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¢ Introduction

* The present and future Hadron Colliders
- The status at the Tevatron
- The LHC machine

* QCD and Electroweak Physics
- Jet production
- W- and top-Quark mass measurements

* Search for the Higgs Boson

e Search for New Phenomena

Results from the LEP precision measurements

Winter 2003
Measurement Pull  (O™™_QM/cme=
3210123

m, [GeV] 91.1875+0.0021  0.02
I,[GeV]  2.4952+0.0023 -0.36 o
ol bl 41.540£0.037 1.67 ==
R, 20.767 £0.025 1.01 -
AY 0.01714 £0.00095 0.79 =
A‘(PT') 0.1465 £ 0.0032 -0.42 L
R, 0.21644 0.00065 0.99 -
R, 0.1718+0.0031 -0.15
A% 0.0995+0.0017 -2.43  m—
A2 0.0713£0.0036 -0.78 =
A, 0.922+0.020  -0.64 =
A 0.670+0.026  0.07
A(SLD) 0.1513+£0.0021  1.67 =
sin®0P(Q,) 0.2324+0.0012  0.82 =
my [GeV]  80.426 +0.034 S Filr =
T, [GeV] 2139+0.069  0.67 =
m, [GeV] 174.3£5.1 0.05
sin0,(VN)  0.2277+0.0016  2.94 =

3-2-10123

Incredible precision,

but the Standard Model is still alive......

W-mass depends on top-quark mass and
Higgs boson mass via radiative corrections:
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Results of the precision el.weak measurements:
(LEWWG-2003):

My = 91 (+58) (-37) GeV/c?
My < 211 GeV/ic2  (95% CL)
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SUSY is still not found....

With LEP Combined results
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In the MSSM the mass of the
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The role of Hadron Colliders: Discovery machines
energy — explore the TeV range
Precision  (SM tests, large rates)
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Physics at Hadron Colliders

Dominant hard scattering cross section:

,QCD Jet Production“ quark/gluon scattering
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Cross Sections and Production Rates

Fermilab SSC

CERT l LI-*ICl

Rates for L = 1034 cm2 sec': (LHC)

: * |nelastic proton-proton
reactions: 10° /sec
1 mb—
. B =, | * bbpairs 5 10%/sec
S - B |- tt pairs 8 /sec
(] ‘g
o 1wbl- O
o i e [*Wsev 150 /sec
£ o~ «Z —ee 15 /sec
= 5
O 1nb- g |- Higgs (150 GeV) 0.2 /sec
- g » Gluino, Squarks (1 TeV) 0.03 /sec
| ]
1 pb
L Interesting physics processes are rare:
= high luminosity,
; ; = extremely challenging detectors
v§ TeV (to suppress the huge backgrounds)
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The Tevatron collider at Fermilab

Proton-antiproton collider

x1992 - 1996: Run |, 2 experiments
CDF und DO, Vs = 1800 GeV
fLdt=125 pb-

»1996 - 2001: Upgrade program
Machine: new injector
Antiproton recycler
(under commissioning)

+ Detectors

ssince March 2001: Runll a,
Vs =1960 GeV, 2 fb!
* 2006 - LHC: Run I b,
Vs =1960 GeV,  10-20 fb"'
0.8 » 5x10%2cm?2s
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Tevatron accelerator complex

FermilabTevatron Accelerator With Main Injector

Accumulator (8 GeY)
Debuncher (8 Gev)
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New for Run II:

Main injector (150 GeV proton
storage ring) replaces main ring

New permanent magnet storage
ring for anti-proton accumulation
(under commissioning)

Increased center-of-mass energy

(1.8 = 1.96 TeV)

More bunches
(6 = 36, 396 ns crossing time)

K. Jakobs Cracow Sch

ool of Theoretical Physics, Zakopane, Poland, June 2003

Inteqrated and peak luminosities
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Peak luminosity
Run Il goal: 5x10%2 cm2 s
Run Il maximum: 4.1 x 103" cm2 s
(to date)

Run | maximum: 2.4 x10% cm2 s
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* Luminosity Goals

Short term Long term
300.0 .
. 18
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0.0 ‘ ; :
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Date ~ 9 -15 fb" by Sept. 2009

(The plan is currently being reviewed,
>200 pb' by Sept. 2003 a revised plan will be submitted
to DOE in June 2003)
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CDFIl Detector

m -1 END WALL
207 Time of Flight oo nADRON o Retained from Run |
i S Solenoid (1.4 Tesla)

Py
\d

Central calorimeters
Central muon detectors

/
1] |
\4

7

New in Run Il

Tracking system
Silicon vertex detector (SVXII)
Intermediate silicon layers

=20

END PLUG HADRON CALORIMETER

==’ n=30 Central outer tracker (COT)
I End plug calorimeter
0 LI LI U L L L L B RN Timeofflightsystem
0 / 5 V\X 15 2.0 25 30 m
Front-end electronics
Inner Silicon Intermediate Silicon Trigger and DAQ systems
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Tracker Performance
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65+ 4 pb”" February 26th 2003 CDF Run 2 PRELIMINARYI

45l Doy Yield: 65 + 20 events D, Yield: 40 + 10 events
Uncorr. Mean: 5160 + 20 MeV/ Uncorr. Mean: 5360 + 5 MeV
Sigma: 67 +21MeV Sigma: 20 +4MeV

B> D'n
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Trigger and DAQ

Data on tape:
~ 160+ pb1

7.6 MHz Crossing rate tnctcnpicomntiss on ol cata)
132 ns clock cycle Rate at

Dataflow of CDF "Deadtimeless"
Trigger and DAQ

L1 Storage L~3x10%3 cm2s-1
Pipeline: Levell:
42 Clock Cycle F 7.6 MHz Synch. pipeline :
Deep Trigger) 5544ns latency Calorimeter energy
L1 Acceot <50 kHz Accept rate Central tracker
ccep
12 kHz Muon stubs
Level 2:
L2 Buffers: ‘:D L2 | Asynch. 2 stage pipeline Cal Energy'traCK match
4 Events Trigger) .20 s latency - E/P, EM shower max
300 Hz Accept Rate Silicon secondary vertex
250 Hz y

Multi object triggers

Farm of PC’s running
- fast versions of
50 Hz Offline Code = more
sophisticated selections

L1+L2 rejection: 20,000:1
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D@ Run Il Detector

Retained from Run |

Forward Mini-drift I:I | Forward Scintillator .
chambers  Jow SAORAR, = . LrAr calorimeter
i X SR = N Central muon detector
L TR\ i = /Y | Muon toroid
Sl;ieldi‘ng

New for Run Il

m) o

Inner detector
(tracking)

Preshower detectors
Forward muon detector

’NewSo]enoid,TrackingSystem [ R S R Ll

Si, SciFi Preshowers H s 10 Front-end electronics
+ New Electronics, Trig, DAQ ‘ Trigger and DAQ
K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

The Upgraded D@ Tracking Detector

Calorimeter
|

=—Central-Prest

Solenoid e

Fiber Tracker

50 cm
\

Luminosity

%/%4 F' “Silicon Tracker Monitor

- et TR e

Average B lifetime (B — J/y + X)

DO Run Il Preliminary

+ First time charged particle tracking £y o
added to a major “non-magnetic” g 3 ssirans e
d eteCtor ' u 102 m— Signal+background

Ag =492 +37 um
416 + 30 signal events

— 2T solenoid )
— >100K scintillating fibers
— >700K silicon strips '
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Proper decay length (cm)

&
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DO Detector

Fiber Tracker

-S

Silicon Detector
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Trigger and DAQ

DO Monthly Data Taking Efficiency 19 April 2002 - 19 April 2003
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Track and vertex triggers  DAQ efficiency improved significantly,
integration underway running routinely at ~85% now...
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The “Luminosity Lift” Run II Physics Program

* b Higgs signal @ my = 115 GeV
® 3 Higgs signal @ my = 115-135, 150-175 GeV
* Reach ultimate precision for top, W, B physics

New physics panoramas
open up each time we
take the “Luminosity Lift”

* 30 Higgs signal @ my = 115-125, 155-170 GeV

# Exclude Higgs over whole range of 115-180 GeV

* Possible discovery of supersymmetry in a larger fraction
of parameter space

}) ® 3¢ Higgs signal @ my = 115 GeV

s Exclude SM Higgs 115-130, 155-170 GeV

® Exclude much of SUSY Higgs parameter space

* Possible discovery of supersymmetry in a significant
fraction of minimal SUSY parameter space
(the source of cosmic dark matter?)

e Measure top mass £ 3 GeV and W mass + 25 MeV

¢ Directly exclude my =115 GeV

2Ll e Significant SUSY and SUSY Higgs searches

* Probe extra dimensions at the 2 TeV (10-12 m) scale
* B physics: constrain the CKM matrix

* Improved top mass measurement

* High py jets constrain proton structure

* Start to explore Bs mixing and B physics
* SUSY Higgs search @ large tan [

* Searches beyond Run I sensitivity

Each gain in luminosity yields a significant increase
in reach and lays the foundation for the next steps




The Large Hadron Collider (LHC)

* Revised Time Schedule:

Dec. 2006 Ring closed and cold

Jan. - Mar. 2007 Machine commissioning

Spring 2007 First collisions , pilot run.
L=5x10%2 to 2x103 cm=2 sec,

<1 fb!
Start detector commissioning,
~105Z — 1/, W — /v, tt events

June - Dec. 2007 Complete detector commissioning,

low luminosity: L =1x10% cm2sec

Physics run 10 fb'/ year
— 2009 L=1-2 x103%4, 100 fb* per year high luminosity: L =1x10% cm2sec’
(high luminosity LHC) 100 fb! / year
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Detector Requirements

* Good measurement of leptons and photons =

momentum range: ~ GeV (b = 1vc, H-HH)
~ TeV W —>1v)

lepton energy / momentum scale: 0.1 % — 0.02%,
large statistics for calibration, Z — ¢/,
m is close to myy

* Good measurement of missing transverse
energy (Eqmss ) ™2y,
and {\
Jet energy measurements and jet-tagging in forward region

= calorimeter coverage downton ~ 5
Jet energy scale: 1% (relevant for my,,, SUSY)

* Efficient b-tagging and t identification (silicon strip and pixel detectors)

» Fast (25 ns bunch crossing) and rad. hard detectors and electronics
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The LHC Experiments

ATLAS CMS

CMS
A Compact Solenoidal Detector for LHC

Total weight  : 12,500
al
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ATLAS and CMS detector construction

=
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QCD Studies

& E NLO QCD (JETRAD)
« Jet production cross section s'E Cone R=0.7, In| < 0.5
10
10‘2;
. . . . of \s = 1.96 TeV
(significant increase of cross section with 107
. 10"
energy; factor 2 for P(jet) = 400 GeV / c) o E-teTev
10‘?
10"%7
05 Y
100 200 300 400 500 600
p; [GeV]
« Test of perturbative QCD in W/Z production
(NLO corrections, constrain the PDFs)
« Better understanding of the experiment
— efficiencies, backgrounds, luminosity
— use these signals to tune triggers & algorithms
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nb/GeV

Reminder: CDF Inclusive Jet Cross-section in Run

Vital to understand QCD in order to perform precision/search physics
(DATA-THEORY)/ THEORY

Inclusive Jet cross section 150 -
Run 1 inclusive jet cross section os | CDF Preliminary
\ ) N o | Run 1B (87 pb™)) e
0 ® 1994-95 F with run 1A results ov arl%
[ \\- O 1992-93 L
1 %, § NLO QCD.CTEQ3M /élle Et/2

F ' NLO QCD prediction (EKS 50 T -
0’ \ cteqdm p=E/2 R_, =13 ol / . l % 77777 b
10'27 ; Qe + + T

S OW o =|/

L i \\_/
't \ \ = [ Statistical errors (n17
10-5; Statistical Errors Only \\ ) s ; /
10'5750‘ T o0 150 200 250 300 850 %00 . [;‘ ‘ ‘so‘ - ‘100‘ - 150‘ - ‘zoo‘ ‘ 254 - 300‘ ‘ 350‘ ‘400‘ 450
Transverse Energy (GeV) Transverse ffnergy (GeV)
Consistent over 7 orders of magnitud deviation at high Et
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Possible Standard Model explanation

. Quark/Gluon Contributions to Cross Sction Ru n 2 - more h ig h Et iets:
Leading Order QCD (MRS0’) TeSt QCD at hlgh Et
! n,=n,=0

GG Gluon-Gluon Scattering

w39 Quark-Quark scattering Discriminate between new physics
and gluon PDF

> 10°
o4 U] CDF Run Il Preliminary
E 10 Integrated L = 85 pb"I
02 _g :|1 D1« mDetl < 0.7
m'—1°_2 JetClu Cone R=07
° 210 New bins for
ransverse Lner; Ol ND
B fnerey w10, un 2
10
10° & « RunlliData
i 10° & — GTEQ 6.1 Uncertainty
Important gluon_gluon and 10”7 £ [+ 5% Energy Scale Uncertainty
N K o e T R R EA S B
gluon-quark contributions at high Et | ™ o " 100 200 s;0 40  so0 oo
a Inclusive Jet E | (GeV)
Gluon PDF @ high x not well known. T
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Main systematic uncertainty: Jet Enerqy Scale

§1.6 Jet Response vs Jet Energy (R = 0.7 Cone) B Jet Response:
' :
i ®* measure response of particles
19 making up the jet
I - use photon + jet data - calibrate
i ; jets against the better calibrated
I o —F EM scale
0.87 i/r/
0.6/ -
DO Run Il Preliminary
04— %5 100 150 200 250
E (GeV)
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Jet Energy Scale

+ Main corrections:
— Subtraction of offset energy not originating from the hard scattering

—use minimum bias data (only requirement is an inelastic
interaction) to extract this

— Correction for jet energy in/out of cone

—detector effect of jet calorimeter energies showering out of
cone or different jet showering energy into cone

— corrected with jet data + MC

« Current level of uncertainty
— 9% for central jets between 50-200 GeV
— Dominated by response measurement
+ statistics
* electromagnetic scale
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DO0-Run Il inclusive Jet Cross Section

Inclusive Jet Cross Section

[N
T

=10 -
% ; D@ Runll Data, L, =34 pb’
- _NLO CTEQBM, R_ =13, iy =i, =L
o B i sep 'FI’LR_I’LF_ 2
= .
=10 — Finally...
[ =
= [ after all corrections
=10 | ;
b F Cone Algorithm
©
>4 L Reore =0.7
10"L
In|<0.5
-2
107}
af " D@ Run II prellmlnary =
i1 L i

100 150 200 250 300 350 400 450 500 550
Jet Transverse Momentum [GeV / c]
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Comparison with Theory

— Fully corrected inclusive jet cross section

Inclusive Jet Cross Section Inclusive Jet Cross Section
S25 £a5[
g [ D@ Run Il preliminary 2 [ D@ Run Il preliminary

5 | ol E

s ,f NLOQCD 5 f NLO QCD
2 [ 2_

8 i (JETRAD) a j (JETRAD)

. CTEQ6M i MRST2001
1.5 1.5

B max : Emax

Rsep=1'3’ U.R=U.F=TT C Rsep=1.3, Hg = Hg = ;

a 100 150 200 250 300 350 400 450 500 550 d 100 150 200 250 300 350 400 450 500 550

Jet Transverse Momentum [GeV / c] Jet Transverse Momentum [GeV / c]
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W and Z production

Number of detected W-bosons:

% ::67 B UA1 (elec) UA1 (muon) MLEP Il (total)
g mf MUA2 (elec) BCDF (muon)
§ 104 CDF (elec) D@ (muon)
% 108 D@ (elec) : _
wW(Z)
: p4.=
s265  oess 8890 w293 9499
Years of Collider Runs (SPS, Tevatron and LEP Il)
Tevatron: expected rates for 2 fb: 3MioW — fv events
LHC: expected rates for 10 fb': 60 Mio W — £v events
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W/Z — ev/ee event selection

Trigger:
e L1: 1 calorimeter tower > 10 GeV (or 2 > 5 GeV)

» L3: Electron candidate > 20 GeV, shower shape cut

Electrons

« Isolated EM Cluster in the Calorimeter

CDF Run Il Preliminary, 72pb'1

3 Entries 93870 « E;> 25 GeV with large EM fraction
~NB000
2 oo o oATA » Shower shape consistent with MC
5 O Wosev MC expectation
z MC
He000, o szev MC
50007 0O aco L>ee
4000] e 70 GeV < m_, < 110 GeV
3000 W-ev
2000,
1000 » Missing transverse energy > 25 GeV
ol 2  Matched with central tracks
0 10 20 30 4IIIET=Sge‘?0 70 80 90 100
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First results on W — e v from the Tevatron Run Il

* Dominant (although small) background from QCD jet events
* Estimated from data, using different selections

(loose: calorimeter cuts, tight add. matching of a track in the central detector)

Nioose = Nw + Ny

loose
Solve for N,y
N =N N
tight = Nw €k + Np &

From QCD dijet sample

0.1
= 0.09|
2 0.08
2.0.07F
< 0.06f
B 0.05
0.04
0.03
0.02
0.01

ity

:DO Run Il Preliminary .07ED0 Run Il Prelimingry

robabi

.05

o.04f Other backgrounds:

fake probability
o o o
[=]
o)

colt eees by H “WS>ww>ewy (1.5% MC)

e Z > ee (very small)

1 Il 1 1 1 Il Il
953035 40 45 50 55 60 65 70 0 5 10 15 20 25 30 35 40

p(GeV) ME (GeV)
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W - ev Cross Section w

Background subtracted distributions compared to PYTHIA MC prediction

C 0.14_—
0121 Dzero Run Il Preliminary ot2b DZero Run Il Preliminary
o1 o.1:—
0.08 u.os:—
u.ue:— 0_05:_
004 0.045—
0.0z 0.02f~
%; I30I 40 50 IGD ﬁu 80 %l; I:ilJIIII4E|IIIISlJI 6‘0 II_7IEI_‘I_‘_‘8CI
E; (GeV) Missing E ; (GeV)
o . -1
27370 Candidates in _[ Ldr =42 pb
6 BR(W —ev) =3054 +100 (stat.) + 86 (syst.) 305 (lumi) pb
6BR(W — uv) =3226 * 128 (stat.) + 100 (syst.) + 323 (lumi) pb
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W/Z Cross Sections
CDF and DO Run2 Preliminary
CDF and DG Run 2 Preliminary TE O eh wex svax
C 3F
L _ 2 e
- pp— W+X > lv+X &2°0 T H
- 3. M
E » DO(e) ® DO()
10 . Si Run2 | CDFe) = cDF()
S N ’ C Runt =DOo(e) © DO(p)
Q- : C ' | ' 1 L 1 ' | .AC?F(E). l:I’ CD.F(“)
: - 11.7 1.75 1.8 1.85 1.9 1.95 2 2.05
m - _ Center of Mass Energy (TeV)
% L pp o Z+X > 1+X CDF o
and DO Run2 Preliminary
N
. 350
10 i
E D@(e) Run2 ® DG(p) Run2 300 PP > Z+X > +X L
C 4 CDF{e}Run2 ® CDF(u)Run2 T f L]l
i + DBe) o DB(Y) & 2 Ll T
L A CDF(e) O CDF{u) :Nzoo— T|
o UA1 ¢ UA2 r R - o
1 1 1 [ | 1 1 1 150~ | 2DO(e)  © DO(L)
1 Runt ACDF(e) M CDF(u)
100 1 | 1 1 1 1
Center of Mass Energy (TeV) T &enter of Mass Energy (TeV) -

C. R. Hamberg, W.L. van Neerven and T. Matsuura, Nucl. Phys. B359 (1991) 343
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Electroweak Physics

* Measurement of the W-boson and top-quark mass
(fundamental parameters, precision)

« Test of anomalous couplings (W and top sector)
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The W-mass measurement

The W-mass is a fundamental parameter of the Standard Model
Present precision: A My, =+ 33 MeV (LEP + Tevatron)

In order to match the precision with the top rad. corrections, the W mass should
be known with a precision of £ 15 MeV (goal of the LHC)

80.6 ——— — 2 Nexp = 0614
—LEP1, SLD Data 80.360 +- 0.370—————————1 UA2(W > ev)
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>
8 80.350 +/-0.270 +———@——— DO(Run 14, W — ev)
= 80.4 80.498 +/- 0.089 e~ DO(Run 1B, W — ev)
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€
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Ultimate test of the Standard Model: comparison between the direct Higgs mass
(from observation, hopefully) and predictions from rad. corrections....

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Technique used for W-mass measurement at hadron colliders:

Event topology: D@ Run 2 Preliminary
N 160
] 02 Rurl Prelimiary
N ;700 —+dala 1% D@
o Qalme
(5600 Do .
(4 = N
Woor 7 PL ;500 5“:% 0 Z%ee
Direction ~
3 %400 Ll QCD bky subsiracted 4 .' L
N\ 9300 PE» 20GeV G !
% w i
P el o ,—1‘._-_:______\‘.:_____‘_—-.: d Froicy 200 J
e
Beam Fragmants 100
’ nkMﬂ ’?«ww
P T S T A R I R A N
0 w i i, TR
Recoiling MT (GevVfe')
Hadrons
Observables: P;(e), P;(had)
= Pyv) =-(P(e) + Py(had)) long. Component can not be

= M‘; = \/2- PT’ .PT" -(1—COSA¢Z’V) measured

In general the transverse mass M; ist used for the determination of the W-mass

(smallest systematic uncertainty)
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What precision can be reached in Run Il and at the LHC ?

Source of syst. CDF Run 1b ATLAS Comments
Lepton scale 75 MeV 15 MeV <40MeV at Run Il
Lepton resolution 25 MeV 5 MeV Known to <1.5%
P+(W) 15 MeV 5 MeV Constrain with P(Z)
Recoil model 37 MeV 5 MeV Constrain with Z data
W width 10 MeV 7 MeV

PDFs 15 MeV <10 MeV Constraints from the LHC
Radiative decays 20 MeV <10 MeV Theor. calculations
Total 92 MeV <25 MeV per lepton species

* Total error per lepton species and per experiment at the LHC is estimated to be + 25 MeV

at the Tevatron + 40 MeV
* Main uncertainty: lepton energy scale (goal is an uncertainty of £ 0.02 %)
« Many systematic uncertainties can be controlled in situ, using the Z — ¢/ sample
(P1(W), recoil model, resolution)

Combining both experiments (ATLAS + CMS, 10 fb'), both lepton species and
assuming a scale uncertainty of + 0.02% = Amy ~ £15MeV

Tevatron: 2 fb1: Am, ~ +30MeV
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Alternative method (new): W/ Z mass ratio

Alternate Measurement of MW

Ratio of W and Z distributions
That are correlated to IVB mass.

* Treat Z— ee as W — ev by discarding

one of the two Z electrons

Extraction of W Mass

RUN1A, ey, etazel =1.1, Etcui=30
3 Enlries o6t ]
@ 500 - a) Wean 76,03
< 4 RS 7.496
R UDFLW  D.0000E+00
c 400 CVFLW 31.57
& — MW}

o
o
(=]

=]
[=]
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100

+ scoled Mi(Z) )
_ Wmess: 80.329 -]
7] Fit window:
480716 T ea
494528 W es

L IPN
100 110 120

MAW)  (GeV)
* The scale factor between equivalent Z 500 R TS
. . . . 400 I E';ELW i nuuoiigg
and W distributions gives M_W / M_Z 300 f oww 3
200
100 g Fe?w _
Possible Distributions: ° - 200
Stat Svs S — LN , eotoactons e
.MT . Y 50 60 70 80 ) 30 100 110 122
P D@ Run 1a W Mass y/ ¢ o8
ope M_T: 80.350 +- 0.140 +- 0.165 +- 0.160
Ratio: 80.160 +-0.360 +- 0.075
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Measurement of the W-width

Indirect measurement: from the ratio of W/Z production cross section times branching ratio

R =

c (pp»> W + X )x BR (W —

lv)

pp — X )X BR (Z — 1)
(o ), rw -
o (Z rw

Perturbative
QCD

Run I result

Direct method: use the transverse mass spectrum

Run I result (CDF):

Iy = 2.055 +- 0.100 (stat) +- 0.075 (syst.) GeV

LEP

(CDF + DO combined) :
I'y = 2.171 +- 0.021 (stat) +- 0.047 (syst.) GeV

lv)i

SM

CDF Preliminary
T T T T T
Transverse mass lineshape
(normalized to unit area)
fory=15,1.7,...,2.5 GeV

Il Il Il Il Il
100 120 140 160 180 200
M (e,v) (GeV)

expected Run Il sensitivity (CDF + DO combined with 10 fb-' each: ATy, ~ 10 MeV

SM prediction: 2.093 +- 0.003 GeV
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Z%—t 1, signal in Run Il

45 I T ! I I ! I 1 T
40 _L CDF Run 2 Preliminary (72 pb-1) =
CDF and DO have clear Z° — 1.1, signals. 35 3
w 30 | - data 3
i g 25 O Z-w E
Further study of backgrounds is underway. g | T it thakes
20 |
) o ) Bl 7-ee
Goal is to have a preliminary cross section 15 4= E
measurement by summer. 12 = % E
L 1 1 1 T 1 T T l | - 0 - ! L E
14 CDF Run 2 Preliminary 3 012 3 4 5 6 7 8 9
12 72 pb-' ] Nirack
‘E 10;‘ —— OSdata _E
v 8F O Z— 1t 3
v 6 3 jet— 1 fakes 3
F W Zoee 3
3 E Not only interesting as an EWK
2t 4 3 measurement, it is important for Higgs
0 C " Y mm——— Il 1 1
0 20 40 60 80 100 120 140 160 180 200 and SUSY searches.

M(e+T+ET) (GeV)
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Top Quark Physics

Pair production: qq and gg-fusion Electroweak production of single top-quarks
(Drell-Yan and Wg-fusion)

q t

q 1t ql q,
q q
w Eoy w ¢
_ R -~ i i
q [ V 3 3
- g
g t 9 t g t q
g 9 9 7

S

Run1 | Runli LHC Run1 | Runll LHC
1.8 1.96 | 14 TeV 1.8 1.96 | 14 TeV
TeV TeV TeV TeV
qq 90% 85% 5% 6 (qq) (pb) | 0.7 0.9 10
g9 10% 15% 95% 6 (gW) (pb) | 1.7 2.4 250
c (pb) 5pb | 7pb | 600pb G (gb) (pb) | 0.07 | 0.1 60
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Top Quark Decays

BR (t—-Wb) ~ 100% He-e(1/81)

B mu-mu (1/81)
Both W’s decay via W—lv (I=e or u; 5%)
dilepton

O tau-tau (1/81)
Oe -mu (2/81)

One W decays via W—lv (I=e or u;30%) He -tau(2/81)
lepton+jets B mu-tau (2/81)

De+jets (12/81)
Both W’s decay via W—qq (44%)

. B mu+jets(12/81)
all hadronic

B tau+jets(12/81)

0 jets (36/81)

Important exp. signatures: : - Lepton(s) (Trigger)

- Missing transverse momentum

- b-jet (tagging)

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Cross section measurement

Run | cross section results ~100 events

obs

: — Ny
G (tt) — A,[L - — e 84™pb  CDF dilepton
/ \ — 6:4?33 pb D@ diIepI:on

AcceptancexEfficiency ~ Integrated 1 41x21pb D@ topological
luminosity . e . 92+43pb CDF lepton-tag
B— 83+3.5 pb DQ |ept0n-tag

Measured in Run | in all
decay channels and
using different techniques:
b tagging, kinematic
selection, Neural Networks

—e o 5.1£1.5pb CDF SVX-tag

7633pb  CDF hadronic
7.1+32pb D@ hadronic

6.5J_r%:47; pb '\ CDF combined
5.9+£1.7 pb / D@ combined

0 2 4 6 8 10 12 14 16
cross section (pb)
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o(tt) in the dilepton channel, Run II

jet
Event selection (similar to Run I):
> 2 high P isolated charged leptons (e,u)
> Neutrinos: large missing E;

> At least 2 jets
» Large transverse energy

¢ Ly

) 4
. —;{’/"’f
R

t(—=W+b) t(—-W-Db)
I—» e+,u+ ‘—» e,w

Backgrounds:

» Physics: WW/WZ,
Drell Yan (Z/y*— ee,up), Z—1t
> Instrumental: fake leptons in W+jets
and QCD

> Smaller yield
» Cleaner signal (2 high P; leptons)
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| o(tt — 11+ jets), CDF Run I

Run 1 dilepton data (109 pb")

w

o
‘.

g MC o
B oo ® Data ee | . ce
g 3: W Data pp 'éz : :ﬁ'
‘:—2_5’_ % Data ep E
5 Run i £, Run |
2 g
: =
1.5 . % ) e *
1- ] * :':_-‘.' * i *
n.sf‘ 2 “1—‘ 5 .
C'm R oo * Missing E, (Gev)
SRRSO St de g (S ST S fulhy ¢ 1
0 20 40 60 80 100 120 140
E, (GeV)
Source ee up eu |
Background 0.103+0.056 | 0.093+0.054 | 0.100+0.037 | 0.30+0.12
tt—olvlvbb 0.47+0.05 0.59+0.07 1.44+0.16 2.540.3
SM expectation | 0.5710.08 0.68+0.09 1.5+0.2 2.810.3
Data 1 1 3 5
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[ G (tt)in the lepton+jets channel, Run || ]

» Larger yield, and still relatively clean

Event preselection:

> 1 high P, isolated charged lepton (e,u).
> Neutrinos: large missing E;
> di-lepton veto E.

~

Backgrounds:
» W+jets and fake leptons in QCD

Further selection & techniques:
> jet multiplicity:

> 4 jets (DQ)
» tag b jets with displaced VTX ’[( _)Wib) ’[( _>Wib)

> 3 jets, = 1 b tag (CDF) .
> tag b jets with Soft Lepton Tag L. e, u- L. a9

> 3 jets, 21 SLT tag (DQ)
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[ o(tt =11+ jets) and candidate, DG Run |I ]

; ] } e) =20.3 GeV/c?
33pb'  42pb 48.2pb Pr(e) ,
pr(l) = 58.1 GeV/e
en py ee E,i=141.0,55.2 GeV
Zozeoll 0.02 £0.01 0.02 0.02 0.02 +0.02
Wl 0.001%0.001 0.00 +0.00 0.001 #0.001
Hy (e) = 216 GeV
Z - 020 0.12
DYl - 0.20 +0.21 0.98%0.48
QcD, Wrjets 0.05 0.01 0.18 +0.18
Run 169920 Event 8545 i¢ 21 7dWfan 22 *6:09°11 TraCking view
ET scale: 37 GeV
Al BG 0.07+0.01 0.60+0.30 1.00+0.48
Expected Signal 0.50 £0.01 0.3+0.04 0.25+0.02 ) \
N
Observed 1 2 4 y
N A
A
1
-
— ]
\\/’
i

NG

ety + 2 jets l
i
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o(tt = 1+ jets), CDF Run Il

57.5 pb-1 Source W+ 1jet W+ 2jets | W+ 3jets | W+ >4jets
Background 33.84+5.0 16.4+2.4 | 2.88+0.05 0.87+0.2
SM Bkgnd + tt 34.0+5.0 | 18.65+2.4 | 7.35+1.4 7.62+2.0
Events before tagging 4913 768 99 26
Events after tagging 31 26 7 8
COF Il preliminary B¢ COF Praim
‘—Background‘ E?S ;— relmnary [] Data
7, Background errors ‘; 7 E MRST PDF
— Background + ff 7:65 CTEQS PDF
£ AN +t 2 E
§ \} E:f:t;wt;::?r)s \B.; 5 ;_ Theoyy msu\tsfro:wM Camian et &l
& 055 E— My, =175 GeVie', M R op <M
g o
% 5 5%
i Qes b
; 2y
0
03 F
:\\Il\\\lll\‘\I\|\I\|\\\|I\I‘I\I‘\\I|I\\

31.5 16 17 18 18 2 21 22 23 24 25
Tevalron energy (TeV)

Number of [ets In Wajets

o(tt) = 5.3 +1.9(stat) +0.8(sys) +0.3(lumi) pb
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o(tt) , D@ Run Il combined

DA Run Il preliminary

Hp

ee

en
dileptons

e+jets

W+jets

e+jets/lL lepton+jets channels only
+jets/] _

HHER ot 1) = 5.8 13 (stat) % (sys) + 0.6(lumi) pb

lepton+jets

all combined

, ***************** o(t T) = 8.5 7%5 (stat) 53 (sys) +0.8(lumi) pb

L é,ﬁ All channels

!
Q Q40 60 80 100120

I
—20

o (pb)
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| Topquarkmass, CDFRunll |

33 candlqates after event 'selectlon CDF Il Preliminary (72 pb -1)
> 2C fit, mass constraints M., =171.2 + 13.4 + 9.9 GeV/c>
» Maximum likelihood fit 10 eee
9 él:l Backgmound Zj_
ED Bekg+Signal o) 08\ /
83] Events with tag (8) 5 o
C ﬂi 0.3
- . 7—_ 0.2
Will improve with o o
detector Understanding 6;_ T T TR T T
E Top Mass (GeV/c")
\
Source Uncert?_t_%GeVlcl) 4
Jet Energy Measurement 9.3 3F
Initial and Final State Radiation ! 2 £
Background Shape 0.3 : N
Parton Distribution Functions 1.8 =
Monte-Carlo Generators 1.8 o- — — QI;L*’““‘—* —
100 150 200 250 300 350
Total 9.9
mg, (GeV)
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[ Summary of the present Tevatron top-status: ]

Cross section from Run Il (CDF), dilepton and I+jets
o(tt) = 5.3 +1.9(stat) +0.8(sys) +0.3(lumi) pb

o(tt) =13.2+5.9(stat) £ 1.5(sys) £ 0.8(lumi)pb (i

Cross section from Run |l (DY), combined
o(tT) = 8.5 23 (stat) 3 (sys) = 0.8(lumi) pb \ 4

Mass from Run Il (CDF)
) Run Il has started,
mtop = 171 .2 + 1 3.4 (Stat) ig-g(SVS)GeV/C re_estab“shing Slgnals and

preparing for the top physics of

larger datasets
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Prospects for top-quark mass measurements at the LHC

Year 2007: Am,,, ~ 2-3 GeV  (Tevatron)
Best channel for mass measurement:
tt—-Wb Wb— /vb jetjetb

(trigger)  (mass measurement) 1%

200

Events/4 GeV

@
S

50

Experimental humbers:
* Production cross section: 590 pb o
* After exp. cuts: 130.000 tt events in 10 fb'  S/B~ 65 -

estimated syst. uncertainties:

Contribution Amiop (GeV)
statistics < 0.07
u,d,s jet scale
b-jet scale
b-fragmentation
initial state rad.
final state rad.
background
Total ~ 1

Syst. uncertainties dominated
= by final state radiation effects

qQPHo000
NSRS

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Additional Methods

* Full reconstruction applying kinematical constraints

Precision of ~+1 GeV seems possible

» Using /¢-J/y final states:

Y v
. #

Reconstruct M ,_jpp

W ;W 1w (e*)

I )

* BR = 10: low rate, but clean signature

« Statistical error: £0.9 GeV (for 500 fb1)

+ Different systematic uncertainties (dominated by b-fragmentation: ~ 0.4 GeV)

combination of various methods: |Am,, < ~*1GeV
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The Search for the Higgs Boson

» ,Revealing the physical mechanism that is responsible for the breaking
of electroweak symmetry is one of the key problems in particle physics”

* A new collider, such as the LHC must have the potential to detect this particle,
should it exist.

* To establish the Higgs mechanism: 1. Discovery

2. Parameter measurements
Demonstration of Higgs
boson self-coupling (potential)

g
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The Higgs-Mechanism

 Essential ingredient of the Standard Model:
complex scalar field with potential

U() = n?(¢*¢) + A(¢*¢)?

b2

* Used to break the el.weak Ve ™" Kueis der Minima
symmetry......
My =12vg Mz = 3vg/costy = Myy/ costy

..... and to generate fermion masses:
m.f=gfv/\/§ =>gf=mf\/§/'u

- Higgs particle My, = VA v2

v = vacuum expectation value v = (V2 Gg)% =246 GeV
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Properties of the Higgs Boson

1

The decay properties of the Higgs boson BR W
are fixed, if the mass is known: 5
w0 E
W+, Z, t,b, €, Thyeureruneen , 8 Y
H .
w0
W-Z, t,b,Cy T yereeennee , 8 Y
10 : ' ; 000
50 100 200 500 1
FH—=ff) = N¢ Z‘Gﬁ mfc(M}z[) My M, [GeV]
rMHE-=VV) =& 15‘:‘;5" M3 (1 -4z 4+ 122°) 5y 02l TG
where: 8z = 1,6w =2, == MZ/MZ, B=velocity
o) =20 g [+ (2 72)
F(H = vy} =525 M} [3Nce? - 7]°
(+ W-|00p COﬂtI‘ibUtiOﬂS) . 50 1(I)n 200 500 1000

My, [GeV]
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Higgs mass constraints:

Bounds on the Higgs-boson mass result from the energy dependence of

the Higgs coupling A (Q?3)

(if the SM is assumed to be valid up to some scale A)
Ao=Mg2/v: A (QY) =2y {1+3%y/2n2log (2 Q¥/V?) + .... -3g, /321 log (2Q%V?) +....}

500|||||||||||||||_

S
a R XXX

200

f]
X

0'|||||||||||||||‘
103 108 109 101R 1015 1018
A (GeV)

Hambye, Risselmann et al.

Upper bound: diverging coupling
(Landau Pole)
Lower bound: stability of the vacuum
(neg. contribution from
top quark dominates)

Mass bounds depend on scale A
up to which the Standard Model should be
valid
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Final combined LEP result on Higgs boson searches

Decay modes searched for:

- Four Jet channel:

- Missing energy channel:
- Leptonic channel:

- Tau channels:

Probability density

-2In(Q)

NQ 7 [ LEP  \5=200209 Gev Tight
HZ — bb Z e o
aa Eo oo
— bb vV 2 st I Signal (115 GeV/c?)
- bb ee, bb uu g 4 all > 109 GeV/c*|
> 18 4
—bbrr,andttqq & 12
2
%0 20 @ 60 8 100 120
myree (GeV/c?)
I-CLg =0.09 > \ 1-CL, CLgy
Signal significance = 1.7 ¢ LbD 009 0.5
ALEPH 3.3x 1073  0.87
DELPHI 0.79 0.03
L3 0.33 0.30
OPAL 0.50 0.14
Four-jet 0.05 0.44
All but four-jet 0.37 0.10
My > 114.4 GeV/c*? (95% CL)
Expected mass limit: 115.3 GeV/c?
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Higas Boson Production at Hadron Colliders

gg fusion

associated 1tH

(B)
q q
\W, VA
HO
/M2
7\q 7\q
(€2)
/
q B
_W2
q \W, A
AN
associated WH, ZH

50 100 200 500

M,, [GeV]

Lepton and Photon final states are

1000

essential (viaH — WW , ZZ, (t1), vy)
(QCD jet background)

bb decay mode only possible in
associated production (W/Z, tt)

K. Jakobs

Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Higgs Boson Production cross sections

LHC M. Spira et al. Tevatron M.Spira et al.
F T T T T T T T T T ] 102 E
[ H+X) [pb ] E
0% 3?574 T+eV) ! 3 Pb - o(pp—> H + X} [pb]
b M, = 175 GeV ] 10 E vE=2TeV
10 F CTEQ4M
1 ..- _____________________________ 1
N e ST N
10 Er ‘.\\1\ E 10 E_ qu— "'-—_-..-_.____‘_‘_h‘.;_:;_-:;;::;}::-:::::h.
107 i Tl i T
] 3 107k HZ
SF T SR .., 829 —HIT E Htt___
0¥ \\‘111:*\? =1
E qq—HZ =~ -f e
10 4 1 1 1 1 1 1 1 1 1 F
0 200 400 600 800 1000 sl | | | | |
M;; [GeV] 10 8o 100 120 140 180 18O 200
M, (Gev/c?)
qq > W/Z + H cross sections ~10 x larger at the LHC
gg—H ~70-80 x larger at the LHC
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Status of higher order corrections

NLO corrections (K-factors) have meanwhile been calculated for all Higgs

production processes (huge theoretical effort !')

1. gg fusion: SRR, e LTSN

* large NLO QCD correction K~17-2.0 _ ' |
[Djouadi, Spira, Zerwas (91)] [Dawson (91)]

* complete NNLO calculation = 10
evidence for nicely converging pQCD series
(infinite top mass limit)

[Harlander, Kilgore (02)] [Anastasiou, Melnikov (02)]

1100 120 140 160 180 200 220 240 260 280 300
M, [GeV]

2. Weak boson fusion: K ~1.1
[Han, Valencia, Willenbrock (92)] [Spira (98)]

3. WH associated production: K~ 1.3
(QCD corrections from Drell-Yan process)
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Status of higher order corrections (cont.)

4. ttH associated production:
 full NLO calculation LHC: K~1.2 scale: pg = m, + M/2

Tevatron: K ~ 0.8
» scale uncertainty drastically reduced
[Beenakker, Dittmaier, Kramer, Plimper, [Dawson, Reina (01)]
Spira, Zerwas (01)]

1400
[ o(pp — ttH + X) [fb]
1200 Vs = 14 TeV

[ M, = 120 GeV
Wy =m +My,/2
--- LO

1000 [

80 |

—— NLO

600 |
400 [

200 F

Wi,
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H — ZZ() — eeee

Signal: GBR=571b (m,=100GeV) ”Z)./H
L"H,' - P.(1,2) > 20 GeV
w o’ P;(3,4) > 7 GeV
Background: Top production v nl < 2.5
tt — Wb Wb — £v clv {v clv Isolated leptons
c BR=13001b
M(Il) ~ M,
Associated production Z bb M{IT) ~ < M,
Z bb — £ ctv clv L =100 fb™!
T
st HoZZ*— 48"
Background rejection: Leptons from b-quark decays Z ol
— non isolated l
— do not originate from primary g |
vertex L%’ =
(B-meson lifetime: ~ 1.5 ps) Rg
Dominant background after isolation cuts: ZZ continuum o A L [ ar
120 140 160 180
Mzt (Gev)

Discovery potential in mass range from ~130 to ~600 GeV/c?
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The LHC Higqgs discovery potential

g ® H—=yy + WHttHMH — y7)

ﬁ : gﬂ(jzﬂz"?mﬁ 41 ATLAS . .

g B W oy 10 fb1: Discovery possible over the

S T ol

% o R ww g ull mass range,

foalsenieance however, needs combination of
S ATLAS + CMS
B
w M,, = 115 GeV: S/\B =4.7

(L dt= 10060
(no K-factors)

2
10

mH(éSV)
my<2m,: tfH%ﬁbB+X, H -y,
H—>Z7Z7Z* -4/, H—> WW® — /viv
my>2m,: H—>Z77Z — 4/
qqH - qqZZ — qq ¢/ vv
qqH — qq ZZ — qq ¢/ jj my > 300 GeV
qqH — qqWW— qq /vjj forward jet tag
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Higgs Boson Search using vector boson fusion at low mass

Motivation: Increase discovery potential at low mass
Improve measurement of Higgs boson parameter
(couplings to bosons, fermions (taus))

proposed by D.Rainwater and D.Zeppenfeld et al.:
( hep-ph/9712271, hep-ph/9808468 and hep-ph/9906218)

Distinctive Signature of: q Yy
- two high P; forward jets NTT e
- little jet activity in the central region -
M2
7.9 7,q

= Experimental Issues:
- Forward jet reconstruction
- Jets from pile-up in the central / forward region

Channels studied: qqH — qqWW* 5 qq /v £V
qqH —qqTt T —>qqflfvv /ivy
— qqfvv hadv

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Forward jet tagging

Rapidity distribution of tag jets Rapidity separation
VBF Higgs events vs. tt-background
0.05 ; 008 ? : H++
Forward tag jet reconstruction has been studiedin
full simulation in ATLAS P p—
kin. eff. for tag jets = 51.9% | .
(P;>40/20 GeV, An>3.6) os |
tag eff. per jet: around 75%
K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003
Background:
QCD backgrounds: el.weak background:

tt production Z + 2 jets WW jj production Z +2jets

7 jj (QCD)

Background rejection: qqH — qqWW#* > qqlvlv

My = \[(B} + B)? — G + 7o)

Lepton P cuts and tag jet requirements (A n, P;)
Require large mass of tag jet system

Jet veto

Lepton angular and mass cuts

15 GeV (fb)

[ ]
Onec

Higgs boson (my; = 160 GeV)

15GeV (fb)

tt background

e

v/ Z + jets

20 2%
m, (GeV)
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qqH —» qq WW#*

— 0.5
) -
= - = riggs signal 160 Ge
8 - [ tt background
© 04 |[—
- E== WW bockground
0.3 —
o2 |—
0.1 —
o
o o 50 100 150 200 250

m; (GeV)

qqH —> qq7t7
- qq lvvlvy
— qq lvvhy

evts /5 GeV

S =N WA AN X

- — .
80 100 120 140 160 180
m_ (GeV)

Combined significance of VBF channels for 10 fb-!

g

=

S *)

2 . = gqH — qq WW'

= 2 fLat=10m" 4 ggH > gq Tt

5 107 A VBF, combined

= (no K-factors) © VBF, +yy+ ttH(bb) + 27"
E ATLAS

20

w

L L L L L L
100 120 140 160 180 200
my (GeV)

K. Jakobs

* VBF channels (in particular WW*)
are discovery channels at low luminosity

e For 10 fb-l in ATLAS:

5 ¢ significance for
120 < my <190 GeV

Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

ATLAS Higgs discovery potential for 30 fb-1

Signal significance

10

tH (H — bb)

H > 722" - 41
H > WW" - v
qqH — qq ww®

A qqH — qq7tt

L dt =30 ! o B
(no K-factors) A
ATLAS

10 2| =

Total significance

PR U AU RS R
100 120 140

M
160

P S SR S N1
180 200
m,, (GeV)

* Vector boson fusion channels improve the sensitivity significantly

in the low mass region

® Several channels available over the full mass range

K. Jakobs
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The Higgs Sector in the MSSM

Two Higgs doublets: 5 Higgs particles H, h, A

H+, H-
determined by two parameters: m,, tanp
fixed mass relations at tree level: wi = 3 (wh A miy /G ) = Ay, cos? 28)

(Higgs self coupling in MSSM fixed m2,< oz 5
by gauge couplings) S Mz < mg

Important radiative corrections !! (iree level relations are significantly modified)
— upper mass bound depends on top mass and mixing in the stop sector
m} < iy + Sk in (3F) +at (1- )]

where: M7 = 3 (M7 + M2) and ze= (A — pcotp) / My

140 T

maximal
mixing
120

—-m,<115GeV  for minimal mixing ] minimal mixing
—m, <135 GeV  for maximal mixing £ 100
M, = 1755 GeV
Mgysy = my = 1 TeV
i.e., no mixing scenario: in LEP reach 8 B = 200 Gev
max. mixing: easier to address at the LHC . S TR R
tan B
K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

LEP results for the no-mixing scenario:

LEP 88-209 GeV Prelimina -
g

tanf3

10

Mgyy=1 TeV
M,=200 GeV
1=-200 GeV
m‘luim=800 GeV

No stop mixing: X=0

Excloded 1 Theoretically
1 by LEP Inaccessible

Excluded
by LEP

0 200 300 400 ;00 0 20 40 60 80 lmGli;)/ 2140
m,, (GeV/c”) my. (GeV/c)

M, > 91.5 GeV/c?
m, >92.2 GeV/c?
Excluded tan B range: 0.7 <tan 3 < 10.5

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




LEP results for the m,-max scenario:

LEP 88-209 GeV Pr liminary

[cn} :
] ]
Ms,=1 TeV
10 M,=200 GeV L

p=-200 GeV
m gluinﬂ=800 GeV
Stop mix: X=2Mg sy |

200 300 400 500
m,, (GeV/c?)

LEP 88-209 GeV Prelimi

Excluded
by LEP

Inaccessible
0 20 40 60 80 100 120 214()
m,, (GeV/c?)

M, >91.0 GeV/c?
m, >91.9 GeV/c?

Excluded tan B range: 0.5 <tan 3 <2.4 (m =175 GeV/c?)

< 1.9 (m,= 179 GeV/c?)

K. Jakobs

Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

LHC can also discover MSSM Hiqggs bosons

50 discovery in m, — tan B plane

50 7=, =
%40 7 ATLAS+CMS
i
L2 o = SLdt=30 £57 fexp
| = . Maximol mixing
: ' -~ #
1 s -
20 | i/ = THYA = 77— lep hod
% : i
5 -
i
Ir ]
10 [
I
7l
6 | | : \
Vo "
513
4]
I
30
i
¥
2|
¥
i N
: A i
[} N
Lo 1 |
50 100 150 200 250 300 350 400 450 500

Mgysy = 1 TeV, my,, = 175 GeV/c?

Two or more Higgs can be observed
over most of the parameter

space — disentangle SM/ MSSM

* Plane fully covered (no holes) at low L (30 fb")

* Main channels : h — vy, tth h — bb,

A/H — py, 17,

+

Ht —1v

K. Jakobs
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L HC discovery potential for MSSM Higgs bosons

4 Higgs observable
3 Higgs observable
2 Higgs observable
1 Higgs _
t -~  observable Here only SM-like h

/ observable if SUSY
_ particles neglected.
M -like)

WA U@ NDOO

Assuming decays
to SM particles
only

[S]

* Region at large m, and moderate tan B only covered by h;
difficult to detect other Higgs bosons

Possible coverage: * via SUSY decays (model dependent, under study)
* luminosity (only moderate improvement)

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Higqgs decays via SUSY particles

If SUSY exists : search for
H/A — ¢%%°%, — 00x°, oy’

. S0
= [ bocontours ==+ ATLAS: SUGRA scan
Sl . m, = 50-250GeV
S Y S m,,, =100 - 300 GeV
s ' tan B= 1.5-50
- [ > Ag =0
! 100 200 00 400 500 00
I, (Se™N)
E M= CMS: special choice in MSSM (no scan)
M, = 60 GeV
s _E S M, = 110 GeV
g bl n = -500 GeV
° ’ ' - Exclusions depend on MSSM parameters
f;EinZf)edzlj;oLE:tgc 400500 600 700" ‘800 9moo (S]epton masses, H)

ma. (GeV)

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




MSSM discovery potential for Super-LHC
ATLAS + CMS, 2 x 3000 fb!

.50 TF
g 40 ﬁ
=

TATLAS + CMs |
A\ Ldt=300 b
A ;Mcg’rm:ql mixing

woh 0 e NBVO
i FEEEUARSUSEARELESIE

y ‘f/,t;dkt‘-——ébbo fp‘*’ AN

R AT

AMARUIATINAT A
100 200 300 400 500 600 700 800 900 1000

M, (GeV)

« Situation can be improved, in particular for m, < ~400 GeV

* But: (S)LHC can not promise a complete observation of the heavy part of the
MSSM Higgs spectrum ...
.... although the observation of sparticles will clearly indicate
that additional Higgs bosons should exist.

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

_Determination of Higgs Boson Parameters

1. Mass

2. Couplings to bosons and fermions
(impact of vector boson fusion channels)

3. Higgs self coupling

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Measurement of the Higgs boson mass

-1
10 H. WH_ ttH (H—y)
A WH, ttH (H—bb)
O H—=ZZ—-4l
o H-WW-—lvly
¢ WH (H-WW-—lvlv)
4 all channels
2
10
3
10
ATLAS + CMS
JLdt=30016"
10 *
3
10 10
m, (GeV)

No theoretical error, e.g. mass shift for large I';,
(interference resonant/non-resonant production)

Dominant systematic uncertainty: v// E scale.
Assumed 1%

Goal 0.2%o

Scale from Z — ¢/ (close to light Higgs)

Higgs boson mass can be measured with a precision of 0.1%
over a large mass range (130 - ~450 GeV / ¢?)

K. Jakobs

Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Measurement of Higgs Boson Couplings

Global likelihood-fit (at each possible Higgs boson mass)
Input: measured rates, separated for the various production modes

Output: Higgs boson couplings, normalized to the WW-coupling

L 2 2
254 || gD/ gHwW
To | || ——dH)/ FHW)
Q= L |
%, [ 2 y ol i

12 [ |——g"(H,b) / g°(H,W)
< @ [ /

L /_/

1? / 1 without syst. uncertainty

I / ."v;

oa- 1 / | ATLAS
[ / -1
0.6 J L dt=30 fb
AN /\
02 \ N
Lol bbb bbb Lo

110 120 130 140 150 160 170 180 190
m,, [GeV]

L o b
S4 —¢H2) | FHW
= | | FHD g HW)
Q [ I 2, 2, n
Faks ’,/ —— G¥(H,p) / g¥H,W)

r /

/
1? / --- without syst. uncertainty
[ /!
05 | ATLAS

W JLdt=300 fb’

04—

02—

_________________ /‘\/

110 120 130 140 150 160 170 180 190
my, [GeV]

Relative couplings can be measured with a precision of 10-20% (for 300 fb')

K. Jakobs
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Higgs Boson spin ?

* Angular distributions in the decay channel H — ZZ() — 4 / are sensitive to spin
and CP eigenvalue

» azimuthal angle ¢, defined as angle between the decay planes of the two
Z-bosons in the restframe of the Higgs

 polar angle 6, defined as angle of neg. charged lepton in the restframe of the Z to the
direction of motion of the Z in the restframe of the Higgs

o.28~

——— with cuts and smearing

-~ noecuts

Expected results:

SI nificance for exclusion of Spin 1 CP +1_-100fb '

Polarisation
Plane Angle

G

°

°

]

]

»

»

]

w
onNn DO ®

H [GeV]
Fit tO F(q)) =q COS(¢) + |3 COS (2¢) - 10? for exclusion of Spin1 CP -1 100':°‘Iarlsa“°n
F(0) =T (1+cos20) + Lsin20  R=(L-T)/ (L+T) i3
—m_ :;Z Plane Angle

U Tggs 11 F H [GeV]
E F SM Hig
0.02(~ osf- 199s Significance for exclusion of Spin 0 CP -1 - 100fb
oF Iggs 0 -1 F =+ - G 39 Polarisation
E F Spin1,CP +1
£ SM-Higgs e

-0.02f-

lggs 1 -1 F - Background

P S S B Spin 0, CP 1 . —————————— _Plane Angle
50 200 250 300 950 400 450 500 1 = - o - e 0 200 250 300 m_H [GeV]

(J.R. Dell’Aquila, C.A. Nelson) "

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Higgs Bosons Self-coupling ?

to establish the Higgs mechanism the Higgs boson
self-coupling has to be measured:

U (6, 2.)

2
ASM 3 my ASM —3 my
HHH v HHHH — 2

Vi7" Kueis der Minima

Cross sections for HH production: "

SM:pp - HH +X
LHC: o [fb]
::3> AT } >i§ o

10

WW+7Z - HH
| WHH+ZHH
" WHHZHH=16

| WWiZz=23

0.1
90 100 120 140 160 180 190
M, [GeV]

small signal cross sections, large backgrounds from tt, WW, WZ, WWW, tttt, Wtt,...

= no significant measurement possible at the LHC

need Super LHC L =10% cm=2sec, 6000 fb™

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Most sensitive channel: gg > HH — WW WW — /v jj ¢v jj
* accessible in mass range 160 GeV - 200 GeV
» bb-decay mode at lower masses is hopeless

Selection:
* 2 isolated, high P+, like sign leptons (from different Higgs bosons)
* 4 high P jets, compatible with W-mass
mer Signal ¢t W*Z W WtW—- W+ et S/VB
170 GeV | 350 90 60 2400 1600 30 54
200GeV | 220 90 60 1500 1600 30 3.8
Qéi =8
5571 E"
Sof\ — LO m,=170GeV Lol — LO m,=200GeV
%5 ‘\: §s Y
4 \7\\ 4 \n\
3 \\\ // 3 1“\\ //’
2 \ 2 \
1 \_/ 1 \_/
0 0

1050 05 1 15 2 25 3 35 4 -1-050 051152 253 35 4

SM SM

6000 fb ' = A Mgy Mgy = 19 % (stat.) (for my, =170 GeV)
A My Mgy = 25 % (stat.) (for m, =200 GeV)

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Search channels at the Tevatron

 important production modes: associated WH and ZH
gluon fusion with H - WW —{v v

* hopeless: gluon fusionin H — vy, 4 /¢ (rate limited)
6BRH—->ZZ—-4/) =0.07fb (M=150 GeV)

Mass range 110 - 130 GeV: LHC Triggering:

*WH — Iv bb (v) weak slightly easier at the Tevatron:

«ZH > I*IF bb weak - better P{™ss-resolution

+ZH — w bb @ (trigger) - track trigger at level-1 (big challenge)

+ZH — bb bb @ (trigger)

«ttH — Ivbjjbbb v

Mass range 150 - 180 GeV: LHC Background:

+H - WW® o Iviv v electroweak production:

+WH = WWW® S Iviv v v ~_10x larger atthe LHC
. QCD production (e.g, tt):

+ WH - WWWO  IFv Iy jj Y ~ 100 x larger atthe LHC

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Detector acceptance: larger at Fermilab (central production)

Signal and background ratios after detector acceptance:

low mass high mass
WH — /V bb H— WW® — ¢viv
ZH — (( bb (M, = 160 GeV)
S (14 TeV) /S (2 TeV) =~ 5 =30
B (14 TeV) /B (2 TeV) ~ 25 ~ 6
S/B (14 TeV) / S/B (2 TeV) ~ 0.2 =~ 5
SAB (14 TeV) / SWB (2 TeV) ~ 1 ~ 10

— -- comparable discovery potential for WH and ZH:
- larger signal at the LHC
- better S/B-ratio at theTevatron
- difficult at both colliders
-- significantly better LHC potential for H > WW() — ¢v/v

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

WH Signals at the LHC and the Tevatron

M, =120 GeV, 30 fb’!
E. Richter-Was, ATLAS-PHYS

% 250 - %4500 r

@ i \/

~ 225 —

~ Vs =2 TeV 4000 s =14 TeV
[4]

T 200 2

¢ © 3500

e I

Signol + backg. — Signol + backg.

Continum bockg.

-+ Continum bockg.

150

2500
126

2000
100

75 1500

50 1000

JJ_,.:—"'J_LLL WH \H\‘“‘ g
T T

0 20 40 60 B0 100 120 140 160 180 200 0
My (GeV)

25

0

0 20 40 60 BD 100 120 140 160 180 200
My (GeV)

most important: control of the background shapes
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Tevatron discovery potential for a light Higgs Boson

combination of both experiments and all channels
(discovery in a single channel not possible)

.f; 02 : comblined CDIF/DO tlhreshok?s For 10 fb-t :

\:- i (i) 95% CL exclusion of a SM Higgs boson
< 30 fb™ . .

° is possible over the full mass range
>

’§ 10" 0 b (M,, < 185 GeV)

% i (ii) 3-c evidence for M, < 130 GeV and
3

o 2 fb 155 GeV < M,,< 175 GeV

3 — 95% CL limit

5 10° F — 30 evidence E

£ —— 59 discovery Fiir 30 fb-1_(optimistic) :

80 100 120 140 160 180 200 (i) 3-c evidence for the SM Higgs boson
‘ 2
Higgs mass (GeV/c?) is possible over the full

mass range (M, < 185 GeV)
Results of studies with more detailed detector simulations are consistent with
previous simulations.

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

First steps towards the Higgs search at the Tevatron

With present integrated luminosity, no sensitivity yet for a SM Higgs boson:
= study the backgrounds

= search for exotic Higgs bosons

Higgs boson production rates can be enhanced in Exotic Models:
* 4th SM family enhance Higgs cross sections by a factor of ~8.5 for a
Higgs boson mass between 100-200 GeV

* Fermiophobic / Topcolor Higgs: BR (H —» V V) >98% for m,; > 100 GeV

)
N
n

w2
S

Branching ratios for h*
T

i e A

01 F

Enhancement factor
3

001 S L

>
)
branching ratio

0.001 £ Y /

el el et T e e T 0.0001 = . E— :
o 50 100 150
100 200 300 400 500 600 700 800 900 1000 M[h?]

M (GeV)
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DO’'s firstlookat: H—>WW > evev

Search for ee + P;™ss events, luminosity
Study of A¢ (€@) distribution at various level of the cuts: 44.5 pb-’
. ) 210 ..
et Wi Wit W Y Dt (R W T I ey
S g e Z10 L dt=44.5pb
0 ~
+,t § 10 g Excluded at 95% CL
—-———0\_._/'
i, 8
& $
3
810" g
& /_\
Standard Model
N T‘ohp?color tion Model
i - W il oo (Lo o SEECTEEILLER R
ReqUIre gOOd e+e ’ 100 1;0 11|IO 160 180 2(|JO
missing E+ Higgs Mass (GeV)
Data are consistent with background expectations
K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Search for Physics Beyond the Standard Model

1. Supersymmetry
2. New Gauge Bosons

3. Leptoquarks

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Search for Supersymmetry

 If SUSY exists at the electroweak scale, a discovery
at the LHC should be easy

» Squarks and Gluinos are strongly produced

They decay through cascades to the lightest SUSY
particle (LSP) @

—> combination of
Jets, Leptons, E;miss

1. Step: Look for deviations from the Standard Model
Example: Multijet + E;{™ss signature

2. Step: Establish the SUSY mass scale use inclusive variables, e.g. effective
mass distribution

3. Step: Determine model parameters  (difficult)
Strategy: select particular decay chains and use kinematics to
determine mass combinations

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Squarks and Gluinos

« Strongly produced, cross sections comparable to QCD cross sections at same Q2

« If R-parity conserved, cascade decays produce distinctive events:
multiple jets, leptons, and E,™miss

* Typical selection: N, > 4, E; > 100, 50, 50, 50 GeV, E,miss > 100 GeV

« Define: My = EF + PL + P2 + P2 + P} (effective mass)

o
o
a
TTTT

LHC reach for Squark- and Gluino masses:

Events/50 GeV/10 fb ™
)
[

1 fb = M~ 1500 GeV
10 fb = M~ 1900 GeV
100 fb = M~ 2500 GeV

1Oy 00 1500 Ead0  EE6D TeV-scale SUSY can be found quickly !

example: mSUGRA "™
mo = 100 GeV, m1/2 = 300 GeV
tanp =10, Ag=0, u>0

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




1400

1200

1000

800

m,,; (GeV)

600

400

one week

@1033 —]

200

LHC reach in the my-m,, MSUGRA plane:

Multijet + E;™ss signature

JLdt=1, 10, 100, 300 fb*

E} (300 o)

CMS

TH
2y

S 0 my)

[y, 500

11015 region

cosmologically plausji

Fermilab reach: < 500 GeV |3

—-| one year

@1034

one year
@1033

one month
@1033

b

e

g
8

1000
m, (GeV)

500 1500

2000

SUSY cascade decays give also rise to many
other inclusive signatures: leptons, b-jets, ‘s

1400

1200

1000

800

my o (GeV)

600

400

200

visibility of dilepton
structure

D_D_1266c.mod

1000
mq (GeV)

1500 2000

Expect multiple signatures for TeV-scale SUSY

K. Jakobs
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Determination of model parameters

* Invisible LSP = no mass peaks, but kinematic endpoints
= mass combinations

» Simplest case: %% — % ¢+ ¢ endpoint:

~

(significant mode if no x% — %% 2, x°h, ¢ ¢ decays)

* Require: 2 isolated leptons, multiple jets, and large

250

Events /4 GeV /1 fo!
- N
0 o
=] o

-
o
o

50

T T T
L mp = 90 GeV, m,, = 220 GeV |
n>0,Ap=0 500}
tanfB =2
r 2 400
=
@
L i S
=~ 300
£
1=
<
L i i}
200
- ete ,utu
r . b 100
et
o

T T T
mg = 150 GeV, m,,, = 250 GeV

n>0,Ag=0 1
tanf3 = 35
/e*e’,p L

M, = M(x%) -M(x°)

miss
ET

Modes can be distinguished

using shape of ¢/-spectrum

o 100 200 300‘ 100 200 3
M*1T) (GeV) M(I*T7) (GeV) Blois 20
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my2 (GeV)

900 .

800

700

TH

600

500

400

300

200

100

TH

1 1 1

tanf =2,Ag =0,
n<0

/\/\/\%evatron (sparticle searches)

EX
1 1

1 1 1 1

100 150 200 250 300 350 400 450 501

mg (GeV)

(¢ - endpoint can be observed over a significant fraction of the parameter space

(covers part of the SUGRA region favored by cold dark matter (Ellis et al.))

K. Jakobs
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h

— bb:

tanB=2,nu<0

tanB=2, u>0

> 200 > 200 . . H .
g et IR 89'73/\13: 18.3 g so | © S/NB=182 Important |f XO2 N X01h is Open,
o 160 J %, 160 e
g 2o ** g t20 " bb peak can be reconstructed in
= 100 ] = 100 i
o (1 ll*'**-‘*{iﬂ*{i”.{i 50 f -}! * 1*!**-'I*-{+--u| many cases
60 T LE B T 60 U
40 / 40 4
20 ,,o{{"m\‘wum“w“”'W HHN <0 '0’1:,M\MH\JMH\‘“” 1 HHM
%9 60 120 180 240 %9 60 120 180 240
My, (GeV) My, (GeV)
tanB =10, u<0 tan B3 =30, u<0
E fgg c) S/NB=12.1 E ?(8)2 d) S/NB=155
o 160 i % 160 e Could be a Higgs discovery mode !
S 140 = 140 g
3 I R I 5
= i Hu * = ]I‘ ! * TIPLLIN
| S %l f
Iy 0 - H SM background can be reduced
TR TR I Pl 17 ad sl A
9o 0 Gd ‘ 120 180 240 0 0 60‘ 120 180 240 . A
My, (GeV) My, (GeV) by applying a cut on E;Miss
K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




work backwards the decay chain: T
example: SUGRA study point 5 — Sl

... SM backg
75

__ SUSY backg

PP — qLaR: ar — X%q

ar — X3¢ — X%hqg  — x9bbq

Events/20 GeV

50

‘IIJIlI\II‘IIIIl\I

25

combine h — bb with jets to
determine other masses

ollll‘ll\lll\ll‘lllll!l

_‘_
oLl 111
[}
]

B S T
i ALY U 4= .
HEEN EEN M N R A i
200 400 600 800
My (GeV)

I
L

o

G — X%hq

Strategy in SUSY Searches at the LHC:

« Search for multijet + E{™ss excess

« If found, select SUSY sample (simple cuts)

* Look for special features (y's , long lived sleptons)
* Look for ¢*, ¢+ ¢, (* /%, b-jets, 1's

* End point analyses, global fit

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003

Models other than SUGRA

GMSB:

* LSP is light gravitino
* Phenomenology depends on nature and lifetime of the NLSP
- Generally longer decay chains, e.g. 20— FEF 00 s Gt

» = models with prompt NLSP decays give add handles and hence
are easier than SUGRA

* NLSP lifetime can be measured:
- For x! — G, use Dalitz decays
(short lifetime) or search for non-pointing photons
- Quasi stable sleptons: muon system provides
excellent ,,Time of Flight* system

RPV :

* R-violation via %% — ¢¢v or qg/, qqv gives additional leptons and/or E;™iss

» R-violation via %, — cds is probably the hardest case;
(c-tagging, uncertainties on QCD N-jet background)

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




The Reach for SUSY at the Tevatron

P~ most natural mass (Anderson&Castano) __800
[
800 GeV  upper natural limit
red: RUN Il exp. 70
black: RUN | =08
500GeV
a9
5 390 -T-
[
8 AT
1 1
ol ] i gQQGeV _| 300
£ P
™1 240600! :
240GV 200 ey e 200
! ! A ) 220 1
: i ! s
1 1 I
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Fermilab Search for New Resonances in
High Mass Di-leptons

» Neutral Gauge Boson Z’ » Randall-Sundrum narrow Graviton

+SM Coupling assumed resonances decaying to di-leptons
+Gravitons in extra dimensions
¢Free parameters:

* Mass Mg

* Coupling k/Mp,

(a) (e)

Main background from Drell-Yan pairs
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Search for New Resonances in
High Mass Di-leptons

Di-electron Invariant Mass Di-muon Invariant Mass

CDF Run II Preliminary o 0r RON I Preliminary
¢ Data
[] Drell-Yan

. QCD Background
[] ©1, WW, WZ, tt

—=&— Data

B ovzopp, DY Zoor, Ww, WZ, t1
B Dvzoc, ww Wz tt

N

Events / 5 GeV/c 2
=)
I

e
o
T

J.Ldt =72pb "
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Data are consistent with SM background. No excess observed.
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Search for 1. Generation scalar Leptoquarks

» Production

P eSS BT 8
¢ qg—>LQ+LQ g e ; .
* 00 5>LQ+LQ : q T
¢ qq—>LQ+LQ *
» Decay g 8 S
¢ LQLQ — I*1qq, g . m
¢ LQLQ — I*vqq, mﬂﬁﬁmi---ﬁs .....

¢ LQLQ — vvqq

> Experimental signature : W
+ 2 high pt isolated leptons + jets

¢ one isolated lepton + MET + jets
¢ MET + jets

K. Jakobs Cracow School of Theoretical Physics, Zakopane, Poland, June 2003




Search for First Generation scalar LQ

» Event Selection:

Search for first generation

¢ 2 central electrons with E; > 25 GeV TS ‘ CDF Run I Preliminary, 72 pb-1

¢ 2 jets with E4(j;) > 30 and E+(j,) > 15 GeV

¢ Zveto 025 Theoretical cross section, Phys. Rev. Lett. 79, 1997
: : ' __ CTEQMM,Q=m(LQ)

¢ Cuts on sum of jet and electron E¢’s

. CTEQM, Q.= 0.5m(LQ)2m(LQ)
to reject SM backgrounds

— CDF Upper Limit, 95% CL
» Expected Bkg: 3.4 + 3.2 events

(DY+2 jet events, tt)

o
o

Br(LQ->eq) x Cross-Section (pb)
[—3
N>

0.1
m(La)> 230 GeVle™2
0 events observed in 72 pb-1. 0t
M(LQ) > 230 GeV/c? @ 95% CL o S
L Ll L L I L L |
(RunI: 220 GeV/c?) o m o wm om om w o m
miLQ) GeVier?
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LHC reach for exotic particles
(a few examples)

Excited quarks: ¢* — ¢, up to: m ~6 TeV
Leptoquarks, up to: m ~1.5 TeV
Monopoles: pp — yvypp, up to: m ~20 TeV
[Ldt = 100 fb1
Lepton flavour viol. 7 — u~: 1076 —-10"7
Compositeness, up to: AN~ 40 TeV

from di-jet and Drell-Yan,

3,

needs calorimeter linearity better than 2%

_do/dm; (pb/GeV)

Z' - 1,57, up to: m ~5 TeV
Background

! / “H fromW —> ev
W' — lv, up to: m ~6 TeV

ol

00 00 3000 4000 50 1500

10 20( 00 3.‘
Transverse mass m; (GeV)
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Conclusions

1. Experiments at Hadron Colliders have a huge discovery potential

- SM Higgs: full mass range, already at low luminosity
Vector boson fusion channels improve the sensitivity significantly

- MSSM Higgs: parameter space covered; new scenarios investigated at
present
- SUSY: discovery of TeV-scale SUSY should be easy,
determination of model parameters is more difficult

- Exotics: experiments seem robust enough to cope with new scenarios

2. Experiments have also a great potential for precision measurements
-m,, to ~15MeV
-My,, to ~ 1GeV
- Amy/myto 0.1% (100 - 600 GeV)
+ gauge couplings and measurements in the top
sector ........
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Transparencies under: (after Tuesday next week)

http://www.uni-mainz.de/~jakobs/atlas/zakopane-2003.pdf
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