfTtju6yertByokC4N7NY6o7eNBwDxGsNKWY5Z7Yhg6CULp1ZQs65cqqFzJbE9gkqA0OUsds2RVrYngIqAcSiBXwzG/e/2QxD4NFOFYyi6yImUnWChGOE2LvVjSCJMRHtCuxgD7VNrJ5FcpPNZOH3qh0C9QcOL+nUiwL+XYd3Wnj9VQztcy879aN1bepZ2wIIoVDch0kRdzqEKYRQT7TFCi+FgDJoLpWyEZYp2C0kHObHH9LBM0n8AitE6r6Lxau6uV6td5OgVwCI7ACUDgAtTBLWiAJiDgETyDF/BqPBlvxrvxMW1dMvKZAzAj4+sHeOmkow==</latexit>

ω11 = ω00 = ω→1,→1 =
1

3

<latexit sha1_base64="w1kxLf3aYzqFQUJm6VsD3FLyoRQ="></latexit>

ω =
∑

i

pi|ε→↑ε|,
∑

i

pi = 1

→ Vector-meson spin alignment
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For spin-1/2 For spin-1

<latexit sha1_base64="eZRC6fO62xWGi/BJpxLkpro4Kdg="></latexit>

ω =

(
p→ 0
0 p↑

)
, Pz = p→ → p↑

＊choose z-axis as the quantization axis

<latexit sha1_base64="2YqLqBT34osagOHJSb/pFxXaL7A=">AAACFXicbZDLSgMxFIYz9VbrbdSlCMEiVKRlRoq6LLpxWcFeoB2GTJq2oclMSDJCHWblQ/gMbnXtTty6dumbmLazsNUfAh//OYeT8weCUaUd58vKLS2vrK7l1wsbm1vbO/buXlNFscSkgSMWyXaAFGE0JA1NNSNtIQniASOtYHQ9qbfuiVQ0Cu/0WBCPo0FI+xQjbSzfPqz7D7ArZCR0BEvCT07dFJahgbKbnvh20ak4U8G/4GZQBJnqvv3d7UU45iTUmCGlOq4jtJcgqSlmJC10Y0UEwiM0IB2DIeJEecn0jBQeG6cH+5E0L9Rw6v6eSBBXaswD08mRHqrF2sT8r9aJdf/SS2goYk1CPFvUjxk0J08ygT0qCdZsbABhSc1fIR4iibA2yc1tCXhqMnEXE/gLzbOKe16p3laLtassnTw4AEegBFxwAWrgBtRBA2DwCJ7BC3i1nqw36936mLXmrGxmH8zJ+vwBwMqd2w==</latexit>

Pz → (p+1 ↑ p→1)

Vector polarization: imbalance between m=+1 and m=-1

<latexit sha1_base64="24W8hNtqQbkN9+XzT2QbUUBh7jE=">AAACJHicbZDLSgMxFIYzXmu9jbp0EyyCi7ZMtKgboejGZQV7gXYYMmmmDc1cSDJCGeYlfAifwa2u3YkLN4JvYqYdwbb+EPj4zzmck9+NOJPKsj6NpeWV1bX1wkZxc2t7Z9fc22/JMBaENknIQ9FxsaScBbSpmOK0EwmKfZfTtju6yertByokC4N7NY6o7eNBwDxGsNKWY5Z7Yhg6CULp1ZQs65cqqFzJbE9gkqA0OUsds2RVrYngIqAcSiBXwzG/e/2QxD4NFOFYyi6yImUnWChGOE2LvVjSCJMRHtCuxgD7VNrJ5FcpPNZOH3qh0C9QcOL+nUiwL+XYd3Wnj9VQztcy879aN1bepZ2wIIoVDch0kRdzqEKYRQT7TFCi+FgDJoLpWyEZYp2C0kHObHH9LBM0n8AitE6r6Lxau6uV6td5OgVwCI7ACUDgAtTBLWiAJiDgETyDF/BqPBlvxrvxMW1dMvKZAzAj4+sHeOmkow==</latexit>

ω11 = ω00 = ω→1,→1 =
1

3

If unpolarized, all three states are equally populated 

Spin alignment: imbalance between m=0 and m=±1  
                          populations

<latexit sha1_base64="dRof+/bNDtJerfmIpQQ/pvoWrwU="></latexit>

m = +1, 0, → 1

ω =




ω11 ω10 ω1,→1

ω01 ω00 ω0,→1

ω→1,1 ω→1,0 ω→1,→1





Even for vector polarization Pz=0,  
“spin alignment” (ρ00≠1/3) could happen, and vice versa
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Parity (P) conservation is a fundamental symmetry: physical laws don’t change when flipping 
the sign of spatial position, r → -r,  p → -p
- r and p are called polar (true) vector, while L = r x p is called axial vector (pseudovector)  

“Mirror image” is often used to explain the parity transformation but it flips only one of the 
direction (x, y, z) 

<latexit sha1_base64="fHzlDigglTfhccyfT4eVer5/FFo="></latexit>

L
P→↑ (→r)↓ (→p) = L

x

y
z z

y

x

mirror
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Parity (P) conservation is a fundamental symmetry: physical laws don’t change when flipping 
the sign of spatial position, r → -r,  p → -p
- r and p are called polar (true) vector, while L = r x p is called axial vector (pseudovector)  

“Mirror image” is often used to explain the parity transformation but it flips only one of the 
direction (x, y, z)  

Parity = Mirror + 2D-rotation

<latexit sha1_base64="fHzlDigglTfhccyfT4eVer5/FFo="></latexit>

L
P→↑ (→r)↓ (→p) = L

<latexit sha1_base64="0EFoGrzvgqHv+Qx2HDtgASgaORQ="></latexit>


x
y
z



 P→↑




→x
→y
→z



 =




→1 0 0
0 →1 0
0 0 →1








x
y
z





<latexit sha1_base64="FP0GfnhGofuq7RT3jqWzDeY8+uE="></latexit>(
cos ω sin ω

→ sin ω cos ω

)
e.g. flip z and rotate in xy by π
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Parity violation in weak interaction

In 1950s, experimental studies showed that parity is conserved in strong and 
electromagnetic interactions. But Lee and Yang noticed that there is no experiment  
to prove parity conservation in weak interaction.
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τ-Θ puzzle 
- “τ-particle” and “Θ-particle” named at that time have 

the same mass, charge and lifetime but decay 
differently <latexit sha1_base64="K2weC8ZbI/doWArDg3z5DKnr0hs=">AAACLXicdVDLSgNBEJz1GeMr6tHLYFAEMexKUI9BPXiMkBdkY+idTJIhsw9mepUQ8kNe/BURPETEq7/hbJKDJlowTVHVTU+XF0mh0bZH1sLi0vLKamotvb6xubWd2dmt6DBWjJdZKENV80BzKQJeRoGS1yLFwfckr3q968SvPnClRRiUsB/xhg+dQLQFAzRSM3PjlrocgR65SnS6CEqFj9SNxP1JUmzqumkXIf7HH5dT2sxk7Zw9Bp0nzpRkyRTFZubVbYUs9nmATILWdceOsDEAhYJJPky7seYRsB50eN3QAHyuG4PxtUN6aJQWbYfKvADpWP05MQBf677vmU4fsKtnvUT8y6vH2L5sDEQQxcgDNlnUjiXFkCbR0ZZQnKHsGwJMCfNXyrqggKEJOG1CcGZPnieVs5xznsvf5bOFq2kcKbJPDsgxccgFKZBbUiRlwsgTeSEj8m49W2/Wh/U5aV2wpjN75Besr2+pj6cp</latexit>

! → ω+ω0

ε → ω+ω+ω→
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τ-Θ puzzle 
- “τ-particle” and “Θ-particle” named at that time have 

the same mass, charge and lifetime but decay 
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! → ω+ω0

ε → ω+ω+ω→

pion has spin 0 and negative parity 
2π decay:  P = (-1)2 =  1 
3π decay:  P = (-1)3 = -1 
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τ-Θ puzzle 
- “τ-particle” and “Θ-particle” named at that time have 

the same mass, charge and lifetime but decay 
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! → ω+ω0

ε → ω+ω+ω→

pion has spin 0 and negative parity 
2π decay:  P = (-1)2 =  1 
3π decay:  P = (-1)3 = -1 

If they are the same particle, the puzzle is solved but the parity is broken in weak interaction
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τ-Θ puzzle 
- “τ-particle” and “Θ-particle” named at that time have 

the same mass, charge and lifetime but decay 
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! → ω+ω0

ε → ω+ω+ω→

pion has spin 0 and negative parity 
2π decay:  P = (-1)2 =  1 
3π decay:  P = (-1)3 = -1 

If they are the same particle, the puzzle is solved but the parity is broken in weak interaction
Now we know that the τ-Θ puzzle is two decay modes of K+ meson
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Spin is an axial vector like orbital angular momentum
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Consider the folliowing beta decay:  

Spin of nucleus X is J, momentum of electron is pe

<latexit sha1_base64="XUSd+PF6EZCMt77mIx05NPx/lMk="></latexit>

X → X→ + e↑ + ω̄e

<latexit sha1_base64="fHzlDigglTfhccyfT4eVer5/FFo="></latexit>

L
P→↑ (→r)↓ (→p) = L

<latexit sha1_base64="eFSNp3tDX07259mNlgT7C+TywrU=">AAACI3icbZDLSsNAFIYn9VbrLerSzWARRGpJpKjLohuXFewFmlAm00k7dCYJMxO1hLyDL+EruNW9O3Hjwo1P4rTJwrYeGPj4/3M4Z34vYlQqy/oyCkvLK6trxfXSxubW9o65u9eSYSwwaeKQhaLjIUkYDUhTUcVIJxIEcY+Rtje6nvjteyIkDYM7NY6Iy9EgoD7FSGmpZ54kjsehqESp8yjoYKiQEOFD0kjhaeaklQyitGeWrao1LbgIdg5lkFejZ/44/RDHnAQKMyRl17Yi5SZIKIoZSUtOLEmE8AgNSFdjgDiRbjL9UwqPtNKHfij0CxScqn8nEsSlHHNPd3KkhnLem4j/ed1Y+ZduQoMoViTA2SI/ZlCFcBIQ7FNBsGJjDQgLqm+FeIgEwkrHOLPF42lJh2LPR7AIrbOqfV6t3dbK9as8niI4AIfgGNjgAtTBDWiAJsDgCbyAV/BmPBvvxofxmbUWjHxmH8yU8f0L9hykwg==</latexit>

r, p
P→↑ →r,→p

<latexit sha1_base64="ofWORkT6sUgJFKms/V+huTJhMXA=">AAACF3icbVDLSsNAFJ3UV62vqEtBBovgqiRS1GXRjcuK9gFNKJPppB06kwkzE7WE7PwJf8Gt7t2JW5du/RKnbRa29cCFwzn3cu89Qcyo0o7zbRWWlldW14rrpY3Nre0de3evqUQiMWlgwYRsB0gRRiPS0FQz0o4lQTxgpBUMr8Z+655IRUV0p0cx8TnqRzSkGGkjde3D1As4vM28R0n7A42kFA9pPYO53LXLTsWZAC4SNydlkKPetX+8nsAJJ5HGDCnVcZ1Y+ymSmmJGspKXKBIjPER90jE0QpwoP538kcFjo/RgKKSpSMOJ+nciRVypEQ9MJ0d6oOa9sfif10l0eOGnNIoTTSI8XRQmDGoBx6HAHpUEazYyBGFJza0QD5BEWJvoZrYEPCuZUNz5CBZJ87TinlWqN9Vy7TKPpwgOwBE4AS44BzVwDeqgATB4Ai/gFbxZz9a79WF9TlsLVj6zD2Zgff0CKPSgNw==</latexit>

S
P→↑ S

<latexit sha1_base64="Db+G66hwVE1zEOEShuwvzNWHc5E=">AAACPHicdVDLSgMxFM3UV62vqks3wSK4scxIUZfFbsRVBatCZyiZNNOGJpMhuaOWYT7In/AX3OpW3Ilb16Z1Fj4PBA7nnMu9OWEiuAHXfXJKM7Nz8wvlxcrS8srqWnV948KoVFPWoUoofRUSwwSPWQc4CHaVaEZkKNhlOGpN/Mtrpg1X8TmMExZIMoh5xCkBK/WqrcyXBIZhhE9zn/YVZH4ocZL3mH+r+WAIRGt1k7VzvPdvsletuXV3CvybeAWpoQLtXvXZ7yuaShYDFcSYrucmEGREA6eC5RU/NSwhdEQGrGtpTCQzQTb9bI53rNLHkdL2xYCn6teJjEhjxjK0ycm95qc3Ef/yuilER0HG4yQFFtPPRVEqMCg8aQ73uWYUxNgSQjW3t2I6JJpQsP1+2xLKvGJL8X5W8Jtc7Ne9g3rjrFFrHhf1lNEW2ka7yEOHqIlOUBt1EEV36AE9oifn3nlxXp23z2jJKWY20Tc47x/wHbAE</latexit>

J · pe
P→↑ →J · pe

If parity is conserved, two configurations above must occur  
with equal probability. 
In other words, angular distribution needs to be symmetric (A=0)

<latexit sha1_base64="ISo0ltOaV2KB6nk9Il/onyz+N0o="></latexit>

dN

d!
→ 1 +AĴ · p̂e



T. Niida, HuaDa QCD school @CCNU

Parity violation in weak interaction

26

- 1956: Proposed by Lee and Yang  

- 1957: Wu et al. discovered P-violation in β-decay of 60Co
C.S. Wu et al., Phys.Rev.105, 10413(1957)

Chien-Shiung Wu
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Question of Parity Conservation in Weak Interactions*
T. D. LEE, Columbia University, %em York, Xenr York

AND

C. N. YANG, 'f Brookhaven Natiortal Laboratory, Upton, 1Vem Fork
(Received June 22, 1956)

The question of parity conservation in P decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

PRESENT EXPERIMENTAL LIMIT ON
PARITY NONCONSERVATION

ECENT experimental data indicate closely iden-
tical masses' and lifetimes' of the W(=E,s+)—and~

~

~ ~

~ ~ ~

the r+(=E s+) mesons. On the other hand, analyses'
of the decay products of r+ strongly suggest on the
grounds of angular momentum and parity conservation
that the ~+ and 8 are not the same particle. This poses
a rather puzzling situation that has been extensively
discussed. '
One way out of the difhculty is to assume that

parity is not strictly conserved, so that 0+ and v-+ are
two diGerent decay modes of the same particle, which
necessarily has a single mass value and a single lifetime.
We wish to analyze this possibility in the present paper
against the background of the existing experimental
evidence of parity conservation. It will become clear
that existing experiments do indicate parity conserva-
tion in strong and electromagnetic interactions to a
high degree of accuracy, but that for the weak inter-
actions (i.e., decay interactions for the mesons and
hyperons, and various Fermi interactions) parity con-
servation is so far only an extrapolated hypothesis
unsupported by experimental evidence. (One might
even say that the present 8—v puzzle may be taken as
an indication that parity conservation is violated in
weak interactions. This argument is, however, not to
be taken seriously because of the paucity of our present
knowledge concerning the nature of the strange par-
ticles. It supplies rather an incentive for an examination
of the question of parity conservation. ) To decide
unequivocally whether parity is conserved in weak
interactions, one must perform an experiment to deter-
mine whether weak interactions differentiate the right
from the left. Some such possible experiments will be
discussed.

If parity is not strictly conserved, all atomic and
nuclear states become mixtures consisting mainly of
the state they are usually assigned, together with small
percentages of states possessing the opposite parity. The
fractional weight of the latter will be called F'. It is a
quantity that characterizes the degree of violation of
parity conservation.
The existence of parity selection rules which work

well in atomic and nuclear physics is a clear indication
that the degree of mixing, 5', cannot be large. From
such considerations one can impose the limit S'& (r/X)',
which for atomic spectroscopy is, in most cases, 10 '.
In general a less accurate limit obtains for nuclear
spectroscopy.
Parity nonconservation implies the existence of inter-

actions which mix parities. The strength of such inter-
actions compared to the usual interactions will in
general be characterized by 8, so that the mixing will
be of the order 5'. The presence of such interactions
would affect angular distributions in nuclear reactions.
As we shall see, however, the accuracy of these experi-
ments is not good. The limit on 5' obtained is not better
than p' &10—4.
To give an illustration, let us examine the polarization

experiments, since they are closely analogous to some
experiments to be discussed later. A proton beam
polarized in a direction s perpendicular to its momentum
was scattered by nuclei. The scattered intensities were
compared' in two directions A and 8 related to each
other by a reAection in the x—y plane, and were found
to be identical to within 1%. If the scattering origi-
nates from an ordinary parity-conserving interaction
plus a parity-nonconserving interaction (e.g., tr r), then
the scattering amplitudes in the directions A and 8
are in the proportion (1+5)/(1—F), where P represents
the ratio of the strengths of the two kinds of interactions
in the scattering. The experimental result therefore
requires 5 &10 ', or $'&10 '.
The violation of parity conservation would lead to

an electric dipole moment for all systems. The mag-
nitude of the moment is

*Work supported in part by the U. S. Atomic Energy Com-
mission.
f Permanent address: Institute for Advanced Study, Princeton,

New Jersey.
'Whitehead, Stork, Perkins, Peterson, and Birge, Bull. Am.

Phys. Soc. Ser. II, 1, 184 (1956); Barkas, Heckman, and Smith
Bull. Am. Phys. Soc. Ser. II, 1, 184 (1956).
'Harris, Orear, and Taylor, Phys. Rev. 100, 932 (1955);

V. Fitch and K. Motley, Phys. Rev. 101, 496 (1956). Alvarez,
Crawford, Good, and Stevenson, Phys. Rev. 101, 503 1956).' R. Dalitz, Phil. Mag. 44, 1068 (1953);E.Fabri, Nuovo cimento
ll, 479 (1954). See Orear, Harris, and Taylor LPhys. Rev. 102,
1676 (1956)7 for recent experimental results.

4 See, e.g., Report of the Sixth Annual Rochester Conference on
High Energy Physics (Interscience Publishers, Inc., New York
to be published).

moment ePX (dimension of system). (1)
5 See, e.g., Chamberlain, Segre, Tripp, and Ypsilantis, Phys.

Rev. 93, 1430 (1954).
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The branching ratio of the two modes of decay of Fm'",
i.e., E.C./n, was found to be about 8.5—which gives
89.5% decay by electron capture and 10.5% by

alpha emission. It was not possible to measure the
cross section for the Cf'"(n, 3n)Fm'" reaction because
Fm'" could also be produced from other californium
isotopes in the target.
A previous publication4 on a possible identification

of the Fm'" gave the values of 6.85&0.04 Mev for
the alpha-particle energy, and a half-life &10 days.
It is a pleasure to thank the crew of the 60-inch

cyclotron for their extremely careful and skillful oper-
ation of the machine during the bombardment. We
wish to thank Professor Glenn T. Seaborg for his
continued interest.
* On leave from the Israel Atomic Energy Commission, Weiz-

mann Institute of Science, Rehovoth, Israel.
'Thompson, Ghiorso, Harvey, and Choppin, Phys. Rev. 93,

908 (1954).
~ Harvey, Chetham-Strode, Ghiorso, Choppin, and Thompson,

Phys. Rev. 104, 1315 (1956).
'Thompson, Harvey, Choppin, and Seaborg, J. Am. Chem.

Soc. 76, 6229 (1954); Choppin, Harvey, and Thompson, J.
Inorg. and Nuclear Chem. 2, 66 (1956).

4 Friedman, Gindler, Barnes, Sjoblom, and Fields, Phys. Rev.
102, 585 (1956).

Experimental Test of Parity Conservation
in Beta Decay*

C. S. WU, Cotumbia University, 1Vem York, %em York

AND

E. AMBLER) R. W. HAYwARD) D. D. HQPPEs) AND R, P. HUDsoN)
National, Bureau of Standards, W'ashington, D. C.

(Received January 15, 1957)

' 'N a recent paper' on the question of parity in weak
~ - interactions, Lee and Yang critically surveyed the
experimental information concerning this question and
reached the conclusion that there is no existing evidence
either to support or to refute parity conservation in weak
interactions. They proposed a number of experiments on
beta decays and hyperon and meson decays which would
provide the necessary evidence for parity conservation
or nonconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the
distribution between 8 and 180'—8 (where 8 is the angle
between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides
unequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the
case of oriented Co~.
It has been known for some time that Co" nuclei can

be polarized by the Rose-Gorter method in cerium
magnesium (cobalt) nitrate, and the degree of polari-
zation detected by measuring the anisotropy of the
succeeding gamma rays. ' To apply this technique to the
present problem, two major difhculties had to be over-

No
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—RE-ENTRANT
VACUUM SPACE

MUTUAL INDUCTANCE
THERMOMETER COILS~

SPECIMEN~
HOUSING OF
Ce Mg NITRATE

ANTHRACENE CRYSTALr
46 cm

Nal

FrG. 1. Schematic drawing of the lower part of the cryostat.

come. The beta-particle counter should be placedi~side
the demagnetization cryostat, and the radioactive
nuclei must be located in a thin surface layer and
polarized. The schematic diagram of the cryostat is
shown in Fig. 1.
To detect beta particles, a thin anthracene crystal

—,'in. in diameter)& —,'6 in. thick is located inside the
vacuum chamber about 2 cm above the Co~ source.
The scintillations are transmitted through a glass
window and a Lucite light pipe 4 feet long to a photo-
multiplier (6292) which is located at the top of the
cryostat. The Lucite head is machined to a logarithmic
spiral shape for maximum light collection. Under this
condition, the Cs"' conversion line (624 kev) still
retains a resolution of 17%. The stability of the beta
counter was carefully checked for any magnetic or
temperature effects and none were found. To measure
the amount of polarization of Co", two additional NaI
gamma scintillation counters were installed, one in
the equatorial plane and one near the polar
position. The observed gamma-ray anisotropy was
used as a measure of polarization, and, effectively,
temperature. The bulk susceptibility was also mon-
itored but this is of secondary significance due
to surface heating effects, and the gamma-ray ani-
sotropy alone provides a reliable measure of nuclear
polarization. Specimens were made by taking good
single crystals of cerium magnesium nitrate and growing
on the upper surface only an additional crystalline layer
containing Co".One might point out here that since the
allowed beta decay of Co~ involves a change of spin of

T.D.Lee and C.N.Yang, Phys.Rev.104, 254(1956)

Article on PhysicsWorld (Feb. 2026) 
“Twenty-three nominations, yet no Nobel prize:  
how Chien-Shiung Wu missed out on the top award in physics”

https://www.aps.org/apsnews/2022/09/lee-yang-parity
https://physicsworld.com/a/twenty-three-nominations-yet-no-nobel-prize-how-chien-shiung-wu-missed-out/


T. Niida, HuaDa QCD school @CCNU

Wu experiment

27
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Chien-Shiung Wu was a physicist who pioneered 
experimental research in nuclear weak interaction,  
showing parity is not always conserved through 
demonstration of beta decay asymmetry.

Observations from Wu’s experiment: 

• 60% of gamma rays emitted in one 
direction, 40% in the other 

• Electron asymmetry much greater 
than gamma-ray anisotropy 

• Electrons emitted in a direction 
preferentially opposite to nuclear 
spin direction 

• Electron asymmetry did not change 
sign when magnetic field was 
reversed (not due to remnant 
magnetization!) 

Conclusion: 
• Parity violation was maximal! 
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The branching ratio of the two modes of decay of Fm'",
i.e., E.C./n, was found to be about 8.5—which gives
89.5% decay by electron capture and 10.5% by

alpha emission. It was not possible to measure the
cross section for the Cf'"(n, 3n)Fm'" reaction because
Fm'" could also be produced from other californium
isotopes in the target.
A previous publication4 on a possible identification

of the Fm'" gave the values of 6.85&0.04 Mev for
the alpha-particle energy, and a half-life &10 days.
It is a pleasure to thank the crew of the 60-inch

cyclotron for their extremely careful and skillful oper-
ation of the machine during the bombardment. We
wish to thank Professor Glenn T. Seaborg for his
continued interest.
* On leave from the Israel Atomic Energy Commission, Weiz-

mann Institute of Science, Rehovoth, Israel.
'Thompson, Ghiorso, Harvey, and Choppin, Phys. Rev. 93,

908 (1954).
~ Harvey, Chetham-Strode, Ghiorso, Choppin, and Thompson,

Phys. Rev. 104, 1315 (1956).
'Thompson, Harvey, Choppin, and Seaborg, J. Am. Chem.

Soc. 76, 6229 (1954); Choppin, Harvey, and Thompson, J.
Inorg. and Nuclear Chem. 2, 66 (1956).

4 Friedman, Gindler, Barnes, Sjoblom, and Fields, Phys. Rev.
102, 585 (1956).

Experimental Test of Parity Conservation
in Beta Decay*

C. S. WU, Cotumbia University, 1Vem York, %em York

AND

E. AMBLER) R. W. HAYwARD) D. D. HQPPEs) AND R, P. HUDsoN)
National, Bureau of Standards, W'ashington, D. C.

(Received January 15, 1957)

' 'N a recent paper' on the question of parity in weak
~ - interactions, Lee and Yang critically surveyed the
experimental information concerning this question and
reached the conclusion that there is no existing evidence
either to support or to refute parity conservation in weak
interactions. They proposed a number of experiments on
beta decays and hyperon and meson decays which would
provide the necessary evidence for parity conservation
or nonconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the
distribution between 8 and 180'—8 (where 8 is the angle
between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides
unequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the
case of oriented Co~.
It has been known for some time that Co" nuclei can

be polarized by the Rose-Gorter method in cerium
magnesium (cobalt) nitrate, and the degree of polari-
zation detected by measuring the anisotropy of the
succeeding gamma rays. ' To apply this technique to the
present problem, two major difhculties had to be over-
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FrG. 1. Schematic drawing of the lower part of the cryostat.

come. The beta-particle counter should be placedi~side
the demagnetization cryostat, and the radioactive
nuclei must be located in a thin surface layer and
polarized. The schematic diagram of the cryostat is
shown in Fig. 1.
To detect beta particles, a thin anthracene crystal

—,'in. in diameter)& —,'6 in. thick is located inside the
vacuum chamber about 2 cm above the Co~ source.
The scintillations are transmitted through a glass
window and a Lucite light pipe 4 feet long to a photo-
multiplier (6292) which is located at the top of the
cryostat. The Lucite head is machined to a logarithmic
spiral shape for maximum light collection. Under this
condition, the Cs"' conversion line (624 kev) still
retains a resolution of 17%. The stability of the beta
counter was carefully checked for any magnetic or
temperature effects and none were found. To measure
the amount of polarization of Co", two additional NaI
gamma scintillation counters were installed, one in
the equatorial plane and one near the polar
position. The observed gamma-ray anisotropy was
used as a measure of polarization, and, effectively,
temperature. The bulk susceptibility was also mon-
itored but this is of secondary significance due
to surface heating effects, and the gamma-ray ani-
sotropy alone provides a reliable measure of nuclear
polarization. Specimens were made by taking good
single crystals of cerium magnesium nitrate and growing
on the upper surface only an additional crystalline layer
containing Co".One might point out here that since the
allowed beta decay of Co~ involves a change of spin of

γ-ray detector
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60 Ni→ →60Ni + ω

- 60Co spin aligned by external B-field (Cool to 0.01 K) 
- checked by the measurement of emitted γ 

- Measurement of emitted electrons

　Scintillator  
for β-ray 

60Co
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The branching ratio of the two modes of decay of Fm'",
i.e., E.C./n, was found to be about 8.5—which gives
89.5% decay by electron capture and 10.5% by

alpha emission. It was not possible to measure the
cross section for the Cf'"(n, 3n)Fm'" reaction because
Fm'" could also be produced from other californium
isotopes in the target.
A previous publication4 on a possible identification

of the Fm'" gave the values of 6.85&0.04 Mev for
the alpha-particle energy, and a half-life &10 days.
It is a pleasure to thank the crew of the 60-inch

cyclotron for their extremely careful and skillful oper-
ation of the machine during the bombardment. We
wish to thank Professor Glenn T. Seaborg for his
continued interest.
* On leave from the Israel Atomic Energy Commission, Weiz-

mann Institute of Science, Rehovoth, Israel.
'Thompson, Ghiorso, Harvey, and Choppin, Phys. Rev. 93,

908 (1954).
~ Harvey, Chetham-Strode, Ghiorso, Choppin, and Thompson,

Phys. Rev. 104, 1315 (1956).
'Thompson, Harvey, Choppin, and Seaborg, J. Am. Chem.

Soc. 76, 6229 (1954); Choppin, Harvey, and Thompson, J.
Inorg. and Nuclear Chem. 2, 66 (1956).

4 Friedman, Gindler, Barnes, Sjoblom, and Fields, Phys. Rev.
102, 585 (1956).
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' 'N a recent paper' on the question of parity in weak
~ - interactions, Lee and Yang critically surveyed the
experimental information concerning this question and
reached the conclusion that there is no existing evidence
either to support or to refute parity conservation in weak
interactions. They proposed a number of experiments on
beta decays and hyperon and meson decays which would
provide the necessary evidence for parity conservation
or nonconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the
distribution between 8 and 180'—8 (where 8 is the angle
between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides
unequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the
case of oriented Co~.
It has been known for some time that Co" nuclei can

be polarized by the Rose-Gorter method in cerium
magnesium (cobalt) nitrate, and the degree of polari-
zation detected by measuring the anisotropy of the
succeeding gamma rays. ' To apply this technique to the
present problem, two major difhculties had to be over-
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come. The beta-particle counter should be placedi~side
the demagnetization cryostat, and the radioactive
nuclei must be located in a thin surface layer and
polarized. The schematic diagram of the cryostat is
shown in Fig. 1.
To detect beta particles, a thin anthracene crystal

—,'in. in diameter)& —,'6 in. thick is located inside the
vacuum chamber about 2 cm above the Co~ source.
The scintillations are transmitted through a glass
window and a Lucite light pipe 4 feet long to a photo-
multiplier (6292) which is located at the top of the
cryostat. The Lucite head is machined to a logarithmic
spiral shape for maximum light collection. Under this
condition, the Cs"' conversion line (624 kev) still
retains a resolution of 17%. The stability of the beta
counter was carefully checked for any magnetic or
temperature effects and none were found. To measure
the amount of polarization of Co", two additional NaI
gamma scintillation counters were installed, one in
the equatorial plane and one near the polar
position. The observed gamma-ray anisotropy was
used as a measure of polarization, and, effectively,
temperature. The bulk susceptibility was also mon-
itored but this is of secondary significance due
to surface heating effects, and the gamma-ray ani-
sotropy alone provides a reliable measure of nuclear
polarization. Specimens were made by taking good
single crystals of cerium magnesium nitrate and growing
on the upper surface only an additional crystalline layer
containing Co".One might point out here that since the
allowed beta decay of Co~ involves a change of spin of
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FIG. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discriminate against pulses from Compton scattering.
A large beta asymmetry was observed. In Fig. 2 we

have plotted the gamma anisotropy and beta asym-
metry vs time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coeAicient, o., is negative,
that is, the emission of beta particles is more favored in
the direction opposit. e to that of the nuclear spin. This
naturally implies that the sign for Cr and Cr' (parity
conserved and pa. rity not conserved) must be opposite.
The exact evaluation of o. is difficult because of the
many eA'ects involved. The lower limit of n can be
estimated roughly, however, from the observed value
of asymmetry corrected for backscattering. AL velocity
v(c=0.6, the value of n is about 0.4. The value of
(I,)/I can be calculated from the observed anisotropy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter P(n P(=I,)/I) approximately equal to 0.7.
In order to evaluate o, accurately, many supplementary
experiments must be carried out to determine the
various correction factors. It is estimated here only to
show the large asymmetry effect. According to I-ee and
Yang' the present experiment indicates not only that
conservation of parity is violated but also that invari-
ance under charge conjugation is violated. 4 Further-
more, the invariance under time reversal can also be
decided from the momentum dependence of the asym-
metry parameter P. This effect will be studied later.
The double nitrate cooling salt has a highly aniso-

tropic g value. If the symmetry axis of a crysial is not
set parallel to the polarizing field, a small magnetic
field vill be produced perpendicular to the latter. To
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoC12 solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled su%ciently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
mef. ry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoC1&
solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. AVe then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.
3lore rigorous experimental checks are being initi-

ated, but in view of the important implications of these
observations, we report them now in the hope that they
Diay stimulate and encourage further experimental
investigations on the parity question in either beta or
hyperon and meson decays.
The inspiring discussions held with Professor T. D.

Lee and Professor C. N. Yang by one of us (C. S. Ku)
are gratefully acknowledged.
*YVork partially supported by the U. S. Atomic Energy

Commission.' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
~ Ambler, Grace, Halban, Kurti, Durand, and Johnson, Phil.

Mag. 44, 216 (1953).' Lee, Oehme, and Yang, Phys. Rev. (to be published' ).
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60 Ni→ →60Ni + ω　Scintillator  
for β-ray -B

+B

→ warm up with time 
nuclear spins gradually randomized  
(due to thermal fluctuations)

γ-anisotropy

β-asymmetry

Electrons are preferentially emitted opposite to 60Co spin direction! 
→ Parity violation in β-decay

60Co
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Helicity and Chirality
Helicity is the projection of spin onto the momentum direction 

Chirality is a quantum property that classifies particles into left-handed and right-handed states 

- whether the object is distinguishable from its mirror image 

- For massless particles, chirality = helicity
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h =
ωS · ωp
|ωp|

positive helicity negative helicity
: spin vector 
: momentum vector
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Weak interactions (via W±) couple only to left-chiral fermions and right-chiral anti-fermions 
For a massless or ultra-relativistic particle, chirality corresponds to helicity
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Qualitative explanation
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J=5 J=4
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FIG. 2.Resonant scattering distribution from a scatterer
of ~1850 g of Sm20~.

first approximation. The resonant scattered gamma-ray
distribution is shown in Fig. 2 for a source strength of
20 millicuries. The ratio of the 837-kev to 961-kev

photopeaks is 1.8 which is in agreement with the ratio
of the p rays before scattering, 1.4, corrected for detec-
tion e%ciencies and for the different angular distributions
of the scattered gamma rays at 100'—the mean angle of
scattering. The cross section measured with the solid
source is (5&1)X10 's cm', the major uncertainties
being in the geometry and source strength determina-
tions. The liquid source gave a 20%higher cross section;
the diGerence may be due to a slowing down of the
recoiling nucleus in the solid or a change in its effective
mass.
In order to calculate the lifetime of the transition

one should take into account the natural width of the
emitting level, the Doppler broadening of the emitted
gamma ray due to the neutrino recoil, the possible
slowing down of the recoiling nucleus, the effective
mass, and the temperature broadening of the emi. ssion
and absorption lines. If the recoil and temperature
effects are neglected, a lower limit on the mean life can
be set as 1.7X10 '4 sec. An upper limit is certainly the
slowing-down time in the solid, approximately 2&(10 "
sec, ~ since a stationary nucleus with a level of this
mean life will give a cross section less than 1/100 that
observed. Conversely, therefore, the gamma ray is
emitted in general before the recoil slows down so that
the Doppler broadening due to the neutrino emission
must be taken into account, and the resonance scatter-

ing becomes a sensitive detector of the direction of
neutrino emission. Taking into account the width of
the emitting line and the Doppler shift due to the
recoiling nucleus, assumed to have an effec;tive mass num-
ber equal to 152, the mean life of the 1 level becomes
r= (3&1)X10 "sec. The effect of the temperature of
the source and scatterer has been neglected. The
measured lifetime is thus approximately 150 times
longer than the single proton estimate. This mean life
corresponds, according to the formulation of Bohr and
Mottelson, ' to an octupole deformation parameter,
Ps~0.07, for the 1 state of Sm'".
I would like to thank M. Goldhaber, A. W. Sunyar,

and J. Weneser for many valuable discussions.
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Helicity of Neutrinos"
M. GQLDHABER, L. GRoDzINs, A&D A. W. SUNYAR
Brookhuven E'utionu/ Luborutory, Upton, 1Vem Fork

(Received December 11, 1957)

COMBINED analysis of circular polarization and
resonant scattering of p rays following orbital

electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Ku'",
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme, ' 0—,we hand
that the neutrino is "left-handed, " i.e., a„p„=—1
(negative helicity) .
Our method may be illustrated by the following

simple example: take a nucleus 2 (spin I=O) which
decays by allowed orbital electron capture, to an
excited state of a nucleus B(I=1),from which a p ray
is emitted to the ground state of B(I=O). The condi-
tions necessary for resonant scattering are best fulfilled
for those p rays which are emitted opposite to the
neutrino, which have an energy comparable to that of
the neutrino, and which are emitted before the recoil
energy is lost. Since the orbital electrons captured by a
nucleus are almost entirely s electrons (E, Lr, . elec-
trons of spin S=—',), the substates of the daughter nucleus

M. Goldhaber, L. Grodzins, and A.W. Sunyar 
Phys.Rev.109, 1015 (1958)

Goldhaber experiment shows the existence of only left-handed neutrinos  
(right-handed anti-neutrinos) in electron capture mediated by the weak interaction
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Polarization measurement

Spin itself is not directly observable.  

We infer spin information from spin-dependent angular 
distributions in scattering or particle decays. 

Weak decay is particularly useful because parity violation 
makes them self-analyzing.

32



T. Niida, HuaDa QCD school @CCNU

Weak decay as a spin analyzer

33

Correlation between parent’s spin and decay product momentum directions

⇤ ! p+ ⇡�

p

π -

PΛ

θ

P : polarization in the parent rest frame
θ : angle between daughter particle momentum and parent spin direction 
     in the parent rest frame
α : weak decay parameter 
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slope = αP
α is analyzing power for polarization measurement. 

αΛ = 0.746 ± 0.008 (PDG2026)
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Λ reconstruction in the experiment

34

• Lambda reconstruction: 
ü Λ → # + %! ; 'Λ → #̅ + %"

ü Tracking and PID by TPC 

ü Topological criteria

Lambda reconstruction

5

Event display in the transverse plane Λ decays into two particles 
 
 
 

Charge particles can be reconstructed by using  
tracking detectors, e.g. TPC 

3D hit positions + Tracking algorithm → trajectory 
+ magnetic field → momentum & charge sign 

Energy loss dE/dx → particle identification (Bethe-Bloch)
Solid lines show charged-particles’  
trajectories, which are bended  
due to magnetic field.

＊difficult to measure neutron
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Λ reconstruction and its spin

35

This type of particle is  
called “V0”Make all possible pairs of daughter particles and 

calculate their invariant mass 
 

Reduce the combinatorial background  
(random proton-pion pairs) by applying cuts on  
the decay topology 

The efficiency and purity change with the cuts.  
Usually the cuts are optimized to maximize the statistical  
significance: square root of purity × signal-yield 
 

Boost the proton momentum to the Λ rest frame  
→ Proton emission direction carries the Λ spin information

M2 = (E1 + E2)
2 � (~p1 + ~p2)

2
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Fig. 1: Invariant mass distributions of pπ− pair candidates for Λ and p̄π+ pair candidates
for Λ̄ for 10-60% centrality in Au+Au collisions at

√
sNN = 200 GeV, when applying the

topological cuts step-by-step.

2.3 Event plane reconstruction

Λ Polarization can be measured by looking at the correlation between azimuthal angle
of daughter proton in the Λ rest frame and the reaction plane (see the following sec-
tion for the detail). We used the first-order event plane as the reaction plane, which
determined by the spectator neutrons measured in ZDCSMDs. The detail of the event
plane calibration can be found in Ref. [5] and Appendix B. Figure 2 shows the res-
olution of Ψ1 for ZDCSMD east or west or combined plane in Au+Au collisions at√
sNN = 200 GeV for run10, run11, and run14 data. The resolution was estimated in

the way proposed by Ref. [7]. The resolution for run14 is 5% larger than that for run10
and run11.

PV
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Reconstruction of multi-strange hyperons

36

Multi-strange hyperons such as Ξ(dss) and Ω(sss) have  
two-step decay 
 

First, reconstruct Λ and then make pairs with  
granddaughter particle (bachelor) 

A bit more complicated topological cuts
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L. ADAMCZYK et al. PHYSICAL REVIEW C 88, 014902 (2013)
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FIG. 5. Examples of the invariant mass distributions at
√

sNN = 62.4 GeV for φ, K0
s , ", ", #−, #

+
, $−, and $

+
. The combinatorial

background is described by the mixed-event technique, which is shown as a gray shaded histogram.

additional correlated background. Such a correlated back-
ground, for example from the ", can appear in the π+π− (K0

s )
invariant mass distribution if the proton was misidentified as a
π+. Such a correlated background does not create a peak in the
invariant mass distribution of the particles of interest because
the daughter-particle masses are chosen to be the nominal
ones (e.g., π mass instead of proton mass), but it appears as
a broad distribution which can significantly affect the signal
extraction. To remove this correlated background, additional
invariant mass spectra with identical track combinations, but
different daughter mass values, e.g., (p,π−) and (π+,π−),
were investigated. The background was removed by applying
invariant mass cuts on the corresponding unwanted peaks
in the misidentified invariant mass distributions. Usually,
the correlated background from particle misidentification
increases with the pT values of the mother particle.

The remaining uncorrelated combinatorial background was
subtracted with the mixed-event technique. Event classes were
defined to mix only events with similar global properties; the
classes consisted of 9 centrality ranges, 14 z-vertex ranges,
and 10 event-plane angle ranges. The event buffer depth
varied between 3 and 15. The mixed-event distributions were
normalized at least 3σ away from the mass peak on both
sides. The mixed-event distributions so obtained were in
excellent agreement for all particle species and energies with
the combinatorial background shown in Fig. 5 for 0%–80%
centrality Au + Au collisions at

√
sNN = 62.4 GeV for φ, ",

", K0
s , #−, #

+
, $−, and $

+
. The correlated background to

the left of the #−, #
+

, $−, and $
+

peaks in Fig. 5 is a result
of a self-correlation between the three daughter particles. In
the case of the #, two π mesons with the same charge are
in the final state and both combinations ["(p,π1) + π2 and
"(p,π2) + π1] result in similar invariant mass values. These
wrong combinations appear as a bump structure to the left of
the true peak. The two structures were separated by an invariant

mass cut. In the case of the $, a double misidentification of
the π and K resulted in a similar effect.

IV. EVENT PLANE RECONSTRUCTION

The event plane (EP) is obtained from the angles of the
reconstructed particles and the beamline. It is an estimate of the
participant plane that is defined by the participating nucleons
in the collision. The EP was reconstructed using the flow of
the measured particles, as discussed in Ref. [5]. To achieve the
best resolution for v2, the second harmonic EP angle '2 was
calculated as

'2 = tan−1
[ ∑

i wi sin(2φi)∑
i wi cos(2φi)

]/
2, (7)

where φi is the azimuthal angle of particle i and wi is its weight.
The weight in units of GeV/c was chosen to be linear with
pT up to 2 GeV/c and then constant at a value of 2 for higher
momenta. Only those particles with a momentum between
0.15 and 5 GeV/c, |η| < 1, dca <1 cm and having more than
15 hits in the TPC were used for this calculation. Two different
EPs were reconstructed: one using all of the reconstructed
tracks in the TPC (“full TPC” method) and one using only
those tracks in the opposite pseudorapidity hemisphere to the
particle track of interest (“η-sub” method). In the full TPC
case, self-correlations were avoided by removing the particle
of interest from the tracks used for the EP reconstruction. In
the η-sub method, an additional pseudorapidity gap of ±0.05
was applied to reject some tracks for the EP reconstruction.
In general, the η-sub method reduces the effect of “nonflow,”
which includes the decay of resonances to several charged
daughter particles, Hanbury-Brown Twiss correlations, and
jets [8]. However, the resolution is lower and therefore the
correction to obtain v2 is larger.
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Multi-strange hyperons such as Ξ(dss) and Ω(sss) have  
two-step decay 
 

First, reconstruct Λ and then make pairs with  
granddaughter particle (bachelor) 

A bit more complicated topological cuts
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sNN = 62.4 GeV for φ, K0
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, $−, and $
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. The combinatorial

background is described by the mixed-event technique, which is shown as a gray shaded histogram.

additional correlated background. Such a correlated back-
ground, for example from the ", can appear in the π+π− (K0

s )
invariant mass distribution if the proton was misidentified as a
π+. Such a correlated background does not create a peak in the
invariant mass distribution of the particles of interest because
the daughter-particle masses are chosen to be the nominal
ones (e.g., π mass instead of proton mass), but it appears as
a broad distribution which can significantly affect the signal
extraction. To remove this correlated background, additional
invariant mass spectra with identical track combinations, but
different daughter mass values, e.g., (p,π−) and (π+,π−),
were investigated. The background was removed by applying
invariant mass cuts on the corresponding unwanted peaks
in the misidentified invariant mass distributions. Usually,
the correlated background from particle misidentification
increases with the pT values of the mother particle.

The remaining uncorrelated combinatorial background was
subtracted with the mixed-event technique. Event classes were
defined to mix only events with similar global properties; the
classes consisted of 9 centrality ranges, 14 z-vertex ranges,
and 10 event-plane angle ranges. The event buffer depth
varied between 3 and 15. The mixed-event distributions were
normalized at least 3σ away from the mass peak on both
sides. The mixed-event distributions so obtained were in
excellent agreement for all particle species and energies with
the combinatorial background shown in Fig. 5 for 0%–80%
centrality Au + Au collisions at

√
sNN = 62.4 GeV for φ, ",

", K0
s , #−, #

+
, $−, and $

+
. The correlated background to

the left of the #−, #
+

, $−, and $
+

peaks in Fig. 5 is a result
of a self-correlation between the three daughter particles. In
the case of the #, two π mesons with the same charge are
in the final state and both combinations ["(p,π1) + π2 and
"(p,π2) + π1] result in similar invariant mass values. These
wrong combinations appear as a bump structure to the left of
the true peak. The two structures were separated by an invariant

mass cut. In the case of the $, a double misidentification of
the π and K resulted in a similar effect.

IV. EVENT PLANE RECONSTRUCTION

The event plane (EP) is obtained from the angles of the
reconstructed particles and the beamline. It is an estimate of the
participant plane that is defined by the participating nucleons
in the collision. The EP was reconstructed using the flow of
the measured particles, as discussed in Ref. [5]. To achieve the
best resolution for v2, the second harmonic EP angle '2 was
calculated as

'2 = tan−1
[ ∑

i wi sin(2φi)∑
i wi cos(2φi)

]/
2, (7)

where φi is the azimuthal angle of particle i and wi is its weight.
The weight in units of GeV/c was chosen to be linear with
pT up to 2 GeV/c and then constant at a value of 2 for higher
momenta. Only those particles with a momentum between
0.15 and 5 GeV/c, |η| < 1, dca <1 cm and having more than
15 hits in the TPC were used for this calculation. Two different
EPs were reconstructed: one using all of the reconstructed
tracks in the TPC (“full TPC” method) and one using only
those tracks in the opposite pseudorapidity hemisphere to the
particle track of interest (“η-sub” method). In the full TPC
case, self-correlations were avoided by removing the particle
of interest from the tracks used for the EP reconstruction. In
the η-sub method, an additional pseudorapidity gap of ±0.05
was applied to reject some tracks for the EP reconstruction.
In general, the η-sub method reduces the effect of “nonflow,”
which includes the decay of resonances to several charged
daughter particles, Hanbury-Brown Twiss correlations, and
jets [8]. However, the resolution is lower and therefore the
correction to obtain v2 is larger.
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Similarly, by analyzing daughter Λ distributions, 
Ξ polarization can be measured 

Sensitivity becomes lower. Practically impossible for Ω 
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Lee-Yang formula for spin-1/2 particle 
 
 
 

Similarly, spin-3/2 Ω has the following relation
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Global polarization of Ξ and Ω hyperons in Au+Au collisions at
√
sNN= 200 GeV

T. Niida and S. A. Voloshin for the STAR Collaboration
(Dated: October 1, 2020)

Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles in a3

parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4

Λ-hyperon, polarized via polarization transfer from its parent. The polarization, average over Ξ−
5

and Ξ+, is measured to be ⟨PΞ⟩ = 0.64 ± 0.11 (stat.) ± 0.27 (syst.)% for the collision centrality6

20%-80%. The ⟨PΞ⟩ is found to be slightly larger than the inclusive Λ polarization and in reasonable7

agreement with a multi-phase transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality8

dependence of the vorticity predicted in the model, increasing toward more peripheral collisions.9

The global polarization of Ω, ⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring10

the polarization of daughter Λ in the decay Ω → Λ +K, assuming the polarization transfer factor11

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au data [4] and was later confirmed, to better21

precision, in the high statistics analysis of the 200 GeV22

data [5]. Assuming local thermal equilibrium, the po-23

larization of the produced particles is determined by the24

local thermal vorticity of the fluid [6]. In the nonrel-25

ativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [7]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antipar-35

ticles of the same spin should have the same polariza-36

tion. Difference could arise from effects of the magnetic37

field [7], from the fact that different particles are pro-38

duced at different times or regions as the system freezes39

out [8], or through meson-baryon interactions [9]. There-40

fore, to establish the global nature of the polarization, it41

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. Thus43

far, only Λ and Λ̄ polarizations have been measured, and44

they differ by a couple of standard deviations at most,45

with available statistics.46

In this paper we present the first measurements of the47

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,48

as well as spin s = 3/2 Ω hyperon in Au+Au collisions49

at
√
sNN=200 GeV.50

Hyperon weak decays present the most straightforward51

possibility for measuring the polarization of the produced52

particles [10]. In parity-violating weak decays the daugh-53

ter particle distribution in the rest frame of the hyperon54

directly depends on the hyperon polarization:55

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)56

where αH is the hyperon decay parameter, P∗
H is the57

hyperon polarization, and p̂∗
B is the unit vector in the58

direction of the daughter baryon momentum, both in the59

parent rest frame denoted by an asterisk.60

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →61

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-62

ized, its polarization is partially transferred to daughter63

Λ. Both steps in such a cascade decay are parity violat-64

ing, and thus can be used for an independent measure-65

ment of the polarization of Ξ− (Ξ̄+).66

The polarization of the daughter baryon in a weak de-67

cay of a spin 1/2 hyperon is described by the Lee-Yang68

formula [11–13] in terms of the three parameters α (parity69

violating part), β (violation of the time reversal symme-70

try), and γ (satisfying α2+β2+ γ = 1). For a particular71

case of Ξ → Λ+ π decay it reads:72

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)73

where p̂∗
Λ is the unit vector of the Λ momentum in the74

Ξ rest frame. Averaging over the angular distribution of75

the Λ in the rest frame of the Ξ given by Eq. 2 yields76

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)77

Using the measured value for the γΞ− parameter [13, 14],78

the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)80

81

T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957) 
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P∗
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(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
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Ξ × p̂∗
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Λ
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where p̂∗
Λ is the unit vector of the Λ momentum in the74

Ξ rest frame. Averaging over the angular distribution of75

the Λ in the rest frame of the Ξ given by Eq. 2 yields76

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)77

Using the measured value for the γΞ− parameter [13, 14],78

the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)80

81
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The polarization of the daughter baryon in a two par-82

ticle decay of spin 3/2 hyperon, Ω → Λ + K, is also83

described by three parameters αΩ, βΩ, and γΩ [15]. The84

decay parameter αΩ, determines the angular distribution85

of Λ in the Ω rest frame and is measured to be small [14]:86

αΩ = 0.0157±0.0021; this makes the Ω polarization mea-87

surement via analysis of the daughter Λ angular distribu-88

tion practically impossible. The polarization transfer in89

this case is determined by the γΩ parameter via [15–17]:90

P∗
Λ = CΩ−ΛP

∗
Ω = 1

5 (1 + 4γΩ)P
∗
Ω. (6)91

The time-reversal violation parameter βΩ is expected to92

be small. This combined with the constraint that α2 +93

β2 + γ2 = 1, limits unmeasured parameter γΩ ≈ ±1,94

resulting in a polarization transfer CΩ−Λ ≈ 1 or CΩ−Λ ≈95

−0.6.96

Our analysis is based on the data of Au+Au collisions97

at
√
sNN = 200 GeV collected in 2010, 2011, 2014, and98

2016 by the STAR detector. Charged-particle tracks were99

measured in the time projection chamber (TPC) [18],100

which covers the full azimuth and a pseudorapidity range101

of |η| < 1. The collision vertices were reconstructed using102

the measured charged-particle tracks and were required103

to be within 30 cm in the beam direction for the 2010104

and 2011 datasets. The narrower vertex selection to be105

within 6 cm was applied in the 2014 and 2016 data due to106

online trigger requirement for the Heavy Flavor Tracker107

installed prior to 2014 data taking. The vertex in the108

radial direction relative to the beam center was also re-109

quired to be within 2 cm. Additionally, the difference in110

the vertex positions along the beam direction from the111

vertex position detectors (VPD) [19] located at forward112

and backward pseudorapidities (4.24 < |η| < 5.1) was re-113

quired to be less than 3 cm to suppress pileup events in114

which more than one heavy-ion collision occurred. These115

selection criteria yielded about 180 (350) million mini-116

mum bias (MB) events for the 2010 (2011) dataset, 1117

billion MB events for the 2014 dataset, and 1.5 billion118

MB events for the 2016 dataset. The MB trigger re-119

quires hits of both VPDs and the zero-degree calorimeters120

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,121

within certain timing cut for both detectors. The colli-122

sion centrality was determined from the measured multi-123

plicity of charged particles within |η| < 0.5 and a Monte-124

Carlo Glauber simulation [21, 22].125

The first-harmonic event plane angle Ψ1 as an exper-126

imental estimate of the impact parameter direction was127

determined by measuring the neutron spectator deflec-128

tion [23] in the ZDCs equipped with Shower Maximum129

Detectors (SMD) [24]. The event plane resolution [25] is130

largest (∼41%) for collisions with 30%-40% centrality in131

the 2014 and 2016 datasets and is increased by 4% for132

the 2010 and 2011 datasets [5].133

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter134

Λ (Λ̄) were reconstructed utilizing the decay channels135

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and136
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

(Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality in Au+Au colli-
sions at

√
sNN = 200 GeV taken in 2014. Vertical dashed

lines indicate three standard deviations (3σ) from the peak
positions assuming a normal distribution.

Λ → pπ− (63.9%), where the numbers in parenthesis137

indicate the corresponding branching ratio of the de-138

cays [26]. Charged pions (kaons) and protons of the139

daughter particles were identified based on the ioniza-140

tion energy loss in the TPC gas, and the timing informa-141

tion measured by the Time-Of-Flight detector[27]. Re-142

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-143

formed based on the Kalman Filter method developed for144

the CBM and ALICE experiments [28–30], which utilizes145

the quality of the track fit as well as the decay topology.146

Figure 1 shows the invariant mass distributions for recon-147

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.148

The purities for this centrality bin are higher than 90%149

for both species. The significance with the Kalman Filter150

method is found to be increased by ∼ 30% for Ξ com-151

pared to the traditional identification method based on152

the decay topology (e.g. see Refs. [5, 31]). The hyperon153

candidates were also ensured not to share their daughters154

and granddaughters with other particles of interest.155

The polarization projected along the initial angular156

momentum direction Ĵ can be defined as [32]:157

PH = ⟨P∗
H · Ĵ ⟩ = 8

παH

⟨sin(Ψobs
1 − φ∗

B)⟩
Res(Ψ1)

, (7)158

where αH is the hyperon decay parameter and φ∗
B is the159

azimuthal angle of the daughter baryon in the parent160

hyperon rest frame. The Ψobs
1 is a measured first-order161

event plane and Res(Ψ1) is the event plane resolution.162

The extraction of ⟨sin(Ψobs
1 − φ∗)⟩ was performed in the163

same way as in our previous studies [4, 5]. The decay164

parameters of Λ, Ξ−, and Ω− have been recently updated165

by the Particle Data Group [26] and the latest values are166

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±167

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and168

Ω hyperon polarization measurements via measurements169

of the daughter Λ polarization, the polarization transfer170

factor CΞΛ(ΩΛ), Eqs. 4 and 6, is used to obtain the parent171
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Similarly, by analyzing daughter Λ distributions, 
Ξ polarization can be measured 

Sensitivity becomes lower. Practically impossible for Ω 
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Global polarization of Ξ and Ω hyperons in Au+Au collisions at
√
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Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles in a3

parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4

Λ-hyperon, polarized via polarization transfer from its parent. The polarization, average over Ξ−
5

and Ξ+, is measured to be ⟨PΞ⟩ = 0.64 ± 0.11 (stat.) ± 0.27 (syst.)% for the collision centrality6

20%-80%. The ⟨PΞ⟩ is found to be slightly larger than the inclusive Λ polarization and in reasonable7

agreement with a multi-phase transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality8

dependence of the vorticity predicted in the model, increasing toward more peripheral collisions.9

The global polarization of Ω, ⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring10

the polarization of daughter Λ in the decay Ω → Λ +K, assuming the polarization transfer factor11

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au data [4] and was later confirmed, to better21

precision, in the high statistics analysis of the 200 GeV22

data [5]. Assuming local thermal equilibrium, the po-23

larization of the produced particles is determined by the24

local thermal vorticity of the fluid [6]. In the nonrel-25

ativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [7]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antipar-35

ticles of the same spin should have the same polariza-36

tion. Difference could arise from effects of the magnetic37

field [7], from the fact that different particles are pro-38

duced at different times or regions as the system freezes39

out [8], or through meson-baryon interactions [9]. There-40

fore, to establish the global nature of the polarization, it41

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. Thus43

far, only Λ and Λ̄ polarizations have been measured, and44

they differ by a couple of standard deviations at most,45

with available statistics.46

In this paper we present the first measurements of the47

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,48

as well as spin s = 3/2 Ω hyperon in Au+Au collisions49

at
√
sNN=200 GeV.50

Hyperon weak decays present the most straightforward51

possibility for measuring the polarization of the produced52

particles [10]. In parity-violating weak decays the daugh-53

ter particle distribution in the rest frame of the hyperon54

directly depends on the hyperon polarization:55

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)56

where αH is the hyperon decay parameter, P∗
H is the57

hyperon polarization, and p̂∗
B is the unit vector in the58

direction of the daughter baryon momentum, both in the59

parent rest frame denoted by an asterisk.60

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →61

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-62

ized, its polarization is partially transferred to daughter63

Λ. Both steps in such a cascade decay are parity violat-64

ing, and thus can be used for an independent measure-65

ment of the polarization of Ξ− (Ξ̄+).66

The polarization of the daughter baryon in a weak de-67

cay of a spin 1/2 hyperon is described by the Lee-Yang68

formula [11–13] in terms of the three parameters α (parity69

violating part), β (violation of the time reversal symme-70

try), and γ (satisfying α2+β2+ γ = 1). For a particular71

case of Ξ → Λ+ π decay it reads:72

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)73

where p̂∗
Λ is the unit vector of the Λ momentum in the74

Ξ rest frame. Averaging over the angular distribution of75

the Λ in the rest frame of the Ξ given by Eq. 2 yields76

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)77

Using the measured value for the γΞ− parameter [13, 14],78

the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)80

81
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the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
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81
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where  (1)
EP is the first harmonic (directed flow) event

plane (e.g. determined by the deflection of projectile

spectators) and R
(1)
EP is the corresponding event plane

resolution (see Ref. [11] for the discussion of the detector
acceptance e↵ects).

It should be pointed out that in relativistic heavy ion
collisions the electromagnetic field may also play a role
in determining the polarization of produced particles. If
we keep the assumption of local thermodynamic equilib-
rium, one can apply the formulae (30), (31). However,
as yet, it is not clear if the spin degrees of freedom will
respond to a variation of thermal vorticity as quickly as
to a variation of the electromagnetic field. If the relax-
ation times were sizeably di↵erent, one would estimate
thermal vorticity and magnetic field from the measured
polarization (see Section VI) at di↵erent times in the pro-
cess. The magnetic moments of particles and antiparti-
cles have opposite signs, so the e↵ect of the electromag-
netic field is a splitting in global polarization of particles
and antiparticles. Particularly, the ⇤ magnetic moment
is µ⇤ ⇡ �0.61µN = �0.61e/(2mp) [33] and, under the
assumption above, one can take advantage of a di↵er-
ence in the polarization of primary ⇤s and ⇤̄s (i.e. those
emitted directly at hadronization) to estimate the (mean
comoving) magnetic field:

eB ⇡ ��P
prim

mpT/0.61 (34)

where mp is the proton mass, and �P
prim ⌘ P

prim
⇤ �

P
prim

⇤
is the di↵erence in polarization of primary ⇤ and

⇤. An (absolute) di↵erence in the polarization of pri-
mary ⇤’s of of 0.1% then would correspond to a mag-
netic field of the order of ⇠ 10�2

m
2
⇡, well within the

range of theoretical estimates [36–38]. However, we warn
that equation 34 should not be applied to experimental
measurements without a detailed accounting for polar-
ized feed-down e↵ects, which are discussed in Section VI.

Finally, we note that a small di↵erence between ⇤ and
⇤̄ polarization could also be due to the finite baryon
chemical potential making the factor (1�nF ) in eq. (20)
di↵erent for particles and antiparticles; this Fermi statis-
tics e↵ect might be relevant only at low collision energies.

V. SPIN ALIGNMENT OF VECTOR MESONS

The global polarization of vector mesons, such as � or
K

⇤, can be accessed via the so-called spin alignment [39,
40]. Parity is conserved in the strong decays of those
particles and, as a consequence, the daughter particle
distribution is the same for the states Sz = ±1. In fact,
it is di↵erent for the state Sz = 0, and this fact can be
used to determine a polarization of the parent particle.
By referring to eq. (12), in the thermal approach the
deviation of the probability for the state Sz = 0 from
1/3, is only of the second order in $:

p0 =
1

1 + 2 cosh$c
⇡ 1

3 +$2
c

⇡ 1

3
(1�$

2
c/3), (35)

Decay C
parity-conserving: 1/2+ ! 1/2+ 0� �1/3
parity-conserving: 1/2� ! 1/2+ 0� 1
parity-conserving: 3/2+ ! 1/2+ 0� 1/3
parity-conserving: 3/2� ! 1/2+ 0� �1/5

⌅0 ! ⇤+ ⇡0 +0.900
⌅� ! ⇤+ ⇡� +0.927
⌃0 ! ⇤+ � -1/3

TABLE I. Polarization transfer factors C (see eq. (36)) for
important decays X ! ⇤(⌃)⇡

which could make this measurement di�cult. Similarly
di�cult will be the detection of the global polarization
with the help of other strong decay channels, e.g. pro-
posed in Ref. [41].

VI. ACCOUNTING FOR DECAYS

According to eq. (30) (or, in the non-relativistic limit,
equations 14-17), the polarization of primary ⇤ hyper-
ons provides a measurement of the (comoving) thermal
vorticity and the (comoving) magnetic field of the sys-
tem that emits them. However, only a fraction of all
detected ⇤ and ⇤̄ hyperons are produced directly at the
hadronization stage and are thus primary. Indeed, a large
fraction thereof stems from decays of heavier particles
and one should correct for feed-down from higher-lying
resonances when trying to extract information about the
vorticity and the magnetic field from the measurement of
polarization. Particularly, the most important feed-down
channels involve the strong decays of ⌃⇤ ! ⇤ + ⇡, the
electromagnetic decay ⌃0 ! ⇤ + �, and the weak decay
⌅! ⇤+ ⇡.
When polarized particles decay, their daughters are

themselves polarized because of angular momentum con-
servation. The amount of polarization which is inherited
by the daughter particle, or transferred from the parent
to the daughter, in general depends on the momentum
of the daughter in the rest frame of the parent. As long
as one is interested in the mean, momentum-integrated,
spin vector in the rest frame, a simple linear rule applies
(see Appendix A), that is:

S⇤
D = CS⇤

P (36)

where P is the parent particle, D the daughter and C

a coe�cient whose expression (see Appendix A) may or
may not depend on the dynamical amplitudes. In many
two-body decays, the conservation laws constrain the fi-
nal state to such an extent that the coe�cient C is inde-
pendent of the dynamical matrix elements. This happens,
e.g., in the strong decay ⌃⇤(1385) ! ⇤⇡ and the electro-
magnetic ⌃0 ! ⇤� decay, whereas it does not in ⌅! ⇤⇡
decays, which is a weak decay.
If the decay products have small momenta com-

pared to their masses, one would expect that the spin

Polarization transfer factor C

2

The polarization of the daughter baryon in a two par-82

ticle decay of spin 3/2 hyperon, Ω → Λ + K, is also83

described by three parameters αΩ, βΩ, and γΩ [15]. The84

decay parameter αΩ, determines the angular distribution85

of Λ in the Ω rest frame and is measured to be small [14]:86

αΩ = 0.0157±0.0021; this makes the Ω polarization mea-87

surement via analysis of the daughter Λ angular distribu-88

tion practically impossible. The polarization transfer in89

this case is determined by the γΩ parameter via [15–17]:90

P∗
Λ = CΩ−ΛP

∗
Ω = 1

5 (1 + 4γΩ)P
∗
Ω. (6)91

The time-reversal violation parameter βΩ is expected to92

be small. This combined with the constraint that α2 +93

β2 + γ2 = 1, limits unmeasured parameter γΩ ≈ ±1,94

resulting in a polarization transfer CΩ−Λ ≈ 1 or CΩ−Λ ≈95

−0.6.96

Our analysis is based on the data of Au+Au collisions97

at
√
sNN = 200 GeV collected in 2010, 2011, 2014, and98

2016 by the STAR detector. Charged-particle tracks were99

measured in the time projection chamber (TPC) [18],100

which covers the full azimuth and a pseudorapidity range101

of |η| < 1. The collision vertices were reconstructed using102

the measured charged-particle tracks and were required103

to be within 30 cm in the beam direction for the 2010104

and 2011 datasets. The narrower vertex selection to be105

within 6 cm was applied in the 2014 and 2016 data due to106

online trigger requirement for the Heavy Flavor Tracker107

installed prior to 2014 data taking. The vertex in the108

radial direction relative to the beam center was also re-109

quired to be within 2 cm. Additionally, the difference in110

the vertex positions along the beam direction from the111

vertex position detectors (VPD) [19] located at forward112

and backward pseudorapidities (4.24 < |η| < 5.1) was re-113

quired to be less than 3 cm to suppress pileup events in114

which more than one heavy-ion collision occurred. These115

selection criteria yielded about 180 (350) million mini-116

mum bias (MB) events for the 2010 (2011) dataset, 1117

billion MB events for the 2014 dataset, and 1.5 billion118

MB events for the 2016 dataset. The MB trigger re-119

quires hits of both VPDs and the zero-degree calorimeters120

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,121

within certain timing cut for both detectors. The colli-122

sion centrality was determined from the measured multi-123

plicity of charged particles within |η| < 0.5 and a Monte-124

Carlo Glauber simulation [21, 22].125

The first-harmonic event plane angle Ψ1 as an exper-126

imental estimate of the impact parameter direction was127

determined by measuring the neutron spectator deflec-128

tion [23] in the ZDCs equipped with Shower Maximum129

Detectors (SMD) [24]. The event plane resolution [25] is130

largest (∼41%) for collisions with 30%-40% centrality in131

the 2014 and 2016 datasets and is increased by 4% for132

the 2010 and 2011 datasets [5].133

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter134

Λ (Λ̄) were reconstructed utilizing the decay channels135

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and136
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

(Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality in Au+Au colli-
sions at

√
sNN = 200 GeV taken in 2014. Vertical dashed

lines indicate three standard deviations (3σ) from the peak
positions assuming a normal distribution.

Λ → pπ− (63.9%), where the numbers in parenthesis137

indicate the corresponding branching ratio of the de-138

cays [26]. Charged pions (kaons) and protons of the139

daughter particles were identified based on the ioniza-140

tion energy loss in the TPC gas, and the timing informa-141

tion measured by the Time-Of-Flight detector[27]. Re-142

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-143

formed based on the Kalman Filter method developed for144

the CBM and ALICE experiments [28–30], which utilizes145

the quality of the track fit as well as the decay topology.146

Figure 1 shows the invariant mass distributions for recon-147

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.148

The purities for this centrality bin are higher than 90%149

for both species. The significance with the Kalman Filter150

method is found to be increased by ∼ 30% for Ξ com-151

pared to the traditional identification method based on152

the decay topology (e.g. see Refs. [5, 31]). The hyperon153

candidates were also ensured not to share their daughters154

and granddaughters with other particles of interest.155

The polarization projected along the initial angular156

momentum direction Ĵ can be defined as [32]:157

PH = ⟨P∗
H · Ĵ ⟩ = 8

παH

⟨sin(Ψobs
1 − φ∗

B)⟩
Res(Ψ1)

, (7)158

where αH is the hyperon decay parameter and φ∗
B is the159

azimuthal angle of the daughter baryon in the parent160

hyperon rest frame. The Ψobs
1 is a measured first-order161

event plane and Res(Ψ1) is the event plane resolution.162

The extraction of ⟨sin(Ψobs
1 − φ∗)⟩ was performed in the163

same way as in our previous studies [4, 5]. The decay164

parameters of Λ, Ξ−, and Ω− have been recently updated165

by the Particle Data Group [26] and the latest values are166

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±167

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and168

Ω hyperon polarization measurements via measurements169

of the daughter Λ polarization, the polarization transfer170

factor CΞΛ(ΩΛ), Eqs. 4 and 6, is used to obtain the parent171
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Vector-meson spin alignment

Vector-mesons (spin-1) can be used to study the polarization 
For parity-conserving strong decays, the usual decay angular distribution is sensitive to 
spin alignment rather than the sign of vector polarization 

Angular distribution of the decay products can be written with spin density matrix ρnn. 
 
 
 

The diagonal element ρ00: probability to have spin projection to be 0 
ρ00 = 1/3: no spin alignment 
ρ00 ≠ 1/3: spin aligned along quantization axis chosen

40

Figure 1. Cartoon of a non-central nuclear
collision. The arrows indicate the collective
velocity of the matter at z = 0 plane.

Figure 2. Diagram explaining the notations for di↵erent
angles discussed in the text. p⇤ is the proton momentum in
the hyperon rest frame. Vertical direction is the direction of
the global orbital momentum – the global polarization
direction. �p is the proton emission azimuth in the system
with x � z plane aligned with the reaction plane.

The simplest way to measure the global polarization is via analysis of the angular distributions of
the products of weakly decaying hyperons. Weak interaction violates parity, and, e.g. in the lambda
hyperon decay the protons are emitted preferentially in the direction of the lambda’s spin:

dN

d cos ✓⇤
/ 1 + ↵H PH cos ✓⇤, (2)

where ✓⇤ is the polar angle of the proton emission relative to the polarization direction in the hyperon
rest frame, �1  PH  1 is the hyperon polarization, and the parameter ↵⇤ = �↵⇤̄ ⇡ 0.624. To
measure the polarization of strongly decaying particles is obviously significantly more di�cult. It is
not at all possible for spin 1/2 particles; for the vector mesons one can hope to measure the deviation
from 1/3 of the probability for the spin projection to be zero [8]. The angular distribution (averaged
over the azimuthal distribution around the polarization direction) of the decay products in this case
reads:

dN

d cos ✓⇤
/ ⇢0,0|Y1,0|2 + ⇢1,1|Y1,�1|2 + ⇢�1,�1|Y1,1|2 / ⇢0,0 cos2 ✓⇤ +

1
2

(⇢1,1 + ⇢�1,�1) sin2 ✓⇤ (3)

/ (1 � ⇢0,0) + (3 ⇢0,0 � 1) cos2 ✓⇤ (4)

where ⇢0,0, ⇢1,1, and ⇢�1,�1 are the probabilities for the particle to have spin projection on the direction
of polarization to be zero, +1, and �1, respectively. The deviation from the non-polarized state value
⇢0,0 = 1/3 is in this case a second order e↵ect [8]. For example, an estimate based on Eq. 1 yields
⇢00 = 1/[3 + (!/T )2].

To measure the hyperon global polarization or vector meson spin alignment experimentally, one
can either analyze directly the distributions in ✓⇤, or, in case of the global polarization direction de-
fined by the one of the flow event planes, analyze the azimuthal distribution of the decay products
(in the resonance rest frame) relative to that flow plane. The azimuthal distribution analysis can be

|s, szi = |1, szi
(sz = �1, 0, + 1)

<latexit sha1_base64="BsSxtjDb/09WdV7wTm7aPh+oNJI=">AAACHHicbVDLSgMxFM34rPU16tJNsFgq1jJRQTeFohuXFewDOqVk0rQNzWSGJCPUPv7Djb/ixoUiblwI/o1pOwttPRA495x7ubnHCzlT2nG+rYXFpeWV1cRacn1jc2vb3tktqyCShJZIwANZ9bCinAla0kxzWg0lxb7HacXrXo/9yj2VigXiTvdCWvdxW7AWI1gbqWGfpQcqqxoP0JVYtDnND9C4jCvXTaZHI5gxSv4EZUdOdnSMjhp2ysk5E8B5gmKSAjGKDfvTbQYk8qnQhGOlasgJdb2PpWaE02HSjRQNMeniNq0ZKrBPVb0/OW4ID43ShK1Amic0nKi/J/rYV6rne6bTx7qjZr2x+J9Xi3Trst5nIow0FWS6qBVxqAM4Tgo2maRE854hmEhm/gpJB0tMtMkzaUJAsyfPk/JpDjk5dHueKlzFcSTAPjgAGYDABSiAG1AEJUDAI3gGr+DNerJerHfrY9q6YMUze+APrK8fL8Kffg==</latexit><latexit sha1_base64="BsSxtjDb/09WdV7wTm7aPh+oNJI=">AAACHHicbVDLSgMxFM34rPU16tJNsFgq1jJRQTeFohuXFewDOqVk0rQNzWSGJCPUPv7Djb/ixoUiblwI/o1pOwttPRA495x7ubnHCzlT2nG+rYXFpeWV1cRacn1jc2vb3tktqyCShJZIwANZ9bCinAla0kxzWg0lxb7HacXrXo/9yj2VigXiTvdCWvdxW7AWI1gbqWGfpQcqqxoP0JVYtDnND9C4jCvXTaZHI5gxSv4EZUdOdnSMjhp2ysk5E8B5gmKSAjGKDfvTbQYk8qnQhGOlasgJdb2PpWaE02HSjRQNMeniNq0ZKrBPVb0/OW4ID43ShK1Amic0nKi/J/rYV6rne6bTx7qjZr2x+J9Xi3Trst5nIow0FWS6qBVxqAM4Tgo2maRE854hmEhm/gpJB0tMtMkzaUJAsyfPk/JpDjk5dHueKlzFcSTAPjgAGYDABSiAG1AEJUDAI3gGr+DNerJerHfrY9q6YMUze+APrK8fL8Kffg==</latexit><latexit sha1_base64="BsSxtjDb/09WdV7wTm7aPh+oNJI=">AAACHHicbVDLSgMxFM34rPU16tJNsFgq1jJRQTeFohuXFewDOqVk0rQNzWSGJCPUPv7Djb/ixoUiblwI/o1pOwttPRA495x7ubnHCzlT2nG+rYXFpeWV1cRacn1jc2vb3tktqyCShJZIwANZ9bCinAla0kxzWg0lxb7HacXrXo/9yj2VigXiTvdCWvdxW7AWI1gbqWGfpQcqqxoP0JVYtDnND9C4jCvXTaZHI5gxSv4EZUdOdnSMjhp2ysk5E8B5gmKSAjGKDfvTbQYk8qnQhGOlasgJdb2PpWaE02HSjRQNMeniNq0ZKrBPVb0/OW4ID43ShK1Amic0nKi/J/rYV6rne6bTx7qjZr2x+J9Xi3Trst5nIow0FWS6qBVxqAM4Tgo2maRE854hmEhm/gpJB0tMtMkzaUJAsyfPk/JpDjk5dHueKlzFcSTAPjgAGYDABSiAG1AEJUDAI3gGr+DNerJerHfrY9q6YMUze+APrK8fL8Kffg==</latexit><latexit sha1_base64="BsSxtjDb/09WdV7wTm7aPh+oNJI=">AAACHHicbVDLSgMxFM34rPU16tJNsFgq1jJRQTeFohuXFewDOqVk0rQNzWSGJCPUPv7Djb/ixoUiblwI/o1pOwttPRA495x7ubnHCzlT2nG+rYXFpeWV1cRacn1jc2vb3tktqyCShJZIwANZ9bCinAla0kxzWg0lxb7HacXrXo/9yj2VigXiTvdCWvdxW7AWI1gbqWGfpQcqqxoP0JVYtDnND9C4jCvXTaZHI5gxSv4EZUdOdnSMjhp2ysk5E8B5gmKSAjGKDfvTbQYk8qnQhGOlasgJdb2PpWaE02HSjRQNMeniNq0ZKrBPVb0/OW4ID43ShK1Amic0nKi/J/rYV6rne6bTx7qjZr2x+J9Xi3Trst5nIow0FWS6qBVxqAM4Tgo2maRE854hmEhm/gpJB0tMtMkzaUJAsyfPk/JpDjk5dHueKlzFcSTAPjgAGYDABSiAG1AEJUDAI3gGr+DNerJerHfrY9q6YMUze+APrK8fL8Kffg==</latexit>



T. Niida, HuaDa QCD school 2026 @CCNU

Polarization measurement of other (stable) particles?

For example, can we measure proton polarization? If so, how?

41
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Polarization measurement of other (stable) particles?

For example, can we measure proton polarization? If so, how? 

At RHIC, the polarization of proton beam was measured by pC polarimeter 
(proton-Carbon polarimeter)
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p→ + C → p+ C

scattering to the left scattering to the right

The left-right asymmetry originates from spin-orbit interaction, 
i.e. interaction between p spin and its orbital motion in EM/nuclear field of Carbon

The analyzing power AN depends on the scattering process and kinematics,  
and is experimentally calibrated using an absolute polarimeter.
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NL →NR

NL +NR
= P ·AN

left-right asymmetry
beam polarization

analyzing power 
or 

single spin asymmetry

P can be determined with known AN

The analyzing power AN depends on the scattering process and kinematics,  
and is experimentally calibrated using an absolute polarimeter.
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Polarization measurement of other (stable) particles?

For example, can we measure proton polarization? If so, how? 

At RHIC, the polarization of proton beam was measured by pC polarimeter 
(proton-Carbon polarimeter) 
 

The same technique will be used in the future experiment:  
Hyperon-Nucleon Spectrometer (H-NS) at HIAF 
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(a) (b)

Figure 2.8: Principle of proton polarimeter.

unpolarized target, the differential cross section is expressed as [271, 272]:

dω

dεdcos ϑ
=

1
2ϖ

dω0

dcos ϑ

[
1 + PyAN(ϑ) cos ε

]
(2.1)

Here, ω0 represents the unpolarized cross section, ϑ and ε denote the polar and azimuthal angle of the
scattered proton in the center-of-mass frame of the scattering. Figure 2.8(a) shows an illustration of
the pC scattering. Py corresponds to the transverse proton polarization to be determined. AN(ϑ) is the
scattering angle-dependent analyzing power, which has been measured extensively [273–283].

Proton polarimeters that use pp or pC scattering have been widely used, primarily as dedicated
detectors to measure the polarization of the proton beam in the initial state or the polarization of the
final state protons within a limited acceptance. For a large-acceptance general purpose spectrometer, a
novel technique to measure the final-state proton polarization has been proposed [248]. For H-NS, the
tracking detector is composed of five layers of pixel tracker and one layer of LGAD which provides time
and spatial measurements. This is ideal for integrating the nucleon polarimeter function, as illustrated in
Fig. 2.8(b). In the design, a thin carbon (or polyethylene) layer is placed between the tracking detectors
as a secondary target. The elastic scattering processes take place at the target, and the tracking detectors
measure the momenta of the incident proton and scattered/recoil particles.

2.2.6 Calorimeter

The electromagnetic calorimeter (ECAL) system, placed at the endcap of H-NS, is designed for the de-
tection of neutral particles including photons, neutral pions, and neutrons, and for distinguishing between
neutrons and photons. The ECAL employs two different technologies to meet various detection require-
ments: the central region uses PbWO4 crystals that provide superior energy and position resolutions,
while the outer region uses lead-glass modules, offering a cost-effective solution. A dual-readout scheme
combining lead glass and plastic scintillator is also under consideration as an outer region solution to
further improve energy reconstruction performance.

The ECAL is designed to provide ultra-high-precision measurements of the energetic ϱ-rays and to
identify neutrons with moderate energy resolution. The design is similar to the design of the calorime-
ter [284] for ς physics in Hall-D at Jefferson Lab (JLab) [285] where PbWO4 crystals are placed at the
center surrounding by lead-glass blocks, as shown in Fig. 2.9. The inner region of the ECAL consists
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Figure 2.1: Concept of H-NS detector.

The magnetic field in the flux return yoke is 1.28 T for the central magnetic field of 1.5 T. The coil is
internally wound in an aluminum alloy cylinder to support the magnetic hoop stresses. The technology
of internal winding of aluminum stabilized conductor has been chosen and successfully tested for many
spectrometer solenoids from CELLO in the early 80s to ATLAS and CMS at LHC today [253]. The
solenoid cold mass is cooled by helium in tubes attached to the coil support cylinder. Indirect cooling
simplifies the cryostat design and reduces the quantity of liquid helium it contains, effectively eliminating
the overpressure hazard associated with the cryostat.

Aluminum stabilized conductor gives high stability against quenches due to the large electrical con-
ductivity of aluminum at low temperature. It is able to withstand large thermal perturbations before a
normal conducting zone starts to spread. The quench protection system is designed to dissipate stored
energy by means of an external dump resistor. In addition, aluminum strips are glued inside the coil
surface to increase the quench propagation. The hot spot temperature shall be limited to 100 K for safety
reasons.

Stainless steel is selected for the vacuum vessel of the cryostat to ensure mechanical stability. The coil
is suspended from the outer vacuum vessel by the radial and axial ties. A radiation shield is positioned
between the coil and the cryostat outer vessel, which is cooled by helium gas at temperatures ranging
from 50 K to 80 K. To compensate the cryogenic losses of the solenoid, a refrigeration power is required.
A closed loop helium satellite refrigerator supplies adequate refrigeration power at both 50 K for the
intermediate temperature shields and at 4.5 K for the forced flow refrigeration of the coil cold mass.

2.2.2 Targets

Unpolarized targets—In the first stage, the H-NS will operate with unpolarized targets. As shown in
Fig. 2.3-(a), heavy-ion targets will be made of foils of materials containing carbon, calcium or titanium,
attached to a movable insert. A liquid hydrogen (LH2) target (Fig. 2.3-(b)) with the required geometry
to fit with the pixel silicon tracker will be developed. The typical density of the LH2 is 75 mg/cm3 at

The polarized hydrogen jet provides the absolute polarization calibration,  
while the pC polarimeter provides fast polarization measurements
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Summary & Take-home messages
Spin is an intrinsic quantum angular momentum 

Angular momentum projection is quantized, as demonstrated by the Stern-Gerlach experiment 

Polarization describes the spin state of an ensemble of particles 
The spin density matrix provides a general description of polarization and spin alignment 

Weak interactions violate parity 
The Wu experiment revealed parity violation through a correlation between nuclear spin and 
electron momentum 

Spin-dependent interactions allow us to measure polarization 
Weak decay, strong decay, and scattering can serve as spin analyzers.
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