Search for Rare andForbidden Dilepton Decays
of 4-particle decay modes oD°

Eric Aitala, David Sanders

Abstract;

We report the results of a searchfor flavor-changing neutral-current(FCNC), lepton family
violating (LFV) decays, and lepton number violating (LNV) decays of the 4-particle decay aiodes
D° (andtheir antiparticles)nto modescontainingmuonsand electrons. The resultscome from
Fermilab charm hadroproductionexperimentE791. We examinedthe resonantdecay modes

D° - p°/* /%, D° - K °¢*/¢7, and D° - @r*/* as well as the D° - ¢, D° — K/, and
D° —» KK/ (boththe opposite-sigrand same-signdileptons)decaymodes. We presentupper
limits on the branchingfractions at the 90% confidencelevel. These upper limits provide

significant improvements over published results.
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Introduction

This analysis is a continuation of work started by others in this collabofe#i&ti®. This current
method uses a “blind” or “closed box&chniquewherefirst one optimizesthe cuts while excludingthe
datasignalregionandthenlater one opensthe “box”. The startingpoint for this is the KSU substrip.
The codefor this analysiswasa simple substripof any 4-prong SESTRvertexthat passethe minimum
track quality stripping cuts and had a net chargeof 0. The Ntuple programthen took these4-prongs

verticesand appliedparticleID to the tracksandfit the tracksto a D® masswindow of + 150 MeV/c2.
Both resonant and all-track modes are in the Ntuples (the resonant mass is a Ntuple variakden-Eor

the track with the highest kaa@erenkoy probability was called a kaon,thoughwe will eventuallyhaveto
setsomelimit sincewe can not usethe oppositesign as a tag. We plan to use modeswith the same

number of kaons as the normalization modes. Thatis D° - ' ' for D° - p°¢*/* (and
D° - mmt), D° - K’ for D° —» K °¢* /7 (D° - K™ for D° — Kre/), and D° - @m*
for D° - @r*/™ (D° - K*K ' for D° » KK//). (We will examinethe use of seed3data for
D° - K ' mt). We will use D° - p°m*mr for D° — p°/%/* if we can also determine the
D° - p°m* r branchingfraction. We plan to usethe samemuorf and electronID asin the previous

study, but we will investigate the usetbé X-wall only tracks. To setthe cutswe are using Monte Carlo
“signal” andwing-data(outsidethe “box”) backgroundandthenoptimizedthe Monte Carlo “signal”

versus the square root of the background ka!l.@/ +/Bkgnd .

The decay modes (and those of their antiparticles) that were examined are described inSedble 1.
Figure 1, Figure 2 and Figure 3 for the Feynman Diagrams.

Table 1: Decay Modes Examined

FCNC LFV LNV

D° - P D° » P°u*e D° - M
D° - p’e'e D° - K °u¢ D° - mre'e
D° . ROut D° - Quie DO o K-
D° - K °e'e D’ » ' W e D’ » K mre'e’
D° - o U D° - K e’ DO - K K-t
D° - pe'e D° - K'K H*e D’ » K K e'e’
D° -~ U D° > mm e

D° - mm'mme'e

D° - K mmru'e

D’ - K "y

D° - KK u'e

D° - K me'e

D° - KYK - p" U~

D° - K*K e'e




History and Status

History

We started with the work from the two and three prong rare decays (Offline_doc_393) for the
kinematic cuts. The muon and electron ID cuts will be the same as those used in the previous analysis
(Offline_doc_393). The kinematic cuts were:

Offline_Doc_393 Final D° Cuts:

Mass window:1.715 GeV/c? < M(D°) < 2.015 GeV/c?
SDz>12

DZTARG>5

TRKXIS<5

VITXIS<6

XYZVTX<-0.4 cm

<3 ps

DIP<0.040 mm

PTB<0.300 GeV/c

RATIO<0.01

“Box": (1.76)1.83 GeV/c? < M(D?) <1.90 GeV/c?

K-Cerenkoy Prob. >0.13  (D° - K™ 11*)
EMPROB>90 (electrons)
mucat anddist from offline_doc_393 and 219 (see below) (muons)

Status
The status so far is that I:

» Generated Monte Carlo events for the modes described above.

* Filtered the Monte Carlo events using the KSU microstrip and the 4-prong substrip.
* Ran the 4-prong substrip on data from the KSU microstrip.

« Made cut for hole in th€erenkoy mirror midplané.

* Removed all category 3 tracks.

» Set asymmetric cuts at 1/2 the mass window waditbveand 3/2 the width below the massfor decays
involving electronsto accountfor the bremsstrahlunggail, ratherthan 1/2 the width aboveand 1/2 the
width below for dimuondecays Becausehe bremsstrahlungail sticksout of a symmetric*box” a
solution must be found to preserve the method of “blind” analysis. My solution is to ¢xédader
limit of the mass window to cover the tail.

* Produced Ntuples of both Data and Monte Carlo based on the 4-prong substrip, using Chong’s muor

quality and distance cdts

+ Performed background studies of possible reflections/misidentificatioks-ofr(/).

« Performed background studies of possible reflections/misidentifications-ofu(e).

» Determinedif the normalizationmode peaks, which are the sourcesof misidentified pions, are
containedn the masswindows when pions are reflectedas leptons,thatis 7 - u(e). For the uu



modes, 80% of th®° - Kruu modes and 90% of the® - rruu modeswere containedwithin the
“box”. Adjustments were made to the misidentification rates in Table 15rebhef the modeswere
all contained within the “boxes”. (See Figurefd® non-resonanimodesand Figure 11 for resonant
modes.)

* Checked the fits for estimated data shape using Monte Carlo plots. (See Figure 9.)
* | opened the DIP cut from <0.020 mm to <0.030mm.
« | decided that | should usekaCerenkoy probability cut. | set this to >0.1&hdincreasedhe DIP cut

to <0.040 mm (from <0.030mm). That is, with the seteeptionof the D° — @¢* ¢~ modes. Therel
decided that thegmass cut was strong enough and | will only increase the DIP cut to <0.040 mm.

« In attemptingto explain why the Monte Carlo yield for D° - K"K~ " 4" relative to that of

D° -~ K K~ e*e" is about50% while for D° - @u" 1~ and D° - @e'e” they have aboutthe same
yield | have compiled the following table of the number of Monte Carlo event ledtiousstagesout

of the original 250,000Generatedvents. (I alsoobserveda similar ratio for D° - K*K "4~ and
D° - K*K e'e™.)

Table 2: Relative Yields

Mode Pass KSU| Pass 4-prong Pass Ntupld Pass Ntuple

Strip Strip tagging cuty pD°-mass cuf
D® & K*K ' 89980 3371 284 144
D° . K'K-e'e 75664 2567 369 267
D® - @u 81013 2838 328 214
D° . ge'e 73455 2393 364 236
D° - K K- 1" 82024 3246 252 117
D° . K-K-e'e" 74974 2613 386 258

In Table 2 the first 2 columns are themberof eventsthat passedasiccuts,the basicvertexand
track quality cuts (“Tagging cuts) for the KSitrip and simply any 4-prong(SEED3or SEED4)for the
4-prongstrip. The 3™ column is thoseeventsthat pas my minimal kinematic cuts and are taggedas
dileptons. Theseminimal kinematic cuts are: PTB<0.5 GeV/c, SDZ>10, DIP<0.100mm, DZTARG>5,
TRKXIS<5, VITXIS<6, <5 ps, RATIO<0.0005, and the midplamérror cut. The leptontaggingcutsare

EMPROB>80for electronsand mucat>=3. The last columnis the numberof eventsthat also are within
150 MeV/¢ of the D° mass.

After examining every cut closely | noticed that there veelage numberof 3 and4 leptonevents
for the D° - KKuu modes,in fact therewere more 3-leptoneventsthan 2-leptonevents. | first thought
that this was kaons decaying-in-flight into muons. However, this effect was also se@nfoK ruu and
D° - rouu modes. Aftefurther examinationwe found that with 4-prongeventstherewasa reasonable
likelihood that one of the non-muon tracks would point at a paddle that was hinmudmavall. This was
not seen inD® - KKee modes since, for Monte Carlo events, theese no hits in muon paddles. So we
had a paddle-sharingrroblem. The solutionwaswhentagginga track as a muon track, which shareda
paddle with a previously taggack, the track with the closesty-hit was calledthe muon. The closesthit
wasdeterminedo be the hit with the leastsigmain y or the onewith the highestvalue of mucat. This
seemedo mostly fix the problemfor not only the D° - KKuu modesbut all the other modesas well.
This should also account for any real kaon decay-in-flight.



| decided what should | use ftite D° -~ K~ K™ ¢*¢* pion misidentificationbackgroundate. Thatis,

what should | use for the numberbf - K~ K~ 7" ir* events? Unless anyocemesup with a better
idea | am jusessuminghatthereare 0 misidentifiedpion eventsfor thesemodes.This shouldbe ok
since this is a more conservative estimate.

| checked what cuts Shiral had different for SEED3 and SEED4 vertices. He originally had a tighter
SDZ for SEEDS (see Table 7) and used a cut on the maximum RATIO. | am not using a cut on the
maximum RATIO and for the SDZ there were too few events to give significant results (see Table 8).
Therefore | am not going to use separate cuts for SEED3 and SEED4 vertices.

Changed the cut on NEWCATSG category 3 tracks to allow category 3 pions.
Recalculated cuts using the non-resonant Monte Carlos.

Studied the effect of excluding thaicat=3 muons. | found that there were no serious problems with
the X-wall of the muon detectors.

| re-examined the cut for hole in ti@renko\ mirror midplane and found that it removes about 10%
of each normalization modg° _, 471 as well asp® ., K3r and D° . KK2m. Therefore, | modified
it to only apply to tracks that we are calling kaons.

Checked the sources and calculations of the systematic errors.

Following Alan’s suggestion | decided to incres€erenkon probability cut for modes containing
only 1 kaon to >0.18.

| slightly modified my algorithm that handles the paddle-sharing problem described above. What | did
was rather than choosing the closest hit as follows: by determining it to be the hit with the least sigma i
y or the one with the highest valuenadicat. | decided to use the track with the highest valuewait

OR, when the value @hucat is the same, the hit with the least sigma iny. There was no apparent
change but it seems to be a better algorithm.

Opened the boxes. Calculated the pion-lepton misidentification rate based on the numbers of events
found in theD® - K*m U U™, D° -~ K*mete,andD® - K*r 4" € modes.
Decided that we should keep the SEED3 events (~7% of thebtal K37t events). Since, for the

D° - K*mr ¢*¢~ modes, there were 1/12, 1/6 and 2/15 events from SEED3 f@°the K" 71 " 1",
D° -~ K*me'e,andD’ - K*7r " e" modes, respectively.

| corrected the systematic errors to account for the change in the calculation of the pion-lepton
misidentification rate.

Added functional plots of background and predicted data to plots. (See Figure 9.)

Corrected systematic errors.
Things to do
| calculated a resonant masfor D° — 77" 71 71 17, but there are still some questions left before we

can determine a Branching Fraction @f — P° " . These include what fraction of
D° - ' areD® — PP, D° — p°p°, or non-resonand® - T Tt T ?



Cuts

Variable Definitions

SDZ: The significance of spatial separation from the primary vertex of the secondary vertex, along
the beam direction.
DZTARG: The number of sigmas the secondary vertex is outside the target.

TRKXIS: The maximum of the fity? of the reconstructed tracks.

VITXIS: The maximumy? fit of the reconstructed vertex.

XYZVTX: The position along the beam (z-coordinate) direction of the secondary vertex in cm.

T. The lifetime of the parent particle, in picoseconds (ps).

PTB: The component of the parent particle momentum perpendicular to the line joining the
primary and secondary vertices, in GeV/c.

DIP: The transverse impact parameter of the parent particle with respect to the primary vertex, in
mm.

RATIO: The product, for each reconstructed track in the vertex, of the ratio of the distance between

the track and the secondary vertex and of the distance between the track and the primary

vertex. Set td0 ™" where nprong is the number of tracks/vertex.
EMPROB: The probability of that track being an electron in percent.
SIGMAS: The number of sigmas a projected muon track was from a hit ion the muon scintillator wall.
mucat: The muon track quality. See below under muon cuts.
dist: The “distance” from the center-line to the po(w(cts),y(cm)) in a plot of TDC counts

(translated toX’) versus projecteg position in units of approximately TDC counts. Also
see below under muon cuts.
rmass: The mass of the resonant mode used.

Kinematics Cuts

The starting point fodeterminingthe kinematicscutswasthe final cutsfrom Offline_Doc_393(asgiven
above). Any deviation will be underlined.

Offline_Doc_434 Final D° Cuts:

Mass window:1.715 GeV/c? < M(D°) < 2.015 GeV/c?

SDZz>12
DZTARG>5
TRKXIS<5
VITXIS<6
XYZVTX<-0.4 cm

1<2.5 ps
DIP<0.030 mm

RATIO<0.0005
PTB<0.300 GeV/c

“Box”: (1.76)1.83 GeV/c? < M(D?) <1.90 GeV/c?
EMPROB>90 (electrons)
Mucat andDist from offline_doc_393 and 219 (see below) (muons)

Due to low statistics | am summing the histograms used to determine the cuts, thstiis tfi¢he
uu, e andee modes for eachesonancandthe sumfor all 3 resonance’s.Eachcut wasvariedwith the
other kinematic variable set to the offline_doc 393 levels.




The SDZ cut for the range from 10 to 15, using the summed histograms (with resonant cut).

Table 3: SDZ Results foD°.

SDz>10 [ SDz>11 [ SDz>12 | SDz>13 [ SDz>14 | SDZ>15
D° - p°r /7
Monte Carlo [1034(1010)] 1008(1002) 967(981)| 945(961)] 923(918)| 881(889)
Background 7(2) 7(2) 7(2) 7(2) 7(2) 7(2)
VB 391(714)| 381(709) 365(694) 357(679) 349(649)| 333(629)
DO R K*O [_r gi:
Monte Carlo 550(563)] 529(545) 503(543)| 485(520)] 456(487)] 454(468)
Background 43(9) 41(9) 37(9) 36(8) 33(8) 30(8)
s/B 84(188) 83(182) 83(181) 81(184) 79(172) 83(165)
DO N q)gig?
Monte Carlo | 301(430)] 291(415) 285(407)| 275(397)] 259(378)] 253(357)
Background 36(2) 33(1) 28(0) 26(0) 23(0) 22(0)
VB 50 51 54 54 54 54
All:
Monte Carlo |1885(2003)] 1828(1962)| 1755+42(1931) 1705(1878)| 1638(1783)| 1588(1714)
Background 86(13) 81(12) 72+8(11) 69(10) 63(10) 59(10)
VB 203(556)| 203(566) 207+13582) | 205594)| 206(564) 207(542)

The DIP cut forthe rangefrom 0.060to 0.010mm, using the summedhistogramgwith resonant
cut). lIdo notlike thedrop in the Monte Carlo numbersbetween0.03 and0.02 mm, | optedto use0.04
mm rather than 0.02 mm for the DIP cut.

Table 4: DIP Results fop°.

DIP<0.06 [ DIP<0.05| DIP<0.04 [ DIP<0.03 | DIP<0.02 [DIP<0.01
D° - p°r* /7
Monte Carlo [1029(1022)|1017(1014) 1014(990) 947(969) 793(790)[ 360(361)
Background 7(2) 7(2) 6(2) 5(2) 1(2) 1(2)
VB 389723) | 384(717) 414(700)[ 424(685) 793559) [ 360(255)
DO R K*Ofigi:
Monte Carlo| 532(567)| 534(553) 537(552)] 492(516) 403(406)| 153163)
Background 43(9) 39(8) 35(6) 23(4) 12(1) 7(1)
VB 81(189) 86(196) 91(225)| 103(258) 116(406)| 58(163)
DO N (pﬁt ﬁ¢
Monte Carlo | 297(424)| 293(424) 299(416)| 270(383) 222(311)| 86(146)
Background 36(2) 34(2) 30(2) 23(2) 13(2) 2(0)
s/VB 50(300) 50(300) 55(294) 56(271) 62(311) 61
All:
Monte Carlo [1858(2013)|1844(1991)]1850+43(1958)1709(1868)|1418+38(1507) 599(670)
Background 86(13) 80(12) 71+8(10) 51(8) 2615(4) 10(3)
VB 200(558)| 206(575)] 219+14(619)] 239(660)| 278+28(754)[189(387)




The tau cut for the rangefrom 5 to 1 ps, using the summedhistograms(with resonantcut).
Because the individual results ranged over mbshe valuesand the total summedresultsareflat we will

keep the value for<2.5 ps from the KSU strippdd® cuts.

Table 5: Tau Results fap°.
<5 T<4 T<3 T<2 <1
DO N po ﬁi ﬁi
Monte Carlo | 1028(1007)]1028(1035)] 1018(912) 1009(986)| 740(778)
Background 7(2) 7(2) 7(2) 7(2) 4(2)
SB 389712) | 389(732)| 385(645) 381(697)| 370(550)
DO N K*O(t /¥-
Monte Carlo 547(563)| 542(559)| 550(558) 543(550) | 390(407)
Background 43(9) 43(9) 43(9) 42(8) 21(5)
SB 84(188) 83(186) 84(186) 84(194) 85(182)
DO IR qogi g?:
Monte Carlo 301(422)| 296(429)| 297(420) 287(413)| 189(270)
Background 36(2) 36(2) 36(2) 34(2) 27(2)
S/VB 50(298) 49(303) 50(297) 49(292) 36(191)
All:
Monte Carlo | 1876(1992)[1866(2023)| 1865(1890) | 1839+43(1949)| 1319(1455)
Background 86(13) 86(13) 86(13) 831£9(12) 52(9)
sVB 202(552) | 201(561)| 201 (524) 202+12(563) 183(485)
The PTB cut for the range from 0.50 to 0.20 GeV/c, using the summed histograms (resonant cut).
Table 6: PTB Results fop°.
PTB<0.40 | PTB<0.35| PTB<0.30 [ PTB<0.25[ PTB<0.20
DO N pogi g?
Monte Carlo | 1058(1000)| 1030(988) 986(959) 929(905)| 830(801)
Background 9(9) 7(8) 7(7) 7(7) 4(7)
s/VB 353(566) | 389(640) 373(678)| 350(699)| 415(707)
DO N K*Ofifi:
Monte Carlo 553(560) | 550(552) 535(512)| 493(470)| 446(439)
Background 50(2) 43(2) 34(2) 31(2) 26(1)
S+B 78(187) 84(195) 92(194) 89(178) 87(166)
DO = qogt gi:
Monte Carlo 292(425)| 301(420) 289(410)| 274(392)| 246(374)
Background 41(2) 36(2) 29(2) 25(2) 20(2)
VB 46(301) 50(297) 54(290) 55(277) 55(374)
All:
Monte Carlo | 1903(1985)[1881(1960)| 1810+43(1881) 1693(17/67)]|1522(1614)
Background 100(13) 86(12) 70+8(11) 63(11) 50(10)
s/VB 190(551)| 202(566) 216+14(567)] 213(533)| 215(510)




After applying the resonant mass cut, there was not much data left so the results lost any statistical
significance. Therefore these kinematic cuts should not change. These cuts can be compared with Shiral

D° - K"K*K~ " and theD® - K~ K* 7 7" analysis cuts in the following table.

Table 7: Comparison of final cuts for 4-body decays.
Cut D° -~ K K D° - K K*K - | 4-prong Rare Decays
SDZ >10(>14 SEED3) >10 (>12 SEED3) | >12
DIP <0.035 mm <0.060 mm <0.040 mm
PTB <0.30 GeV/c(<0.35 SEED3| <0.25 GeV/c <0.30 GeV/c
Tau <3.5 ps <2.5 ps
K- Cerenkon prob. | >0.20(>0.3 SEED3) >0.20 >0.13

To compare the difference between SEED3 and SEED4 eveméealculatedhe SDZ cut for the
range from 10 to 15, using the summed histograms. Shown are the results for SEED4 and (SEED3).

Table 8: SEED4 and SEED3 SDZ Results [fir.
SbZ>10 | SDZ>11 | SDZ>12 | SDZ>13 | SDZ>14 | SDZ>15
D° - P/t /7
Monte Carlo 1116(91)| 1092(84) 1075(79)] 1043(80)| 1025(83)] 1012(69)
Background 13(1) 13(1) 12(1) 12(1) 12(1) 12(1)
S/\,@ 310(91) 30384) 310(79) 301(80) 296(83) 292(69)
D% - K %/ /7:
Monte Carlo 604(55) 590(52) 579(50) 551(47) 544(42) 513(42)
Background 30(1) 29(1) 29(1) 28(1) 25(1) 24(0)
VB 110(55) 110(52) 108(50)[ 104(47)[ 109(42) 105
DO IR q)éi’éi:
Monte Carlo 384(44) 373(41) 357(43) 346(39) 334(36) 334(32)
Background 26(4) 23(4) 20(3) 19(2) 18(2) 17(1)
S/w@ 75(22) 78(21) 80(25) 79(28) 79(25) 81(32)
All:
Monte Carlo | 2104(190)] 2055(177)] 2011+45(172) 1940(166)[ 1903(161)] 1859(143)
Background 69(6) 65(6) 61+8(5) 59(4) 55(4) 53(2)
S/\,@ 253(78) 255(72) 257+1A77) 253(83) 257(81)| 255(1017)

Because there was so little data in the SEED3 (about 7% @f%he K~ 71" 71 71" signal) the
results lost any statistical significance. Therefore we will not use separate cuts for SEED3 and SEED4

events.

For D° - K™ "¢/ and D° - K~ 7" 7 " modes | had to decide which particle was the kaon. To
determine which particle is a kaon | set the mass of the particle with the KrGesenkoy probability to
the kaon mass. Fdb® -~ K~ K" 1" | chose the first kaon in this manner, then chose the opposite-

signed particle that had the largsCerenko\ probability as the second kaon. Fdt - K~ K* ¢/ | just
assumed that both hadrons were kaons. This applied to the resonant modes as well.
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The cuts used on the mass of the resonant modes were determined from the width. They are:

rmass-p: 0.62 GeV/c? < M(p) <0.92 GeV/c?
rmass-K°: 084 GeV/c?<M(K ) <0.95 GeV/c?
rmass-¢. 1.01 GeV/c? < M(¢) <1.03 GeV/c? (Note the double width.)

For the cases where there was more than one possible combination that could produce the resona
state | calculated the valuemhass by taking themass closest to the resonant mass. Thustrf@ss-

K, | picked the mass from the 2 possillerr* combinations that was closest to € mass. For the
D° - ' ' mode | chose the closest of the 4 possible combinations.

| have plotted the masses of the resonant states for the lower background wing
(1.80 < M(D°) <1.83 GeV/c?), the central signal region.83 < M(D°) <1.90 GeV/c?), and the upper
background wing1.90 < M(D°) <1.93 GeV/c?) of the D° -~ pr*mr, D° - K °m 11", and
D° - @m " normalization mode mass plots (See Figure 4).
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Muon Cuts:

(All are from Offline_Doc_393 “Final Cuts”, this subsection is here for referenlye thoughwe
do plan to look in to excludingucat=3 tracks.)

Therewasa cut on the muon track momentumof|P,|>8 GeV/c and, for dimuon events,no two
muon tracks may share the same Y-paddle.

The recommended cuts from Offline_Doc_219 waveat = 3 or (nucat = 6 anddist <10.0).

Muon Quality Category

To generate the following table, one starts with goaen candidatesthatis a TDC hit in eithera
X or Y-Paddleor both a X and Y-Paddle,but only onehit per X or Y. A hit is definedaswhena muon
candidatetrack is projectedto hit within a candidatepaddle. The numberof sigmais the distanceof a
projected track from the candidate paddle edge divigeithe muon multiple scatteringdistance (from the
calorimeterssteeland concrete). The variable mucat (muon category)is thus illustrated (the boldface
numbers are the ones beinged)in Table9. Thefull text of the subroutineusedto calculatemucat and
dist can be found in theppendix of offline_doc_393.

Table 9: mucat, the Muon Quality Category

x-hit _
y-hit Hit X-Paddle <loy >1oy

Hit Y-Paddle 9 8 7
<10y 6 5 4
>10y 3 2 1 0

To check thamuonquality categoriefor D* — " 4" 4~ with different cutsin orderto determine
the best categories to use and determine what information from the X-wall is useable | usedtiadses
The different cuts | used are:

(1) dist <10 cut on first muon, the offline_doc_219 final muon category cuts on second muon, and the final
kinematics cuts,

(2) nodist cut on first muon, the offline_doc_219 final muon category cuts on second muon, and the final
kinematics cuts,

(3) dist <10 cut on first muon, the offline_doc_219 final muon category cuts on second muon, and loose
kinematics cuts,

(4) nodist cut on first muon, the offline_doc_219 final muon category cuts on second muon, and loose
kinematics cuts,

(5) dist <10 cut on first muon, any muon category cuts on second muon, and loose kinematics cuts,

(6) nodist cut on first muon, any muon category cuts on second muon, and loose kinematics cuts,

(7) Chong's K"y, data from offline_doc_219.
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The D* — " 4" 1~ Monte Carlo and data numbers for different cuts are given Table 10:

Table 10: Muon Quality Category

Cut 9 8 7 6 5 4 3
MC 1993 161 245 444 48 62 293
(1) data 17 2 17 6 1 10 6
MC//B 483 114 59 181 48 20 120
MC 2000 161 248 445 48 66 293
(2) data 19 2 26 10 1 25 6
MC/\'B 459 114 49 141 48 13 120
MC 2681 229 328 589 70 87 395
(3) data 31 2 29 17 4 23 17
MC//B 482 162 61 143 35 18 96
MC 2690 230 333 590 70 94 395
4) data 36 2 44 21 4 51 17
MC/\'B 448 163 50 129 35 13 96
MC 2778 241 339 612 73 88 413
(5) data 56 3 60 23 6 46 32
MC/~/B 372 139 44 128 30 13 73
MC 2798 242 344 613 73 95 413
(6) data 66 4 105 35 6 96 32
MC/\'B 344 121 34 104 30 10 73
RS 728 56 727 345 72 822 228
7) WS 142 17 375 146 42 489 85
(RS-WS)/V/WS 49 9 18 16 5 15 16

One should note that the X-wall is roughly 10’ x 20" and the Y-wall is only roughly 8’ x 10'. Therefore,
we need to consider tmaucat=3 tracks.

| then combined these categories for the some of the cuts described above and a:

(8) combination of Monte Carlo “signal” from cut (1) with “data” which is the same Monte Carlo
“signal” weighted with the ratio of WS/RS from cut (7).
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The resulting “signal-to-noise” ratios are given in Table 11:

Table 11: Muon Quality Category

Cut 3-9 3,690 69 | 3,79 79 (69,43
MC 3251 3141+56] 2847| 2696| 2402 3203

(1) data 59 | 48%7 42 42 36 58
MC//B 423 | 453+34 439 416 400 421

MC 4578 [4410+66] 3997 3797 3384 4505

(6) data 344 | 242+16 210 207 175 338
MC//B 247 | 28310 276 264 256 245
MC 3251 3141+56] 2847] 2696] 2402 3203]

(8) “data” 927 | 863%29 753 674 565 900
MC//B 107 | 107+3 104 104 101 107

RS 2978 | 2084%46|  1856] 1739, 1511 2906

(7) WS 1296 | 765+28 680 619 534 1254
(RS-WS)/VWS 47 48+1 45 45 42 47

As one can see, the original muon category cuts determirdéflime_doc_219arethe bestcuts; therefore,
for this analysis they are the final cuts to be used.

Wheredist :|(m [dc, +b) = Xer

NmP+1

global TDCs and when:

¢ Run Number < 10001=-9.8,b=9011

¢ 1000< Run Number < 1400v=-10.0,b=9150

¢ Run Numbeg 1400,m=-9.8,b=8971

in units of ~10 cm andhis the slope anb the interceptfor the

To determinethe TDC cut, dig, | testedit usingbackgrounddataand Monte Carlo eventsfor the
D* - m" 4" 4~ decay mode. Table 12 shows the results for 7 valudistof

Table 12: Muon TDC Distance Cuts

Cut dist<10| dist<8 | dist<6 | dist<5.5 | dist<5 | dist<4.5 | dist<4
Tight: (1) above, except MC 3161 3132 3075358 3050 3004 _ 2915 2814
mucat>6 cut on first data 22 21 17+4 17 16 16 16
muon MC/+/B 674 684 746291 740 751 729 704
Loose: (6) above exc{ MC 4668 4662 5444+74 4502 4432 4307 4167
mucat>6 cut on first data 115 101 88+9 79 75 72 71
muon MC/vB| 435 464 580+32 507 512 508 495

Given these results | will set the TR cut atdist<6, a cut of 60 cm in spatial coordinates.

The Monte Carlo programmistakenlydefinedthe muon X-wall efficienciesas 100% and not the
69% measuréd This discrepancy can be corrected for because the individual category is af@ilableh
muon track. The correction would involve weighting the eaaghwdn category6 and 3 tracksby the true
efficiency (69%) for the Monte Carlo events with muon tracks. This is about a 10-15% effect.
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Monte Carlo Studies
The number of Monte Carlo events generated and passing cuts is shown in the following table.

Table 13: Monte Carlo Yields

Mode # Generated | # Passed Cuts] % Yield
D° - 250,000 2383 0.95
D = 250,000 840 0.34
D° - iIrmre'e 250,000 345 0.14
D - 7 e 250,000 620 0.25
D° - K 250,000 1026 0.41
D° - K 250,000 286 0.11
D° - K e e 250,000 135 0.05
D - K7 i e 250,000 217 0.09
D° - K K 250,000 639 0.26
D - K K-l i 250,000 145 0.06
D° - K*K e'e” 250,000 120 0.05
D° - KYK et 250,000 149 0.06
D’ - prr T 250,000 2246 0.90
D° - Put 250,000 694 0.28
D° - plete 250,000 294 0.12
D’ . Lt 250,000 466 0.19
D° - K °m'm 250,000 694 0.28
D° - KOy 250,000 275 0.11
D° - K %e*e 250,000 121 0.05
D° - K ou*e’ 250,000 185 0.07
D° - o T 250,000 535 | 0.21 |
D° - QU i 250,000 187 0.07
D° - ge'e 250,000 117 0.05
D° - pue’ 250,000 146 0.06
D° - mmu ' m 821 0.33 |
D° > mmetet 250,000 322 0.13
D e 250,000 559 0.22
D° > K ' 250,000 268 0.11
D° - K mre'e' 250,000 134 0.05
D° -~ K u'e 250,000 238 0.10
DO - K K-t ut 250,000 137 |  0.05 |
D° - K K e'e* 250,000 137 0.05
D° - K K et 250,000 175 0.07

SeeFigure5 for the Monte Carlo decaymodeswithout the resonantmasscut, Figure 6 for the Monte
Carlo decaymodeswith the resonantmasscut, Figure 7 for the Monte Carlo modeswith same-sign
dileptons, and Figure 8 for the Monte Carlo normalization modes.
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Reflection Background

Background Studies

To examinepossiblereflectionsfrom normal charm hadrondecaysfor the dilepton modes, the
trackswererefit with deliberatelywrong particle massfor eachevent. This produceda “reflection” into
one of the following possible hadron decays:

(1) D° - ' " with a mass window of.83 GeV/c? < M(D°) <1.90 GeV/c?
(2) D° - K™t - 7t with a mass window of.83 GeV/c? < M(D°) <1.90 GeV/c?
(3) D° - K K*mr it with a mass window of.83 GeV/c? < M(DO) <1.90 GeV/¢?

Then the event was tagged if they were within a mass window of the proposed reflections. The percentagt
of tagged events for each decay mode is shown in Table 14.

Table 14: The percentage of events that are within the mass window of the refleg

fions.

Reflection D° > D° > K mmm | D> K K'mm
Mode MC Data MC Data MC Data
D° - P°ut 83% 0% 2% 50% 0 0%
D° - p’e’e 37% 100 1% 0% 0 0%
D° - P’ ue 54% 0 1% 0 0 0
D° - K °u U 1% 0 50% 33% 1% 17%
D° - K ’e'e 3% 0% 31% 0% 1% 0%
D° - K U e 8% 0% 36% 0% 0 50%
D° - U - 0% 0 6% 0 92% 0
D° - pe'e” 0 0 7% 0 33% 0
D° - pu*e 0 0 3% 0 42% 0

The conclusionfrom examiningtheseresultsis thatwe should not cut eventswith the samenumber of
kaons but that we should cut events with a different number of kaons. That is:

« For D° - p°/* /7 events, all reflections except® — 77 77 ir* 71~ should be cut.

J—

« For D° - K °¢* 7 events, all reflections except® — K~ 7r* 71 ir* should be cuit.
e For D° - @r*/* events, all reflections except® - K~ K* 1 7 should be cut.
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Pion Misidentification Background

For this analysis we first planned to use the same misidentification rates determined in
offline_doc_393. The following is included for reference.

To examine background fromramisidentified as @ (or €) we did the following:

We decidedto usethe D* - K™ /*¢/* modesto seta conservativemisidentificationrate for the
othermodes. The ratewasdeterminedirst by countingthe numberof D* - K™ ¢/*/* eventswithin the
“box”, then subtracting the fldiackgroundcalculatedirom the backgroundeventsoutsideof the “box”

andfinally by dividing the resultsby the numberof D* - K™ 77" r* normalizationevents. This gavethe
misidentification rate of 13/17730 fart — uu, 6/17730 forrmr — ee, and 5.2/17730 fort — pe. The
number of fitted events from the specific misidentification sources then multiplied this rate.

Then, rather than use the rates from offline_doc_393, we decided to first open the
D° - K'm U U, D° — K'mme'e,andD° - K* 71 4*e” modes. For thesemodeswe would thenuse
the smaller of the offline_doc_393 rates or, similar tontte¢hoddescribedabove,assumehat the number
of observed events were &bm pion-leptonmisidentification. For all the othermodeswe would usethe
rate from the assumptionthat the eventsobservedfor the D° - K*'m U" 1™, D° - K*me'e”, and
D° - K*m 4" e’ modeswereall from pion-leptonmisidentification. We observedl2, 6, and 15 events

for the D° - K*m '™, D° — K*me*e,and D° - K*7m 4*e* modes,respectively. Therefore,the
new pion-leptonmisidentificationrates, after subtractingcombinatoricand long-rangebackgroundsand
taking into accountthe factor of 2 due to combinatoricsare: 3.96/11550for 7T — g, 1.04/11550for
T - ee, and 4.88/11550 forrt — ue.

Unfortunately the likely sourcesof pion misidentification errors are the normalization modes
themselves. Thus the fitted numbers are 2049+52.54 for D° - m*m ', 11550+112.9 for
D° — K™ 71" 7r 1", 405.7+40.96for D° — K~ K* 71 71", 1954+5039for D° — o’ i1, 4917+72.10for
D° -~ K %, and 101.6+£16.40for D° — @m* . For the casesof D° — ' ¢* ¢~ the rate was
guadrupledsince there are four ways of getting then from D° - m*m . For the casesof
D° —» K™t/ ¢* the rate was doubled as for modes like - 71" 77 77+ from Offline_doc_393.ps.There
shouldnot be any double countingfor D° - p°/*¢~, D° - K °m" ", and D° -~ @ ™ modes. For
D° - vt and D° - K ¢ ¢* modes!| will use D° - ' and D° - K it
respectively. For D° - K"K /*/* mode | will use 0 since there is no branching fraction for
D° -~ K"K~ " rr*. | have investigated whether not the modeswith doubly misidentifiedpionsare still
all contained within the “boxes”. This was true for thé - ¥ 7~ modesbut | wasnot sureif it is still
true for these4-prongmodes. Unfortunatelyonly 80% of the D° - Kruu modesand 90% of the
D° - rouu modeswere containedwithin the “box”.  (SeeFigure 10 andFigure11.) The numberof
misidentification background events from these calculations is given in Table 15.

Combinatoric and Long-Range Background

The number of combinatoric background events are determined from the‘@log&d datashown
in Figure 12, Figure 13, and Figure 14. They are calculatedusing the following algorithm: If there are

events in the upper wings then assume a flat distribution, but if there are only events in the lowewings

assume 0 combinatoric background for those modes. The results are given in Table 15.
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There is also somereal long-range backgroundsto the D° — K-t/ ¢*, D° - K*K 7/,
D° ~ K%/ ,and D° — @¢* ¢~ decaymodes. The sourceof this backgroundare the D° — K- p°,
D° - K*K p°% D°— K°p° and D° - @p° decay modes, respectively, where p° — ¢*¢~ (either
P’ - U or p° - e'e’). This numberis the product of Branching Fractionsand the number of
normalizing decays. In example fo° - K °/*/:

BF(D° » K °p%) BF(p° - ¢*17)

. IN(D° - K °m* ). 1
BF(D° - KO 11) ( K “rr'm) (1)

Nwr(D® - K 20 07) =

The expected long-range background numbers are given in Table 15.

Table 15: Number of Background Events
Mode Combinatoric # mis-1D Long-ranged Total
D° - 7 7T_IJ+ u 0.00 3.16 3.16
D° > mme'e 0.00 0.73 0.73
D° & i Ui e 5.25 3.46 8.71
D’ . KTl 365 791 0440 __ 12.00]
D° - K rirtete 3.50 2.07 0.430 6.00
D° - K-t e’ 5.25 9.75 15.00
D° - KK 213 0.17 0.067] 237
D° - KK e'e 6.13 0.04 0.066 6.23
D° o K*K™ e’ 3.50 0.17 3.67
D° o p°ut 0.00 0.75 0.75
D° - pete 0.00 0.18 0.18
D° - P’ ute’ 0.00 0.82 0.82
D° o R out 0.30 1.68 0.233 2.22
D° - K %'e 0.88 0.44 0.228 1.54
D° - K ou et 1.75 2.08 3.83
D° - Ut 0.30 0.04 0.003 0.35
D° - ge'e 0.00 0.01 0.003 0.01
D° - Que 0.00 0.95 0.0i
D o 0.91 0.79 1.70
D° - ;T Ir etet 0.00 0.18 0.18
D - e 2.63 0.86 3.49
D° - K ' 2.74 3.96 6.69
D° . K re'e 0.88 1.04 1.91
D° > K u'e 0.00 4.88 4.88
D° & K K Ut 1.22 0.00 1.22
D° - K K e'e" 0.88 0.00 0.88
D K K et 0.00 0.00 0.00
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Results
General Method

BRe=—Ex g = Nx fromppp 2
N norm./gnorm. N norm. Ex
c MC
Whereﬂ — _Ynorm. 3
ST 3)

Example for D° — K™%e'e”
o e
For D° - K%' £k - Nicom _ 694:5.735.
gK*Oe+e- N w*%e+e— 121

For a 90% CL Upper Limit one observesthe number of eventsin the box, takes predicted

background level and using the 90% CL tabl€, Nioere o Noosocr _ 4.37
N ko 4917 4917

BReoee < 5.10% 1073 [BRomr (90% CL). Thus:BR e < 4.84x107° (90% CL).

therefore

Systematic Errors

Thevalue N, in Equation(1) must be correctedfor systematicerrors. To do this we usethe
method described in Cousins and Highfa¢Egn. 20). In this equationN, = U, + AU, Where U, is the
uncorrected value ofl, that is calculated from the table using the method of Feldman and Cousiiis

Ux+B-n Pio?

AU, = 2
Ux+B 2 )
whereB is the predicted background apd is the total systematic errors.

The sources of the systematic errors are given, as a fraction, in Table 16 as follows:
1) Normalization fit. This is the error from paw fits, i.e. £52.64/2049 from Figure 15.
2) Normalization Branching Ratio from the 2000 PDG.

3) Monte Carlo statistics of theormalizationmode. Simply 1/v'N from the columnlabeled‘# Passed
Cuts” in Table 13.

4) Monte Carlo statistics of the decay mode. SiniglyN as in (3).

5) Misidentification background. This includes statistical errors in the fit as in (1) above of the
normalizationmodessuch as D° — K °sr*7r and in the numberof D* — K™ ' usedin the

calculation of the misidentification rate. It also includes differences between a flat fit and expdnhential

of the combinatorialbackgroundand errors in the determinationof the numberof eventsin the
D* - K™ /*¢* modes.

6) Particle ID efficiency, including hodoscope efficiencieslaon Y-wall (99+1%) and X-wall (69+3%)
and +5% for electron identification™.

7) Taills. This iscalculatedas 25% of the fraction, gy, of Monte Carlo eventsthat remainoutsideof the
“box”, divided by the fraction, ley, that remains within the “box”. Wherg is the difference irthe
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number of events between the shadeglonsandthe full plot, divided by the numberof eventsin the
full plot for each plot in Figure 6.

8) Resonant mode Branching ratio. Thishs differencebetweenthe fitted numbersof D° - " '
and D° - p°rr* - divided by the fitted number a$® - 77 .
It should be noted that sources 6-8 could be lumped together as “Tagging Errors”.

Table 16: The systematic errors.

Mode 1 2 3 4 | 5 7 8 9 Total
D° - | 0026 0.068| 0.0217 0.035| 0.074 0.014] 0.008 0.113
D° . rrete | 0:026) 0.068| 0.021] 0.054| 0.043| 0.050 0.020 0.116
D° . e | 0026/ 0.068| 0.021] 0.040( 0.114] 0.037| 0.015 0.148
D° - K- u - | 0-010] 0.041] 0.0217 0.059] 0.133] 0.014] 0.031 0.157
D° . k-t | 0-010 0.041} 0.021] 0.086| 0.195/ 0.050  0.043 0.228
D° - K- uter | 0010 0.041| 0.021] 0.068( 0.120| 0.037| 0.039 0.155
D° - K'K-u' - | 0-101] 0.092] 0.043] 0.083 0.006| 0.014] 0.034 0.170
D° . k*k-ge- | 0-101] 0.092| 0.043| 0.091| 0.003| 0.050| 0.019 0.178
D’ . K'K-u*e | 0-101] 0.092| 0.043| 0.082| 0.003| 0.037| 0.007 0.169
D° - OO I 0.026] 0.068] 0.021 0.038| 0.022] 0.014] 0.005] 0.046 | 0.101
D’ - ple'e 0.026| 0.068| 0.021| 0.058| 0.019| 0.050| 0.027| 0.046 | 0.122
D’ . Pt e 0.026| 0.068| 0.021| 0.046| 0.015| 0.037| 0.017| 0.046 | 0.109
D° - KU i 0.015] 0.221] 0.021] 0.060[ 0.033] 0.014] 0.003 0.233
D° - K ‘e'e 0.015 0.221| 0.021| 0.091| 0.046| 0.050| 0.027 0.251
D’ . K Oue 0.015| 0.221| 0.021| 0.074| 0.021| 0.037| 0.004 0.238
D° - ou' 0.164] 0.264] 0.043] 0.073[ 0.001] 0.014] 0.000 0.322
D° - pe'e 0.164| 0.264| 0.043| 0.092| 0.002| 0.050| 0.006 0.331
D° - gutet 0.164| 0.264| 0.043| 0.083| 0.002| 0.037| 0.012 0.327
D° . 7w | 0026 0.068| 0.021] 0.035| 0.019] 0.014] 0.005 0.087 |
D° - mmee | 0.026] 0.068| 0.021| 0.056| 0.020| 0.050| 0.016 0.110
D . rmru'e | 0026 0.068| 0.021] 0.042| 0.013| 0.037| 0.020 0.097
D~ K-y p | 0.010] 0.041] 0.021 0.061] 0.045] 0.014] 0.025 0.094
D° . K me'e | 0010 0.041| 0.021| 0.086| 0.114| 0.050| 0.035 0.163
D° . K- u'e | 0.010] 0.041| 0.021| 0.065| 0.059| 0.037| 0.024 0.109
D° . K K u'u | 0-101] 0.092] 0.043] 0.085] 0.000] 0.014] 0.005 0.167
D° ~ K K e'e" | 0.101] 0.092| 0.043| 0.085| 0.000| 0.050| 0.007 0.174
D’ . K-K-u'e” | 0-101 0.092| 0.043| 0.076| 0.000| 0.037| 0.013 0.167
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Data

Table 17: Data

Mode Predicted Backgroun|[ Observed 90% CL Upper Limit | 90% CL Sys Err Corr|
D’ -~ mm u 3.16 2.00 2.92 2.94
D° - mme'e 0.73 9.00 14.57 15.14
D° & I U E 8.71 1.00 1.05 1.06
D° - K- 12.00 | 12.00 7.00 7.24
D° - K me'e 6.00 6.00 5.47 5.8
D° - K e’ 15.00 15.00 7.52 7.75
D° & KK U [ 2.37 0.00 1.20 1.29
D° - K'K e'e” 6.23 9.00 9.07 9.61
D° - KK pu*e 3.67 5.00 6.32 6.61
D® - POt 0.75 0.00 1.78 1.8(
D° - pP’ete 0.18 1.00 4.18 4.28
D° - Pute’ 0.82 1.00 3.54 3.6(
D° - KO 2.22 3.00 5.20 564
D° - K %'e 1.54 2.00 4.37 4.77
D° - K Ou*e 3.83 9.00 11.47 13.0]
D° - Qu U 0.35 0.00 2.10 .34
D° - pe'e 0.01 0.00 2.43 2.79
D° - pu*€ 0.05 0.00 2.40 2.71
D’ - U’ 1.70 1.00 2.76 2.79
D° - Trete 0.18 1.00 4.18 4.26
D° - et 3.49 4.00 511 5.19
D° - K- i 6.60 | 14.00 15.31 15.74
D’ - K rre'e’ 1.91 2.00 4.00 4.14
D° - K mru'e 4.88 7.00 7.65 7.8
D° - K K- U u* 1.22 1.00 3.16 3.24
D° - K"K e'e' 0.88 2.00 5.03 5.24
D° - KK e 0.00 0.00 2.44 2.52

See Figure 12 for the data decay modes without the resonant mass cut] Figurthe datadecaymodes
with the resonant mass cut, and Figure 14Heratadecaymodeswith samesign dileptons. SeeFigure
15 for the fitted normalizatiodatamodes,the upperplot is without the resonanimasscut and the middle
plot is with the resonant mass @gplied,andthe lower plot is the resonanimassesisedfor the resonant

masscut. Note the largewidth of the p° -~ 7"~ decayand the lack of previously measurecbranching
fraction for D° - prr* .
For the shape of the fitting functions, the moment, | started with theiseminedrom the 2-prong
D° — ¢~ ¢* plots described in Offline_doc_393.ps. | used the new Monte Carlo eveatmgxthe shapes.

Note that this is only usedto guidethe eye,not to determinethe numberof observedevents. The area
under the curves will bsetequalto the estimated®0% CL upperlimit values,which will be correctedfor

systematic errors.
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Preliminary Results

For all modes thenusedthis 90% CL upperlimit predictednumberof eventsfrom Table 17 for
Ny in Equation 1 above to calculate the Uncorrected 90% CL upper limit branching tadils® usedthe
systematic error corrected value Hf;, using Equation3 above,to calculatethe Correctedd0% CL upper
limit branching ratios. The final results for both the uncorrecteccandctedoranchingratios, alongwith

the 2000 PDG values, are given in Table 18. (Also see Figure 16).

Table 18: 90% CL Upper Limit Branching Ratios
Mode Uncorrected BR Corrected BR BR (2000 PDG)
D° o T 2.95%x107° 2.99x10°°
D° - m'me'e 3.56x10™* 3.73x10™
D - ' U 1.44x10°° 1.45x10°°
D° - K 1.63x10™* 1.68x10™
D° - K me'e 2.70x10™ 2.88x10™
D° -~ K e’ 2.31x10™ 2.38x10™
D° - KYK " U~ 3.26x10™ 3.32x10°°
D° -~ K'K e'e” 2.98x10™ 3.15x10™*
D° - KK U e’ 1.67x10™ 1.75x10™
DO - pout 2.18x10°° 2.20x10°° 2.3x10™*
D° - p’e'e 1.21x10™ 1.24x10™ 1.0x10™
DO - POutef 6.45x10°° 6.56x10°° 4.9x107
D - KO 2.54x10°° 2.75x10°° 11.8x10™
D° - K %e'e” 4.84x10°° 5.29x10°° 1.4x107*
D° - K °u*e’ 8.31x10°° 9.43x10°° 1.0x10™
D° - ou' U~ 2.74x10°° 3.04x10°° 4.1x10™
D’ - pe'e” 5.07x10°° 5.75x10°° 5.2x107°
D° - Que* 4.01x10°° 4.53x10°° 3.4x10°°
D> p' 2.85x107 2.88x107°
D’ - mme'et 1.10x10 1.12x10™
D° - e 7.76x107° 7.86x107°
D° - K 'y 3.80x10™ 3.90x10™
D° -~ K me'e' 1.99x10™ 2.06x10™
D° - K u'e 2.14x10™ 2.18x10™
D° - KK U " 9.08x10°° 9.40x10°°
D° - K"K e'e" 1.45x10™ 1.52x10™
D° - KK U'e 5.49x10°° 5.68x10°°
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Figure 1:
Feynman Diagrams for FCNC decays.
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Figure 2:
Feynman Diagrams for LFV decays.
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Figure 3:
Feynman Diagrams for LNV decays.
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Figure 13:
Dilepton decay modes with the resonant mass cut. The solid line is the background shape.
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Figure 15:
Fitted data normalization modes. Non-resonant modes (upper row), resonant modes (middle row),
and the resonant masses used in the middle row (bottom row).
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Figure 16: Preliminary results.
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