FROM CP VIOLATION
-~ TO ARROWS OF TIME:
A VOYAGE THROUGH
STRANGENESS AND BEAUTY

L.M. Sehgal

1. SOME HISTORY, SOME
NOSTALGIE

2. UNDERSTANDING CP VIOLATION:
TRIUMPH OF CKM HYPOTHESIS

2. CP VIOLATION AND ARROWS
OF TIME




e e R N s e T 5

CHANDIGARH 4964 .(2

P/Ljft'cs .pafavémené, ?@,\jaL L(,nivzrs}fj

RS R LI






CavcoTTA 1962-63

S’al\a In?#iéu‘fe éf /Vu,c/ﬂar ?AjS;CS




1963: A Year of Good Tidings

1. Graduate Record Exam

__» Language 74 %
Aptitude Test
™ Quantitative 99 %

Physics Test : 99 %

2. Fellowship for Graduate Study:
Carnegie Institute of Technology,
Pittsburgh

3. Fulbright award for travel to U.S.A.
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Figure 1: R. Cutkosky
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L/VIS"; 7)4\12&,, 1968- 31

IMPLICATIONS OF UNEQUAL CHARGE ASYMMETRY IN K ;° = 7% "y AND K[°~ %1y

L. M. Sehgal
Tata Institute of Fundamental Research, Bombay, India
(Received 10 June 1968)

The possibility is considered that the charge asymmetries 6, and 6y in the decays Kz.°
— n¥e¥Fv and KL°—° T=uFy might turn out to be different. Some implications, including a
test of CPT, are pointed out.

Tests of CP and CPT Invariance in the DeAcay K, -1

L. M. Semcar
Tata Institute of Fundamental Research, Bombay, India
(Received 29 January 1969)

Pais and Treiman have studied the implications of CP and CPT invariance for the decay K — Il. We
indicate how their results are modified when account is taken of the possibility of real intermediate states
in this decay.

Electromagnetic Contribution to the Decays K5 — Il and X, — II*

L. M. SErGAL
Tata Institute of Fundamental Research, Bombay, India
(Received S March 1969)

Using a model in which the decays Ks,, — Il occur through a two-photon intermediate state, and con-
sidering only the absorptive part of the amplitudes, we obtain lower bounds on the ratios Rate(Ks, z — /I)/

Rate(Ks,z — v7v)-

pie RATIO IN 7°~7°I*1~ AND X°~1°I*1~ AS A TEST OF ELECTROMAGNETIC C NONINVARIANCE

e L. M. Sehgal
Tata Institute of Fundamental Research, Bombay, India
(Received 23 April 1969)

If the decays n%— 7%*1— occur via a C-nonconserving (isovector) electromagnetic in-
teraction, the ratio I'(n’—7%%e~)/T'(n"—~ %*%~) should be 3.3. Similarly, if the de-
cays X—n%*1~ are induced by a C-nonconserving (isoscalar) interaction, the ratio
T(X*—n%" e~ )/T(X*—=n%"u—) should be 2.9.

ELECTROMAGNETIC CORRECTIONS
TO THE COHERENT Kj-Kg REGENERATION AMPLITUDE
IN HYDROGEN

K.V.L.SARMA and L.M.SEHGAL

Tata Institute of Fundamental Research, Bombay 5, India
Received 8 February 1971

Abstract: Electromagnetic corrections to the coherent K1,-Kg regeneration amplitude
from protons. fa1 = f(0) - f(0) are estimated in a model based on elastic unitarity
and Regge behaviour. The correction to Im f21/k is found to vanish asymptotically
as (Ins)-2. The correction to Re f21/k, assuming additivity of the Coulomb- and
strong-phase shifts, is also finite. Numerical values are given at a typical energy.

T, P, and C Symmetries in K o>yy
L. M. Sehgal

Tata Institute of Fundamental Research, Bombay 3, India
(Received 8 February 1971)

The Bernstein-Michel analysis of n9— yy is applied to the decays Kp s—vv. It is shown
that, in contrast to the situation in 19—y, a hypothetical violation of CP invariance in
Kp s—vvcan, in principle, be detected by a measurement of the circular polarization of one
of the two photons.
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TIFR/TH/72-9

YANG-MILLS FIELDS AND THEORY OF WEAK
INTERACTIONS

G. RAJASEKARAN
Tata Institute of Fundamental Research
1 » BOMBAY - 5

LECTURES GIVEN AT
SAHA INSTITUTE OF NUCIEAR PHYSICS
92, Acharya Prafulla Chandra Road
CALCUTTA-G

(JUNE, 1971)

(This was previously issued as a Saha Tnstitute Report., The

present  version incorporates some minor corrections.and an
addendum. )
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IMI. Physikalisches Institut

der Rheinisch-Westidlischen Technischen Hochschule

Aachen

PITHA-(1973) N8 68

Unified Theories of Weak and
Electromagnetic Interactions:
An Elementary Introduction

L., Sehgal

I1]. Physikalisches Institut
Technische Hochschule Aachen
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Nuclear Physics B65 (1973) 141—157. North-Holland Publishing Company

PREDICTIOANSA OF THE WEINBERG MODEL FOR
NEUTRAL CURRENTS IN INCLUSIVE NEUTRINO REACTIONS*

L.M. SEHGAL
III. Physikalisches Institut, Technische Hochschule Aachen, Aachen, W-Germany

Received 19 June 1973

Abstract: We investigate the consequences of the Weinberg theory for neutral current reactions
of the type »(¥) + nucleon = »(¥) + hadrons, using a quark parton model. The total cross
section ratios R = a(v—v)/o(v—p~) and R = o(5-7)/o(T - u') are obtained as functions
of the Weinberg angle 6, and have the minimum values Rmin = 0.17, Emin = (0.37. An approxi-
mate relation between R and R is obtained, which is independent of the Weinberg angle:
1(1-3R+R)=[& ('}?—-R)]'%’. Predictions are made for the average v and average Q2 in
comparison to those in charged current reactions. Preliminary results of the Gargamelle ex-
periment are compared with the theory.

1. Introduction

The Weinberg model unifying weak and electromagnetic interactions predicts the
existence of neutral lepton and neutral hadron currents in weak processes [1]. The
coupling of such currents to each other should produce observable effects such as
semi-leptonic reactions which are distinguished from the normal weak reactions by
the fact that no charge is transferred from the lepton to the hadron system. Of par-
ticular interest is the prediction of neutrino induced reactions of the type
p(@) + N = p(?) + hadrons (N = nucleon) which differ from the normal reactions
p(v) + N = u~(u*) + hadrons by the absence of a charged lepton in the final state.
It was shown by Pais and Treiman [2] and by Paschos and Wolfenstein [3] that
the inclusive cross sections for such neutral current reactions have, in the Weinberg
model, lower limits which are quite large, and which therefore make these reactions
suitable for an experimental test of the model.

The purpose of this paper is to examine closely the quantitative predictions of
the Weinberg theory for neutral currents in inclusive neutrino reactions. We assume
that the neutral current process, like its charged current counterpart, shows a scaling
behaviour at high energies, and adopt a parton model for the description of the deep

inelastic scattering [4—6]. The parton model employed is one which affords a satis-

* Work supported by the German Bundesministerium fiir Technologie and Wissenschaft.




1974: A Busy Year

January: - Seminar in Rutherford Lab
- Seminar in Trinity College, Dublin

February: - Plenary talk, DPG Tagung

Hamburg
March: - Visit to CERN (met Wolfenstein)
May: - Seminar in Liége
June: - Seminar in Karlsruhe

September: - Talk in Weak Interaction Meeting,
Strobl (got to know Pais)

dbe

Nine papers written !







ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

SIEGE: GENEVE/SUISSE

CERN LABCORATOIRE |
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1976 : Another Busy Year

January:
February:
March:
May:

June:

July:
August:

September:

November:

December:

- Seminar in Mainz

- Seminar in Strasbourg
- Seminar in Orsay

- Seminar in Bielefeld

- CERN School of Physics,
Wepion (Tutor to Jack
Steinberger)

- Neutrino Conference, Aachen

- Seminar in Siegen

- Gordon Conference, Tilton, NH
(talk)
- Seminar in Brookhaven

- Minerva Symposium,
Kleinwalsertal (talk)

- Seminar in Heidelberg
- Seminar in Dortmund
- Seminar im CERN

- Seminar in Bonn
- Seminar in Wuppertal
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CERN

Discovery o W =

Volume 122B, number 1 PHYSICS LETTERS - 24 February 1983

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS
WITH ASSOCIATED MISSING ENERGY AT /s = 540 GeV

UAI Collaboration, CERN, Geneva, Switzerland

G. ARNISONJ, A. ASTBURY i, B. AUBERT®, C. BACCI1, G. BAUER!, A. BEZAGUET ¢, R. BOCK ¢,
T.J.V. BOWCOCK f, M. CALVETTI Y, T. CARROLLY, P, CATZY, P, CENNINI Y, S. CENTROY,
F.CERADINIY, S, CITTOLINY, D. CLINE !, C. COCHETX, J. COLAS®, M. CORDEN ¢, D. DALLMAN ¢,
M. DeBEER ¥, M. DELLA NEGRA ®, M. DEMOULIN ¢, D. DENEGRIX, A. Di CIACCIO],

D. DiBITONTO ¢, L. DOBRZYNSKI®, J.D. DOWELL¢, M. EDWARDS ¢, K. EGGERT #,

E. EISENHANDLERf, N. ELLIS¢, P. ERHARD?, H. FAISSNER 2, G. FONTAINES, R, FREY !,

R. FRUHWIRTH!, J. GARVEY ¢, S. GEER 8, C. GHESQUIERES, P. GHEZY, K.L. GIBONI?,

W.R. GIBSONT, Y. GIRAUD-HERAUDS, A. GIVERNAUD“ A. GON!DEC" G.GRAYERJ,

P. GUTIERREZ", T. HANSL.KOZANECKA 2, W.J. HAYNES J, L.0. HERTZBERGER 2, C. HODGES“,
D. HOFFMANN 2, H. HOFFMANNY, D.J. HOLTHUIZEN 2, R.J. HOMER ¢, A. HONMA 1 ,W.JANK Y,
G.JORATY,P.I.P. KALMUS, V. KARIMAKI®, R. KEELER{, I. KENYON¢, A. KERNAN],

R. KINNUNEN €, H. KOWALSKI4, W. KOZANECKI®, D. KRYN¢, F. LACAVAY, J..P. LAUGIER K,
J.-P. LEES®, H. LEHMANN?2, K. LEUCHS 2, A. LEVEQUEK, D. LINGLIN ®, E. LOCCI kX, M. LORETX,
J.-J.MALOSSEX, T. MARKIEWICZ 9, G. MAURIN ¢, T. McMAHON ¢, J.-P. MENDIBURU 8,

M.-N. MINARD®, M. MORICCA i, H, MUIRHEAD 9, F, MULLER ¢, AK. NANDIJ, L. NAUMANN 4,
A.NORTON4, A. ORKIN-LECOURTOISS, L. PAOLUZI i, G. PETRUCCI ¢, G. PIANO MORTARI |,
M.PIMIA®, A. PLACCIY, E, RADERMACHER?, J. RANSDELL?, H, REITHLER?, J.-P. REVOLY,
J.RICHk, M. RIJSSENBEEK ¢, C. ROBERTSJ, J. ROHLF ¢, P. ROSSI ¢, C. RUBBIA 9, B. SADOULET ¢,
G.SAJOTB,G. SALVIf, G. SALVINI|, J. SASS K, J. SAUDRAIX k, A. SAVOY-NAVARROK,

D. SCHINZELf, W. SCOTTJ, T.P. SHAHJ, M. SPIROk, J. STRAUSS!, K. SUMOROK ¢, F. SZONCSO!,
D.SMITHh, C. TAOY, G. THOMPSONf J. TIMMER Y, E. TSCHESLOG 2, J. TUOMINIEMI ¢,

S.Van der MEERY,J .P. VIALLEY, J. VRANAB, V. VUILLEMINd H.D. WAHLI P. WATKINS ¢,
J.WILSON¢, Y.G. XIEd M. YVERT" and E, ZURFLUHd '

-Annecy /LAPP) b_Birmingham ©~CERN 9 Helsinki ®~Queen Mary College, London *—Paris (Coll. de France) 8
—Riverside P~ Rome \—Rutherford Appleton Lab, i~Saclay (CEN) X~ Vienna! Collaboration

Received 23 Janu 83

We report the results of two searches made on data recorded at the CERN SPS Proton—Antiproton Collider: one for
isolated large-ET electrons, the other for large-Er neutrinos using the technique of missing transverse energy. Both searches
converge to the same events, which have the signature of a two-body decay of a particle of mass ~80 GeV/c?. The topology
as well as the number of events fits well the hypothesis that they are produced by the process p + p = W* + X, with W*

- et + v; where W* is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter-
actions.

! University of Wisconsin, Madison, WI, USA.
2 NIKHEF, Amsterdam, The Netherlands.

POPRPT o | Ar———

103

2



2. ”o-dhwlawﬁkj CP Vc""(m‘t'n::
(obaqub - M;:/muo. ny}:oﬂesis ('75)

Essowbod Loles . Su(z) v U(1)
I‘Ru«J wh 3 }MA-KL Ao lle s
Osvet wh sew vishs for %eplov-
o 62 CP vietled o .
P o dovgen a dead-e~d siveet
Fecur moved Am |

K- mesons lo B- meso ns
Ao o
Stva Yy el ] 4 an.u‘y

77»'«(]-3' f:n A Lot Aetdav | f2e K-M
‘71»0#\4;:; Aod Por’e} all Cruesd
‘v(plvc'mu’w( fests .

= Nolel prize 2007
(370'- majov -(/e'uwgl. c_"{#\_. SuB) « 6((/))

L eevy



14?3 : K 44‘16\!/4,' Maskawa

&P MV(% Adm-&w-uyé, y Sulz)«ur)

EM #44@/&%’»%% ,)47« AX P ’M/"raoﬁm

#L#(f—»a() » MM(“‘:: ([“7(;;)
u Mad M:; (FC) (?S)

CP Violatio reguives 2 veladin phase
M".@@vv K.{W(UZ An«zé MCa( é(:;
%\\)W //u-»..',l,u-,g/ﬁy =

&

Ut U + U US — &
= CP wslalio 4‘»-’503154/—_& .

Zi’aC acs

ﬂ'ud““‘



This o ahoo o mrderstooa a. Lol
T P
e Wéw Zx2 uwwﬂﬂm |

U= {5075,2 SAHe/S
B

“ja‘hge &nﬂ Y4

ufa = MM_'L
= 1 = o(-(.é-*/!-l-?’ =) [(-Y"ﬂl«/ﬂar
Uome 3 aelative /bZW m\m; & W

puch Mook x/L Y- 0

ik > =0 }/}

_,_:> é(,c (&Dﬁ /)4(%19) A 5
~3.‘n9 a>f

= CqLc'LLG mﬂ/ﬁ!/;x (M/d?%\d)

-

Wl Mree W don M bs

Oz,écz 29\/\2, /? 3/ /{—-7;. V A /M
2ol — ()W

V': Ex 3 A\'M'L% Mﬂz&;x

_ Vu d l/od‘ VuL
Vc 4 VCS VCL
Vé A Vf: Véo‘



({W'vw #‘LMJ%‘V«M ,14,/ AS',:_,( A(w‘/\m
wons o Mz Fovun
g (c2d) =~ Y (GL(E)
F IV (4e) (@)
L V(»,(,Vf (J%)(Z:)

+* %
VM,(V,A;V —+Vc,(l/c.r f l/(—v(\/él =0

Tho w5 o dioed Buowple v B tonploe plase:

X
v V
i : Ve
¥

V, Vs




72'0/‘(’11\/4‘0 ({% /M‘M/&dn/é ﬁ\&kﬁéy

i Thexs e iy zﬁ’ww»j& Wﬁ(’””f’
K'Ifﬁc lﬁu&»—t #ﬁm,é/v—um /{%(f‘”{))
)LI% (L-—)a() : u,# (L—-U‘)) #,,ﬂ [é—m)' Z/,#/{”f)
ond. ‘U"ﬂ (cam) .

eh
() Al Mmm/zg /»'MJ,&, Snye M
fame la .

e ason : fn\(V.l/ VoV

T FWM@{/:ZJ T ¢ a sarivernsal »eaoun.
7 P koo 2 all Llowera, ’”“"”j"%
o brahive . Avea 2 tv'aw\g[e T .

(iv) Je M %M/adu/t Aﬁ&w—?'&? bave &LM

Yenpty . Ceaoon . Aioomretyont. ek
%R oyt meali




WW‘- WT for So4d  Ianshn,

LJ%_[LMGZ;-,/{L—-)A’L%%/V"’“

3

3
~ A

3

A

Th  acconnts /’«v M oﬁvm@ﬁ CP- vt ofels
0w vapren, Qeclos | S W L 7
AL OL,,V,\,?[@ ime  mniversal
(Av) $cde, 7 o wa\j[z ae Aeleninad /é“;
(P (rserning, proeoyets, Kwéi{ﬁ 7). #de,
fom, e omate o te Blmgh wlot. (f
#+ 0,7 ) 'W- ML2ALoL, 0// P vidadon. E’(““fé
/3 “"3&‘4/5“- ¢ CP- W&;ﬁ‘;ﬁ sl CP- conoerming.

m ’




2

E&w% o mee s ? /muk,..é /w\aubé,

CQ Q000

P=02, 7 = 0.4

L = 90
/3 f (i) ~ 29
v = bl (2) ~ 657
&hs 2041
9.-.0.144,_-_*:3}; o = 8‘?"'#

7 = 03434&0” P i 4
-0.0n y K 68& 13"



Date: Wed, 15 Oct 1997 11:30:06 -0400

From: cox@uvahep.phys.virginia.edu

To: sehgale@ephysik.rwth-aachen.de

Subject: Questions concerning asymmetries in KOL->pipiee

Dear Professor Sehgal,

I attempted to get in touch with you in August and am trying again.
Please let me know if you get this message.

My group has observed the KOl->pipiee decay in the data that we recent
took in the KTEV experiment run at Fermilab. We have much greater sensitivity
than previous experiments and see this mode quite easily. I expect to
have between two and three thousand events eventually when the entire data
sample is process from several months of running for rare K decays.

The bottom line is that we see very clearly the CP violating asymmetry
in the angle between the normals to the e+e- and the pi+pi- planes
that you predicted in PR D46 of August 1992. My problem is that we would like
to have the non-integrated matrix element for our acceptance calculations
rather than experession (16) of that paper which is already integrated over
the angle of the positron in the e+e- center of mass with respect to the
dirction of the pi+pi- system in the e+e- frame of reference and the angle of
the positive pi with respect to the direction of the e+e- in the pi+pi-
frame of reference. 1Is a non integrated expression available?
It would help greatly if we could obtain this from you.

With a few thousand events, we are beginning to look at the other
angles in the decay (other than the angle between the normials to the e+e-
and the pi+pi- plane in the KOL CMS) to see if there is any hint of
an asymmetry which would indicate an unusual source of direct CP violation.
We have been using your PR D48 article with Heiliger as a guide to the
search for such anomalous direct CP violation. However, there is a question
concenring the coordinate systems. You give a description in words of the
angle theta (essentially what I used above when describing the angle of the
positron in the e+e- center of mass). However, you give a second definition
in terms of cross products at a slightly later point in the paper. The two
definitions appear to be different. Can you reiterate the definition of the
angle theta for us?

I hope to hear from you soon. It would be good to get this result
out. The data is very pretty and agrees with your predictions very well.

Brad Cox
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L. M. Sehgal
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The decay K; —m "7 e e ™ is analyzed in a model containing (i) a CP-conserving amplitude associat-
ed with the M1 transition in K, — 77y, (i) an indirect CP-violating amplitude related to the brems-
strahlung part of K, —m "7y, and (iii) a direct CP-violating term associated with the short-distance in-
teraction sd —e¢ e ~. Interference of the first two components produces a large CP-violating asymmetry
(~149%) in the distribution of the angle ® between the e "e ~ and # "7~ planes. The full angular distri-
bution contains two further CP-violating observables. Effects of direct CP violation are found to be nu-

merically small.

PACS number(s): 13.20.Eb, 11.30.Er

I. INTRODUCTION

The decay K; —7 "7 e "¢~ can be envisaged, in the
first instance, as a conversion process related to the decay
K; —m7 77" y. The latter is empirically known to contain
two components: a bremsstrahlung piece related to the
CP-violating decay K; —7 7~ and a CP-conserving
magnetic dipole component. Interference of these terms
produces a CP-violating circular polarization of the pho-
ton in K;—m 7 y. The conversion process
K; —7 7 e e” may be viewed as a means of probing
this polarization by studying the correlation of the e te~
plane relative to the 777~ plane.

In a recent paper [1], a calculation of the decay
K, —»7tm"e¥e™ was carried out in which the ampli-
tude was determined by the two empirically known com-
ponents of the radiative decay [2]. In addition, a virtual
photon component K; —7 "7~ y* (absent for a real pho-
ton) was introduced, in the form of a K G charge-radius
contribution. The branching ratio was determined to be
~3X1077. A significant CP-violating asymmetry was
found in the @ distribution of the process, ® being the
angle between the ¢ e ~ and 777~ planes:’

#2dT r 4T
fO 5 - fv/ld—(bd(b

- fmdr . 40

e o
dd ol rr/zd(I)d(b

=15%sin[® . _+8y(mE)—5,]
~14% . (1)

Here @, _ is the phase of the CP-violating parameter
s, 8olME) is the I =0 mm s-wave phase shift at
s.=M32, and §, is an average wm p-wave phase shift in
the domain 0<s_ < M}. The result (1) represents one of
the largest calculable CP-violating effects in the decays of
the K°-K° system.

The effect found in Ref. [1] arose entirely from the
bremsstrahlung decay of the K, admixture in the K,
wave function. In this sense, it is an example of “in-
direct” CP violation. One of the purposes of the present
paper is to examine the consequences of a “direct” CP-
violating amplitude” in K; —7 "7 e e~ associated with
the short-distance interaction sd —e e ~. In addition,
we extend the analysis of Ref. [1], by looking at the com-
plete angular distribution of the final state. This enables
us to identify two further CP-violating observables. The
method of calculation adopted here is quite different from
that followed in Ref. [1], and permits an independent
check of the results presented there.

II. MATRIX ELEMENT
The-decay amplitude of
K (P)—mT(p)m (p_le (ky)e (k_)
in our model has the form
MK, —mT7"e e T ) =My + Moy +Meg M
(2)
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of the fossils. “Everybody would say yes,
these are small shellies,” agrees paleontolo-
gist Douglas Erwin of the National Museum
of Natural History in Washington, D.C., who
has seén Azmi’s paper. The question is what
they mean for the age of the tracks.

In the early 1980s, Azmi found similar
fossils in another Indian basin, boosting its
accepted age by 400 million years into the
Cambrian. He thinks the new fossils hold a
similar message about the sandstone layer
they overlie. As he argues in a letter on page
627, there’s not much rock separating the
540-million-year-old fossils from Seilacher’s
trace fossils—implying that the tracks must
be about 600 million, not 1.1 billion, years
old. That would make them no older than oth-
er known traces of early animals.

Azmi and others add that the radiometric
dates aren’t as impressive as they might
seem. As geochronologist Samuel Bowring
of the Massachusetts Institute of Technology
notes, the dates might accurately reflect the
age of individual mineral grains, but those
grains may have formed long before they
eroded from parent rock and washed into
the sea to become part of the Vindhyan sedi-
mentary rocks. Indeed, the radiometric dates
of grains from the formation containing the
Cambrian fossils are also about 1.1 billion
years old, suggesting that the dates may not
reflect the age of the rock layer itself.

Seilacher, Pfliiger, and their colleague
Pradip Bose of Jadavpur University in Cal-
cutta are just now seeing the details of
Azmi’s paper, but they already have some
reservations. Pfliiger speculates that perhaps
Azmi’s Cambrian fossils are not close in
time to the trace fossils after all. Thick layers
of sediment may be laid down in one place
but not in another, and rocks can be eroded
away before the next layer is laid down, mak-
ing it look as if little time has passed when in
fact hundreds of millions of years have gone
by. Pfliiger also notes that Azmi’s fossils
come from a part of the basin different from
the one that contained the tracks, increasing
the chances that fracturing and jumbling of
rock layers could confuse interpretations.

And Indian researchers, including pale-
ontologists Anshu Sinha of the Birbal Sahni
Institute of Paleobotany in Lucknow and
B. S. Venkatachala of the Wadia Institute, say
that they are reluctant to adopt a young
age for Vindhyan rocks, given the radiomet-
ric dates. They also report signs of pre-
Cambrian single-celled algae and other fos-
sils in the rocks. To prove the age of the
Vindhyan, geologists may have to find and
date rocks such as volcanic ash layers,
which offer secure dates because they are
deposited as soon as they’re formed. Until
then, the age of the first animals remains
in question. ~RICHARD A. KERR
With reporting from India by Pallava Bagla.

NEWS OF THE WEEK

Particle Decays Reveal
Arrow of Time

In the everyday world, time is a one-way
street. Unlike characters in Martin Amis’s
novel Time s Arrow, we never exit a taxi and
salute while it retreats down the street or
awake in the evening and see our clothes
come flying from the corners of the room.
The microscopic level where particles col-
lide and decay, however, has seemed indif-
ferent to the direction of time. But two
groups of researchers, at Fermi National Ac-
celerator Laboratory (Fermilab) in Illinois
and CERN in Switzerland, have now direct-
ly detected the forward march of time in the
decays of subatomic particles.

Physicists once thought that the equa-
tions of the subatomic world would look the

Only in the movies. New findings would leave H. G. Wells's time
machine (here, in a 1960 version) with nowhere to go.

same if time were reversed. A movie of an
atom decaying into bits, when run in re-
verse, would show a process that—although
unlikely—still obeys the laws of physics:
the bits converging to form a full atom. But
they also knew that this time-reversal sym-
metry was part of a larger, more powerful
package known as CPT (for charge, parity,
and time reversal) symmetry, which sits at
the heart of modern physics: Swap antimat-
ter for matter, view the universe (essential-

ly) in a mirror, and reverse the direction of

time, and all the experiments should come
out the same way they do in the real world.
The CPT theorem (which has now been
tested to an impressive 18 decimal places)
meant that time-reversal symmetry could
hold only if charge-parity (CP) symmetry
holds as well.

In 1964, physicists found that it doesn’t.
They noted that neutral particles called
kaons occasionally decayed in a way that
blatantly violated CP symmetry. The CPT
theorem could be saved only if making

time flow backward changed things in a
way that canceled out the CP asymmetry.
No one could gather enough data to isolate
the rare decays that would show this direct-
ly, however.

Now two groups have finally managed
this feat, by measuring the rate of a partic-
ular decay and showing that it differs from
the rate of the same process done in re-
verse. “I think it’s truly spectacular work,” >
says Alan Kostelecky of Indiana Universi- *
ty, Bloomington. “This is the most impor-
tant experimental advance since” 1964 for ;
testing time symmetry.

One of the groups, the CPLEAR collabo-
ration at CERN, collided antiprotons and hy-
drogen atoms to make kaons and their anti-
matter counterparts, antikaons. As they trav-
el, antikaons can transform into kaons and
vice versa. In results to appear in an upcom-
ing issue of Physics Lerters B, the team used
a large tracking cham-
ber to count the kaons
and antikaons as they
decayed—each to an
electron, a pion, and a
neutrino. The charge
of the electron re-
vealed which type of
kaon had decayed.
The team found that
the rate for antikaons
transforming into
kaons was a fraction
of a percent higher
than for what would
be the time-reversed
process—kaons be-
coming antikaons.
“This shows that you
can’t turn the clock
backward” and always get the same resuits,
says CPLEAR spokesperson Panagiotis
Pavlopoulos.

The other group, the KTeV collaboration
at Fermilab, also studied kaons, but watched
for much rarer events—the 1-in-10-miliion
decay of a single kaon into pairs of electrons
and pions. The team, which presented its re-
sults at a Fermilab workshop earlier this
month, mapped out the directions of the elec-
trons and pions. Here, time asymmerry re-
vealed itself in a subtler way. Because revers-
ing time also reverses a particle’s momentum,
the team looked for time asymmetries by
comparing the rates of some decays to others
where the direction of the emerging particles
looked as they would if time had been re-
versed. The rates differed by about 13%. “It’s
a huge effect,” says Fermilab physicist and
KTeV collaborator Vivian O’Dell. ‘

Both experiments observe time asymme-
try at about the level that would compensate
for the CP asymmetry first observed over 3
decades ago. “I don'’t think anyone is sur-

23 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org
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3. CP Virdapon & Avvowr o Tine
<) afnwhe(\—w»s:

Exc/«luj CP- vied. A'mllvoe"o&:,

H amilboraon Nyl rLe (}”“’) T
J'}VWJ , Iwee&) Ky #'m_.-J Mwstv(r"c
THT '« H

o Al PL}::'«X fL‘nanc (1 Hssr Kar
CP vied ) Jhowld Ao Syrnmebic witt
Yaspack £ &ugvd augl beckwavel
l‘x’-/a,ﬁ'.ms o Linge
Fihuwe ampt Pash Shovdol bao Lyttt

Thes tombenolicks euryoley sepercence :
FPatuve,

M...: hable SJJ'AQans o/-ea:’ ; o(o-u:f
‘njuw nake

lime a2 & odivachon (o.vvo-w)
# K.’“\v #Ao*‘
() -r“""“dﬁ"d E"(’lana"'&m ‘

E”*"’f"ﬂ ? Cosmee Exp.anrc'o-y. 7
No one knew- fv-v Swre ¥



Cre) %‘JM a‘hwsl.":mL'.‘ : /Zo& Of
CP wolohon w Evetlotios o; Eler -
"‘-J"’? ?75(-'&:;\: (K, B..)

* Comsidey 9_&_._{3__1__\”.“5 N ok are
mn"'nw'c (Aw'ol"vl%’ma&)

Mo Aiwe - wher CP a1 ~Sevved,
. Inv.cs#')q,(e i ket weay NMons
ol vechonoliy 45 offeclon
M GP VO'O"(. ‘; ’ut‘-LM 6% .

o h/e ?,,‘vg w MZ‘\:I%
mekKes @ 4*&’#‘2 ﬁ_m rnonoFomie

A new- monofon behavipry when
R shewg R oL (P vicladon Svceeds
¢ aheal velng.
ngvaxa ’
a.ﬂlg.ev A LM @154/
Phys. Rev. D3¢ 036003 (200%)
flysRev. D82, 032904 (2044,



-DC?\‘\.ﬁ Mot 01, ko, I-(-v
Ple)~ L N [1+ k) 7|

N = Tv p¥)
ScH = Ty ptt) /Tv,om A% )23
| IML{ s A0 imevh. minfure
Nle)= o , ©() = 0

PH) . L 1 o}

TLO 4
[w-&.«‘v'o
o - ! - 4.t At
k?‘ﬁ(é)-zp e 4'#( L]
0
'3 ¥ zg[k‘ - ke
whaove

(p1% 191 = A
Ef' »valw
‘)4 valves ALS‘ ‘ZZS'*"ML;'

Pd = kK. A= 1gl -3
o Fter * 3

J’L....'.,A.M,L-,.. 4’}‘:5 fo 3°-—72°



( Mynstonic , Since ‘n.'s >0

Ma.ewo:coéc'e € Yrorw 4 +'ne )
6:’4uw-/w: g't L eve

Mar X (12T) s (8]

Cesh' o . Avae Alle) ; C &) ronof-

Prae #u&h‘ns o} £ ? Is “leve «

ﬁLQSQ AMh"JA‘.-.‘ Qe CP. Vc'O'(q,/dv

I“V*Nk-f«.' veried ?

Node ! Re 't'-)-a, WNt) — o (""‘l‘“‘/‘“ﬁ)
TlU)=1 (Shate leeo»«r)

Puvre Ko




FA‘ 5 4‘.—.“!"" :'-h. AZ /é) ?
DNaSe TVRASIQom
Mn.rémt 1"* y
A-—Z < 7:32_ ] r
b (‘)3+]L)7¢ ¢ Ams
"y

A //2. 4 s
=[;l+»~)‘/¢ */‘“‘] L ops A";‘;

S‘leo-wl.u bourd L one YL fluvees
hhM& ‘QAOV.'.-\.V _;'.f noran ﬁ
¢ prra Shie  Jy> - o K> 4A K>
2
o, —
anif \< (I*A)t/q*/‘t

Calla—( “Nn:‘gy,'é Aﬂh& (JOYO'V«‘/ "

Ste & Wobfurnclein, Beur, Sainterser)

/ vans. r-»ﬂcﬂ'»\ Mdhf“ph&f- Av o -
O )

En-ﬁ.‘w‘ch‘. VQ/&CS A'v ko"/?') 82 E‘:
8:--&; J‘ckl'}} hes ‘ﬂ%‘—'



1 0.1 :
19 {®) AN/ dt
4 N(t) .
0.8: o
] -0.11
0.6-
-0.21
0.4
1 -0.31
0.2 0.4
t/TS ] t/TS
050 2 4 6 8 10 12 14 16

0072 4 6 8 10 12 14 18

‘-1 a) 0.1 b)
N(¢) L~ dN/dt
4 ] D E———
0.94 ]
=0.17
0.8 =0.21
-0.31
0.7
~0.41
t/7s

08 73TTATTE 8 10 12 14 16 0859 274 8 10 12 14 16



P y /*‘h&u‘w'ﬂs " s ('G) ?
Wvg d{("\/de >0

=) Jz(é(%d-')fml(‘%‘." i;-.—':)

Lonle s‘h’gcg Fov Bo—l?°, Sinee
N = 72/7: elosa A Oa !

Loview oo A7/Am <<4, efprov.-
reoble vasnlt

a7
5 < @'{z:/
For BB, Sysham , s gives
d & 0.015¢

Empiviced value & &y, = 0.005¢ 0005,
};.S" L alew b enngd |

Fer Kt'i‘ Jyiter , monitorsch
‘} f"\ kes p&v&.n—;h, glé) Y.cru‘wer
§ < 0.0038

%‘-M&%.&ZL Locptriment
ielate thus bownd by factry 2 !



|wy /Ay7| jo Kyurejzeoun oy Suryedipul Ieq I0LIS [BJUOZLIOY OY) )M |"o|
107 Juewriradxs (1 oY} jo jnsar [ejuswiLadxe oty syussardar ss01d oY, ‘(8) woxy
Pajen[eAs pUNOq Mau IO SUI YOI} 8y} pue 7'9g = SL/wy yum () punoq Ayrresrun
oy} sjyussexder sul uryy oY, ‘weysds Sg — Sg ayj 10 |(2)5] Jo Lyodruojouow pue
Ayrejrun woy Surynser eueld |wy /Ay | —|'eo| oy ur |%ip| wo sjurensuoy :1 oSy

$0'0 €0 200 100
wyy _
v

L 200
L 500
’ !
o £ 900
a‘ \.J.A -
< S
< » |
2 | - 800
“ !
€T 25

-1'0



'sowIIga1 DIU0I0UOWUOU PUR JUOJOUOUL
UseMIeq UOTYISURT) 83 91 €TT8E00°0 = ¢ onfea [eonio oy e |(2))] jo moraereq
9y} sjussaxder aul] UIY} 9YJ, "Q JO anes [opow pIBPuUB}S 33 10} W@EEQO S auI[
POYSEP Jruojouow A[JOLI)s oYL, "€200°0 = ¢ JO enjea ((J [BUIIOU 9} I0j Paje[nored
SI oul] YOIy} SYJ, "$L SWIIEJI oY} JO syun w 2 snswda |(2))] jo j0[d :g ISl

| 80 90 ¥0 TO g

! " . L i A 5 | . Fte |

/1 | 7

(A3
uy
‘a..ﬂ..s.\c..‘?k\
2svyd

(@21
N .
S0°0
*UOTJE[[IOSO [eoIURYDowW wnjuenb jo ad4A) mau ® Jo 90U)SIXO
ou1 sorrduit — NI1 IT — AMSAI N(T dUL 9SeD SIUL UT *(R) WOII JUIMOTIOI DUNOA




L’te“—'—‘-‘-é".v‘ yﬁol'a TZvenedey )
D‘f""" “[m‘vgy " amilay G
vor Naamana E..fvok’) .

" E"*"‘N e - P,, Log P‘ "'I’;b} b

P{,z -=— A‘,;
A+ 2y

Ac,a, = Lger velves Gf Jeasa'(ra
madeix Pl

Ay » MU (42 20))
Mﬂw'md rh(m'nj (ﬁ"s f, = ")

L 4

M:nimael M’m'uj (ﬁuvc Shate )
= "Eue-ropj § 0

Q’ER"VO” » 4 B"‘gx OI-CCYIA“J' ;Frm

e €o 3enp.

=> "Enfvofv . Y



S9666°0
0L666°0
Rdonrguz SL666°0
b 4

uor w....n.. ‘sﬂh

.«c«L‘

086660
$8666°0
066660

$6666°0

llIlllllllllllIIlllr|llllllllllllllll'l




Im—&‘cal-\‘ou _é:_ﬂ,-i ﬁj_{&‘ .

o Viotaro~ oL Montbrmicihy of Cl) 7
* budabin o Cohorares v a B-E,
Mmindnre net ans ot vectpnel 7

¢ Dies e viver 7« Live HLove
eddie, 7

¢ Jc He macvoSCoprc @AV % Alrny
derted v *cvoscopic fprocesses,
T Ww 7. CP w'oletfion ?

o Is 4z R.- 3. F';A/uu See'al 7
Is #e CP V\'o'{u('-j [P ronwday §

o vder pevameler ?




Mass = S3¢6 + 0.¢ Mol

Mean “fc T =z 147 ks
Tewo '&¥¢J~‘r~¢: : 4ar 107
’_. [

Am = 1232 ¢ 042 ps’
(1 S

26 times defove disejpearing
™ a elond o guavks amd apt‘us,'

"Theve s mno Gxcellot beauty
thot hodl not $o @ Sfrahjtmrr
e proopovtipn "
Frareis Bacen
1564-462¢



