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We seard for the standard modebHiggs bosonproduced in assaiation with a Z bosonin approx-
imately 1.1fb ! of pp collisionsat = s = 1.96 TeV using the D detector at the Fermilab Tevatron
collider. Events where the Z bosondecaysto e"e or and the Higgs boson decays to bb are
considered. To improve sensitivity, the data is divided into single and double b-tagged channels,
and neural networks are trained to separate signal from background. Good agreemen betweenthe
data and expected backgrounds are observed, and upper limits on the ZH production crosssection
are set for Higgs boson massesbetween 105 and 145 GeV.
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. INTR ODUCTION

One of the most sensitive seart channels at the Tevatron for a standard model Higgs bosonwith a mass below
approximately 140 GeV is the assaiated production of a Higgs bosonwith a Z boson, where the Higgs decays to
bb. We presernt in this note a seart for ZH production in the I*1 bb nal states, wherel = e; . The Z bosonis
reconstructed from a pair of high pr leptons with an invariant massconstraint. Events are required to have either
at least two loosely b-tagged jets or one tightly b-tagged jet. The dominant badkgrounds result from the assaiated
production of a Z bosonwith jets, among which the Zbb production is an irreducible background. The other main
badkgroundsarett, WZ, ZZ, and multijet production from QCD processeslinstead of simply searding foraH ! bb
resonancein the dijet massdistribution, a multivariate neural-net (NN) algorithm is trained on simulated signal
against simulated badkgrounds. An excessn data from a Higgs signal is seardied for in the high NN output region.

Il. THE D DETECTOR

The D detector has a certral-trac king system, consisting of a silicon microstrip tracker (SMT) and a certral b er
tracker (CFT), both located within a 2 T superconducting solenoidal magnet [1], with tracking and vertexing at
pseudorapiditiesj j < 3 andj j < 25, respectively. A liquid-argon and uranium calorimeter has a certral section
(CC) coveringj jupto 1:1, and two end calorimeters (EC) that extend coverageto j j 4:2. An outer muon
system,at j j < 2, consistsof a layer of tracking detectors and scirtillation trigger counters in front of 1.8 T toroids,
followed by two similar layers after the toroids.

I1l.  ANAL YSIS

These analysesare based on data taken between April 2002 and March 2006. No explicit trigger requiremerts
were made, in order to retain the highest possiblee ciency for signal. The integrated luminosities were found to be
approximately 1.1fb ! for both the dielectron and dimuon channels, after the requiremert of good data quality.

The selectionof hadronic jets is commonto both dilepton nal states. A jet is reconstructed using the Runll cone
algorithm with R = 0:5[2]. The jet must have pr > 15GeV after the jet energyscalecorrection and a pseudorapidity
of j j < 2:5. In the simulation, jets are correctedto accourt for the di erence in reconstruction e ciency and energy
resolution from the data. All correctionsto the jets and leptons are propagated in the computation of the missing
transverseenergy £, and scalarEr.

Events for the dielectron channel are required to have at least two electron candidates, with pr > 15 GeV,
J detector ] < L1 or 15 < | getector j < 2:5, and satisfying electron showver shape criteria and a match with a cen-
tral track. In the simulation, the EM identi cation e ciency is correctedto the data one asa function of for each
electron. A good Z candidate is required, reconstructed from two electrons. The reconstructed Z mass, mz must
satisfy 70< mz < 110 GeV. At least two jets are required in ead event with ead jet being away from both good
electronsby R > 0:5.

Everts for the dimuon channel are required to have at least two loose-quality muons, eadh matched with a certral
track, and pr > 10 GeV. The muon pt in data is corrected using the beam spot position for ead run, if the muon
track hasno SMT hits. A good Z candidate is required with 70< mz < 110 GeV. The two muons which form the
Z are together required to have product saled isolation < 0.01. The product scaledisolation is the product of the
scaledisolation variables for ead of the two muonsfrom the Z: productscaledisolation = scaledisolation (muon1)
scaledisolation (muon2) where scaledisolation = (p{ @ + pgalor imeter )=giuon  The pif ack ig the sum of all tracks in
a coneof R <0.5around the muon track, except the muon track. The p$°or imee’ s the sum of all calorimeter
energyin a hollow conearound the muon from 0.1< R <0.4.

For both analyses,at least two jets must be loosely (2L), or one jet tightly (1T), b-taggedusing a neural network
b-tagging algorithm [3]. Overlapping 2L events are remaoved from the 1T channel in both data and simulations. The
tag-rate-function (TRF) wasmeasuredin data and parameterized,then usedto predict the probability that a taggable
jet of a given avor would be tagged in the simulation. A taggable jet is de ned as a jet which matchesa track-jet
cluster within R < 0:5 containing two tracks with at least one SMT hit and pr>1.0(0.5) GeV for the rst (other)
tracks. The loose NN b-tagging requiremert was set to accepta 6% light-jet fake rate, providing a 72% b-tagging
e ciency in the certral region (j j < 1.5), for pr > 15 GeV, for taggable jets. The tight NN b-tagging e ciency was
45%, for a 0.5% light-jet fake rate in the samekinematic region.



TABLE [: The number of data, background, and expected SM signal events (and systematic uncertainty) after 0, 1 tight (but
not 2loose),and 2 looseb-tagged jets are required, in the dielectron and dimuon channels.

Sample dielectron channel dimuon channel
Before b-tagging 1T 2L Before b-tagging 1T 2L
Data 2985 73 24 4669 87 53
Total Bgnd. 2961 533 57.4 21 279 7.8 4671 841 101.4 38 457 12.8
ZH 115 GeV 0.76 0.034 0.23 0.012 0.23 0.019 0.69 0.031 0.31 0.17 0.30 0.025
QCD 89.4 447 1.73 0.87 0.74 0.37 47.3 23.7 0.25 0.13 0.88 0.44
Z + (udscg) 2451 490 (udsg) 7.17 1.4 (udsg) 5.12 1.0 (udsg) 4400 880 46.0 9.2 19.2 3.8
252 50 (c) 14.1 2.8 (c) 5.53 1.1(c)
Z+2b 120 26 29.6 9.5 12.0 3.8 168 37 476 15.2 185 5.9
tt 9.6 0.86 2.8 0.28 3.1 0.37 10.6 0.96 4.8 0.48 5.3 0.64
Wz 20.3 1.8 0.60 0.07 0.17 0.02 242 2.2 0.82 0.09 0.24 0.03
zZ 180 14 1.40 1.3 1.17 0.13 214 1.7 1.95 0.18 1.48 0.16
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FIG. 1: The leading-pr di-jet invariant massdistributions for non-b-tagged (a), 1T (b), and 2L (c) channels, for a Higgs mass
of 115 GeV.

IV.  SIMULA TION

Using the CTEQ6L14] leading-order parton distribution functions, the following physics processesre simulated to
estimate the signal acceptanceand the number of background everts: Z(! 171 )H (! bb) by pythia [6], Z(' "] )j]j
including Z(! 11 )ccby alpgen [7],Z(! I*] )bbbyalpgen ,tt! I bl bandtt! bbjjl by alpgen , inclusive
ZZ and WZ by pythia . The samplesgenerated by alpgen are interfaced with pythia for parton showering
and hadronization. All the sampleswere run through the full GEANT baseddetector simulation, digitization, and
reconstruction. The signal crosssections, as well as those for tt, WZ, and ZZ are taken from MCFM [5], which is
NLO. For the alpgen samples,a matching procedure (MLM) was usedso asto not double court the radiation of
additional jets betweenalpgen and pythia . In addition, NLO k-factors of 1.23and 1.35wereapplied to the Z +ligh t
and Z + bb samples,respectively, to account for the NLO crosssectionsof these process(as calculated with MCFM)
as comparedto the LO crosssectionsfrom alpgen . All simulated samplesare scaled, prior to b-tagging to agree
with the number of obsened data evert under the Z masspeak. Also, sincethe Z pt distribution is poorly modeled
in Z + light jet simulation, the Z + light jet simulated samplesare re-weighted to the Z pr obsenedin data before
b-tagging. The shape of the QCD badkground, where jets create the reconstructed leptons, is obtained from data
wherethe QCD contribution is enhancedby inverting the lepton quality requiremerts. The QCD cortribution is then
normalized by tting the dilepton invariant massby a Breit-Wigner function convoluted with a Gaussianfor the Z
peak, and an exponertial shape for QCD and Drell-Y an processes.The fraction of Drell-Yan events is determined
from the simulation.

The total amount of data, various badkgrounds, and expected signal are shown in Table | after 0, 1, and at least
2 btagged jets are required, in the dielectron and dimuon channels. Figure 1 shows the invariant massof the two
leadingpr jets, in the non-b-tagged, 1T, and 2L channels,for the combined dielectron and dimuon samples.



V. NEURAL NETW ORK

To improve the separation of signal from badkgrounds, an arti cial NN is used. The NN is trained using approx-
imately half of the badckground and signal events, the rest being usedto test the network performance and derive
signal crosssection limits. The badkground events come from MC simulation for all backgrounds, except for QCD,
which comesfrom data with either non-isolated muons or reversedelectron showver shape criteria. SeparateNNs were
trained for the 1T and 2L channels. About 10,000signal events and 100,000badkground everts were available for
training in ead channel, with 3 around the signal masspeak. Background events were weighted sud that the
total cortribution of eah samplemade up that expected from it in either the 1T or 2L channel;

The parameters of the NN were optimized to give the best signal signi cance, de ned as S= B, by courting the
number of signal (S) and badkground (B) events which passthe optimal NN output cut. Sensitive variables were
hypothesizedbasedon physical reasoning of the signal vs. background processesand then added, in order of their
ability to improve the NN signi cance, until the NN signi cance failed to improve further. The nal setof NN input
variables are (in order of separation power):

1. Mpy: The invariant massof a randomly chosenb-tagged jet pair. For the 1T channel, this variable was set to
the invariant massof the b-taggedjet and the highest pr non-b-tagged jet.

. pr(1): The pr of the leading pr jet.
. pr (2): The pr of the second-leadingpr jet.
R(I;1): R betweenthe two leptons of the Z candidate.

. ] J: The absolute value of the di erence in betweenthe two highest pr jets.
R(Z;jetl): The R betweenthe Z candidate and the highest pr jet.

2
3
4
5.] j: The absolute value of the dierence in betweenthe two highest pt jets.
6
7
8.] zj: Thej j of the Z candidate.

9

. Er: The missing Et1 of the event (useful against tt).
10. SEt: The scalar Et of the even.

Each NN was trained for 150 epochs, using six hidden neurons (in a single layer), and one output neuron. A
separateNN wastrained against eac candidate signal Higgs mass. A NN wasalsotrained againstZZ (! 171 bb) as
a candidate signal, ignoring it as a badkground. The NN outputs for My = 115 GeV in the non-b-tagged, 1T, and
2L channels, for the combined dielectron and dimuon samples,are shovn in Figure 5. Additional plots of someNN
input variablesfor My = 115GeV, non-btagged, 1T, and 2L channels, are shown in Figures 2{4.

VI. RESUL TS

The systematic uncertainties from jet energyscale(JES) and b-tagging are estimated by varying JES and b-tagging
TRFs by 1 standard deviation. JES uncertainties are between 1{7% for badkground samplesand about 1%
for signals. b-tagging uncertainties are about 7% for all samples. Cross section uncertainties are included for all
badkground processes:about 10% for tt, WZ, and ZZ, 20% for Z+jets, and 30% for Z+2b. The uncertainties of
lepton e ciency or scalefactor for dilepton everts is 4%. The total badkground uncertainty is 28%, and the signal
e ciency uncertainty is 8%.

No signi cant excesds obsened, henceZH crosssectionlimits are calculated, with dielectron and dimuon samples
combined, using a modi ed frequertist approac [8]. The full NN output distributions for data, badkgrounds, and
signal are usedasinput. Limits are setincluding all systematic uncertainties including their correlations. In addition,
the distortions of the NN output shape due to uncertainties of the JES and My, distribution shape are considered
during the limit setting. The expected distributions for background are evaluated by minimizing a pro le likelihood
function, referencingthe shape and rate of the obsened distributions in the sideband regions. Table Il lists the
expected and obsened ZH crosssection limits for ead Higgs mass, derived from the combination of dielectron and
dimuon samples. Figure 6 shows the expectedand obsened ZH crosssectionlimits, comparedto the standard model
expectation. The branching-ratio of Z! e*e or * is taken to be 0.03366[9].

In addition, the ZZ(! 17| bb) processis searhed for as a signal, and limits are set on its crosssectionof only 5
times larger than predicted in the SM. Giventhe strong similarities betweenthe ZZ (! 171 bb) processand SM Higgs
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signalin this channel, the obsenation of ZZ (! 1*1 bb) would be an important validation of the analysis, paving the
way for obsenation of the Higgs boson.
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FIG. 2: A selection of important NN input variable distributions: the R betweenthe two leptons (a), the leading jet pr (b),
and the second-leadingjet pr (c), in the non-b-tagged channel, for a Higgs massof 115 GeV.
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FIG. 3: A selection of important NN input variable distributions: the R betweenthe two leptons (a), the leading jet pr (b),
and the second-leadingjet pr (c), in the 1T channel, for a Higgs massof 115 GeV.
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FIG. 4: A selection of important NN input variable distributions: the R betweenthe two leptons (a), the leading jet pr (b),
and the second-leadingjet pr (c), in the 2L channel, for a Higgs massof 115 GeV.

TABLE I1: The expected and observed ZH crosssection limits for each Higgs massand ZZ (and ratios to the SM crosssection),
derived from the combination of dielectron and dimuon samples.

my (GeV) 7z 105 115 125 135 145
Observed limit (pb) 7.38(5.2) 1.28 (11.2) 1.39(17.8) 1.49 (30.4) 1.38 (51.4) 1.26 (103.5)
Expected limit (pb) 9.51 (6.7) 1.69 (14.9) 1.60 (20.4) 1.34(27.3) 1.15 (42.8) 1.07 (88.0)
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FIG. 5: The NN output distributions for non-b-tagged (a), 1T (b), and 2L (c) channels, for a Higgs massof 115 GeV.
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FIG. 6: The 95% con dence level upper limits on the ZH cross sections (a), the ratios to the SM cross section (b), and
log-likelihood ratios (c).



