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Abstract. This paper reviews recent measurements by the D0 and CD!? collaborations in 

pfj collisions at the Permilab Tevatron at ,/8 = 1 .96 TeV of W and Z boson production cross 

sections and asynunetries. Results from both experiments for the search of the Higgs boson 

predicted by the standard model in four different decay channels are also presented. 

1 Introduction 

Prod uct.ion of W and Z bosons ill high euerg_y 1rji collisions has been precisely predicted by the 

standard model (SM) . Experimental ml:'.asurements of their production cross sections not only 
allow for stringent. tests of the SM b ut also serve as a means to undcn;tand detector performance. 

At hadron colliders, the hadronic decays of the TV and Z tend to be overwhehned by large QCD 

backgrounds and W and Z signat.Lm.',s can instead be efficiently identified through their leptonic 

decays. This almndant source of high PT leptons also enables one tu understand backgroullds 

for other important physics processes such as those in top, Higgs and SUSY decays. 

:tvlorcover, the Higgs boson is the only particle prrnlicted ill the stand ard model that has not. 

yet been discovered. It is introduced in the SM in order to c.xplain the mechanism of electroweak 

:-;ymmetry breakiug. Experimental collstraillt.s provide-) collsiderablc insight to its mass, which 
is a free parameter in the Sl\J. Direct. searches by the LEP experiments 1 yield a lower limit. of 
114.4 GeV at 95% C.L. on its mass while clect.roweak global fits give a 95% C.L. upper bound at. 

219 Ge V 2 .  Present measurements of the TV and top mass further constrain the Higgs nwss via 
radiative correetions and tend to favor '' relatively light m1iss, placing it within the anticipated 

sensitivity range of present collider experiments. Thus, the search for the Higgs is <lll integral 
part of the physics program at. the Fermilab Tevatron experiments , CDF and DO. 

This paper discusses measurements by CDF aud DO of the vV aud Z productiou cross 
sect.ions in their lcpt.onic decay channel'> and a recent. result of the TV charge asymmetry by DO. 

Higgs searches wit.hill the SM in four d ifferent. decay clmuuds a.rn also dcscrif)ed . I3y the winter 

of 2005-2006, both CDF and DO have each recordccl an intcgrnJcxl lmniuosit,y of over 1 tl)- 1 .  
The n:sult.s prnseut.ed hen: use up t o  0 . 4  £1)- 1 of this dataset. 

2 T'V and Z Production Cr!i)SS Sections 

Leptouic signatures of T,V boson decays are cliarncteri::1ed l>y uu isolntecl , energetic leptou with 
s11bstant.ial missing transverse energy whereas Z boson dccays contain two isolat.ed. energctic 
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Figure l :  Z ->  w• invariant mass disLribuLion for cross section measurements by (a) D0 and {b) GDF. 

leptous of opposite charge. D0 and CDF ea<:h use a very similar selection technique in dct.ect.iug 
electrom; (e) decaying from the VV and Z. Events must initially pass a single or di-electron 
trigger. Offiine, at least one electron with p7• > 25 GeV must lie within the cent.ml fid ucial 
volume of the detector ( 1171 < LO) and , for the iv caudidates, must have fJT > 25 GeV. For 
the 2nd electron from Z candidates, D0 imposes very similar requirements as that of the 1st 

electron whereas CDF increases its electron acceptance to 1171 < 2.8. Using 72 pb-1 integrated 
luminosity, CDF has selected 37,584 W and 4,242 Z boson candidates. D0 luis analyzed a 177 
pb-1 data sample, which yiekl<> 11G,5G9 W and 4,025 Z boson candidat0�"l. The difference in 
number of events is largely due to the different integrated luminosities between the experiments. 

Receutly, CDF has al'>O updated its W ---+ ev c:ross-sectiou measuremeut in the rapidity 
region Ll  < 1171  < 2.8. Using the end-plug calorimeter and the ability to reconstruct 3D track-; 
at large 17 with the SVXII silicon detector, the measurement studies vV reconstruction and 
properties in the forward region. Here, with an integrated luminosity of 223 pb- 1 ,  48,144 W 
boson candidates arc selected. 

For 1¥ and Z bosons decaying to muons (µ) ,  both CDF and DO select events that pass either 
a single or di-muon trigger and offiine, require an isolated track in their muon system matched 
to a track in the central tracking system. Muons from W candidate . .,; must have PT > 20 GeV 
and $'1' > 20 GeV. For Z candidates, CDF selects muons of PT > 20 GeV, both within 1 111 < 1.0. 
On the other ll<:Lnd , D0 requires e.ach muon to satisfy PT > 15 GeV and ta.kes advantage of the 
wider acceptance of its muon chambe.rs by including /L's up t.o 117 1 = 2.0. CDF selects 57,109 
W boson events using a 194 pb-1 data sample �md 9,620 Z boson events from a 337 pb-1 
sample. D0 selects 62,285 W candidates from a 96 pb-1 sample and 14,352 Z candidates from 
a 148 pb- 1 dat.m;ct.. Figure 1 shows t.he invariant mass for Z boson ca.udidates aft.er applying 
selection requirements. The larger number of Dv) events indicatn� the increased acceptance of 
its muon system while the narrower peak in CDF's invariant. mass distribution of muon pairs 
demonstrates the higher CDF tracking re.':lolut.ion. 

CDF has updated its prod uct.ion cross sect.ion 1neasurnuH-n1t. in t.he Z ---+ TT clmllllcl with 
350 pb-1 of integrated luminosity. Since T lepto11s decay a short distance before reaching any 
detector into a) evevn b )  µvµ.Vn or c) hadrons +vn effective T identification algorithms must. be 
used to discriminate between real htns ( cousistiug of either clmrged leptons or narrow jets) with 
backgroimds dominated by jets produced by st.rong· interaction processes. CDF rccom;truct.s T 
caudidlttes a.-; narrow, isolated ep.ergy clusters iu the calorimeter a.>;socitited with charged tnu.:ks. 
Next, 71° information is added such t.J1at. the invariant. mass of t.he 71° and the matched track­
cctlorimeter cluster is consistent with the T ma.':>s. 

Reconstructing Z --+ TT candidates, CDF uses the channel where one T decays into an 
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dect.nm 1uHI the other decays lmdrcmically. Evcut. sdrn:t.ious iuitially require oue good quality 
isolated electron with E'f. > 10 GeV aud oue lwdrouic tau cand idate with EJj. > 15 GeV, both iu 
the ceut.ntl part of the detector, lrte,rl < 1.0.  Iu order t.o supprc?ss QCD and TV +jct backgrouuds, 
evcut topology cuts are imposed . Figure 2 shows the t.rnck multiplicity dist.rihutiou for observed 

hadronic taus and the expected backgrounds. A total of 504 Z -> TT candidate events pass the 
selcctiou requireuwuts with a 37% QCD IJackground estimate. 

After all event selections, CDF and DO calculate the product of vV and Z prod uction 
cruo;s sections aud l irnuchiug ratios (CT x BR) for each leptouic dewy mode. The n�o;u lts am 
suillmari:.::ed in Table 1. At. present, the accuracies arc limited primarily by systematic effects 
exteuuing from a) lepton i(hmtificatiou (for e, 11: �1-2%, for T: �3-4%) ,  b) use of PDF (�1-
2%), aud c) background estirrwtion (for e, µ: < 1%, for T: �4-5%). Iu geueral, the CT x BR 
measurement uncertainties are dominated by the uncertainty on the luminosity measurement., 
which is 6.0% (CDF) aud 6.5% (D0 ) .  All mec�'iurerneuts are iu agreement with NNLO theoretical 

calcnlatious 3. Usiug the ratio ow x BR/CTz x BR, ouc cau extract the total width of the T.V 
brn;ou, ftj;!. Both the CDF and DO n��ult , also listed iu Table 1 ,  are in agreement with the Std 
value. Moreover, the CDF rc�'.>nlt for CTiv x BR(vV -> e1/) at forward rapidities is also consisteut 

with their meao;urement in the central region. The CDF vV -> ev and Z -> ee nH�>L�memcnts 

with the 72 pb-1 data have been p ublishcd 4 .  D0's uz x BR(Z -> TT) measLu·ement, also given 
in Table 1, ha� been published 5 .  
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Figure 2: Track multiplicity distribution ror a tau candidate in Z � TT events at CDF . 

3 W Production Charge Asymmetry 

Many electroweak measurements such as the VV mass measurement. ;it. lrn,(Jron colliders depend 

011 the theoretical calcuhition of the l'V cl.ml Z cross sections or their transverse morne11tmn 
distribut.ious. At. present, the precision of t.lwsc (jlHL!lt.it.i('S is limit.eel by t.lw 11uwrt.ai11t.ies in the 
part.on distributio11 functions (PDFs) used in these cctlculations. Studies of the W productio11 

ch<Lrgc asy1I1rnet.ry prubn� PDFs and can help provide new PDF const.raiut.s. 
In a pp collider , the primary production mode of Vf!+ i>osous is ·u + <L -> w+. The u qum·k 

carries more momcnt. 1 1m than the cl q11ark causing the Hi+ boson t.o be boosted in the proton 
dircct.iou aud silililarl)', t.lw w- boson is boosted iu the aut.i-prot.011 d irect.iou. This rc-':mlts iu 
a forward-backward charge asy1wnctry in the rapidity distribution for positive and negative TV 
bosons . Since the longitudinal c�Jmponent. of the neutrino from the lY cannot. be measmed , the 
four momentmn of the l..V cannot be fully reconstructed . Alteruat.ively, the olJservalJ!e ((Ucllltity 
is the lepton (I') charge asymmetry, which is a com·olut.ion of the H/ prod1 1ction asymmetry and 
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Table 1: Su111111ary of Tevatro11 aw.z x 131? allcl indirect. l 'if! measurements. 

ow,?- x BR ± stat ± sys ± Lum (in pb] 
u £dt) 

D0 CDF 
TV ---+ µv11 2989 ± 15 ± 81 ± 194 278G ± 122:55 ± lUG 

(9G p/)- 1 )  (104 pb- 1 )  
z ---+ 11µ 291 ± 3.0 ± G.9 ± 18.9 2Gl.2 ± 2. 7!�:� ± 15 .1  

( 148 pb- 1 )  (337 pb-1 )  
W ---+ CVe 2865 ± 8.3 ± 76 ± 18G 2780 ± 14 ± GO ±  167 

( 177 pb-1) (72 pb-1 ,  central) 
2815 ± 132:89 ± 169 

(223 pb-1 ,  end-plug) 
Z -->  ee 264.9 ± 3.9 ± 9.9 ± 17.2 255.8 ± 3.9 ± 5.5 ± 15.4 

( 177 pb-1 ) (72 pb- 1 )  
a w  /az ± stat ± sys 10.82 ± 0.16 ± 0.28 10.92 ± 0. 15 ± 0.14 

=> r('{f => 2098 ± 74 MeV => 2079 ± 41 MeV 
SM Theory (r\'{f) 2092.1  ± 2.5 MeV 

W ---+ TVT - 2620 ± 7.0 ± 210 ± lGO 
(72 pb-1 )  

Z -->  TT 237 ± 15 ± 18 ± 15 265 ± 20 ± 21 ± 15 
(226 pb-1 )  (350 pb- 1 )  

the V-A decay o f  the l·V. Since the latter is well understood, the charge asyllllllet.ry fact.ors into 
·u and d PDF, defined by 

A(1Je) 
= 

da(f.+)jdr1 - da(e-)/d17 � d(x) 
· da(f.+)/d17 + da(f- )/d17 u(x) (1 )  

D0 h ws  recently rne.asured the W charge t1sy11m1et.ry i n  the lV --> µ v  ch<mnel vvith a 230 
pb-1 sample of data. Since the phase space for the measLu-ement at tree-level is limited by the 

rnuge of TiV boson rapidity that can be recoustructcd, widest ·17 coverage is <�o.;scutial. The large 
rapidity coverage of the DO muon d etectors together with forward muon triggers enables the 
<L'>ymrnetry to be 11icas1 1n�d up to l r1I = 2.0. Eveut. sdectious require a single isolated mu�n •'rith 
large missing transverse cncrg,y from the neutrino, similar to those used iu the TV ---+ JW cross 
sect.ion mcasmcmcnt. Proper charge identification is critical for the meas1 1rement; DC:) imposes 
track quality requirements to improve the charge-id rntc alHI measurns the mis-id probability 
at 0.01 % for 1111 � 2.0. Figure 3a shows the measured muon charge asymmetry distribtLtion 
corrected for background effects. At large rJ, the wcasurernent is statistically limited , and i11 
order to improve the st.atistical uncertainties, the asymmetry is CP folded , as shown in Figme 
3b. Also overlaid iu Figure 3 arc the lv1RST02 PDF crn1trnl value 6 and the CTEQ6. 1M PDF 
±la error bands 7 . A comparison betwee11 each indicates that DCc? 's result can be used to help 
co11strnin future PDFs. 

4 SM Higgs Searches 

Tevat.ron searches for the Higgs �H) boson expected within the standard model rely on two basic 
search strategics. For light mass Higgs (Jo..JH < 135 GeV) ,  the dominant production mode is via 
gluo11 fusion, where the Higgs subsequently deca�·:> into a bb jet final st<i.te. Since this mode tends 
to be overwhelmed with multijet backgrounds, the search instead look� for the Higgs prod ttced 
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in association with either a W or Z boson. The final st.ate wnsist.H of leptonH from the Hf or 
Z in addition to two b-jets from the Higgs. Such analyses exploit efficient lepton identification 
and b-tagging tedrniques. For higher mass Higgs (lvIH > 135 GcV) , searches whid1 give the 
most. sensitivity co11ce11t.rnte on Higgs production via gluon fusion and its decay into two gauge 
bosons, primarily WW. The studies hinge cu-ound reconstruction of leptons from the WvV. 

4 . 1  W H --> lvbb Search. Clwnnel 

CDF and DO use very similar methods t o  :'l<:arch for the associated production of the Higgs 
with a vV boson. D0 stud ies the channel W H --> cvbb. Meanwhile, CDF not only studies 
the electron channel but also focuses on W H __, µvbb. The experimental signature requires 
a final state with one high Er lepton (DO: Ef > 20 GcV, CDF: Ef > 20 GeV or p�, > 20 
GeV) , two b-jets, and significant missing transverse energy (D0: 11-r > 25 GeV, CDF: 11-r > 20 
GeV). CDF sclect.s events with at least. one tagged b-jet while D0 imposes a tighter condition 
where the second b-jet must also be tagged. The domiucmt. backgrounds to W H production 
arc from vV +heavy flavor, tf., and single-top quark product.ion. Using a dataset. of 382 pb-1 at 
DO and 319 pb-1 at CDF, each experiment looks for a resonant mass peak iu the dijet mass 
spectrum, as shown in Figure 4. In order to limit. t.hc Wbb background contrilrnt.ion, the search 
is restricted to opt.imi11.cd bb i11varia11t. ma.�s int.ervalH, which vary with the Higgs masses studied . 

For Af11 = llG GcV, DO observe:-; 4 events iu a dijet mass window of 85 < Albl> < 135 GcV, aud 

tlw expc)ct.cd SM backgrouud iH 2.37 ± 0.59. Similarly, CDF observes 14 events with a 14.G2 ± 
3.25 expected background. Across t.he different. Higgs masses, both experiments find the signal 

to be consistent with the expected backgrounds and set 95% C.L. upper limits on the cross 
section O'WH x DR(H � bb) at 7.6 to 6.9 pl> (DC-.1) �md 10 to 2.8 pl> (CDF, single b-tag analysis) 
and 9.7 to G.G pb (CDF, double b-tag analysis). The results arc shown in Figure 5.  

4 . ,8 ZH --> vDbb Semd1. C!wnnd 
Because of the large Z � vD and H ---> bb branching ratirn . one sensitive way to search for a 

light Higgs is its associated prod uct.iou with a Z iioHotL At low imtsscs, the prod 1 1ct. of cross 
section and br�nching fraction i\cxpected to be on the order of 0.01 pb and comparable to that 

of W H --+ f'vbb. Since the two b-jets from the Higgs boson decay <HC boosted along the Higgs 
rnorneutmn direction, the fina l state contains a distinct sig1wture of acoplanar jets in contntst. 

to typical back-to-back QCD dijcts. The main back?;rotmds arc from TF/ Z +jets, electroweak 
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d i l Josou (lV Z aud Z Z) prod 1 1dio11, and t[ processes wlwrn the lcptou or jets escape . .tvfultijcts, 
where the j ets are rnisrneasured aud/or misidentified, domim1te <lS iustrume11tal backgTotmds 
aud contrib11tc to the rnissiug trausverse eucrgy illeasurerneut. 

The D0 eveut selectious that help separate the signal from backgTound require two b-t.c1gged 
jets with P'l' > 20 GeV, l/J'r > 25 GeV, no back-to-back event topology, and no isolated tracks in 
the event. The last three co11ditious suppress QCD rnultijet and Hl/Z+jet l >c1ckgTound eveuts. 
Additional track and asymmetry cuts developed using variables such as the vect.or stun of the 
PT of all tracks, $'1' , and HT (the scalar stun of jet PT) reduce the instrumental backgro11nds. 

Event selcetions by CDF consist of two b-jet.s , each with Er > 25 GcV, and at most a 
third soft jet, which cc1n be radiated off by 011e of the b-jets. ·while D0 requires both jets to 
be tagged, CDF selects events with at least one b-tagged jet. Further, in order to limit the 
effect of jets or leptons being misrncasure<l, a /Er > 70 GeV couditiou is imp osed . The d ata 
is subsequently divided into two control regions to understnud the backgn)unds: I) events with 
no high-PT isolated leptons and azimuthal angular separation between the second leading jct 
and .flT, cp(2n.d jet, $1') <0.4 and II) events with at. least one lepton or isolated track and ({!(2"d 
jct, $,r) >0.4 . Region I is dominated by QCD multijet events and Region II contains top and 
electroweak backgrounds. After COlllparing the data from these control regions to the simulated 

SM backgrounds, selectio11s arc optimized using variables defined by the Er of the leading jet, 
Hr, aud the angular separation betwee11 the leading jet and .flT· 

Both D0 (using 261 pb-1 dataset) and CDF (using 289 pb-1 dataset.) search for a peak 
iu the dijet invariant. mass distribution. Since no significant excess is observed over expected 

backgrounds, 95% C.L. cross section upper limits are established at CYZ!J x BR(H --+ bb) of 
7.7-12.2 pb for Higg-s ma:-;scs between 105 aud 135 GeV (D0) and 4.5-5.45 pb between 90 and 

135 GeV Higgs masses (CDF). These results also appear in Figure 5. 

4.3 H ---+ WW<*l Search Channel 

Standard model Higgs search in H --+ WvV<*l , which subsequently decays into three final states: 
e+e- , e±µ"f", and µ+µ- is the dominant production mechanism for higher mass Higgs. Such 
events are triggered by the pre.'lence of isolated, oppositely chc1rged single or d i-leptons. However, 
a Higgs search in this channel contains an exhaustive list of backgrounds: electroweak diboson 
(vVW and TVZ) production, Z/'y*, Z Z ,  where 011e or two leptons ttre respectively rnisrneasured , 
mult.ijcts and vV +jets, whe,re the jets arc misidentified as leptons, and t[ production. 

vVithin this clmnnel, both CDF and D0 use a very similar search strategy that is ba:-;ed on 
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0 ..... prt .. _,. 
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Figure 4: llijel invarianl mass dislriuulion for lliggs searcl1 in \\ 'Ii drnrmel Gy (a) ll0 and (G) CDF. 
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Figure fi: S ummary of standard model Higgs boson searches at the Tevatron. Shown are the 9fi% C.L. production 
cross section upper-limits as a function of Higgs rnas5cs measured by CDF and D0 across di fferent Higgs channels. 

the WW decay topology. Due to the scalar nature of the Higgs, the two charged leptons from the 
W are emitted in-parallel with small azimuthal angular separation (.6.<pu < 2.0) between them, 
and in contra.�t to the standard back-to-back rnultijet background. Moreover, from W-helicity 
conservation, the lepton syst.em and the neutrinos are emitted mostly back-to-back, which allow 
the dilepton invariant mass to be constrained to ll!fH /2. Selections based on two oppositely­
chargG'<i high PT leptons, large ,Er from the v's, .6.<pu, and dilepton invariant IIJ.a8S become 
>Ul effective method in disc:riminating a Higgs signal from backgrounds. Once the sek'(,t,ions 
have been optimized, the mnnber of events observed by each experiment is consistent with 
those expected from backgrounds. As s1lllllilai:i:i:ed in Figure 5, 95% C.L. prod uction limits are 
therefore extracted for different Higg-s IItasses. The limits are from a combination of all three 
decay channeL5 using integrated luminosities of CDF: 360 pb-1 and D0: 325±21 pb-1 (e+e-) ,  
318±21 p b - 1  (e±µ=F) ,  am! 299±19 pb-1  (µ+µ - ) . The DC) result has been publishe<l 8 •  

4-4 W H -+ WWW<*) Search. Clwnnel 
The search for associated Higgs product.ion vic1 the cha1111el vV H -+ vVvVHl(•) -+ e±vf'±vqq 
is more promising than direct Higgs product.ion, H -+ HiVf/(•) , as it rcquir<'B like-sign Jept.ons 
aud therefore, avoids large SM backgrounds from elect.rowcak dibosou and ti prod uct.iou, which 
contain oppositely charged leptons. Iustead , the primary physics background is from vV Z -+ 
fvff, where oue of the leptons from t.lw Z is lost. Iustrumeut.al backgrournls that c:outribut.e 
non-negligibly to this mode arc a) dominated by mismea.·mring the charge of one of the leptons 
iu Z/'Y* -+ ff decays (oft.en referred tu a.-; "charge flips" at. DO) and b) QCD processes, which 
contain scmilcptonic heavy fiavor decays, p1 1nch-through hadrons misidentified as nrnons, or 
'Y -+ e conversions. 

\Vit.h 363-384 pb- 1 dataset., DO selects an event. containing like-sign ee, eµ, and µµ can­

didates with PT > 15 GeV per lept.011 aucl f'I' > 20 GeV. Track quality cuts arc imposc<l to 
reduce the charge fiip probabilitx. The background composition differs among the three chan­
nels. Because of the improved .ftr measurement in the ee cha.nnel, the Jlr c11t is very effective 
iu reducing QCD and charge fiips a11d thus, the cc cha11nel is dominated by the vVZ physics 
background . In contrast , charge fiips dominate the tiµ channel (where Z/�1• -+ fl:' produetion 
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is sig11ifica11t) c"t11d QCD co11trilrnte largdy t.o the eµ. dia1111cl. No11et.lwlcss, DO observes 1 ee 
event, 3 eµ events, and 2 µµ events, all which are in agreement with the expected backgrounds. 

CDF's pre.':>eut a11alysis based 011 a11 integrated lumi11osity of 19-! pb-1 sterns from simple 
techniques that require isolated like-sign leptons but do not. use explicit selections on the signa1 
such as J!Jr and oth0..r topological cuts. Inst.cad , the data is divided into a signal a11d a series 
of tontrul regions determined by the magnitude and -.:ector sum of the first cmd second leading 
lepton PT· No events are observed in the sig11al region, while the total backgrouud is expect.ml 
to be 0.95±0.80. 

Again, Figure 5 shows the 95% C.L. upper lilllits on the cross section as a function of d iffere11t 
Higgs masses. Since no sigmd-specific cuts are introduced in the analysis, the present CDF result 
is conservative for the Higgs search. However, 011ce further opt.imizat.io11s are clone, seusit.ivity 
in this production mode seems very promising. 

5 Conclusion 

Using a fraction of the 1 fb-1 integrated luminosity, CDF and DO have measured the product of 
cross section and branching ratios in the cliffere11t lept.onic: duumels of JiV and Z boson p1ucl uction 
and all results are in agreement. with standard model expectations. The nwasurements a.Isa lay 

the fou11datio11 for understanding not only the detector response but al'lo backgrounds for other 
important physics processes. 

Moreover, both CDF and D0 have searched for the Higgs boson predicted in the standard 
model across a comprehensive set of search channels. In the absence of signa.!, each experiment 
has established 95% C.L . croRs sect.ion upper limits. However, the analyses are presently trying 
to rcad1 the sensitivity outlined by the 2003 Higgs Sensitivity Studics9. In particular, the c Lirrcnt 
results from the Tcvatron indicate the expected sensitivity has not been reached typically by a 
factor of 2-3. Several approaches such as optimizing analyses technique.5, adding or combining 
search channels, and combining results from ead1 experiment will help bridge the gap between 

the current limits and those predicted by the Sl'IL Indeed , studies implementing some of these 
methods arc ah-cady 11nd0.rway as are Higgs searches using the full I fb-1 of collected data. The 
Tevatron experiments look forward to the prospects for a light mass Higgs discovery with 4-8 
fb-1 of integrated luminosity. 
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