
1The Tevatron Collider Run 2Prospe
ts for Dis
overies in Parti
le Physi
sGiorgio Bellettini a�aDepartment of Physi
s of the University of Pisa and INFN-Pisa, Italy(on behalf of the CDF Collaboration)The 
han
es of dis
overing the Standard Model Higgs boson in Run 2 at the Fermilab Tevraton Collider aredis
ussed. The rea
h of a sear
h for MSSM Higgs boson and for other Susy parti
les is also mentioned.1. ForewordThe Run 1 of the Tevatron Collider lasted fromfall 1992 to early 1996 and integrated a luminos-ity of �110 pb�1 at the energy of 1.8 TeV forboth the CDF and D0 . The CDF 
entral tra
ker
omprised a drift 
hamber and a vertex sili
on de-te
tor in a solenoid magneti
 �eld. D0 featured a
entral drift 
hamber tra
ker but no �eld. Run1was very su

essful, with great EW, QCD and bphysi
s, and the dis
overy of the top quark.For run 2, whi
h started in mar
h 2001, boththe Tevatron and the CDF and D0 dete
torshave been greatly improved. We are now look-ing forward to a great 
ampaign of physi
s inrun 2 as well, addressing all areas of hard physi
sa

essible at a hadron 
ollider. We will studythe dynami
s of hadron jets, ele
tro-weak physi
sthrough detailed studies of W, Z events, and fron-tier b-physi
s in
luding Bs os
illations and mix-ing. We will also perform studies of the produ
-tion and de
ay properties of the top quark.There is an area extending into the LHCphysi
s domain where we have a 
han
e for newdis
overies. This is the sear
h for the StandardModel Higgs boson, if it is light and not mu
habove the LEP lower mass limit, and the low massse
tor of new physi
s that we believe must existbeyond the S.M se
tor. I will dis
uss in somedetail why these ex
iting hopes are justi�ed.�E-mail:giorgiob�fnal.gov.

2. Could we �nd the Higgs in run 1?The produ
tion 
ross-se
tions of the light S.M.Higgs at 2 TeV in the dominant 
hannels areshown in Fig. 1 ([1℄).The Higgs de
ay bran
h-ing ratios are shown in Fig. 2 ([1℄). The mainprodu
tion me
hanism is single Higgs produ
tionby gluon fusion. For masses below �135 GeV apeak in the in
lusive mass spe
trum of b-jet pairswould signal the boson. CDF has studied thesespe
tra and found no signal, even when the jets inthe pair were both b-tagged by a se
ondary ver-tex in the jet 
one. This is no surprise. The rateof b-pair QCD produ
tion at large transverse en-ergies, both by dire
t heavy 
avor ex
itation andby gluon splitting, is well know theoreti
ally andis many orders of magnitude larger than the ex-pe
ted Higgs rate.The next largest 
ross-se
tion is asso
iated pro-du
tion of a W boson and a Higgs. Asso
iatedZH produ
tion is further down by only a fa
torof 3 but is also interesting. In these pro
essesthe tag o�ered by the weak boson in the event isa powerful handle to dis
riminate against ba
k-ground. Let us estimate whether in run 1 CDFhad a 
han
e of dis
overing the light Higgs by ex-ploiting these produ
tion 
hannels and the Higgsde
ay into �b� b.For MH � 110 GeV the WH 
ross se
tion is �0,2 pb. The expe
ted event rate for an integratedluminosity of 110 pb�1 is a few dozens. Afterallowing for the W/Z bran
hing ratios and fortrigger and analysis 
uts, the overall sele
tion ef-�
ien
y for these events was �1%. Therefore, less



2than 1 event 
ould be expe
ted. The estimatedba
kground rate was many events. Therefore, weexpe
ted not to be able to set even a lower limitto the Higgs mass.
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Figure 1. Standard Model Higgs produ
tion
ross-se
tion at the TevatronIn run 1 CDF looked for the following 
hannels:ZH!ll�b� bWH!l��b� bW/ZH!jj�b� bZH!���b� bThe events were sele
ted by requesting large Etisolated leptons, large missing Et, large Et b-tagged jets. Some ex
ess of events over the ex-pe
ted S.M. ba
kground was found only in the`��b�b 
hannel, whi
h made this 
hannel not veryuseful in setting a lower H-mass limit. The 
han-nel providing the best limit was ���b�b , where therate mat
hed the S.M. expe
tations with no Higgsvery well. The overall information was 
ombinedto get the 95% upper limit on the Hprodu
tion
ross se
tion as a fun
tion of the mass that isshown in Fig. 3 ([2℄).In the range from the LEP limit to MH � 130GeV, our limit is still a fa
tor of 30 or so higherthat the rate expe
ted in the S.M. Indeed, nolimit 
ould be set on the Higgs mass.

Figure 2. Light S.M Higgs de
ay bran
hing ratios3. Run 2 
ollider upgradesFor run 2, major upgrades have been madeto the Tevatron Collider and to the CDF andD0 dete
tors. A new 150 GeV syn
rotron, the\main inje
tor", was built in a new tunnel awayfrom the Tevatron en
losure. The main inje
tor ismu
h faster than the old \main ring" in produ
-ing antiprotons to be stored in the debun
her-a

umulator-re
y
ler 
omplex. The 8 GeV per-manent magnet re
y
ler ring, whi
h is housed inthe same tunnel as the main inje
tor, is also new.At the end of a store, the antiprotons rather thanbeing aborted are de
elerated in the Tevatron andin the main ring and res
ued in the re
y
ler.While the luminosity at the end of run 1 wasaround 1,5�10 31
m{2 s{1 with 6 on 6 proton-antiproton bun
hes in the 
ollider, a luminos-ity up to 2�10 32
m{2 s{1 is ultimately plannedwith the new inje
tor/antiproton sour
e 
omplex.This would be obtained with 36 on 36 bun
hes.At this point in time this is already the mode ofoperation of the 
ollider. However, at 2�10 32
m{2s {1with these beams the average number of in-tera
tions per bun
h 
rossing would be about 5,as one 
an see in Fig. 4 ([3℄). In order to limitthis number below about 2 as in run 1 (see Fig. 4again), one is planning to in
rease eventually thenumber of bun
hes in the antiproton beam to 108,
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Figure 3. Light Higgs 
ross-se
tion limits of CDFin run 1with some 140 bun
hes in the proton beam (leav-ing some longitudinal spa
e available in the teva-tron to allow for beam manipulation). In those
onditions the interbun
h time will be 132 ns. Anaverage of 5 intera
tions per 
rossing would berea
hed only at a luminosity of 5�10 32
m {2s {1that is the ultimate rea
h of the 
ollider.A possible time pro�le of the integrated lumi-nosity (for both CDF and D0) in the future yearsis shown in Fig. 5. Delivering this luminosity isa major goal for the lab. It is un
lear how likelyit is that it will be a
hieved. The experimentersare asking for more.4. Run 2 Dete
tor UpgradesThe CDF2 dete
tor features a new sili
on ver-tex tra
ker with 7 layers at large angles and 8layers at 1 <j � j< 2. A 
entral small-gap Cen-tral Outer drift Chamber (COT) with 48 axialand 48 small angle stereo wire planes ba
ks thevertex dete
tor at larger radii inside the magnetsolenoid. Just outside the COT and still insidethe 
oil a layer of plasti
 s
intillator bars has been

Figure 4. Average number of intera
tions perbun
h 
rossing as a fun
tion of the luminosity.The number is progresively redu
ed with in
reas-ing number of bun
hes in the beams.The �rst hor-izontal line 
orrisponds to 1 intera
tion per 
ross-inginstalled to measure the time of 
ight of 
hargedprongs. With about 100 ps resolution, pions 
anbe separated from kaons with 2� resolution upto a momentum of 1,6 GeV/
. While the 
en-tral 
alorimeters have been preserved, the 
over-age of the 
alorimeter plug at angles below 30ohas been extended down to 3o. In the new plug,plasti
 fast s
intillator towers are now employedas sensitive medium. Liquid s
intillator \mini-plugs" have been added to 
omplete the 
overagedown to the beam pipes. Also the 
overage ofthe outer drift 
hamber-plasti
 s
intillator muondete
tor has been greatly extended.Finally, all front end, trigger and DAQ ele
-troni
s has been 
hanged and made able to workwith a 132 ns 
rossing period. At level 1 (within 5�s), a new tra
king trigger has been implemented.At level 2 (20 �s) a Se
ondary Vertex TriggerSVT signals with � 40 �m impa
t parameter res-olution, tra
ks originating away from the primaryvertex. SVT is a \�rst" in hadron 
ollider de-te
tors. CDF relies on it for getting a greatly
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Figure 5. Estimated luminosity to be integratedby CDFand D0 before the start of LHC(tentative)in
reased sensitivity in parti
ular on hadroni
 b-de
ays.Ex
ept for the liquid argon 
alorimeter, D0will employ a new dete
tor. Most noti
eably,a solenoid 
oil has been inserted inside the
alorimeter allowing 
harged parti
le tra
king upto a radius of �90 
m in a 2 T magneti
 �eld. Thetra
king dete
tor is new, with a 4-layer double-sided sili
on vertex dete
tor followed by a 16-layers
intillating �ber tra
ker. The outer muon dete
-tor has been upgraded with improved 
overageat large angles and a new forward system withstreamer tubes and s
intillator pixels. All ele
-troni
s is new, and 
omprises a stand-alone tra
ktrigger at level 1.One may attempt a qualitative 
omparison ofthe CDF and D0 run 2 dete
tors. CDF has amore powerful 
entral tra
ker, with better pat-tern re
ognition and better momentum resolu-tion, some parti
le ID, and the SVT. D0 hasa more 
omplete 
alorimeter 
overage, a betterEtmiss resolution and a more 
omplete 
overagein the muon dete
tor. The physi
s rea
h of the

two dete
tors may not be very di�erent in thenew run.

Figure 6. Expe
ted required luminosity for CDFand D0 for light Higgs limits/eviden
e/dis
overyin run 25. Can CDF and D0 see the Higgs in run2?The Tevatron 
ollider energy will be � 2TeV.This gives an in
reased VH 
ross se
tions (V=Wor Z) by �30% over run 1. Consider massesaround MH = 120 GeV, where the VH 
ross-se
tion is �0,1 pb. Run 2a is de�ned by a de-livered luminosity of �2fb�1 (hopefully by end2004). By then the produ
ed VH events wouldbe �200 in ea
h experiment. With a somewhatwider trigger band and better analysis eÆ
ien
ythan in run 1 we might be able to 
olle
t �2% ofthese. A few VH events would be observed, butthe estimated ba
kground is more. Therefore weshould expe
t to be able at that point only to seta lower limit to the Higgs mass in this interest-ing range. Still, we would be getting 
lose to thegoal.The Fermilab Higgs Working Group has madean estimate of the rea
h of the 
ombined



5CDF+D0 experiments for Higgs masses up to�190 GeV. This is shown in Fig. 6 ([1℄). Thethree bands indi
ate as a fun
tion of the Higgsmass how mu
h luminosity should be integratedby both experiments in order to rea
h a 95% ex-
lusion probability, a 3� eviden
e, and a 5� dis-
overy. In 
omputing these �gures all VH 
han-nels and the two experiments were 
ombined. In-formation was gathered in the H! �bb 
hannelwhi
h dominates at MH <130 GeV and in theH!WW 
hannel whi
h dominates at MH >140GeV. Two identi
al \average" CDF/D0 dete
torswere simulated. Some reasonable improvementsover the run 1 CDF dete
tor in tra
king 
overage,b-tagging eÆ
ien
y, jet energy resolution were as-sumed.CDF has work in progress in order to make theRun 2 dete
tor appre
iably better than simulatedby the Higgs Working Group. Sin
e jet energyresolution will play a major role in the H! �bbsear
h, we are redesigning our jet re
onstru
tionalgorithm. Rather than using 
alorimetri
 infor-mation only, we are exploiting tra
king informa-tion whenever possible. We shall also exploit theinformation provided by the shower max and bythe preshower dete
tors. On 
omparing the re-
onstru
ted jet energy to the well measured pho-ton energy in 
+jet events of Run 1 we have al-ready a
hieved a better resolution by �25%.In run 1 CDF has been able to isolate a smallsample of 
erti�ed light quark jets by observing aWmass peak in non-b-tagged jet pairs in �tt eventswith 2 tagged and 2 non-tagged jets. Similarly,by observing the Z mass peak in the b-taggedin
lusive jet pair spe
trum we got a small sampleof 
erti�ed b-jets. These pro
esses will providelarge samples in run 2 and they will allow bothto 
alibrate the jet energy s
ale and to optimizethe jet energy 
orre
tions for light quark and forb quark jets separately.Within the S.M., there are indire
t indi
ationsfor a very light Higgs from the overall �t toele
tro-weak observable measured at LEP, SLCand CDF/D0. The Higgs mass is predi
ted to bewith high probability less than � 220 GeV. Thereare also statisti
ally weak but dire
t indi
ationsfrom LEP 2 for a Higgs mass of �115 GeV. Thequestion is therefore in order: 
an CDF/D0 �nd

the Higgs if its mass is pre
isely 115 GeV? Basedon the simulations of the Higgs Working Group,a summary answer is as follows.If the LEP hints are a 
u
tuation, CDF+D0 willex
lude a Higgs of that mass at 95% 
.l. with anintegrated luminosity per experiment of �2 fb�1.If it is there, we will get a 3� eviden
e af-ter �5 fb�1(by 2005?) and a 5� dis
overy after�15 fb�1.My expe
tations are that CDF will be able toperform better than what was assumed in thosesimulations.6. Non Standard Model Higgs sear
hesIn the MSSM the 
ouplings of two of the neu-tral Higgs bosons are enhan
ed at large tan�.This allows CDF and D0 to 
laim an in
reasedsensitivity in that region. By interpreting itssear
hes for S.M. Higgs signatures in this frame-work, CDF has obtained the neutral pseudos
alarMSSM SUSY Higgs limits shown in Fig. 7 ([4℄).

Figure 7. Light MSSM neutral Higgs limits ofCDF in run 1Unfortunately, these limits are in a tan� regionthat is unnaturally high (>50 for mA>115 GeV).However, in run 2 we expe
t to be able to getdown to tan� �25 with �5fb�1 (Fig. 8 ([1℄)).



6 In the MSSM also two 
harged Higgs bosonsare expe
ted. A
tually, �nding these would bethe simplest and most dire
t way to prove thatan observed neutral Higgs is a SUSY one. If theH+ mass is less than Mtop - mb, at large tan�the de
ay t ! H++ b is a strong 
ompetitor ofthe S.M. de
ay. The dominant H+de
ay would beH+ ! �+� at large positive tan�. This wouldoriginate an anomalous � lepton rate in the topsample. CDF has put limits on this pro
ess byex
luding su
h an anomaly. The dominant H+de
ay would be H+ !
s at large negative tan�.These events would es
ape b-tagging. This wastested indire
tly by 
he
king that the ratio of b-tagged top events in the single and in the doublelepton 
hannels is as expe
ted in the S.M.

Figure 8. Expe
ted MSSM neutral Higgs rea
h ofCDF and D0 in run 2 ([1℄)
The CDF MH+ run 1 limits, and the mu
hstronger ones expe
ted in run 2 (with 2fb�1) areshown in Fig. 9 ([1℄).

Figure 9. CDF es
luded mass regions of MSSM
harged Higgs in run 1, and expe
ted rea
h with2 fb�1 in run 2 ([1℄)7. Susy sear
hesCDF has sear
hed for SUSY parti
les with nullresult in the \golden" Etmiss + jet 
hannel, aswell as in several other 
hannels suggested by par-ti
ular models. One may 
hoose to indi
ate theSUSY dis
overy potential in run 2 by showing theplot in Fig. 10 ([5℄). Here one indi
ates with theupper line the limit to the mass on a number ofSUSY parti
les beyond whi
h the theory would beunreasonably stret
hed. This limit ranges fromabout 800 GeV for squarks and gluinos to about300 GeV for 
harginos. The theory most natu-ral values, where the density of expe
ted massvalues with varying theory parameters is approx-imately maximum, is shown at the 
enter of �g-ure. The present experimental limits, althoughsigni�
antly 
lose to the most natural values, are
onsistently below them. In run 2, already with2 fb�1 and even more with 15 fb�1, we will rea
hthem or go beyond them. Of 
ourse, given the
exibility of SUSY there will still be plenty ofroom left unexplored in parameter spa
e to allowthe theory to es
ape experimental veri�
ation.One might re
all a number of anomalies ob-served in the CDF run 1 data and wonder whether
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Figure 10. Most natural value, and upper natu-ral mass values of some SUSYparti
oles are 
om-pared to the CDF rea
h in run 2 with 2fb�1 andwith 15fb�1hints of SUSY have not been already observed.There is a famous ee

 Etmiss event that re-mains unexplained and has prompted an inter-pretation in terms of sele
tron pair produ
tion.A moderate ex
ess of rate was observed in thelarge transverse energy e
Etmiss sample. Veryre
ently, CDF has submitted for publi
ation apaper reporting a puzzling ex
ess of rate at jetmultipli
ities 2 or 3, of W+jet events 
ontaininga large Et\superjet", i.e. a jet tagged both by ase
ondary vertex and by a lepton prong. Noneof these anomalies has suÆ
ient statisti
al sig-ni�
an
e and plausible enough interpretation todeserve the 
redit of a strong hint for new phe-nomena. Still, it is fair to be puzzled. Needlessto say SUSY may not be the real answer. Futurewill tell.8. Comparison with LHCCDF and D0 share mu
h of their physi
s goalswith ATLAS and CMS at the LHC. For StandardModel physi
s the attainable pre
ision will often

be limited by systemati
 un
ertainties in all ex-periments. For example, the error on top quarkmass may be redu
ed to 2 GeV at the Tevatronand it will be hard to do better than 1 GeV evenat LHC. The error on the W mass may be redu
edto around 20 MeV at both 
olliders.However, the potential of LHC for dis
overingnew phenomena is mu
h larger. At the Tevatron,the rea
h on S.M Higgs mass 
annot possibly gobeyond 180 GeV, while at the LHC the rea
h isup to 1 TeV. At the Tevatron, squarks and gluinomasses will be explored up to �400 GeV, while atthe LHC one may rea
h �2TeV, well beyond the\reasonable" range shown in Fig. 10 ([5℄). Giventhis, why are we at CDF so ex
ited? Be
ause in-spite of its limited rea
h, the Tevatron does havea 
han
e. The present pi
ture of parti
le physi
sis telling us that both the Higgs and some newparti
le opening the window on physi
s beyondthe S.M. \ought to be light". And also, frankly,be
ause the Tevatron is so many years in front ofLHC.9. Con
lusionsThe large integrated luminosity potentially of-fered by the upgraded Tevatron in the yearsbefore the start of LHC will make an ex
it-ing physi
s program possible in the next severalyears. Let aside the luminosity, we 
an rely nowon two mu
h more powerful dete
tors than inrun1. This is a very real point of strength of therun 2 Tevatron program.The progress of the Tevatron from spring thisyear has been slow but steady. From this, thereis no reason for being pessimisti
, but admittedlyno parti
ular reason for being optimisti
 as well.CDF will be able to produ
e physi
s qualitydata early in 2002. After that, data will 
ow foryears and years. We expe
t to be able to publishthe �rst papers based on the new data in fall 2002.Shall we make some dis
overy later on? Possi-bly, with lu
k.REFERENCES1. Report of the Tevatron HiggsWorking Group,hep-ph/0010338 (2000).
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