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HyperonPhysics at Fermilab

• Hyperon physics has a long and distinguished history at

Fermilab.

– Beginning with E8 and the Fermilab Neutral Hy-

peron Group at Fermilab’s inception in the early

70s.

– Continuing with E440, E441, E495, E361, E620,

E497, E555, E619, E715, E761, E781, E756, E800,

Selex, KTeV, HyperCP.

• Almost all the experiments focused on the static and

decay properties of stable hyperons.

– High energies allowed beams of hyperons to be made.

• Highlights of that program include:

– The discovery of polarization in inclusive hyperon

production in 1976, and subsequent measurements.

– The precise measurement of the hyperon magnetic

moments.

• Much other physics done:

– Weak-radiative hyperon decays.

– β-decays.

– Measurements of masses, lifetimes, decay parameters.

– Production cross sections.
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Theory hasYet toCatchUp toExperiment

“We do not require more and better data. The issues are

already clear. What we need is more and better theory!”
Barry Holstein
Hyperon Physics Symposium
Fermilab, 1999

• Longstanding problems in hyperon physics still re-

main.

– ∆I = 1
2 rule.

– Nonleptonic branching ratio enhancement.

– S/P -wave problem.

– Weak-radiative decays — Hara’s theorem.

• Newer problems have appeared:

– Hyperon polarization.

– Hyperon magnetic moments.

• One glaring exception:

“Where we do need data involves the possibility of testing

the standard model prediction of CP violation.”
Barry Holstein
Hyperon Physics Symposium
Fermilab, 1999
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HyperCPPhysicsGoals

Primary Goal:

• A search for exotic sources of CP violation in charged-Ξ and Λ decays.

Secondary Goals:

• Search for CP violation in Ω±→ ΛK± decays.

• Search for rare and forbidden hyperon and charged kaon decays:

– Lepton number nonconservation in Ξ−→ pµ−µ−.
– Flavor changing neutral currents in hyperon and charged kaon decays:

Ω−→ Ξ−µ+µ−, Σ+→ pµ+µ−, Ω−→ Ξ−µ+µ−,K±→ π±µ+µ−.
– ∆S > 1 decays: Ξ−→ pπ−π−, Ω−→ Λπ−, Ω−→ pK−π−, Ω−→ pπ−π−.
– Ω−→ Ξ−π+π−.

• Measure various hyperon production and decay properties:

– Ξ−(Ξ+) and Ω−(Ω+) polarization.
– α, β and γ parameters in Ξ− decays.

– α decay parameter in Ω±→ ΛK± decays.

– Hyperon production cross sections.

Note:

– Other Ξ− physics, such as precision mass and lifetime measurements, could be done,

but manpower for such analyses lacking.
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NewHyperonBeamand SpectrometerBuilt

• New charged secondary beam built:

– 800 GeV/c protons on 2×2mm2 Cu target

– Mean momentum: 167 GeV/c

– Rate: 10–15MHz

• New high-rate spectrometer built:

– 8 high-rate, narrow-pitch wire chambers

– No particle ID except muon system

– Simple, low-bias trigger.

– Very high-rate DAQ
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Spectrometer has LargeAcceptance andGoodResolution
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HyperCPDataAcquisition System

• All custom front ends: no CAMAC, Fastbus,

or VME.

• Sustained data logging rate of 27MB/s onto

27 Exabyte 8705 tapes.

• Maximum trigger rate of about 100,000 events

per second:
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HyperCPYields

• In 12 months of data taking HyperCP recorded one the largest data samples ever by a

particle physics experiment: 231 billion events, 29,401 tapes, and 119.5 TB data.
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Short Primer onNonleptonicHyperonDecays

Ξ−→Λπ− Λ→ pπ−

• Decay violates parity: angular distribu-
tion of daughter baryon is not isotropic (if

parent is polarized)

dP

d cos θ
=

1

2
(1 + αpPp cos θ)

• Themagnitude of the parity violation
is given by αp

α =
2Re(S∗P )

|S|2 + |P |2

S: parity violating amplitude

P : parity conserving amplitude

• The slope of the daughter baryon cos θ distri-

bution is given by:

αpPp

• Hyperon alpha parameters large!
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Short Primer onNonleptonicHyperonDecays

Ξ−→Λπ− Λ→ pπ−

Daughter Λ baryon is polarized

~PΛ =
(αΞ + ~PΞ · p̂Λ)p̂Λ + βΞ(~PΞ×p̂Λ) + γΞ(p̂Λ×(~PΞ×p̂Λ))

(1+αΞ ~PΞ · p̂Λ)
where:

α =
2Re(S∗P )

|S|2 + |P |2 β =
2Im(S∗P )

|S|2 + |P |2 γ =
|S|2 − |P |2
|S|2 + |P |2

β =
√
1− α2 sinφ γ =

√
1− α2 cosφ

If parent Ξ− is unpolarized the Λ is produced in a helicity

state:

~PΛ = αΞp̂Λ
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Hyperonα andβParameters

• Alpha parameters can be large!

• Most are well measured.

• Until recently all known to be non-zero except

for the three in Ω− decays.

• Beta parameters zero or very small.

• Difficult to measure: need a polarized parent

hyperon.
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Calculatingα andβParametersDifficult

• S/P -wave problem longstanding

• Standard approach using contact term for parity-violating S-wave amplitude and

pole model for parity-conserving P -wave amplitude gives good S-wave fit, but very

poor P -wave fit.

• One can fit the P waves, but the S-wave amplitudes are bad: simultaneously fitting

both S- and P -waves has been difficult.

• Solution: Include (70,1−) intermediate states (Le Youaunc).

• Solution: Include intermediate 12
−
and 1

2

+
resonances (Borasoy and Holstein).

• These approaches are promising, but ball remains in theorists court.
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Measuring theCascadeαDecayParameter

• Use unpolarized Ξ− events⇒ Λ is produced in a

helicity state with helicity αΞ.

• Find Λ polarization via its parity-violating decay

distribution: αΞαΛ.

• The proton angular distribution is found in the

Lambda Helicity Frame.

Use HybridMonte Carlo method:

• Take a real Ξ→ Λπ, Λ→ pπ event, discard

proton and pion, generate 10 new unpolarized Λ

decays.

• Generate isotropic Λ decay HMC events and

then weight by

W (αΞαΛ) =
1 + αΞαΛ cos θHMC
1 + αΞαΛ cos θreal

• Vary αΛαΞ until best fit between data and MC is

obtained.

• Requires:

– Very good Monte Carlo description of the

apparatus and decay.

– Very fast Monte Carlo: ∼10 billion events.
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Measuring theCascadeαDecayParameter

• Beating down systematic errors difficult and a

work still in progress.

• Preliminary result: from 1.555 billion events:

αΞαΛ = (−0.2850±0.00009) HyperCP

= (−0.294±0.005) PDG
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Measuring theCascadeβParameter

β =
2Im(S∗P )

|S|2 + |P |2
• β gives the transverse component of the daughter Λ

polarization “out-of-plane” for the polarized Ξ− decay.

~PΛ =
(αΞ + ~PΞ · p̂Λ)p̂Λ + βΞ(~PΞ×p̂Λ) + γΞ(p̂Λ×(~PΞ×p̂Λ))

(1+αΞ ~PΞ · p̂Λ)
• It is known to be small.

• To determine β the Λ polarization must be measured

from a polarized sample of Ξ decays.

• Procedure:

- First find the direction and magnitude of the Ξ−

polarization.

- Find the Λ polarization components in the trans-

verse plane through the asymmetry in the Λ decay

distribution: Pβ = αΛβΞPΞ and Pγ = αΛγΞPΞ.
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ProducingPolarizedCascades

• Polarization in inclusive high-energy hyperon pro-

duction was discovered at Fermilab in 1976.

• A series of experiments have found that all hyperons

are produced polarized, with polarization increasing

with pt and xF .

• Special polarization sample taken by targeting at

non-zero production angles.

• Production angles limited to±3.0 mrad.

• Polarization extracted from the asymme-

try in the Λ decay using a Hybrid Monte

Carlo method.

• Bias canceled by subtracting +3.0 mrad

from−3.0 mrad asymmetry.
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Ξ−Polarization andMagneticMoment

• Small polarization makes extracting β particu-

larly difficult.

• Polarized data sample polarization poor:

Mean polarization: ∼ 3.7%.
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Cascadeβ and γDecayParameters

• From 144 million polarized Ξ− decays:

φ = −2.39◦±0.64◦(stat)±0.64◦(syst)

βΞ = −0.037±0.011(stat)±0.010(syst)

γΞ = 0.888±0.0004(stat)±0.006(syst)

• At 2.5σ from zero best evidence of a non-zero β

parameter in any hyperon decay.

• Has implications on CP-violation measurement.

• Published: PRL 93, 011802 (2004).
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How to Search forCPViolation inHyperonDecays

Due to parity violation the proton likes to go in the direction of the Λ spin:

Λ→ pπ−: dN(p)

d cos θ
=

N0
2
(1+αΛPΛ cos θ) α =

2Re(S∗P )

|S|2 + |P |2 = 0.642

Under CP the antiproton likes to go in the direction opposite to the Λ spin:
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Problem: The Λ/Λ polarizations have to be precisely known to extract αΛ/αΛ
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ProducingPolarizedΛ/Λ’s : unpolarizedΞDecays

In this technique, pioneered by HyperCP, Λ/Λ’s of known polarization are produced from unpolarized

Ξ−/Ξ
+
’s:

Ξ− → Λπ− Ξ
+ → Λπ+

If the Ξ is produced unpolarized — which can simply be done by targeting at 0 degrees — then the Λ is

found in a helicity state, with a large polarization (αΞ = −0.458):

~PΛ = αΞp̂Λ ~PΛ = αΞp̂Λ

dN(p)

d cos θ
=

N0
2
(1 + αΛαΞ cos θ)

dN(p̄)

d cos θ
=

N0
2
(1 + αΛαΞ cos θ)

If CP is good, the slopes of the

proton and antiproton cos θ

distributions are identical, and:

αΞαΛ = αΞαΛ

-1 +10
cosθ

Ξ Λ+ + + +→ π → π πp
slope = α αΛ Ξ

dN
dcosθ

-1 +10
cosθ

Ξ → Λπ → π π– – – –p
slope = α αΛ Ξ

dN
dcosθ
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HyperCP technique is sensitive to bothΞ andΛCP violation

αΞαΛ − αΞαΛ
αΞαΛ + αΞαΛ

≈ AΞ + AΛ

where: AΞ =
αΞ + αΞ
αΞ − αΞ

and AΛ =
αΛ + αΛ
αΛ − αΛ

WhatHyperCP experimentally

measures⇒

Important: polar axis changes from event

to event.
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What is the experimental situation?

• To date there are only upper limits on the

asymmetries.

• AΛ has been measured to 2×10−2:

Exp Mode Method

R608 AΛ pp→ ΛX, pp→ ΛX

DM2 AΛ e+e−→ J/ψ→ ΛΛ

PS185 AΛ pp→ ΛΛ

• There is a recent measurement of AΞΛ,

based on the HyperCP technique:

Exp Mode Method

E756 AΞΛ pN→ Ξ±X→ Λπ±

• This measurement of AΞΛ can be used with

measurements of AΛ to infer a limit on AΞ.
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• None of these measurements is in the regime of testing theory.

• HyperCP is pushing two orders of magnitude beyond the best limit, to∼10−4.
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Phenomenology ofCPViolation inΞ andΛDecay

• CP violation in Ξ and Λ decays is manifestly direct with ∆S = 1.

• Three ingredients are needed to get a non-zero asymmetry:

1. At least two channels in the final state: the S-and P -wave amplitudes.

2. The CP violating weak phases must be different in the two channels.

3. There must be unequal final-state scattering phase shifts in the two channels.

AΛ = (αΛ + αΛ)/(αΛ − αΛ)
∼= − tan (δP − δS) sin (φP − φS),

AΞ = (αΞ + αΞ)/(αΞ − αΞ)
∼= − tan (δP − δS)

︸ ︷︷ ︸

strong phases

sin (φP − φS)
︸ ︷︷ ︸

weak phases

.

• Asymmetry greatly reduced by the small strong phase shifts.

• The pπ phase shifts have been measured to a precision of about one degree:

Λ







δP = −1.1± 1.0◦

δS = 6.0± 1.0◦

• The Λπ phase shifts can’t be directly measured, theoretical predictions disagree:

Ξ−






δP = −2.7◦

δS = −18.7◦






1965

= −1◦

= 0◦






recentχPT

HyperCP has measured the Λπ phase shift: (4.6±1.8)◦
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Comparison of ε′/ε andAΞ,AΛ

ε′/ε AΞΛ

• Thought to be due to the Penguin diagram in

the Standard Model.

W

K
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g
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s
u
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u
d p
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p
+

• Expressed through a different CP-violating

phase in the I = 0 and I = 2 amplitudes.

• Probes only parity violating amplitudes.

• Thought to be due to the Penguin diagram in

the Standard Model.
W
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• Expressed through a different CP-violating

phase in the S- and P -wave amplitudes.

• Probes parity violating and conserving am-

plitudes.

“Our results suggest that this measurement is complementary to the

measurement of ε′/ε, in that it probes potential sources of CP violation

at a level that has not been probed by the kaon experiments.”

He and Valencia, PRD52 (1995) 5257.
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Measurement of theΛ-πPhase Shift

• This is done by analyzing the Λ decay distribution from 144

million polarized Ξ−’s.
• Λ has three components of polarization:

~PΛ =
(αΞ + ~PΞ · p̂Λ)p̂Λ + βΞ(~PΞ×p̂Λ) + γΞ(p̂Λ×(~PΞ×p̂Λ))

(1+αΞ ~PΞ · p̂Λ)
x

y

z

α
β

γ

pΛ
Λ

Ξ

PΞ

PΛ

βΞ = −0.037±0.011(stat)±0.010(syst)

γΞ = 0.888±0.0004(stat)±0.006(syst)

• Using the known value of αΞ:

δP − δS = tan−1
(

βΞ
αΞ

)

= (4.6±1.4±1.2)◦

• First non-zero measurement of phase shift.

• This is about the same magnitude as the p-π phase

shift:

⇒ CP equally likely in Ξ and Λ decays.

⇒ CP predictions underestimated,

⇒ χPT calculations off?

Nath/Kumar
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Lu et al.
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BadNews: StandardModel TheoryPredictions Small

• Much enthusiasm a decade ago as Standard

Model predictions were relatively large.

Valencia (1991)

• At same time there was concern that acciden-

tal cancellation in the kaon system would lead

to ε′/ε ≈ 0.

Paschos (1991)

• Standard Model predictions have slowly fallen

to:

−0.5×10−4 < AΞΛ < +0.5×10−4

(Tandean & Valencia, 2003)

• The expected SM asymmetry is out of reach

for any experiment, planned or otherwise.

Important: no unambiguous connection between: δCKM ⇔ AΞ, AΛ
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GoodNews: StandardModel TheoryPredictions Small

• Most beyond-the-standard-model theories predict new and large CP-

violating phases.

• These beyond-the-standard-model predictions are often not well con-

strained by kaon CP measurements: hyperon CP violation probes both

parity conserving and parity violating amplitudes.

• Recent paper by Tandean (2004)

shows that the upper bound on AΞΛ
from ε′/ε and εmeasurements is

∼100×10−4.

• For example, some supersymmetric

models that do not generate ε′/ε can
lead to AΛ of O(10−3).

• Other BSM theories, such as Left-

Right mixing models, (Chang, He,

Pakvasa (1994)), also have enhanced
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AnyCP -violation signal will almost certainly come fromNew Physics.
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Extracting theCP Asymmetry

• If CP is a good symmetry proton and antiproton cos θ distributions identical.

dN−
d cos θ−

= A−
N−
2

(1 + αΞαΛ cos θ−)
dN+

d cos θ+
= A+

N+

2
(1 + αΞαΛ cos θ+)

• Take the ratio of the proton and antiproton

cos θ distributions: a nonzero slope is

evidence of CP violation.

• Fit ratios to:

R(θ, δ) = C
1 + αΞαΛ cos θ

1 + (αΞαΛ − δ) cos θ

to extract asymmetry δ:

δ = αΞαΛ − αΞαΛ

AΞΛ =
δ

αΞαΛ + αΞαΛ
=

δ

2αΞαΛ

= 1.71 δ

• Note: NoMonte Carlo needed to mea-
sure apparatus acceptance.

cosq

-1 +1

dN

dcosq

0

slope = a a
L X

-1 +10
cosq

slope = a a
L X

dN

dcosq

dN

dcosq

-1 +10
cosq

Ratio Flat: no CP

Sloped: CP
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Equalize Ξ− andΞ+Acceptances byWeightingTechnique

• Problem: Geometrical acceptance identical for Ξ−

and Ξ+ decay products only if parent Ξ− and Ξ+

have same momentum and inhabit the same phase

space exiting the collimator.

• They are not the same due to different production

dynamics.

• Solution: Weight the Ξ− and Ξ+ events to force

the two distributions to be identical.

• Momentum-dependent parameters of Ξ at collima-

tor exit matched.

• 100× 100× 100 = 1×106 bins used.

+ data Bin data in
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100 bins
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Fill + histograms
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Proton, Λ-pion, Ξ-pionMomentaBefore/AfterWeighting

− Solid lines

+ dashed lines

0

500

1000

1500

x 103

75 100 125 150 175
Proton z momentum (GeV/c)

E
ve

nt
s/

(5
.5

G
eV

/c
)

0.75

1

1.25

1.5

1.75

75 100 125 150 175
Proton z momentum (GeV/c)

R
at

io

0

2500

5000

7500

10000

x 102

10 20 30 40
Λ pion z momentum (GeV/c)

E
ve

nt
s/

(1
.9

5G
eV

/c
)

0.8

1

1.2

1.4

1.6

10 20 30 40
Λ pion z momentum (GeV/c)

R
at

io

0

5000

10000

x 102

20 40 60
Ξ pion z momentum (GeV/c)

E
ve

nt
s/

(2
.7

5G
eV

/c
)

0.75

1

1.25

1.5

1.75

20 40 60
Ξ pion z momentum (GeV/c)

R
at

io

◦: before weighting
4 after weighting



Cascade Physics Workshop Craig DukesHyperCP

Helicity FrameAnalysisNaturallyMinimizesBiases

• The helicity frame axes changes

from event to event since we always

define the polar axis to be the direc-

tion of the Λ momentum in the Ξ

rest frame.

f f
pL

pp

x x

y y

z z

x’
y’

z’

X X

L
L

q

X Rest Frame X Rest Frame

L Helicity Frame L Helicity Frame

PL

PL

x
’

y
’

z
’

q

pp

pL

• Acceptance differences localized in

a particular part of the apparatus

do notmap into a particular part

of the proton (antiproton) cos θ

distribution.

cos θΛp
+1-1 0

dN
dcosθ

Important! Overall acceptance differences do not cause any biases.
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Result fromCP Violation Search

• ∼10% total data sample.

• 118.6 million Ξ−, 41.9 million Ξ+.

AΞΛ =
αΞαΛ − αΞαΛ
αΞαΛ + αΞαΛ

= [0.0±5.1(stat)±4.4(syst)]×10−4

• Constraining beyond-the-standard-model pre-

dictions which are not well constrained by kaon

CP measurements as hyperons probe both parity

conserving and parity violating amplitudes.
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• PRL 93, 262001 (2004).

• Expect 3× improvement with full dataset.
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Search for ParityViolation inΩ−→ΛK−Decays

Ω−→ΛK− Λ→ pπ−

• Although spin-3/2, the unpolarized Ω−→ ΛK−

decay goes much like the other hyperon two-body

decays.

• The Λ decay asymmetry is:

dP
d cos θ = 1

2(1 + αΩαΛ cos θ)

• Here:

αΩ =
2Re(P ∗D)

|P |2 + |D|2

• A non-zero αΩ indicates parity violation.

• All other hyperons have non-zero α parameters; only

the Ω− has resisted efforts to find an asymmetrical

decay distribution.

• Large data sample, little background.
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FirstObservation of ParityViolation inΩ−→ΛK−Decays

Ω−→ ΛK−→ pK−π−
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• No evidence of CP violation in Ω−/Ω+ decays.

• Most precisely know alpha parameter.

• 97: PRD 71, 051102(R) (2005)

• 99: PLB 617, 11 (2005)
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Search for LeptonNumberViolation

Ξ−→ pµ−µ−

uX

m
–

m
–

W
–

W
–

u

u

dd

s

s

X
–

p

• Lepton number violating decay could imply

existence of Majorana type neutrino.

• Not constrained by limits on neutrinoless

double β decay.

B(Ξ−→ pµ−µ−)

B(Ξ−→ all)
< 4.0×10−8 @ 90% CL

• PDG limit :< 3.7×10−4 @ 90% CL

(Littenberg and Shrock)

• to appear in PRL
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Search for∆S = 2HyperonDecays

• SM branching ratios< 10−12

⇒ window for new physics

B(Ξ0→ pπ−) = 0.9





αnew
αEW






2

• Important: Limits from K decays do not pre-

clude an observable effect.

“. . . it is possible for new ∆S = 2 in-

teractions to induce hyperon decays at

an observable level while evading the

bounds fromK0-K
0
mixing.”

He and Valencia, PL B409 (1997) 469.

• Look for two decays:

Ω−→Λπ−

→ pπ−
Ω−→Ξ0π−

→ pπ−

• Nothing found: limits improved by large

amounts.

Limits (90%CL)

Mode HyperCP PDG

Ω−→ Λπ− < 2.9×10−6 < 1.9×10−4

Ξ0→ pπ− < 8.2×10−6 < 3.6×10−5

• PRL 94, 101804 (2005)
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Study ofΩ−→Ξ−π+π−Decay

• Decay can proceed two ways:

Ω−→Ξ−π+π−
→ Λπ−

→ pπ−
Ω−→Ξ∗0(1530)π−

→ Ξ−π+
→ Λπ−
→ pπ−

• The current PDG branching ratios:
BR(Ω−→ Ξ−π+π−) = (4.3+3.4−1.3)×10−4

BR(Ω−→ Ξ∗0(1530)π−→ Ξ−π+π−) = (6.4+5.1−2.0)×10−4







Based on 4 events from Bourquin et

al. NPB 241, 1 (1984).

• Theory favors resonance mode.

• Hence Bourquin et al. assumed that their four events were all from the resonance mode,

although the evidence is not compelling.

• HyperCP observes 137 events, giving a preliminary BR of:

BR(Ω−→ Ξ−π+π−) = [3.6±0.3(stat)±0.45(syst)]×10−4

NPB (Proc. Suppl.) 115, 54 (2003).

• What fraction of these events come from the resonance decay?
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Dalitz Plot: Phasespace vsResonance

• Big blue dots: data.

• Small black dots: Monte Carlo.
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• The data are more consistent with the 3-body phase-space

decay than with the resonance mode.



Cascade Physics Workshop Craig DukesHyperCP

The pπ−π+π− InvariantMass

• Data is inconsistent with the

Ω−→ Ξ∗0(1530)π− decay.

• Data more consistent with

Ω−→ Ξ−π+π− uniform phase-space

decay.

• Agreement with Ω−→ Ξ−π+π− decay

not perfect.

• Linear superposition of both decays im-

proves fit, but only if coefficient for

Ω−→ Ξ∗0(1530)π− decay is negative!

• Preliminary!

Blue: Resonant Decay MC

Red:  Phase-Space MC
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Search forΣ+→ pµ+µ−
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• Three events represent the rarest decay of a baryon

ever observed:

B(Σ+→ pµ+µ−)

B(Σ+→ all)
= [8.6+6.6−5.4(stat)±5.5(syst)]×10−8

• Narrow dimuon mass, m = 214.3±0.5MeV, suggests

decay proceeds via hitherto unknown particle: could

it be the pseudoscalar sgoldstino of Gorbunov and

Rubakov?

Σ+→ pP 0→ pµ+µ−

• PRL 94, 021801 (2005)

This needs to be confirmed!
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Conclusions andOutlook

• Very high-statistics hyperon data samples can be easily obtained at high-energy

accelerators like Fermilab.

• With present technology the∼1 billion event HyperCP data sets can be easily

increased to∼10 billion events, if not more.

• These data sets allow very high-precision measurements and sensitive rare-decay

searches to be made in the hyperon sector.

• These limits are often not constrained by measurements in the kaon system.

• HyperCP’s hyperon CP-violation measurements are probing limits not con-

strained by Kaon, B, or EDM measurements.

“. . . we can then conclude that the available preliminary

measurement by HyperCP has already begun to probe the

parity-even contributions better than ε does.”

Tandean (2004)

• Unfortunately, after some thirty years of impressive experimental
work, hyperon physics, indeed non-neutrino fixed-target physics,

is finished at Fermilab.


