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Why hadron colliders? i

* Large center-of-mass energy

* Discovery machines, in particular L ot
for heavy particles . '

;lOOGd

Examples ;

« SPPS at 630 GeV: Discovery of the 3
W-and Z-bosons B

* Tevatronat 1 TeVand 1.96 TeV:
Discovery of the top quark 1 Go

« LHC at / TeV/8TeV/13 TeV/13.6 | | o
TeV: Discovery of the Higgs boson R I e T S
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Topics
* Proton-proton collisions
e The LHC in a nutshell

* Physics processes at hadron
colliders

* Selected physics processes

Skipping all the details: detectors, trigger, DAQ, physics
objects, statistical methods, etc. 2 Lecture in Dortmund
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 Eightfold way (Gell-Mann et al.,

n ‘S p

1960er): all hadrons are made up du uu

of quarks d= o \d
» Non-observation of free quarks did / \0 XQ

not help to make this theory 140 112 / 1, 1

popular — % 1 % % —

. . by 7 20|\ ¥t 1

» Naive parton model describes A\ -1 \

scattering, in particular deep

inelastic scattering. ssd - S
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\ Proton structure

* QCD improved model

e Quarks are not free because of
confinement

* Quarks interact via gluons

* Probability to create quark-
antiquark pairs within the
proton

* Proton consists of valence
quarks, sea quarks and gluons
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Parton distribution functions o— P

* Distribution of parton momenta =
Inside the proton is universal |

* Described by parton distribution
functions — —>

« Key variable x, i.e. fraction
of proton’s momentum carried by a
single parton

1

Three bound valence quarks :
= |

b= } > |

= |

|

5 2 '

Three bound valence
quarks + some slow Ses
dabris, 8.9., g+ qf

I o [

i
| : |
1/3 1
= Small x x
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wochnisen Proton-proton collisions

;Parton distribution functions

* Measure e.g. by scattering
electrons on protons

* Famous: HERA at DESY, Hamburg

H1 Collaboration
lllll | T lllllll I 1 IIIIIII 1 | (S N F)
Q’ = 6464 GeV?

— HIPDF 2012

I experimental uncertainty
+ model uncertainty

[ + parametrisation unc. -

----f=0.5 fit

Elektron -
- 0.4 oy
: S
~N
—
0.2 S
T S
Proton I L
- -
O —

10°*
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‘ Factorization theorem

* Proton-proton cross section factorizes into two parts:
« Extract partons from protons
« Hard scattering process (of partons)

AG‘?/B%J-—{'W\_P
%\

|
|
|
|
i

Oppox = Z J dx; dx; f; O, we) £ (%5, 1e ) - 81jox (s (HR), Q2 Hp, Mg)
i
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. Examples for pp-collisions: Drell-Yan production (1970)

7] T LI |
o 10° Q ;
& = ATLAS Preliminary {s=7TeV, f Ldt= 49" 3
10° = —e— Data 2011 T
= : C— Drell-Yan : 3
; C—/ Di-jet & W+jets : .
10* | - C—/ Di-boson |
= , [ 3
10° E _;'
102 T
10 $ 5
1 [ + +_§'
5 14 MER I
% ’ 1 ..“O”-.-“."Qﬁ¢'+‘ ‘¢+ ‘++ __________ IS (R %
5 O06F | - _ E
g 70 100 200 300 400 1000
(]
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The LHC in a nutshell

Buncn
J.

Proton o 6

Parton

(quark, gluon) "

Particle

..t, =,.

jet

"y

Luminosity

Collisions

Proton-Proton
Protons/bunch
Beam energy

". » :
"&ﬂl " Crossing rate

—
=

(2835 x 2835 bunches)
10"

7 TeV (7x10'2 eV)
10* cm? 8™

40 MHz

107 - 10°Hz

Higgs
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‘ Integrated luminosities

Run1(2011-12) Run I (2015-18) Run Il (since 2022)

IRV o e e e e B B B AP R — i — — — T — ]
a L ‘0 — L : e _ ]
£ [ aTLas 210 atLas 13 Tev o 50 - ATLAS Online Luminosity s =13.6 TeV )}
2 25 Preliminary 2012, s =8 TeV 2140 Preliminary s=1ole > ] LHC Delivered ]
'tT) _ ) N X 4 n : D |' . f -1 a w r .
g o Hercosiens —rrre £1p0) Mincoaiverss ooy o E £ sof Damasnocod /
g 20 DATLAS Recorded Physics: 20.3 fb" g - DATLAS Recorded hysics: 14016 u g Total Delivered: 38.5 fb™ l
L - — __ _ — = . - i
; . - [ Good for Physics = 100: [T Good for Physics - 5 30 [ Total Recorded: 35.7 fb |
o} - _ Z o ]
© C © 80 - g L ]
S L 2011,Ns=7 TeV o C ] o i
o C D - T L 20t ]
< 10 Delivered: 5.46 b iS 60 43 = i ]
— - Recorded: 5.08 ib™ —_ C e © L i
-g - Physics: 4.57 o 8 40— — 2 ° - 18
=5 L -8 =10 &
g 201 =k i
0_ - | | | | | | | 1 | 1 | |: 0 L I . | 1 1 | 1 | | | 1 1 | 1 1 1 ]
a0 ! W oct yaf \ N\t N I - G Y T - 28/06 28/07 28/08 28/09 29/10 29/11
A} PO A O Al % A) O yaf A ey A yott A A A yan A Ry A yaf A A A

Month in Year

Month in Year Day in 2022
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Physics Processes at/ TeV proton - (anti)proton cross sections
) 10° g ————rrrrry — 3 10°
* Processes at hadron colliders ol o | R

(at 7 TeV) RS A

Teva.tron ‘LHC:

e Total cross section ~110mb o | =1
. 10° E : : 10° "o
* Inelastic ~60 mb ok R P =
« Diffractive ~12 mb wb oo / 10 8_
. oL o, (E; > Vs/20) : | o =
» Elastic ~40 mb 5 | L =
. . S g o 3 g S
e Inclusive b production ~0,3 mb o 10 by e 100 Gy § w3 S
1: jetr T . . 9 c
. . _ 10" E : ; 10 P =
Jet production O(ub) ol ST
. . [ : ; [
* Inclusive W production ~90nb 0 b ~SEE LA
_ 10* | : 1 10* =
 Top production ~165 pb o ;Mﬂﬂgsee\,{ 5 1 e 2
- : N s o . £
» Higgs production <10 pb wE ; |30 =
107 L— eyl e e I [
- 0.1 1 10 .
* New physics P07 vs (ToV) .

[

—_

0]
[
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Q Detector characteristics
Muon Detectors Electromagnetic Calorimeters - V\{idth: 44m
A\ - Diameter: 22m
R P ﬁ Weight: 7000t
s \ \ solenoid |\ , CERN AC - ATLAS V1997
A \ N \\ Forward Calorimeters
e : \ End Cap Toroid

LHCDb Detector :
Weight: 5,600 tonnes EIeCtrzomagnenC
Height: 10 m Calorimeter

Length: 20 m

RICH1

Vertex
Locator

Tracking RICH2
‘ Station .
P | I Dipole
rol Inner Detector ' ol Magnet
Barrel Torokl Hadronic Calorimeters SHicidiny

Muon

Hadronic ~ Stations
Calorimeter

Tracking
Stations
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Physics processes at
hadron colliders



Di-jet event with m;=9.3 TeV

Run: 329716
Event: 857582452
2017-07-14 10:48:51 CEST




)

OATLAS

EXPERIMENT

Run: 439830
Event: 1764040021
2022-11-15 16:33:48 CET




Z =2 2 muon event with additional vertices

Run: 349114

Event: 216445472 ‘ /‘ /‘ /‘////
2018—-04-29 053221 :57 CEST \

EXPERIMENT




Lead-lead collisions

ATLAS

EXPERIMENT

Run Number: 365512, Event Number: 110420355

Date: 2018-11-09 06:27:05 CET




Z —» p'p” Candidate

Invariant Mass: 91.01 Gev/c?

EXPERIMENT

Run: 427394
Event: 21060879
2022-07-05 19:04:33 CEST
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Vs =13TeV,
Selection:
SR, SF+DF and no d3

Events / 1

cut

[ Top
N Z/y*+jets HF
[ OCther

HH (x20)

Data / Pred.
P
s

-1
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1.8 m,, = 125.00 GeV, v, | <2
1 6:_;)5 =41%
1.4
1.2F
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0 6:_ — Combined — H—yy
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Cross section
« Symbol: o
e Unit: [c]=barn=10"%4 cm?

Number of interactions per particle and unit time

Flux

— “interaction area”
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Fermi’s golden rule of quantum mechanics

[/ =2m |Tﬁ-|2 p(EiQ)
4

Transition rate from
Initial state |i> to final
state |j>

Density of states

Transition matrix element
determined by Hamiltonian

* Important for the description of quantum processes e.g. in
atomic physics
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Scattering of two particles
pP1t P2 2 P33+t Pny2

pP1, My pP3, M3

pi, m;

N

P2, My Pn+2, My
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Relatlwstlc form of Fermi’s Golden Rule

(2m)*|M|>
do = d®,(p; + P2iPs - s Pn+2)
/L‘L\/(P1 Py — mfm\
Flux factor (in center-of-mass frame): Matrix element

squared

\/(pl ‘D)% — My*My* = Prem Vs

Lorentz-invariant phase space

n+2 n+2
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‘ Example: 2 = 2 scattering
e Cross section

M|? dQ*
4= Gyt | M1 e
G)*
e — —mm) &G=—p
* Differential cross section /
d 1 p
0)
= L Pz

dQ*  64n?sp;

* Concrete examples: efe2utu, e p2e0p, ...
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Measurement of a cross section

 The number of expected events vis proportional to ...
..the cross section o
..the acceptance A
.. the efficiency e (probability) to observe the event

V=Lin-0-A-¢€

* The proportionality constant is the luminosity.

* The number of expected events can be estimated by the number of
observed events N minus the background, Ny,..

« This formula relates the theory (cross section o)
with the experiment (4, €) and the analyst (N)
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TeChRISCHS LRIVERSITaR Physics processes at hadron colliders

Luminosity
e Measure for the number of collisions

- Property of the collider, i.e. the beam size (g, ), the collision frequency f,
number of colliding particles n,

 Unit: inverse barn (inverse area) (per unit time)

* Instantaneous luminosity: nn,
L=f

4o, 0y

* Integrated luminosity:
Lint — det

Kevin Kroninger BCD School 2023 -35 -
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Acceptance
* Purely geometrical factor. B —
* |[deal world: 41t solid-angle 0 e ks SRS e gl
coverage £ 0.98 - E
e But: :
« Beam pipe 0965 A1145 Preliminary __
's=13TeV, 1568 b =
« Detector feet 0.94 Medium muons —e— Data 2018 E
* Cables, pipes, etc. Tremeor o e e
 Read-outelectronics S 0A ] mm Stat only ~ Sys @ Stat_|
* Iron yoke (magnet) % T i~
. D099 T
- 25 —2 15 -1 05 0 05 1 15 2 25
* Example: muon reconstruction N

efficiency vs. angular variable
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Efficiency
* Probability to measure a certain .
particle it itis there S [ ATLAS \s =13 TeV, 36.1-36.7 b
e [deal world: measure all particles & ¢ $”__I+..._._ 1
0.9F =
« But: N3 *++ -
* Dead times F i <0.6 -
« Extreme momenta 07E unconverted y E
« Losses 0-62-]' 2ol E
« Electronic noise 0_5f_ -= Electron Extrapolation_f
o Background 0.42_ —e— |Inclusive photons _;
- . \ " : A | . | I | 11l -
. ... 20 30 40 100 200 1000
« Example: photon reconstruction Er [GeV]

efficiency vs. energy variable
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N
* One observes and counts “events”, think of them as a 3D photo of the
collision

* The different detector components see different objects

* Objects:
» Charged leptons, e.g. electrons, muons
* Photons
- Jets, l.e. hadronized quarks, e.g. pions, kaons, ..., protons, ...
* missing transverse momentum, the signature of neutrinos

* But how are they reconstructed?
* Hits and tracks
* Vertices
* Energy clusters
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----- Photon

fromn return yoke interspersed
with Muon chambers
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‘Kinematic variables
 Particle are represented by 4-vectors

* Measureable quantities:
* Energy E (calorimeters)
« Transverse momentum py (tracking detectors plus magnetic field)
« Azimuthal angle ¢ (tracking detectors, calorimeters)
* (Pseudo-)rapidity n (tracking detectors, calorimeters)

ID end-plate 85
_ Cryostat ]
T'l =0 Solenoid coil |T'||'—1.0 n|=1.5
RN ya -
N ~ L
4 - — PPF1
R1150 -2 — —— =
R1066 - " gag PPET i o 2710
p— — > - R1004 | In]=2.0
=0.88 - 4 .
0=90° N - S v IRT (ehd! cap e
= Y L -
2 TF{T(bar‘r‘el) /| B L Cryostat
'_5' // 1 ]2 (3 |4]|5[6|7 |8 o 1011 [12 1 2 3 4 5// 6 ‘/7/’ 8
- ° T R563 - o e A
0=45 k14 : P - B D“seo o —FIxel ml=2.5
2;3? ) sl SCT—(en cap) _llpgos R438.8  support tube
‘%@%&b@ﬁ‘—‘é&?}ﬂ, =l S . ldpagy / .
R299 SR _H—"1 Mg e e |l pixel pet
— - — — — R229
—_ [} TI _2 44 Mioo.s. | A= .
6=10>"" Wt e 111 Bean-pioe
R50 . 5 Eim . R34.3
9:0‘:I > TI =00 03 400.5 580 (749 | 934 | 1299.9 1771.4 2115.2 2505 2720.2
495 6501 853.8 1091.5  1399.7 Zz(mm)
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technische universitat
dortmund

Physics processes at hadron colliders

Standard Model Production Cross Section Measurements Status: February 2022

r— - E
_Q = AQ total (x2) . N
O 104 inelasc ATLAS Preliminary o
d Theor
m>woc§.fd 7813 TeV Y
5 [} \/s=5,7,8,13 Te
10° E Ty LHC pp V5 =13 TeV >
[ oo Bl Data 32-1391m° ]
105 E ol 5 25 Gav =
3 pr>100GeV iy 3
C LHC pp Vs =8 TeV 3
10* F 040 BB  Data 2022030 .
C OV 3
L pr> g
103 g e wew " LHC pp Vs =7 TeV J
12562 100G A gy Ao 3
o o v ol B  Data 45-491b! ]
nz2 -
. s BDEEV o _chan -VE}N-
2 (o] nz1 W
10 e vz - P . 3
nz3  pr> o O O “otal LHC pp \r =5 TeV =
S 100 GeV we W wzO 3
nee | kO n=1"4% Anf %o A - 2 -1 ]
10 A  ne: O s 256l o 8 o BBl Data 003-030 4
. niz4 #-0- Enl E
=3 no d=2 HSS JO # Wy =
=5 " | schan Howw !ﬂ o ]
1 i n n=4 =6 WWW tat. -
e . OO “lﬂlui_nz’g | o — E
%) = >5 nz7 H—=rtr H—w* r[{)$b5? 4 e WWZ ot Wi 3
1 ‘i n "‘6 ' (x0.25) ' :?ﬂ#; I_ A 02 K‘D 1
10~ n=8 0. O ‘n‘ N 3
=4 nz2e a H—ZZ" - 3
u ] H=vw Hom Zjj o -
10—2 L= 7 (x0.15) A m v total
nz7 HS i o 1=] Hﬂ_ n B o u.l w* w?:
H—yy H= .
u ExD.SY)‘ 1 ﬂ I Zyy=— ZZD 7]
-3 =26 — l?
10 ! H = 4f | il i nowz:
wwy -i ]
PP oJets ¥ W Z &t W 7y H Hj VHVy iiviH wwv oy VP
tty Vjj titt —“WW
tot. tot. VBF tot. EWJ: tot. i EWK
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Physics processes at hadron colliders

Tevatron combined 1.96 TeV (L < 8.8 fb’ )
ATLAS combined dilepton, I+jets* 5.02 TeV (L = 257 pb
CMS combined ey, I+jets 5. q2 TeV (L=27.4-302 pb™)
ATLASen7TeV(L=4 @f
EMCS or bTe\é (L 75'If'bV (L=5f0 b
combined* e e
ATLAS ey 8 TeV (L = 202 fb ) LHCtopWG
HE o ineds _81%7\;?0 0o
combined* e e
ATLAS e* 13 TeV (L = 139 o) 57 ) LHCtopwa
CMS en 13 TeV (L = 35. 9fb )
CMS t+e/p 13 TeV (L=35.91b
ATLAS I+tjets 13 TeV (L = 139
CMS l+jets 13 TeV (L = 137 fb-
2.53
T

L
CMS all-jets* 13 TeV (L
ATLAS all-jets 13 TeV (L = 36.
CMS dilepton,l+jets* 13.6 TeV
Preliminary

—_
o
o

P OPDPOe< HAOEAOHEOe<] —

3
=2

Inclusive tt cross section [pb]
2,

L NNLO+NNLL (pp)
== NNLO+NNLL (pp)

10

ATLAS+CMS Preliminary |
LHCtop WG

November 2022

900F ]

800F

700F .

13 Ts[TeV]

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
NNPDF3.0, Mmoo = 172.5 GeV, ocs(MZ) =0.118 = 0.001

2 4 6 8

0 12

—
N

Vs [TeV]
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Physics processes at hadron colliders

VBF, VBS, and Triboson Cross Section Measurements sttus: February 2022

YYyY
Zyy—tlyy
— [Njee = 0
Wyy—tvyy
= [Njer = 0]
WWy—evuvy
WWW, (tot.)

— WWW = £vlvij

- WWW = vebvey
WWZ, (tot.)

Hjj VBF
— H(>WW)jj VBF

— H(—>yy)ij VBF

Wijj EWK (m(jj) > 1 Tev)
- M(jj) > 500 GeV

Zjj EWK
Zyjj EWK

vy - WW
(WV+2V)jj EWK
WEWHjj EWK

WZjj EWK
ZZjj EWK

S

N
A

A

ATLAS Preliminary

V5 =7,8,13 TeV

- Theory

LHC pp Vs=13 TeV
e
stat
stat ® syst
LHC pp Vs=8 TeV
m
stat
stat @ syst
LHC pp Vs =7 TeV
Y
stat

stat @ syst

0.0 0.5 1.0 1.5 2.0

2.5

l3.0. - .3.5. - I4.0
data/theory
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- Next: the top quark

Best quark in the world, but | can’t say that loud when flavor physicists are around



