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| have been asked by the organizers to place Nicola Cabibbo’s contributions to hyperon physics
in perspective. ------ Also to substitute for Leon Lederman. | have some hope to fulfill the first
assignment, but little hope for the second.

All'l can do is recall my first encounter with Leon. | was a Chicago grad student attending a
conference at Argonne Lab. Chicago and Columbia were famously rivals, each having their own
cyclotron. Val Telegdi (my thesis sponsor) was first speaker, Leon second, and Yoichiro Nambu
third. When it was Leon’s turn he began: “I feel like a piece of ham - sandwiched as | am
between two such well-bred speakers”. The audience roared with laughter--- the ice was
broken.

In 1999 | made a visit to Nicola in Rome, arranged by a mutual friend Cesare Silvi, then
President of ISES. (Nicola had been director of INEA) This began a friendship that lasted over a
decade. Every trip to Rome would start with a cultural experience and a “lesson”. This one was
a visit to his office in the Vatican.
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It has been two years since the we lost Nicola Cabibbo; A long time in the life of a physicist, but
a short time to form a perspective on a scientist’s contributions. It takes more like 50 years to
assess contributions to science (S, Chadrasekhar, private communication) In what follows | will
use Nicola’s words whenever possible, even though he was writing in the third person.

Intimations of Cabibbo Universality

A key clue can be found in the thesis of Feynman’s student Sam Berman

The issue was the comparison between the experimental value of the
Fermi coupling constant as deduced from neutron and muon beta
decay: Could the slight discrepancy be accounted for by radiative
corrections? Berman and Feynman discovered that radiative
corrections for beta decay had the opposite sign from that needed to
close the gap between beta decay and muon decay. The conclusion of
the thesis was, “The disagreement between experiment and theory
appears to be outside the limit of experimental error and might be
regarded as an indication of the lack of universality even by the
strangeness conserving part of the vector interaction.”

In 1963 Cabibbo proposed a theory of the weak current, parameterized by a single mixing angle
B¢, in the context of the octet model of SU(3) symmetry.
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The central assumption was that the weak current .J, is a member of an octet of
currents J. = V) + 4! . where V! and 4!, are octets of vector and axial currents,

Jop = cosc (J} +iJ2) +sinbe (S +iJ)). 1.

By assuming that the vector and axial parts of the weak current are “parallel.”
i.e.. the same element of the respective octets, the theory included the V' — 4
hypothesis,! and it also included the conserved vector current (CVC) hypothesis
by assuming that the vector part of the weak current belongs to the same octet as
the electromagnetic current.

In September 2008, during a visit to UC Merced, Nicola told me this was
the highest cited PRL

When expressed in terms of quarks. which were only proposed in 1964,
Cabibbo’s weak current takes the simple form

Jo = €08 Octye (1 4 ys)d + sinfcuyy (1 + ys)s. 2.

Also in 1964 Bjorken & Glashow (73) proposed the existence of a fourth charge
2/3 quark, the charmed quark, coupled to the (cos#.s — siné, d) combination.
The mixing between ¢ and s quarks would then be described by a 2 x 2 matrix.

Intimations of CP Violation

Soon after Cabibbo proposed the mixing hypothesis, S. Glashow suggested to him that the
same picture could naturally accommodate CP violation by allowing the mixing angle to be
complex (adding a phase). However, it was obvious that a 2x2 unitary matrix (in the case of four
quarks) can always be reduced to a form with real elements and thus necessarily preserves CP.

In 1973, Kobayashi & Maskawa noted that the mixing of three quark families entails a single
complex phase that cannot be eliminated by field redefinitions. They thus proposed that the



four-quark model should be extended to a six-quark model in which mixing offers a natural
explanation for the existence of CP violation.

Intimations of CP Violation

In the standard model with six quarks, the network of transition amplitudes
between the charge —1/3 quarks d, 5. b and the charge 2/3 quarks u, ¢, t1s described

by a vntary matrix ¥, the CKM matrnix, whose effects can be seen as a nuxing
between the d. 5. b quarks,

d’ Em‘ :Vus I’E‘b d
5 = V,:-d VS Vrg. & . 3.
b’ Via Vie Vip b

The next visit was to give a seminar a University of Rome La Sapienza But first the Galleria
Nazionale d'Arte Moderna and the role of Margherita Sarfatti in 20" century ltalian art

Then over a pizza in the museum park, | learned that Nicola had derived his inspiration for a
rotating the weak current from a Faraday Rotation of the Electric Field
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A road map for four decades of experiments

| note (personal bias) the three most influential measurements to
validate Cabibbo theory, the beta decays of (polarization correlation
information included)

lambda, sigma minus, neutral cascade

Table 1. Predictions for the leptonic decays of hy-
perons,

Branching ratio

From Present Type of
Decay reference 2 work interaction
A—=p+e=+T 1.4 %  o0.75%=107Y  v-0.724
I =n+g™ +7 5.1 % 1.9 %1077 Vv+0.854
E T A+e 4T 1.4 % 0.35x107% V+0.024
ET =2+ 4T 0.14%  0,07x107% ¥-1.254
Elestiem 47 0.28%  0.26%107% Vv-1.254



Form factors, the language of hyperon decays

2.1. Baryon Matrix Elements

The transition matrix element for the genernic hyperon beta-decay process B —
be~v, where B and b are the initial- and final-state baryons, can be written in the

form
v = S5, (07 + 04) ugity™ (1 + ys)u 5
"_\;’jb‘-" ) upl, 50y, 2.
where
| 9 :';( J} _,( J}
0, =f1{q-}1»“+f$ cra,sq“rﬁq Qu 6.
ME Mp
) g:(g%) g(g?)
and OF = 2ype B ) 7.
an ., (m(q e+ s Oupq" + M Ga | V5

The momentum transfer 1s g* = (p, + p.)* = (pp — pp)”. and the coupling
strength 1s Gy = GgV; for |[AS| = 1 and Gy = GpVyy for AS = 0, where
Gr 15 the Fermi coupling constant and V,;. 7, are the appropriate CKM matrix
elements. We employ the metric and y-matrix conventions of Reference 22 2

How to measure form factors

TABLE 2 The contribution of different measurements to
the determination of the form factors m hyperon beta decay

Measured quantity  f,  f,/f, &/f1 &/

Branching fraction i

Polarization i v
e—v correlation® i i v
Electron spectrum i

#The e—v correlation is only sensitive to the magnifude of g/ f; and g2/ 1.



Throughout the 1960’s and 70’s there was an abundance of competing
models. During this time period S. Glashow called RW enquiring about

the latest sign of A/V in lambda beta decay, citing a theory that would
prefer a negative sign.

It was important to measure the sign of g,/f;
(Axial Vector/Vector) form factors using
polarized hyperons.

PHYSICAL REVIEW D VOLUME 16, NUMBER 7 1 OCTOBER 1977

Measurement of the angular correlation parameters in the 8 decay of polarized A hyperons*

J. Lindquist,’ E. C. Swallow,® R. L, Sumner,’ J. M. Watson,! R. Winston," and D. M. Wolfe**
Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637
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We present our final results from an experimental investigation of the 8 decay of polarized A hyperons
with a large-aperture magnetic spectrometer. Our data sample consists of 544 events. We obtain
A, =0.7240.12, A4, = 0.0540.12, and A4, = —0.47 4 0.12 for the three spin-asymmetry parameters, and
A, = 0.0740.12 for the electron-neutrino correlation. The lepton-plane correlation with the A spin,
D = 0.1140.20, is consistent with no violation of time-reversal invariance. Our data yield an axial-vector-
to-vector form-factor ratio of g,/f, = 0.53*J4:. The Cabibbo-model value is g,/f, = 0.71.
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FIG. 2. Plan view of the experimental apparatus,
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FIG. 7. Center-of-mass neutrino-spin cosine distribu-
tion,



13 MEASUREMENT OF THE ANGULAR CORRELATION... 2113

cormparad bo .|:'._.-"_l":I =1:.H33:§_'E: from A, A combioed
fit to sl four paramelers gives g, 2, = 0,611 220
withk xi =5.42 for throe degress of frecdom [prob-
mmlity 14°G). Lt o5 apparest that Lbe _;-.:.-:r'l v
from the spin asymmetries 15 smaller Lhan that
e .d.“_: amd thpt vesulte firom all polavized &
gEpeFlments agree on thio peint. Ths mediosre x°
fap the combined fit alee seflects this dichobomr.
An anzlogous ¥ compaiation using the conventicnal
Cabitshn form-factnr salurs givwes 8w 744 for Faoe
degress of fresdam (probakdlity 1151,

THese consistent differences oould indicate some
addilivoal coolribulion o [he decay oalrix eleament
nal eoarained in the codventionzl i.l.l'.'lﬂlj-'ﬂi.ﬂ. Cina
gush possinility would e the preseaze of a g,
term . [t is, of course, also poasible that the ex-
perunsnls are sugject Lo soce coonmon ssatematie
problend; for example, an erroc m e delernini-

B2 which

Lhom o dbee A —fv aspoomelry purameler
eets the scale for the A polarimstbon.
Thess guestions aside, hyperon fF=decay expesi=-

ments, and perticularly measerements on polar

ieed L—peF, have unambigiocsly established e
relalive gign of the veelor and axial-veelor inlgr-
mation in scpangeness-changing wead processeg. ™
Howewer, w0 delinitively test the Cabisbo roodel,™
wid o eaplore Lhe pabare ol syoueley Lreaking,
additional high-staliatics pelasised hyperon @-decay
experimenis are oeesded,
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A side benefit of the first polarized hyperon beta decay experiment
was the invention of nonimaging optics which has had applications to
many areas; detectors, infra red astronomy, solar energy, illumination
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The advent of Hyperon Beams

At the time of the last dneual Review of Nuclear and Parficle Science article on
hyperon decays (200, nearly 20 years ago, the key experimental tests of the Cabibbo
theory had not yvet been done_ Althouzh the Lorentz struchure of lambda beta decay
had been found to be approcaimately F — 4 as required, the theory faced its first
critical test in ©— — ne— ve decay. Taking the F/D matio from amy two decays, say
neuiron and lambda, the theory required the Lorentz strocture of E - beta decay to
be F 4 4. This surprising sign reversal was considered at the time the “zo or no-go™
test of the Cabibbo theory. Meassuring the sipn convincinsly required polanzed T
Low-energy experiments relied om tertiary polarized sipmas from pions or kaons.
The statistics were meager, the confrol of systematics problematic, and the resualts
less than compelling If anything. the data appeared to favor the F — 4 sigm (20a).

tion and development of hyperon beams When such beams were discovered to
be siznificantly polanzed a new era of precision experiments with excellent con-
trol of systematics began With the abality to produce and reverse polanzation,
commelations between moments and polanzation could be measured in a precise
and bias-cancelled way. New precise experiments seftled the question of the X -
beta decay im favor of the Cabibbo prediction (see Section 3.2). The high-energy
byperon beam proved o be the ensbling technolosy for camying out precision
measurements of hyperon-decay properties.
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ABSTRACT

We prescot v summory of “he stropg interaction resu'ta obbained
with the ¥ole-FNAL-BNL hyperoa beam at the Draakhaven AGE, We
report differentizl ¢ross sections for Inperon-procon elastic acalbecing

- with samples uf 6200 Z7p evenis and 67 27p sveots, We alse zeport
ap our Zedrch for hypecon resopsnoes in inelasdc scattering,  Floadly,
we review the prospects for pew resulis on hyperoe interactions,

: mﬁﬂ'ﬂﬂm“i

I exder to do hizh Etutiaticu.l exporiments on charged hyperons,
we have tuilt a "hyporon beam'' at Brookhiven Xationzl Laboratory.
Because of the sboct lifetime of byperons, the besm is designed Lo be
very short and o lake advaplase of relativistie time diation, The
hyperons are produced in @ target ip thue slow exiTacsed proton beam s
the AGS. A heawily shielded masmesic chionel Belects forward aoegifbve
bhyperens with 7 ~. 20, Protons and neairons are abserbed in the
channel wall, .

We have psed this beam o study ihe productic., wesk decays, and
stzonz interactions of negative hnier-ms.l Here we report on our
results for hyperon scatlerios,

X ELASTIC SCATTERDNG

“The chaanel delivers 2 Mux of appromately 127, 100 2 aad
it per ‘machine pilse af 2 momentum of 23 Cev/e, Figure 1 depicts
the bedm and agseclated deteetion appacitus for elostic scatters; o
dateiled description appeoars elsewhere, Eeam particles of mass less
than 1 Ge¥/el are tagped by 2 threshold flerenkew counter which forms
part of the channel. A eluster of hizh pressure, high rosolution
{00 pm) spark chambers determines the momestem of the emerging

T Presontly with Brockidves Babicnal Leboratary, Uplen, aw York 10973

-‘.\_.___..



beam particle to £ 1 9/,: « A 10 cm long liquid hydrogen scattering
target is followed by a second high resolution spark chamber® cluster
that measures the scattering angle io £ lmr, A set of 5 small scin-
tillation counters defines the beam, A hole veto counter behind a lead
sheet discriminates azainst upstream hyperon decays and against
inelastic scatters with 7%,
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Fig. 1. Apparatus for elastic scattering,

The hydrogen target is surrounded by a recoil detector (Fig. 2)
which selects scatterca events, The pulse height of an inner, thin
scintillator (DE) measures dE/dx. The protons are stopped in a 4 inch
thick scintillator (E) which measures their total kinetic energy. Sur-
rounding counter E is 2 veto counter which guarantees that protons stop
in counter E, oE

A 50 inch decay region COUNTE
downstream cof the second ;
high resclution chamber is
followed by a magnetic
spectrometer with conven-
tiond wire spark chambers
which measures the
momentum of the slow pion
{ €10 GeV) from the domi-
nant decay Z , n% to about
5°/, . An iron-scintillator
calorimeter detects hadrons
and rejects muons,

The recoil detector is
used to select =p and # p
elastic scatters, A scatter-
gram of the pulse height in
DE (a dE/dx) vs, pulse
height in E (o kinetic energy)
is shown in Fig,k 32, A
clear recoil mass band
corresponding to the proton

Fig, 2, Recoil Detector,



POLARIZED SIGMA BETA DECAY

From right to left:
Peter Cooper
Alexey Vorobyov
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Roland Winston
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FIG. 1. Plan view of the experimental apparatus.
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FIG. 17. Electron and pion c.m. decay distributions for &,
data. Parity conservation in the £~ production process requires
zero slope for the cos(#,) and cos{6,) distributions. Note the
differing ordinate scales for the pion and ¢lectron plots.



This is the first high-statistics experiment in which all
of the £~ —ne ~ ¥ decay products were reconstructed us-
ing a polarized £~ beam. The control and investigation
of systematic errors was greatly facilitated by our ability
to reverse the direction of the £~ polarization and to
orient it in either the horizontal or vertical plane. By
simultaneously recording a sample of 2~ —n7~ events,
we were able to use the known value'® of a, to determine
the £ polarization to be P = 4+0.236+0.043 at our 2.5-
mrad average production angle. Including both sys-
tematic and statistical uncertainties, we determine the de-
cay asymmetry parameters to be a,=—0.519+0.104,
a,=+0.509+0.102, and a,= —0.23010.061.

With these values, we have unambiguously established
the sign of the axial-vector-to-vector form-factor ratio
g,/f, to be negative. This was done by three distinct

——— - —

The next visit was to work on our review. But first the Villa Borghesa and the Gallery. | was asked
to particularly examine a Correggio and report what I saw. Nicola called my attention to the thin
dark line across each finger nail. The artist had faithfully depicted dirt under the finger nails of the
model. That was when I truly understood Nicola’s attention to detail.




By this time we were deep into our new project, writing a review of hyperon beta decay

N T
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SEMILEPTONIC HYPERON DECAYS

Nicola Cabibbo.! Earl C. Swallow,2? and Roland Winston?

'Department of Physics, University of Rome-La Sapienza, Piazzale A. Moro 5,

00185 Rome, Italy, email: nicola.cabibbo(@romal.infi.it

“Department of Physics, Elmhurst College, Elmhurst, Illinois 60126, Enrico Fermi
Institute, The University of Chicago, Chicago, Illinois 60637, email: earis@elmhurst.edu
“Division of Natural Sciences, University of California, Merced, Merced, California
95344, email: nvinston@ucmerced.edu

B L etei,

This may sppropriately be called “the last hyperon beta decay.™ It is the last of
the observable beta decays of the ociet to be messured The experiment was long
considered sufficiently problematic to be below the radar of most compilations. A
notable exception was the original Cabibbo proposal (1)

Paradoeacally, this is in some respects the most accessible beta decay. The
£+ 15 3 unigue signature for the beta-decay mode (the analog two-body mode is



forbudden by enerzy conservation), so event samples are remarkably free of two-
body backgrounds that typically plague experiments. Moreover, the final-state
Tt polarization = self-analyzing becanse of the larpe asymmetry of the decay
Et — pa® (e = —0.98). It is thos sufficient to smdy angular correlations with
the proton. However, attaimimg 3 sufficient event rate required a new generation of
hyperon experiments that combine the high-energy advantazes of hyperon beams
niﬁﬁaﬂghp]ﬂs&spm&umufmmm4ﬂﬂmswiﬂlﬂﬂ
desired properties arcse in the confext of recent precision smadies of CF violation
mn neuiral kaon decays (36, 16). In place of the narmow phase-space selection of 3
hyperon-beamn masmet the new experiments use an identifying featore of aither
the production or decay process. In effect, the event 1= “tagped ™ In the decay
2% - E+gu,, only the beta-dacay mode has sufficient -value to produce a £+,
Identified 2 — Ax® canbe used as the primary source for the stady of A decay.

VOLUME BT, MUMBER 13 PHYESICAL REVIEW LETTERS 24 SEPTEMBER 2001

First Measurement of Form Factors of the Decay E' — Z*¢~ 7,

A. Alavi-Harati,'? T. Alexopoulos,'? M. Arenton,'? K. Arsaka? 5. Averitie,” R.F. Barbosa.™* A R. Barker®
M. Barrio,* L. Bellantoni,” A. Bellavance? J. Belz,'® B Ben-David,” D R. Bergman,'® E. Blucher? G. 1. Bock,”
C. Bown.* 5. Bright* E. Chen,” 5. Childress,” R. Coleman,” M. D). Corcoran,? G. Corti,” B. Cox,” M_B. Crisler.”
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We present the first measurement of the form factor mtios g/ (direct axial vector to vectord, g2/ fi
{second class cument), and f:/fi (weak magnetism) for the decay 2" — E'e 7. using the KTeV
(E700) beam line and detector at Fermilab. From the = polarizstion measared with the decay 2% —
pa" and the ¢ — T comelation, we measwre g, /f, to be 132 =33 (stal) = 0.05(syst), assuming the
SUE) (Aavor) values for ga/fy and fa/fi. Our results are all consistent with exact SU(3)y symmetry.

*The feasihility was first sudied by M. Salomey working with University of Chicago un-
dergraduate A. Affolder
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TABLE 3 Summary of octet baryon beta-decay data (Values are drawn from Reference 11
unless noted otherwise)

Decay Lifetime (s) Branching fraction Rate (ps—!) g1/ h

n— pe-v  885.7(8) 1 1.1291(10)10-° 1.2670(30)

A — pe~v  2.632(200°10-1° 0.832(14) 103 3.161(58) 0.718(15)

Y- —ne v 1.479(11°10°%° 1.017(34) 1077 6.88(24) —0.340(17)

L™ — Ae v 1.479(11¢10°% 0.0573(27)10°° 0.387(18) filgr = —0.01(10)¢
T+ — Aetv  0.8018(26) 1071% 0.020(5)10~° 0.250(63)

E- — Ae v 1.639(15)107%  0.563(31) 1077 3.44(19) 0.25(5)

E- — X% v 1.639(15)107 0.087(17) 107 0.53(10)

E0 — T+e-v 2.000(90)10-1  0.257(19)210-3 0.876(71) 1.32(4.22/—.18)
=16

S =16

5 =13

a5 = 1.3

#Mean of two independent measurements (3, 57) by the KTeV Collaboration.



What we have measured

13
SU(3) breaking in Hyperon decays

First order SU(3) symmetry breaking effects are expected to manifest themselves in
g1/f1. The recently measured decay Z° — LT e~ & provides a direct test because it is
predicted to have the same form factor ratio as the well-measured neutron beta decay:
n — pe~ . The KTeV results are consistent with this prediction, but the errors are
currently rather large. One can fit the data of the 5 semileptonic decays for the linear
combinations F' + D and F — D which will then have essentially uncorrelated errors.
This fit yields

F+D=1.2670 £0.0035; F—D=—0.341+0.016; 2 =2.96/3d.f.

Surprisingly, even with today’s improved measurements, no clear evidence of SU(3)
symmetry breaking effects emerges. They appear to be much smaller than expected!

There have been many attempts to compute SU(3) breaking effects for the vector form
factor f1(0), with results ranging from positive to negative corrections. I expect the
final word to come from Lattice QCD, and that the corrections will be small.

N. Cabibbo BEACH - 2004



NEW since annual review article

A bsirmct

From 56 days of dain taking in 3002, the NA4E1 experiment observed 6316 52 — E+e—#, candidates (with the suhsequent £+ — px?
decay} and 555 =0 T + e camdidates with background contamination of 215 £ 44 and 136 £ & events, respectively. From these samples,
Ihnbrl.rnl:h.arnl.u:uﬂﬂ!{E":'—- Ete gl = (251 £ 00030 & 000y ) 1 EI-_"udHH{E":'—- Etety) = [Ijjiﬂ.ld-.,uiﬂ-]&],u]nlﬂ-—"

wen measured allowing the determination of the CTEM matrix clement | Vis] = ﬂ-lﬂ‘ii_u_mu Using the Particle Data Group average for | Vis|
ohinimed in semilepdonic kaon decays, we measared the mtio gy /fy = 1.20 2 0005 of the axial-vecior to vecior form factors.
2 2006 Elsevier BV, All rights reserved.

'I:'-:rnmmljr. the gy /1 matio could be extracted from Eq. (18)
using the current Vys value obtained from kaon decays [ 18]

g1/ i = 1202 0.0dp £+ 0030y, (20

where the uncertainty coming from the present branching ratio
measurement (br) takes into account the weak dependence of
the acceptance on g,/ f; iself. The external error (ext) includes
the contributions from V. Z° lifetime and f, /f; uncenainties.
Chur measurement is in agreement with exact SU3) symmetry
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Experiment:
g]_/f]_ =1.20 +/- 0.05
For neutron decay

2012 PDG value is 1.2701 +/- .0025

Even for this SU(3) mirror of the neutron which is
40% more massive There is no evidence for
symmetry breaking!

What can we say about weak electricity (g,)?

In determining g; from the Dalitz plot (ev correlation)

one is actually measuring g,.* =~ g.1-0 g, (6 =AM/M)

Rate ~V . [fi2+3 g1 +2 6 g1 ]

g, hides inside the axial vector Like the SHADOW




TABLE 5 Values of V;; derived from g,/ f, and rate

Decay Rate (us 1) g,/ f1 |

A — pev 3.161(58) 0.718(15) 0.2224 + 0.0034
Y- —>ne v  688(24) —0.340(17) 0.2282 + 0.0049
Z2- — Ae v 3.44(19) 0.25(5) 0.2367 £ 0.0099
=20 — Tte v 0.876(71) 1.32(4+.22/—.18) 0.209 £ 0.027
Combined — — 0.2250 £ 0.0027

PDG 2012: Vus =0.2252 (9) from kaon decays

An interesting calculation

Let’s reverse the reasoning and introduce the correct rate (including g;)
and treat Vus as a known quantity (0.2252) from pure vector K-decays.

Let x* = (g,- 8g,)/fr and y = g,/f,

Vus Sxxy
~1+
0.2252 1+3x+2

We can rescale \Vus as

The trend is to have a small (negative) g, in both lamba and sigma beta decay
(y »=0.3)

However, the values are not yet statistically significant.

Appeal to Experimentalists:

Refined Hyperon Beam experiments to measure the Axial Vector form factors more precisely

Motivation: Historically, the axial vector form factor g1 in neutron decay was connected to

spontaneous symmetry breaking) and Nambu-Goldstone boson (p) by the famous Goldberger-
Trieman relation



Appeal to Theorists

So far we have gl beautifully following the SU(3) pattern predicted by Cabibbo.
How about dynamical calculations, (like the G-T relation) for the hyperons.

And while we are at it, how about calculations for the induced terms, like g2 which may not be
so small after all.

Concluding remark

During his September 2008 visit to UC Merced, we
made a trip to nearby Yosemite National Park.
Nicola was an avid photographer, with the
characteristic attention to detail evident in his
science. His images of E/ Capitan (courtesy of Paola
Cabibbo), much like the celebrated hay stacks of
Monet, convey the grandeur and solidity of both
the mountain and of his contributions to particle
physics.






