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Kinematical variables

PT

X4 X5 Proton
o

Proton

Schematic
proton-proton scattering

Relevant kinematic variables:

® Transverse momentum: pr

e Rapidity: y = 2-In (E-pz)/(E+p2) Pseudorapidity
e Pseudorapidity: n = -In tan 120 °

e Azimuthal angle: ¢
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Proton-Proton Scattering

Proton 7= Z/dmlda% fi(z1, Q%) fi(2, Q%) 6(Q%)

. Hard Process
LiP1 [calculable] Product g9(z, Q%)
P2 Product

Proton
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Example: Drell-Yan Process

Hard process is
described by the
electroweak theory

Proton
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QCD processes
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Proton-Proton Scattering: final state

Proton

p1 ===,

PDF
> i

D2 =::..

Proton

o= / daydzs fi(21,Q?) fi(x, Q%) 5(Q2)
ij

IipP1

LkP2

&® Hadronization

Hard Process
[calculable]

Hadron-Jets
Leptons

VVV
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QCD & parton densities
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Lepton-proton scattering and
proton structure

Electron (&%)

k' Electron (

K

SF Y 0 2
Cross Section: Q°=-g

dO' do-eq X F2 Quark

4mx2/q4 X zeé q(x) X A Quark

pQ o
“- 20 pOX ——

| = Finestructure constant
- = electric constant

et)

Q= elementary charge Proton
9= reduced Planck constant

¢x speed of light in a vacuum .
Proton Structure function

describes proton structure
probability to find quark with mom. fraction x
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Structure Function

Naive
— QPM —
€ A e,=2/3
Xk €4 =-1/3
Electron-Quark do(eq) 4mo?
SCaﬁering d q2 - q4 eq E: Lljléd>
(spinless Case) Rutherford scattering e >
on pointlike target
2 2
5 g do(ep) _ 4mo (262 +62] = 4o
dg? oy q“

With
quark-quark
interactions

do(ep)  4ma?

e [eau(x) +e3d(x) +...]

dxdg?  g?
Aol F(X)
= q4 X

QPM: Structure Functions Fz independent of Q2
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Three

Proton valence quarks F2 (X)

1/3

Three bound
Proton valence quarks

:
: § 3

1/3

Bound valence
Proton quarks + gluon radiation

%
;% :

valence

small X

1/3
[see e.g. Halzen/Martin]



Scaling violation

Fx.Q% = Z€§Xq(x,Q2)

Deuteron

(x,Q?)
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Scaling violation

Proton quark dominated: Proton gluon dominated:
Q? T = F2 | for fixed x Q%> 1T = F2 T for fixed x

Q?-evolution described by DGLAP Equations
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Proton parton densities
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H1 and ZEUS HERA I+Il Combined PDF Fit

H1 and ZEUS Combined PDF Fit

\xe009 Q2 = 10000 GeV?2

—— HERAPDF1.5 (prel.)

I exp. uncert. -

|:| model uncert. xS

XS (< 0.05) 7] parametrization uncert.

-------- HERAPDF1.0

|| HERAPDF1.0 (HERA I)

HERAPDF1.5 (prel.)
(HERA I+II)
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HERA Structure Functions Working Group  July 2010
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Q? [GeV?]

Particle production @ LHC p

X1
10° L B B L LR BRI |
i LHC parton
X, , = (M/14 TeV) exp( =) 1 kinematics X2

10° E Q=M M=10TeV P
107 E_ _E
00 L Tl pp > Xv 4+ remnants

Xm: particle with mass M
10° | e.g. Higgs

i ! 2 _ .
104 £ M=100GeV /' o M# = Xix2-8

- ' i.e. to produce a particle with mass M
10 I at LHC energies (/s = 14 TeV)

E

F 0 = Pxixe= M/yfs

[ Y= [x1 = x2: mid-rapidity]
10 E :

E M =10 GeV

: fixed .
10' E target LHC needs:

- Knowledge of parton densities

- Extrapolation over orders of magnitudes
100 L Illlml L IIIII"] L Illllu] L1l L IIIII||] L Illlud L_L1Lll

107 10° 107 10t 10t 10?10t 10°
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Monte Carlo Generators
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Monte Carlo overview

MC simulations

Monte Carlo simulation ... in particle physics
Numerical process generation Event Generator
based on random numbers simulate physics process

(Quantum mechanics: probabilities!)

Method very powerful
in particle physics

, Detector Simulation
Event generation programs: simulate interaction with

Pythia, Herwig, Isajet detector material

Sherpa ...

Digitization
fragmentation & hadronization ... translate interactions with
detector into realistic signals

Hard partonic subprocess +

Detector simulation:

Geant ... Reconstruction/Analysis
interaction & response as for real data

of all produced particles ...
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Pythia sub-processes

No. Subprocess No. Subprocess No. Subprocess No. Subprocess No. Subprocess No. Subprocess No. Subprocess
Hard QCD processes: 36 fiy — kW= New gauge bosons: Higgs pairs: Compositeness: 210 f,f; — frip+ || 250 fig — GirXs
1 fify — fif; 69 vy < W*g\l; 141 £ — ~/2°)Z'° 207 fif; — H*h° 146 ey — €* 211 f@ — #i+ || 251 fig — Gir¥s
12 fifi — fi.fs 70 AW = Z°W 142 fif; — w’t 208 flfj — HEHO 147 dg —d” 212 f,f; — Fii+ 252 fig — c:lim:ﬂ
13 fifi —gg Prompt_photons: 144 fifj ~R 209 fifz — A%R© 148 ug —u” 213 fif; — et 253  fig — GirXa
28 fig— fzg; 4 fLf— gy Heavy SM Higgs: 300 fifi — A°H? 167 qiq; — d*Qk 214 £ — el 254 fig — Qrx
53 gg — Il 18 fifi — 7y 5 7°7° — b° 301 ff — HVH™ || 168 oy = o 26 fh - || 290 6k
68  gg—gg 29  fig— fin 8 WHw- —n° Leptoquarks: qiq; — e £ — Yax 258 fig — Qg
Soft QCD processes: 114 gg — vy 71 7979 — 7979 ]_45p qqi(),j — Lqg 165 fifi(" /70 — Eljk i; E% - ;Z;z 259 fig; — q“gg
91 elastic scattering 115  gg — gy 79 Z%Z?‘ N \VI\\E 162 qg — fLq 166 fif:j(" \.Vi) — fify 219 £F — YaXa 261 fifi — ‘EL‘EE
92 single diffraction (XB) || Deeply Inel. Scatt.: 73 7Y \Vi — ZYW 163  gg — LgLg Extra Dimensions: 20 £F — tixe 262 fif; — ‘52‘52
93 single diffraction (AX) 10 fif; — fify 76 V*\V — ZO Z(J 164 q.§, — LoLo 301 ff— G* 21 £, — t1xs 263 fif; — t1t5+
94 double diffraction 9 4'9q—gq 77 Wiwi — Wiwi Technicolor: 302 gg—G* 22 £ - axa || 264 ss— Gl
95 low-py production Photon-induced: BSM Neutral Higgs: 149 gg — 1he 393 qq — gG”* 993 flfl o 265 gg — tat3
Open heavy flavour: 33 iy — fig 151 f;f; — H° 191 £:5; — p¥ 394 qg — qG” 994 flfl X 271 fify; — Qrd;e
(also fourth generation) 34 iy — fiy 152 gg —H° 192 £F; — pt 395 gg — gG* 025 flfl T X2Xa 272 fifj — QirdjR
- —_ = 7 tc T ili — - ~ =
81 fifi — QrQy 54 gy — f;{k 153y — HO0 , 193 £ — Wl gﬁtfrl(;glét synll{rrieitry: 996 £F, ;?;} 32 11}% — QiLQ R+
82 — 58 — fife 5 — T T : (il — 2 ifj — Qird;
83 o, Qéka 131 v i A 194 £ty = fify 32 40, — HEE 27 (L= GF || 215 (F onden
iy = et o 172 Gy — WEH 195 fif; — fif, T e T 228 F — kg T dhindyn
84 gy — Qka 132 fi'YL - fig 173 f;f; — fl‘f'HO 361 f? \V+\V7 343 ['i Y= H e - ~1 ~i 276 f?-f] - QiLQjR+
85 Y — F}cfk 133 fz’?’i‘ - fi’? 174 fzf; —r fqulHO :362 fi?z - \VIi‘,[rIL 344 ['iiw - H%ieq: 229 fl{j - >fl>f1 277 flfz — (ij[,(];[,
Closed heavy flavour: 134 fiyf — fiy 181 gg — QkQKHO :36‘3 flf W+L7r—m 345 [iﬁ - Hii#i 33(1) ?? - %QXIi 2718 i — Qe R
_ | . L £F 20 ili 77 TeeMie 346 /3 —H : il; — X3X IR
23 gg — J/vg EZ 87t f; 182 qiq; — QuQuH’ 364 T —nl, 347 /j:l e 22 6T, — kp 323 o Gt
22 — X0cg g:/L *_’ il 183 fzfl — gH 365 fz?z _ ,WT/?C 248 /i Hii - 933 ff . pet gg — qu?i R
88  Bg — X1c8 137 ~oor — Ll 184 fig — f;H® 266 £T — 7970 f%w ﬁH+R+1; 2:34 flf] XiXg 281 bq; — b1z
89 — X2e 138 ~iAr — &f; — oH° . it e 349  fif; — L & £ — XeXa i — Dodis
g8 —7 X2¢c8 ; 7375 5 185 gg g;H0 367 6T — 2070 o £F H£+HE’ 0 28? bq 132(} R
104 gg — Xoc 139 A{yr — fifi 156 fif; — A 268 £, WEaF ifi — Hy i ilj )fS)S;)i 283  bq; — bidir+
105 gg — X2c 140 yivg — fifi 157 gg — AOO ;370 flfl. - Wiztds :351 11}1121 — ??gii ;:g ?‘%’ — XaX2 284 by, — bidie
106 gg — J/un 80  qiy — Qe 158 4y — Al 1 flf] \VL L 352 fifj — sl : ili = gx1 285  ba, — bedlr
107 gy — J/vg Tight SM Higgs: 176 £F; — Z°A° :372 fz‘f’ - Z7(T)tc 353 fifi — ZRi 238 fifi — X2 286 b, — bid:rt
— I/ 7 : if; — i : I — Vv : T — 8% = o
L8 7y — I/ 3 £ -1 177 G — WEA° S A o | R ¥ S 230 fifi = &% 287  fif, — bub}
W/Z production: 24 £F — Z°K° 178 fif; — £ A 373 Ll = meemie | SUSY: 240 fE—8% || 288 £, — hobs
1 fifi — 9 /2° 26 E£I — WER° 179 £f — £.5AO 374 fify — e 201 £, — &L8% 241 T — gyt -
2 6l - W 32 g — fh? o QLA 375 £, — 20, 202 £,T; — 6pe; 242 £F; — gis 289 gg — b1bi
1j 32 fig—f; 186 gg — QrQy : = I il RE€R i X3 200 gg — babj
2 ff — 2070 102 gg — h° 187 qiG; — QuQeA 376 fif; — Vimc 203 £ — eLeh+ 243 £, — 8§ 201 bb— Bab
93 £F, — 7O0W* . RO L GAD 31T G = WERL || 204 £, — Apat 244 — 2
25 fz'fj - WHW- 123 g% ﬂ:ho ﬁg ?gﬁ fgj\XO 381 qi(]]j — qid; ' 205 f,f; — Z;Zi 246 igg ﬁ%igl 202 bb — byby
1 o il X i b b 282 = . aa - o £ e 293  bb — bibg
15 fifi — g7 111 f:f; — gh 190 gg — gA 20 9e9s = Are9r 206 f;f; — L+ 247 fig — QirX1 294 b 0s
16 £F; — gW* 112 fig — £0° Charged Higgs: 383 q; — gg 207 L — A U8 fig = QX || D bg gl%
30 fig— HiZ° 113 gg — gh® 143 §f; — H* 384 de — fig. 208 £F — ffy 249 fig = Ginie J| D00 BT
31 fig— fWE 121 gg— QiQh° || 161 fig— f,H* 385 g — Ay 200 §T; — A+ — D1bot
19 ff —42° 122 qiF, — QuQ,h° || 401  gg — ThHT 386 g2 —eg
20 T — AWt 123 £if; — £,;h0 402 qq— ThH' 387 fifi = QuQy
3B fiy — £2° 124 £f; — f,5h° 388 g8 — QuQy
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From Partons to Jets

From partons to Fragmentationor
Parton Shower \\ N
color neutral hadrons: % No, Dy
Fragmentation: & o |
Parton splitting into other partons e, @
[QCD: re-summation of leading-logs] 35-55{;%5566@ o

[“Parton shower”]

Hadronization:

Parton shower forms hadrons
[non-perturbative, only models]

Decay of unstable hadrons
[perturbative QCD, electroweak theory]

¢ o’ Hadronization &
Decays
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Detector simulation

GEANT
Geometry And Tracking

Detailed description of
detector geometry

[sensitive & insensitive volumes]

Tracking of all particles through
detector material ...

> Detector response

Developed at CERN since 1974 (FORTRAN)
[Today: Geant4; programmed in C*]

Couse on Physics at the LHC 21



Luminosity
and cross-section measurements

PR S, 1 BB ———— T R\ W A g -
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Cross section & Luminosity

e e
- [Ldt-e

Luminosity

determined by accelerator,
triggers, ...

Couse on Physics at the LHC

Efficiency

many factors, optimized
by experimentalist
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Cross section & Luminosity

d
A e
Vg ‘-\\“‘\___‘ : o —
— T //--’
L
! e
L
‘:L-‘___ﬂ T -
. //_;_,“ . TT—
0
¢
I pi—
[ —
T—
d’a =NgVy Nb =I'IbAd
N,
(pa — 7 — NagUq
Dy flux

Na . density of particle beam
Va : Vvelocity of beam particles

N =3®, Ny -op

N : reaction rate

Nb:
O,

target particles within beam area
effective area of single
scattering center

L=, N,

L :

luminosity

N=L-o

N =0 Ldt

——

integrated luminosity

o=N/L

Collider experiment:

O, =

& Ng-n-v/U  Ng-n-f
A A B A

T :anaNb _anaNb

Couse on Physics at the LHC

A dmooy
. ’ Na: number of particles per bunch (beam A)
LHC: Np: number of particles per bunch (beam B)
N, ~ 10 U : circumference of ring
A" ~ 0005 mm?2 n : number of bunches per beam
N ~ 2800 v . velocity of beam particles
. f : revolution frequency
f 11 kHz A : beam cross-section
L ~ 10%cm2g Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in'y
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Van-der-Meer separation scan

| | Bunch 1 '\1\A Bunch 2
Determine beam size ... 4_ Q\ B_
measuring size and shape of the N1 :.-"' No
interaction region by recording relative interaction Effective area Aer
rates as a function of transverse beam separation ... Interaction region

[LHC Project Report 1019: H. Burkhardt et al.] y

3 ¥2 /ndf 7515 / 6
LumO 1.914+ 0.6501E-01 N

" <oy>  -LI21+ 0729 [IPAC 2010, S. White et al.] -
g 25F oy 1683+ 05181 ; . . X
= % 200 f TP2 ——
g 3 P8 ——
g e U A ey
= 150 | IP5
>
£1s
£
_g 100
o !
2
%8“ 05 50

50 —4IO —3IO —2IO —IIO (I) —IIO —2IO —3I0 —4IO -50 0 ) .J I I I

oy in pum 01:34 01:49 02:04 02:19 02:34
Time
2 2
L _ exp | — oz \~ [ Oy First optimization scans at LHC performed for
Lo 20, 20y squeezed optics in all IPs [November 2009].
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Minimum bias events
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Characteristics of inelastic p-p collisions

Particle density in minimum bias events

Soft QCD (PT threshold on tracks: 50 MeV)

[ T T T | T A ' lL ' i | ]
CMS 7 % uai1nsD O NALB.C. inel. CMS |
s @ L P ~ o ® ® s Y STARNSD < ISRinel.
7 TeV e @ 6 A UASNSD A\ UAS inel.
7 r B CDFNSD > PHOBOS inel. *
\ - T % ALCENSD ¢ ALICE inel :
e o M e ® @ 5
- 1 [ @ CMSNSD ‘
2.36 TeV Adw /g T !
5 4 \ YRR B~ «'
2 wa“ﬁ%@%@tb W 5 4 ]
G O | S E
= 0.9 TeV | S [
© z 3k
© [
2 @ CMS NSD | [
2| o
JA ALICE NSD { r i
' | if - et e ~ 0.161 + 0.201 In(s) _
i = uhmay | F e 2.807 - 0.315 In(s) + 0.0267 In’(s) |
r 1.54 - 0.096 In(s) + 0.0155 In*(s) |
0 1 | I 1 1 1 | 1 0 1 1 1 11l ! 1 L1l
W 9 . 10 100 10° 10°
n \'s [GeVl
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Charged particle p; spectrum

{p,) [GeV/c]

<p:>=0.545
+ 0.005 (stat.)

pr > 100 MeV

dNg/dpy <25

N,O 2

c’:‘_' T T T TT ||| T T T T TT |||
+ 0015 (SySt) GEV/C > 10° p, >100 MeV, In1<2.5, n, = 2
o 10F \s=7TeV
065J T T T T T T T T TIT] _;_ 1 L.
C CMS = 10" ATLAS Preliminary
B =» ISR inel. ] 5 5
0.6  * UAINSD 8 ;ﬁ 1%
- A E735NSD ] 5 10_4
055 ™ CDFNsD B 3 105
o9 L ® CMS NSD * 5 10
B ] L
- . = 10
05 — $ 107 == Data 2010
i i g.. 108 — PYTHIA ATLAS AMBTAH
B ] - oF ==+PYTHIA ATLAS MC09
045 - 10 & —. PYTHIADW
B i 10 == PYTHIA 8
B ] 1011 e PHOJET
04 — 2i 4 H ] | !!;
C ] r == Data Uncertainties e, ]
o B {1 5C === MC/Data =T -
0.35F —— 0.413-0.0171In s + 0.00143 In% 5 2 2 . ]
N ] e T e TE T TR
—I ] ] ||||||| 1 ] ||||||| ] ] ||||||| ] Pt e T E——
0.3 " 0.5 B
10 10° 10 10° - | |
\'s [GeV] o :
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Jet physics
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