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“Jul. 97 to present — Professor at Penn
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Why Hadron Colliders

* In e'e collisions collide pointlike constituents
 All /s available to produce new particles
* The problem 1s synchrotron radiation

4 4 . E4
OB = 355 ﬁ?”y X 57

If E— 2E, R — 16R, for same oOE!
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E Loss from Synchrotron Radiation

At LEP (R=4.24 km) with 100 GeV e¢lectrons:

SE(MeV) = 8.85 x 10_5[E1§2((Efn\3]4

Aside: Does synch. rad. limit a linear e*e- collider? .
=2.1 GeV

At Tevatron (R= 1.0 km) with 1 TeV protons:

SE(KeV) = 7.8 x 10—3[]5];@1/3]4

=7.86V4

Aside: What about the LHC — does it matter? Why or why not?
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So What Limits Proton Machines?

1. Larger momentum means higher field dipoles

LEP: 0.135 T (peak field)

TeV: 4.4 T (super conducting)
LHC: 8.3 T ( super conducting)

Proton machines limited by dipole field strength

2. Why did Tevatron (and SppS) use antiprotons?

Only had one set of existing dipoles What dbout

- Have to have countercirculating beams :



Antiprotons

* They are not abundant — have to make them!

* Need extra components 1n accelerator complex
— CERN “Antiproton Accumulator” or “AA”

* Pioneered “stochastic cooling” S. Van der Meer
— FNAL antiproton “Accumulator” and “Recycler”
* Antiprotons are the ultimate limit to luminosity

— FNAL Run II: “Main Injector” built to increase
rate of antiproton production by factor 3
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Hadron Colliders

* Past: 15! proton collider CERN ISR (60 GeV)
» Past: 15" p p collider CERN SppS
(540 and 630 GeV, ramped to 900 GeV)
* Present: Fermilab Tevatron p p collider
(1.8 and 1.96 TeV, also 630 GeV)
* Cancelled: SSC 40 TeV proton-proton
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Intersecting Storage Rings (ISR)

* Two separate rings, 300 m in diameter

& intersection regions (called “R17, ..., “R8”)
* Storage ring, no acceleration, beams from PS

 Commissioned Jan. ’71, closed Jun. ’84

* ]st proton storage ring, proton-proton collider
e Center of mass energy about 60 GeV max.

* Also collided antiprotons on protons
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CERN
Accelerator

Complex
Early 80’s

8 July 2004

SPS

P28 —270 Gev/e

P 26— 270 Gev/c

PS :28 Gev/c PROTON SYNCHROTRON
ISR : INTERSECTING STORAGE RINGS
PSB: PS BOOSTER

SPS: 500 Gev/c PROTON SYNCHROTRON
AA: ANTIPROTON ACCUMULATOR

wm : TRANSFER TUNNELS

100 metres

Fig. 8
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Did not dig a tunnel Two separate storage rings

Buried under dirt Photo courtesy of CERN
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CERN SPS (and SppS)

* Began as a proton synchrotron (2nR=6.9 km)
 Commissioned 1n ’76 at 300 GeV, later 400
* Converted to proton antiproton collider 1n ’81
* pp center of mass 540 GeV, then 630

e “Ramping Run” went to 900 GeV

« Peak luminosity 6 x 103 cm™ s

* 6 X 6 bunches, 3.8 us between collisions

» Also accelerated €', e, heavy 1ons, etc.
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The CERN
y Antiproton Accumulator &
Antiproton Collector

Inside the
SPS tunnel
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Hadrons are Complicated

* Protons (and antiprotons) are not fundamental
pointlike particles (like leptons and quarks)

* Constituents of the proton called “partons:”
— Valence quarks: U, u, d
— Sea quarks and antiquarks: U, U, d, d_, s,S,C,C, ...
— Gluons: ¢ (carry color and “anticolor”)

* Partons described by “structure functions”
* Physics described by QCD (in principle)
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Hadron Collisions Dominated by
“Soft” Nonperturbative Processes

e Elastic
— Proton and antiproton scatter like billiard balls
— Kinetic energy conserved

* Diffractive
— Either proton or antiproton breaks up (other intact)
— Energy from shattered particle makes new particles

 Inelastic
— Both proton and antiproton break up
— Excess energy produces particles
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Figures courtesy of PDG 2002
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Convenient Variables

Inclusive particle cross sections:
Ed3c __ d3o d?o

AN

d3p ~ déprdprdy / de%dy

Conveniently recast in pp and y:

1 E+p,
pT = \/p§ +p7 Yy = §IOQ(EJ_F£Z)

. . . < . p— —d
Z 1s the direction of the proton-antiproton beam axis dy = %’
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Rapidity and Pseudorapidity (n)

Rapidity change under Lorentz boost 1s constant

y—y =y+tanh™?

C
— Rapidity differences cancel in Lorentz boost

For p>>m (“massless™) use “pseudorapidity”

77:—|n(tan%) 6089:%
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Calonimeler Cell
witlh energy B

Transverse Energy E.

|
|
|
|
~—f--
:
-
4

Relativistic particles (B~1) E~pc

E
Trahsvelse Enetgy
E+r= Esin®
_ S
Energy “vector” d - F
e points from interaction pt Transverse energy:
to calorimeter cell Component of Energy vector

* magnitude 1s E perpendicular to beam line

Scalar E; sum Z ET — ZC@”S ‘ET‘

Also L/  Vector sum =
Called: ET Missing E AE T — — ZCGHS E 1
19
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Inclusive Particle production

Pr spectrum steeply falling

nis large ~ 10

TABLE 1. Fit parameters of £ d*o/d p=Apf/(pr+pa)". Quoted errors are purely statisti-

cal.

—_— — ————e e e e

:T.]c:_;"GEII'i'J]

Lz

i

Eg’c/c'p

3 Fit interval 4 Po
(GeV) (GeV/e) 0~ em?/(GeVie ') (GeV/ic) n r?  Nor
1800 0.4-10.0 045+ 0.01 (294002 B26+008 102 64
0.5-10.0 0.45+0.01 (294002 826007 90 62
0.5-5.0 0.47 £ 0.01 25001 8122005 Be 59
630 0.4-4.0 0.27+0.01 L3013 1024056 20 33
1800 0.4-10.0 0.45+0.01 1.30 fixed B.28E002 103 65
630 0.4=4.0 0.33 £ 0.01 1.30 fixed B.E9 X 0.06 i9 4
346 (UAL) .3=2.0 0.46 X 0.01 1.30 fixed 914002 29 12
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The CDF Collaboration

F. Abe et al. PRL 61 (1988) p. 1819
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The CDF Collaboration

Inclusive Particle production F. Abe et al. PRL 61 (1988) p. 1819

Average Transverse momentum
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. o o UAT1 Collaborati
Inclusive Particle production puy 1o 1158 (1952) p. 173

[ Ed’c/d’p  «arbitrary scale
A (h*+h7)/2
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Inclusive Particle production

8 July 2004
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Hard Scattering

* Previous slides described “soft” phenomena
not easily calculable with perturbation theory

 Hard scattering (large Q?) — o, becomes small
perturbation theory applicable

* Determination of cross-section for specific process includes
— Calculation of the fundamental process do/dt (can be QCD or EW)
— Convolution of do/dt with parton distributions or structure functions F

— QOutgoing quarks and gluons must be evolved to hadrons (fragmentation
or hadronization): described by a fragmentation function D

* QCD processes dominate the hard cross-section
« For these NLO processes can be important

8 July 2004 Joseph Kroll University of Pennsylvania 24



Parton Distribution Functions

Protons consist of How the parton distribution
* Valence quarks functions are mapped out
 Sea quarks i
e Gluons 3 s 93]
© Figure courtesy
10°° of PDG 2002 :
= 07 k evatr
bl 12001 1 10 Je
o 103 Fa— qzsc_l
Figure courtesy dF,/dInQ*>g
04 of PDG 2002 10 ’
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Perturbative QCD Works Well!

Preliminary inclusive jet cross section measurement from CDF 11

-]

;
Jets from scattered g 10 E CDF Run Il Preliminary
quarks and gluons € Integrated L = 177 pb”'
= 1 0.1 < Npe < 0.7
: 10 JetClu Cone R = 0.7
Triumph for W E -
T10 k
exper. and theory © 10° o
10" |
Measured over m:E . Run Il Data
9 orders of mag. 10" |- [ +/- Systematic Uncertainty
10~ .- —NLO pQCD (CTEQ 6.1)
Theory matches 10-3 C 1 1 L L | 1 1 L L ] 1 1 1 L |. 1 1 1 1 | L 1 ] 1 | 1 L L 1 |
e 0 100 200 300 400 500 600
prediction well Inclusive Jet E . (GeV)
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Motivation for SppS: Find W+ & Z°

With known constants:
ax~1/137 Gp~1.17 x 107> GeVv—?2

Si N 2 GW ~ O 23 C— At the time recently determined

from v and anti-v scattering

Could predict My, and M,
2
2 p— (xe M2 — MW
MW \@Sin2 GWGF Z COS? QW

My, ~ 80 GeV/c®> My ~ 90 GeV /c? i

accelerators
8 July 2004 Joseph Kroll University of Pennsylvania 27



W & Z Production

ud — Wt du — W~

uu, dd — 790X — 630 GeV

—/
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W & Z Detection

For discovery exploit leptonic decays:

W™ — e Ve, u v, BF 11% per lepton

ZO—>eIe ,MIM BF 3% per lepton
oc(pp - WX, W~ —wev)~0.3nb
o(pp — Z°X,Z° — eTe™) ~ 60pb

Fall ‘82 Run: 18 nb! for UA1 Expect handful
of events

8 July 2004 Joseph Kroll University of Pennsy Ivania
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UA1: Key Features

* Dipole Field B=0.7T
* “Bubble chamber” quality
drift chamber (CD)
 Calorimetry covered large
fraction of solid angle
 Electromagnetic calorimeter
seg. 4 layers in depth (26 X))
* hadronic calorimeter with
2 layers in depth (5 )
» Extensive u detection

8 July 2004 Joseph Kroll University of Pennsylvania 31
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UA1 Central Tracking (CD) v

forward chamber

central chamber
/o
B f
‘_._
&
’
2 &
_ : h 5
/
e i forward chamber
. o anade plane
For 1 m track perpendicular to B: e cathode plons

Ap/p? = 0.005 (GeV/c)! Q
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Air -Gap —H

UA1 Central Calorimetry

calorimeter

Iron - Gap

BBQ-Bars

Central Hadronic “Cees”

8 July 2004

Joseph Kroll

Electromagnetic

8 light gquides
to PM's

Lead-scintillator
stack

Central EM “Gondolas

University of Pennsylvania
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Calorimeter

UA1 Calorimetry

- -

baricl EM: pondolas

hadr.: ¢"s

end-caps  EM: bouchons

hadr.: 1%

calkeom EM

hadr.

very fooward EM

TR [

8 July 2004
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Photo courtesy of CERN
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UA2: Key Features

p-p experiment UA2

* No magnet with
central calorimeter

* Less 4t coverage

e Carefully calibrated
central calorimeter
(crucial for Myy)

* Finer segmentation

* Projective towers

* TRT for e/n sep
(later — after upgrade)

= VERTEX DETECTOR

CONVERTER
DRIFT TUBE

= TOROID COILS

i) | )[Rt FORWARD - BACKWARD CALORIMETER

Fig. 11
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UA2: 15t Evidence of Jets 79 ub! of data

i Volume 1188, number 1, 2, 3 PHYSICS LETTERS 2 December 1982

A “small” experiment: 54 Authors

OBSERVATION OF VERY LARGE TRANSVERSE MOMENTUM JETS AT THE CERN Pp COLLIDER
The UA2 Collaboration

M. BANNER f, Ph. BLOCH [, F. BONAUDI ¥, K, BORER *, M. BORGHINI ¥, J.-C. CHOLLET 9,

AG. cuuucb C.CONTA ¢, P, DARRIULAT ® ,L.Di LLLL.U- J. DINES.HANSEN ¢, P.A. DORSAZ"
L. FAYARD 9, M. FRATERNALI ¢, D. FRDIDFVAUK"" J-M. GAILLARD ¢, 0, GILDEMEISTER ®,
V.G.GOGGI !, H. GROTE b, B. HAHN ® H. HANNI#, 1 R, HANSEN B P, HANSLN° T. HIMEL ®,
v, HUNGERBUHLER" P JENNI" 0. KOFOED- HANsLNc M.LIVAN®,S, LOUC»\TOS‘

B. MADSEN ©, B, MANSOULIE f.c.c_ MANTOVANI &2 L. MAPELLI ® B. MERKEL 4,

M. MERMIKIDES ® R.MQLLERUD ¢, B. NILSSON ¢, C. ONIONS b, G, PARROUR b9 F, PASTORE b,
H, PLOTHOW-BESCH 9, J.-P, REPELLIN 9, J, RINGEL ¥, A, ROTHENBERG b, A. ROUSSARIE I,
G.SAUVAGE 9, J. SCHACHER *, J.L. SIEGRIST b, F. STOCKER *, J. TEIGER !, V. VERCESI ®,

H.H. WILLIAMS ®, H. ZACCONE [ and W. ZELLER 2

A Lab fiir Hock tephysik, Universitat Bern, Si 3, Bern, Switzerland

Y CERN, 1211 Geneva 23, Switzerland
Nrrf: Bohr Institure, i 17, Ci P ) Denmark
ire de I'Accélé .ffumrr i  de Paris-Sud, Orsay, France I

. !:ruu.'o di Fisica Nucleare, Universitd di Pavia and INFN, Sezfone di Pavia, Via Bassi 6, Pavia, Italy
I Centre d'Erudes Nueldaires de Saclay, Gif sur Yvette, France

eceived 25 August 1982

The distribution of total transverse energy ZET over the pseudorapidity interval —1 < 5 < | and an azimuthal range
Ag = 300° has been measured in the UAZ experiment at [hl CI-R\I pp collider (/7 = §40 GeV) using a highly sepmented
lolalabwrptmn calorimeter. In the events wi ¥
be ined in small angular sepions 35 d for high hadeon jets. We discuss the properties of
a sample of two-jet events with invariant two-jet masses up 1o 140 GeV/e? and we measure the cross section for inclusive
Jet production in the range of jet transverse momenta between 15 and 60 GeV/e.

Volume 1188, number 1, 2, 3 PHYSICS LETTERS 2 December 1982

1. Introduction. The suggestion that hard scattering jets are accompanied by several soft hadrons which

of hadron constituents should result in two jets with may make their identification more difficult and in
the same momenta as the scattered partons [1] has general they are not collinear,
motivated an intense experimental effort [2]. Earlier The recent successful operation of the CERN pp
ISR experiments [3] have reported observations of collider [5] has opened a new possibility to observe
such double-jet structures. However these jets were high transverse momentum hadron jets, At /s = 540
not as clearly identified as they are in the hadronic GeV the yield of jets with £ > 20 GeV is expected
final states of high-energy ¢* e~ annihilations [4], be- to increase by about four orders of magnitude with
cause in hadronic collisions the jets carry only a frac- respect to the top ISR energy [6] whereas the average
tion of the total energy available. As a consequence, particle density in the central region for an ordinary
collision has increased by less than a factor of 2 [7].
! Now also at Istituto di Fisica, Universitd di Udine, Italy. We report here on results from the UA2 experiment
% Now also at Istituto di Fisica, Universiti di Perugia, Italy. at the CERN pp collider. This experiment uses a large
203

UA2 Collaboration, M. Banner et al.,
Phys. Lett. 118B (1982) p. 203

Unroll calorimeter: “Lego Plot”



Volume 1228, number 1 PHYSICS LETTERS 24 February 1983

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS

UA 1 .
[ J
WITH ASSOCIATED MISSING ENERGY AT /s = 540 GeV
° 1
D lS c Ove r VAL Collaboration, CERN, Geneva, Switzerland

G. ARNISONJ, A, ASTBURYJ, B. AUBERTD, €. BACCIY, . BAUER!, A, BEZAGUET Y, R, BOHCK ¢,
T.1.V. BOWCOCK ', M. CALVETTIY, T. CARROLLY, P, CATZ® P, CENNINTY, 8. CENTROY,
F.CERADINIY, S CITTOLINY, D, CLINE !, C, COCHETX, I, COLAS ", M. CORDEN¢, D, DALLMAN ¢,

o M. DeBEER ¥, M, DELLA NEGRA®, M. DEMOULINY, D, DENEGRI ¥, A. Di CIACCIO!,
ln e r D. DIBITONTO, L. DOBRZYNSKIE, 1.D. DOWELL®, M, EDWARDS ¢, K. EGGERT ?,
E. EISENHANDLER ', N. ELLIS 9, P, ERHARD®, H, FAISSNER ®, G, FONTAINEE, R. FREY !,
R, FRUHWIRTH!, J. GARVEY ¢, 8. GEERE, C. GHESQUIEREE, P, GHEZY, K L. GIBONI#,
W.R. GIBSON, Y. GIRAUD-HERAUD®, A. GIVERNAUD ¥, A, GONIDEC?, G, GRAYER/,
P.GUTIERREZM, T, HANSL-KOZANECKA®, W.J, HAYNES ), L.O. HERTZBERGER 2, C. HODGES !,
D. HOFFMANN®, 11 HOFFMANN®, D.J. HOLTHUIZEN 2, R.J, HOMER <, A, HONMA [, W. JANK Y,
G.JORATY, P.LP. KALMUS T, V. KARIMAKI®, R, KEELERT, [, KENYON ¢, A. KERNAND,
R.KINNUNEN®, H. KOWALSKIY, W, KOZANECKI !, D, KRYNY, F, LACAVA @, J..P. LAUGIER K,
J-P, LEES®, H. LEHMANN®, K. LEUCHS*, A. LEVEQUE®, D, LINGLIN®, E. LOCCIk M. LORETk,
° 1-).MALOSSEE, T. MARKIEWICZ®, G. MAURIN 9, T, McMAHON©, 1.-P, MENDIBURUE,

ase On . M-N. MINARD P, M, MORICCA L, H. MUIRHEADY | F_MULLER Y, A K. NANDL, L. NAUMANN Y,
A.NORTON 9, A, ORKIN-LECOURTOIS®, L, PAOLUZIL, G. PETRUCCIY, G. PIANO MORTARI !,
M. PIMIA®, A, PLACCIY, E. RADERMACHER®, J. RANSDELL N, H. REITHLER I -P. REVOLY
JLRICHE, M. RUSSENBEEK 4, C. ROBERTS I, J. ROHLFY, P ROSSI ¢, C_RURRIAY, B, SADOULETY,
G.SAJOT &,G. SALVI', . SALVINI!, . SASSk, 1. SAUDRAIX K, A. SAVOY-NAVARRO K,
D. SCHINZEL', W. SCOTT 1, T.P. SHALLI, M, SPIRO¥ J. STRAUSS!, K. SUMOROK ©, FF. SZONCSO !,

H e V D. SMITH!, €. TAD Y, G. THOMPSON, 1. TIMMER 9, E. TSCHESLOG *, I, TUOMINIEMI®,

S. Van der MEER 4, J.P. VIALLEY, 1. VRANAE, V. VUILLEMIN 9, 1D, WAHL!, P, WATKINS ¢,
T WILSONE, Y.G. XIEY, M. YVERT® and L, ZURFLUH Y

Aachen "~ Annecy (LAPP) b Birmingham ©— CERN 0 Hetsinki © -E'ucen Mary College, London '—Paris (Conll, ele France) B
~Riverside h—Rr}rnc"-—RuHicrﬂ’fl'tf Appleton Lab, V-Sack o (CEN B Vienna | Collationation

Received 23 January 1983

We report the results of two searches made on data recorded at the CERN SP8 Proton—Antiproton Collider: one far
isolated kape-Fp electrons, the other for large-£'p neatrinos using the technique of missing transverse energy, Bath searches
converge o the same events, which have the signature of a twe-body decay of a particle of mass ~80 GeV/e?, The topalogy
as well as the number of events fils well the hypothiesis that they are produced by the process p+ p - W+ X, with Wt
— e+ where W is the Intermediate Vector Boson postulated by the unified theary of weak and electromagnetic inter-

y actions,

! University of Wisconsin, Madison, W1, USA,
2 NIKHEF, Amsterdarm, The Netherlands,

103

UA1 Collaboration, G. Arnison et al.,
Phys. Lett. 122B (1983) p. 103
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W Event Selection

Electron Selection

* Er(e) > 15 GeV 1 Calo.

*pr(e)>7GeV inCD
* [solated (no extra p)
* No leakage in Had.
e track/calor. match

e position

* E/p

39 remaining events

Neutrino Selection

* Er(e) > 15 GeV 1 Calo.

*pr(e)>7GeV inCD
* [solated (no extra p)
* AE>15 GeV
e stricter 1solation
o track
 add calorimeter 1so.

18 Remaining events

34 back to back jet activity 11 jet activity: E,,, behind Ej(e)
5 AE balance E(€) same5eventshere =—> 7 1o jet act.: E,_; negligible
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Missing Energy

(] + 1228, number | PHYSICS LETTERS 24 Feb
Resolution )
Bool- D, Ey -
Evaluate resolution in
AE using data collected il )
with low trigger bias: ) NP . RO [ S
“minimum bias data” B
Expect transverse components Distributed as ™[
2E , 2E, to balance on average L ol
. —(|AEr|/No)?
Careful: UA1 used x for beam axis, y&z were transverse (& T o g e,
. (44 ° . ° . 99
Width of T E,,E, Defined “missing E significance

Increased with X E;

Event “temperature” No = ‘AET ‘ / 07\/ Z ‘ET‘
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Details of the W Candidates

Froporties of the electrvon track

Calorimeter information

General event Eapology

- . : . o
S ERE Er i P sp M 0 dEMdk ¥ b) Trock Length  Sagitea Bisctromazistac sharp dapmilion. g Fyqe Missing Er a8 ©) Oharged [IE
171, iz, 3 : Sr e Lracks
. S : g Seple 1 Swonple 1 Sample 3 Sanple 4 .
i
[GeV]  (GeVy eV mi [mm} (e TGev) FGe] (e GV (Gev (o] {deg.) (Gev
O GG T R T T L o 1 ¥ 3 0.z 0 XA Atas 179 45 8]
B s“f? 17 it 1,5 _:I’ : I}I; $1.7 W 164 1.5 ; 2 L a,5 i Moh 10.0 : &0 E9 a4 i
1 B =
g Tl o a8 e RE e e @ L g 1 30 8 0.2 o 387 436 187 21 £
p S g 40 ma R . LS oans 8 0o 076 3 v 26 2.2 0.4 111 40.0% 2,0 18] 10 4
¢ I i i - e
e S
e Yl woom o s BB e g -0l 12 005 D 1 18 17 0o 0 361 355443 17 19 87
B e AP O30 ERR e 3 g w nme wo 15 4t 3 L L e
s [ -t
TS . 1.0 L ., . . ) _ _ , )
G s 40 &0 B.7 bR ST T i 2 15 0.9 i ME e g2 LT2 | 53

a) Including 200 pm systematic error,
<) Angle between electron and missing energy (newtrino),

8 July 2004

Joseph Kroll

B} is defined as positive in the direction of the outgoing p.

University of Pennsylvania
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Two of the 6
W Candidates

Displays of hits in
Central Detector (CD)

Tracks easily seen by eye

Soft tracks bend
in 0.7T dipole field

¢ candidates are straight
indicating high p

8 July 2004

Volume 1228, number 1

d
I EVENT 2958. !2TS.I

PHYSICS LETTERS

High multiplicity

24 February 1983

b
EVENT 4DI7.  B38.

Low multiplic

B field into page ®

Fig, 6. The digitization from the central detector for the tracks in two of the events which have an [dentilied, isolated, well-mea-

sured high-pp clectron: (a) high-multiplicity, 65 associated tracks; (b} low-multiplicity, 14 associated tracks.

Joseph Kroll University of Pennsylvania



Same 2 Candidates Lego plots .. Unroll detector in ¢ and n .,

HAD

Minimal “back to backactivity
Implies hot QCD jet background

a RUN 2958 Evi/1279

b

RUN 4017 Evt 838

Eqmax 2370eV

Ex max 25 1GeV

Fig, 7. The encrgy deposited in the cells of the central calorimetry and the equivalent plot for track momenta in the central detec-
tor for the two events of fig. 6. The top diagram shows the electromagnetic cells, the middle shows the central detector tracks, and
the bottom plot, with o very much inereased sensitivity, shows the eneorgy in the hadron calorimeter, The plots reveal no hadronde

energy behind the electron and no jet structure; (2) high-multiplicity; (b) low-multiplicity,

8 July 2004 Joseph Kroll University of Pennsylvania
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UA1 Collaboration, G. Arnison et al.,

Phys. Lett. 166B (1986) p. 484

W Transverse Mass m;

16 -

.
2
]

EVENTS per & GeV/c?

[--}
I

e

E .
T “Jacobian peak”

Based on the original

I
I
I
I
|
I
|
I
I
I
|
I
|
|
|

W—ev

TRANSVERSE MASS .I
148 EVENTS

.

T

(a)

136 nb!

my=83.5 GeV/c? 7

: Characteristic 6 events UA1 quoted:
M,,=81+ 5 GeV/c? r
E; of W decay
‘I’
(& 1% 0
mT = 2BSEX (1 — cosp) ®
8 July 2004 Joseph Kroll University of Pennsylvania

|
60 80
M, (GeV/c?)

|
100
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UA1 Collaboration, G. Arnison et al.,

W Asymmetry (V-A)

Due to V-A interaction
e (e”) follows p (anti-p)

%
e

1/N dN/dcos B8

d (p) - - u (p)

i
Y

8 July 2004 Joseph Kroll University of Pennsylvania

Phys. Lett. 166B (1986) p. 484

16

08 |-

0.4

I

75 EVENTS

I

UA1

Background subtracted

and

acceptance corrected

{1+c0592}2\‘

T

—T—

-0.2

0.2

*
cos@p

0.6
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Based

Z. Discovery s i

Spring 83

oxBR factor 10 less than W

Very clean signature, however
* 2 high p; leptons

e opposite charge

* isolated

e invariant mass ~ 90 GeV/c?

Discovery based on
* 4 ¢'e pairs
e | ury pair

CERN
SERVICE D'INFORMATION
SCIENTIFIQUE

Volume 1268, number 5 PHYSICS LETTERS 7 July 1983

EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS
AROUND 95 GeV/c2 AT THE CERN SPS COLLIDER

UAL Collaboration, CERN, Geneva, Switzerland
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We repoart the abservation of four electron—pasitron pairs and one muan puir which have the signature af 4 1wo-body
decay of a particle of mass ~95 GeV/e?. These events fit well the hypothesis that they are produced by the process p + p
5 29 X (with 20— &%+ 7), where 2% i the Intermediate Vector Boson postulated by the electroweak theories as the
mediator of weak newtral currents

+ University of Wisconsin, Madison, WI, USA. 3 NIKI IEF, Amsterdam, The Netherlands,
? University of Kiel, Fed, Rep. Germany. * Visitor from the University of Liverpool, England.
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UA1 Collaboration, G. Arnison et al.,
Phys. Lett. 126B (1983) p. 398
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. This event had a problem: E did not match p
Megatek Dlsplay on one leg, but the invariant mass of the
of First Z.° two calorimeter clusters was about 90 GeV

Dr. Marie Noel Minard
(LAPP-Annecy) saw this !N p
event on a print-out after | e
arriving back at Annecy R | |
from a shift at CERN. ‘ '
She had the Lab chauffeur
drive her back to CERN
at midnight to look at this
event on the Megatek.
When the event came up,
she closed her eyes, so,
in fact, it was the chauffeur
who saw the first Z9

Photo courtesy of CERN
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Another Z— e'fe-
Candidate

8 July 2004

Volume 1268, number 5

PHYSICS LETTERS T July 1983

EVENT 433, 1001,

al

With no threshold
~__onppork;

EVENT T403. LD01.

TN

pr>2 GeV/e

e E>2 GeV

Fig. 2. (a) Event displuy. All reconstructed vertex associated tracks and all calarimater hits are displayed. (b) The same, but thresh-

alds are ralsed 1o pr > 2 GeVle for chareed t

racks and Ev > 2 GeV for calorimeter hits. We remark that only the election palr



Lego plots of 4 Z'— e*e

Like W’s except
2nd ¢ instead of AE;

8 July 2004

hiessem

RLUN 74353

RUN 6059

o
E,= 46GeV

EVENT 1001

EVENT 1010

o b &

RUN  Fdi4

RUN, 7339
2] *

TVENT

46

Fig. 3. Electromagnetic energy depositions at angles = 5% with respect to the beam direction for the four glectron pairs,

Joseph Kroll

University of Pennsylvania
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Properties of the individual electrons of the pair events

Table 1
Properties of the individual electrons of the pair events. 33 6.6 9.9 6.6 X,
=y — e m————
Drift charber measurement Ehower counter measurement
Rum = ; !
event . difdx ®) v € 4§ By Flectromagnetic samples (GeV) Had. energy
(GeV) (GeV) {dep) (GeV] s, s, s, 5, H
33 fg . 1.8 £ 0.3 101 144 44 14 27 3 0.0 0.0
A Ja53
1001 45 *ig s LTE s <118 <31 A8 5 5 4 0.2 0.0
- 1.6 + 0.3 -0.36 131 42 ? 18 20 1.3 0.1
i Ta 3 =B
746 i
L 28 - 1.8 ®0:2 -1.45  -60 102 [ S 4 0.2 0.0
+1l + 0.64 &7 B ] 37 22 0.6 0.0
o 6059 32 o . 1.3 % 0.2 .6 3 3
1010 A
g 1 - 1.4 £ 0.1 0. 24 =121 L E 1 23 23 1.3 .0
s O d) d) d) -0.1%9 169 51 1 13 34 2.4 0.0
D 279 |
50 ‘?2 . 1.5 £ 0.2 =0.74 -9 55 g 38 4 0.0 0.1
4) 31g including svstematic errors. €} The rapldity ¥ is defined as positive in the direction of outgoing p.

b} Tonization loss normalized to minimum ionizing pion. 4} Unmeasured owing to large dip angle,
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29—ty Candidate

Volume 126B, number 5 PITYSICS LETTERS 7 July 1983

EVENT 6800, 222.

Trickier than e"e: only have p

al

A _
p—Qp = 0.005(GeV/c)~ !

oE 0.15
E  /E (GeV)

Volume | 268, nunber 5 PHYSICS LE 5 7 July 1983
EVENT EBBOD. 222, Table 2
Properties of the muons of the dimuon event 6600-222,
Track parameters Maon identification
bl Rormalized ienization W/CD matching d]
L
3 2 tF Had Habs Positi ng1
o e, ron sition Angle
(GeV/e) (em) * calorimeter calorimeter [(=:)] (mrad)
v B 8)
s8.8° ¢
+ 60.3 10,8 b)
46,4 A, w-134 1.9 =226
89 5.2 170 1,19 =27.6 0.8 % 0.5 1.2 £+ 0.5 10.2 .’\X; - 11.6 = 10,7 '.“‘.: =111 14
+ 30 8
3.6 1 3%
_d31ze2b
6.1 € - M = =0.1%8.0 Ab=-6% 3
46.1 | o'y a0 -0.28 119.1 1.2 £ 0.2 1.6 £+ 0,8 11.1 dk; = -3 0 £RB5 Akw-D&14

Mementum determination: ) Central detector and g chamber {statistical crrors only);
Transverse momentum balance;
©) Weighted average of () and (b).
pCD matching: 4} pifterence between the extrapolated CD track and the track measured in the @ chambers (see fig. 6).
406 Remarks: The acceptance of the single muon trigger starts at o transverse momentum of about 2.5 GeVie and
reaches its full efficiency of 97% at 5.5 GeV/e. The geometrical acceptance of the dimuon trigger,
used in this analysis, reduced the acceptance for 2 events 1o about 30%,

Fig. 5. Display for the high-invariani-mass muen pair event: {a) without cuts and (b) with pr > 1 GeV thresholds for tracks and
Er = 0.5 GeV For calorimeter hits.
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1984 Nobel Prize in Physics

Photo courtesy of CERN

Simon
Van der Meer

Carlo Rubbia
(CERN & Harvard)

Fr e,
L R
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Search for New Particles in UA1 Data
Using a Missing Transverse Energy Analysis”

Many candidates for new physics produce stable
weakly interacting particles leading to AE

Example: heavy lepton L-
pp — WX W— — L7y
L decay
L~ — hadrons vy, L= — {vpyy

“Monojet” signature: jet + A E;  Signature like leptonic W decay

* adapted from talk presented at XXII Recontre de Moriond 8-15 Mar 1987

8 July 2004 Joseph Kroll University of Pennsylvania 54



Another Example: SUSY

R parity conserved = LSP stable & weakly interacting
Decay of SUSY particles eventually produces LSP .. AE;

UA1 considered models with the photino as the LSP
Sleptons pp—W +X W — g_’j'@"

C— 0y vy — vy
Aside: discovery
of new heavy particle

(W) opens searches
= o — for more new particles

Squarks and gluinos pﬁ — ( a, qgq, gg (heavy lepton, sleptons)

W like signature: lepton plus AE

Decay produces quarks, gluons, and photinos Top decay an important

: . avenue for new particle
Signature: multijets plus AE; production in Run IT

8 July 2004 Joseph Kroll University of Pennsylvania 55



When 1t’s
a single jet:
“monojet”

Focus on Jets Plus AE signature

Lepton + A E| overwhelmed by SM W production

Standard Model Backgrounds

W production
W — tv, 1 — hadrons v,

lepton “lost”
in jet

pp — W +jets W — by <+—

O .
£ prOduCtlon Rate increased by

pp — Z0 +jets Z° - oo +—

extra v families
Y4 0 — V], % L
Heavy flavor

pﬁ —> C(_l, bE with semileptonic decay, €.g. b— ¢/ Up X

8 July 2004 Joseph Kroll University of Pennsylvania 56



Instrumental backgrounds
+ cosmic rays, beam halo Selection criteria
e cracks, reconstruction problems
* mismeasurement of QCD jets

e at least one jet

Er > 12 GeV
QCD background most CD validated
difficult to estimate:
e cross section orders of 5
magnitude above signal e |AEr| > 15GeV
« Fakes signal when jets Nos > 4

“fluctuate” to tails of (A E)
ISolated AET

Selection must reduce this background ©
to such a small level that 1t does not
matter 1f error on estimate 1s very large o veto e & 0

8 July 2004 Joseph Kroll University of Pennsylvania 57



QCD Background Determination

“Jet fluctuation” Monte Carlo

Use jet data as input to Monte Carlo

Fluctuate jets 1n data

According to jet resolution

Validate: compare predicted

shape to data in N

Normalize: for N, <3
Extrapolate to N_> 4

Systematic on extrapolation: 100%

8 July 2004

Joseph Kroll

<
10

/N dN/dIN2)

10

University of Pennsylvania

UA1 Collaboration, G. Albajar et al.,
Phys. Lett. 185B (1987) p. 233

% |
10

10°

I I I T

e UA1 Jet Data

—Jet Fluctuation Monte Carlo |

Data and MC shape agree
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W — 1v Selection

UA1 Collaboration, C. Albajar et al.,
Boosted t from W decay produces Phys. Lett. 185B (1987) p. 233

collimated low multiplicity jet

Form t Likelihood L, S S T T

: . UA1 Predicted by
Based (.)n 3 _1nputs. 20 56 EVENTS 7/, W— tv MC
1. Fraction of jet energy

in cone AR<0.4 vs AR<1.0 AR =

(expect peaking towards 1)
2. Angular separation \/A¢2 + An?

Leading track and jet axis

(expect peakir.lg towar.ds O) 8 I Nisraa i
3. Charged particle multiplicity — 1| jet data

(expect predom. 1 or 3) i

EVENTS

12 -

T sample: L_>0 16 8 : :
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W — 1v

Candidates

T T T T

UA1

| 32 EVENTS

1 LLTALTRLR

Lt >0

NU
)|
W
(G ]
el
@
a
wv) 61
=
=S
(W)
R
[V N}
27
0
0

8 July 2004

20 40 60 80 100

m; (GeV/c?)

-y RUN 11673
lh_i

l‘-.‘ L

120

Joseph Kroll

my consistent
with W decay

Single high p, track
with significant
EM and had energy

Narrow low-mass

UA1 Collaboration, C. Albajar et al.,
Phys. Lett. 185B (1987) p. 233

e e

W |

NPT =107 Gev/e

3-prong jet in CD

University of Pennsylvania

E i A ‘
EY-283 Gev ‘
-l - B - =y
W —T v
1=-8.64 GeV/c
P1=-783 GeV/c
& /c2
m =0.99+0.1 GeV/c Pr=1219 GeV/c
| i
/,/ y
% /}' H //-/
a | mdl /j/ "’/7




UA1 Collaboration, C. Albajar et al.,

Missing ET Signal Sample Phys. Lett. 185B (1987) p. 241

118 nb! @ 540 GeV, 597 nb! @ 630

5 6 events Observed CYCIILS Pasdlilg dll ©YCIIL DTICULIUIL VULd,
3 2 T ’ S (L > O) Process Events Events with Events with L, <0
E (total L.<0 and Ei¢ <40 GeV
24 1. <0
T Woer
W pv 3.6 2.0 1.4
. W -1tv—leptons
Good agreement with i B ae e
1 —+vv+hadrons <0.1 <0.1 <0.1
eXp ectations W8 0.5 0.1 0.1
Tty
Z° vy 7.4 7.1 5.6
(3 neutrino species) <0.1 <0.1 <0.1
Z°- ¢t and bb 0.2
¢t and bb 0.2 0.2
(direct production) 3.8
jet fluctuations 3.4 3.4
(fake missing energy)
total 522 | 208+5.1+£1.0 178£3.71£1.0
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L_versus Jet E for 56 Events

 E T M S T ) ! ) e e | I T T T T T T
- = -~
9
[ enllspr Foobt xieane TS
= \ d}‘Q Dﬁ nOCI
=] [e]
B ﬁlJ 5 EP@ ADO O
V A
- < 2 F .
g o WA a
)
i o L v (m] ™
- gl L
L - L A
LAY Y L ) e N, M ] MMNH VY Gl 1 | 1 | 1 1 1
20 16 12 B8 A 0
EVENTS [ T T T T T T T
>
@ 12f ]
Cal j-
O n=1 5
O n=2 a BF
A n=3 E —
Vn:ﬂ g 4_
An=5 L)

i I AM
mn=10 | W T |

(=]

020 30 40 50 60 70
UA1 Collaboration, G. Arnison et al., ET E; (GeV)

Phys. Lett. 185B (1987) p. 241
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UA1 Collaboration, C. Albajar et al.,

One of the 56 Signal Events  puys. Leu. 158 (1987 p. 241

This jet has L_< 0 \\ MONOJET
\
®
For display set <=
thresholds at !

NN

pr, B> 1 GeV
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Some Results from AE, Analysis

Ist observation of W—tv

15t direct test of lepton universality (at high Q?):

Aside: with 32 ob d
g—T p— 1 . O 1 . O . 09 oI O . 05 wflly ?s gllet: stati(s)tizg‘;irorres‘(’)e:ltr;fz,lll?
&

L‘;_” — 1.054+0.07 = 0.08

m, > 41 GeV/c2 @ 90% C.L.

n,<7 @ 90% C.L.

Of course, then LEP came along and ...
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Squark and Gluino Searches

SUSY Model

Photino 1s the LSP, stable, massless
5 squarks are mass degenerate (no stop!)

Ignore wino, zino, higgsino, sleptons

2 parameters: | Mg, M3

Signature

Two or more jets with AE;

8 July 2004 Joseph Kroll University of Pennsylvania

Decay Scenarios
mg > Mg

g — qq — 937
q — q7

mg > Mg

g — 997

q— qy Or

—/H

qd— q9 — q9'q'Y

65




Modified Selection for SUSY

.. . . UA1 Collaboration, C. Albajar et al.,
Missing E. selection described Phys. Lett, 198B (1987) p. 261
previously inefficient for SUSY

I T T I T I 1]

Isolation criteria too severe etd 3 vt

201- —_ . Expected Contributions
e SUSK

— Require > 2 Jets with E> 12 GeV

o~
T

QCD |

~
T
1

— Eliminate back-to-back topology

EVENTS per 10°

From mismeasured QCD jets: | SUSY__._ o
= s =T ;h"
© f
|Piet1 — Pjet2| < 140 | 4 events lrj*
Expect 5.2+1.9+1.0 events T e
(again from several sources) A (et 1 - Jet2)
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Gevse?)

UA1 Collaboration, C. Albajar et al.,

Limits on squark & gluino masses  piys 1w, 1988 (1987 p. 261

mn ! T & T T
- STABLE PARTICLE SEARCHES
180 1T
4
E
il “u 120§
R =
8 3
i e E[}:\
_ bl Excluded
10 BEBL i i Sl i —
- 5\%%"»,% RS o o8y E Ay Pr e ST UE P LR LAY FEEERI LR
| ? ] L | EN R —_
i 0 4 8l 120 160
1EII L 2 S — My IEE"-‘r"{_"I:'
i h 5 fi
fllﬁ ':|||"'"f'f|'?]
Summary:
2 Caution: various qualifiers apply:
mg > 45 GeV/cc mgz — oo ) 1 PRy
*Photino mass
5 Gluino lifetime and acceptance
mg > 53 GeV / C mg — OO *No systematic on cross-section
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