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A Search for WH Production at = s= 1.96 TeV with 1 fb ! of Data

(Dated: March 12, 2007)

A seard for WH production in pp collisions at a certer of mass energy p§ = 1:96TeV is
preserted. An integrated luminosity of 1.0 fbo !, accumulated by the D experiment at the
Tevatron collider, was used. Events containing one lepton, missing transverse energy and two or
three jets, with at least one of them being b-tagged, are considered. In the single and double
b-tagged sample, good agreemen between data and the Standard Model is observed. No excess
being obserned, we set combined upper limits on (pp! WH) B(H ! bb) from 1:1pb to 1:4pb
for Higgs massesranging from 105to 145GeV (0.9 to 1.2 in expected limits). For my = 115 GeV,
the observed (expected) upper limit is 1.3 (1.1) pb, to be compared to the standard model expected
crosssection of 0.13 pb.
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. INTR ODUCTION

For Higgs seardes,the most sensitive production channel at the Tevatron for a Higgs mass(my ) below  135GeV
is the assaiated production of a Higgs bosonwith a W boson. The D collaboration has published a seard for suc
production in the e bb decay channelusing 174 pb ? of integrated luminosity [1]. An update of that result using the
e bband bbdecay channelsand a larger dataset of 0.4 fbo ! has beenpreseried [2]. The CDF collaboration has
published a similar seard on 320 pb * of data [3], and recertly preserted an update of the seard with 1 fb * of
data [4].

Both e and channelsare also studied here. As in Ref. [2], the channels are separatedin everts having exactly
one \tigh t" b-tagged jet, and those having two \lo ose" b-tagged jet (with no overlap). The resulting four channels
are analyzed independertly to optimize the sensitivity and then combined. In parallel, the four equivalent channels
in W + 3 jet everts are also studied as a cortrol sample.

The data set correspondsto an integrated luminosity of 1:0 fo ! and consistsof data recordedbetweenApril 2002
and February 2006. One lepton, missing transverseenergyB+ to accourt for the neutrino in the W bosondecay and
two or three jets are required, with at least one of them being b-tagged. Dominant badkgrounds to the WH signal
are W+ heavy avor production, tt and single-top quark production.

I. DATA SAMPLE

The analysisrelies on the following componerts of the D  detector: a magnetic certral-trac king system, which con-
sists of a silicon microstrip tracker (SMT) and acertral b ertracker (CFT), both locatedwithin a2 T superconducting
solenoidal magnet [5]; a liquid-argon/uranium calorimeter made of a certral section (CC) covering pseudorapity j j
up to  1:1, and two endcap calorimeters (EC) extending coverageto j j < 4:0, all housedin separatecryostats [6],
with scintillators betweenthe CC and EC cryostats providing sampling of developing shoversat 1.1 < j j < 1:4;
a muon system which residesbeyond the calorimetry, and consists of a layer of tracking detectors and scirtillation
trigger counters before1.8 T toroids.

The luminosity is measuredusing plastic scirtillator arrays located in front of the EC cryostats, at 2.7 < j j < 4:4.
The uncertainty on the measuredluminosity is 6% We reject data periods in which the quality of tracking (CFT and
SMT), the calorimeter or muon system data may be compromised. The resulting luminosity (1.0 fo 1) is about 10%
lower than the total recordedluminosity during the period consideredin this analysis.

The trigger and data acquisition systemsare designedto accommalate the large luminosity of Run Il. The events
usedin this analysisare triggered in the electron channel by a single trigger requiring an electromagnetic(EM) object
and onejet (EM+jet). Triggersare takeninto accourt in the simulation through event reweighting with an e ciency
derived from data, and parameterisedas a function of lepton azimuthal angle' and , and jet py. This e ciency is
in average 90% for the events passingour requiremerts.

In the muon analysiswe accepteverts from any trigger, sincewe expect closeto 100%of our everts to be triggered by
our redundant triggering system (single muons, muon+jets, topological triggers). This is veri ed using a combination
of single-muon triggers for which a full analysisis completed. The e ciency of this trigger combination is measured
using a tag-and-probe method on di-muons Z everts with an uncertainty of 3%, and is  70% for the everts passing
our requiremerts. This e ciency is consistert with the increasein statistics (47% in average)that we obsene in all
channelswhen accepting events from any trigger, both in data and in simulation, within 3% for the high statistics
channels,and within ~ 10% channelsfor the (low statistics) b-tagged channels. The shape of all distributions remains
unchangedwithin the acceptancesystematic uncertainty originating mainly from the jet energyscaleuncertainty. We
thus usethis samplefor the nal analysis, after attributing and additional 10% uncertainty on the trigger systematic
in this channel.

I1.  SIMULA TED DATASETS

Background and signal processehave beengeneratedby di erent event generatorsaslisted below. The PYTHIA7]
evert generator using the CTEQG6L18] leading-order parton distribution functions, has been used to generate the
following processes:

DibosonprocessesWW !~ jj; WZ! " jj;WZ ! jj;inclusive decysof ZZ (" = eor )
WH ! ° bbproduction ( =¢e, ,o0r )

The following processesre simulated using other generators:
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W+ jets and Z+ jets events are generatedwith ALPGE®] (with PYTHIAradiation and shawering), sinceALPGEN
yields a better description of processewith high jet multiplicit y. ALPGENampleshave beenproduced using the
MLM parton-jet matching prescription [9] and are generatedin bins of light parton multiplicit y. W(Z)+ jets
samplescontain Wjj and Wc¢j processeswhilst W bb and W cc are generatedseparately

Whb and W cc events are generatedwith ALPGEMKequiring 2 heavy- a voured parton jets th pr > 0 GeV and
j j < 5:0,and\light parton" (u; d;s; andg) jetswith pr > 8 GeV separatedin -' by R( Zy 2) > 04

Zjij ' jj,Zbb! Tbband Zcc! “cc( =e; or ) aregeneratedwith ALPGEN
tt (lepton+jet and dilepton channels) production is generatedwith ALPGEN
Single-top everts (s-channel (tb) and t-channel (tbg)) are generatedusing COMPHHER]].

All the generatedeverts were processedhrough the D  detector simulation (basedon GEANTL1]) and the recon-
struction software.

The simulated events have been reweighted with trigger e ciencies and with all the e ciency ratios of data to
simulation (scalefactors). Dependingon the e ciency consideredthesescalefactors are constart or have a dependency
on the event kinematics which is then taken into accourt.

The simulated badkground processesare absolutely normalized to the SM prediction of their crosssection except
W+ jets which are normalizedto data. The normalization factor data/MC ~ 0.97(0.85) in the W + 2 jet (W + 3 jet)
sample, when we usethe Next-to-Leading-Order (NLO) K-factor of 1.35for the simulated Wjj sample, determined
using the program MCFNIL2]. The normalization factor is derived after subtracting all other expected badkground
processedrom data, and is done independertly in the 2 and 3 jet bin.

The K-factor usedfor Whb and for W cc has beenempirically determined to be 1:75 0:35, by adjusting the total
number of badkground everts to the data in the W + 2 jet sample, with at least one tight b-tagged jet. This is
compatible with a MCFM calculation on Wbbusing parton p; > 8 Gev, which gives1.97. This computed K-factor
wasnot usedsinceour LO simulated sampleuseasymetric cuts at the generatorlevel: 8 GeV on light partons, 0 GeV
on b and c-quarks. The sameK-factors have beenusedfor the corresponding Z+ jet processes.

IV.  EVENT SELECTION

The analysisis basedon the selectionof events with exactly one electron (muon) with pr > 20GeV and detector
j 1< 1.1(< 2.0), missing transverseenergy Bt > 20 GeV and two or three jets, with pr > 20 GeV (after jet energy
scalecorrections) and j j < 2:5. Only events having a primary z-vertex within ~ 60cm of the nominal interaction
point and at least three attached tracks are retained for analysis.

A. Lepton reconstruction and iden ti cation

The leptons usedin the analysisare identi ed in two steps. 1) The lepton candidatesare rst required to passthe
\lo ose"identi cation criteria, which for the electron are: energyfraction deposited in the EM calorimeter > 0:9, ratio
of the energyin the hollow conehaving external and internal radii of R = 0:4 and 0.2 around the electron candidate
direction, divided by the candidate energy < 0:15, shower shape requiremerts, and matching of an EM cluster to a
track having pr > 5 GeV. For the muon, we require hits in ead layer of the muon system, scirtillator hits timing
cuts to veto cosmics,matching betweenthe muon track and a certral track, and isolation from jets to reject muons
from semi-leptonic hadron decays. 2) The looseleptons then undergoa nal, \tigh t* selection: tight electrons have
to satisfy a likelihood test developed on well-cortrolled samples,that takesasinput sewen quartities sensitive to the
EM nature of the particles; tight muons must satisfy stricter isolation criteria requiring low calorimeter and tracking
activity around the muon candidate. The ine ciencies induced by the lepton identi cation and isolation criteria are
determined from dielectron and dimuon samples.

The nal selectionusesonly tight leptons, whilst the sample of looseleptons is used for instrumental and semi-
leptonic badkground determination

B. Instrumen tal and semi-leptonic background

The instrumental and semi-leptonicbadkgrounds, so-called\QCD" badkground in the following, are estimated from
the data. The instrumental bakground is important in the electron channel, where a jet with high EM fraction can
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passthe electron identi cation criteria. The semi-leptonic badkground is important in the muon channel, when the
muon from a semi-leptonic heavy quark decay is mis-idernti ed as being isolated.

To estimate the number of events containing a jet passingthe nal electron identi cation criteria we determine
the probability p't%’?]? for a looseelectron candidate originating from a jet to passthe likelihood test. This is done
on data, using a sample of events having two jets badk to back in ' (| "] < 0:2), low &1(< 10 GeV), and in
which one of the jets has an EM fraction smaller than 0.7 and to be in the certral calorimeter (j j < 1:1) and far
from the calorimeter modules boundaries. The other jet is required to satisfy the looseelectron requiremerts. The
probability p{?goﬁﬁ is obtained by dividing the number of everts cortaining at least one electron candidate passingthe
likelihood test by the total number of everts of the sample. This probability is determined as a function of the pr of
the candidate electron. We proceedsimilarly in the muon channel to determine the semi-leptonic badkground. We
usethe sameselectioncriteria, but require a loosemuon to be badk-to-back in * with a jet.

The QCD badkground is then estimated for every di erential distribution: this pr-dependert probability is usedin
the so-calledmatrix method that we apply to our nal sampleand to the loosesample. This method allows to derive
the QCD badkground directly from data, once p{?goﬁf and the lepton identi cation e ciency are known [13]).

The pr distribution of the lepton in the W + 2 jet sampleis shown in Fig.1a,b and comparedto the expectation:
at low pr the contamination of QCD badkground is signi cant. The shape and magnitude of the distribution is well
reproducedby the ALPGEBIimulation of the W + jets processesafter adding the QCD badkground and other standard
model (SM) badkgrounds detailed in the previous section.

C. Missing Et and Jet prop erties

To selectW decays we require large missingtransverseenergy B+ > 20GeV. B+ is calculated from the calorimetric
cells except unclustered cellsin the coarsehadronic layers and is corrected for the presenceof any muons. All energy
corrections to muonsor to jeta are propagatedinto B+ .

The transversemassmt = 2p;p;(1 cog' - ' )) ofthe W bosoncan bereconstructedfrom the chargedlepton

and neutrino () kinematics quartities, in which the neutrino 4-vector is approximated by the missingtransverseenergy
4-vector. The distributions of the scalar and missing transverseenergy are shown in Fig.1c,d and comparedto the
expectation.

The jets usedin this analysisare cone-typejets with aradius of R = 0:5. Identi cation requiremerts ensurethat the
jet energydistribution in the various layers of the calorimeter is reasonableand that the jets are not due to spurious
energydeposits. The di erence in e ciency of the jet identi cation requiremert betweendata and simulation is taken
into accourt in the overall jet reconstruction e ciency scalefactor.

We have studied standard kinematic distributions and for example,the pr distributions of the leading jet and next
to leading jet in W + 2 jet events are shown in Fig. 2aand b. The distribution of the leading jet in the W + 2 jet
everts is shown in Fig. 2c. The dijet invariant massis shawvn in Fig. 2d. The shape of the distributions are described,
within systematic errors, over the complete kinematic range for all jets.

V. bTAGGING RESUL TS

The primary goal of this analysisis the seard for WH production with two b jets in the nal state. Thus we focus
on the identi cation of bjets in our selectedevents. For tagging heavy avored jets the D neural network (NN)
b-tagging algorithm has beenused. It is basedon the combination of seven b-hadron lifetime obsenables.

We start with a loose NN operating point, which corresponds to a fake rate, i.e. the fraction of \light" partons
(u; c;s;g) mistakenly tagged as heavy- a voured jets by the tagger, of about 4.5% for a jet pr of 50 GeV. If two jets
are taggedthe evert is selectedas double-tagged. Otherwise the operating point is tightenedto a value corresponding
to a fake rate of about 0.5%, and the evert can then be selectedas an "exclusive" single b-tag, simply called single
b-tag in the following. We are thus left with two disjoint samples, one \lo ose" double-tag (DT) and one \tigh t"
single-tag (ST) which simpli es their combination, done afterwards to improve the signi cance of a potential signal.
The operating points have beenselectedbasedon the optimal combined sensitivity to a WH signal.

The e ciencies for identifying a jet containing a B hadron of the looseand tight operating points are about 70 1%
and 48 1%, respectively. The e ciency hasbeendetermined relative to taggablejets, i.e jets having at least 2 good
quality tracks, of which onehaspr > 1 GeV and another pr > 0.5GeV. The jet taggability is typically 80%in a two
jet QCD samplewith an uncertainty of 3% per jet. The ratio betweenthe expected taggability  tagging e ciency
in data vs. simulation is used,to reweight (per jet) the simulated everts in which one or more jets is tagged. The
systematic uncertainty on this scalefactor is 4-7%for heavy quarks (b;c) and 25% when mis-tagging \ligh t* partons.



W+ 2jets W+ 2jets W+ 2jets | W+ 3jets W+ 3jets W+ 3jets

(1 bjet) (2 bjets) (1 bjet) (2 bjets)

WH 558 081 190 0.30 167 0.32|1.18 0.17 039 0.06 0.38 0.07

Wz 408.1 56.7 228 36 7.0 124803 100 51 0.7 21 04

W bb 9743 2494 2931 776 814 2311|2231 56.7 66.1 174 259 7.2
tt 2525 59.8 905 223 544 145|358.0 84.0121.2 29.6100.0 26.2

Single top 1109 215 430 88 149 34| 325 62 114 23 74 17
QCD Multijet  2581.3 387.2 1584 29.7 26.0 8.0 |492.7 739 410 75 138 53
W+ jets (light,c) 20289 2304 291.0 845 358 1119|2608 316 629 185 164 54
Total expectation 24616(n.t.d.) 898.7 121.0219.6 31.0{3795(n.t.d.) 307.7 39.8165.7 28.2
Observed Events 24617 872 222 3795 271 151

TABLE |: Summary table for the W+ 2,3 jet nal state. Observal eventsin data are compared to the expected number of W +
2 jet events before tagging, after one tight b-tag, and after 2 loose b-tags. First (last) three columns, W + 2(3) jet channel.
Expectation originates from the simulation of WH (with my = 115 GeV), dibosons ( WW;W Z;ZZ, labeled W Z in the table),
W bb production, top production (tt and single-top), QCD multijet background and \W + jet" production, which contains light
and c quarks. All Z processesare fully simulated, and included in the correspnding W categories. The processesW (Z)bb and
WH are counted semrately. \n.t.d." stands for \normalize d to data".

In Fig. 3aand b are shown the distributions of the pr and R of the b-taggedjets for the W + 2b jet events. The
obsened agreemen in both casesindicates that simulation, which includes the di erent Standard Model processes,
describesthe data well.

In total, we obsene 872 (271) single b-tagged events in the W + 2(3) jet channel, to be comparedto 899 121
(308 40)) expected everts, as detailed in Table .

When requiring only one b-tagged jet, the badkground due to W + 2 non-b quark jets, tt and QCD processess a
factor two larger than the contribution of the rare processesvhich can be studied with the upgraded Tevatron: W bb,
single-top or Higgs production. To improve the signal to badkground ratio, we study single-taggedand double-tagged
everts separately

In the W + 2(3) jet sample,the 222 (151) events obsened in the DT channel are to be comparedto an expected
Standard Model badkground of 220 31 (166 28) everts, as detailed in Table I. In conclusion, the expectation
describesthe data well in all channels.

VI.  SYSTEMA TIC UNCER TAINTIES

The experimental systematic uncertainties due to e ciencies (i.e. the uncertainty on the ratio data/simulation of
the e ciencies) or to the propagation of other systematic uncertainties (trigger, energy calibration, smearing), which
a ect the signal and standard model badkgrounds (QCD badkground excepted) are summarized as follows:

3-10%uncertainty for the trigger e ciency derived from the data sampleusedin this analysis;
5-6% uncertainty for the lepton identi cation and reconstruction e ciency

6-12% uncertainty on the acceptancedue to the jet identi cation and jet energy scaleuncertainty.
5% for the acceptanceuncertainty due to jet modelling (fragmentation).

3% for the jet taggability, 6-15%for the b-tagging e ciency, per heavy quark jet. For the light quark jets the
uncertainty is 25%;this translatesinto an uncertainty on the total badkground of the exclusive single-tagsample
of 7% (negligible for double-tag)

Overall, the experimental systematic uncertainty on the acceptancevaries between 16 and 24% depending on the
processand the channel (18% for WH in the DT channel).

The total uncertainty on the QCD background is 18% in the ST channel, and about 35% in the DT channel, due
to the low statistics of QCD background events in the DT sample, as determined by the matrix method.

The luminosity error is treated separately and amounts to 6%. The uncertainty on the cross sections of the
badkground processess 18% for tt production, 16% for single-top production, 6% for WZ and WH production, and
22%for W+ heavy avor jets.



VII. WH CROSS SECTION LIMIT

The expected contribution from the bb decay of a standard model Higgs bosonof 115GeV, producedin assaiation
with a W bosonis shown in Fig. 4a,b for the ST W+2,3 jet channel, and in Fig. 4c,d for the DT W+2,3 jet channels.
It amounts to a total of 2.29 (2.05) everts in the ST (DT) channels. With the amount of badkground still presen,
we cannot yet detect this small signal so we proceedto set limits using the W + 2 jet events. Each subchannnel
is analyzed independertly. Limits are then derived from the invariant dijet massdistribution of the four individual
analyses(e; , ST, DT) donewith the W+ 2 jet events.

Limits are calculated at 95% con dence level using the semi-Fequertist CL s approach with a Poissonlog-likelihood
ratio test statistic [14, 15. The impact of systematic uncertainties is incorporated through marginalization of the
Poissonprobability distributions for signal and badkground via Gaussiandistribution. All correlations in systematic
uncertainties are maintained amongst channelsand between signal and badkground. The expected distributions for
badkground are evaluated by minimizing a pro le likelihood function, referencingthe shape and rate of the obsened
distributions in the sidebandregions.

The log-likelihood ratio (LLR) distributions for the WH ! * bb, (i.e. after combining the four individual W + 2
jet subchannels)is shawn in Fig. 5a. Included in the gure arethe LLR valuesfor the signal+background hypothesis
(LLR s+p), badkground-only hypothesis (LLR ), and the obsened data (LLR ¢ns). The shadedbands represern the 1
and 2 standard deviation departures for LLR,. The crosssection limit obtained for (pp! WH) B(H ! bb)is
1:3pb at 95% C.L. for a Higgs bosonmassof 115GeV. The corresponding expected upper limit is 1.1 pb. The same
study is performed for four other Higgs masspoints: 105, 125, 135, and 145GeV. The corresponding obsened and
expected limits are given in Table [I. The ratio of theselimits to the standard model expected valuesis showvn in
Fig. 5b. The limits obtained in this analysisare displayed in Fig. 6, where they

my expected | obserned
(GeV) | limit (pb) | limit (pb)
105 1.22 1.41
115 1.13 1.34
125 1.02 1.21
135 0.95 1.21
145 0.87 1.13

TABLE II: 95% C.L. expected and observel limits on (pp! WH) B(H ! bb) asa function of the Higgs mass.

are comparedto the previously published resultsof D on 174pb ! of data [1], CDF on 320pb ! of data [3], and to
the expected preliminary limits of D (0.4 fb 1) [2] and CDF (1.0 fb ') [4]. The improvemert in sensitivity obtained
with this analysisis signi cant, in particular in the region where we have best sensitivity for low Higgs massdiscovery,
i.e. 115{135 GeV, with a ratio of obsened (expected) limit to the SM crosssectionof 10.6( 8.8) for my = 115
GeV. This result is also compared to another WH analysis [16] performed by the D collaboration on a slightly
smaller dataset (0.9 fb 1), and using the evernt selection optimized for single-top [17], which has a higher relative
cortribution than WH in the single-tag channel. Although sud selectionis not optimal for WH, the sensitivity of
that seard is similar to the sensitivity of the \cut-based" analysis described in this note, due to the application of
advancedselectiontechniques, using a discriminant basedon all the available kinematic information, in the so called
\matrix-element" approach. The application of the matrix-element approach on the optimized selection preseried
here, will lead in the near future to a further improvemert in sensitivity.

VI1l. SUMMAR Y

The *+ Bt + 2 or 3jets nal state hasbeenstudied in 1.0 fb ! of data taken between April 2002 and February
2006,to seart for WH production,

We obsene222W + 2 jet everts with both jets b-taggedusing a neural network b-taggging algorithm, which hashigh
e ciency . The production rate of these double b-tagged events is in agreemen with the expectation from standard
model backgrounds, within statistical and systematic errors, both in W + 2 and W + 3 jet ewerts.

The number of everts with a W boson candidate and two jets in which one of the jets has beenb-tagged with a
tighter tagging operating point, and which doesnot belongto the double-tag sampleis 872 for an expectation of 899



122 events. The single b-tagged production rate is consistent with the simulated expectation and the kinematic
distributions of these everts are well described by the simulation.

The total expectation for Higgs production in this analysisamourts to 3.6 events, if my = 115GeV. To seard for
Higgs bosonsof similar masseswe have combined all channels(e; , ST,DT) in W + 2 jet everts, and derived limits
from the invariant dijet massdistributions, usingthe CLs method. We set upper crosssectionlimits betweenl1.1 and
1.4 pb at 95% C.L. (0.9 to 1.2 pb for the expectedlimits) on (pp! WH) B(H ! bb) for Higgs massesbetween
105and 145GeV. For my =115 GeV, the obsened (expected) limit is 1.3 (1.1) pb, to be comparedto the standard
model crosssection expectation of 0.13 pb.
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FIG. 2: Distribution of the pr of the leading (a) and next to leading (b) jet, of the pseudorapidity of the leading jet (c) and of
the dijet mass(d) betweenthe two jets in the W + 2 jet sample compared with the simulated expectation. The simulation is
normalized to the integrated luminosity of the data sample using the expected crosssections (absolute normalization) except for
the W+ jets sample which is normalized on the "untagged sample" to the data, taking into accourt all the other backgrounds.
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"untagged sample" to the data, taking into accourt all the other backgrounds. Also shown is the contribution expected for

standard model WH production with my = 115 GeV, multiplied by a factor 10.
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FIG. 4: a) (b) dijet invariant massin W + 2(3) jet events when exactly one jet is b-tagged. c) (d) same distributions when
at least 2 jets are b-tagged. The simulated processesare normalized to the integrated luminosity of the data sample using the
expected crosssections (absolute normalization) except for the W+ jets sample which is normalized on the "untagged sample"
to the data, taking into accourt all the other backgrounds. The backgrounds labelled as \other" in the gure are dominated
by single-top production. Also shown is the contribution expected for standard model WH production with my = 115 GeV,
multiplied by a factor 10.
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