Exercises




Make teams

e Jeams of ~5 students
e (Choose a name of your team

e You will need a pen and a piece of paper and python for
some short calculations



Example: collider

(El, 0, 0, pi) (E2, 0, 0, pz) Elgctron—positron colliding
7 with the same energy, i.e. 45
- e =>  GeVlkeatLEP
— 2 _ 2 2 2 .
s = (p1 +p2)* =pi +p3 +2(p1 - p2)
s =m; +m; +2(Er - E2 — pi - p3)
S =~ 2(E1 . E2 — (El y (—Eg)) ~ 4E1 . E2

Where | have neglected the electron masses and where p, has the component
Z in the direction —z ~ -E,.

For equal beam energies:

\/8 p— 2 . Ebeam The c.m. energy of a collider grows

linearly with the beam energy




Example: fixed target

E170707E1 ‘

ma,0,0,0

s = (p1+p2)? =mi +m3 + 2E; - my
Vs =vV2E7 - mo

In fixed target the c.m. energy increases only with the sqgrt of the beam energy. To
double the c.m. energy, | need 4X beam energy, not very efficient.

s there an advantage anyway?! Why do | want higher c.m. energy usually?



Event display

B* mesons are excited
to (finally) show up!
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Event display
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https://cds.cern.ch/record/293346//files/animated™MP4.mp4



https://cds.cern.ch/record/2933467/files/animatedMP4.mp4

General on Particles

Particle | Charge | L. | L, | Ly | Mass (MeV)




General on Forces

Forces

charge cons.

P cons.

C cons.

Flavour cons.

CP cons.

Coupling

electromagnetic

weak NC

weak CC

strong

where cons.=conservation



Kinematics

The electron-proton collider HERA had a c.m. energy of 319 GeV, when
colliding electrons of 27.6 GeV with protons of 920 GeV. If the protons were
a fixed target, which energy should the electron beam have to obtain the
same c.m. energy?

Bonus: Comment on the result, if such a linear accelerator would exist.




Feynman diagrams

Draw the Feynman diagrams of the following processes, at the lowest order
and at the quark level and write down which interaction is involved:

e Lo iU,

e 2)n—pre i

e 3)ete” = utu”



Feynman diagrams

e 6) A > ptm~
e ) = uty,

e 8) Kt — uty,



Processes

e Which of the processes are forbidden and why?

o 1) pt — ntrnt ¢ 3)J/VU = DTD~
o 4) A% = ptn~

o 2) ut = etn?

o 5) AY = ptaf



Discovery of W and Z

e [heW and Z bosons were discovered in pp collisions at
CERN in 1983. Considering:

e a theoretical cross section o(pp = W — ev,) of 530 pb;
e a c.m. energy of 540 GeV:;
e a detection efficiency of 50%

e an integrated time for running of 1 year (107 seconds)

calculate which instantaneous lumoniosity the pp collider had to achieve
to achieve 25 W events.

Do you know how such intensity was achieved at that time? Do you know
how the center-of-mass energy was decided at that time?



Compounds states!



Is there a toponium!?

o DESY Seminar today at 4 PM in the DESY Auditorium




Is there a toponium?

Observation of an excess at the top-quark-pair
production threshold.

Special Quantum Universe Colloquium

Katharina Behr (DESY),
Maria Vittoria Garzelli (Universitat Hamburg),
Alexander Grohsjean (Universitat Hamburg)

Abstract: An enhancement in top quark-antiquark (tt) production near threshold was observec
by the CMS Collaboration at the end of last year. A similar observation has now been reported
by the ATLAS Collaboration, as highlighted in the CERN press release of July 8th. Both
measurements focus on dileptonic tt final states and are based on the full Run 2 datasets in
proton-proton collisions at _\/s =13 TeV. The observed enhancements are consistent with the
formation of quasi-bound tt states, so-called toponium, as predicted by non-relativistic quantur
chromodynamics. These results rely on state-of-the-art theoretical inputs and detailed
systematic modeling, yet they also point to the need to improve the description of higher-order
off-shell, and bound-state effects. In this special colloquium, we will present the latest
experimental findings from both the CMS and ATLAS experiments, and discuss progress of
theory calculations, including future directions needed to sharpen our understanding of this
thrachold reaion







QCD in ete-

Additional confirmation of the theory of strong interactions came from experiments at
electron-positron colliders (SPEAR, DESY, PETRA, LEP).
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Three-jet event at PETRA
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Measurement of alphas

Let's suppose | have an electron-positron collider, at high energy enough to
produce jets. How can | measure alphas?
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NLO and perturbation theory

Thanks to the fact that a. is small at high energy, we can apply perturbative calculations
(PQCD)

ME = LO + NLO + NNLO + ...
2 examples:

| e |

e q o q
2
Y Y R=3293[1 + as(Q ) )
g q i
e’ q e’ q

21
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R = 3[(%)2 +(4)? +(3L)2] =2  foru,d,s,

=2+3(2) =V for u,d,s,c,
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2
=0+3(4)y =4 foru,d,s,c,b




What happens at 380 GeV?

Have we measured the ratio R at 380 GeV?
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HERA tests of SM
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Why is this plot famous?



QCD in pp



A pp interaction

Beam remnant

Incoming proton

0
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The cross section can be factorized as (factorization theorem in QCD):

1 1 15
dohih, = Z/o dz; /o dz; Z/d‘bf fi/hy (Tis 1F) Fi/ho (T, HF) iz d;;c{@f
i,J f

Ue=factorization scale



Top decays

+ .
=1 Top Pair Branching Fractions
"% v, g

"alljets" 46%

~

T+ets 15°/J jol

Dilepton
(BR~5%, low bckg)
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Top quark at the LHC

CMS Experiment at LHC, CERN
Data recorded: Wed Jul 8 19:26:24 2015 CEST
Run/Event: 251244 / 83494441

Lumi section: 151

\ |Orbit/Crossing: 39572626 / 358

By now at the LHC we
have millions top pair
produced

MET= 164.0 GeV

Q|
]

Which production mode is higher at the LHC and why?

30



Top pair production at the LHC

Q
~
(s

~I

q t

g i

Each quark would have ~x of the beam energy, so the effective c.m. energy sqrt(s)
becomes:

H1 and ZEUS
[ T R | LA |
I

(2mmp)2 = 40, E;x,E, = XX,

2Xm,,, = x /s ,m,, =172 GeV,y/s = 13,000 GeV “I'\
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i.e. Higgs production

\

q > W,Z
> HO WW, ZZ fusion : He
W,Z
q e

/

1
g q W,Z
J— . . : ),, HO
tt fusion: W.Z
,T’t
JJs | g - HO
At q W, Z bremsstrahlung

Which production mode is higher at the LHC and why? 33



Higgs production

H1 and ZEUS
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Riggs production

The Higgs boson can be produced in pp collisions
? through 4 main diagrams.
N 0 . .
ggfusion: " The cross sections are shown as a function of the
. Higgs boson mass below, here plotted at 7 TeV
q _ T T T T T T T T : §
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o The bands represent the theo uncertainties as 35
S TG calculated at the time of the discovery




VBF topology

q

WW, ZZ fusion : Ho

q >

I s
Sfoperiment at LHC, CERN 3 =
L ata recorded: Mon Sep 26 20:18:07 2011 CEST -2
BuulEvent: 177201 / 625786854
‘Lumi section: 450
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VBF topology

The cross section ratio between Higgs production and Drell Yan (Z) at the LHC
is higher when two jets are present compared to no jet:

o(VBF)(H + 2jets) S o(H)
o(Z + 2jets) o(Z)

* Draw the Feynman diagrams for the 4 processes in which the H or Z decay into
two tau leptons

 Explain why this is the case

* Which implications could it have for an analysis looking for Higgs decaying

Into two tau leptons?
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A scalar particle

Can somebody interpret this picture!?
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