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Genesis of an 1dea

* It was noticed in the Fermilab
neutral kaon experiment

E731(1983'1987) that a 200
significant A flux was evident L B el '
as a background to kaon SE A
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The KTeV experiment at Fermilab

Designed in 1992, finished
construction in 1996 and took data in
1997-1999.

Ultimate goal of the experiment was
to measure the CP violation parameter
¢ [e of the neutral kaon system, to a
precision of 1x10-4

The beam was approximately 20 MHz
of neutrons/kaons/hyperons in a
150:50:1 ratio

The experiment was a long vacuum
decay channel, followed by a
precision drift chamber spectrometer
and a high quality Csl
electromagnetic calorimeter.
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The KTeV Beamline
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- KTeV beamline was designed with consideration for hyperon polarization:

\ ®
=° Spin Vector: l N\ - -~ ¢ ®or

- Half of the KTeV data was taken with each of the two vertical polarization states



A view of the KTeV experiment, 3100 crystals of pure Csl formed the
looking upstream, with the TRD electromagnetic calorimeter.

system in the foreground and the Approximately 1 mm spatial resolution
large analysis magnet in center. and better than 1% energy resolution.
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KTEV Event Display

fusiikseraldata 15 ramberg/su
mmer_ma'me_with_hakaslpi.dg
Run Mumber: 10480

Epill Mumber: £1

Event Mumber: 80

Trigger Mask: 200

All Blices

Track and Cluster Ink
HCC cluster count: 2
ID Mosi Yosi PorE

[T 1:-0.2378 0.0883 1851
C3: 03399 0.0908 097

T2 01981 -0.0148 +186 55
1 00417 00884 4545
2 01712 02644 19.89

Vartex: 2 tracks, 2 clusters
X ki z
00756 -0.0085 104219

Mass=07044 (assuming pions)
Chisg=0.02 Pt2v=0.000169

- Cluster

- Track

m{ o

- 10.00 GV
- 1.00GeY
- 0.10GeY
- 001GeY

oo

B

—An° — (pm 7)(yy) eventin KTeV

Minimum bias ‘Stiff Track Trigger”
demanded:

* High momentum track down one of the beam
holes

» Two clusters and at least 16 GeV in the
calorimeter

» Momentum ratio between high momentum
track and low momentum track of >2.5

Eo beta decay trigger demanded:
« Stiff Track Trigger
* No energy in hadron calorimeter behind Csl

In the 1999 run there were about:

= 3 x 108 =° decays in the KTEV decay volume
= 1.7 X 108 Eo—» An° decays in the minimum
bias trigger (which was prescaled)

= 1300 =° beta decays

= 9 Zomuon semi-leptonic decays

(Since the spectrometer is 100 meters from the target, only high energy hyperons survive.)



Hyperon studies planned for KTeV

e A% pr, A® - prt
— Polarization studies (With polarized A” beam)

o A" s pe g, AU - pelr,
— Form factors (With polarized A" beam)

s B0 A070 FO0  ADz0
— Precise mass measurement, Polarization studies
(With polarized =° beam)

e E' Yre % B2 X etve
— Branching ratio, Form factors (up to go)

e E'o Xty 7, Bl 5 X pty,
— Branching ratio, Form factors (up to gs)

[ =0 PT, B0 P I
— Branching ratio, SM test

e E0 30 B0 0,
— Branching ratio and Asymetrie studies

« =% A% E0 AT,
— Branching ratio and Asymetrie studies



First hyperon result from KTeV:
Search for H° (uuddss) Dibaryon

Jaffe (1977) proposed a metastable bound
dibaryon state H° with quark structure
(uuddss).

For masses between the An and AA, the H°®
would decay weakly with a lifetime expected
to be between 10-"and 10-1° sec. The decay
would be:

HO —> Aprn” —> prpn”
KTeV, with its 800 GeV production, and 60
meter decay length, was an ideal place to
search for this particle.

We searched for a 4 particle final state, and
normalized the acceptance with the mode
=°—> An® —> pr ~etey
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FIG. 2. The transverse momentum of the H” versus My
for events passing all the selection criteria except the cuts on
Pr(H® and Mp. The box shows the signal region. The back-
ground events outside the signal region are from simultancous
decays of two particles in the fiducial volume, the predomi-
nant contribution coming from the decays Kr — 75 1Fw,
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FIG. 3. The invariant mass of the An% sample used to
normalize the signal mode {Mz = 1.315 GeV /c*). There are
a total of 17 160 events in the mass peak.
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FIG. 4. The 90% C.L. upper limit on the ratio of the prod-
uct of the H* branching ratio and the production cros-section
to the ¥ production cross-section as a function of the H® life-
time. My is assumed to be 2.21 GeV/e®. The sensitivity scale
on the right ordinate axis assumes the production model of
reference [9]
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FIG. 5. The 90% C.L. upper limit on the ratio of the H"
production cross-section to the 5 production cross-section as
afunction of My. The top abscissa axis shows the H” lifetime
associated with My assuming the H"s wave finction is a pure
5 wave state, as prodicted in reference [ If the HY contains
both § and P wave contributions, reference [5] estimates the
lifetime could be as low as half the lifetime of the pure 8§ wave
state, worsening our sensitivity to the H*. The curve for the
5 and P wave state is derived using balf the lifetime of the
pure § wave.

A.Alavi-Harati et al.,
PRL 84, 2593 (2000).



In 1997, the E° beta decay
had not been observed and
was the last of the hyperon
beta decays to be studied.

This beta decay is an SU(3)
symmetry reflection of the
neutron beta decay (i.e. a
guark transition of uss > uus
instead of udd > uud. The gl
and f1 form factors in the
decay are identical to
neutron beta decay.

Thus this beta decay is quite
Important to disentangle the
SU(3) symmetry breaking
effects

Hyperon Beta Decays
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g,/f; = 1.267 for neutron beta decay (V-A interaction)
g5 and f; essentially vanish for electron mass
No evidence for g2 ‘weak electricity’




Discovery of Z° Beta Decay at KTeV:
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Momentum vector of * is determined by
reconstructing the z position of the n° decay

and adding in the proton momentum.
The Z° is reconstructed by finding the

distance of closest approach of the electron.

Cascade Beta Decay
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Monte Carlo simulation of the beam and detector.

During reconstruction and analysis, we sought to min-
imize event losses and to treat beta and A%7° candi-
dates as similarly as possible. All events were required
to have at least two neutral ECAL clusters (7° candi-
date) above 3 GeV and separated by more than 15 cm,
and a low momentum negative track (2.3-30 GeV /e for
e~ and 2.5-75 GeV/ec for 7~} pointing outside of the
beam hole regions of the ECAL. The proton was identi-
fied by a high momentum (110-400 GeV /c) positive track
pointing to one of the beam hales of the ECAL. To reject
K® backgrounds, the ratio of the positive track momen-
tum over the negative track momentum was required to
be greater than 3.5. Mentical track quality and fiducial
requirements were imposed on all events.
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FIG. 2. Reconstructed pr® invariant mass distribution

for the % beta decay candidates. Superimposed in gray
is the simulated background from 0 — A%x%docays with
A” = p + anything,

Candidate —+ E7 e ¥, reconstruction proceeded
from downstream to upstream. The secondary £7 de-
cay vertex was located, with » longitudinal resolution of
04 m, at the point along the proton track where the
two highest energy neutral ECAL clusters matched the
7 mass. The primary Z° vertex was then defined at the
point. of closest approach of the extrapolated £ path and
the negative track. To remove = — A 7 background
candidates, a =% — A" 7% hypothesis, described below,
was used to reject candidates with a reconstructed A%z®
mass below 1.33 GeV/c?.

All vertices were required to fall within the decay re-
gion fiducial volume (95-130 m), and primary =% ver-
tices were required to lie within a neutral beam. We
eliminated primary A or K® two-body decays by re-
Jjecting events with charged vertex transverse momentum
squared less than 0.001 (GeV/c)>. To enforce correct

veriex geametry and o reduce further the primary A%

or K decay backgrounds, each secondary vertex was re-
quired to be 1-20 m downstream of the primary vertex.
Further requirements were imposed on reconstructed 50
momentum (160-300 GeV/e) and decay distance (< 10
lifetimes).

Only those events in the beta decay trigger sample
which contain an e~ identified by the deposition of more
than 90% of its energy in the ECAL, were retained.
We also required a suitable £+ e~ invariant mass (1.20—
1.32 GeV/c?) and a missing transverse momentum which
was (within a 25 MeV fc uncertainty) less than the recon-
structed neutrino momentum in the = rest frame.

10 20 30 40 50 60 70 B0 90 100110120
P (MeVic)

FIG. 3. Neutrino momentum spectrum in the Z° rest
frame. Points are data with statistical uncertaintics, and the
histogram is our Monte Carlo simulation normalized to the
same mumber of events. The acoeptance has little effoct on
this distribution.

The pr” invariant mass distribution for the 235 remain-
ing candidates is shown in Fig. 2. A clear ¥ mass peakis
apparent, containing 183 events within +15 MeV/c* (£3
standard deviations) of the £% mass [7]. The gray region
of Fig. 2 is the distribution for the primary predicted
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A.Affolder et al.,
== PRL 82, 3751 (1999)

—+ L+ e~ 7, events. The recanstructed £+ and Z° de-
cay distance distributions matched thase predicted from
known lifetime values. Distributions such as the pro-
ton and electron momentum spectra in the laboratory
frame and the neutrino momentum spectrum in the =°
rest frame (Fig. 3) for simulated = —+ £¥ e~ 7, decays
all apreed with the data.

B.R.(E° B decay) =
(2.71 +/- 0.22 +/- 0.31) x 10**

Prediction =
(2.61 +/- 0.11) x 10-4

(early 1997 data)
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Phys.Rev.Lett. 87 (2001) 132001

Data collected during a 4 week period
in 1997, with improved triggering.

494 signal events with estimated 7
events background.

Due to frequent swapping of spin
rotator dipole currents, the data sample
IS unpolarized.

All kinematic variables were formed
and compared to Monte Carlo
distributions. (the SU(3) symmetric
value for g1,f1,f2 is shown here).

Monte Carlo variables were reweighted
with respect to g1/f1, g2 and f2/f1 and
the log likelihood function was formed.
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If you make the assumption that Letting both g2 and g1 float shows
g2=0, then the best fit for g1/f1 is that there is no significant evidence
almost identical to that predicted by for a non-zero g2 or a SU(3)
SU(3) flavor symmetry. symmetry breaking effect.

g1/f1 =1.32 +/- 0.21 +/- 0.17
Fixing g2=0, and using this value of g1/f1, we obtain f2/f1 =2.0 +/- 1.2 +/- 0.5

(As a verification of the data, we calculated a-o, = -0.286 +/- 0.008 +/- 0.015,
as compared to the previously measured value of -0.264 +/- 0.013 )




Discovery of Z° Semi-leptonic Muon Decay:
='— TV

During 1999 we £
concentrated on i
looking for the muon
semi-leptonic decay
of the =°. \

1142 1.14 116 1.18 1.2 1.22 124 1.26
pn® Invariant Mass {GevicT)

FIG. 3: Reconstructed pr” invariant mas distribution for
1999 data events passing the Z° = Tte i, selection criteria.

We had shown
evidence for this
mode from the 1997 S

= . DATA

data, but there were ] - |
only 5 events, with 1 i« } R
background. o } I}
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The 1999 run about "1z 122 124 re'j;;:rumn;ja(cew;‘-}u
doubled our

statistics. There
were 1139 beta
decays seen.

FIG. 4: Data-MC comparison of £'e” invariant mass distri-
bution for events passing the =" beta decay selection criteria.
Data are shown in dots; MC in histogram.
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KTEV Event Display
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Event Display

Ricardo Gomes @ BEACH 2004 -
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Searching for Correct and Wrong Sign of
=0 » ¥t~ i, Events on DATA

(Final Result)
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/ Branching Ratio Analysis. \

BRzo ,nty—5, =

N BRog_, p 0%BRA pp

BR’Z"’ —)p:’r'nI
0.06281 0.9952x0.639 1

a
G01356 © 1702068 % 0.5157 X7

Signal % AN orm o,

Signal N Norm

® ps

BRzo_,5+,-5, = (43+1.4) x107°

Theoretical Prediction: 2.3 x 10°°

am .

Riecardo Gomes @ AEACH 2004 - p. 16 /

E.Abouzaid et al.,
PRL 95, 081801 (2005).
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Weak Radiative Hyperon Decays (WRHD)

Hara (1964) showed that asymmetry of
photon emission in WRHD should be
zero, assuming CP invariance and U spin
symmetry.

Vasanti (1976) predicted that
asymmetries would be positive definite.

When KTeV began, only one of the
WRHD (Z* -py) had been accurately

measured, and it had o =—-0.76 +/- 0.08 .

Other models for WRHD had
asymmetries ranging from -1.0 to 1.0 !!

During our analysis, it was discovered
that the two previously published low
statistics measurements of =°=> X°y and
=°—>Ay had both made errors by
neglecting the spin flip due to photon
emission and by ignoring the
depolarization in the electromagnetic
decay of the Z°

Pole term

s_,id
_

I d

Internal W exchange
3 :é
d
S ;
:& d Penguinterm

S

Feynman diagrams for WRHD
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Reconstructing =° —> Xy —> Ayy decays

Partial data sample
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Reconstructing this decay was fun!
It is the only 3 stage WRHD.
A final data sample of 4045 events.

Az 1.14 118 1.18 1.2 1.22

My (Gev /%)

A.Alavi-Harati et al.,
PRL 86, 3239-3243 (2001)

B.R.(E° —> X0y) = (3.34 +/— 0.05 +/— 0.09) x 103




(b)

Determining the asymmetry In =° —> 20y

Magnitude of polarization
of ¢ is equal to a and its
direction is opposite to the
decay direction. This is
unlike hadronic hyperon
decays because of the spin
of the photon.

Polarization of A is
reduced by 1/3 on average
due to the nature of the
electromagnetic decay of
the X.

Polarization of the final
state proton is along its
decay direction, since the
spin of the rt is zero.

40

20
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g0

o =-0.63 +/-0.09

— %l
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Determine asymmetry parameter
by comparing the 2 dimensional

angular distribution to a series of
Monte Carlo data with varying o
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Anti-hyperon polarization at 800 GeV
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A series of experiments at Fermilab in the 1980’s had showed an astonishing result: some

anti-hyperons are produced polarized with respect to the beam direction! Because all of their

quarks arise from the sea, how is this direction remembered? This is still unexplained.



=° Polarization at 800 GeV
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KTeV =0 and =Y polarization results

Q.05

—-Q.05

=015
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Results show that
there is no energy
dependence in =°
polarization and that
=° are produced
unpolarized.



NA48 — Our esteemed competition

Already published results on hyperon physics from NA48:

» Measurement of the =’ — A~ decay asymmetry and
branching fraction. (Phys.Lett.B584:251-259,2004)

# Precision measurement of the =’ mass and the

branching ratios of the decays =° — Ay and =¥ — %%y

(Eur.Phys.J.C12:69-76,2000)
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preliminary NA48 result for the beta decay branching ratio:

Br(0 — Z'ev,) = (2.51 +0.03, £ 0.11,) x10*




Summary

The kaon program at Fermilab (E731, E799 and KTeV) reenergized
the study of high energy Z° production and decay physics.

The KTeV beamline was designed from the start with the idea of being
able to rotate the polarization vector into two opposite states. This
gave an overall unpolarized sample, or two oppositely polarized
samples.

Both the beta decay and muon semi-leptonic decays of the =° were
discovered in the KTeV data.

In studying the =° >X°y decay, an error was discovered in both
previous =° weak radiative decay papers. The correct analysis of this
decay gives a highly negative assymetry.

The polarization of hadroproduced =° hyperons follows the A pattern,
and the anti-=° is produced unpolarized.
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