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9 — The SppS - W= and Z discovery

pp collisions N er
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The SppS parameters

Detectors

Events

Hadronic interactions

The Drell-Yan process

W= discovery

Z discovery
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W=/Z properties!*)

(*) some of the properties of W+
and Z are best studied in e*e”
interactions [typical examples :

I''s and BR's] : their discussion is
postponed to § LEP.
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The antiprotons (p) are the antiparticles of the
protons (p).

Therefore pp and e*e™ colliders have similarities (e.g.
one mag. channel with head-on collisions).

... with the bonus of the lack of brem for pp : in the
same SPS tunnel, p/p were accelerated up to
273/315/450 GeV, while e* up to few GeV only.

... and the disadvantage of compositeness — in high
Q’ collisions, partons, , have a momentum (xl,z\/s/Z)

and the energy of the parton collision is v/ = V/SX1X,.

In addition p's are very scarce in our world (also e*
are, but they are easy to produce and cheap).

The real problem is the p "fabrication",
accumulation and cooling, which has to happen
before the acceleration process.

It requires lot of clever ideas, both from Physics,
Electronics, Engineering.

DPrice npon a time tr 1976....

Producing Massive Neutral Intermediate Vector

*
Bosons with Existing Accelerators( )

C. Rubbia and P. McIntyre
Department of Physics
Harvard University
Cambridge, Massachusetts 02138

and s
&Y
D. Cline <4355
Department of Physics 3

University of Wisconsin
Madison, Wisconsin 53706

C. Rubbia, P. McIntyre and D. Cline, Proc.
Int. Neutrino Conf., Aachen, 1976 (eds. H.
Faissner, H. Reithler and P. Zerwas)
(Vieweg, Braunschweig, 1977), p. 683.
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A little animation may help : P PRODUCTION
'

O~ 100GV
1.
3.5GeV/cp V= E)F%q_él(\;lrgo
BEAM LINE
5 STACKING TO EXP AREAS

RING (not to
scale}

1. Protons are accelerated to an intermediate
suitable energy [the proposal says E, = 100 GeV from
Fermilab main ring, but it is NOT critical —at CERN E, =
26 GeV from PS] .

/P

MAIN RING

£ pp INTERACTION
POINT {B%=3.5M, ap~0)

2. Then the p are extracted and sent onto a target,
to produce high intensity collisions.

3. The resultant p (very rare) are collected and

cooled ("stacked") in a lower energy ring [at CERN

;= 3.5 GeV —can't store p's at rest, despite Dan Brown
stories*].

4. After hours (days), when enough p are available,
they are re-extracted and injected in the main
ring, together with protons.

pp interaction

point
5. Both p and p are accelerated to the max energy, 5 — pp collisions !!!
and then let collide.
Although every step requires ingenuity, step (3) and *) Penning traps work for few (< 10)

(4) are the real nightmares; have a closer look. particles.



Rubbia et al. invented an innovative scheme
for pp collisions*),

e Carlo initially offered it to Fermilab, then he
built it at CERN in 1978-81, later somebody

else implemented it at Fermilab [another
turning point in particle physics, people thinks that
Americans are more fast and flexible].

* The key structures were the p collectors,
which were a new design of the Van der
Meer horn (see figs) ...

e ... and the AA (= Antiproton Accumulator),
the ring where the p were collected, cooled,
accumulated and stored for up to few

. N
days (next page). L= (fewx100) kA |
(*) imho the creation of the pp machine (and not the
relatively easy W and Z discovery) was the real .
success of the CERN pp Collider. D

look the v horn in §v (same
author) and comment on
the difference.

p collector I
cylindrically symmetric




pp collisions: pickup+kicker

The main problem : the "cooling" of p : * in reality, the pick-up and kicker are
o [why "cooling” ? in classical physics, the traversed by a large and incoherent
temperature of a gas is related to its motion in number of particles at the same time;

the CM frame : higher temperature means e put if their average displacement is NOT

higher (<v*> - <v>?) velocity; so "gas cooling” zero, they get a correction and become
means reducing the relative velocity of closer to the ideal orbit

particles;]
e analyze a single particle ( ) circulating )
inaring;
* it oscillates with "betatron oscillations"
around the ideal particle ( ); THE  problem: do
_ o everything (analysis,
* a "pick-up" electrode detects its position e N 1L
respect to the nominal orbit; really fast !!!
e this value, appropriately amplified, is >
transmitted to a "kicker", displaced by amplifier
(n/2 + %) wavelengths;
* the kicker corrects the orbit;
* notice that the space displacement
produces an angle correction; —
N\ J
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pp collisions: stochastic cooling

* Wikipedia : "Liouville's theorem, [...] after

the French mathematician  Joseph
Liouville, is a key theorem in classical

statistical and Hamiltonian mechanics. It
asserts that the phase-space distribution
function is constant along the trajectories
of the system."

A principle well known to experts of
beam optics : e.g. a quadrupole, or the
principle of strong focusing.

The cooling of p in a reduced phase space
region conflicts with the theorem : e.g. a
squeeze in transverse momentum must
result in an increase in space dimensions.

Stochastic cooling : [S. van der Meer,
Nobel Lecture] "Fortunately, there is a
trick - and it consists of using the fact that
particles are points in phase space with
empty space in between. We may push
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each particle towards the center of the
distribution, squeezing the empty space
outwards. The small-scale density is
strictly conserved, but in a macroscopic
sense the particle density increases. This
process is called cooling because it
reduces the movements of the particles
with respect to each other."




|5p collisions: (how to avoid) Liouville theorem

e My understanding : cannot modify
individual particle trajectories, but act on
packets of n particles, small enough that
their means be sensibly different from

: g 5 the ideal orbit (1/+/n not negligible).

* it requires to divide the p's in small
packets, act on each packet, and then

- . . reassemble the beam.

: * A completely different type of cooling
: exists, electron cooling, invented by G.l.
Budker. It is used in other accelerators.

Stochastic cooling

Before Cooling

After Cocling

LR O O ]
LR I ]
L Rt
LR AR I
I
- s w8

A cartoon by Carlo, to explain the previous
sentence of van der Meer and the solution
of the "Liouville problem".
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f(x)

"if a population of n
elements is distributed
according to a gaussian
with average p and rms

o, its mean is a random
variable with average p
and rms = o/\n."




Antiproton Accumulalor

\3‘5 GeV

porp: 260GeV

0 200

Low Energy Antiproton Ring

1. A view of the CERN pp

transverse
pick-up
—

complex in the '80s.
no mf‘xr‘r,g%& 6

2. The AA and the its
functioning principle.

3. A scheme of the AA
operations.

Yy -
»
"9 desired

amplifier

AA




pick-up and kicker Time evolution of the p in the AA:
act only on this part

) 1. The first pulse of 7x10°8 p has been injected into the vacuum chamber.

«—

) 2. Precooling has reduced the momentum spread.

1
v

) 3.The first pulse has been moved to the stack-tail region.

) 4.The second pulse is injected, 2.4 s later.

) 5.The second pulse, after having been precooled, is also stacked.

) 6. After 15 pulses, the stack contains 108 p.

-) 7. After 1 h, a dense core has formed inside the stack.

ﬂ 8. After 24 h, the core contains enough p for transfer to the SPS.

Y YaYAYAYAYAYAYA

ﬂ 9. The remaining p are used to begin the next day of accumulation.




pp collisions: summary =

* In hadronic interactions, partonic collisions I 8o 1t BTk
at high Q2 are more interesting than

coherent hadron scattering at low Q2. > [lot of g at high x — initial state with

the vacuum quantum number —],
more Z, W%, Higgs with same Vs and
luminosity;

* Why in some cases pp are preferred, and in
other pp ? [see the score card] )

* Pros and cons are balanced : the winner
depends on many considerations (money,
availability of the facilities ...)

> cheaper machine [only one magnetic
ringl;
> but lower reliability [a fault in AA, e.g.

due to a storm, could block the SppS
> pp machines are more expensive ... for one week, due to the loss of p]

> but pointlike cross sections decrease like
1/s; therefore as Vs increases, the
luminosity is the essential requisite;

* However, the physics trend is clear :

Proton-proton pp :

> no auxiliary machines (AA, horns, ...)
[no antimatter];

> the level of sea quarks increases with Q2,
even at high x, therefore the argument of
"valence @ high-x" loses strength; > higher reliability [no antimatter];

> probably the SppS and the Tevatron will > much higher luminosity (~ 10°) [no
be the highest energy pp colliders. antimatter].
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SppS parameters

parormances st improving, Wt and 2
performances still improving, W* and Z The Spps in 1383
discovery. Notice : - 1Bl = 13

p,W —pX 26 GeV 1013/2.4 s

e The rate of p production : a rate ~10° paid
to convert matter into antimatter. Ip| = 1/(10° p)

p
e The energy for p collection (3.5 GeV) was 3.5 GeV | - few X 10°/h
chosen because it is optimal for production _ Vs=546 | £=1.6X10%
o and acceptance. PP GeV (*) cm2s!
e The cross-section of the design, from an [edt 153 nb!

old experiment o(p ,,W — pX), was higher.

N D 8 x 10°
The project had margins to (barely) survive. events(PP)

Don't confuse ",,W"

i} . Wt 5 ety 920 (tungsten,"wolfram")
e The SppS performances were considered with "W*" the IVB.
great, but LHC is X 10° in luminosity and X WE — ptv 14
20 in energy (30 years later). (UA1 only) [sorry, not my fault,
only 26 letters
Z—>e'e” 12 available]

An example of PS supercycle in 1983
E (duration : 28.8 s) 2 pw
(UA1 only)

(*) /s = 630 GeV in > 1984.

t

AA AA AA AA AA AA
v v APA Lear
SPSSPSSPS MD
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Year 1982 (1983 | 1984 | 1985 | '“1:1:7( 1987 | 1988 | 1989 | 1990
Beam energy (GeV) 273 | 273 | 315 | 315 315 | 315 | 315 | 315
B.* (m) 15 [ 13| 1 1 1 1 1 | 06
B,* (m) 0.75(0.65| 0.5 | 0.5 05| 05 | 05 |0.15
# bunches 3+3 | 343 | 343 | 343 (2:2) 6+6 | 646 | 6+6
p/bunch (1010) 95 | 14 | 16 16 12 | 12 | 12
p/bunch (1010) 1.2 [ 15| 2 2 4 6 7
<& ...>(10%cm2s1) | 0.05[0.17| 0.36 | 0.39 03513 | 1.8 | 3.1
< £ /coast>(nbl) 05 (21| 53 | 82 2.8 | 315 | 40 70
# coasts/year 56 | 72 | 77 80 33 | 107 | 119 | 104
<T_..>(h) 13 | 12 | 15 | 17 11 | 12 | 10

28

153

395

655

94 3608

4759

7241




The detectors

UA1 and UA2 are placed
at 60° wrt each other, in
the region far from the
injection from PS.

CERN
PREVESSIN SITE

-------------

______
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e there is a

* Modern Collider detectors cover a solid

angle as close as possible to 4r;

* there are two reasons for that :

> detect all the particles of the final
state (e.g. to reconstruct a rare
multibody state with high efficiency);

> "detect" the invisible particles (e.g.
v's), which escape without interacting
with the apparatus ("hermeticity", as
Carlo used to call it);

fundamental difference

between e*e” and pp (pp) :

> in hadronic colliders (NOT in e‘*e),
most of Vs (= 1—-/Xx,) is lost in
spectator fragments, which escape in
the beam chamber without being
detected;

> the "visible energy" is a (small and
variable) fraction of Vs;

therefore, in pp and pp, the constraint
of 4-mom conservation is not applicable
in 4D;

instead, a 2D constraint in the transverse
plane is used;

in the analysis, use the "missing
transverse energy" E; (assume E.=|py]).
["missing transverse momentum" looks
more correct].

Rules for trigger and analysis:
ete” :"4D";
pp(pp) : "2D" :
V’s — E;
spectators — E,
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The detectors: UA1 parameters

Central drift Gas Field Varift Ol orentz Nsense wires
SEINIICE Ar-ethane 40-60 | 1.5 kV/cm | 53 um/ns | 23° @ 0.7 T 6110

e.m. rad- had. Cell
UA1l Zenith © | type Name length abs- AOXAG o¢/E
length
Central e.m. | gondolas | 26.6/sinf | 1.1/sin® | 5°x180° | 0.15/VE(GeV)
calorimeter 2571557 had. C's - 5.0/sin® | 15°x18° | 0.80/VE(GeV)
Endcap 5e_25° | e.m. | bouchons | 27/cos® | 1.1/cos® | 20°x11° | 0.12/VE(GeV)
cllelgInlSiicIgl 155°-175° | had. 's - 7.1/cosB | 5°x10° | 0.80/VE(GeV)
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The detectors: UA2
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The detectors: UA2 scheme

Ny n.."\".::‘
R
—} VERTEX DETECTOR
. EE—

| TOROID COLS |y

TUNGSTEN CONVERTER
AND CHAMBER (g

[(ONVERTER

FORWARD CALORIMETER ‘}\:
o N i

UA2 - 1m - FORWARD CALORIMETER
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The detectors: UA2 calos

\ \\\x% Az

~—

TUNGSTEN CONVERTER ‘ es 0‘* mm
I e S e T g/ senileet S
FORWARD CALORIMETER p yon p\n"ei {5 mm
1‘.] gc_'\m.'\'l.\o\d o
_ $ ®
T | v‘,
+ + wave * m
e_, T[_, length Shifterg i
g 09\ $
jets =T Comparig,y &
23 '
Y hadron com riment <
360
e -m. calorimeter : 17 radiation lengths 4 o
total calorimeter: 4.5 absorption lengths 2 5
senith © | type e.m. rad- | had. abs- Cell /E
(0)
UA2 length length | AOXA( .
Central Ny
calorimeter e.m. 17 ~0.5 0.14/VE(GeV)
40°-140° 10°Xx15°

had - 242 32% - 11%
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The events: jets discovery

Hadronic jets discovery :
UAZ2 - Paris conference, 1982
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The events: UA2 jets

Scale
10 GeV

|

o

CERN pp Vs =540 GeV
UA2 experiment

—_—

Ppp— jetjet

Paolo Bagnaia— PP — 09
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UA1 jets

The events

3/8

V)
)
2
4)
3’
(@\|

Pp —

1

UA

e — F =
! S— m
.h.:._..ﬁ...._. o
] » ]
R 8

w — —_— —

m“H — -
.+ —
. Aimithaan
—

UA

UAlL

23
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The events: UA1 WX — ev

Central detector

Lego plot of the
e.m. calorimeter

Paolo Bagnaia— PP — 09

£ max 23.7GeV

The original UA1 paper said "Fig. 6. The digitization from
the central detector for the tracks in (...) events which have
an identified, isolated, well-measured high-p; electron".

The central detector is impressive, but the e.m. calo is
definitely easier for event trigger, selection and analysis.




The events : UA2 W= ey

UA2

Energy
scale

10 GeV

NB UA2 had a magnetic field only
in the FB regions to measure e*
asymmetry; in the central region,

et <> e~ were ambiguous.
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The events: UA1Z — e*e-

RUN 7433 EVENT 1001

UA1l
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The events: UA2 Z— e*e-

UAZ2 ) e2

10 GeV

10 _Ge\f
el
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The events: UA1Z — ptu-

MERLIN-UR1 VERS. EBO9 UR1T VERY PRELIMINARY
RUN NO= B523. EVT NO B31

CRAMAC DATE 30- 6-85 CAMAC TIME 21:54
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At the time, the scheme of the quark-
parton model (qpm) was established, but
not shared by everybody .

The expected signature of gpm is the
"jettyness" of the hadronic events.

If gpm and QCD hold, the expectation is
a change of regime as a function of Q? :

> at low Q?, coherent pp collisions —
final state hadrons spherically
distributed;

> at high Q?, parton-parton collisions —
two thin jets.

Otherwise, expect all types of events at
any Q?, but most should be spherical.
A difficult experimental challenge :

> prove jettyness without a "trigger
bias" (i.e. cherry piking the events);

> disentangle dynamics from kinematics

(3-momentum  conservation may
simulate jettyness);

> prove that the majority (?) of events
at high Q? are "jet-like".




ThESOlUtIOhZ W71 17 T 7T T 1 T T T T T T 7T T [T
- UAZ2, 1983

e measure Q? independently from jets:
define ZE; (total transverse energy, i.e. an

unbiased *) observable, in QCD o« VQ?2) :
2E. =2, |EPdonk| =3 E, |sin®,|; ] R
e identify the two highest jets of the events
and their transverse energies Ef, EZ; 3 -
e plot, in bins of ZE,, the fractions : [~
h,= <E-|-1/2ET>; - _O__O" -
_ _(Fl L2 o N i
h, = <(Er + Ef)/ZEp>. it works well
e Ideally, in qpm+QCD : || apmdoes NOT at high ZE; | -
o | 2 - both h. h " wo_rk at low ZET SE,
> ppint. @ low Q¢ : both h;,h, small; 0 Ly e e réo. LI

> gpm @ high Q?: h;=0.5, h,=1.

Success !l As a function of XE;, (i.e. \/QZ),
(*) events selected (triggered) by XE; are  the events change in the expected way; the
unbiased respect to shape; moreover, if  gpm region is not precisely defined, but

gpm holds, E; oc VQ2. SE, >~100 GeV (£ < ~10-18 m).



10?

102

(nb Gev-')

10°

10!

d?0/dpydn In= 0

1072

10~

104

'_ T I T I T T l T T T T 1
i _ |
L UAZ Pp —= jet+X -
: - Js: 630 GEV (1981-] :
o sz 546 GeV  (1983)
000 — Vs- 630 GeV |
3 ——- 5= 546 GeV B
C ]
| 1
| 4 GeV) |
; N
\\\ \\ )
r NS
-
— - ] . J_ 1 L i L 1 'l 1 __._‘__;__.,_____
0 50 100 150
py (GeV)

Already discussed. Just notice :

the increase as a function of Vs;
the comparison with pQCD;

103

102

1!

{nb Gevh

10°

l'lle.ﬂ'cﬂ.Bs]

10

da/dm

102

1072

=

T

UAZ PP —ejete jeteX
(Imjey1<0.85}

« Ys= 630 GeV (1984}
o V5= S46 GeV  {1983)
a0 — ¥s= 636 Gev
- {s= S46 GeV ]

_IF'«'I'{'!IJ'.'IlllIIlIlI'[T'l_[]l_ll"'_l_:'t

- 3
- . ,\
. m(jet-jet) [=V3]
10-“ M EE R RN AT A TN N SRR SO A N RN T S A S S S \{\ J__;
0 100 200 300
m (GeV]

e limiton A>370GeV @ 95% CL
(1/A hypothetical scale of a sub-

for higher limits
on A, see § LHC.

structure : (370 GeV)1~5%x1071°m.



The (LL-invariant) angular variable y:

o N dy 1 14+cosO* 2
u_1+cost [1 large < Osmall]| dcos0* 9*+ 2 2
=x=—; - _ * _ *
=T 1 cosp* L cos 1-cos (1—cos0*)" (1-cos6*)
The variable 7y "flattens" the dopumer [ dO dy - 1 dy -
Rutherford  angular cross-section, dy  \dcos®* )|dcos0* * 2 )ldcos0* *
i.e. do/dcos0* oc t2 oc (1 — cos 0*)2 1
— do/dy = const. [box]. oC " o 2(1—cos€)*)2 = const.
—COoS
The data (UA1 1983, actually Bill ( )
Scott) show : . | ‘ | ‘ | | |

do/dy is remarkably "quasi flat";

center of mass angular distribution of jet pairs

e good agreement with pQCD:

(do/dx) / (do/dy), _, Vs X

Expected effect of a? - variation of o

do/dy not constant because of o,
running : y large — 0 small —> Q?
small = o larger = o larger);

* in addition, non-t? processes at
small x (large 0).

P1

=<

Rutherford region

ach \
- l
] (leading order) linverse - sguare law}

i ! i i 1 [ 1

6 8 10 12 & 1% 18

XZO



]| II n
1/2 The "Drell-Yan" process
. . pPA = u'u X
e Drell and Yan in 1971 computed in qp model: 0t . —
q q — y —> 'e+'e_, 'e = e, H, T; 10153:::::222 \HN:.E\%DN\ :
e they found : T e gy o
D Fy=.125 e AL x 10°
d’c 4no’ 1 S Fx= s x 107 ]
> = . X o[ %= 225 x10°
[ Xp = . - X10= 1
dmy,dx.  9mi,s (X, +Xx,) % Cproams 1o
2 — — ) 5 Lx=.375 x10° |
Xziei [qi(xl)qi(xz)+ qi(xl)qi(xz ):Ir E | Lx= 425 x10° ]
@) AL % 10° -
—=GO(1+c0526 ; Xe =X, —X,; T=mi,/s. 5[ c10
dQ ";-D., 4_ % = .575 <107 ]
o % = .625 < 107 —
k= = 675 -
20 | Ann.Rev.Nucl.Part.Sci.
[ pCu—pruX 49:217 (1999)
2 | [fixed-target exp.]
%“1; —
Sob Hpe
M; "0" is the angle in
il T e . . the €€~ frame,

I 1
-0.8 -06 -04 =02 O 02 04 06 08 1

cos®
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* by extension, in hadronic interactions, * a DY process is calculable with the usual

the name "DY" was also used for gpm scheme [as shown in 8 8];
processes with two leptons mediated by o computations of the DY processes were
a (heavy) vector bosons : at the origin of the SppS proposal, and
du —> W~ —£7v, (+any qq' — leptons); the main ingredient of the comparison
uua —>Z— 28 vv,qq (+..); data-theory;

e by a further extension, it is also used for ~ ® since then, this scheme has been
all  processes with a fermion- technically improved without basic
antifermion pair in the final state, modifications.
mediated by an electro-weak vector
boson, either real or virtual (y*), z*), - N

(%) I - =~ I g S S >
W), e.g. du > W™= qg; i IO{ ;}spectators f

e j.e. "DY" = production of a ff pair in a >
hadronic interaction with an electro-
weak spin-1 mediator;

* when the y* is replaced by another IVB, o . f
at parton level the electro-magnetic p{ ________________ E}spectators
process has to be replaced by the y

appropriate electro-weak cross-section;



W1 discovery

el L U

o

On 25 January 1983 CERN announced the discovery of the W boson. Left to right: Garle Rubbia, Simon van der Meer, Herwig Schopper, Erwin
Gabathuler, Pierre Darriulat (Image: CERN)
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W= discovery: UA1

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS
WITH ASSOCIATED MISSING ENERGY AT +/s = 540 GeV

Wi —> ei\/ UAI Collaboration, CERN, Geneva, Switzerland

G. ARNISON i, A. ASTBURY J, B. AUBERTY, C. BACCI{, G, BAUER!, A. BEZAGUET ¢, R, BOCK 9,
T.J.V.BOWCOCK ' M. CALVETTI{, T. CARROLLY, P, CATZY, P, CENNINI{, S, CENTROY,
P h yS Lett F.CERADINIY, S. CITTOLIN¢, D. CLINE?, C. COCHET ¥, J. COLAS®, M. CORDEN ¢, D. DALLMANY,

a 0 M. DeBEER kK, M. DELLA NEGRA Y, M. DEMOULIN ¢, D. DENEGRIK, A. Di CIACCIO|,
D. DiBITONTO 9, L. DOBRZYNSKIE, J.D. DOWELL®, M. EDWARDS ¢, K. EGGERT 2,
122 B 1983 E. EISENHANDLER, N. ELLIS¢, P. ERHARD?, H. FAISSNER 2, G. FONTAINE?, R. FREY !,

R. FRUHWIRTH', J. GARVEY ¢, . GEERS, C. GHESQUIEREE P. GHEZ®, K.L. GIBONI?,

W.R.GIBSON!, Y. GIRAUD-HERAUDE, A. GIVERNAUD k A.GONIDEC b, G.GRAYERJ,
P. GUTIERREZ !, T. HANSL-KOZANECKA 2, W.J. HAYNES J, L.0. HERTZBERGER 2, C. HODGES I,
D. HOFFMANN ¢, H. HOFFMANN ¢, D.J. HOLTHUIZEN 2, R.J. HOMER ¢, A. HONMA f, W. JANK 9,
G.JORATH PIP. KALMUST V. KARIMAKI® R.KEELER 1. KENYONC, A, KERNAN,
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W= discovery: UA2
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W+ discovery: method

e production (assume only valence) : td > W~ —> £V
[the case (ud —> W* — £*Vv) is equal, mutatis mutandis];

» £=¢e/y, study the "e" case (original discovery, u similar);

the hadronic decay modes are dominant (see § LEP), but

essentially invisible at the SppS, but an attempt by UA2;

apm — p(W*) = 0; p,(W*) unknown and varying;
v not detected (but E;);

e selection :
> trigger in E; electromagnetic (e*) : E; > 8 GeV [UA2];
> selection requires large £; ( — p{¥);
» ...and atrue et (from its e.m. shower);
» reconstruct p§, py (= &), = E°, pi°
» compute : m;["transverse mass"] :
m? =(EL+E}) — (B} +B)) ~2ELE) (1-cosAd, );
e analysis:
> select clean W* decays, i.e. high-p; e + E;
» correlate m; - m,,, e.g. via montecarlo.

Paolo Bagnaia— PP — 09

initial state
u/d (p) | d/u(p)
intermediate
W=
final e
(v) &
»
detector e
%
Iltll

ideally Ef = Ey =E,,
A$=180°, m; = 2E..




W+ discovery: kinematics =
Problem : In a W — ev event, only W : ( Im? +p”, D, 0);
of g.p.m.

p. and E; are detected. Is it possible

to get B,y and B, ? e: (k, kcoso, ksme);
v :(\/mierpz—k, p—kcosO, —ksin@); iy

4 )

measured: k, 0, £_;

unknowns: m_, p=py;

check: f{” E; zE?]zksinG [+ planarity];

2
mi~0 — («/mfv+p2—k) :(p—kcos€))2+kzsin20;

— one equation, two unknowns — no solution.

But if m known : e.g. from the jacobian [next slide]
’ w C

m: +p” +k* —2kymZ +p* =p* +k* —2pkcosb;

. ) 2
T, neglected — Ap % ; (Zk\/miv +p° ) = (miv +2pkc059) ;
* better : p;¥ = "E;(2D)" — p;°

(but large error from spectators).

4p*| k? (1—cos2 6) —4@km§vc056+ 4k’m2 —m? =0;

— two solutions for|p,, |andfor|p, |

A%
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e the "jacobian peak" ["*" = W sys.] :

p;* =p;=p *sin0*=im, sin6*;

cos0* :\/1—(2p$/mw)2 :\/mi, —4(p$)2 /mw;

dN/dp¢ :(dN/dcosG*)x‘dcosG*/dpi‘ oc

oc (1+cos(9*)2><4IOT % !

m \/ D) e \2
‘ m, —4
= f(p;%,m,y) smooth, no-peak v (pT)

e therefore the "jacobian" |dcos8*/dp;®|
produces a sharp peak at p# = m/2,
modulated by I', @ (detector).

dN/cipT
< (arb. units)

»
»

EL
dp; 1-(2p,/m, )’
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EVENTS / &4 GeV

W+ discovery: the jacobian peak

1 | ] T L
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6B W~ ev
EVENTS

12 .
E e -
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]

technicality : the plot shows "AE,,"
= F; ~E;", which follows exactly
the same kinematics as p-°.
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Results (see 8 LEP) :

UA1 pre-LEP:
m,, = 82.7 + 1.0 (stat) & 2.7(syst) GeV;
I'y <5.4 GeV,

UA2 pre-LEP :
m,, = 80.2 + 0.8 (stat) &+ 1.3(syst) GeV;
I'y <7GeV,

\ 4
A

[PDG 2016] :

m,, = 80.385 £ .015 GeV,

T, = 2.085 + .042 GeV;




e Assume that the main process
be valence-valence. The large

values of the W* mass makes ( 3 (5) d(p) ]
all the other masses negligible. ol "
Thus the particles have -ve N / -
helicity and the antiparticles / o>
+ve helicity. 1+ oy e = =V
T < >
e Then, the (V—A) structure of the 3
CC favor the collinearity (e p), =
3) i * d (p) u (p)
(e*p), i.e. cosO* ~ 1. 1 ! / > <
* As in many similar processes, V — » —
do/dcosO* oc (1+cos 0*)2. // -
e The process is a simple and oli/ é : v=> et =>
powerful test of the theory ... cos? < >
e ... but does it discriminate

between (V—A) and (V+A) ?
[think and answer]




[probably one of the few advantages in
0= UAS hadronic colliders for a low value of Vs].

Acceptance corrected

/ e At LHC, the initial state is pp, completely
symmetric, so the effect is completely
absent. The W* yield is more abundant,

| especially at large x, where the valence

quarks are dominant [do not confuse
difference in initial state with parity
violation].

{1 + cos 8%

o
S
t

dN/d cos 6*

/ e At LHC, cross-section larger — more

/ .
_},% precise m,, I', measurements.
//
I

o 0 i * A method to increase the asymmetry at

- high Vs is the selection of "low-p;" W
e As important as the pure discovery [less (qG — W=), with respect to "high p;" W
media impact, of course]. (gg, g — Wt jet).
e This beautiful effect is only evident at
the SppS [m2 = sx,x, — increasing Vs,
the value of x;, decreases, and
therefore sea-quarks become dominant].

[=]
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Z discovery: UA2
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Z discovery: mass computation

e production Gu (dd) > Z — £*¢7;
* both selection and analysis easier than in
the W+ case [despite smaller cross-section] : - - UA?2

> require two well identified, opposite- -
charge, same-flavor leptons; 8 |-

> use fake eu to study bckgd [NOT existent,
NO bckgd, the easiest analysis ever]; s

* compute: a

m(f+f_)z\/2E+E_(1—cosoc):2 EE sin(a/2); [

om m _ ~dm_m _ oOm _ m .
OE, 2B, OE 26" da 2tan(a/2) '|
(Amjz 1(AE, Y (AE Y YT N R ,
I e PN L 80
m 4|\ E, E tan(o./2)

(E, ~E ;a~180°) > 21 o 1 AF

m\/EE

e typically Am = 2 GeV for a single event.

- Am~+/2AE.
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Z discovery: results

[interpretation and comparison with SM in 8 LEP]

Results :
Comparison with SM :
UA1. *m,/m,;
m, =93.1 4+ 1.0(stat) + 3.0(syst) GeV,; e sin0,;
I, =2.7 *12_ (stat) £ 1.3 (syst) GeV; N SM checks;
SM predictions (e.g. top mass);
"bSM" physics.
UA2 :
m, =91.74 £ .28 (stat) + .93(syst) GeV;
[, =27 +2.0(stat) + 1.0 (sys) GeV: ™ the e*e” machine improves by
>100 in m,and >1000in I, !
... but the discovery was
[PDG > 1995, i.e. LEP] : made in pp !!!
m, =91.1876 + .0021 GeV,
[', =2.4952 = .0023 GeV.
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e The dominant decays of W/Z are into 250 B i
quark pairs : W 7
W* — ud, — c5; 1 l

W~ — ud, — Cs; 200 - .

Z —ul,—>dd, —>ss, ..

e but they are overwhelmed by the
dominant QCD two-jet processes;

* the only analysis [to my knowledge] to 150 |
select them by UA2, shown here;

* the first attempt of "jet spectroscopy”,
important as a method, but still quite
rudimental in 1986. 100 -

50 .
1 | JJ_IJ_[Illjlall

40 50 60 8¢ 100 120 150 200
m (jet-jet) (GeV)




Check the gpm with Wt and 7 :
* NOT a joke : if unsuccessful, serious breakdown both of the | s} UA2
theory and the experimental method; o
e x : the same variable as in structure functions and qpm; sof * st;ucture functions
prediction
> the qpm predicts the x distribution, both for W and z; sob
> ok.
Lo
* p;:the transverse IN X=2|pg|/Vs
momentum : i 21 *r
> ingpm, NOT ® W-events i 20k
prEdiCtEd (z O), o 7-events -5 ol
> expected to be —-t.
"small"; UA? | B TR R TR TR
> heavily affected 3
by detector; _‘2
> "prediction" is a P
mixture of I (GeV)T71
theory and exp. . l | —4
> ok. 5 10 15 20
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452. The first version of the antiproton production target was
a tungsten rod, 11 cm long (actually a row of 11 rods,
each 1 cm long) and 3 mm in diameter. The rod was
NB original papers are quoted everywhere; these are embedded in graphite, pressure-seated into an outer
reviews — usually easier to understand. casing made of stainless steel. The casing had fins for
forced-air cooling. In this picture, the 26 GeV high-
intensity beam from the PS enters from the right, where a
scintillator screen, with circles every 5 mm in radius,
permits precise aim at the target centre.
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