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ABSTRACT

Somerecentresultsfrom theFermiNationalAcceleratorLaboratory(Fer-
milab) fixedtargetexperimentFOCUSarepresented.In particularwedis-
cussa studyof thedecay

����� ���	��

andits implicationsfor mixing, a

searchfor directCPviolation andsomenew measurementsof charmpar-
ticle lifetimes.
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Fig. 1. Feynmandiagramsof theDCSandmixing processesfor ����� ���	���
1 Introduction

Precisemeasurementsof charmedparticledecayschallengeexisting theoreticalmeth-

odsof calculatingthe dynamicsof heavy quarkdecays.Additionally mixing andCP

violation areexpectedto besmall in this sectormakingit an idealplaceto searchfor

non-StandardModel physics. FOCUSis a photoproductionexperimentwhich took

dataduring the 1996-1997fixed target run at Fermilab. Bremsstrahlungof electrons

andpositronswith an endpointenergy of approximately300 GeV producesa photon

beam.Thesebeamphotonsinteractin asegmentedberyllium-oxidetargetandproduce

charmedparticles. The averagephotonenergy for eventswhich satisfyour trigger is� 180GeV. FOCUSusesanupgradedversionof theE687spectrometerwhich is de-

scribedin detailelsewhere.� Chargeddecayproductsaremomentumanalyzedby two

oppositelypolarizeddipolemagnets.Trackingis performedby asystemof siliconver-

tex detectorsin thetarget region andby multiwire proportionalchambersdownstream

of the interaction. Particle identification is performedby three thresholdČerenkov

counters,two electromagneticcalorimeters,anhadroniccalorimeter, andby a system

of muondetectors.

2 The decay  "!$# % &('*)
Thedecay� � � � � � � (throughoutthis articlethechargeconjugatemodeis implied

unlessotherwiseindicated)may occureitherasa doubly Cabibbosuppressed(DCS)

decayor throughmixing of the ��� into a +� � followedby the CabibboFavored(CF)

decay +� � � ���	�,� . Thereforethe wrong-sign(WS) decayrate -/.10 canhave con-

tributionsfrom both DCS andfrom mixing. The time-dependentratefor WS decays

relative to theCF processis:
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Fig. 2. RSandWSsignalsfor thedecay 45�687 9�:<;�=
>@?BADCFEHGI>/JLKNM/OQP >/JLKNMSRUTVAWO ?IXYT[Z\O]RUT[Z^C_ A Za`8b =dc

(1)

where
A

is in units of the
5 6

lifetime andwe have usedthe strongphase( e ) rotated

conventionof CLEO
Z

where
RUTYEfRhgjilk edm Xnkpo[q e and

XYT<ErXngjilk e O/R8kpo[q e . XsEut(vxwzy
and

R{E|t@y,wz}zy
aretheusualmixing parameters.UsingMonteCarlo(MC) generated

sampleof 45 6 7 9�:<;�=
decays,(with aninput lifetime of 413fs for the

5 6�~
), we can

calculatetheexpectednumberof WS eventsby re-weightingeachacceptedMC event

with aweightgivenby:

����E������ c ���� K�� >/JLKNM�O P >/JLKNMSR�T�A���O ?IXYT[Z�O]RUT[Z^C_ A Z�^���
(2)

where
A��

is the generatedpropertime for event � , and ����� c � ( ��� K ) is the numberof

acceptedRSeventsin thedata(MC).SummingEquation2 overall acceptedMC events

anddividing by �1��� c � weobtain:

>���M�Ef>/JLKNM�OrP >�JLKNMdR���AD�LO ?BXYT Z O$R�T Z C_ �BA Z ���
(3)

Theaverages
��AD�

and
��A�Z��

areobtainedfrom thegeneratedlifetime of theaccepted

MC events. We find
��AD��E��l� �l¡z¢¤£u¥�� ¥l¥z¢

and
��A Z ��E§¦¨�ª©¨�n£u¥¨�ª¥l¦

wherethe error is

a systematicobtainedby comparingthe reconstructedMC averagesto thoseobtained

in the data. We now have an expressionfor
>/�1M

, which is the quantitywe measure

experimentally, in termsof
>/JLKNM

andthemixing parameters
XYT

and
R�T

.



Fig. 3. «/¬LN® vs. ¯U° . Contoursareplottedfor two valuesof ±Y° whichcover the95%CL

of theCLEO.II.V result.

We identify right sign(RS)andWS decaysby “tagging” thesoft pion in thedecay²´³�µ�¶ ²¸·º¹»¶ ¼¾½Y¿ÀµLÁ�¿Àµ
. In Figure2 weshow thesignalsobtained.TheWSsignalis

obtainedby fitting the
²�·

yield in binsof the
²´³�µ@ÂÃ²�·

massdifferenceandthefit is a

sumof a backgroundcontribution anda scaledsignalshapefrom theRS.We measure«/Ä1®�Å ¹�Æ¨ÇÉÈSÆzÈËÊÌÆ¨ÇªÆlÍSÎÏÊÐÆ�Ç ÆSÑzÎlÁÓÒ
with a WSyield of Ô ÈlÕÖÊÌ× Ô events.

In Figure3 we useour measuredvaluefor «/Ä1® to plot «�¬LN® asa functionof ¯�° .
TheCLEO.II.V andFOCUSØ resultsarealsoincludedfor comparisonpurposes.The

FOCUSresultcomesfrom a measurementof ¯ usingthe lifetime differencebetween

CPevenandCPmixedfinal states.TheCLEO.II.V resultcomesfrom adirectmeasure-

mentof «/¬LN® . Onecanonly comparetheFOCUSy valueto theothersby assuming

thatthestrongphaseÙ�Å Æ
.

If charmmixing is sufficiently small thenEquation3 tells us that «/Ä1®�ÚÛ«/¬LN® .
In Table1 we list theexisting measurementsof this branchingratio undertheassump-

tion of no mixing or CPviolation. Our analysisof the decay
²�·�¶ ¼�µ	¿�½

hasbeen

publishedin Reference5.



Table1. Measurementsof Ü/ÝLÞNß assumingnocharmmixing or CPviolation.

Experiment Ü�ÝLÞNß (%) Events

CLEOà á�âäãlãÏåÌá�âäælçÏåÌá�âäælç èêé¨â[è
E791ë á�â ìlízîÓïpð ñóòô ïpð ñ�ñ åõá¨â álã öø÷
Alephù èzâäãlãøîÓïpð à ïô ïpð ú à åõá¨â ö�è æUèlâ ö
CLEO.II.V û á�â ölölæzîÓïpð ï à ñô ïpð ï à ú åÐá¨âªáz÷Sá ÷z÷Óâ í
ThisStudyú á�âª÷Sáø÷ËåÌá¨â ázíSçÏåÐá¨âªáSælç èj÷Sé
3 Search for Direct CP violation in the decays ü"ý þÿ���� ý and ü�ý þ ÿ��nÿ ý
CPis violatedwhenthedecayrateof a particlediffers from thatof its CPconjugate.�
In the Kobayashi-Maskawa ansatzthis arisesdue to the non-vanishingphasein the

Cabibbo-Kobayashi-Maskawamatrixwhenthedecayamplitudehascontributionsfrom

at leasttwo quarkdiagramswith differing weakphases.In additionfinal stateinterac-

tions(FSI)mustprovideastrongphaseshift. In theStandardModeldirectCPviolation

in thecharmmesonsystemis predictedto occurat the level of è á ô ñ or below. � ï The

mechanismusuallyconsideredis theinterferenceof thetreeandpenguinamplitudesin

singly-Cabibbosuppressed(SCS)decays.In thedecay� î�� 	 ß�
 î , (Thechargecon-

jugatestateis implied unlessstatedotherwise),theCabibbofavored(CF) anddoubly-

Cabibbosuppressed(DCS)amplitudescontributecoherentlywith, perhaps,a different

weakphase. In addition the isospincontentof the DCS amplitudediffers from that

of theCF casesowe canexpecta non-trivial strongphaseshift. Severalauthorshave

commentedon theeffect of 	 ï mixing on theCPasymmetryfor this decaymodeand

thepossibilityof usingit to searchfor new physics.������ û
Differencesin theweaktwo-bodynon-leptonicdecayamplitudesof charmedmesons

arealmostcertainlydueto FSI. Theseeffectstendto be large in thecharmedsystem

makingit anideallaboratoryfor their study.� ñ Theisospinamplitudesandphaseshifts

in � � 	�	 , � � 	 
 and � � 
�
 decayscanbe extractedfrom measurements

of thebranchingfractions.� ò For examplethemagnitudeof theI=3/2 amplitudecanbe

obtaineddirectly from the � î � �	 ï 
 î partialwidth.� ú
Previous studiesof � î � 	 ß�
 î and � î � 	 ß 	 î have concentratedon mea-

suringrelativebranchingratios.� à �� ë FOCUShasmadethefirst measurementof theCP

asymmetryfor thesedecays.



Table 2. Yields and relative efficienciesfor ����� ������� , ����� ������� and��� � � �!���"��� . Efficiency numbersare quoted relative to the averageof the���#� � �$���"�%� and �&��� ���'�(�!�(� efficiencies.We generateda very largeMonte

Carlosampleto renderthestatisticalerroron theefficienciesnegligible.
DecayMode ���)� ������� cuts ���)� ���*��� cuts

Yield Eff. Yield Eff.

� � � ����� � 5080 + 110 0.58 4487 + 96 0.51�&��� �����(� 5518 + 110 0.56 4770 + 96 0.50���&� ������� - - 495 + 38 0.26�&��� ����� � - - 454 + 42 0.25���&� � �!���"��� 84750 + 512 1.01 84750 + 512 1.01�&��� ���,�(�$�(� 91520 + 508 0.99 91520 + 508 0.99

To correctfor productioninducedasymmetrieswe make a doubleratio usinga CF

decaywherenoCPviolation is expectedto occur. Wemeasure

-/.!0)132/4 � ��5(6 274 � �,52/4 � � 5(6 274 � � 598 (4)

where(for example)

2;: � �,< 1 = 4 � � � ����� � 5= 4 � � � � � � � � � 5 (5)

i.e. theratio of theyieldsin eachdecaymodecorrectedfor efficiency andacceptance.

This lastquantityis equivelantto therelativebranchingratio for thedecayin question.

Theinvariantmasssignalsfor thedecays���#� ������� and ���#� ���*��� canbe

seenin Figures4 and5. Thereconstructionefficiencies,relative to thatof the � � �� �$���,��� normalizingmodearelisted,togetherwith theyields,in Table2.

In Table3 wepresentour relativebranchingratiomeasurementsandcomparethem

to the currentworld average.Finally in Table4 we show our
-/.!0

measurementsfor

the � � � ����� � and � � � ���*� � decaymodes.Thiswork hasnow beenpublished

in reference[18].



Fig. 4. >�?&@ A�B�C�? and >EDF@ A�B�C(D signals.

Table3. Relative branchingratio results.Thefirst error is statisticalandthesecondis

systematic.Weaccountfor thedecaychain GAIHJ@ A�BK@ C ? C D by multiplying our A�B
numbersby a factorof 2.91assumingthat LNMO> ? @ GAIHPC ?%QSR TVU LNMW> ? @ A�B�C ?�Q
; we thenquotetheseresultsin termsof GAIH .

Measurement Result PDG Average XY�Z\[%]9^I_`SaWbc]*dY�Z\[ ] ^e`gfhb ] b ] d MOi�jlknm�jpoqjlksr�meotjlkni T�Qvu MOi T kwjeoxrlkwj QvuY�Z\[ ] ^�_` a ` ] dY�Z\[ ] ^e` f b ] b ] d MOmlknj�reoqjlkni�ypotjlkni�j Qvu MOz{k\zpo T k T�QvuY�Z\[ ] ^�_` a ` ] dY�Z\[ ] ^I_` a b ] d M}|c~lkn~�mpo�|�k�|c~eotjlkn~�m Qvu M T mlkwieoti{k\y Qvu



Fig. 5. ����� ���*��� and �E�F� ���*� � signals.

Table4. CP asymmetrymeasurements.The first error is statisticalandthe secondis

systematic.

Measurement Result�/�!��� ����� �'� w.r.t. � � � � � � � � � �}�����n�e�����\�p�t�{�w� �v��/�!��� ������� � w.r.t. ���&� � �$���,��� �����l�n�e�t�l�n�e�����\� ����/�!��� ����� ��� w.r.t. � � � ����� � ���7�{���g�t�l���g�����\� ���



4 Charm Lifetimes

Precisemeasurementsof thelifetimesof charmedmesonsandbaryonsprovide anim-

portanttestof our theoreticalunderstandingof thedynamicsof heavy quarks.Heavy

Quark Effective theory relies on expansionsin the heavy quark mass,extensionsto

thecharmsectormaybecomplicatedby thelower massof thecharmquark.Lifetime

differencesbetweenmesonsandbaryonsin the beautysectortendto be significantly

scaleddown relativeto thoseof charm.Thusit hasbeensaidthat“the decaysof charm

hadronsactasnature’s microscopeinto thedecaysof beautyhadrons”.�W�
Historically, FOCUSis the only collaborationto have measuredall of theweakly

decayingcharmparticle lifetimes. Our excellent lifetime resolution(on the orderof

30fsfor somedecays),andhigh statisticsensurethatour new measurementswill once

againdominatetheworld average.Only with theadventof high statisticscharmanal-

ysesfrom the  c¡' £¢ factorieswill moreprecisemeasurementsbe forthcoming. In that

eventour precisionmeasurementswith tightly controlledsystematicsshouldserve as

a benchmarkby which to evaluateandcontrolsystematiceffectsuniqueto thecollider

regime.

Currentlywe have publishedresultsfor the ¤ ¡¥ andarein theprocessof finalizing

the ¦ ¡¥ , § ¡ , §�¨ , § ¡© , ¤S¨¥ and ªJ¨¥ lifetime analyses.

4.1 «¬® Lifetime

We have measuredthe ¤ ¡¥ lifetime usingfive differentdecaymodeswhich occur in

eightdistinct topologies.In Figure6 we show thesignaldistributionsandthelifetime

fit is shown in Figure7. Our analysiswasbasedon a yield of ¯�°�±{²s³µ´q°�¶l²s³ events.We

measuredalifetime of ³�°�·'´F±�±"´�· fs wherethefirst erroris statisticalandthesecondis

systematic.In Figure8 wecomparethis resultto previousexperimentalmeasurements.

Theimprovementover previousresultsis obviousasis thefact that theworld average

for the ¤ ¡¥ lifetime will increase.Several authorş�¨O¹v¸�º predict that »�¼W¤ ¡¥¾½#¿ »%¼W¦ ¡¥%½
wheretheinequalityrepresentsa factorof about1.3. Usingthe ¦ ¡¥ lifetime averageof

PDG,CLEO andSELEX,º�À ¸ÂÁPÀ ¸�Ã ( ¶l²�Äc·lÄcÅ7´Æ¶l²w¶�¶�¯£³ ps)andthe ¤ ¡¥ lifetime reportedin

this paper, oneobtainsa ratio »�¼W¤ ¡¥¾½�Ç »%¼W¦ ¡¥�½gÈ ±{²\±£·p´q¶l²ÉÄÊ³ , which differssignificantly

from theprediction.Thiswork is now publishedin reference[26].
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Fig. 6. Signalsfor thefive differentdecaymodesusedin our determinationof the Ò�ÓÔ
lifetime. Thebottomright plot is thesumof all themodes.
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4.2 åVæç Lifetime

We have alsomeasuredthe lifetime of the èJãä from the decaymode èéãäëê ì$í î!ï ã .
Wereconstructedð�ñ�ò�óõô öc÷�÷ eventsanddeterminedthelifetime to be ÷�ñ�ó!ønù¾ô�òløsóõôI÷{øwú
fs. This resulthasbeensubmittedfor publication.ûýü

We areanalysingtwo decaymodesfor the âSþä which occurin five separatetopolo-

gies.In Figure11 thesignalsusedin our preliminarydeterminationof this lifetime are

plotted.Using öcò�ÿpô�öcð{øwð eventswemeasurethelifetime to be ö ñ � ã��Wþî�� fs.

In additionto theseanalyseswearealsoworkingon thelifetime measurementsfor

the ��þ , ��ã and �Jþä .

5 Summary

We have presentedsomerecentresultsfrom FOCUSon mixing, direct CP violation

limits andcharmlifetimes.Many of theseanalysesaresoonto be,or havealreadybeen
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published.In additionwe areworking on a wide varietyof othertopicssuchasDalitz

analyses,���� production,semileptonicbranchingratiosand form factors,five-body

hadronicdecaysandthespectroscopy of excitedcharmmesons.
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