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Abstract

This notedescribeshe w, analysisof the datataken duringthe 1999run, mainly focusingon the
resultsof thefit with a 17-parametefunction. The dataselectionprocessgorrectionfor enegy
scalechangesifitting andotherrelevantproceduregsresummarizedTheresultsarecomparedor
differentenegy cuts, forms of fitting function, with and without pile-up subtraction. The final
valueof Ris givenas143.25+ 1.24+ 0.22ppm.

1 Introduction

This noteis anoverview of my work on the analysisof the 1999data(g2of f version).
Most resultsgivenherewerepresentedt the collaborationmeetingsat BNL in Septem-
berandNovember2000.

The principal differencebetweerthis andotheranalysess that,for the moststudiespre-
sentecherenopile-upsubtractiorhadbeenapplied whichrequiredncreasinghenumber
of parameteren thefitting function. Also, mostsystematicstudiesandsomeof the data
selectionproceduresvereperformedndependentlfrom otheranalyses.

In section2, | describehedataselectiornprocessSection3 outlinesthefitting procedure.
Thefit resultsaregivenin section4, andthe systematierrorsarediscussedn sectionb.

Thelastsectionsummarizesheresultsandconclusions AppendicesA andB containan

overview of my pile-upandenegy scalechangestudieswith realandsimulateddata.

2 DataSelection

2.1 RunandSpill Selection

The datarunsusedin this analysiswere selectedby ErnstSichtermann.All runswith
laser LED, high “flashlet” contaminationgarly-to-latetime instabilitiesin positronen-
ergy anddecayspectraetc. wereeliminatedfrom the availablerun list. In total, 806 runs
betweerrun number3813and5093metthe selectioncriteria. Detectors2 and20, noto-
riousfor theirhardwareproblemswerenot usedin thisanalysis. At Ernsts suggestiona
numberof runsweredroppedrom the selectionfor individual detectors18 (runs3903-
4139dropped)and14 (4790- 4796). The datausedwereproducedwith g2of f atBNL
andstoredin theform of standardhtuples[1].



Within the selectedrangeof runs, cuts were appliedto every dataspill (corresponding
to a single-timebeaminjectioninto the g-2 storagering). A spill would be droppedif a
guadrupoldracewasnotreadout, or thetracewasshorterthan780 us (a possiblespark),
or the differencebetweemmedium-andlate-timeor early- and medium-timeamplitudes
wasgreaterthan15 counts(anotherindicationof a spark).An entire“event” (all 6 spills
from thesameAGScycle) would bedroppedf tO countersignalwasnotreadout, or had
an insufficient amplitude(misfiredinjection, causinghigher“flashlet” contaminationn
subsequergpills) in arny spill, aka“ TOSTAT cut”.

Losseddueto thesecutswere: 1.6%of thetotal numberof spills for thetO cut,and0.4%
for thequadcut. A largefraction of spill lossesvasdueto tO or quadread-outproblems
in asmallnumberof runs(Fig.1). Runsafflicted by read-outroubleweredropped5024,
5025hadnot0, runs3857,3908-3911and4810hadno QUAD information).In addition
to this, 4% of the spills containedno data. (Cenapincludedtheseinto his calculationof

lossedueto thetO-cut[2]).

It wasalsofoundthatbeginningwith run 4567 thelast(6*) spill wasoftenmissingfrom
the ntuplesfor detectorsl through8. This causeda 4.5% differencein the numberof
goodspills betweerdetectorsl -8 and9-24 (thenumberswvererespectrely 2.57and2.69
million spills).
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Fig.1. Numberof fills with tO (top) and quadrupole(bottom)problems by the run. About2% of
all fills with datawere droppeddueto thesecuts.



2.2 Energy Calibration

The end-pointsof the enegy distribution were fitted individually for every detectorin
eachof theselecteduns.A sectionof theenegy-distribution slopewasfitted to a straight
line. Thelinearfitted sectionwaschosenndividually for eachdetectodueto differences
in theform of theenegy spectrumIt wasusuallya sectioncorrespondingo the positron
enegiesbetween’0% and93% of the pre-fittedspectrumenegy maximum(or between
2.2and2.9 GeV). The crossingof thefit-line with x-axis, the end-pointwasassumedo
correspondo positronenegy of 3.1 GeV. Thistechniquevasusedin the 1998w, analy-
sis[3], with its validity establishedn a simulation.An exampleis givenon Fig.2.
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Fig.2. Anexampleof endpoinffitting (detector23in run 4669): x-axisis positon enegyin WFD-
counts

The enepgy spectrafor end-pointfitting weretaken at late time (atleast100 us afterthe
injection)in orderto minimizetheeffectsof pile-upandenegy-scalechangegcausedy
PMT and“off-line” reconstructionnstabilities)at earliertime. The end-pointvaluesfor
eachdetectomwerethenaveragedover groupsof runs,asillustratedin figures4 (“stable”
detector8) and5 (detectorl, which hadbeenrecalibratedduringtherun).

For this analysis,only the positronswith enegies greaterthan 1.8 GeV (58.1%of the
endpointenegy) were used. Most detectorgequiredsubdvision into only 2-3 groups,
exceptfor detector9, which had9 groupsdueto instability of theenegy scale(Fig.3).
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Fig.3. End-pointsfor detector9 drifted arounda lot.
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Fig.4. Detector8 showsverylittle run-to-runinstability in enegy scale: (top) End-pointval-
ues(in WFD-counts¥or detector8 by run number(givenwith errors: occasionalarge error bars
comefromrunswith low statistics); (bottom)thedistribution of end-pointshasa gaussiarform.
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Fig.5. Detectorl hada 2% stepin the enegy scaleafter run 4023: (top) End-pointvalues(in
WEFD-counts¥or detectorl by run number(givenwith errors: occasionalarge error bars come
fromrunswith low statistics); the distribution of end-pointshasa gaussiarform for bothgroups
of runs, befoe (bottomleft) andafter (bottomright) therecalibration occurred.



2.3Correctionfor Energy ScaleChange(ESC)

Time-dependenESC was investigatedoy looking at the time-dependenthangein the
averageof theenepy distribution. The proceduras describedn AppendixA.

Only 6 detectorsverefoundto have E-scaleof the orderof 0.1%or higherat 30 us (see
Fig.6a). In anothergroup consistingof 8 detectorqthoseshavn in Fig.6bandalsodets
18,21),the scalechangewaslessthan0.1%by 25 us aftertheinjection. Detectors3, 6,

7,10, 13-15,and 17 had no visible effect. The evolution of enegy scalechangewith

time couldbedescribedasanexponentiallydecreasindgunction,exceptfor in the caseof

detectorsl and4, which requiredanadditionalgaussian-like term:

folt) = g7 +age 3T (1)

Theresultsof thesestudiesaresummarizedn Tablel.

Table 1. Resultsof ESCstudies.Columns2-6 containparametervaluesfrom fit with a function
(1). Thenumberin column? is theamplitudeof ESCat 30 us. Andtg 1 (column8) is thetime
after injection, whenESChecomesmallerthan 0.1%. A “Y” in thelast columnsignifiesthat a
time-variableenegy cut wasusedin the pulseselectionprocessfor that detectorto compensate
for thechangesin theenepgy scale

Det | g (%) | 75 (uS) | ag(%) | to(us) | o(us) | shiftat30 us (%) | to.1%, us, | “bad™?
1* | -2.629| 28.17 | 1.601| 25.61| 9.411 0.530 92.1 Y
3 N/A
4* | -545 | 14.36 | 0.183| 44.52| 9.84 -0.613 42.7 Y
5 |-1.133| 15.21 -0.158 37.0 Y
6 N/A
7 N/A
8 | 1.540| 15.49 0.222 42.4 Y
9 | 1984 7.48 0.036 22.4
10 | N/A
11 | 1.121| 9.67 0.050 23.4
12 | 0.907 | 13.50 0.098 29.8 Y
13 | N/A
14 | N/A
15 | N/A
16 | 0.729 | 7.81 0.015 15.6
17 | N/A
18 | 1.047 | 10.12 0.054 23.8
19 | 0.714| 9.00 0.025 17.7
21 | 1.702| 5.64 0.008 16.0
22 | 1.403| 852 0.041 22.5
23 | 1.271| 7.92 0.028 20.2
24 | 1.959| 9.93 0.095 29.6 Y

* Detectorsl and3 werefitted to a 5-parametefunction(Eq.1).
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Fig.6a. Detectos 1,4,5,8,12,24ll showsignificantESCeffectat 30 us. Onthey-axis: relative
change in theenepgy scale(0.01correspondgo 1%)
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Fig.6h Someother detectos are obviouslyaffectedby ESC,but the efectis lessthan 0.1%
after 25 us. Onthey-axis: relativechange in theenegy scale(0.01correspondgo 1%)
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Fig.7a. More ESCstudiedfor detectorl. In green,theenegy scalechange is plottedfor three
different groupsof pulses:thosethat produceda trigger only in the upperhalf quadiants of the
calorimeter(top plot), only in the lower half quadmants (middleplot), and both (bottomplot). In
red, the resultis givenfor all pulsestogether This studyconfirmsthat the observedESCcame
from a single“ Ozben” calorimetertube correspondingto the front upperhalf quadant. The
residual“ Ozben-wigle” is still presentin the data from the lower half dueto the limitationsin
thetrigger-cut efficiency



As wasestablishedecently theESCin detectorl wasmainly dueto asinglecalorime-
tertube.A moredetailedESCstudyfor thisdetector(Fig.7a.)shavsthattheupperhalf of
the calorimeterwasseeingabouttwice the averageenegy scalechangewhile the effect
wasvery smallin thelower half. Aswill beshavnin Sections}.2,5.3. TheaverageESC
still canbe a goodapproximationgvenif the effect is differentfor differentcalorimeter

guadrants.

In detectord, anothemneshowning abig ESCeffect, thedifferencebetweertheupperand
lower partswasstatisticallyinsignificant.(Fig.7h)

O
@.006
0.004
0.002
0
~0.002
—0.004

—0.006

(@]
?.006
0.004

0.002

—0.002
—0.004

—0.006

det 4

%mwﬂﬁﬁ*mﬁ“*ﬁ%NNMHHHHH T

O\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\

50 100 150 200 250 300
ESC calo4 (top) time, us

1 %
IRENEE, H,H—ﬁ#ﬁ% FH’W"H’

LWWWH”( HH |

O\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\

50 100 150 200 250 300
FSC calo4 (bottom) time, us

Fig.7h In detector4, there is no significantdifferencein the enegy scalechang betweerthe up-
per and lower halfs of the calorimeter Theresultsfor the halfs sepaately are plottedin green,
andtheaveiage over thedetectoris in red.
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2.4 Histograms

Theg-2 time spectrumhistograms$had5000binseach with a bin width of 149.185ns.

The histogramswerefilled in for two differentenegy thresholds:1.8 and 2 GeV (or
0.581F,,,, and0.645F,,.,). Double precisiondescriptionof pulsetimeswasusedto
minimizethe effectsof roundingof histogrambin boundariesn PAW.

For detectorsl, 4, 5, 8, 12, 24 atime-variablethresholdwasused to minimizethe effect
of enegy scalechangg(Fig.8).
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Fig.8. Applicationof a time-variablethresholdremoresthe effectof theenegy scalechange. Top:
ESCin detectorl (from ESCstudies).Middle: Spectrunof 5-parameterfit residualsbefoe the
correctionwasapplied. Bottom: after the ESCcorrectionwasapplied,the residualsare mostly
contributedto by the coheentbetation oscillation, muonlossesand pile-up.

Injectiontime for eachspill wasrandomizedvithin the bin width, to minimize the effect
of fastrotation[3,4]. 10 differentrandomseedsvereused(10 time spectrecreated).

Detectorphasesverealignedwithin +-2 ns(at50 us) afterthesephasesveredetermined
fromfit. In otherwords,eachdetectohada differenttime offsetwith respecto theinjec-
tion time to compensatéor differencesn cablelengthsetc. The offsetswerecalculated
with respecto detectorl6, andvariedbetween3.4ns(det.21)and17.7ns(det.5).
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1.394.5million e* (1999 data)

" L
5 6
‘O_O!W 0 = ::)"
g g
=0 b
)
b L o
3
10°1 8
: [«2]
[<2]
L. N
=}
L o
N
10%E o
F 3
r =}
C o
r [32]
F ¥ ‘ =]
B i
107 W AN ! <8r
;;M . ) X ! “'4 \w w Wt [ k Li” H,\M "' w m )
J‘n n““ “‘ ““ «im ! b \Mu "w W M) ' i ‘l" “‘M‘ N‘n‘ﬁ ' | ' i ;‘ %
L w M‘ W \ ‘4 ! w“ ‘ # q‘ M wm f’M f f h .‘n\ 3
Lo Wy "‘w,“ “M '\“n Py *\ \ ﬁ“w M (" \ W # M 8
| L W w M " ‘W’ ”‘4 Hw b ” W‘ ‘ ‘M \“\ ‘\ <“1 °
102'@1’4 LI wu b
5 ‘1“‘“ H \M ‘W i ‘\ W '1 WY 2
: ‘ H ‘ FHl “ 8'
i \ lﬂ 8
L1l ‘ L1l ‘ L1 ‘ I | ‘ I | ‘ L1 ‘ I | ‘ L1 ‘ L1l ‘ | |

0 10 20 30 40 50 60 70 80 90 100
time, us

Fig.9. G-2timespectrunfor positonswith E>1.8 GeV(1999data).
3 Fitting Procedure

To performthefits, | useda modificationof the FORTRAN M NUI T programdeveloped
by Jorg Pretzfor his 1998analysig4], which includedsuccessie fitting with packages
M GRAD, HESSE, | MPROVE andM NCS. M GRAD is a x? minimizationalgorithm, us-

ing Davidon-FletcherPawvell variable-metridechnique HESSE is calledby M GRAD to

recalculatethe error matricesat the minimum. | MPROVE attemptsto find a new local

minimum in the vicinity of the onefound by M GRAD. And M NOS performsa better
evaluationof fitting errors,taking into accountpossiblenon-linearitiesaroundthe mini-

mum [5]. All fits wereperformedusingthe squareroot of the bin value (first step),and

thenthe squareroot of fitting function (all subsequendtepsjasanerrorestimate.

3.1 Fitting Function
Thedatawerefitted to a 17 parametefunction of the form:

N(t) = No- (e (1+A-coslwat +¢]) + e f,(8) - 1+ (1)) - fono () - fx (1) (2)
wherew, = 27 fo(1 — (R — A) x 107%), with f, = 229.1kHz, andthe offsetof A; the
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termdescribingthe pile-up contributionis:
) = n, + A, - cos(wat + ¢ + Ad,) (3)

multiplied by afastrotationcorrectionto pile-up of theform:

fr) = 1+ g o i) (4)
Coherenbetatronoscillation(CBO) correction:
t—tQ
fC‘BO(t) = 1+AB'COS(wBt+¢B)'6_( TBB)2 (5)
And a correctionfor lost particlesandotherbackground:
Lot
fx(t) = 1 4+ ax - e 3 ) (6)
__t
(or fx(t) = 1 4+ ax - e ™x) (6a)

Four parametersut of 17 werefixedatall times:

o thedifferencebetweerthe g-2 andpile-up phasesA¢, = 0 (someAg¢, estimates
from pile-upsubtractedspectravereusedaswell);

o parametersf pile-upamplificationdueto fastrotation:a, =0.72,7,=12.7 us (from
simulationandfits to realdata:seeappendiceé\ andB).

e typ = 0, themeantime of the CBO paclet.

Letting A¢, vary increaseshe erroron R two-fold [6]. And the parameterslescribing
thefastrotationcorrectionto pile-up, if let vary freely, causdfit instabilitiesdueto small
sizeandshortlife time of this correction.

For the purposeof makingthe multi-parametefit more stableat late starttimes,some
parametersvere allowedto vary at earlier starttimesonly. Theseinclude: ax and g
fixedafter50 us, 7x after70 us,and fz (= 3—7;) fixedafter80 us.

For thenew termin thefitting function,describingmuonandprotonlossesandpossibly
otherbackgroundbothformsshaowvn in equation6 and6aweretested.Both functionsare
very closein theregion of interest(after30 xS), but the correctionof agaussiariorm (eq.
6) producesmore stableand consistentesults(Fig.10). Otheradwantagef the “gaus-
sian” correctionwill bediscussedn Sectiord.7.

Letting the starttime of the CBO paclet vary brings an interestingresult (Fig.11): the
amplitudeAp, width 75 andstarttime ¢,z of the CBO paclet changdinearly with the
fit starttime, which meanghatthe shapeof the paclet is not exactly gaussian At early
times (30-40S8), the paclet is centerecdat 0. Also, the time whenthe amplitudeof the
pacletfallsby 2.7 (~ €) , (75 + to5) remainsstableataround140 us, the sameastheone
obtainedfrom afit with tp fixedat O us (Fig.12). Thedifferencein R betweenhe two
formsof thefitting functionis relatively insignificant.

Parametercorrelationcoeficientsaregivenin table2 (generatedyy M NUI T).
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comparison between gausiian and exponential corrections
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Fig.10. Comparisorbetweeriit parametes for differentformsof the“muonloss” correction. Top:
a, and rp asa functionof fit start time whena gaussianform is used(Eq. 4); parametes are
stablewith respecto thefit starttime (a,, is fixedafter 50 us). Middle: similar plotsfor the case
whenan exponentialcorrection (Eq. 4a) wasused. Bottom: relative phasepulling on R for two
formsof “muon correction”; phasepulling is minimalat the ze-crossingsof g-2 precession.

Table 2. Fit parametercorrelationtable Correlation coeficientsare shownfor 13 free parame-
ters. Somecoeficientsare shownfor the casewhenpile-upphase A¢, waslet vary (lastline).

NAME | NO. | GLOBAL T 2 3 Z 5 6 7 8 9 10 11 2 3
N T 099663 | 1.000 | 0972 | 0.005 | 0.00L | 0.002 | -0.945 | -0.798 | 0.004 | -0.005 | 0.546 | 0.004 | -0.029 | 0.003
A 2 098641 | -0.972 | 1.000 | -0.004 | -0.001 | -0.002 | 0869 | 0.733 | -0.003 | 0.004 | -0.460 | -0.004 | 0.055 | -0.002
A 3 0.86655 | 0.005 | -0.004 | 1.000 | 0.005 | 0.006 | -0.009 | -0.468 | 0.009 | 0.009 | 0.032 | -0.008 | 0.048 | 0.005
R 4 087630 | 0.001 | -0.001 | 0.005 | 1.000 | 0.876 | -0.003 | -0.006 | 0.012 | -0.025 | 0.010 | 0.021 | 0.017 | 0.009
¢ 5 087645 | 0002 | -0.002 | 0.006 | 0.876 | 1.000 | -0.004 | -0.009 | 0.016 | -0.034 | 0.014 | 0.029 | 0.023 | 0.013
np 6 099688 | -0.945 | 0.869 | -0.009 | -0.003 | -0.004 | 1.000 | 0.848 | -0.006 | 0.009 | -0.727 | -0.007 | -0.106 | -0.004
Ay 7 096453 | -0.798 | 0.733 | -0.468 | -0.006 | -0.009 | 0.848 | 1.000 | -0.013 | -0.001 | -0.640 | 0.001 | -0.133 | -0.008
Ap 8 080905 | 0.004 | -0.003 | 0.009 | 0012 | 0.016 | -0.006 | -0.013 | 1.000 | -0.108 | 0.017 | 0.116 | 0.024 | 0.809
6B 9 095827 | -0.005 | 0.004 | 0.009 | -0.025 | -0.034 | 0.009 | -0.001 | -0.108 | 1.000 | -0.026 | 0.958 | 0.039 | 0.137
X 10 | 099211 | 0546 | -0.460 | 0.032 | 0010 | 0014 | -0.727 | -0.640 | 0.017 | -0.026 | 1.000 | 0.022 | 0718 | 0.012
fB 11 | 095834 | 0004 | -0.004 | -0.008 | 0021 | 0029 | -0.007 | 0001 | 0116 | -0.958 | 0.022 | 1.000 | 0.033 | 0.147
ax 12 | 097569 | -0.029 | 0.055 | 0.048 | 0017 | 0023 | -0.106 | -0.133 | 0.024 | -0.039 | 0.718 | 0.033 | 1.000 | 0.018
B 13 | 081067 | 0.003 | -0.002 | 0.005 | 0009 | 0013 | -0.004 | -0.008 | 0.809 | -0.137 | 0.012 | 0.147 | 0018 | 1.000

[ Adp | - | 006758 | 0.178 | 0.164 | -0.090 | 0.843 | -0.933 | 0.188 | -0.045 | -0.015 | -0.080 | - | 0.021 | -0.181 |
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Fig.11.If thestarttimeof the CBOpadet typ is treatedasa freeparameterthevaluesof A, 7
andtyp are changinglinearly fromearly to late time Thetimewhenthe amplitudeof the padet
falls by thevalueofe ~ 2.71 , (75 + top) remainsstableat around140 us.
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Fig.12. For this test,the start time of the CBO padket to g wasfixedat O us. Both,the amplitude
Ap (top) andthepadet width 7z (middle)are stable TheCBO phase(not shown)is not affected
by fixing toz. On the bottomplot: the differenceof the valuesof R betweerthe two fits (with
top fixedand floating): the phasepulling is of the order of 40 ppb for the start timesup to 60
us (for thelater start timesthe discrepancyis increaseddueto the errors causedby fixing other
parametes).
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4 Fit Results

Fits wereperformedfor differentenegy cutsandfor eachindividual detector

4.1 DetectorsCombined/With Pile-upPhasd-ixedat0)
The resultsof fitting to the time-distrikution of the positronsfor threedifferentenegy
cuts:E>1.8GeV, E>2GeVandl1.8GeV < E <3.1GeVareshavnin Figs.13-15(a,b,c).

Starttime of thefit variedbetweer27 and100 s, with theendtime fixedat599.7us (bin
4020).

13—par fit results cut 1.8 GeV
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Fig.13a.Fit resultsfor cut 1.8 GeV(onerandomseedonly). Top: x? asa functionof fit starttime,
acceptableat all starttimes. Middle: R vsfit starttime (black dotsare the zen-crossingsof g-2
precession) Allowedvariation limits givenby Kawall formula[7] are shownwith respecito the

starttime of 32 us. Bottom: distribution of the step-by-stepariationin fitted R values: & (Z ZRll)l
witho(i,i — 1) = \/o? — 02 ;.
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13—par fit results cut 1.8 GeV
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Fig.13h Fit resultsfor cut 1.8 GeV fit parametes as a function of start time Top left to
bottomright: A, 1/X, ¢, No, np, Ap. After 32 usall parametes vary within the limits allowedby
Kawall formula.
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Fig.13c. Fit resultsfor cut 1.8 GeV fit parametes as a function of start time Top left to
bottomright: betaton oscillation parametes Ag, ¢p (in us), fp (in kHz), 75 (1S), and “muon
loss” parametes, a x andtx (uS). 4 latter parametes wetre fixedafter 50, 70 or 80 us. ¢ g shows
a significantdeceaseof statisticalerror after f wasfixed. After 32 ysall parametes vary within
thelimits allowedby Kawall formula (shownfor ¢z, fB).
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13—par fit results cut 2 GeV
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Fig.14a. Fit resultsfor cut 2 GeV (onerandomseedonly). Top: x? asa functionof fit start
time acceptableat all starttimes.Middle: R vsfit starttime (bladk dotsare the zen-crossingsof
g-2 precession) Allowedvariation limits givenby Kawall formula are shownwith respecito the

starttime of 32 us. Bottom: distribution of the step-by-stepariationin fitted R values: £
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13—par fit results cut 1.8-3.1 GeV
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For thefit to the datafrom all detectorsccombined normalizedy? wasfoundaccept-
ablefor all fit starttimesafter30 us, with thevalueof R varyingwithin thelimits allowed
by Kawall formula(Figs. 13a,14a,15a).

Otherfit parametershonvedreasonablearly-to-lateime stability andconsisteng aswell
(Figs. 13-15,partsb andc).

It was encouragingo find that fitted valuesfor somenew parametersvere consistent
with their prediction. The frequeng of coherentetatronoscillationcould be estimated
using Fourier transformof the datafrom e.gdetectors8 and 9, which shoved the most
pronounceceffect. Thefit errorson fz weregenerallymuchsmallerthanonewould ob-
tain from fastFouriertransformstudies but the resultsagreevery well within the errors
(Fig.16a).Fittedvaluesof pile-upfractionfor differentcutswereconsistenfrom earlyto
latefit starttimesandagreedvery well with the simulationresult(Fig.16b,andFig.B4in
appendixB).

On the other hand, the resultsfor R differed betweenthe 2-GeV and 1.8-GeV cuts by
about0.6-1ppmfor all fit starttimes(Fig.17,Tables3-5). The sourceof this discrepang
will bediscussedn Sectiord.5. BesidesR, only the valuesof theasymmetryandpile-up
parameters, andA, differedsignificantlyfor differentcuts,asexpectedTable6).

fast fourier transf 5—par resid det 8

fg=4/1.1 £ 4.9 kHz
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Fig.16a. Theresultoffitting to CBOfrequencysingFourier transformagreeswell with fit results.
Shownhere is a Fourier transformof 5-parameterfit residualsto the datafrom detector8. Fit to
thedatabrings fg ~ 470.44+ 0.2KHz (at 32 s after theinjection).
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fitted pile—up level for different cuts
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by a simulation.Thesimulationis describedn appendixB.
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comparison of R for different cuts (Ap,=0)
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Fig.17. Comparisorof fittedvaluesof R for differentcutswith A¢, = 0 fixed for eachof the
cuts. Theerrors are givenfor the resultsfromthe cut 2 GeVonly. Thee is a shift of 0.6-1ppm
betweerthevaluesof Rfromthe2-GeVand1.8 GeVcuts. Theresultsfor the1.8-GeVand1.8-3.1
cutsare veryclose
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Table 3. Summaryof fit resultsfor cut 1.8 GeV (A¢, = 0). The numbes for the sumof
detectos are avelaged for 10 randomseeds.Thenumbes for the detectos fitted sepaately are
averaged over 22 detectos for a singlerandomseed.Thevalueof R containsan offset.

StartTime, | Net, M Detssummed Detsseparate
ps R X R X
32 1279.0 | 142.17+ 1.22| 1.001| 142.14+ 1.23| 1.007
40 1125.3 | 141.59+ 1.30| 0.996| 141.49+ 1.30| 1.001
50 960.7 | 142.03+ 1.42| 0.996| 141.84+ 1.42| 1.000
60 819.6 | 142.124+ 1.52| 0.997| 141.974+ 1.53| 1.000
70 701.6 | 142.83+ 1.65| 0.996| 142.63+ 1.66| 0.999
80 604.4 | 142.884+1.79| 0.992| 142.76+ 1.80| 0.998

Table 4. Summaryof fit resultsfor cut 1.8-3.1GeV (A¢, = 0) .
detectos are aveaged for 10 randomseeds.

The numbes for the sumof

StartTime, | Net, M Detssummed Detsseparate
ps R X R X
32 1260.73| 142.04+ 1.25| 0.999| 141.94+ 1.26| 1.005
40 1109.5 | 141.564+ 1.33| 0.995| 141.41+1.34| 1.001
50 947.5 | 142.10+ 1.43| 0.994| 141.87+ 1.45| 1.000
60 808.5 | 142.164+ 1.55| 0.995| 142.03+ 1.56 | 1.000
70 692.2 | 142.99+ 1.69| 0.993| 142.784+ 1.70| 0.999
80 596.4 | 143.084+ 1.82| 0.990| 142.994+ 1.83| 0.998

Table5. Summaryof fit resultsfor cut 2.0 GeV(A¢, = 0) . Thenumbes for the sumof detectos
are avelaged for 10 randomseeds For the detectos sepaate avelging doneover 10 seeds22
detectos.

StartTime, | Net, M Detssummed Detsseparate
s R X R X
32 948.9 | 143.00+ 1.24| 1.012| 142.92+ 1.25| 1.012
40 834.6 | 142.59+ 1.31| 1.009| 142.52+ 1.32| 1.008
50 712.5 | 142.674+ 1.43| 1.008| 142.72+ 1.43| 1.007
60 607.3 | 142.944+ 1.54| 1.009| 142.78+ 1.55| 1.006
70 520.0 | 143.36+ 1.67| 1.009| 143.29+ 1.68| 1.006
80 448.2 | 143.43+1.81| 1.008| 143.46+ 1.83| 1.005

As shavn in Table 6, the valuesof muon lifetime obtainedfrom fitting to two selec-
tionswith differentthresholdcutsarein anexcellentagreementvith eachother andwith
theresultof fitting individual detectorspoth separatelyandcombinedto a 5-parameter
functionat late times(Fig.18). The valueof lifetime is about0.1%lower thanwould be
expectedrom theory dueto the presencef the muonlossfractionwith alife time close
to thatof themuon,notaccountedor in thefitting function. (This muonlossfractionhas
beenseenin the studiesof the FSD 3-fold coincidence$8,9].) An attemptto correctfor
it will bedonein Section4.7.
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Table 6. Thevaluesof fit parametes for different cuts(fit from 32 to 600 s, average over 10

randomseedsAd¢, = 0).

Fit parameter Cut1.8-3.1GeV Cut1.8-6.2GeV Cut2.0-6.2GeV
/X (uS) 64.3224 0.006 64.3244 0.006 64.3284 0.007
A 0.34272+ 0.00008 0.34711+ 0.00008 0.39679+ 0.00009
R, ppm 142.04+ 1.25 142.17+ 1.22 142.97+ 1.24
¢ (rad) 2.8630+ 0.0002 2.8631+ 0.0002 2.8641+ 0.0002
Ny (4.7673+ 0.0017)106 (4.8264+ 0.0017)106 (3.5755+ 0.0014)106
Ny (0.02+ 1.19)10_3 (6.45+ 1.19)10_3 (9.05+ 1.42)10_3
Ap (-2.91+ O.45)1O’3 (0.36+ 0.46)1073 (0.97+ 0.60)10*3
Ap (2.55+ 0.08)1()’3 (2.61+ O.OB)lO’3 (2.81+ 0.10)1()’3
¢p (rad) 4,022+ 0.058 3.975+ 0.056 3.872+ 0.061
fB (kHz) 470.20+ 0.14 470.28+ 0.13 470.40+ 0.15
B (US) 133.47+ 6.34 133.24+ 6.17 132.00+ 6.50
ax (1.10+ 0.06)-10_2 (1.11+ 0.06)-10_2 (1.12+ 0.07)-10_2
Tx (1S, "“gaussian”) 31.45+ 0.90 31.39+ 0.89 31.81+ 1.04
6%4550 S5—par fit 200—-600 us
H
g4500 -
64450 |
64400 H .
64350 [ . | I 1
64300 | | 7:7—— 1 |
64250 - 1 e
64200 |
64150
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life time detector

Fig.18. 5-parameterfit at late times(200-600us) brings a valueof the muonlifetime which is in
a goodagreemenwith the 13-pamameterfit resultat early time On thefigure: lifetimein nsvs
detectomumber(fit startsat 200 us); for the detectos together 1/A = ( 64,321.2+ 13.5)ns.
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4.2 Detectord-itted Separately

Thetime spectrdor eachdetectorseparatelyverefitted with the muonlosscharacteristic
time, 7x = 31.5us (gaussiamotation)fixed for all fit starttimes. An exampleof the fit
parameteevolution with starttimeis shavn in Figs.19a,l{detector).

As showvn in Fig.20,the enegy-scalecorrectionhada very positive effect on the parame-
ter stability: it eliminateda strongphasepulling on R withoutintroducinga bias.

For mostdetectorsfit x? wasacceptabldor all starttimesafter 30 ;s andthe valuesof
R andotherparametersariedwithin thelimits givenby Kawall formula (Figs. 21-24).

A goodagreementvasfound betweenthe valuesof R obtainedby fitting the detectors
separatelyandthenaveragingthe result,andfitting the summeddatafrom all detectors,
with the differenceof lessthan0.2 ppmfor eachof the 3 cuts(Tables3-5). Sinceall de-
tectorshave differentlevelsof pile-up,to which factorthis methodis especiallysensitve,
theaverageover theresultsfor individual detectorss not necessarilfhe sameasfor the
sum.

In Figs.25a,bthe valuesof fit parameterss detectomumberareshown for the starttime
of 32 us. Thesevaluesarein agoodagreementvith the onesobtainedby fitting the data
from all detectorsaaddedtogether

Asin thecaseof thedatafrom all detectoraddedogetheythefitted valueof R wasfound
differentfor differentcutsin somedetectorgFig.26). The offsetbetweerthevaluesof R
for cuts1.8and2 GeV differedin both signandsizeby the detectoywhich implied that
factorsotherthanthe enegy thresholdwerein play.

Thepile-upphaseA ¢, wasfixedatO for all detectorsandthatmighthave beenthesource
of thediscrepang in theresultsfor R from differentcuts.
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4.3 Fit by theEnegy Bin

Separatéistogramswere createdor this study which coveredall of the selectedange
of the 1999data. The enegy spectrumbetween0.46 E,,,,, and0.78 E,,,, wasdivided

into 16 slicesof thewidth equalto E,,,./50 (approximately60-MeV wide). For eachof

theseslices time spectraverecreatedandthenfitted. | usedthefunctiondescribedn the
Section3.1, with CBO characteristidime 75 = 135 s, andthe amplitudeof the muon
lossax = 0.011 fixed. Fixing theseparametersvasnecessaryor betterfit corvergence,
sincetheamountof datain eachslicewasmuchsmallerthanthe entiredataset. Thepile-

up phasewasfixedat0 aswell. Thefit region wentfrom approximately30to 525 us. Fit

resultsfor selectionsoveringdifferentenegy binsareshovn in Figs.27a,b

Theseaesultsarehardto interpret:thevalueof R undegoesabig jumpataround.6 E,,,,,
(Fig.27a) the pile-upasymmetryis changingwith theenegy in aratherstrangewvay, and
a numberof otherparametergmuonlifetime, pile-up fractionet al.) areunstable.lt is
hardto judgehow reliablethesefit resultsare,andif they canbe usedfor evaluationof
the dataquality, sincethe amountof datawas comparablysmall andthe pile-up phase
wasfixedatthesamevaluefor all enegy bins. Makingthe pile-upphaseafreeparameter
madethefit very unstable.

4 4 Fit to SelectiondVith DifferentLower Cuts

Theresultsfor selectionsvith differentlowercuts(nouppercut) areshovnin Figs. 28a,b
This studywasdonefor 16 valuesof lower cut, varyingbetweer0.46and0.76 E,,,, with

a stepof E,,../50. For this study the pile-up phasewaskeptfixed aswell. Again, the
valueof R changedsignificantlyfor cutsbetweer0.56 E,,,,, (1.74GeV)and0.64F,,,.,

(1.98GeV). Fitted pile-uplevelsarein a goodagreementvith the simulationresult(see
AppendixB, Fig.B4.). As in thecaseof fitting by theenegy bin, the“muonloss” param-
etersvariedlittle from cutto cut, whereasthe amplitudeandphaseof coherenbetatron
oscillationshaveda strongcut-dependence.

Letting the pile-up phasevary (Fig.29) brings a resultconfirming that the swing in the
valueof R (in Fig.28a)occurswhenpile-upasymmetrycrossegzeroandthe uncertainty
in the pile-up phasebecomesrery big. Theresultof thefit to real datashows a pile-up
phasebehaior in thevicinity of theasymmetryzerocrossingsimilar to the patternpre-
dictedwith a simulation(seeAppendixB, Fig.B6).
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detector 9, cut 2 GeV
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the effect of energy—scale correction (det 1)
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Fig.20. Theeffect of the enegy-scalecorrectionon fit parametes (e.g. detectorl). Some
fit parametes are shownas a function of time befoe (red) and after (blue) the correctionwas
applied.EScorrectionremaredphasepulling onR andA at early times,withoutshiftingthevalue
of R at the zeo crossings(motre on that whenwe talk aboutthe systematierrors); pile-up and
“muon loss” parametes are stablefrom early to late time Also, the unphysical‘muon gain”
(negativea x after40 us)is nolonger there after the correctionis applied. (Oversizederror bars
at 58 us are producedby a failedfit.)
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R vs fit start time by the detector (cut 2 GeV, Ap, = 0)
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R vs fit start time by the detector (cut 2 GeV, Ap, = 0)
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R vs fit start time by the detector (cut 2 GeV, Ap, = 0)
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R vs fit start time by the detector (cut 2 GeV, Ap, = 0)
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asymmetry by the detector (2 GeV, Ap,=0)
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Fig.22a. Asymmetryas a function of fit start time for detectos 1-12, cut 2 GeV “Kawall
bounds”are shownwith respecto the starttime of 32 us.
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Fig.22h Asymmetnas a function of fit start time for detectos 13-24, cut 2 GeV “Kawall
bounds”are shownwith respecto the starttime of 32 us.
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life—time by the detector (2 GeV, Ap,=0
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Fig.23a. Fitted muonlifetime (in us) as a functionof fit start time for detectos 1-12, cut 2
GeV “Kawall bounds”are not shown,sincethe error on1/X is reducedsignificantlyafter some
other parametes are fixedat 50 us. Typos:the plotin the centerof thetop row is for detector3;
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phase by the detector (2 GeV, Ap,=0)
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13—par fit, cut 2 GeV, 3270600 us by the detector
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Fig.25a. Valuesof fit parametes (aveiage over 10 randomseeds)y the detectorfor a fit
starting at 32 us (cut 2 GeV A¢, = 0): (top left to bottomright): x2, R (ppm),A, 1/ (us), ¢
(rad) and Ny vsdetectornumber For comparisonthe valuesof someparametes for the caseof
detectos addedtogetherare shownwith horizontallines.
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13—par fit, cut 2 GeV, 32—-600 us by the detector
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Fig.25h Valuesof fit parametes by the detectorfor a fit starting at 32 us (cut 2 GeV): (top
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Fit for different energy bins
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Fig.27a.Fit parametes for selectioncoveringdifferentenegy bins: (top leftto bottomright):
x2, A, 1/X (us), R (ppm),s (rad), Ny vspositon enegy (normalizedo 3.1 GeV).
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Fig.27h Fit parametes for selectionovering differentenegy bins (continued):(top left to
bottomright): n,, A, Ag, ¢ (rad), fg (kHz)andrx vspositionenegy (normalizedo 3.1GeV).
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Fig.28a. Fit parametes for selectionswith differentlower cuts: (top left to bottomright): 2,
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izedto 3.1GeV).

51



letting pile—up phase vary
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Fig.29. Fit resultsfor different lower cuts: pile-up phaseA¢, is a free parameter Pile-up
asymmetrys crossingzeo for a thresholdof around0.57 E,, .., slightly lowerthan1.8 GeV The
pile-up phaseis singular andits uncertaintyis big for that region. Thingslook a bit betterfor the
cut2GeV(~ 0.64 - Epyy)-
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4.5“DetectorsCombined”’Revisited (Trying to Find a CorrectPile-up
PhaseA¢,)

Theresultsof fitting to thedataselectionsvith differentenegy thresholdswith andwith-
out fixing the pile-up phase shaws thatthe value of R is very sensitve to the choiceof
Ag,. This phaseshift betweenthe (g-2) andpile-up wiggles may differ from 0 signifi-
cantly, when pile-up asymmetryis small. Unfortunately this is exactly the casefor the
cutswe looked at: 1.8and2 GeV. As canbe seenin Figs. 13b, 14b, thefitted valuesof
pile-upasymmetnyfor bothof thesecutsdiffer from 0 by lessthanonestandardleviation
for mostof thefit starttimes. Obviously, oneneedsa betterestimateof A¢, to getmore
reliableresults.

Obtainingan estimateof A¢, from thefit by makingit a free parameteis not a trivial
task. Sincepile-up asymmetryfor the 1.8 and 2-GeV cutsis very small the fit results
areonly stablefor earlyfit starttimesandthefit errorson pile-up phasearevery large
(Figs.30b,c) Ontheotherhand,alargerasymmetryobsenedfor thecut 1.8-3.1GeV (see
Fig. 15b)allows for a stablefit (Fig.30a).The averagefitted phasefor thatcutwasfound
to be A¢, = 97 £+ 38 mrad,with the spreadof the phasedistribution muchsmallerthan
thefit errors(~150 mradfor thefit startingat 32 ;s). (Jumpingaheada bit, this value
may seentoo large: compareo A¢, = 13 + 4 mradfor thecut2-3.1GeV from pile-up
subtractionput sincethereis no betterway to determineAg, for cutslower than2 GeV
| will usethis estimate.)

For the cut 2 GeV andhigher it is possibleto obtainestimatef the pile-up phaseby
applyingpile-up subtractionPUS)andfitting to the pile-up spectrundirectly. | usedthe
subtractiormethoddevelopedby YannisandCenapg10] (with adeadtime of 2.9ns,and
the offsettime of 10 ns). Pile-upspectraverefitted to thefunctiongivenby Eqn.7(Only
Nops Apy Ap andAg, werefree parametersthe restwerefixed at the valuesobtainedby
fitting to the pile-up subtractedpectra).

N(t) = Nop - e (1 + Ay - cos(wat + ¢ + Ady)) - frr(t) - fopo(t) - fx(t)  (T)

The resultsof fit to the pile-up parametergor differentenegy thresholdsare shavn in

Figs.31a,{with andwithoutanuppercutof 3.1 GeV). Forthecut2 GeV, | foundA¢, =

—68 £ 31 (Using the samemethodon a slightly differentdataset, Cenapfinds A¢, =

—59+35 [2]). Thepile-upasymmetryfor thiscutwasA, ~ 0.06140.002 (in thenotation
of Eqn.7,with thepile-upfractionn, takenoutof thebraclets).A correspondingiumber
from thefit with Eqn.2wouldbe A, (norm) = A, /n, ~ 0.057+.089 (at40 us),therefore
the estimatefrom pile-up subtractionmay be appliedto the original (without PUS) data
setasatestvalueof A¢,. Thereis no goodestimatefor the cut 1.8 GeV, but judging by

Figs.29,30bA¢, maybesignificantlylargerthanfor thecut2 GeV.

If the pile-up phaseAg, is fixed at valuesotherthanO for differentcuts, it is possible
to reconcilethe results. On Fig.33, the resultsfor R are comparedbetweenthe three
discusseatuts,with A¢,(2 GeV)= —68 + 31 mrad(PUS),A¢,(1.8 GeV)= —500 mrad
(aguesspndA¢,(1.8-3.1GeV)= 100 mrad(anothelguesdasednFig.30a).Compared
to Fig.17,whereall threephasesverefixedat 0, the agreemenis muchbetter especially
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betweerthecuts2 and1.8-3.1GeV. It seemsfor thecut 1.8 GeV A¢, may not befixed
effectively, dueto a large uncertainty but evenfor a very roughguessof the phase the
resultsfrom this cut differ from the otherby Iessthan%a.

To illustrate just how sensitie the fit resultfor R may be to the choiceof the pile-up
phase A¢, wasfixedatbotha “close” valueof 100mrad(a guessrom thefit with A¢,
asa free parameterFig.30a)anda “wrong” valueof -100 mrad. This resultedin a shift
in R of asmuchas?2o for earlystarttimes(Fig.32).

Comparingfigures17 and33, onecannoticea betteragreemenbetweernthe 1.8and1.8-
3.1 GeV cuts,whenAg, is fixed at 0, despitea big differencein the valuesof pile-up
asymmetryFitting with A, fixedatO (Fig.34)shows, thatif Ag¢, is fixedatO aswell, the
presencef the pile-up asymmetrytermin the fitting function mostly senesimproving
the x?, andthechangen R causedy droppingthattermaltogetheiis muchsmallerthan
the effect causedoy a wrong choiceof A¢, (asin Fig.32). If the pile-up phaseis held
thesameasthe (g-2) phasethetermincluding A4, is taking careof the extra pulsesat the
peaksandin thevalleysof theg-2wiggle, but apparentlydoesnotdistortthewiggleitself.
If the pile-up phaseassumedo be different,the wiggle becomeslistorted(or shouldwe
saycorrected?)which causes shiftin thefit valuesof R.

4.6 SomeStudieswith Pile-Up Subtractedspectra

Pile-up subtractedspectrafor differentcutswerefitted to a full 17- parametefunction
(with thepile-uppartpresent).Theresultsconfirmedtheexpectation:afterthesubtraction
wasapplied pile-upparametersvereconsistentvith O (Figs.35a,bjor fit starttimesafter
30-35us. Onthe average(for differentfit starttimes),the valueof non-wigglingpile-up
fraction droppedby 94 %, after the procedurewas applied. For the pile-up subtracted
spectrawhetheror not the pile-up parametersverekeptin thefitting function,it did not
have a significanteffecton R (Fig.36).

The agreementvas very good betweenthe valuesof pile-up fraction and asymmetry
obtainedby fitting to the dataandthe pile-up spectrumfrom PUS(Table7).

Table 7. Comparisonof pile-up parametervaluesfor the fit to the pile-up spectrumfrom PUS
andtheoriginal dataset. Eqns.7 and 3 were usedcorrespondinglytherefore A, for the pile-up
subtracteddatasetshouldbe compaedto A, /n, for theno-PUScase

Cut, | Pile-upSpectrunfrom PUS| No Pile-upSubtraction
GeV | n,,x1072 Ay, x1072 | ny, x1072 | Ayln,,x1072
2 |0.78+0.002| 6.1+0.2 |0.81+0.16| 5.7+8.9
2.1 1.03 126+ 0.2 | 1.01+0.18| 10.8+8.3
2.2 1.37 18,5+ 0.2 | 1.30+0.20| 14.6+ 7.8
2.3 1.81 23.0+0.1 [ 1.73+0.22| 175+7.5
2.4 2.40 27.3+0.1 | 2.05+0.26| 19.0+7.2

Theresultsfor R from fitting to differentcutsbetween2 and2.4 GeV seedaregivenin
Fig.37 (pile-up subtractedspectra)and Fig.38 (no PUS, but the pile-up phaseis taken
from the subtractiorstudies).Theresultsaveragedver 10 randomseeddor bothregular
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andpile-upsubtractedlatasetsaregivenin Tables8,9.

Table8. Theresultsfor R are compaedfor differentenegy cutsat different starttimes.Averaged
over 10 randomseedsho pile-up subtraction, A¢, = 0. Theacceptabledeviation of the x>
from1is 0.02295at 32 uus,0.024at 80 us.

cut, 32 us 40 us 50 us

GeV R X2 R X2 R %
2.0 | 143.00+ 1.24| 1.012| 142.59+ 1.31| 1.009| 142.67+ 1.43| 1.008
2.1 | 142,74+ 1.26 | 1.018| 142.14+ 1.34| 1.014| 142.27+ 1.46| 1.014
2.2 | 142.87+1.30| 1.028| 141.89+ 1.38| 1.025| 142.26+ 1.50| 1.025
2.3 | 142.31+1.36| 1.022| 141.91+ 1.45| 1.018| 142.44+ 1.57| 1.020
2.4 | 142.18+1.45| 1.030| 141.744+ 1.54| 1.030| 142.30+ 1.67| 1.031
cut, 60 us 70 us 80 us
GeV R x> R X2 R %
2.0 | 142.86+ 1.54| 1.009| 143.30+ 1.67 | 1.009| 143.42+ 1.81| 1.008
2.1 | 141.85+ 1.57| 1.015| 142.06+ 1.70| 1.015| 142.15+ 1.84 | 1.014
2.2 | 141,96+ 1.62| 1.025| 142.40+ 1.76 | 1.024| 142.93+ 1.90| 1.024
2.3 | 142.19+1.69| 1.020| 142.75+ 1.84| 1.017| 143.644+1.99| 1.016
2.4 | 141.784+1.79| 1.027| 142.76+ 1.95| 1.026| 143.85+ 2.11| 1.025

Table9. Theresultsfor R are compaedfor differentenegy cutsat different starttimes.Averaged
over 10 randomseedsfor pile-up subtracted data sets

cut, 32 us 40 us 50 us

GeV R X2 R X2 R %
2.0 | 143.23+1.24| 1.014| 142.68+ 1.31| 1.011| 142.78+ 1.43| 1.010
2.1 | 14292+ 1.26| 1.020| 142.24+ 1.34| 1.016| 142.43+ 1.46| 1.015
2.2 | 143.04+1.30| 1.028| 142.04+ 1.38| 1.025| 142.344+ 1.50| 1.027
2.3 | 142.45+1.36| 1.025| 142.21+ 1.44| 1.024| 142.54+ 1.57| 1.024
2.4 | 142.25+1.45| 1.036| 141.87+ 1.54| 1.036| 142.39+ 1.67 | 1.037
cut, 60 us 70 us 80 us
GeV R X2 R X2 R %
2.0 | 143.01+1.54| 1.012| 143.34+ 1.67| 1.011| 143.44+ 1.81| 1.010
2.1 | 141,95+ 1.57| 1.019| 142.12+ 1.70| 1.016| 142.16+ 1.84 | 1.016
2.2 | 142.03+1.61| 1.029| 142.48+ 1.76| 1.027| 142.95+ 1.90| 1.029
2.3 | 142.26+1.69| 1.026| 142.79+ 1.84| 1.021| 143.614+ 1.99| 1.021
2.4 | 141.83+1.80| 1.035| 142.87+1.95| 1.031| 143.824+ 2.11| 1.032

Froma simulation,| estimatedan acceptablalifferencebetweerthe cuts2 and2.1 GeV
to be of theorderof 0.4 ¢ (this canbe agoodapproximatiorfor ary two “adjacent’cuts,
with athresholddifferenceof 100MeV), 0.540 betweenhecuts2 and2.2 GeV, 0.67-0
between2 and2.3,and0.8 ¢ between2 and2.4 GeV. Similar resultcanbe obtainedby
usingSegei’'s formulafor thevariationof R betweenwo setsof data,oneof whichis a
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letting pile—up phase vary, cut
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Fig.30h Fit with the pile-upphaseA ¢, asa freeparameterfor thecut 1.8 GeV Top: R vsfit start
time Middle: pile-upasymmetrysfit starttime Bottom: pile-up phasevsfit starttime: mostly

consistentvith 0, but the errors are verylarge.
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pile—up phase and asymmetry vs energy threshold
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Fig.31a. Fitted pile-up parametes (from pile-up subtiaction) vslower enegy threshold,without
anupperenegythreshold.Thevaluesof asymmetnare givenin thenotationof Egn.7,andshould
be multiplied by correspondingpile-up fractionsto be compaedto A, fromthe multiparameter
function(Eqgn.2)usedfor thefull dataset.
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Fig.31h Fitted pile-up parametes (from pile-up subtiaction) vs lower enegy threshold,with an
upperenegy thresholdat 3.1 GeV Thevaluesof pile-upasymmetnare large and negative since
pile-upin this caseis dominatedoy the nggativefraction (“hidden” pulses)andthe non-wiggling
part of pile-upis small (appioximatelyas manypulsedost asgained)
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R for cut 1.8=3.1 GeV Ap, = 100 mrad (blue) and A, = =100 mrad (red)

R, ppm

50 40 50 60 70 80 90 100
R (ppm) fit start, us

Fig.32. For the samedataselection(cut 1.8-3.1GeV),a change in thefixedvalueof A¢,, of
as little as 200 mrad (from 100to -100 mrad) resultsin a differenceof 2o in the valuesof R at
early times. This differencedueto a wrong choiceof pile-up phaseis deceasingwith time Also,
theresultwith A¢, = 100mrad (blue), which webelieveis closerto thetruth is muc more stable
earlyto latetime
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comparison of R for different cuts (diff Ag,)
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Fig.33. Comparisorof fitted valuesof R for differentcutswith A¢, fixed at differ ent values
for eachcut. Theerrors are givenfor theresultsfromthecut2 GeVonly.
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fitting with A, = 0
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Fig.34. Differencein the fitted valuesof R for different cutswith A, fixed at 0, i.e. pile-up
wiggleis not fitted to andwith A, asa freeparameter Thepile-up phasewasfixedat 0 aswell.
For thecuts1.8and2 GeV A, is within onestandad deviationfromzei, anddroppingit fromthe
fit functiondoesnot resultin a significantchange in R (unlike changingA¢,), andthe x? is only
about0.1%worse For the cut 1.8-3.1GeV dropping A4, resultsin a significantphasepulling,
whidh is still mud smallerthanthe effectfromchangingAdy,), in this casethe x? is 0.3%worse
but still acceptable
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pile—up subtraction
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Fig.35a. The effect of pile-up subtraction on the cut 2 GeV Both the “subtracted” and the
original datasetswete fitted to a 16-parfunction,including the pile-up parametes. Theresults
fromthe datasetto which no subtractionwasappliedare plottedin red, theresultsfromthe pile-
up subtiactedsetare in blue Top: the fraction of pile-up pulsesis significantlylower for the
“subtracted” dataset. Middle: the pile-upasymmetrys small (mostlyconsistentvith 0) in both
casesBottom:ratio of pile-upfractionsfor the“subtracted” andtheoriginal dataset;about6%
of pile-up pulsesare still presentafter the subtiactionwasapplied(agreeswith Cenaps estimate
of PUSefficiency).
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pile—up subtraction for cut 2—3.1 GeV
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Fig.35h Theeffectof pile-upsubtractiononthecut2-3.1GeV Theresultsfromthe datasetto
which no subtiactionwasappliedare plottedin red,theresultsfromthe pile-upsubtiactedsetare
in blue Top: Thevalueof Ris about0.3 ppmhigherfor thepile-up subtiacteddataat early times.
Middle: the non-wiggling fraction of pile-upis smallin both cases Bottom: the pile-upwiggle is
remosedafter the subtactionwasapplied.
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fit to pile—up subtracted data for gifferent cuts

e no PUS Ap=0

R, ppm
~
o))

1455 = e PUS, pile-up fitted to

e PUS, pile-up not fitted to

144.5

I
:

J
..||I e
o

143.5

. y

4|||“ /

e [
()

N
-

||I ‘
I.I",
.

142.5

L
30 40 50 60 /70 30 90 100

R (ppm) fit start time, us

Fig.36. Theresultsare compaed for the cut 2 GeV with andwithoutPUS.Red: the original
dataset,A¢ = 0. Green: samewith the A¢ from PUSstudies. Blue: pile-up subtiacteddata
setfitted to a full function (with pile-up parametes included). Bladk: same but with pile-up
parametes dropped. Thedifferencebetweerthelatter two (bladk and blue)is negligible. Taking
thepile-upphasdromPUSstudiesbringstheresultsfromthetwo datasetsclosetogetherat early
times(30-40us), but hasa rathersmallefiectat later times.
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Fig.37. Resultdor R at 32,40, 50 etc. us, from pile-up subtacteddatawith differentenegy
thresholds.(avelaged 10 randomseed).Theresultfor thecut 1.8 GeV(no PUS)is shownaswell
for comparison.
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fit results for different cuts, no PUS
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Fig.38. For different enegy thresholds:no pile-up subtiaction, but pile-up phaseis fixed at
thevaluesfromPUSstudies.(Onerandomseed).
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4.7 More onthe Muon-LossCorrection

As hasbeenmentionedin Section3, two forms of the muon-losscorrectionwere used
(Egns.6and6a). The gaussiariorm wasusedfor mostof thefits in this analysis sinceit

gave morestableandconsistentesults.As a comparisorof fits to pile-up subtractedind
regular datasetsshows (Fig.39a),the valuesof the muonlossparameterghangewithin

onestandardieviation afterPUSis applied.

Ontheotherhand,if anexponentialform is used,the resultsdiffer significantlyfor both
the muonand muon-losdifetimes, asmuchas 2-3 standarddeviationsin the latter case
(Fig.39b). Comparingthe resultswhenno PUS applied, it is easyto see,why the 7x
changesomuch(Fig.39c): boththe pile-up fractionandasymmetryareunderestimated
(asTable7 shawvs, thegaussiartorrectionin its turn getspile-upparametersight), mean-
ing thata significantnumberof pile-up pulses(with a lifetime closeto 32 us) arefitted
as“muon losses”,which causeghe losslifetime to increase. Therefore,the exponen-
tial form of muonlossescanonly be usedalongwith pile-up subtractionjn which case
Tx (exp) = 22.1 + .9us (at32 us).

The estimate®f the muonlosseshasedon fit resultsfor the cuts1.8and2 GeV (“gaus-
sian”, no PUS)demonstrata goodagreementvith theresultsfrom fitting 2-GeV pile-up
subtractediatawith anexponentialmuonlosscorrection(Table10).

Table 10. Thesizeof the “muon loss” correction (in %) at different timesafter the injection
(estimatedusingfittedax andrx values)with andwithoutpile-up subtmaction.

Fit Start Muon Lossedor the Cut 1.8 GeV (gaussiarfiorm), in %
Time, us 32 us 40 us 50 us 60 us 70 us
32 0.66+ 0.04| 0.50+ 0.03| 0.31+0.02| 0.18+ 0.01| 0.09+ 0.01
40 0.51+ 0.05| 0.33+ 0.03| 0.194+ 0.02| 0.10+ 0.01
50 0.32+0.09| 0.19+ 0.06 | 0.10+ 0.04
60 0.19+ 0.03| 0.10+ 0.02
70 0.074+ 0.03
Muon Lossedor the Cut 2 GeV (gaussiarfiorm), in %
32 0.68+ 0.05| 0.51+ 0.04| 0.33+0.03| 0.19+ 0.02| 0.10+ 0.01
40 0.54+4+ 0.06| 0.36+ 0.05| 0.22+ 0.03| 0.12+ 0.02
50 0.36+0.11| 0.21+ 0.08| 0.11+ 0.05
60 0.21+ 0.04| 0.12+ 0.02
70 0.08+ 0.04
Fit Start Muon Lossedor theCut2.0GeV (PUS,gaussiariorm), in %
Time, us 32 us 40 us 50 us 60 us 70 us
32 0.72+ 0.04| 0.54+ 0.04| 0.34+ 0.03| 0.19+ 0.02| 0.10+ 0.01
Fit Start Muon Lossedor the Cut2.0GeV (PUS,exponentialform), in %
Time, us 32 us 40 us 50 us 60 us 70 us
32 0.79+ 0.09| 0.55+ 0.07| 0.354+0.05| 0.22+ 0.04| 0.14+ 0.03
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Fig.39h For the cut 2 GeV the muonlifetime and the muon-lossamplitudeand lifetime
are shownfor pile-up-subtacted (in blue) andregular (in red) data sets,whenan exponential
correctionwasused. In this case both the muonand muon-losdifetimesdiffer by more than a
standad deviation. Much larger errors on red curvesshowthat there is a significantcorrelation
betweerthe muon-lossaand pile-up parametes in this case
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An approximatenuon-lossspectrumcanbe obtainede.g. from the studiesof 3-fold
FSD coincidencesFor the 1999data,Robfinds

Fx(®) = 14 ax - (€77 + 0.68363 - ¢ ) 9)

with 7 = (17.9 + 0.1)usandr, = (55.0 + 0.1)us (only thefit errosare givenfor the
lifetimes)[9]. If this shapeas fixedin thefit, the value of muonlifetime becomegloser
to the one expectedfrom specialrelatiity, while the fit resultsfor R do not changeat
zero-crossinggFig. 40).

Fitting with yw—loss shape from Robs studies
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Fig.40. For this studythe shapeof themuon-losgunctionwastakenfromRob’s studieswith 3-fold
FSDcoincidencesTheresultsare compaedfor the pile-upsubtiacteddatasetwith thecut2 GeV
with p-lossedfixed(red) and describedby an exponentialfunctionwith free parametes a x and
Tx (blue). Fixing parametes leadsto a phasepulling, which is minimalat zeio-crossingg(black
dots). Themuonlifetime (middleplot) is closeto 64.38usif thefixedu-lossshapes used.
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4.8 DifferentRunPeriodsCompared

For this study the datafrom 12 differentrun periodswerefitted separatelyThe valuesof
thefit parametersveragedor 12 datasetsturnedout the sameasfor the datatogether
Thevariationin the g-2 phasewvasgreaterthan5-o dueto differencesn the beamtuning
throughoutherun (Fig.41a).This shift in the phasevasseenby all detectorgFig.41b).
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Fig.41a. Somdfit parametes shownfor 12 run periods(cut 2 GeV).Thedatawere dividedinto

12 groupsandfittedsepaately X-axis:runs3813-39031), 3904-399(2), 3993-40893), 4090-
4193(4),4194-42855),4286-43896),4390-45377),4533-46398),4640-4759), 4757-4855
(10),4857-498(0(11),4981-509312). Onerandomseedonly, A¢ = 0.
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detector phases for different groups of runs
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Fig.41h Phaseby the detectorfor somerun periods. Theshiftin phaseis seenby all detec-
tors.
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5 Systematiderrors

5.1 Errorsfrom Fixing Fit Parameters.

As may be obviousfrom the previoussection the mainsystematiaincertaintyin R came

from fixing the differencebetweerg-2 precessiomphaseandthe phaseof pile-up. There

is astrongcorrelationbetweemA ¢, andR, andletting theformervary asafree parameter
leadsto atwo-fold increasen the statisticalerroron R [6].

Thesensitvity of R to the pile-up phasewvasestimatedy fixing A¢, atdifferentvalues
between3 and3 rad (with respecto the g-2 precessiorphase).This wasdonefor 1.8,
1.8-3.1and2-GeV cutsat differentfit starttimes(Figs.42a,b).Theresultsaregivenin

Table11. Thel.8-3.1GeV selectionhasagreatemile-upasymmetrythereforethevalue
of R is muchmoresensitie to the choiceof pile-upphase.

Table11. Error in R fromfixing the pile-up phase(no PUS).

Fit start AR, (ppm/ 100mrad)

time,us | cut1.8GeV | cut2.0GeV | cut1l.8-3.1GeV
32 < 0.25 <04 <14
40 <0.2 <0.12 <14
50 < 0.17 <0.1 <13
60 < 0.33 < 0.18 <13
70 <0.1 <0.1 <1.2
80 < 0.22 <0.14 <1.0

| error | ??? | +31mrad | ??(+ 40mrady |

t An “optimistic” estimatefrom Fig.30a.

Thesensitvity of R to the choiceof the pile-up phasenvasfoundto mostlydependnthe
sizeof pile-upwiggle asymmetry It did not dependsignificantlyon whetheror not the
starttime waschoserat a “zero-crossing”.

The 2-GeV cut, for which the phaseis known quite well, givesthe smallestsystematic
errordueto the choiceof Ag, (if the PUSestimates used):approximately0.12ppm at
32 us. For the 1.8-GeVcut, the uncertaintyis too big; andfor the 1.8-3.1GeV cut, the
sensitvity is too big (noreliableestimateof A¢, either).

For the “pile-up subtracted’spectraasestablishedby Yannisin a simulation,the uncer
tainty in A¢, of 50 mradleadsto a0.1ppmerroronR.

To investigatethe resultof fixing 75, wp (fB), ax andrx, | comparedhe fitted values
of R obtainedby two differentmethods:regular fit describedn section3 in which the

mentionedparametersverefixedfor late starttimes;andafit, in which all 4 parameters
werefixedfor all fit starttimes. The sensitvity of R to theseparametersvasfoundto be

of the orderof 40 ppb on the average regardlesf fit starttime andwhetheror notthe

fit startedata“zero-crossing’(Fig.43).

Changinghe valuesof the parameterslescribingpile-upinflation dueto fast-rotatiorre-
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sultedin aweakphasepulling with anamplitudeof about10 ppb (at 30 us) for thevalues
of a, andr, increasedr decreasethy two standardieviations(with respecto the cen-
tral valuesfoundin pile-upstudiesdescribedn AppendixA). Thevalueof R wasalmost
unafectedfor fits startedat “zero-crossingsof g-2 precessioifFig.44).

5.2Binning andRandomizatiorErrors

Theerrordueto binningwasinvestigatedy fitting histogramsontainingthe samedata,
but having differentbin widths. For this study 10 histogramswith bin widths between
148.8and149.7ns(0.1-nsstep)werefitted with the function(2). Only onerandomseed
wasusedn randomizingheinjectiontime. Theresultsof this studyareshovn on Fig.46.
Theerrordueto binningwasfoundto increasesignificantlyfor laterfit starttimes: from

0.08ppmat 32 usto 0.16ppbat 60 us.

Yuri Orlov hasshown in [14] that binning may createundesirableresonancesn the

data, someof which may be dangerouslycloseto w,. He recommended bin width

of At = Ty, - (Ql%l), whereTy, is the cyclotron period,and! is aninteger. For/ = 2

(At = 1.25Ty,), thedifferencein thevaluesof R with respecto the“traditional” binning

(At = 149.185 ns,usedfor all otherhistogramsn this analysiswasfoundto belessthan
0.1 ppm for all starttimes (Fig.47), consistentwith the resultof the above-mentioned
studyfor 10 differentbin width closeto 7y,. Giventhis | will putanuncertaintydueto

binningat0.08ppm (at32 us).

If thefill starttime randomizationis done,the dependencef R on the starttime of bin-
ning becomesmallerthan0.1ppm(Fig.48). Ontheaveragetheresultswith andwithout
fill starttime randomizationn this study differedby lessthan 50 ppb (for onerandom
seedonly).

Anotherestimateof theerrordueto randomizatiorof the starttime of spills,canbemade
from thespreadf R valuesfor selectionswith differentrandomseedsiessthan 40 ppb.

5.3ErrorsDueto Changesn the Enegy Scale.

An estimateof the effect of theenepgy-scalechangevasdoneby comparinghe valuesof
fit parameter$rom fits to ESC-correcte@nduncorrectediata. It wasfoundthatevena
significantchangean ESC(0.3-0.7%in detectord,4) haslittle effectonthefitted valueof
R atthe“zero-crossings’(Fig.49). For ESCunder0.1% (estimatefor the 1999dataset),
the systematicerroron R is lessthan0.1:0 (lessthan 10 ppb at the “zero crossings”
for the full 1999 dataset), whereasthe effect is much greaterfor the lifetime, pile-up
andmuonlossparametersA similar resulthasbeenobtainedby artificially changinghe
enegy scalefor a“good” detector

The averageESC correctioncan be useful, even if the effect is differentfor different
calorimeterquadrantasshowvn for detectorl (Figs.20,50).

5.4 Flashlets.

The AGSFlashletsanbeseenn the Fouriertransformspectrunof thefit residualqFig.
51): the peaksare presentboth at the AGS frequeng, 371 kHz (correspondingo the
AGS periodof 2.694 us) and2.228MHz (6 timesAGS frequeng, flashletsfrom 6 AGS
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bunches).The peakat 371 kHz appeardecausehe flashletsarenot distributedover the
AGS bunchesavenly: mostof themcomein the first bunch[15,16] (the effect aka“The
headof the snale spitsthe venom”[17]). The flashletcontaminationcanthereforebe
approximatedsa sumof two spectra:

Z. .
Frr(t) = Z“_3711:17! )+ Na(t) -2 6(t 2228MHz) (10)

>0 >0

where; is apositiveinteger, and NV, (¢), N, (t) arefunctionsdescribinglashletdistribution
time-dependencg usedthe parabolicenvelopeform similarto theoneproposedy Long
in his note[18] to describethesefunctions)

11.409 — 1.6947-1073 -t — 5.3516 - 10~ - ¢2 (1)
398.982294

To estimatethe effect of flashletpresencen the dataon the fitted value of R, flashlet
spectraveregeneratedor “best” (flashletsaredistributedevenly over AGS bunchesf =
2.228MHz, Ny(t) = 0) and“worst” (all flashletscomefrom the samebunch,f = 371
kHz, Ny(t) = 0) casesof contamination(100 and 126-ppmlevel in both simulations).
The simulationresultsareshavn in Figs.53,54for 100-ppmcontamination).Theuncer
tainty in R dueto the presencef flashletsat the level of 126 ppmwasfoundto beless
than120ppb (for the“worst” case).

5.5Fit Functionlnefficiencies.

Ni(t) = 6-Nao(t) = Nyigshiets:

As shown in Fig.55,notaccountingor the CBO andmuonlosstermsin thefitting func-
tion resultsin astrongphasepulling on R. Only afterthesetermswereincluded thefit x?2
becameeasonablandthefit parametermorestable.Onecanconcludehatthefunction
usedin this analysisdescribeshe dataprettywell, but it would be naive to think thatit is
ideal.

As wasshaowvn in section3.1 (Fig.10,39c) differentforms of fit function canbe usedto
describethe muon losses Both forms help reducethe x?, but do not remove the phase
pulling on R completely The differencebetweerthe two resultscansere asa measure
of the efficiengy of fitting to the muonlosses. As illustratedin Fig.10, this difference
is oscillatingwith the (g-2) frequeng andis lessthan0.1 ppm on the average(for the
zero-crossingthis numberis smallerby atleasta factorof 10).

A similar comparisorbetweenhe resultsobtainedby usingdifferentforms of the CBO
function (i.e. Figs.11,12)givesan estimateof the error dueto the inefficiengy of CBO
fitting of the orderof 40 ppb (for the entiredataset,Fig.56). A similar studyfor the de-
tector8 alonegivesanuncertaintyof about0.1 ppm (Fig.57) (Theamplitudeof the CBO
in detector8 is approximately8.5timeshigherthanfor the sumof all detectors).

An attemptto studyhow the backgroundresidualsof the multi-parametefit) affectsfit-
ting CBO showvedthatthis effectis apparentlynegligibly small: lessthan10 ppb(Fig.58).

5.6 SomeOtherErrors.
Start time of fit estimatedrom the fluctuationof thefitted R valuefor differentfit start
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timeswithin oneprecessiomeriod:0.18ppm (Fig.59). This errorsummarizesheeffect
of all “phase-pulling’effects(flashlet fit functioninefficiencies gnegy scalechangeetc.)

End time of fit: settingthe endtime of fit to differentvaluesbetween600 and 730 us
resultedn afluctuationin thefitted valueof R of lessthan5 ppbfor the 1.8-GeVcut,and
lessthan 10 ppb for the2-GeV cut.

Errors due to rounding of the histogram bin boundariesin PAW: lessthan 10 pph
(This error is no longerrelevant for this analysis,sincefor the latestresults,a double
precisionwasusedto describepulsetimesandbinning).

“Err ors from fit errors”: usingan integratedvalue of the fit function ratherthanthe
functionvalueatabin centey whencalculatinguncertaintiesn the histogrambin values,
producesa differenceof the orderof 15 ppbin R (Fig.60). At the sametime, the change
in the value of the asymmetryis quite significant: 4-5¢ dueto the differencein error
evaluationat the peaksandin the valleys of the g-2 wiggle. (This erroris a partof the
uncertaintydueto fitting procedure.)

Table12. A summaryof the systemati@rrors on R. Aswasdecidedby theanalyzes, for thesum,
the errors from CBO, double CBO, vertical waist were addedlinearly, as were the errors from
enepgy scale muonloss,pile-up; theresultingerrors were thenaddedto therestin quadmatures.

Source Error (ppm)
Pile-Up 0.12 (0.11y
Flashlets < 0.12
Enegy Scale <0.1(<0.01}
FastRotation,Binning 0.08
Lost Muons <0.1(<0.01y
CBO 0.04
Randomization 0.04
Fixing Parameters <0.04
DoubleCBO[2] 0.03
Vertical Waist[2] 0.02
Sum <0.36(<0.22y

t Forthecut 2 GeV, fit starttime 32 us, usingthe estimateof Ag, from pile-upsubtraction

* For pile-up subtractedlata(quotedfrom [2]); includeserrorsdueto the uncertaintyin pile-up
phaseandsubtractioninefficiencies.

Y At azerocrossing(e.g.32 us).

> For fits startingafter50 us.
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sensitivity of R to fixing the pile—up phase (cut 1.8=3.1 GeV)
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Fig.42h Chang in the fitted value of R causedby changingthe differencebetweerthe g-2
and pile-up phasegfixed parameterAg¢,) for fit starttimes32 and 60 us (cut 1.8-2GeV).This

cutis more sensitiveto the choiceof A ¢, sincethe pile-upasymmetrys mud larger.
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errors from fixing fit parameters
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Fig.43. Differencein R valuesbetweera fit with 75, wp (fB), ax andrx varyingasfreeparam-
eters anda fit with theseparametes fixed. Top: asa functionof start time (with asterisksat g-2
ze-crossings) Bottom: projectionof thetop plot to they-axis.

phase pulling on R from fixing fast rotation correction parameters
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Fig.44. Phasepulling on R fromfixing the fast rotation correction parametes at wrong values.
Asterisksshowg-2 zeo-crossings.Theeffectis geneally very smalland is minimal at the zeio-
crossings.
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Fig.46. Fittedvaluesof R for 10 differentbin sizesbetweerl48.8and149.7ns,for fits starting
(top to bottom)at 30, 40, 50 and 60 us. The samedata wasusedto fill all 10 histagrams. The
resultsare givenfor a singlerandomseedonly.
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comparison of fits with binwidths of T, and 1.25%T,

R, ppm
T

1445 —

1435 1l

1425

30 52 54 36 38 40 47 44
fit start time, us

Fig.47. Comparisorof thefitted valuesof R for bin width of 149.185ns (fastrotation period)
and186.481251.25timeswider, asrecommendeldy Yuri [14]).
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Fig.48. Comparisonof fit resultsfor R (cut 2 GeV)for 3 different start times of binning
(“natural” at t0, shiftedbadk andforth by 1/3 of the bin width), with (red) and without (blue)fill
starttimerandomizationlf the start timesof spills are notrandomizedthere is a systematishift
in R at early timeswith respectto the resultsfrom randomizeddata. The sign and sizeof this
shift varieswith the choiceof the binningstarttime Ontheavelage, theresultswith andwithout
randomizatiordiffer by lessthan 0.1 ppm. If the datais randomizedthe error dueto the choice

fill start randomization and various binning start (cut 2 GeV)

----- fill start time randomized
(three curves for binning starting at
t0, t0+149.2/3. ns and t0-149.2/3. ns

I I fill start time not randomized
T (three curves for binning starting at
0, t0+149.2/3. ns and t0-149.2/3. ns

30 35 40 45 50 55 60 65 /0
fit start time, us

of binningstarttimeis again lessthan0.1 ppm
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phase pulling due to energy scale change
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Fig.49. Phasepulling on R dueto enegy-scalechange (e.g. detectord). Top: shiftin thefitted
R value (normalizedby one standad deviation) betweerthe data uncorrectedand correctedfor
enepy scalechange vsfit starttime; bladk dotsare ze-crossingsof g-2 precessionthe effectis
minimal there. Bottom: Top plot normalizedby the sizeof the ESCeffect (appoximationof the
phasepulling for 0.1% ESC); bladk dotsare zeo-crossingsof g-2 precessionESCfunctionfor
detector4 crossexe at 50 us: AR/o/ESC is singularthere andis not shownon theplot.
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Fig.50. Theeffectof ESCcorrectionis shownfor theupperandlower partsof detectorl, sep-
aratelyandtogether Red: no correctionwasapplied,green: “average” correctionwasapplied,
blue: both halveswere correctedindividually As shownin Fig.7a, the ESCis different for the
upperand lower parts of the calorimetey and while the avelage correctionis not enoughfor the
upperpart, the effectis overcompensatetbr in the lower half. For the entire datafrom detector
1 (bottomplot), the differencein R wassmall (lessthan 0.1.c) whetheran average or a more
accuiate correctionwasapplied.
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fourier transform residuals det 4
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Fig.51. Flashletscan be seenin the Fast Fourier Transformspectrunmof thefit residuals(e.g det
4). Two peakswith f = 371 kHz (AGSfrequencybottomplot) and f = 2228kHz (6 timesAGS
frequencytop plot) are present.
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Fig.52. Not a very scientific,but a curiousresult: an inverse Fourier transformof the flashlet
peaksbringsan estimateof theflashletcontaminatiorof 90 ppmfor the entire dataset,andmore
than6 timesasmud in detector4 (Vladimir and Gennasawthesameratio in the2000data[15]).
If thesespectra are usedin a simulation,theresultsare similar to thoseshownin Figs.52,53with
AR < 50pph
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flashlet simulation f = 371 kHz
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Fig.53. Resultsof a flashletsimulation(*wor st” case f = 371 kHz (AGSperiod)). Top: flashlet
spectrumgenerated with the AGSfrequency(100 ppmlevel). Middle: Shiftin thefitted R value
dueto flashletcontaminatioras a functionof fit starttime Bottom: distribution of the biasin R
dueto 100ppmflashletcontamination.
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Fig.54. Resultof aflashletsimulation(“best” case:flashletsare distributedevenlyover bbundes.
Top: flashletspectrungeneatedwith 6 timesthe AGSfrequency100ppmlevel). Middle: Shiftin
thefitted R valuedueto flashletcontaminatiorasa functionof fit starttime Bottom: distribution
of thebiasin R dueto 100 ppmflashletcontamination.
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phase pulling due to a bad fit function
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Fig.55. If theCBOandmuonlosstermsare not includedin thefitting functionat all, oneobserves
a strong phasepulling. In the caseof muonlossesthis phasepulling hasa period of the (g-2)
precessiorandis ngyligible at the ze-crossinggblue dots). The phasepulling dueto CBO has
amore complicateccharacterandis affectedby botha, andthe CBOfrequency

uncertainty due to CBO
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Fig.56. Lettingthecenterof the CBOpadet 7y g vary asafreeparameterin thefit (seeFigs.11,12)
changesthevalueof R. Top: thedifferencebetweerthe R valuesasa functionof thefit starttime,
betweerthe fits with 79p fixedand free (cut 2 GeV all data). Bottom: the distribution of this
differencecanserveasan estimateof the systemati@rror dueto ineficienciesn fitting to CBO.
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fitting CBO (with t0=0 and floating)

5 E
2 0.4 E
g 0.3 E
0.2 E
0.1 §
0
—0.1
—0.2
—-0.3
o4 | | | | |
30 40 50 60 70 80
AR for different CBO functions (det 8) fit start, us
35 E D EE}
30 B Entries 202
E Mean 0.3819E-02
25 £ RMS 0.1455
= x’/ndf 3222 / 26
20 Constant 18.15
E Mean —0.1654E-02
15 = Sigma 0.1067
10
s B
o T O e e A IO T o =~ S B [T
—-0.5 —-0.4 —-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

AR due to inefficiencies in CBO fit function (det 8)
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Fig.57. Similar to Fig.49. This studywasdonesepaately for detector8, in which the amplitude
of CBOis about8.5timeshigherthanwhenall detectos are addedtogether Top: the difference
betweerthe R valuesas a function of the fit start time, betweerthe fits with 75 fixedand free

Bottom: thedistribution of this difference
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Fig.58. An attemptto seehow the badkground (residualsof the
function)affectsR. On thetop plot: the differencein R betweerfits to two modifieddata sets;in
one thefit residualsof a full fit functionwere addedto the datasetonce(effectivelydoublingthe
badkground); in the other boththe residualsand the CBO distribution were added(doubleCBO
amplitudeand the badkground). Bottom: the distribution of this differenceis very small,leading
to a conclusionthat theresidualsdo not affectfitting to CBO significantly
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difference

Fig.59. “Phase-pulling” on R (with respecto the average over a g-2 precessiorperiod) vs fit
starttime Thetop plot showsthe differencebetweerthe fitted R andthe avelage R valuefor 29
adjacentbins (approximatelyone precessiorperiod). Bottomplot showsthe distribution of this

shift.

Fig.60. Theresultsfor AandR compaedwith theerrors calculatedasa squae root of thefunction
at the centerof a bin (red),anda squae root of the integral over the bin (average over 5 points,
in blue). Betterevaluationof the error givesa significantincreasein theasymmetrythe effecton

Ris minimal. (Cut2 GeVwasused.)
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6 SummaryandConclusions

As wasdiscussedn Sections3 and4, the 1999data,for eachdetectorseparatelyandfor
thesumof all detectorsg¢ouldbefittedto afunctionwith 13 freeparametergwith 5 more
parametergixed in the fit after their valueswere determinedrom simulation,trial fits
etc.).

If thepile-upphases fixedat 0 for eachof thecuts1.8,1.8-3.1and2 GeV, theresultsare
self-consistentandthereis agoodagreemenbetweerthevaluesof R obtainedoy fitting
the detectorsseparatelyandthenaveragingthe result,andfitting the summeddatafrom
all detectorsBut the differencein R valuesbetweerthe cutsturnsoutto be0.6- 1 ppm
for differentfit starttimes(Fig.17),greatetthantheacceptableariationof 0.50. A more
carefulchoiceof the valueof pile-up phasehelpsreconcilethe resultsfor differentcuts
(Fig.33).

For the cut 2 GeV andhigher goodestimateof A¢g, canbe obtainedusingthe pile-up
subtraction.As shavn in Table 13, the discrepanyg in the resultsfor R from a full data
setanda “pile-up subtracted'datasetis well within the systematicerror Averagingthe
valuesof R from 22 detectordringsa closeresultaswell (Table14). Otherparameters
show a goodearly-to-latetime stability andarenot affectedsignificantlyby pile-up sub-
traction.

The resultsfor cuts2 GeV and higheragreewithin the acceptablestatisticalvariation,
bothfor the pile-up subtractedlatasetsandthe regular datasets(with the pile-up phase
takenfrom PUSstudies)Figs.37,38).

Basedon this, onecansaythatthe 1999datacanbewell describedy the 17-parameter
functiongivenby Eqn.2or a 12-parametefunction,if PUSis used(with 13and11 free
parametersorrespondingly). The main result of this study comesfrom the fit to the
2-GeVselectionwith A¢, = - 68 mrad(fixed):

R = 143.25+ 1.24+ 0.22ppm

Table 13. Summaryof fit resultsfor the cut 2.0 GeV Thevaluesof R includean offset. In the
caseof pile-up subtiaction, systematierrors includethe PUSrelateduncertaintiesas tabulated
in [2] (0.13ppmaverall).

Start Cut2 GeV Cut2 GeV
Time, with pile-up subtraction noPUS,A¢, = —68 £ 31mrad
ps R X R X

32 | 143.23+1.244+-0.21| 1.014| 143.25+ 1.244+0.22| 1.012
40 | 142.68+1.31+0.21| 1.011| 142.61+ 1.324+ 0.23| 1.009
50 |142.784+1.43+0.21| 1.010| 142.68+ 1.43+0.23| 1.008
60 | 143.01+ 1.54+0.21| 1.012| 142.94+ 1.54+ 0.24 | 1.009
70 | 143.34+1.67+0.21| 1.011| 143.35+ 1.67+0.24| 1.008
80 |143.44+1.81+0.21| 1.010| 143.45+1.81+0.24| 1.008

91



Table 14. Fit resultsfor thecut 2.0 GeVavelaged over 10 randomseeddor 22 detectos (with
the pile-up phasefixedat the valuefrom PUS).Thevaluesof R includean offset.

Start Cut2 GeV
Time, | detectoraverage A¢, = —68mrad
pSs R X
32 | 143.12+ 1.25 1.012
40 | 142.624+ 1.32 1.009
50 | 142.694+ 1.43 1.008
60 | 142.80+ 1.55 1.006
70 | 143.284+ 1.68 1.005
80 | 143.474+1.82 1.005
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AppendixA: Studiesof Enegy-ScaleChangegESC)andPile-upusing
g2of f data

Time-dependenthangesn the averageof the enegy distribution (AED) wereinvesti-
gatedfor different detectorsat differenttimes following the beaminjection. For each
slice of time equalto the g-2 precessiomeriod (approximately4365.4ns), enegy distri-
bution histogramswverecreatedor all 22 detectorausedin theanalysis.Sincetheenegy
calibrationchangedrom run to run for somedetectorspulseamplitudeswere normal-
izedto the end-pointvalues(maximalpositronenegy) in every run. The averageenegy
wasthencalculatedor eachdetectomwith lower cut-off at 60, 70, 80,90 and100%of the
maximalpositronenegy (3.1 GeV).
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Fig.Al. Change in the aveliage positon enegy (normalizedto the late time averlage) seenby de-
tector 1 for differentlower cuts

As illustratedby Fig.Al, the relative size of contritutionsto the averageenegy coming
from pile-upandESCvariesfor differentlower cuts. Detectorl shovs amanifestOzben
effectwiggle atearlytimesfor cuts0.6and0.8 E,,,,., but pile-up contrikutionis growing
for highercuts,asthe fraction of pile-up pulsesis increasing[seeAppendixB, Fig.B4).
For cut0.9 E,,,., thechangan theaverageenegy is mainly contritutedto by pile-up.

The averageenengy at highercutsis alsolesssensitie to the ESC. The estimateof this
sensitvity wasobtainedapplyingartificial “gain” to the real datapulses,while holding
the cut-off thresholdthe samefor differentcuts. As shovn on Fig.A2, at a lower cut of
0.6 E,,.., the AED seesonly approximately48.7%of thereal scalechange.This num-
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beris going down for highercuts: 42.2%for a 0.7-E,,,., cut, 34.6%for 0.8, 24.5%for
0.9,andonly 2%for E.,; = E,.... (If theresno lower cut, i.e all pulsesaretakeninto
accountthechangean theaverageenegy would bethe sameasthe changdan theenepy
scale.)
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average fitmax (for different lo—cuts) vs artificial gain

Fig.A2. Correlation betweerthe chang in the aveiage enegy (normalized)and artificial gain
(simulationusingreal data)for differentlower cuts.

Assumea simplemodelof the AED changewith thetime:

(E)) = ((Birue)+1p(Ep)- fpu(t))-(1+a- fe(1))) (A1)

wherethe“true average”(Ey..) is determinedrom thelatetime data(after200s), n, is
pile-upfraction, (E,) is theaverageenepy of pile-upcontribution, f,,(t) = e - f;,(¢)
describeghe decreasen the relatve numberof pile-up pulseswith respectto the total
numberwith time andincludesa fastrotationcorrectiona is a sensitvity of a certaincut
to the enegy scaledeterminedrom simulationmentionedabove, and f.(t) is afunction
describinghe ESC.

Parameterd, (Fey) = np(Eew) - oe2tfeud) s independenof the time, but obviously

Etrue(Feut
variesfor differentcuts.And the eéuatign(Azi) canberewritten as:
E(t
Bron () = 5% = (L4 Ay f)-(1+0:1. () (42

As it is known, thattheenegy scalechangesrenggligible after50 ysin mostdetectors,
onecanngylecttheterm (1 + a - f.) whendescribingAED changeat late times. It is
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thereforecausedby pile-up contribution alone. With the assumptiorthat pile-up time

behaiour is cut-independentherelative strengthof pile-up contrikution:
A(El) <Enorm(E1)> —1
B(E\,E,) = = A3
b B) = AE) T BB =1 (43)

turnsoutto beindependenof time (Fig.A3).
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Fig.A3.Relativestrengthof pile-up contribution to AECfor differentcombinationsf cutsis inde-
pendenbf timeandobeys gaussiardistribution.

If B(E:, E,) is known, A, canbe eliminatedfrom a pair of equations(A2) describ-
ing the resultsfor two differentcutsfor the samedetector Neglectingthe small term
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A, - fou(t) - a- fo (whichis estimatedo be smallerthan0.03%for all detectorsatthetime
of theinjection anddiesoff quickly) oneobtainsa function describingthe enegy scale
changealone:

<Enorm(E2a t)) : B(Elu EQ) B <Enorm(E1=t)> - (B(Ela E2) - 1)

fe(t) = (L(EQ) . B(El, EQ) - G,(E1) (A4)

Sincedueto the differencein enegy spectraandotherconditions differentdetectorsee
differentlevels of pile-up (Figs.A4,A6), B(E,, E,) is not necessarilfthe samefor all of
the detectorsput it is possibleto divide the detectordn threedifferentgroupsandcal-
culateanaverageB for eachof thesegroups.Most detectordall into the “high-pile-up”
catgory: 3-5,10,11,14- 17,21 and22. The “medium” group consistsof detectors
1,6,9,12,13,18and23. And the detectorswith thelowestlevel of pile-upare7-9, 19,
24. Thevariationin pile-uplevelsis mostprobablycausedy differencesn the shapeof
enepy spectrdor differentdetectors.
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Fig.A4. Average enegy for cut E,,,,, for differentdetectos. Changesin the AED at this cut are
duealmostentirely to pile-upalone

Formula (A4) was usedto determineESC for differentdetectorsand differentcombi-

nationsof cuts. The resultsobtainedusing differentcombinationof cutsfor the same
detectorsshav a goodagreemen(Fig.A5). The combinationof cuts0.8 and0.6 of the
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maximal enegy produceshe loweststatisticalerror, andwas usedto obtainESCtime
dependenctor individual detectorgseeFigs.6a,lin the mainsection).ESCwasfitted to
afunctionof theform

f(t) =g e 7 +a,e7 705 (45)

The gaussiartermwasusedonly in fits to detectorsl and4, to accountfor a noticeable
“Ozben-efiect” wiggle, the otherdetectorsverefitted to a 2-parameteexponentialpart
of eq. A5. Fit resultsandestimate®f ESCat 30 us aregivenin Tablel (mainsection).

Theresultsof thesestudiesagreevery well with thosefound by Long (similar studiesof
averageenegy) andCenap(pile-up subtraction).

detector 1

0.01

€

from cuts O.6 and O./
A from cuts O.6 and 0.8
# from cuts O.6 and

sttt

A

+

®-scaléxhang
o)
o)
0
-

@)
@)
®)

o]
o]
O
IS

0.002

—0.002

—0.004

—0.006

%

—0.008

(0]
\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

o

. L L L I R I R
50 100 150 200 250 300

time, us

—0.01

@]

Fig.A5. Enegy scalechange asa functionof time for detectorl: comparisorof resultsobtained
using3 differentcombinationf lower enegy cutsshowan excellentagreement.

If the enegy scalechangecontrikbution to the averageenegy is known for eachdetector
pile-up contribution canbe estimatedoy simply dividing the total changein the average
enegy by 1 + a - f.(t) (seeEq.A2). This wasdonefor all detectorsandthe resulting
histogramawverefitted to a 3 parametefunction

folt) = Ap- (1 + ape 2 @) - 75 (46)
where is dilatedmuonlife time (wasfixedat64.38.s), A, is atermdescribingpile-up

contributionto theaveragesnegy (proportionabut notidenticalto the (g-2)-fit parameter
np), ap, andr, areparameterslescribingthe fastrotationinflation of pile-up.
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Pile-upfitting gave consistentesultsfor detectors3 through24, which aregatedon be-
fore the short-lved fastrotation correctiondiesout (Fig.A6). This gave anindependent
estimateof the fastrotationcorrectionto pile-up (Fig.A7).
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Fig.A6. Resultof fitting to pile-up contribution to the average enegy (real 1999data). Top left:
an exampleof fitting detector24 with a function describingpile-up contribution (Eq. A6). Fit
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AppendixB: Pile-upstudieswith simulateddata

The goal of this studywasto reproducesomeof the experimentalconditionsaffecting
pile-uprateascloselyaspossible.

At thefirst stagea realisticpositrondistribution wasgenerated! useddoubleprecision
randomnumbergeneratoiRANMAR [13] andlook-up tablesfor positronnumberN(E),
asymmetryA(E), phasep(E), andfastrotationprobability Thelook-uptableswerepro-
videdby RobandJim (simulationandfastrotationanalysis) ParametersuchasR, muon
lifetime A, andthe decayrateat the time of injectionwerefixed. The distributionswere
producedvith two differentdecayrates 3 and4 MHz attheinjectiontime (corresponding
to approximatelyl6.7 and22.2 muondecaysper spill producinga positronwith the en-
ergy higherthan1.8 GeV atleast40 us aftertheinjection: slightly higherandlower than
the averagedecayrate obsered in the 1999 experiment(Fig.B1)). Thesestudieswere
repeatedvith fastrotation“turned” on andoff to investigatethe contrikbution to pile-up
comingfrom fastrotation. Approximatelyl85million positronsweregeneratedor each
combinationof conditions. Muon andprotonlosses gnepgy-scalechangesandbetatron
oscillationwerenottakeninto theaccount.
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Fig.B1. Theaverage numberof high-enegy positons (E > 1.8 GeVt > 40 us) per spill by the
run number(in det24). Estimatefthedecayrateat timet=0 are givenwith theassumptiorthat
thesepositionsconstitutel 6% of the entire decayspectrum(fromRob’s simulation).

Thetime andenegy distribution obtainedn theway describedabose wasthencorverted
into fake WFD data,usingrealisticpulse-shapefor eachdetectorand WFD-phase.The
pulse-shapéibrary wasthe sameasthe one usedin the’99 dataproduction. Following
thereal WFD algorithm,pulseamplitudein the simulationwasroundeddown to its inte-
ger part,andalsocut off at 255 countsshouldit exceedthe WFD pulseheightlimit. A
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randompedestalalue,obeying the pedestadistribution seenin therealdata,wasadded
to every fake WFD “bin”

Onthethird stagethe fake WFD dataunderwentegularg2of f productionandthe ntu-

plessimilarto thestandargroductiononeswerefilled in with theinformationaboutboth

generate@nddetectegositronspectralt wasthereforepossibleto comparewo spectra
anddeterminepile-uplevels,asafunctionof positronenegy, andenepy cut. This study
was mostly focusedon “doubles”, i.e. pile-up pulsesto which only two positronscon-

tributed. The occurrencef “triples” is about2 ordersof magnituddesslik ely.

As illustratedby Fig.B2, the fraction of pulsesgoinginto pile-up pairsis practicallyflat
throughoutheenegy spectrumFastrotation,aswell, increasesheprobabilityof pile-up
uniformly for pulsesof all enegiesby about30%. Sincetwo original pulses(a pile-up
pair) form a singlepile-up pulsewith anenegy closeto the sumof thetwo, the relative
numberof pulseslost to andgainedfrom pile-up differs by the enegy bin (Fig.B3). At
about75-80%o0f the maximalenegy thesenumbersarevery closeandthe netchangean
thenumberof detectedgositronss negligible. At lower enegies,morepositronsarelost
to pile-upthangained.The opposites truefor thehigherenegy bins.
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Fig.B2. Thefraction of pulsesundegoing pile-up is quite sensitiveto the decayrate and fast-
rotation intensity but doesnot vary significantlywith the position enegy. On the figure above
thefractionof pulsedostto pile-upis plottedagainstthe normalizedposition enegy for different
simulationconditions: decayrate 4 MHz (higherthan the experimentalavelage), 3 MHz (lower
thanavelage), and 3 MHz withoutfastrotation.
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The pile-upfraction (the differencebetweerthe numberof pulsesgainedandlost dueto

pile-up divided by the total numberof pulses)grows almostexponentiallyasa function
of low-enepy cut for cutshigherthan1.5 GeV (Fig.B4, top part). This howeveris not
exactly the sameasthefit parameten, in g-2 multi-parametefitting function (Eq. 2 in

mainsection)thefractionof pile-uppulsesattimet=0. If N isthetotalnumberof pulses,
N; is thenumberof “singles”, and .V, is the numberof pile-up pulses(“*doubles”). Then
theseparameterarerelatedto thefit parameters thefollowing way:

tstop - N, - NO
N, ~ “Ny-e 2M)dt ~ 22 B1
p= | (np - No-e ™) N (B1)
tsto N
Ny =~ / Ny - e M) dt < (B2)
0
N=N,+ N, (B3)

(Fastrotationcorrectionandg-2 wiggle arengglectedin Eqs.BlandB2.) Knowing the
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fractionof all pile-uppulsesatall times(NV,/N), it is easyto calculateapredictionfor n,:

2- (3)

n = —=
P o- ()

(B4)

This predictionis plottedin the bottompartof Fig.B4.
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Fig.B4. (Top) fraction of pile-up pulses(%) as a function of lower enegy cut (normalizedto
FEmee = 3.1 GeV for 4 (*high”) and 3 (“low”) MHz decayrate); and (bottom)prediction (Eq.
B4) for thefit parametern, basedon thetop plot. Predictionagreesverywell with the resultsof
fitting to thereal data.

Dividing a pile-up time spectrumobtainedusinga simulationincluding fastrotation by
a “fast-rotation-df’ spectrumpnegetsa predictionof the inflation of pile-up causedy
fastrotation(Fig.B5,top). This inflation wasfitted to a 2-parametefunction:

_l(L)2
ffr(t) =1l+ap-e > (B5)

Theresultsareshavn in Fig.B5. The valuesof the pile-up inflation parametersrevery
closefor differentlower enepgy cuts. The differencebetweenthe resultsfor different
decayrates(3 and4 MHz) waswithin a statisticalerror For the cut 0.6 E,,,,,, the pa-
rametersof Eq.B5werefoundto have the following values: a, = (0.709+ 0.008)and
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7, = (12.84+ 0.17) pis.

Thisresultagreeserywell with theoneobtainedrom theenepgy-scalestudiesdescribed
in AppendixA: a, = (0.714+ 0.038)andr, = (12.59+ 0.29) us.
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Fig.B5. Resultof a 2-parameterfit (Eq.B5)to the pile-upinflation fromfastrotation (simulation,
decayrate 3 MHz). Top: pile-up inflation for a data setwith the lower cut of 60% percent of
the maximalpositon enegy. Middle: inflation amplitude a, as a function of lower cut value
Bottom:inflation characteristictime, 7, asa functionof lower cutvalue
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An attemptto estimatethe pile-up phaseas a function of cut usingthe simulation
resultsshaoved that the pile-up phaseis changingratherrapidly, whenthe asymmetryis
small, andis shifting by 7 rad whenthe asymmetryis crossingzero. For the cuts of
interest(1.8 and2 GeV), the simulationpredictionfor the valueof asymmetrycameout
to behigherthenthevaluesobtainedby fitting thedata,thereforeit is hardto judgeif this
simulationcanbe usedto predictthe pile-up phasdan therealdata.
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Fig.B6. Pile-upasymmetryfnormalizedto pile-upfraction) and phaseasa functionof theenegy
cut. Pile-up pulseswere extracted from simulateddata and the distribution fitted to N (¢) =
No - e 2. (14 Ay, - cos[wat + ¢p]). Asymmetryis singular whete pile-up fraction crosses
zeo (0.35- 0.4 F,42). Andthe phaseis singular whenthe asymmetrycrosseszen. G-2 phase
wascloseto 3 rad for all position enegiesin this simulation(redline on the bottomplot). The
phasdlifferencebetweernheg-2 precessiormndpile-upis changingdramaticallywhenthe pile-up
asymmetrys small.
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