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Chapter Summary

U Theoretical framework of the stron

QO Partial wave, Optical theorem and total cross-section measurement.

O “Soft” Physics at the ISR: proton-proton total cross section.

O “Soft” Physics at LHC.

O “less soft” Physics at the ISR.

O Legacy of the ISR collider: Luminosity measurement and Stochastic cooling

"Blue” slides are taken from Ugo Amaldi presentation “ISR Physics” at
The 50th Anniversary of Hadron Colliders at CERN — 14 October 2021-
https://indico.cern.ch/event/1068633/timetable



https://indico.cern.ch/event/1068633/timetable/

First hadron collider at CERN ... the ISR

0 In 1956, studies for the second generation of CERN accelerators began and
gradually converged towards a proton—proton collider.

0 From 1961 onwards, a study of a 300 GeV proton synchrotron was carried out.
It was decided to construct the ISR first.

( In June 1965 ISR was approved and in December 1965 the construction started.

[ First beams in 1971 and operation for Physics from 1971 to 1983.

U The ISR was the only CERN collider built without a specific physics goal.

O The program was shaped by the dominant view at the time:
proton-proton collisions are SOFT processes

d The ISR Committee favoured the “PS approach”:
many experiments performed by small groups for a short time.
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» 2 Rings with a 300 m diametre.
>
>
>

It could have discovered:

Booster

ISR - Intersecting Storage Rings
PS - Proton Synchrotron
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8 interaction points; 12 experiments in 5 points
Proton beam up to 31 GeV energy (62 GeV CoM energy)

= J/Psi; Upsilon; Jet structures ...
»> ... but the detectors were not looking at high-Pt regions

» However machine people learned how to build a hadron collider
» ... and physicists how to build a detector for such a collider

52 GeV ~ 1352 GeV

CoM ISR Fixed target
(26 + 26) beam




One of the ISR key performance parameter: vacuum system

This is only an example of how many
new technology challenges had to be
overcome to build a collider.

1 the integrated luminosity was proportional to:

111,
J== dt

(Iis the beam current and h is the vertical separation at the interaction point)

with all three variables depending on time t.

O Protons in the beams are lost due to nuclear and Coulomb scattering with the residual gas in the
beam pipe, and the effective beam height h gets blown up by a similar mechanism.

O Imposing a beam loss of less than 50% and a growth of h 4 of less than 40% in 12 h, that will translate
in a drop of less than 18% in luminosity after 12 h, the pressure should be less than 10-° Torr over a
total length of nearly 2 km (101! Torr at the interaction points) [1 atm = 760 Torr]

O Even new methods to measure such a low pressure had to be invented (they succeeded)
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overview

"Blue” slides are taken from Ugo Amaldi presentation “ISR Physics” at
The 50th Anniversary of Hadron Colliders at CERN — 14 October 2021-

https://indico.cern.ch/event/1068633/timetable

(This is not part of the exam program, but it is an important step toward the SppS physics)



https://indico.cern.ch/event/1068633/timetable/

INELASTIC COLLISIONS
80% of o

diametrer = 1 fermi pions, kaons...

ELASTIC COLLISIONS (shadow)
20% of oy

E =30 GeV

momentum transfer

Reminder: elastic collisions: final state particles are equal to initial state particles
inelastic collisions: finale state particles are different from initial state particles




Team led by Jack Steimberger ---. . " J FIRST PERIOD
o _| 1971-74

—37 Major instrument Close to the
-¢ for inelastic collisions |[ YT

\ Split Field Magnet
: 1973

20 MWPC
70,000 wires !

Only 5 years after first MWPC

50 years of hadron colliders - UA - 18.10.21




ELECTROMAGNETIC
FORCE (feable)

electron

electron

(In a few slides | will tell you something about the Regge theory)




h (h) __—~h(h) R;':dEictiZ:.
Ot = const equal to proton-antiproton

Proton-proton total

pomeron P cross-section should be

total cross-section

i p equal for h and h

p

(The pomeron is still used in the modern description of the proton-proton elastic scattering)
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TOTAL CROSS SECTIONS OF »*, K* AND p ON PROTONS AND DEUTERONS
IN THE MOMENTUM RANGE 15-60 GeV/c

S. P. DENISOV, S.V.DONSKOV, Yu.P.GORIN, A.l. PETRUKHIN, Yu.D.PROKOSHKIN
D. A.STOYANOVA, J.V.ALLABY* and G, GIACOMELLI **
Institute of High Energy Physics, Serpukhov, US.S.R.

Received 30 July 1971

PROTON-PROTON ASYMPTOPIA IS
ALREADY REACHED AT E,.., =100 GEV

(total cross-section should remain constant
according to the Regge theory)

This figure sug-
gests that the total cross-section for K*p will ap-
proach the asymptotic value from below




Total cross section measurement

InlIR=8 the total CrossISECtDIWaSHIEASIIE T MIYRIE
P S Coll,

Measuring p-p total cross-section
was one of the most important
measurements in the early phase

of the ISR.

Then, the knowledge of the luminosity

was of a paramount importance.
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50 years of hadron colliders - UA - 18.10.21
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h 4 = effective beam height

l Beam current
/

N 4 13

Luminosity = K

heff

50 years of hadron colliders - UA - 18.10.21

HOUNVETLELOY
SIMOTINVANN ETAV EET:

The luminosity is proportional
to the overlap of two beams

If the beams are very narrow,
with a little displacement the
counting rate goes to zero;
on the contrary if the “bell”

is large also the beams are
large and the luminosity is
small.

hett = Rmax/Area

R is the rate measured
by a reference counter

This is the method still
used at LHC to measure

the luminosity:
van der Meer scan
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The detectors are inserted into the beam pipe
in order to go as close as possible to the beam. I IFYS pots de Rome *

The same concept is still applied at LHC, = Roman pots
as we will see later.

50 years of hadron colliders - UA - 18.10.21

(through the optical
theorem. See later)
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CERN-Rome
31.5 GeV + 31.5 GeV

| imerfersnce ) p(0)

fwit
X-section
801}:

60 :

L Coulomb
:interaction
402

do/dq? (mb/GeV?)

b0 ) E-PU R S B
{0 ] 0.02

10 m}n from
beam axis

q? (GeV?)

(N.B. the optical theorem can be deduced also from the S-matrix theory)
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0.04 0.06 0.08 010 |

S-matrix theory:
Scattering amplitude
A@®) [i +p(g?) ]

(wait a few
slides)

1. Optical theorem:

O,:= C V fwd x-section

2. Dispersion relation:

p(0) expressed as an
integral over all energies
of Oy(E)

p = Re[fer(0)]/Im[fe(0)]

Wait for the optical theorem
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Ig)_ lOPO_ Regge theory predicted that
the pp cross-section should

be constant for large energy.
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Foley et al 1967
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“Soft” Physics: ISR experiments have shown that the proton-proton cross-section increases by 50%
when the collision energy increases from 15 GeV + 15 GeV to 150 GeV + 150 GeV




A bit of theory/history:
S matrix, Regge poles, pomeron...

(of course ... this is not part of the exam program)




L We have an initial state |i> that evolves in the final state |f> due to an interaction;
1 We work in the Dirac representation (interaction representation);

O H=H,+V, where H, is the free Hamiltonian and V, is the interaction Hamiltonian;
O The S matrix (function of V) drives the state evolution from time t, until time t;

|'W1(£)) = S(&o, OV (t )

Uwhere
We have a conceptual problem to solve the integral
i t because at different time t’ the V, are not granted that
S(t.tr)=ex - j V. (t' dt— ! commute with each other. We introduce a procedure of
( ! 0) P 7] I ( ) time ordering (Time order product) that lead to the
t, concept of “propagator”.

(J We want to evaluate the S Matrix between the time -oo and +oo; that is we have a free state |i>
and we would like to know how it evolves after the interaction:

|'P(o0)) = S(=o0, 0)li)
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O the amplitude probability to find a particular final state |f> is:
(F[P(0)) = (f | S(—o0, )iy = (F | S|i) = S

O expansion of |W(e°)> in a complete set of eigenstates:

|W(0)) = D | FXF () = X | F)Sp
f f
UTransition probability from the state |i> to the state |f>:

2
‘(f|‘1’(oo)>‘ = Sﬁ (eigenstates normalized to 1)

O Unitarity of the S Matrix (probability conservation):

2
Zsﬁ =1 4= |It can not be violated in any case and in any way!
f

N.B. to "compute” the single S;; we need a lagrangian, that we didn’t have for the strong interaction

The S matrix was then analysed in terms of its fundamental properties: unitarity, analyticity, crossing symmetry,
without assuming anything about the strong potential responsible of the scattering.
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Crossing simmetr

A process where a particle with a 4-momentum p,, in the initial (final) state has the same amplitude Sy; of the
process where it is replaced by its antiparticle in final (initial) state with the same 4-momentum

This graph describes these three processes
(s becomes t if you rotate the graph by 90°)

a+tb—oc+d s - channel
a+d—o>b+c t - channel
a+c—b+d u -channel

These processes involve different regions of the parameter space; variables s,t,u are the Mandelstam variables

S = (pa + pb)z ; t= (pa - pd)Z.; u= (pa - pc)Z.

They are not independent because they obey at the following relationship: S+t+u= mZ + mtz, + mg + mﬁ

Conclusion: processes in the “s channel” (annihilation) and in the “t channel” (scattering) are related
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U Tullio Regge studied the analytical properties of the scattering amplitude of the collision process between two
particles. He considered (in 1959) the angular momentum as a complex variable and derived the singularities of the
scattering amplitude that became universally known as Regge poles.

? The present situation of the Chew—Frautschi plot shows
. that the Regge trajectory containing the p meson
. Regge trajectory (mass = 770 MeV) is practically linear up to very large masses
spin " £6(2510)
61— ag(2450) For unknown reasons, spins of elementary
particles are proportional to their mass?
51 b P5(2510)
N; al £4(2050) In 1960 Chew and Frautschi conjectured that the strongly
&3 24(2020) interacting particles had a very simple dependence of the
"= P4(1700) squared-mass on the angular momentum: the particles fall
w4(1670) gt into'fami!ies where the Regge trajectory functiqns were
5l £5(1270) eaning apine Gt straight lines with the same slope for all the trajectories.
ay(1318) d.:n;.'::,;,ynﬁ:::f::) The straight-line Regge trajectories were later understood as
; p(770) ol muge? arising from massless endpoints on rotating relativistic strings.
w(782) Since a Regge description implied that the particles were
a=0.5 — | | | | bound states, Chew and Frautschi concluded that none of the
0 0 2 4 6 ] 10 strongly interacting particles were elementary
m2 (GeV2) Mass?
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nion-proton scattering

D The exchange of the p trajectory dominates the charge-exchange cross-section of the pion-proton interaction.

According to the Regge theory the cross-section shoud varies as s2®9-1=1/E_, [a(0) = 0.5]

o
- / n In the 1960s the experimental confirmation of this prediction was one of the
n strongest arguments in favour of the Regge description of the scattering
p o=Ss a(0) -1 ¥ ¥ 0.5 of two hadrons. Such a description is still used because these phenomena

cannot be computed with quantum chromodynamics
p \
n

Pion-Proton Charge-Exchange Scattering from 500 to 1300 MeV*

Cuarres B. Cuiu, RiceArp D. Eanpi, A. Carr HermuOrz, ROBERT W. KENNEY,
BurTON J. MOVYER, JoHN A. PoIRIER,} AND W. BRUCE RICHARDS]

Lawrence Radiation Laboratory, University of California, Berkeley, California

One of the many

papers on this AND
Su bject RoBerT J. CENCE, VINCENT Z. PETERSON, NARENDER K. SEHGAL, AND VICTOR J. STENGER
University of Hawaii, Honolulu, Hawais

(Received 16 November 1966)

Differential cross sections for the reaction 7~ — =% were measured at nine incident-pion kinetic energies
in the interval from 500 to 1300 MeV. The negative pion beam from the bevatron was focused on a liquid-
hydrogen target completely surrounded by a cubic array of six steel-plate spark chambers. The spark
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oroton scattering

J Inthe Regge model, the exchange of a pomeron trajectory is the dominant phenomenon in all high-
energy elastic collisions.

U In the “t-channel view” a(t=0)=1 - energy-independent total cross-section, as confirmed by
experiments before ISR results.

o) The pomeron itself was introduced by V. Gribov and he incorporated
the Pomeranchum’ theorem into the Regge theory.

O..=S a(0)-1 = const The modern interpretation is that the pomeron has no conserved charges
tot (electric charge or color charge) and the particles on his Regge trajectory

\ " have the quantum numbers of the vacuum.

S-channel description theorems:
* Pomeranchum theorem: in the the limit s - oo, the hadron—hadron and the antihadron—hadron
cross-sections become equal.

* Froissart-Martin theorem: the total cross-section should satisfy the bound O = CIn*(s/sy) = 60 mb In“(s/s,)

where the numerical value C = m(h/mm)?is determined by the mass of the pion, which is the lightest particle
that can be exchanged between the two colliding hadrons, and sy is usually taken equal to 1 GeV?2.

One of the tasks of the ISR experiments was the measurement of the proton-proton cross-section

Claudio Luci — Collider Particle Physics — Chapter 0




Partial wawe analysis,
optical theorem
and

Total Cross-section Measurements

(this should be part of the exam program ... even though it is difficult to remember the formulae)




Partial wawe analvsis

[ elastic scattering between two particles of mass m; and m,

Atr>>R
k: momentum of the particle " Flor
in the CoM system ¢(T 0) . ez-kz n f(@) €
) _ !
T / "N
10— ‘H .2 Incoming plane wawe / Scattered radial wawe

Scattering amplitude

Potential of range R

[ f(0) can be parameterised in terms of partial wawes, that is as a function of angular momentum L.

f(@) _ 1 Z p (% N 1) [mezi%_l] P (COS 9) O phase shift; n,: inelasticity parameter
ke £=0 2 N Legendre Polynomials
£rmax
[ The total elastic cross-section is equal to: o, = / |f(9)|2dQ _ % Z(% + 1) |npe2® — 1|2
¢=0
bisix
O The inelastic cross-sectionis:  , _ % > 2+ 1)1 —np) Coax = kR | n=1 (elastic); n<1 (inelastic)

£=0
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Optical theorem

E max

J The total cross-section (elastic plus inelastic) is: 5 — 5 15 = o Z(% +1)(1 — m;cos 26,).
£=0

U From the elastic scattering amplitude we find that the imaginary part at 6=0 is:

emax

Imf(0) = i 2(28 + 1)(1 — mecos 2d;).
¢=0

O If we compare the two expressions we find the optical theorem: |0 = 4% Imf(0)

O This theorem is a wave mechanics relation between two unknown quantities: o, and Im f{0).
The dynamics, carried by the potential scattering V(r), is contained in the scattering amplitude f(0) or,
in an analogous way, in the phase shifts 6,and in the inelasticity parameters n,

1 The optical theorem is used to measure the total cross section in the hadron collider such as LHC (or ISR)
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Mandelstam variables: s, t, u

~P;

v
(o]
©C B
(an]
o
T o0
o
CM system
A
V V¥V
T O
(o [}
I I
m m
O

.

/3 X

Lorentz-invariant variables for 2—2 processes.

Assume E >> m, for the masses of all 4 bodies
(otherwise, look for the formulae in [PDG]).
AN

» p. =[E, p cosB,p sinb,
» py = [E,—p cosO,-p sinb, 0];

s,t,u L-invariant

(> s =(p, +py) = (p.+ py) =4E%

> t =(p,—PJ)? =(pp, = Py)? =—%s (1 - cosB)= -s sin?(6/2);
> u=(p,-py)=(p,-PJ)? ~-%s (1+cosb)=-s cos?(6/2);

_» s+t+u=0 (— 1+1independent variables, e.g. [E,0], [s, ], [\/5,9])

fé->0=>t->0
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Total cross section determination

™ VaE? 5
or = Imf(0)] | k=F-5  Imfe=0= Lo

Proton momentum in the CoM
1 We need to derive Im f(t=0) from the elastic scattering at very low angle.

dZ
d(pd cos 6

1. Define the differential cross-section in terms of f,(6): ae,=/|feﬁ9)|2dﬂ s =|f.(0)

2. We need the relationship between t and cos 6:

2t 6cos@_2 60_ do .8c059
cosf=1+— E> at s ot dcos@ ot

S

3. We integrate over ¢, we change variable and we obtain the dependency of the cross section with respect to t:

s do

acose
ot

22 411:

el

2
t=0
f el —

4t dt

=

fals,t)

2nf (0

t=0

do, —j d'c
o dt dopdcos0

It is an observable
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Total cross section determination

o= ZImf(0)Im f(t=0) = Lo = IO == o

- 6472 * Otot

4. Define: | p = Re[f«1(0)]/Im[fo;(0)] | & Ifer(0)I* = [Re[fo1(0)]1? + [Im[f,(0)]1? = [Im[f,;(0)]|* - (1 + p?)

0|2 _ ©.S
f:lo‘ = 641;2(1+p2).

=

2 s do,

=0
J. - 4rm dt

5. In the previous slide we found:

t=0

16m do,;
6. Combining the the two expression we find: Otot = 1+ p2 ) ( dt )t=0

7. We need the luminosity to measure the differential elastic cross section and we need p to measure oy.
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Total cross section determination without the Luminosit

O define R,,; as the total number of events (el. plus inelastic) per second and R, the rate for elastic event:

Rel - Gel £, dGe|/dt - (dRe|/dt) /S

= 2
Ro= 88y 0% S0paRisef &

O put together the various pieces:

R.G

L We can discard the luminosity in both terms and derive the final formula:

16n(hcf
1+p* R

1 dR,
dt

Gtot s

tot

Claudio Luci — Collider Particle Physics — Chapter 0

L: luminosity

t=0|2 _ totOtot S 2,
]cel ‘ - 647'!: (1+p ) @ 647[2 (1+P );
o2 _ S doy dGe, 1 dRel Rtotctot
=— =— 1+
Ja ' 4m dt I:> dt L vdt w 167tL ( F )

GZE

To measure R,.;, we have to

make sure that, experimentally,

we are counting all kind of
proton-proton interactions.
On top, we have to take into
account all the efficiencies to
record the events (geometrical
acceptance, trigger efficiency,
detector efficiency, etc...

We don’t need to know the luminosity
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Total cross section determination (without Lum.

tot

[fel(e 0)] -

167:(hc)2 1 dR,
Ry, dt

tot

STRONG FORCE

Q) Everyting (but p) is directly measurable = o,,, can be measured without knowing the luminosity
U R, and R,,;: only the ratio count = do the measurement in the same time interval (N, and N,,)
Q dR,,/dt |-, : do the following plot and extrapolate to zero:

~
use dN,/dt | ..
dN./dt <<//- extrapolate
measure
[as low as
possible]
t (GeV?)
- S

S :
t=——(1-cos9

To go to low t, we need to go to small 8, therefore

the detectors for this measurement are placed

far away from the interaction point and

as close as possible to the beam.

Moreover, at LHC dedicated runs at high-3 are

done just for this measurement, to minimize the pile-up

[ The ratio p: it can be computed/guessed by first principle; at LHC it is about 0.14 with an error about 0.5%.

Claudio Luci—
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Soft Physics at LHC




“soft” physics at LHC

A-side
ALFA o6 AFP 05 Q4 TCL4 Q3 Q1
L
. |
TCL6 TCL5 D2 D1 Q2

A

240 m

Scintillatiag fibres
w . ‘\».

v
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C-side
Q1 Q3 TCL4Q4 Q5 AFP g ALFA
mlmllsl e
L U
Q2 Dl D2 TCL5 TCL6

Outer station

Inner station

Main detectors (MDs) - for physics
Overlap detectors (ODs) - for alignment

Near CMS we have the TOTEM detector
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ALFA experimental reach

Coulomb

VT IIIIIIII | ) P P 3 8

=S

nuclear

do,_/dt [mb/GeV?]
— SOJ —

—i
=
O

o
IlIllﬂT[—mTTml |III"T|T_TTTTT"1 TTI

[ G e §
< <<
BN > B\

I IIIIIIII

T llllllll T

ATLAS Simulation

—r
=) &
oD O,

| Illlllll |

13 TeV 90m

lIIlIIIl | IIIlIIIl | IllIIllI |

104

1072

1072 10~" 1

doet
dt

9
= Otot

2
1 + 2 -t [GeV9]

167

exp (—Bl|t|)
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A A A A
' ' : 4
beam : beam ela
' :+ elostic » //pro
: » proton : '
proton | elastic
< - proton ”
: low B* : : high B* :
y sfrong focussing y y weak focussing
high luminosity low luminosity
Typical values:
B*<1lm BT >90m
~b 2
t ~ —pb s
L A
"4 L
X
0 — very small

Dedicated LHC runs with high beta for ALFA measurements




Differential cross section

‘% E ATLAS |
—_ -1 “‘ ° °
g 10 L L Fitted function:
= E+ | | K
:' - e 10
° 3 [
= 10 E [

» - do Il : E
.8 & 1 ; — t) - t e'aﬁb(f)
s 102 dt 1671' fN( ) fC( )

10°
" e 2016 data 2
= G*(t)
10 = — Elastic fit —r
= 0,,=104.68 = 1.08 mb fc(t) 8mahc |t‘
- p=0.0978 = 0.0085 >
1 B=21.14 + 0.13 GeV~ 4
: g=f7'74i 272;2‘:\,11 . Otot (—B|t|—C|t|2—D|t|3)/2
I =i1/l.4 = /. ' . —_ — —_
a ® nE) =(p+1) —e
. +2/Ndof=51.0/62 .' fn(t) =(p+1) e
£ o1
<] o.og Re fy (0)
g0 S 1 “7 Imfu(0)
L = 3 2 - "
g 10 10 107 1Gev?]
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D measurement

Q. [ T T
0.3H1 | LHC zoom ATLAS
=F Result imcompatible with COMPETE
0.2 ‘_L _ (community-standard semi-empirical fits)
5 indicating Odderon exchange or a
0. 1f_ e }F__{n slowdown of o, rise at high /s
E m ATLAS
o « TOTEM
B s+ Lower energy pp
- COMPETE HPR1R2 Today view
-0.1- — ;hcn:gm Pomeron: two gluons exchange
- & e KMR Odderon: three gluons exchange
-0.2 ae HEGSO0
- | -~ - BJAS
_0.3_l / 1 l llllll 1 l 1 IIIII| l | l IIIIIl
10 10 10° 10*
Vs [GeV]

p = 0.0978 & 0.0043(stat.) = 0.0073(exp.) + 0.0064(th.)
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7oy

E

5 200
150
100

50

115

m ATLAS 110
o TOTEM 105
s+ Lowerenergy pp

100
o Cosmic rays

—— COMPETE HPR1R2 95

—— FMO 8000 10000 12000

LR BCBM
pe— KMR

......... HEGS0
- . BJAS

- ATLAS

lllIII 1 llllllll 1 Illlllll 1 lIIIIlIl 1 1 11

10 10? 10° 10*
Vs [GeV]

oot = 104.68 + 0.22(stat.) £ 1.06(exp.) & 0.12(th.) mb

Most precise ot measurement. 2.2¢ tension with TOTEM oot result.
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Method of o,.. measurement

Luminosity-dependent Luminosity-independent
(ATLAS) (TOTEM)

9 16 1 dNg
Otot = s
b 14 p%2L dt

167 1 dNy

Otot =

t—0 t—0

Requires a dedicated luminosity Requires correction for not measured
measurement small-mass diffraction
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Still on pp total cross section

o
LY ™
i e A
T Tt
5 1
eGers <
. R *a?“‘:o‘
ii i.r\‘:;“@v i i
" o

P1 Pp3

_ 2
t=(p1 —p3)
(very naive view of the pomeron is

a colorless pair of gluons)
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Non-diffr.
(~60 mb)

i

Elastic
(~25mb)

\/

Single-diffr.
(~10 mb)

¥

Double-diffr. ‘
(~5mb)

it

Central-diffr.
(~1mb)

TOTEM CMS TOTEM

T "/ ol
BT Rl g = M - S "
1 ' 1 Ig/Q'

TOTEM  CMS TOTEM
. RP — JT1/T2 Rp
| & 4 e
B ;
TOTEM CMS TOTEM
: RP = )T1/12 gp
‘.: o. ‘. . I A_;l ) '
— Tl i | '
TOTEM M5 TOTEM
; RP | !TI/TZ RP
- »/y 0.: | = = ?
1 1 ..l ) ' I '
TOTEM  CMS T1To12'EM
R YU g
MR " if___!- — ..'
o I
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Op O..; as a function of /s

@103
[T T T TTT IIII‘I‘ IR ||I||Hl 1T Il’ T TIIOIO L CIITT T TTTI T TTHI em2s -1

10 109 Rise as [n?(s)

Cross section (mb)

10 108
BT T o T o o e LB, (GeV/e). ..
107 1 10 10° 10° 10° 10° 10° 10” 10°
s GeV | | | [ | 67 B | EEEEER | | 111 [ | FEEET 1R 5 | |
19 2 10 10° 10° 10°

1b =10%m?=10%cm? The data of o{pp), i.e. SppS and Tevatron, are dashed,
1 mb= 103t m?= 10?7 cm? to show the similarity of the cross sections.
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pp O..: as a function of \/s

°
g 4ot
g
131
D)
)
72]
"J'\.
&)
i =
. ‘,‘l pp ; f
PP . S LA . ___elastic
; i Skl S OOl SRR NERAaot SR g : ,
R 1 TR T oo A oo T - Py
R e T Promee e e TR e e Plab GGV/C)
1 IlllHll | 1 llllll | llllllll | lIIIlH] 1 illlllll | IIIIIllI 1 IIlIlII| 1 IIIIIIII | IIIlIlII 1 L1 11lL
-1 2 3 4 5 6 7 8
10 1 10 10 10 10 10 10 10 10

The data of ofpp), i.e. LHC, do NOT belong to this
plot; they are plotted dashed, to show the similarity
of the cross sections ("Pomeranchuk theorem").
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Elastic
Inelastic
Total

cross section: elastic, inelastic and total

(mb)

0o (green), 0;,q (blue) and ot (red)

140 ;
A pp (PDG 2010) 4 ATLAS, ATLAS-ALFA | :
130 ¢ pp(PDG 2010) > CMS
120 o  Auger (+Glauber) ¢ LHCb
% ALICE ® TOTEM
110 :
(pre-LHC model RRP 4L.2,,)
90 (- - - - g fit by TOTEM A
80 (11.84 — 1.6171Ins + 0.1359 In? §) |+
70 [
60 [~
50 [
40 f=
30 [
10 —__-___ sepsssatmpa et ____a__._..-~’-,—‘— ROBE - o5 2 s anmioritnranssonspnisoasasmnibins ................................................ -
OI. 1 1 lllllll 1 1 lllllll 1 1 Illl;ll 1 | llllll—
10! 102 103 10% 10°
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Closer inspection to the total cross section

10° greey . o T 3 10
0 o — {1 100 mb  Total cross section

o f ' R
10 F Tevat LHC 110 : ;

|- evaron M the 3 60 mb Start seeing events in the detector!
10° | 1 Starting point of everything!!

5 ] 5 v . .
wr 5 1% a2 (we don’t see scattered protons in the beam pipe)
10° ; 410° €

3 (&)
10° 10° &3 : : T
L o (B > Vs/20) 1" © From the nominal LHC luminosity:
10 _ 4 10° .
5 b g 2 x 10%*em %571
5 10’ 3 Oy ¢ E 10’ —
0 g oz : : 0 “9
© 10 ko (€1>100Ge) 19 o
10" | j 10" @ With a total cross section of approximately 100mb:
E : ) )
107 | : 410" €
W / i B 100 % 1072 (em®) x 2 x 10** em 25"
3 5, . 3 10 o
107 F6,,,(M,=120 GeV) e ~ 2 x 10” evts/s
0%k 200 GeV 10
. 500GeV SR The protons collide every 25 ns (40 MHz);
0 S et e el what we should conclude?
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Back to “less soft” Physics at the ISR

This is not part of the exams, it is just for your fun




SLAC
ELECTRON deep inelastic scattering:
“partons” exist within protons
and partons are probably quarks

neutrino

(bubble chamber experiment at CERN)

GARGAMELLE:
NEUTRINO ‘deep’ inelastic scattering:
first evidence that “partons” are quarks




“HARD” PHYSICS: the XVI HEP Conference 1972- Batavia

At the same Conference IS’ "mﬂ,).r.ls JJJJ)J_.IJJ r*a_/ JL—)

~~~~~~~

CERN-CoIumbla-éockefeller Coll. 'Saclay-Strasbouré oI..’ ?. |

P

Claudio Luci — Collider Particle Physics — Chapter 0



Parton interpretation of the new phenomena

s S e R e Sl “SYRBOL™ “EGHr -~ """t
.::' e e G b b 2t s e - q-
3 ]
~§ ]

IR e o i A e o i 5 o I e o O ] e, o<
e ]
o :

' sl ~ SRR, WDURIDIIREOIDIDIIDPI. SUNNURT [NURUNT AN, R 3

usoftn 4

P R W behaviour ' ________

10"!%; ------ 3 . - : ’ -4

' 3 Ay 5 =% 7 ] 9
P
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— parton
:: > — jet
proton
oy /
%

M \.\pa‘rton
mpl s . XX e

STRONG FORCE

4
proton

large pr
hadron

ISR EXPERIMENTS HAVE SHOWN THAT PARTONS BEHAVE
AS POINTLIKE OBJECTS ALSO WHEN THEY INTERACT

“HARD PHYSICS”

THROUGH THE STRONG FORCE

NEXT: DETECT JETS
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The two-arm trigger was
dominated by m°—y +y

Experiment R103

CERN-Columbia-Rockefeller Coll. | To write on tape less than
10 evts/s, cuts were set above

1.5 GeV thus excluding J/psi

Luigi Di Lella
“An ISR discovery prevented a more important discovery”

e'e” invariant mass distribution
Arm 2
Trgger ™

\’"—

'-’

tx_tl1xn ook i J_-l_

25 i0 - is
M (e o) Gewie!

SIS  R105- Decomber 1974 I




No instrument to trigger on jets and to study them
AND

ISRC was very hesitant in approving large coverage
magnetic detectors
In 1976 organized a WG to evaluate ':S;olenoid vs Toroid

The results were seminal for the Axial Field Spectrometer
and for the detectors of the future proton-antiproton. collider

..and ...

1976: LEP study group initiated

... In the mean while ...

1977: SPS inauguration




SUPERCONDUCTING
SOLENOID

CERN-Columbia-Oxford-
Rockefeller Collaboration

With cylindrical drift

chambers and two
arrays of glass
% Cherenkov counters




1978-1983: “a ver

" AXIAL FIELD
BT SPECTROMETER
with liquid Ar calorimeter
And U hadron-calorimeter

BNL, CERN, Copenhagen,
Lund, Pennsylvania,
Rutherford, Tel Aviv

Thrust = 0.94 E*' =171 GeV

Run 352054
Event 3098

2= Central Drift
“Chamber
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1

10*

10

10

105

Edo/d’p(cmic’'GeV?)

107

10>

10 5

® R110
A AFS

© R108
0 R8 06

P, (GeV/c)

An important discovery: sin

AFS
BNL, CERN, Copenhagen, Lund,
Pennsylvania, Rutherford, Tel Aviv

R108
CERN, Oxford, Rockefeller

R110
CERN, Oxford, Rockefeller

R806
Athens, Brookhaven, CERN

Early experimental indication of the vaii’dity of QCD

lack of general recognition of the importance of ISR hard physics

BUT

proton

High pr single photons can not come
from the final state. Most likely they are
radiated by the initial parton state

In 1983 ISR were closed. They could not compete any longer with the “younger” and “stronger” SppS experiments.
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1972: stochastic cooling

naper by S. van der Meer

W. Schnell took the challenge and tried to implement

the van der Meer proposal in the ISR.
CERN/ISR-PO/T72-31 prop
Beam =
STOCHASTIC DAMPING OF BETATRON OSCILLATIONS — W
IN THE ISR ;| Piek-up| A pick-up sensor detect the fluctuation of

wgliier ! the average position of the protons with

{ respect to the ideal orbit and send a signal
\ . “©r . 1]
by \ to a kicker to push them “inside” the beam.
! In average the beam is “squeezed”.
S. van der Meer \ﬁ\ e S
Kicker

L. FINAL NOTE c cooling off cooling off ‘ cooling : off

e T T T T T T T T T 1 ’
This work was done in 1968. The idea seemed too far-fetched '.(% 102 | [ ° °'t | l l |
at the time to justify publication. However, the fluctuations upon which 8— s | o ?%/ °|°\°\\ l ,l o ° I ]
the system is based were experimentally observed recently. Although it % 1‘00:. o ",o ’ I ’ o\‘%\oq gi};"’ b\g I i
may still be unlikely that useful damping could be achieved in practice, 8 088 | :\‘3\ 3 |o | r“’s‘ | °l°°‘°°\\of\ 1 °£/3°9 7
it seems useful now to present at least some quantitative estimation of T (A \}‘9’ I | 8" ° i
L S oge} ¥ | 1 s
—-the effect, ___—— A T ! _

S S _ S 2 T, S
- - o 1+ 2 3 4 5 B8 7 8 9 W0 M @ 13
In 1918 W. Schottky described the spontaneous fluctuations time (hours)

from DC electrons beam (Schottky signal)
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The cooling effect was visible
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40th Anniversary of the First Proton-Proton Collisions [ ——
in the CERN Intersecting Storage Rings (ISR) | 24 May 2012 o year

Authors: U. Amaldi
P. J. Bryant
P. Darriulat
K. Hiibner

PIERRE DARRIULAT

We, who worked at the ISR, tend not to attach much importance to this lack
of recognition because for us the main legacy has been to have taught us
how to make optimal use of the proton-é‘n\t},iproton collider....

We tend to see the ISR and the proton-antiprot'oﬁ colliders, both at CERN
and at the Tevatron, as a lineage, father and sons; the success of the latter
being indissociable from the achievements of the former.




SAPIENZA  End of chapter 2

UNIVERSITA DI ROMA
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