





[1 IV. Hadron colliders
[1 V. Detectors
[1 VI. Kinematics at hadron colliders

[1 VII. Evaluation of scattering amplitudes










[J This is like studying classical
mechanics and how a car is made
looking at




o beams are a collection of bunches with n; particles and crossing frequency
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Colliding beam
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LEP | My 2.4 x 1031 ~ 0.1% 45 55% 26.7
SLC ~ 100 2.5 x 1030 0.12% 0.12 80% 2.9
LEP Il ~ 210 1032 ~ 0.1% 45 26.7
BEPC | upto4.4 ~ 103! ~ 6. x 10=* | 1200 0.24
(TeV) (MHz)
ILC 0.5-1 2.5 x 1034 0.1% 3 80,60% | 14-33
CLIC 3-5 ~ 10%° 0.35% 1500 | 80,60% | 33-53

0 A limiting factor is the energy loss AE o« & (£)*,

R




VLHC | 40-170 | 2x10%* | 44x 10~ % 53 2.6 233

[ oproptoEg,; LRA cal L2 grows as ~ E&,,
[1LHC: time between collisions 25 ns.

[1 At luminosity 1034 cm~2 s~ there will be 10? interactions/s = ~ 25
collisions per bunch crossing (pileup)
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o beam properties are well understood =— scattering kinematics is well
constrained.

« If CM coincides with the lab frame — the total /s can be used.

e It is possible to polarize the initial beams.



bremstrahlung

o At high energies there can be large
energy losses due to beam-beam
Interaction (beamstrahlung).

o Thisleads to R(s) = [ dr2& o(3) with
= VE/\s



TESLA TDR parameters, with
some angle cuts, 350 GeV

Initial State Radiation
BHWIDE

Beamstrahlung
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SM processes at LC




o Higher Iluminosities can be
achieved

e Protons Interact strongly
—> large  cross  sections
(Gtotar == 100 mb).



PP/pp cross sections

c jet(E’;‘:.- Js/20)
Ow
Oy

et
OjellET > 100GeV)

it

c t(EIT“' > Vs/d)

je
- GHiggs (M;=150GeV)

o (M =500GeV)




“Hard™ Scattering
outgoing parton
proton =]

--l:_"_;u.

proton

undderlying cueni

=
r\

0 .
anderlving event "

initial-state
racdiation
: tinal -state
outaning parton radiation




=
o

ot

pr

0
=

a0in

Qi

cattering

ard™ 5

P
a
.oy}

-r.":-]'_'l'
1

£y

a
ft

out

proton




cattering

5

“Hard

eil]

LA
o=

ap

ot

==
o
=

L&

pr

proton

10

2 event -t

Jerky

1L

arton

ing

outao




See Swain’s lectures.

momentum. () IS a characteristic scale.



See Swalin’s lectures.
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o displaced vertex: B®* D%* 7% (1 ~107'2s; c7 ~ 100 um). K — 77~
with c¢r ~ 2.7 cm.

o Neutral particles with just weak interaction leave no signal in the detector (v,
LSP)
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Gauge bosons
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Corte transversal de um detector mostrando a trajetdda das particulas

Calotimmetro  Calorimettro  Cémara de
Elktromagnético Had rdnico Muione

Camatra de
Arrazto

DTubu:- do Feixe
[centra)

Zdmera de
Arrasto

[l ecbina

Magnrética

[l calorimetro
E-M

[ Calorimetro
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Zdmara de
Muons

Camada Waiz Interna... }- Camada Mais Externa .
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displaced
tracks

Secondary
vertex

prompt tracks
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W/ dq)n(LElPA —+ LUQPB; Pi1-- pn)@(CUtS)




d®, (x1Pa + x2Pp; p1...pn)O(cuts)

[Jthe CM momentum =~ /s/2(x1 4+ x2,0,0,z1 — z2) (LAB # CM)

[J In general we can write E(1, 5sin 6 cos ¢, 3 sin 6 sin ¢, G cosf) , and

E+p, 1 1+ cosf

11 1
—lo »n = =1o
2 gE—pz =73 g1—(3086’

J for 3 —1

rapidity differences are invariant under boosts along collision axis
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——11’1’7’
/ d:I:l/ dxg—/ dT/ dYem
T0/%1 InT

[1 The CM energy of the subprocesses is § = x1x9s = 75
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[1 3n — 4 integrals.

0 With azimuthal symmetry
—> 3n — 5 integrals

[J In a hadron collider we have 2

extra integrals (z; 2)



[1 3n — 4 integrals. n | 3n—3

[ With azimuthal symmetry 2 3
—> 3n — 5 integrals 3 6

[J In a hadron collider we have 2 4 9

extra integrals (z1 2)
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- A / (87m17m2

| = ) pem —

s+ m? —m3

2V/s

s—l—m%—m%
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with X(z,y,2) = (x —y — 2)? —4yz = 22 + y? + 22 — 20y — 222 — 2y2
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] We can also write

P dt dey
P A s M2 (L,m2/s,mi/s)

OEDE ¢
& %o
& o
SR
e, w03
B e
s E o



d®s(ab — 123) = dPy(ab — 1X) x dM% x d®y(X — 23)

where X is the composite system 2 + 3 and M% = (pz + p3)*
[1 Another possibility is

&5
d®3(ab — 123) :2—51 x dBo(a+b—1—2+3)
1
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d3p
E

= ppdprdp dn = ErdErde dn
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e~ Scattered at large rapidities = we should use as a7, +.



e~ Scattered at large rapidities = we should use as a7, +.

[l General recursion relation: let X =1+...+j7andY = (j+1)+... +nthen

dP,(ab—1...n)=  dPy(ab— XY) x dMs dMy x d®;(X —1...5) x

. Y
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[1 One efficient technique is to work in helicity basis
IM|? = 2, (MAa An)|?



[1 One efficient technique is to work in helicity basis
IM|? = 2, (MAa An)|?

[1 For fermions

In the representation 5 = ( _(1) (1) ) we write ¢ = ( Zi_ )
_|_

where _ and . are Weyl spinors of negative and positive helicity.
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efined as fortran routines. For instance, an incoming u(p,
given by a simple subroutine call,

-spinor is

to compute the spinor v change +1 — —1.



efined as fortran routines. For instance, an incoming u(p,
given by a simple subroutine call,

-spinor is

to compute the spinor v change +1 — —1.

[] Outgoing spinors are generate by



efined as fortran routines. For instance, an incoming u(p,
given by a simple subroutine call,

to compute the spinor v change +1 — —1.
[] Outgoing spinors are generate by

[] the polarization vector of incoming vector bosons is

30

-spinor is



Qut Fermion OXXXXX
Vector Boson VXXXXX
Scalar Boson SXXXXX




| n Fermion IXXXXX
Qut Fermion OXXXXX
Vector Boson VXXXXX
Scalar Boson SXXXXX

[] as well as the renormalizable
vertices

31

VVS VVS Amplitude VVSXXX
VS \ JVSXXX
VvV S HVVXXX
VSS VSS Amplitude VSSXXX
SS \ JSSXXX
VS S HVSXXX
SSS SSS Amplitude SSSXXX
SS S HSSXXX
VVVV | VWVV | Amplitude | WWWWXX3W3XX
VVV Vv JWWWXIW3IWXX
VVSS | VVSS | Amplitude VVSSXX
VSS V JVSSXX
VVS S HVVSXX
SSSS | SSSS | Amplitude SSSSXX
SSS S HSSSXX
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Diagrams by MadGmph  we v = H=




Diagrams by MadGmph  we v = H=




» MADGRAPH produces a ps file with the Feynman diagrams

o The package MADEVENT goes further and produces a complete Monte
Carlo

e Interfaces for PYTHIA, HERWIG, and ROOT are available

http://madgraph.hep.uiuc.edu/
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» ALPHA implements an efficient algorithm for calculating Born amplitudes for
many particles in the final state.

o O’Mega is an optimizing matrix element compiler.

o WHIZARD calls O'Mega, CompHEP, or MADGRAPH to calculate complete
matrix elements matrix elements and creates an unweighted event
generator.

s A 4



Method 1-d uncertainty
trapezoidal rule




Method 1-d uncertainty
trapezoidal rule

[ It is usually advantageous to use Monte Carlo.
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Basic idea:

approximation is

oY o 5 7}])311_4 S fx)f(x)Y M ©(cuts)

{r;} subprocesses

which gives the correct limit for K — oo

[ The variance of I = [dxg(z)is [dx(I — g(z))?/VK



Basic idea:

approximation is

oY o 5 7}])311_4 S fx)f(x)Y M ©(cuts)

{r;} subprocesses

which gives the correct limit for K — oo

[ The variance of I = [ dxg(z)is [ dz(I — g(z))?/VK
. i



= 78 (1, sin6; cos ¢1, sin by sin ¢1, cosby)

Py = (1, —sinf cos ¢y, —sinf;sin¢p;, —cosb;)
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» Each event (set of random numbers) is associated to a weight factor

w = Z 28 (2o Z f(x1)f(x2 Z|/\/l|2 (cuts)

{r;} subprocesses

e Itis easy to generate distributions do /dz: Given the bin width Az one adds
w-  /Az to the bin corresponding to z.

e Itis possible to generate unweighted events.
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