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Preface to the Series

The RIKEN BNL Research Center was established this April at Brookhaven National Laboratory.
It is funded by the “Rikagaku Kenkysho” (Institute of Physical and Chemical Research) of Japan.
The Center is dedicated to the study of strong interactions, including hard QCD/spin physics, lattice
QCD and RHIC physics through nurturing of a new generation of young physicists.

For the first year, the Center will have only a Theory Group, with an Experimental Group to
be structured later. The Theory Group will consist of about 12-15 Postdocs and Fellows, and plans
to have an active Visiting Scientist program. A 0.6 teraflop parallel processor will be completed at
the Center by the end of this year. In addition, the Center organizes workshops centered on specific
problems in strong interactions.

Each workshop speaker is encouraged to select a few of the most important transparencies
from his or her presentation, accompanied by a page of explanation. This material is collected at
the end of the workshop by the organizer to form a proceedings, which can therefore be available
within a short time. :

T.D. Lee
July 4, 1997
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Color Super-conductivity, Instantons, and Discrete
Symmetry Breaking at High Baryon Density

This one day Riken BNL Research Center workshop was organized to
follow-up on the rapidly developing theoretical work on color super-conductivity,
instanton dynamics, and possible signatures of parity violation in strong
interactions that was stimulated by the talk of Frank Wilczek during the
Riken BNL September Symposium. The workshop was held on November
11, 1997 at the center with over 30 participants. The program consisted of
four talks on theory in the morning followed by two talks in the afternoon
by experimentalists and open discussion. Krishna Rajagopal (MIT) first re-
viewed the status of the chiral condensate calculations at high baryon density
within the instanton model and the percolation transition at moderate den-
sities restoring chiral symmetry. Mark Alford (Princeton) then discussed the
nature of the novel color super-conducting diquark condensates. The main
result was that the largest gap on the order of 100 MeV was found for the 0%
condensate, with only a tiny gap < MeV for the other possible 1*. Thomas
Schaefer (INT) gave a complete overview of the instanton effects on cor-
relators and showed independent calculations in collaboration with Shuryak
(SUNY) and Velkovsky (BNL) confirming the updated results of the Wilczek
group (Princeton, MIT). Yang Pang (Columbia) addressed the general ques-
tion of how breaking of discrete symmetries by any condensate with suitable
quantum numbers could be searched for experimentally especially at the AGS
through longitudinal A polarization measurements. Nicholas Samios (BNL)
reviewed the history of measurements on A polarization and suggested spe-
cific kinematical variables for such analysis. Brian Cole (Columbia) showed
recent E910 measurements of A production at the AGS in nuclear collisions
and focused on the systematic biases that must be considered when looking
for small symmetry breaking effects. Lively discussions led by Robert Jaffe
(MIT) focused especially on speculations on the still unknown signatures
of 0% color super-conductivity which of course would not be observable via
discrete symmetry breaking.

Thanks to Brookhaven National Laboratory and to the U.S. Department
of Energy for providing the facilities to hold this Workshop.

Miklos Gyulassy (Organizer)



QCD at Finite Baryon Density: Nucleon
Droplets andColor Superconductivity

Mark Alford!, Krishna Rajagopal? and Frank Wilczek!

nstitute for Advanced Study, School of Natural Sciences
Olden Lane, Princeton, NJ 08540

2Center for Theoretical Physics
Laboratory for Nuclear Science and Department of Physics
Massachusetts Institute of Technology, Cambridge, MA 02139

We use a variational procedure to study finite density QCD in an approximation in

which the interaction between quarks is modelled by that induced by instantons. We find
" that any uniform state of nonzero density with conventional chiral symmetry breaking has
negative pressure with respect to empty space, and is therefore unstable. This is a precisely
defined phenomenon which motivates the basic picture of hadrons assumed in the MIT bag
model, with nucleons as droplets of chiral symmetry restored phase. At all densities high
enough that the chirally symmetric phase fills space, we find that color symmetry is broken
by the formation of a (gq) condensate of quark Cooper pairs. A plausible ordering scheme
leads to a substantial gap in a Lorentz scalar channel involving quarks of two colors, and a
much smaller gap in an axial vector channel involving quarks of the third color.



Q¢D AT F/uITE
RARY ON DENS/TY :

VOCLEOA) DROPLETS
%
CoLoR SUPE E(oﬂDUcT/(//v

| Kfnstmq g:rv?a”/
with Mark A/‘QTJ)

Traut o lceek.

Wpﬂ’c ™ pf‘o 3 ress



O &N EXTREHME 5
(DD I TIONS (a cactoon

g version)
. ?7 >
4 fl:% LHL Lalc “ﬁhﬂd
% «me_
3
>3 (ou \
23

\/7——-——(—"77— "
nut¢lear neutre n
Ieat et stors 7

' o B c-l"'('wU\
we'l reﬁ;k:euf sof% fra falk.



H°~° Mz,‘t" we +req,+ QLD af ;

Cute  dews 4‘3

X lattice Mode Codo tSuires
Pos/five wmessere

x susy chelistres waetter

(d Lave 1‘» Jele€
T a wifa M o

‘Q[$°s -’3 “4"1"(3'
™ P -fo”ow"'s

'Pef"l'ur'h'c"’.WQ -velid et 'Msc\
| | eubuﬁ(\ A&us}‘n
= leads ws fo expect:
c) C‘utd S?mu“v‘-'j |
restor ed
) Jecon inewment

1it) color Super-
coud weti wl-a

var\ a‘(‘iau( Dot s«,;&-mc-ﬁ e, beet
Cau be @p P’t
Sivite (tw) Jeus(lyi

2?7 N1



COoLoR SOPERWWDOTWITY

AT _no oo  Builin # Love

a.Slim rlb-’-r: ';reedow - q,uar(c S
at FTerus surface (which is
lo "52) ar @ we alc(j ‘ﬂwferac"iua,

> OuR Aluen o OL..%Q
BeS! Am:) acH'mc'(-ide iwterochion,
ho o tter kew weak , —»

(osper PaifS e (g c&>

Owe Qluon ‘exclheuge 13 wtdractive
ot ‘6

Y A color 3 duuue(. '@(% ‘\, ‘Q“)
#0

Brealks Sw(d), , —>S«lo)
by Haqs weckauisa.

([ sud) rutly, - suc)x umw)



oVT [ )E

Tke me J'e(

Clirel §7 w unelty Breed i
$ Peslorz tian E

CO(‘D - Sq P&rw"‘-d w-‘w}\% .
Whet was le& & out. .




THE HODEL 9

| H = H k) wetie « asQr Gree iuorés

+ Hr & G -Sermion e recfios,

History BS -» NTL

Jhat H2?? “*
We woar k in 3~-§lewcr oY)
it ess logs Muw y Md.

Take Hz foun  iksteuten

Tt eractou M &¢cD |
qn_\;’.\ o e
%“/éﬂ‘ %R

 Beeales ou's?mné‘\‘vns Qe D

breatks . CN3 T\te(uo‘ihj “{'34>

VO\J S‘tculéo -Qoe( Q-ee "b redc o
aucises addmg otaer operthis o MK



) — ¥ $ .
HI - "' K g£3x LPR‘lg(qJLk R?-? q)l-l
. £ (355 54 SiS)

L2 kgt Slver 3 €fs2] TEC
e, We t Coler; € {1,231

Jndices come Gom ¢ "Hoolt s
aualysis of @D W stauton,
Need fo iimple urgat plySics
ok asymptohic freedom: ,
Ti momentum space, wce (Aply

bﬂ a form focto _
w0 - ()

‘§°l' each 'cel'm?an,

3 Pa.raud-ﬂrS: K « will bo fivad
A € rot a cutell,

Y 6 we bave wsed Vs %1, |
We lave explored 300 el <A< TbeY




11

CHIRAL SYHNETRY

| BREAEINE ALONE (o S:€)
Beg’m with srowd ute. (ie
zel? aﬂeus;{—u&.)

We choose o \varia
wave fuucton:
dr
L(P>aLéu(P)

ly> = T &c@s B + 2m® _
P, | b+R;u(’P)_1
wm O bin A1

o | § auf Pa*r‘l{?‘Z/‘eé

O to te %au.& *>¢3 pac i el @149 44",#2"4@?

: Paflf'lkg 'EC'I"*’QQiV\ wardes ¢ M«#l'iuar(cs
wndn  same Haver € Loor , opposite

L\e(fé.l% .

"iauo(

x[-cpség(@ £ -

r Lt . crede P"“L"‘(%



12

\/arcﬂihc‘j LWIHIP> w.rt Ha O’s

—p

' Ey A
tan ( 26°(p)= Han (20%p) = I;)A

w here .

2 ) |
A= 16K e oy siu O cos BP)

ge[-c C&Hé}s‘flec;zéxa P
1 = g p* dp _F‘{(P)’A
Ar . - % K ) 2”‘2— \/‘/‘:,q('}>> Az' +‘P2'

cap EQUATOV
Se:lfve ’ se-(— A = 350 HeV . ‘Q
%’nxas K @S o QV«C'HOM >

—(’Lsa. Pa'/fcume'éﬁr‘{ /\, V.
K Yoe small.

Tlis



pweBRO DENSITY :
Teial wave Lunction:

WD = Tr[ a &{S
[- "-x {;’;_] lP|=>

\W here  Pg Eli.a.s all 'par'['ide
states wita l Pl. ¢ Pe -Cv lled.

Awti pe f&" (e stetfes af course
Quapty.
Pp ‘) ?F #/"

—> 6(v) 0 for P/<Pe .

Gap e%cw-l-rou becomes:
7

gy FL_

1 = sk | T FE

Pe
—» A decreoses as n iucreeses



14



CHIRAL GAP T
————

_ ACQ)”“:!‘_‘ Cn

| Adﬁm\ / AO)

0.3 zn \’3
* Vel
C [



With wawe -Qwue‘f'iah i houd , *
wWe Can 95"4“2 ’

¢) Euerﬁy &Qw‘”‘;}
£ y 2 "
= F f‘if'i Q(l‘fvcﬁ>

24 leT* e \)
Pe

AT

32K
i) Feom € & N we Catr
ob 4o

—

M 3l
oud Sind /u‘ = Pg 4 A"FV(P.:) |
e
(_aa.pB
LB pa decreoses wite N,

i¢c)
Q¢
- £

Pressure = N
2'(\
.



-17

?m:ss VRE

0.00006 |
0.00004 }

0.00002 |

......

~0.00002 }
-0.00004 |

-0.00006 |

P<LoO S;c\' all n wl'“‘ A"*O,

Stable , wero pressur®s

cSes at N0 =
v‘ | n e Ne 7”;

‘



0.05¢

£0 .0035

0.003}
0.0025¢
0.002¢
£ 0015
0.001}
0.0005¢}

0.050.10.150.20.25 0.3 0.35

0.050.10.150.20.250.3 0.35

-

0.00015
0.0001}
0.00005}
. 0 o.%ow.zsoaoas
-0.00005
-0.0001
~0.00015k

/A 0.3

0.25¢

0.2}
0.15¢
0.1}

0.05¢

0.05 0.1 0.15 0.2 0.25 0.3 0.35

18

ARV AT s

e et g,

bt s




LW PLICATIONS OF PLO °

Uniform XSB phase is

MEcHanlcdily ONSTABLE ot

n >0,
Not Seurprising at nN=-»°.
Tuteresting ding ¢ wnstabilidy
2l n wih DFO
—» Break «p swle droplets

ﬂ-’—r\c ?h"g@, w."“‘:

for
ot

A =0

sucround ad by Vi ceetds,

Wit n=o, A#O0.
We canwet Sllow

+ue t@:reaL «p

wie Qroplets , aud chabi li Batizy

otk our Preseud trew

Howevel, preswwmably, |
DRoPLETS = MU ¢LEows,
As T H’T ’baﬁ “"-GGOe/.

{ wmeut.



Get bdj Coushcd i(n'"’}.
| R

whet 15 robust 15 Tue

Vkéﬁahue péress “re, Our
wer! 1S f'w (owm ple'(-e - No

Sluov.s, ch excw—-_p-’e. AJJM’

t9€3\'ees of Geedow P“rbba(aly
Veq,u'n‘e& + 30‘( E(u:o)? ¥

e — relted — Yo e I&rser.

' Po pu - £(n0)




22

PARAMETER DEPENDENCE
A (E0)” (@ ne)* senee)
(oY

.3 . (6] .20/ (.096)
% e | 206 RITENAUN
| 7| -39 .66 (126D

(Al i Ge\. / T
Not C(raty,

Wawt Yo
il ideutify Huis ?:: ol
zn =T with tuchernal ' |
Muij "o

nee leon . (&3 4-3&05
Nuelear o H-er Aeuc}hi)

B_H_T That (S ~.39 14
fese uuds. =D our N tod low



PHASE TRANS)ITIOU

Plujs'wa( Pic'lure sugseskd b} X0
b\cs i Plicaﬁaus &r plmsQ .
treusition Yo o cbiral syl €7y

rectored phase: . '
Pereolati on ot yre-émsﬁuz
b‘gs ot sywwe-ki ¢ phese.
Ver y di £k erout Srem
Snte T '\ff'a.u s‘\-H“o’n,

Condensate —»
melts
—3 n
 (wo contradictron, (ondens ate
- Smee T=Te ,n=o qets euten aweay
has wostly P’N‘S, \;\, more aud ware
dew bargbﬂ‘h |

(wles.



24



Color Superconductivity at hlgh
density

M. Alford (IAS)
K. Rajagopal (MIT)

F. Wilczek (IAS)
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I The Lorentz scalar colored condensate

Gap, equation of state, gauge symmetries

II The axial vector colored condensate

exotic but fragile

IT1 Future Directions

26
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‘At high enough density, attractive quark-quark interactions in
QCD should cause condensation of Cooper pairs (diquarks).

In our model, the instanton vertex provides an attractive
interaction, and a colored diquark condensate forms.

1. (’Zl,aC’)’5d'3>€gé3, Lorentz scalar, color 3.
R_obuét. |
Gap ~ 100 MeV

2. (u2Ca%%d3), LLorentz axial vector, color 6.

Sensitive.
Gap ~ 1 keV
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Comparing Chiral and Colored condensates
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I. Lorentz scalar colored condensate

The ansatz:
Wy =[]
a,B3,p

. ;eL |
§/>(COS(9£{F) +e283 sin(0% ) )e AP 1g(p)a2 2g(_P))

o, . i£B .
_ { Acos(08,) + £98° sin(85,)e“EPBL ()bl 55(—P))

*(cos(68,) + €23 sin (88, Je“E @)k (p)ek, 5(-p))

x(LeR) x |For)

|F'(pr)) is the Fermi sea filled up to momentum pp.

This state is antisymmetric in color, flavor, and spin.
It selects the color 3 direction.

Minimizing £ — pN with respect to the d(p), we get the gap
equation.
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Fq(é(c(.,s
§ ’nel-eg

The gap equation is

P>y

fa(p)
_I..
- \;i VAT + (u—p)?/fAlk

< fa(p)
NP/ e }

‘/\o(eg‘

_ 2K fa(p) ) o
' v{ L JET G WA {0
j §

Note BCS divergence as A — 0: there is always a solution,
for any interaction strength K and chemical potential p.
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Color gap vs chemical potential (GeV), A = 700 MeV.
g

0.2y

0.175}

0.125!
LG e 0.1k

0.075t

0.025::

—& Maximum gap is ~ 100 MeV, smaller than for chiral at 4 =0
but same order of magnitude.

e It is suppressed by phase space (small Fermi surface) as
# — 0, and by asymptotic freedom (decoupling of the vertex)
at large p.

e Robust vs changes in A
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Density with SC condensate compared to free quarks,
A =700 MeV.

0.2 0.4 0.6 0.8 1

The superconducting condensate has little effect on the equation

of state.
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Gauge symmetries
Long-range interactions are affected by the condensate.

Instead of color and electromagnetism (9 massless gauge
bosons) we have a reduced color group and a rotated
electromagnetism (4 massless gauge bosons)

SUB). x Ul)g — SUG).x U(Dgr

Q= 3(B+1I) Q' =Q+;5Ts

quark Q' charge

red,green 1 :
u + 2 Cond ewnsate
red,green 1
d 2
ublue ‘ 1

dblue 0
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Axial condensate

The ansatz:
- ‘ |
1 e
m,ﬁ<p>pz/p>2( fTA(p)(;“Llé(p)“L2§( P))

-1 ‘
T (£ (2)p-/7)? (1475 (p> by (PP s~ p))

\/E(T-(p)pz/p)z ( + To (P) 7 CR13(P) ("P))
<(LeR) x [For)
' Q)

This state is (65,14) in color and _ﬂ'avor, 1% in spin. It
selects the color 3 direction and the spatial [Z] direction.
Minimizing E — pN with respect to the 7(p) gives us a gap
equation.
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log(Axial vector gap) vs chemical potential (GeV).

10 keY -5¢
TN ‘65

eV
_10t

As before, the BCS singularity at the Fermi surface
guarantees a solution, but only one color participates, and
not all p fully participate, so the gap turns out to be very
small and sensitive to the cutoff.

No robust prediction is possible. Other interactions may push
it up or down.
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Summary of Condensates

Chiral SC Ax
(qq) (ueCysd®)eqps (uCo%*d2)
SU(3). 1 3 6
- SUQ2)v 1 1 1
SU(2) 4 3 1 1
U(1)g 1 gim/3 &im/3
Spin® 0t 0t 1t
| SU(3). SU(2). .
Gauge sym xU(1)g xU(1) g SU(2).
Q=3(B+L) Q'=Ts+oQ |
Gauge bosons 8+1=9 3+1=4 3

Massive G.B. 0 | 5 | 6
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Conclusions

e High-density state is not a Coulomb phase of free quarks
and gluons, but is broken down to SU(2) fx U(l)Q/}. This
can be described as a Higgs or a conﬁnedkph_ase: )
Confinement without chiral symmetry breaking.

e We have not yet found a signature of these condensates
for heavy ion collisions. With a bigger gap, axial vector
condensate would give striking polarization correlations.

e Neutron stars may be sensitive to condensates. E.g., a
gap will slow down cooling by neutrino emission.
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The Future 40

‘e Finite temperature. What is T,(u)? (Expect ~ A)
@ Strange quark: Six leg instanton vertex

— new possibilities, eg (giag;z)e7®c*P® breaking to
diagonal of color and flavor.
— explore m, dependence.
— condensate will have to break flavor as well as color,
hence local order parameter.
e Other interactions: gluons, electromagnetism, effective
interactions.
o Other condensates

e Details of non-uniform chiral breaking phase: droplet
size, percolation-driven restoration of chiral symmetry.

e Consequences for neutron stars (cooling. . .)

e - Consequences for heavy ion collisions (screening of
broken gauge fields in quark-gluon plasma?).



Instantons and Color Superconductivity

T. Schafer
Institute for Nuclear Theory, Department of Physics, University of Wasﬁz'ngton, Seattle, WA

98195

Abstract

Instantons lead to strong correlations bétween up and down quarks with
spin zero and anti-symmetric color wave functions.. In cold and dense matter,
ny >n,~1fm™3and T < T, ~ 50M eV, these pairs Bose-condense, replacing
the usﬁal (gq) condensate and restoring chiral symmetry. At high density,
the ground state is a color superconductor in which diquarks play the role
of Cooper pairs. An interesting toy model is provided by QCD with two
colors: it has a particle-anti—-pgrticle symmetry which relates (gg) and (qg)

condensates.’
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Test of Discrete Symmetries
in Relativistic Heavy Ion Collisions

Miklos Gyulassy', T.D. Lee! and Yang Pang!?
! Department of Physics, Columbia University, New York, NY 10027
and
2 Department of Physics, Brookhaven National Laboratory, Upton, NY 11973

For matters at high baryon densities, such as those created in relativistic heavy ion colli-
sions at BNL-AGS, it has recently been shown by M. Alford, K. Rajagopal, and F. Wilczek
[1], and also independently by R. Rapp, T. Schafer, E.V. Shuryak, and M. Velkovsky [2],
that interesting condensates could be formed. The possibility for detecting the existence of
some condensates from parity violation measurements was also suggested [3, 4].

Several explicit models [5] were constructed by T.D. Lee for studying the formation of
condensates that spontaneously break the discrete symmetries. These models could provide
a basic framework for testing discrete symmetries in relativistic heavy ion collisions.

The longitudinal polarizations of A’s and A’s are very effective in detecting parity vio-
lating condensates. The large number of A’s produced in relativistic heavy ion collisions at
BNL-AGS, CERN-SPS and BNL-RHIC, suggests it is possible to make an accurate determi-
nation of the existence or absence of any parity violating condensates. Several experiments
at BNL-AGS are capable of this type of measurement [6, 7].

The background for longitudinal polarization of A’s is dominated by = decay to A. In
fact, it was first suggested by M. Jacob to use the longitudinal polarization of A’s and A’s
as an indirect measurement of Z/A and =/A ratios under the assumption that parity is
conserved in heavy ion collisions [8].

References:
[1] M. Alford, K. Rajagopal, and F. Wilczek, hep-ph/9711395.
[2] R. Rapp, T. Schafer, E.V. Shuryak, and M. Velkovsky, hep-ph/9711396.

[8] F. Wilezek, in Proceedings of RIKEN BNL Research Center Symposium on Non-Equilibrium
Many Body Dynamics, Volume 4 (1997).

[4] F. Wilczek and K. Rajagopal, private communications.
[5] T.D. Lee, Phys. Rep. 9C, (1974).

[6] N. Samios, in this proceedings.

[7] B. Cole, in this proceedings.

[8] M. Jacob, Z. Phys. C38, 273 (1988).

7%



78

Test of Discrete Symmetries
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Relativistic Heavy Ion Collisions

Miklos Gyulassy, T.D. Lee and Yang Pang

RIKEN BNL Research Center Workshop on
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(Non?)-Conservation at High Baryon Density

November 11, 1997
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e Spontaneous Breaking of Discrete
Symmetries

e Observables from High Baryon Density
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Spontaneous Breaking of T invariance

Model Lagrangian

1 — -
= _E(a”¢)2 U (@) —(v*0u+m)yp —igpys o

T.D. Lee, Physic Report 9C, (1974)
where U(¢) = gr(¢? — p2)?
u(é)

\ A/

- )

and ToT ! = -¢, Co¢Cl=¢, PP l=_¢

L invariant under C, Pand T



Vacuum expectation value < ¢ >yvac=p >0
¢=p+d¢

Y — e—i%m”aw tana = gp/m
- - 1
B(m +igpyg)y = My M = (m? + g2p?)2

1 _
L= —5(3;15‘15)2 —U — (78 + M)y

—ig(sin a + iv5 COS a)Pd¢ |

+ L violates T, P, and CP

ging 9 —® 0%
'e igxcote

T violating amplitude
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Spontaneous Breaking of P invariance

Model Lagrangian
L= — (W0 + m)p — igpr' 59 A,

Ay: Axial vector or du¢ with

—

<Ag>=ag#0 and <A>=0
Energy eigenvalues for v

(E? —m?2 — 57 —-2a05"-ﬁ—a8)u =0
L Breaks P and C
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Pseudo-Scalar in PDG

Name Mass (MeV) IG(JFC)

70 140 1—(0~1)
n 547 o+(0~T1)

7 957 ot(o~1)

Axial-Vector in PDG

Name  Mass (MeV) I9(JFC)

a1(1260) 1230 1-(1t+)
f1(1260) 1285 ot(1t++)



Condensates from high temperature and high
baryon densities

Many things to choose from:

Nucleon currents ¥ Ty
Quark and diquark currents -
_Meson currents

“Gluons

For example:

gluon + diquark (11) could form 0~
Disoriented Chiral Condensate: 0—t
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Decay of A with a definite helicity

MA_',,r_p =ay + apé: . E
1 2Reaja,
I(H):§(1+aAcosé’) &A:m:’—0.64

Decay of A with polarization 3

I(8) = —;—(1 + apf cosb)

For spontaneous breaking of P in heavy ion collisions

A given event has fixed polarization:
Average of ‘over events = 0

Average of % over events = 0
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1 2
Iapn (62— 61) = -2-(1 + 50?\,32 cos(f2 — 61))
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Conclusions:

e Test of discrete symmetries is a valuable
tool for probing the existence of certain
condensates, independent of any specific
“model

e Lambda polarization could be used to test
parity violation from relativistic heavy ion
collisions |
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Parity

N.P. SAMIOS

Brookhaven National Laboratory

Upton, New York 11973

Previous investigations of possible parity violations in strong and weak interactions is
reviewed. The now classic studies of A° produced in 7~ p interactions is discussed. Parity
violation in A® decay (i.e. in weak interaction) was observed via an updown asymmetry, that
is with respect to the production plane defined by p__ x p,,. If parity is violated in the strong
interaction, that would give rise to asymmetries in the production plane, categorized by a
front-back or left-right asymmetry. No such effects were found in A® production. Similar
studies can be carried out for A? production in Gold-Gold reactions. In this case one can
look for a parity violating effect in strong interactions via asymmetries in the production
plane defined by p,, x p,. It would also be interesting to look for parity violation in the
weak interaction in A° produced by AuAu interactions. Such possibilities for various AGS
. experiments were also discussed.
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Fies 8. Angular corielation plot of the cosine of the polar angle
against. the azimuthal augle ¢ for the reaction »-p—%—J-K+,
o=t ‘The point histograms on the edges of the figure
represent the data affer integration aver the other coordinale.

clearly demonstrated. In fact, the data may be used (o
cherk this hypothesis, since any experimentally estal-
lished violation of the synunetries above must be at-
tributed (o a lack of parity conservation.!t

In Fig. 11 we show the dihedral angles in the range
0907, alter making use of the above symmetry prop-
ertics. These may he compared with the results reported
by Fowler ef al. and Walker ¢ al., on the basis of eight A
events, six  events, and threc = events. There is no
indication of polatization in 6 production. However, the
carlier results iu the case of A? production in hydrogen
show all eight events with dihedral angles between 0°
and 45°. T'welve of our 23 events in which a A? was seen
have dihedral angles in. the same region. The combina-
tion of all these thirty-one A% =° production evenis in
hydrogen gives

N(0°-45°)/N (45°-90°) = 20/11.

We believe thal the statistics are not adequale 1o
demonstrale a polatization eflect. For the 2, the ratio
is

N(0°-45°)/N (45°-90°) = 10/6;

here again statistics are inadequate (o establish polariza-
lion.
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Fis. 9. Angular corielation plot for the reaction = p—A%4-6",
A'—sx~f-p. :
1 We wish here to acknowledge some very helpful discussions
with T\ D). Lee on these questions, and a communication from R.
Karplus.

Adair' has pointed out that for the production angle f
near zero or 180°, and assuining the spin of the ° (ar Kt)
to be zero, the angulac distribution in @ of the A® (or Z7)
decay is determined by angular momentum and parity
conservation alonc. For example, for the spin of the
hyperon §, the distribution in ¢ is isotropic, for spin § it
is # cos’04-4, elc.

We have calculated the likelihood functions for these
distributions, using those eleven A" and eight T~ events
with |cosg|>0.78.

/,;(0) N (3 (_‘()S."'o,"l'é)
For the A%~z [[, = = woorm om().28.
Ly(@) -
Ly(0
FortheZ @ ——~-=0.80.
1.4¢0)

For greater assumed spin 7, the likelihood {unctions
L; would become progressively smaller. ‘There is cor-
tainly no evidence here that the hyperon spins are
larger than §; the best agreement is obtained with spin 3

* oo ) Te meo o0 o ee o .
° T 1 i Sae et e St St Rt Rl Bt Tl Bk ol B
~2 SRR, ISR S JUU NN, I T |
® _, L1 JRSRE U SN FUTIN B Y =18
“
-6 UG (USRS [P RPN PRI NUSN -]
g i i
S ) TSN R VU PR PP PR . - %l L
- .
— 10l 0} [ROSRUA ZETYL Jpuy IR SUUN U I 3 NP IO RO APURE SRR SV I R )
[ 40 80 120 160 200 240 280 320 360
¢ DEGREES

F16. 0. Angular correlation plot for the reaction == p-—=A"4-¢",
P—rat-}-x~, The § vatialion exiends from x/2 to » since the x ¥ and
=~ are indistinguishable in this experiment.

for both A" and 2. The data are still inadequate, but
this kind of analysis secems promising. .

VII. ANOMALOUS A* OR 0° PARTICLES

It is the underlying hypothesis of this paper, insofar
as concerns neuiral unstable particle production, that
the observation of a single decay eslablishes the event.
‘The trajectory and womeutum of the unobserved
particlé can then be obtained from the kinematics, and
as seen in Table T, the potential path of the unobserved
particle has also been measured. The potential path is
defined as the length of path the particle would have
had, if it had not decayed, minus § cm; the latter heing
approximaltely the length of decay tracks necessary 1o
detect the decay.

It is then possible (o ask: given a A® (§") which is
identified as coming {rom the process 7= p—A"-¢°, are
the number of s (A"s) observed with these A%s (6"'s)
compatible with the known potential path lengths and
the known lifetimes? We bhave observed only four
double events despite the fact that the average potential
path is of the order of the average mean free path both

1 R. K. Adair, Phys. Rev. 100, 1540 (1955).
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PROPERTIES OF

HEAVY

UNSTABLE PARTICILES

116, 5. A AY—¢° production in
which both V's ate scen, The
A* shows, characteristically, «
heavily fonizing proton and a
winimum-ionizing 7. The &
shows two minimum-ionizing
n's.

quired that the bubble deunsities, multiple scattering,
and the ranges of the secondaries, wheun available, be
- consistent with the kinematics of the reaction. In
judging the precision of the method, it should be kept in
mind (hat the end of the jucident #~ is not precisely
defined because of the finite bubble density. The proba-
ble error in position due to this effect is ~§ mm. The

average A% and & path length is ~2-3 cm, but those

with path lengths of the order of a few mm are not
measured with good precision. The usual accaracy in the
determination of the energy of the A® and " is ~5-15%,.

The evidence for the existence of a 2° with a mass near
that of the 2+ is still not conclusive. However, there are
strong theoretical reasons® (o postulate this particle and
its decay in a very short time (~10-2 sec) into a v ray
and A" with a @ of approximately 70 Mev. Tn our
pictures this production event would appear almost
identical to reaction (2) (since the 2" would decay at the
arigin), but with the following differences:

1. If a @ appears, for a given angle of appearance the
kinetic energy would be lower than that in a A"—¢
production evenl by an amount which varies from
~20%, al small production angles to ~50%, at larger
ones.

2. 1 a A® appears, its energy is not uniquely deter-
mined by the production angle. Tt can, in facl, have a
reasonably large spread depending upon the angle of
emission of the y ray.

Of he 38 events in categories (1) and (2), only 4
exhibit both ¥'s in the chamber; 3 of these fit A*—@"
production well, the fourth fits well for 2% production

and does not seem reconcitable with (2). The vemaining
34 evenls consist of enly one observed V. Of these, 19
are A%s and 15 are 8s. In these categories, 15 events
cannol be measured well enough Lo distinguish A% and 2°
production confidently. 17 others are definitely identifi-

100

able as A"—#" production, and only 2 events exist for °

which 2° production seems definitely indicated. Both the
latter are events in which a 6 was observed ; no events in
which a single A" was seen can be unambiguously in-
terpreted as T°—6° production. :

IV. BEAM ENERGY

The most accurate determination of the beam energy
utilizes two events of thie type m - p-2 |- Kt in which
the K comes Lo rest without nuclear interaction, Using
mass values Mx-=2344m .7 and M +=965.5%.,% we find
for the Leaw wmowmenium i the 2 cases, I’,=1.420
£0.005 Bev/c and P,=1447-£0.005 Bev/c, respec-
tively; these yield a mean momentum £,=1433:4:0.015
Bev/c. The laiter error indicates the bheam momentum
spread determined from the calevlated trajectories.

V. PRODUCTION ANGULAR DISTRIBUTIONS

The center-of-mass distributions for the 38 events
whichare either A"— 6" or 2"—6° production are presented
together in Fig. 6. In the same figure the center-of-mass
angles of the sevenleen 2—— K events are also shown,

T Chupp, Goldhaber, Goldhaber, and Webb, “Proceedings of Lhe
International Conference on Elementary Particles, Pisa, 1955,”
Nuovo cimento. (1o he published).

* Heckman, Smith, and Barkas, University of California Radia-
tion Laboratory Report YCRL-3156G, 1955 (unpublished).
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events. 'The sample for reaction (2) is less than 3%
contaminated.

Results on the anisolropy are summarized in 'Lables
1 and (I, and the ¢ distributions for the combined
encrgics are shown in Figs. 1 and 2. ‘Che anisotropy
cocllicients e we caleulated from the individually
observed angles:

. 3N kAN
Deaz=— 3" cosll;== *) .
N i— N

P is the polavization averaged over the production
angles. Fo positive means a's emitled preferentially in
the dircction g i X pr. ‘ :

The rvesulls show a very large, sfatistically well
established anisotiopy for the A% clearly demonstsaling
parity violalion in the decay. For the entive sample
= -1-0.40:0.11. Tor (he 2= decay no statistically
significant anisolropy is observed. The conclusions are
strengthened by the very similar results obiained by
Crawlord o l.® AL a kinetic energy of (L99 Bev, this
group oblaing” Pa=0.514:0.15 for A? decay, and also
no measurable anisolropy for - decay.

To eslimate the anisolropy coeflicient, o, Hsclf, we
have comhined all results avaiiable in the lower energy
intervad, where the resuits of Table 1L jndicate o kurger
polavization. With our results at 910, 950, and 1100

Pl L Eot T IR R
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Fra. 1. Distribution in cosd for process (1). The shaded area
represents events for production angles in the -cenleor-of-mass
range 30%-150°.
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Mev, with those of Rerkeley at 990 Mev,® and with the
result a=0.4654:-0.34 of Adair and Leipuner at 950
Mev,® one obtains ’a=0.52:4-0.10. To find « it is
necessary to know [, This is not possible at preseut;
however, it is possible to fix an wpper limit {or | P} from

the observed angular distributions.? Tn this cnergy.

region only § and I” waves can contribuie appreciably
to the angular distribution. The cross section then has
the form |a4-b cose | *1- ] ? siv’e and T'= (22%/a) Linac*.
1F we then use the fact that the same group of data
gives a backward to forward asymmelry for the py,
duction of A”s in process (1) of 2.91:-0.4, we oblain an
upper timit for || : | P] <0.782£0.03. 'This results in
a lower hound on |} @ @] >0.674:0.13.

* Results presented ai the Venice Conference on Elementary
Tarticles, September 22-28, 1957 (unpublished).

1 This research is supported by the Ul S, Atomic Eacrgy Com-
mission and the Office of Naval Research.

Wy, Ambler, Uayward, Hoppes, and Hudson, £hys. Rev.
105, 1413 (1957).

2 Garwin, Ledérman, and Weimich, Phys. Rev. M5, 4415
(1957).

T Lee andd C. N. Vang, Phes. Rev. 104, 254 (1956).

41,. Landau, Nuciear Phys, 3, 127 (1957); 1. D. Lee and C. N. -

Yang, Phys. Rev. S, 1671 (1957): A. Salam, Nuovo cimento §,
299 (1957). .

¢ Lee, Steinberger, Feinberg, Kabir, and Yang, Dhys. Rev. 100,
1367 (1957). : : :

¢ Crawford, Cresti, Gond, Gotistein, Lyman, Solmitz, Steven-
son, and Tiche, Phys. Rev. 108, 1102 (1957). We wish to thank
these authors for an advance copy of their results.

7We have taken the liberty Lo Lreat these resulls somewhat
differently than the authors have, and obtain a somewhat altered
result. The A° data consist o 76 clear evenls (double decays)
which give (3/N)Z cosf;=0.367:4:0.20. In addition, there are 277
single A® cvents of which, according Lo the authors, about 15%,
arc 0° contaminations, and of the remainder ~25%, are 2% con-
taminations. Since neither contaminant should contribute to the
anisotropy, the up-down asymmetey of 0.57 (only the sign of 6
has been determined for these events) refers to an clfective sample
of 177 events: Pa#2X (167—110)/177=0.644::0.20. The com-
bined result is Poa=--0.51£0.15, The result obtained by the
authors, using only up and down results and neglecling the corre
lation for contamination, is 0.44:£0.11.

B8R, Adair and L. lLeipuner (Lo be published). We wish to
thank the authors for making these results available to us.

? Report of this group at the Venice Conference an Element
Particles, Seplember, 1957 (unpublished).
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FIG. 1. Magnitude of the A decay asymmetry in the
production plane, minus {37/2N(9)}2, the mean value
expected from statistical fluctuations alone, plotted
versus 6, the hyperon c.m. production angle. The
plotted errors are the rms fluctuations +{(2-x/2)3/

N@)2.

tems might be expected to be “preferred” in the
sense that the polarization in the production
plane would not cancel vectorially in averaging
over 6. ' ,

The results are summarized in Table I. No
statistically significant average polarization in
the production plane is apparent in any of the
coordinate systems.!! (This result was, of
course, guaranteed by the negative result. from
the preceding “coordinate-invariant” analysis.)

We now adopt the hypothesis that parity is not
conserved in production in order to determine
an upper limit to the parity-nonconserving am-
plitude. In the notation of Drell et al.% and Lee
et al.,® the production matrix element (M.E.)

\ —
\ A
\\ //’

—rp

A rest frame~—p S~ o ¥

tab cm. r
FIG. 2. Mnemonic (nonrelativistic) diagram in
velocity space. ¥, A, and A are unit vectors, refer-
ring to the direction of the incident » with respect to
the center of mass, the A with regard to the labora-
tory frame, and the A with regard to the c.m., all as
geen in the A rest {rame. Sce also reference 9.

may be written
M.E. = a + bcoab + icsinf G n+d0 7,

where d is the parity-nonconserving amplitude.
Then, in the “r - c.m.” coordinate system (Fig.
2 and Table I}, we have

1(8) P,(6) = 2Imc™ (a + bcos8) siné,

1(6)P,(8) = 2Red™(a + bcos ),

I(8)P,(8) = 2Red*c siné,

I(6) = la + bcos 812+ | csinfi + 1413,
After averaging over 6 we have

(IB,) = (x/2)Imc*a, (3)
{IP;) = 2Red*a, ; @
{IP,) = (w/2)Red*c, (5)
7 = lal*+1513/3+21 c1?/3. (6)

Since P, is observed to be large, ¢ and 2 must
both be nonzero, and their phase difference can-
not be 0° or 180°. Therefore, P, and P, cannot
both vanish, unless [d| is 0.

If we eliminate the phase of d from Egs. (3),

Table I. Polarization components averaged over hyperon c¢.m. production angle. Here s
ig a unit vector in %\e direction P(r incident) x P(hyperon). The standard deviations on ail
)

aP, 4 3 are (3/236

=0.113. Prob. (x2?)=exp{ -(a? E 2+02P, 2]236/6) = the probabiity

of getting a x2 as large as or larger than that observed, if the true values are Pl=Pz =6,

Coord. Axis Axis Axis _ _ _

system No. 3 No. 1 No. 2 aP, aP, af, Prob. (xm’)
T-c.m [ 7 ax¥ 0.55 -0.13  +0.15 0.21
A-c.m. [ A nxy 0.55 +0.087 +0.068 0.62
A -lab 1 A n XA 0.55 -0.046 +0.18 0.26
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ecay to the first excited state of Na® is pre-
ominantly G-T since, if one accepts the Fermi
ransition as vector,? any admixture of a Fermi
ransition would lead to a less negative value of

T
than -5.
.

“Work performed under the auspices of the U. S.
tomnic Energy Commission and aiso eupported in part
. the Office of Naval Research.

fNow at Los Alamos Scientific Laboratory, Los
amos, New Megico.

1g. W. Ridley, Nuclear Phys. 6, 34 (1958).
Herrmannsfeldt, Maxson, Stihelin, and Allen, Phys.
ev. 107, 641 (1957).

Igerrmannsfeldt, Stihelin, and Allen, Bull. Am.
vs. Soc. Ser. II, 3, 52 (1958).

{gerrmannefeldt, Burman, Stihelin, Allen, and
raid, Phys. Rev, Lett. 1, 61 (1958).

$j. R. Penning and F. H. Schmidt, Phys. Rev. 105,

7(1957).

FURTHER SEARCH FOR PARITY
NONCONSERVATION IN ASSOCIATED
PRODUCTION*

Frank S. Crawford, Jr., Marceilo Cresti,
Myron L. Good, Frank T. Solmitz, and
M. Lynn Stevenson
Lawreoce Radiation Laboratory,
University of California,

Berkeley, - California
{Received December 8, 1958)

Several authors have pointed out that the case
r parity conservation in strong interactions is
ry much” weakened when strange particles are
olved.!»? If parity is not conserved in the
gociated production process

T +p—A+K°, (1)

n the A may have a polarization component in
production plane. The parity-nonconserving
cay

A=psa” 2)

y then, by virtue of its large decay-asymmetry
ameter, exhibit a decay asymmetry in the
uction plane.

an earlier Letter we reported our analysis
236 events of the type (1)+(2), produced by
2-Bev/c picns incident upon a liquid hydrogen
ble chamber, leading to A’s of 300 Mev/c¢

- momentum.’ Those results were consistent
zero decay asymmetry in the production

plane. We now report our analysis of 185 events
of the same type, but produced at a higher ener-
gy by pions of 1.23 Bev/c, leading to 375-Mev,/ ¢
A’s in the ¢c.m. system.

One might expect from statistical considera-
tions that adding 185 events to an existing 236
could hardly change the conclusions. However,
(a) it turns out that, partly because of a larger
obgerved up-down decay asymmetry, and partly
because of a smaller observed decay asymmetry
in the production plane, we can set a substantially
smaller limit (about one-third as large) to the
amount of parity-nonconserving amplitude in the
experiment reported here than in the 1.12-Bev/¢
experiment; and (b) it is conceivable that a par-
ity-nonconserving production amplitude could
increase substantially between 300 and 375 Mev/c.

Figure 1 shows the observed decay-asymmetry
components in the production plane plotted
against ¢, the hyperon ¢.m. production angle. In
the left half of the figure we plot the front-back
(FB) asymmetry in the 7-c.m. coordinate system,
in which the positive direction is along P (r in-
cident). The right half of the figure shows the
left-right (LR) asymmetry in the same system.
The positive direction is along i‘x‘ﬁ (v inc), where
nl is the “up” direction given by P{x inc)xP (hy-
peron). All directions are as seen in the hyperon
rest frame. These data are clearly consistent
with zero asymmetry. A ¥* test applied to the
hypothesis that the FB asymmetry is everywhere
zero yields y?>(FB) =17.3, where 6 is “expected.”
Similarly y*(LR)=1.0. These combine to give a
total y* =8.3, where 12 is expected if the asym-
metry is identically zero. This corresponds to
a y? probability of 76%. _

The contribution to y? at each value of 4 is just
the square of the magnitude of the projection of

FIG. 1. Decay asymmetry components in the pro-
duction plane (gee text).
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restriction on conventional cascade model calculations which predict the distributions of all
particles produced in heavy ion interactions.

2. Experimental method

The experimental method was described in previous publications®®. Briefly, experiment
E810 measured charged tracks in three TPC (Time Projection Chamber) modules in a

magnetic field. The detector covered the forward hemisphere in the center-of-mass. The.

trigger, as described in Ref. 5, selected centrally enriched events for data recording. For the
final data sample we selected the most central events using a cut on the highest multiplicity of
the negatively charged tracks within our good acceptance. We found this to be a reasonably
good measure of the centrality from both the increased yield of K?’s and A’s as a function
‘of this multiplicity® and from Monte Carlo studies of the correlation of impact parameter
with this multiplicity. We selected the most central events from the Si target corresponding
to a cross section of approximately 100 mb, and for Pb corresponding to a cross section of
approximately 300 mb. These cuts correspond to approximately 10% of the geometric cross
section. Since we have shown in Ref. 5 that the yield of A’s and K¥’s is linearly dependent
on our centrality selection criterion (negative multiplicity), any tighter cut for centrality
selection is not justified because of limited statistics and our estimated systematic error of
20%. Thin targets weré used to reduce 7 ray conversion which would give incorrect hadron
multiplicities. We used a 0.122 cm thick St target (1.3% radiation length) and a 0.02 cm
thick Pb target (3.5% radiation length). For more details on the experimental method see
Refs. 5 and 6. The effective masses for K?’s and A’s were calculated by kinematic hypothesis
Dy assigning a proton or a pion mass Lo the charged tracks which form a vertex away from
the point of interaction (see Ref. 6 for more details).
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Fig. 1: (a). Effective mass plot of the x*x~ hypothesis for decay vertices from Pb target with vertices
removed if they satisfy the A effective mass cuts. (b) Effective mass plot of the proton =~ hypothesis for
decay vertices from Pb target.
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ward hemisphere about the mid-rapidity point y =
1.6. In order o determine the rapidity distributions
by integrating over 1, and to determine the conlribu-
tion due to unmeasured regions of the transverse mo-
mentum p, we have filted our acceptance corrected
data to A-exp(—B-m,). Since the coefficients A and
B have a strong correlation we have calculated er-
rors using a tcchnique previously described in Ref.
{2]. This technique consisted of fitting all of our data
points in y and n1, with A-exp(—B-m,) where A is
an arbitrary constant independent of rapidity and B =
a+b-cosh(y— yp) +c- (y — yo)2/m,, with a, b and
¢ independent of rapidity and yo = 1.6. We needed
to add the ¢ term to an earlier [2] parametrization in
order to obtain a good fit to our data (y* of 38 for
37 D.E.). Without this term we obtain a x? of 94 for
38 D.E (CL< 10~%). To determine the statistical er-
rors we mapped a y* contour of 1 o away from our
best fit. It should be noted that these errors contain the
contribution due 1o the uncertainty of extrapolating to
unmeasured regions of m,. We estimate an additional
systematic error of ~10%. Using the global fit to A
and K? data from Si-Si interactions [2] we obtained
the ratio of A /K? production. We then used the data
of Ref. [7] for K* and K~ production on Au 4+ Au
and. the approximation that K? = (K* + K7)/2 to
scale the A production of Ref. [2] from Si+ Si to

Au + Au. The result of this scaling is shown as a solid
curve in Fig. 4. The dashed curve is the prediction of
the ARC model and the dotted curve is the prediction
of the RQMD model.

5. Discussion and conclusions

As can be seen {rom Fig. 4, our mecasurements of
the A rapidity are in good agreement with the scal-
ing of the rapidity measurements of Ref. [2] by the
measured kaon yield from Rel. {7]. In the rapidity
region of 2.0 < y < 3.2, where we have good ac-

ceptance for A production, we are in good agreement

with the predictions of the ARC model for the rapidity
distribution. The RQMD model seems to underpredict
the yields in that rapidity region. Our measurements
of the m, distributions do not agree near mid-rapidity
with the model predictions of either ARC or RQMD
as can be seen in Figs. 2 and 3. The m, inversc slope
measurements seem (0 have a larger increase towards
wid-rapidity (» = 1.6). This is verified by calculating
the x? for our 41 measurements of 1/N-d*N/dydz?
in comparison with the two models and the Si + Si
measurements of Ref. {2]. For ARC we obtain a y?
of 416 for 41 points and a y? of 208 if we allow the
overall normalization of the data to change by 30%.
For RQMD we obtain a x? of 175 and a x* of 174
for a change of normalization of 5%. )

In summary, our measured A rapidity distribution
for Au - Au central interactions agrees with the scal-
ing of Si+ Si measurements of Ref. [2] and with the
predictions of the ARC model. The transverse mass
distributions become less steep at mid-rapidity com-
pared to the Si 4+ Si measurements or the predictions
of ARC and RQMD models. A possible explanation
of this effect is increased transverse flow [11] at mid-
rapidity in the heavier system.
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or negatively charged tracks which form a vertex. For more details on A reconstructiorn and

its rapidity distribution, please refer to Ref. 7.

With ~ 3000 well defined A’s from the Pb target, we successfully found the = signal
with the following proceedures:

We only used those A’s and negative tracks( with sagittas > 0.375 cm) that did not
come from the primary vertex. When a A and a negative track formed a vertex, we took
this as a possible E~ decay vertex and extrapolated it to the primary vertex as a helix with
a momentum vector of P("“‘) = P(A) + P(7r ). A typical, reconstructed =~ decaying in
our TPC module is shown in Fig.1.

. For all the vertices that survived the above cuts, we calculated their effective mass with
the #~ A hypothesis as plotted in Fig.2a. We selected those 97 candidates that lie in the
range of 1.306-1.336 GeV/c? as our E~ signal. Those 19 which lie in the range of 1.280-1.294
GeV/c? and 1.348-1.364 GeV/c? are treated as backgrounds.

3. Results and Discussions

Due to the limited statistics, we can only do a model dependent acceptance correction to
our 2~ data. In order to calcnilate acceptances, a complete Monte Carlo simulation of events
was performed using GEANT. Events were generated using the AGSHIJET+N ™ model. The
generated: TPC’s hits included all the known effects of the detectors apertures,efficiencies,
resolutions, and distortions. The same code has been used to calculate the acceptance of A
data and proved successful”. The lifetime of the £~ is cT = 4.92 cm as given by Particle Data
Group. We measured the acceptance corrected decay distribution as a function of proper
time as shown in Fig.2b, which is in good agreement with the known value. This gives
us confidence in our acceptance calculations. The acceptance corrected rapidity spectrum
using the AGSHIJET+N* model for the =~ is shown in Fig.3a along with AGSHIJET+N"’s
prediction scaled up by a factor of 4. This production is equal to 0.15 =~ per central event
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F- ig.2 2): Effective mass plot of #~A hypothesis for the decay vertices. b): The S~ decay
distribution from central events. The dashed curve is not a fit, but the known value e—°7/4-92,
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sonably well for Si+Pb, although it failed by almost a factor of 2 for §i+5:i.57 As pointed
out in Ref.12, the enhancement of particles with single strangeness can not serve as a clean
signature of the QGP formation, since it carries too much background information of the
hadronized state. However, the theory of strangeness enhancement as a signature of QGP
still may be important; the question is how to observe it! In a hadron gas, producing multi-
strange hyperons requires rescattering among strange hadrons or multiple rescattering of
resonant states. This makes their enhancement difficult for the conventional models to ac-
count for. During the QGP (Quark Gluon Plasma) phase transition into a HG (Hadron
Gas) phase, Ref. 13 demonstrates that a large antistrangeness content will build up in the
HG phase while a large strangeness excess will be left in the QGP phase. This excess during
hadronization could favor multi-strange hypcron production as well as strangelet formation.
With strangelet searches still not successful, we consider hyperons of multiple strangeness
a much better probe for QGP than single strangeness searches. To push the strangeness
enhancement study to a new stage of QGP search, we have searched for a =~ signal in our
data.

2. Experimental Method

E810 was designed to cover a large rapidity range and record as much information as
possible on an event by event basis. The detailed experimental method of E810 has been
described in previous publications®®. Briefly, we measured charged tracks in three TPC
(Time Projection Chamber) modules in a magnetic field. The detector covered the forwaid
hemisphere in the center-of-mass of the nucleon-nucleon system. The trigger, as decribed
in Ref. 5, selected centrally enriched events for data recording. For the final data sample
we selected the most central events using a cut on the highest multiplicity of the negatively
charged tracks within our good acceptance. We selected the most central events from the
Pb target corresponding to a cross section of approximately 300 mb. These cuts correspond
to approximately 10% of the geometric cross section. The effective masses for A’s were
calculated by kinematic hypothesis by assigning a proton or a pion mass to the positively
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Figure 25: Reconstructed Au + Au event projected onto the pad plane.
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A Measurements in E910

Brian A.Cole, H. Hiejima, X.Yang, D. Winter
Columbia University

RHIKEN Theory Workshop
November 11, 1997

Outline

1. E910 Goals

2. Description of Experiment

3. E910 Data & Analysis

4. A, K; Measurement

5. Results |

6. Future E910 analysis

7. Measuring A’s in Au+Au Collisions

B.A. Cole, Columbia University Slide 1 RHIKEN Workshop - November 11, 1997
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yoals of the Experiment

» Provide quantitative understanding of microscopic
processes that take place during heavy-ion collisions.

« Identify mechanism responsible for strangeness
enhancement in heavy-ion collisions

» Search for short-lived H dibaryon

B.A. Cole, Columbia University Slide 2 RHIKEN Workshop - November 11, 1997
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E910 @ AGS - Experimental Setup

MPS Magnet Details

 “Opportunistic” expt. using
mostly existing equipment.

EOSTPC

» Nearly complete coverage
of final state (with PID).

o Installed in the A1 (MPS)
secondary beam line.

 Ran for 4 months during

X the spring 96 AGS run.
<~ \psTPX  * UsedBe, Cu, Auand U
targets.

NS 5690 Cerenkov * Ranat6,12,18 GeV/c
incident proton momenta.

T | I :
.,!..r' 1 Y 38 ( A . Py o~ .
gL (1 é_/ MPS TOF COIIeCteC}‘ 15 m];}llon min
bias and “central” triggers.

B.A. Cole, Columbia University Slide 4 RHIKEN Workshop - November 11, 1997
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E910 - Event Display Picture
A Typical A Decay Event in EOS TPC

T _p "

_p18GeV/c

Beom

~—

T

Au Target

Y T
Y A

¢ Target ~ 20 cm upstream of TPC = tracks well separated at entrance
* A decays in TPC easily identified

e TPC resolution: 0.3 mm in x (?), 0.7 mm in y
= A decays before TPC also easily identified

B.A. Cole, Columbia University Slide 5 RHIKEN Workshop - November 11, 1997
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E9210 - Particle Identlficatlon

dE/dx Identlﬁcatlon dE/dx vs momentum

.

)
S

e Obtain up to 128 AE samples/track < | POSITIVE
 Use (AE/AX) vs p for particle ID.  § |
. . 3 i
e Pair conversion electrons to reduce ol
electron contamination.
Nhits > 30 10.5 i ] IIIIIII | ] IlIl|I‘ | ] Illllll |
107 i 10° 107! 1 10
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:3 ~ 10 N
<3 ;; NEGATIVE
3 S
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B.A. Cole, Columbia University ' Slide 6 RHIKEN Workshop - November 11, 1997
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E910 - V! Reconstruction

o« A — pnwith 63.9% BR
« K.— ntt (68.6% BR)
e Particle identification:

— 30 dE/dx cuts on proton and 7t tracks.
— e*e- pairing to remove electrons

o 0, < 4.87 deg

target

B.A. Cole, Columbia University Slide 7 RHIKEN Workshop - November 11, 1997
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E910 - Strange Particle Production

wf A S First detailed study of strange =~ wf & R
son £ particle spectra vs centrality in =~ .} N
w | o p-A collisions :

(18 GeV/c p+Au collisions)
Analysis by X.Yang - Columbia
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E910 - Armenteros Plot

e Method of “identifying” V9’s without PID.
e Plotof p, vsa= (P *- P ) (P* +P)
e 0, =¢,co8 0,,+Cp P, =P 8in 0O,
e For A, oo = (0.17/B,) cos 6,,+0.7
o 1on , “New” analysis w/ dE/dx PID,
Old” analysis w/o dE/dx PID more statistics and “loose” M,,, cut
8 oams | = 0225 F
el 2 o2f
s | 0175 b
e b 015 |
0126 _ 0.125 —-
b 01 |
| . 0.075 _—
T 0.05 £
o 0.025 -
T e R (R
o o
B.A. Cole, Columbia University Slide 8 RHIKEN Workshop - November 11, 1997
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E910 - Decay directions

Compare “old” and “new” analyses

o Old analysis has large backgrounds at large Icos 6|
« New analysis has much less background (particle ID !!)

« New analysis shows 6, dependent acceptance
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 After acceptance correction, see excess near cos 9, =1.
— Residual K contamination | |

E910 Decay directions (2)

 As expected, acceptance shows cos 6, dependence.

— Real problem for polarization measurements (?)

4000

8 s | . 2 f ~ E910 Preliminary
g — Geant Simulated Acceptance g 3500 L Data after Accept. Corr.
O o4 WW &) :
: 3000 -
035 | [T
03 | 2500 |-
025 F 2000 - |
2 b - LI
015 '
1000 |+
0.1 _
0.05 | 500 1
0E|11|||||||v||||||1||n|1|||;|||||111||v1' 0;1.-|||||I|A|v||||||||.l.||||;|f1||!ql-
-1 -08-06-04-02 0 02 04 06 08 I -1 -0.8-06 -04-02 0 02 04 06 08 I
cos(®,,,) cos(8,,)
B.A. Cole, Columbia University Slide 10 RHIKEN Workshop - November 11, 1997

0€T



E910 - Decay directions

Compare “old” and “new” analyses

* Old analysis has large backgrounds at large Icos 0_|
* New analysis has much less background (particle ID !!)
* New analysis shows 8, dependent acceptance
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E910 Decay directions (2)

o As expected, acceptance shows cos 6, dependence.

o After acceptance correction, see excess near cos 0, = 1.

— Residual K contamination
— Real problem for polarization measurements (?)
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E910 - Decay directions

Compare “old” and “new” analyses

o Old analysis has large backgrounds at large Icos 6|
» New analysis has much less background (particle ID !!)

« New analysis shows 6, dependent acceptance
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E910 Decay directions (2)
As eXpected, acceptance shows cos 0, dependence.

After acceptance correction, see excess near cos 0, =1.
— Residual K, contamination |
— Real problem for polarization measurements (?)
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§ 0.8 N T » Result of Geant
So7 4N i e Monte-Carlo.
SR N = * Used same cuts as in
S 0.5 o data analysis.
0.4 e i T » Includes effect of BR
0.3 G Al N, —maximum = 0.64
0.2 o | i .1 * Losses at lowy
0.1 5" = JEEmmE . ~Decay distance cut
0 ' ' | —Geometric accept.
—Mult. Scattering
 Losses at large y
—TPC Two-track
2 | resolution
% 0.1 Jo 05 7 y —Decays past TPC
© —p resolution
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-
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E910 - Lambda Inv. Masses

Compare “old” and “new” analyses

.. HIPAGS 96

Counts

... DNP°97

400 |

300 E I

200 |

100 |

T

Observations

B ] Lol 1 1 I 1 l L -] 1 1
1.09 . . 1.12 113 114 115
pr Invariant Mass (GeVic)

« New analysis has
better S/N even w/o
cuton 6.

~ » New analysis has less

background at low
Minv :
» Xihong:
— Low M, , bg mostly
from fake V©’s.

— High M, , bg mostly

from K..

e Difficult to “see” K,
background in the
inclusive distribution.
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E910 - Lambda Mass vs Rap_ldlty

A I nvariant Mass at Different Rapzdzty Region

1000 |

500 F

Observations

» See “fake” VO background
at low rapidity (expected). .

* See larger K contribution :

11 1.15 O R T high rapidity.
00<y<04 oy (282210 g See effect of worsening
2000 j 1000 g w0 b TPC momentum resolution
1500 F 750 E ,
oo | o |  f o Where afe the A’s at y>2.6
500 250 100 f —Most likely due to stopping
RV R T RV R TS ¥ B ¥ T — “Efficiency” loss
10<y< 14 l4<y< 1.8 . 1.8<y<22 — Unknown problems 79
® “E 2 e A polarization at large y
N 30 15 . <.
0 : I problematic w/o additional
20 F J‘ 10 il .
2 M %W ok il MM [J hll‘“ particle ID due to K|
0 h P T 4 B A * Note: currently not using
1]5 11 1.15 1.1 115 1 v e e . . dE/d
22 < y<24 24<y<26 26<y<36 relativistic rise m X.
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E910 - Lambda Inv. Masses

Compare “old” and “new” analyses
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400 [
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prt Invariant Mass (GeV/c)

Observations

« New analysis has
better S/N even w/o
cuton 0.

. » New analysis has less

background at low
Minv .
« Xihong:
— Low M, , bg mostly
from fake V’s.

— High M, , bg mostly

from K..

o Difficult to “see” K|
background in the
inclusive distribution.
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A Invariant Mass at Different Rapidity Regio
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E910 - Lambda Mass vs Rapidity
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n .
Observations
* See “fake” VO background

at low rapidity (expected): .
« See larger K, contribution ¢

high rapidity.
~* See effect of worsening
TPC momentum resolution
» Where are the A’s at y>2.6
—Most likely due to stopping
— “Efficiency” loss
— Unknown problems ??
A polarization at large y
problematic w/o additional
particle ID due to K|

* Note: currently not using
relativistic rise in dE/dx.

B.A. Cole, Columbia University
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E910 - Lambda Spectra

 “Centrality” is difficult to measure in proton-nucleus collisions.
» Previous p-A experiments: characterize centrality with # slow protons
 “Rule of thumb”, number of primary collisions, v=,/N

slow

« First detailed study of centrality dependence of A production in p-A collision.

-I |||llll'll IIllII‘l]‘l'lIllllIl-

- .
Slow proton has p < 1.2 GeVic X ¥ E910 Preliminary # of slow protons
f 18 GeVic p+Au S - om0 '
SN o s ) 1

10 §§ E910 Preliminary 107 4y + s 24 3

%§ —.—_._—O— | 5—9 ]

107 ;Z§ e o 210

%§ 10 +ﬂ _
N TNCORE
N TS S5
é\ + - RS
% § 3 4 g
PIZN . 107k i
10 %\ 1 N o 3
N\ : o
A\ | | * Ly
]O-Sf\.\ 1 X ]0'4..‘+_.|....|....|....I.-..l.—?—.cjé
072 4 6 810 12 14 16 18720 X S R K N R X S—

Number of slow protons
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E910 - Future of Lambda Anal

Detector Analysis
e TPC

— Improvements in “hit-finding” for close tracks.

o Particle Identification
— Currently tuning up TOF and Cherenkov identification

— Relativistic rise dE/dx helpful for tracks that miss Cherenkov.

o Downstream tracking
— Improved (x10) momentum resolution at high p.
— Eventually will reconstruct A decays at end of or after TPC.

Physics Analysis
« Improved A reconstruction cuts
o Other targets (Be, Cu), beam momenta (12 GeV/c)
« Lambda polarization measurement
* A A correlation analysis

B.A. Cole, Columbia University Slide 15 RHIKEN Workshop - November 11, 1997
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Lambda Polarization Correlations

Main issues (guesses - no real experience)
» Acceptance |
— Because it comes in squared for pairs
= e.g. even if dN/dy = 10, if A= 0.01, pair rates are low

= even with “large” geometric coverage E910 has (A) = 0. 4
— More important (critical):
= Restricted geometric accept. = restricted polarization accept.
= Induces automatic correlation in A polarization.
= Analogy of “residual” correlation in HBT (?)
= Difficult to control systematic errors at few % level ?!!.

« Contamination/feed-down

— Because it comes in “squared” for pairs (fraction of true AA pairs).

— So many sources: € fakingn fake Vs, Ks, 20—91\'\(, B,
secondary interactions, .

— Effects may be worse (e g. K)) where acceptance is better (high y).

“~B.A. Cole, Columbia University —— Slide-16 RHIKEN Workshop - November 11, 1997

LET



Lambda Polarization Correlations (2)

How to design expt. from scratch (starting point) ?
» Use large-acceptance detector (rate, ...)

» Measure at moderate to high rapidity
— Angular acceptance is better for given geometric size.
— Get downstream from target & away from the junk.
— Less multiple scattering, energy loss, ...
— Need good tracking resolution, particle ID.

e Make azimuthal acceptance uniform
— “Guaranteed” to have biasin 0,
- — Look only for correlations azimuthally ??

o Start with/use asymmetric collisions
— Demonstrate no effect in control measurement (e.g. O+Au)
— Less uninteresting corona in (e.g.) Ag+Au than Au+Au ?

— For central interactions, A at mid-rapidity and above must come
from high baryon density region.

B.A. Cole, Columbia University Slide 17 RHIKEN Workshop - November 11, 1997
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09:00

09:30

10:00

11:00

01:00

01:30

02:30

RIKEN BNI RESEARCH CENTER

SYMPOSIUM ON
COLOR SUPERCONDUCTIVITY, INSTANTONS, AND PARITY
(NON?)CONSERVATION AT HIGH BARYON DENSITY

NOVEMBER 11, 1997
PHYSICS DEPARTMENT SEMINAR ROOM

AGENDA

09:30 Krishna Rajagopal (MIT)

QCD at Finite Baryon Density: Nucleon
Droplets and Color Superconductivity

10:00 Mark Alford (IAS)

12:00 Thomas Schéfer (INT) Instanton Dynamics

12:00 Yang Pang (Columbia) Parity Violation Observables in AA
01:30 Nicholas Samios (BNL) Lambda Polarization Measurements
02:15 | Brian Cole ((iolumbiel) Experiments at the AGS

05:00 Discussions
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