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Introduction to collisions at LHC

. Hadron interactions

QCD and parton densities

Monte Carlo generators

Luminosity and cross-section measurements
Minimum bias events

Jet physics
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Hadron Interact
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Kinematical variables

PT
X4P XoP Proton
o
Q=)=
Proton
Schematic

proton-proton scattering

Relevant kinematic variables:

e Transverse momentum: pr
e Rapidity: y = Y2-In (E-pz)/(E-I-pz) Pseudorapidity
e Pseudorapidity: n = -In tan 120
e Azimuthal angle: ¢
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Proton-Proton Scattering

oo o= / dz1dzs fi(w1, Q) f(2, Q) 5(Q?)

- Hard Process
LiP1 [calculable] Product 9(z, Q%)
/i
PDFs
Ik
p2 ; Product
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Example: Drell-Yan Process

Proton

s

Hard process is
described by the
electroweak theory

Proton
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QCD Matrix Elements

Subprocess IM|?/gd |M(90°)|%/ g3
e ! 4 a2 'y
ad *qf_zl} 48+ 2.2
99°—q3’) 9 ¢t?
4 §2+a2+§2+t‘2 8 §° -
— - = - T et R, .
qq 99 9 t2 u2 27 ﬁ.t
4 2442
N+eY == 0.4
9 8§«
yiony | A{BALE TGN B4 -
— P X B e .
%}} 9 9 9 £2 §2 27 &t
_ 32 42412 8 a*+&? ib
._) oy T Y gy .
=99 9o Tt 3 32
14 +8? 3 a?4+i? 0.1
— - — — | ~ .
99 8 " 8 &2
2+4* 4 82+4? &
— ~ — — .
9 /8% +42 &+1? 42412
it ( ot t—g—+ 3 30.4
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Proton-Proton Scattering: final state

oo =Y / dz1dzs filw, Q) fi(2, Q) 5(Q%)
(%]
()
°® ® Hadronization
P1 * o
°* xiP1 Hard Process Hadron-Jets
L J [calculable] Leptons
fi(x)) Rooel [ >
PDFs
filan) e (>
AgEC:
o — — <
o® Parton
e Shower
Proton Hadronization

[ohenomenological]
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QCD & parton densities
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Lepton-proton scattering and
proton structure

Electron (e*)

K

k' Electron (e*)

Sk Y ’ 2
Cross Section: Q° = -9

dO- do-eq X FQJ - Quark

4r[0(2/q x-z ea q(x) X X Quark
",— —
Proton
S I: Remnant
Proton Structure function

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

Couse on Physics at the LHC
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Structure Function

Naive
— QPM —
€ A
Xa(x)
Electron-Quark do(eq) 4ma? _,
scattering @~ op o iy
(spinless Case) Rutherford scattering /3 >
on pointlike target
g > T T 4 uT®dl T T
dg q q

With
quark-quark
interactions

do(ep)  4mna?

xa) [e2u(x) +e3d(x) +...]

dxdg? g
Ara? Fr(X)
= q4 X

QPM: Structure Functions Fz2 independent of Q2
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Proton Three

valence quarks F2 (X)

1/3 1

Three bound
PFOTOH valence quarks

%
:

AMA
MU

1/3 1

Bound valence 4
quarks + gluon radiation

Proton

PMAMAMAMA

MMM

MMM

valence

small x

Couse on Physics at the LHC
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Scaling violation

Fo(x,Q2)

—

0.5}

Deuteron

x=0.008
(x 4.0) i ¢ x=0.009
S W (x7.5)
_ @]
";%‘8)‘25 X . x=0.11
' N (x5.2)

Deuteron

[ ® NMC T x=0.50
[ A SLAC (x 1.0)
0 BCDMS
1 L i i 1l lllII 1 1 Illllll L 1 Ll i 1l1 1 L L.l 111
, . 1 10
Q° K3eMEIGh Physics at the LHC Q2 [(GeV/c)?)
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Scaling violation

Proton quark dominated: Proton gluon dominated:
QT = F2 | for fixed x Q2T = F2 1 for fixed x

Q?-evolution described by DGLAP Equations

Couse on Physics at the LHC 14



xf

Proton parton densities

1.0

0.8

0.6

H1 and ZEUS HERA I+Il Combined PDF Fit

H1 and ZEUS Combined PDF Fit

xS (x 0.05)

(x0.05) 2 = 10000 GeV?

|
—— HERAPDFLS5 (prel.)

B exp. uncert. B
:’ model uncert. xS

[ | parametrization uncert.

--------- HERAPDF1.0

|| HERAPDF1.0 (HERAI)
HERAPDF1.5 (prel.)

(HERA I+IT)

Couse on Physics at the LHC

Q2 = 10000 Ge\V? |

HERA Structure Functions Working Group  July 2010
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Q? [GeV?]

Particle production @ LHC p

10°

10*

10°

107 E
10° E

10° E

||||I'I'| T |||||I'I'| T |||||I'I'| T |||||I'I'| T ||||I'I'I'| T 1 rrm]

= (M/14 TeV) exp( zy)
M=10TeV

M=100GeV /- o

107 10 10° 10* 100 107 100 10°
Couse on Physics at the LHC

1 LHC parton
1 kinematics

X1

X2

pp > Xm + remnants

Xwm: particle with mass M
e.g. Higgs

M2 = X1X2-S
i.e. to produce a particle with mass M
at LHC energies (s = 14 TeV)

X = (Xixe= M/y/s
[x1 = x2: mid-rapidity]

LHC needs:

Knowledge of parton densities
Extrapolation over orders of magnitudes

M2
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Monte Carlo Generators

Couse on Physics at the LHC 17



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 patrticles ...

Couse on Physics at the LHC 18



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 fif; — fpip+ || 250 fig — QirXs

1 fify — fify 69 yy— WHW- 141 ff — ~v/2°/2"° 297 f,f; — H*h' 146 ey —e” 211 £F; — A+ || 261 fig — Qinks

12 fify — fify 70 AWE - 2°WE |l 149 £F - wrt 298  fif; — H*H® 147 dg—d” 212 £F; — fri+ || 252 fig — QL4

13 fif; — gg Prompt_photons: 144 fifj ~R 299 f;f; — A°h° 148 ug —u”* 213 i — vere” 253  fig — %RXAL

28 fig— fig 14 fifi — gy Heavy SM Higgs: 300 fif;, — A°HC 167 qiq; — d"qx 214 £F; — vpivt 254 fig— qJin

53 gg — fifk 18 fifi — vy 5 7°2° —h° 301 f;f; — HTH™ }gg didy = U dx_ 216 T — f1¥a 256 flg — 4jLX3

68 gg—gg 29 fig— fiy 8 WHW~ —h° Leptoquarks: Qiq; —ere 217 £ — Yoo 258 fig — qirg
Soft QCD processes: 114 gg — vy 71 7979 — 7979 145 qilj — Lqg 165  fifi(— /ZO) — ik 218 £ — Ra¥s 259 fig; — qi}fg

91 elastic scattering 115  gg — gy 72 7979 — WiW,o 162 qg — fLq 166 fif;(— W) — fif; 219 £iT; — Yata 261 fif; — t1t]

92  single diffraction (XB) || Deeply Inel. Scatt.: 73 Z2Wi - ZOVV5E 163  gg — LglLq Extra Dimensions: 220 £ — ¥1%e 262 f;f; — ot}

93  single diffraction (AX) 10 fif; — fify 76 W*W — Z0 164 q:q, — LoLq 391 ff — G* 291 £ — 5% 263 f;f; — t1t2+

i i * i i R - M ili = X1X3

94  double diffraction 99 ~*q—q 7 — WiW; Tochnicolor: 392 gg— G 222 £, — Y1ia 264 gg — it}

95  low-p1 production Photon-induced: BSM Neutral Higgs: 149 gg — Mic 393 qq— gG* 293 fzé — SoXs 265 gg — tgté )
Open heavy flavour: 33 fiy—fig 151 ff; — HO 191 £ — p% 394 qg — qG” 24 Gf ks || o b Gl
(also fourth generation) 34 fiy — fiy 152 gg — H° 102 £F, — ot 395 gg — gG* T ASA 272 fif; — Qirqjr

81 £ — QiQ 54 £F 0 2T Left_right symmetry: 225 fifi = XeXa || 973 g — Gurayat

ifi = QeQu &Y = fifk 153 yy—H 193 £F — wl R 226 £ — CEXT S -

82  gg— QkQy 58 7y — [l 171 fif, — Z°H° 104 £ — fiFe 341 Lty — H* 27 £F — x:ix;* 274 fif; — iz g5z

83 qufy — Qufi 1.31 fwf — fig 172 £f; — WEH 195 fif; — £, 34? éfj - Hii F 228  fif; — XTxJ 75 &l - dLindyn

84 gy — QiQ, 132 fiy; — fig 173 fif; — £t H 361 LF - WHW- 343 Zzi'y — Hi:te 520 ff{ 1 X2 276 fif; — QLdjr+

8 vy — FiF 133 fiyp — fiy 174 fif; — f,fHO 362 £F - WinE || 34 by — Hiiﬁ o - x1x1 277 fifi — Qa5
Closed heavy flavour: 134 fiyf — fiy 181 gg — QrQH w61 £T TI'+L7I'jC 345 Eiiy — Hiilﬁ : ity — x:»xl__tt 278  fifi — QrA;R

86 gg— J/vg 135 gy — fifs 182 qi; — QkQH T || 346 Loy — HptuT 281 &G = XaXi || 279 gg — qurir

87 136 L £Fs o o " 364 fifi — yme 347  (Ffy — HIErF 232 fif] — XaXi 280 Gi A

g e B 137 gL 7 183 ;f - fgg 365 £ — y7'ee g 233 £, — Xy || 281 ig b

88 — X1cg YTy — Lili 184 fig—1f; 7 0_0 : i R . v qi — b1qir
3 366 fifi — 727« : +417—— £.F ~ ~+ ~ 0

89  gg — X2cg 138 ~yint — £F 185 — oH° te 349 fif; — H7"H 234 fifj — XaX3 282 bq; — badir
104 gg — Xoe 139 Ai9d — £ 156 65, o A® 367 ks — ZOI e || 350 fifi— HETHE" 235 65—~ %o || 283 bae — budent
105  gg — X2c 140 4ini — £ 157 gg — A° ?68 fifz‘ — Wiﬂtoc 351 fif; — o HET 236 fiij — )24)23: 284 by, — qu;L
106 gg — J/vy 80 qiy — qurt 158 ~v — A 370 fif; — WL ZL 352 fif; — ffHET 237 il — g 285 bqf — Dadin
107 gy — J/yg Light SM Higes: 176 £F, — Z°A° 371 & - Wy Vime || 353 £T— 2} 238 fifi — gXe 986 b, — bidint
108 vy — J/¢y 3 fifi—h° 177 £ — WEA® 372 A - melh |l s 6T Wy 239 fifi = 8 287 £, — bibi
W/Z production: 24 £F — 70K° 178 fif) — fifjAO 373 fifj — ﬂtclftc SUSY: 240 fif; — X4 288 £, — bobs

1 6 — /20 2% £ — WERO 179 £if; — ffA° 374 fifj — ymic 201 f£if; — 8,8} 241 £ — gXs 589 . T ff
T * 39 fo 0 375 £,f; — 207 T, apct T oack 88 = 2121
2 fzf] — W 32 fig— f;h 186 gg — Qka : ily e 202 f{l — €Rr€R 242 fzf] — &X5 200 gg — babs

22 fif —2°2° 102 gg — h° 187 qid, — QrQuA° 376 fif; — Wim 203 f;T; — 6L+ 243 T — 8§ 21 bbb

23 fif; - 2°W* 103y —h° 188 f,f; — gA° 377 Lfy = W || 204 BT — fuiy 244 gg — 88 202 bb — bybs

25 fifi — WHw- 110 £;f; — 4h° 189 fig — f;A° :381 4y — didls 205 f;f; — finjiik 246  fig — QirX1 203 bb — ik

15 £ — 70 11 £if, — gh® 100 gg — gA° 38? 4T; — T 206 fifi — fiLji+ 247 fig — QirX1 29’4 - Bl~2

16 £F — gW* 112 fig — £h? Charged Figgs: 383 qiq; — gg 207 fif; — A 248 fig — Qi X2 205 bg . blg

30 fig— £,2° 113 gg—gh® 143 £f; — H* 384 fig—fig 208 T, — Fofs 249 fg—aimte || 27 bi bQi

31 fig— fW* 121 gg— QeQh® || 161 fig — fHY 385 gg — Ak 200 £F — fs+ — bibi+

19 £ —~2° 122 q; — QQuh° || 401 gg — THH* 386 gg—gg _

20§ - W 123 i) — £if;h0 402 qq— THH* 387 fifi — QeQy

35 fiy — £7° 124 fif; — f,fh° 388 88— QuQy
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From Partons to Jets

From partons to Fragmentation or |
Parton Shower ZIRN\
color neutral hadrons: LS
] ’ ) o
Fragmentation:
Parton splitting into other partons N T
[QCD: re-summation of leading-logs] Moo, EgGO0T
[“Parton shower”] “O0°
Hadronization: 9B
Parton shower forms hadrons - Ta
[non-perturbative, only models] /- ;’l /
® /y/ ﬂ‘ °, /‘
Decay of unstable hadrons ./ %% " @ .
[perturbative QCD, electroweak theory] o/ )y o
° /‘ o0 ¢
®e 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

CMS muon system in Geant4

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

Couse on Physics at the LHC 21



Luminosity
and cross-section measurements

XN I 17 4 '/w

Couse on Physics at the LHC 22



Cross section & Luminosity

e e
~ [Ldt-e

Luminosity

determined by accelerator,
triggers, ...

Couse on Physics at the LHC

Efficiency

many factors, optimized
by experimentalist

23



Cross section & Luminosity

Vo ] A /'/ - N — L -0

N=oc-[Ldt oc=N/L

— T ——

integrated luminosity

el — Collider experiment:

D, =n,v, N, =n,Ad @ . NCL . Na.n.v/U B Na.n.f
N, “T A A T A

o = 7 = Nata N. N N. N
Oa: fux [ = pllett T

na: density of particle beam A 7Y
va : Vvelocity of beam particles TO0x Oy
N — CI)a . Nb - O} . ’ Na: number of particles per bunch (beam A)
, LHC: Nb: number of particles per bunch (beam B)
N : reaction rate N ~ 1011 U : circumference of ring
Np: target particles within beam area AX ~ 0005 mm? n : number of bunches per beam
0. effective area of single N~ 2800 v : velocity of beam particles
scattering center [ revolution frequency
f  ~ 11kHz _ .
A : beam cross-section
L=%®&,- N, L~ 10% cm?2 s Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in'y
L : luminosity

Couse on Physics at the LHC 24



Van-der-Meer separation scan

5 o b | Bunch 1 '\1\ Bunch 2
etermine beam size ... m C \ B_

measuring size and shape of the N1 , - No
interaction region by recording relative interaction Effective area At
rates as a function of transverse beam separation ... Interaction region
[LHC Project Report 1019: H. Burkhardt et al.] y
LumO 1914+ 0.6501E-01 N
» <by> -1121+ 0729 IPAC 2010, S. White et al.]
‘é‘ 25F oy 1683+ 0.5181 T T T X
5 % 200 f TP2 —
B S Ps ——
g s P gt
= 150 | IP5
215 A
£ »NWWWQ
g 100 |
E 1
2
= 50 | \
L 05 |
wwwu Nwry
50 -4IO —3IO —2IO —1I0 (I) —1I0 —2IO —3IO —4IO -50 0 . ~L I I I
5y in um 01:34 01:49 02:04 02:19 T'02.34
ime
2 2
L _ exp | — oz \~ [ Oy First optimization scans at LHC performed for
0 20, 20y squeezed optics in all IPs [November 2009].
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Minimum bias events

y e
At :

—r—"

W\
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Characteristics of inelastic p-p collisions

Particle density in minimum bias events

Soft QCD (PT threshold on tracks: 50 MeV)

N, /dn

CMS
™
] L I o ® ® o
7 TeV L |
I\
@) Ahﬁéi“ o o
2.36 TeV Adn) @A I
Al —
o APt Lo AT R
0.9 TeV [?dééi
® CMS NSD B
A ALICE NSD
o UAS NSD 1
1 l l 1 1 1 l 1
-2 0 2
n

n=0

dN,,/dn|

TW
' NAL B.C. inel. CMS

¥  UA1TNSD -
- ¥ STARNSD < ISRinel. 1
6! A UASNSD A\ UAS inel. ;
T W CDFNSD > PHOBOS inel. * ]
T % ALICENSD ¢ ALICE inel i ]
S @ cmsnsD ]
4 .
3 -
2|
F oo
e — 0.161 + 0.201 In(s)
- seessnss 2.807 - 0.315 In(s) + 0.0267 In’(s) |
C 1.54 - 0.096 In(s) + 0.0155 In“(s) |
0 | 11 | 111 | | 11
2 3 4
10 100 _ 10 10
\s [GeVl
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Charged particle p; spectrum

(p.) [GeVic]

<p-> = 0.545 p; > 100 MeV
= U. dN._./d In| < 2.5
+0.005 (stat.) on CPT Non 2

;‘ T T 1T lll T T T T TT1T ll
+ 001 5 (SySt) GeV/C > 10° p, >100 MeV, In1<2.5, n, = 2
G 10 s=7TeV
065J T T T T T T T T TI] _',_ 1 L.
B CMS S 10" ATLAS Preliminary
C < ISR inel. 3 5 o
L 5 107
0.6 X UA1NSD . > 3
B A E735NSD . 5 104
o B CDF NSD b —~ 10
0'55: ® CMS NSD ° s 10°
- ; = 10°
05 - 3 107k == Data 2010
C i 2 ,0%C — PYTHIA ATLAS AMBT1
- - T ef ==+ PYTHIA ATLAS MC09
0.45 . 10 & —. PYTHIADW
B ] 10 == PYTHIA 8
B ] 1011 PHOJET
- ’ - == Data Uncertainties e W
C = 1.5 ===* MC/Data _;‘r [~
0'35: —— 0.413-0.0171In s + 0.00143 In’ s 5 -% N r E
- . o
OS—I 1 1 lIIllIl 1 1 IIIIIII3 1 1 lII[lIl
10 10° 10 10*

Vs [GeV] o
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Jet physics




Jet production @ LHC

Proton o Z/dxld@ fi(z1,Q?) fj($7Q2) 5(Q%)
]
D1 —
Tip1 <R . Jet 1
fiz)) 3
PDF
° fk ($k> D FSR
X
D2 — Hp Jet 2
Proton Available up to NLO

First NNLO calculations becoming available ...
Couse on Physics at the LHC 30



Jet properties measurement

........
S~

“Measurement”

)

S
5]
=
3
g
z

u nc‘lcrlgingj

event

Calorimeter Jet

[extracted from calorimeter clusters]

Understanding of detector response
Knowledge about dead material < “Theory”
Correct signal calibration
Potentially include tracks

From measured energy
to particle energy

Hadron Jet

[might include electrons, muons ...] Compensate energy loss

due to neutrinos, nuclear

Hadronization excitation ...
Fragmentation
Parton shower

Particle decays From particle energy to

original parton energy

Compensate hadronization;
energy in/outside jet cone

Parton Jet

[quarks and gluons]

Proton-proton interactions
Initial and final state radiation
Underlying event

Needs
Calibration

e on Physics at the LHC 31



Jet reconstruction

lterative cone algorithms:

Jet defined as energy flow within a

cone of radius R in (y,) or (n,d) space:

R=+/(y—y0)®+ (¢ — o)

Sequential recombination
algorithms:

Define distance measure di ...
Calculate djfor all pairs of objects ...

Combine particles with
minimum dj below cut ...

Stop if minimum djjabove cut ...

e.g. kr-algorithm:
[see later]

A, Jet Cones in (y,d) Space

Jet 2

Jet 1

<y

Sequential
recombination

Step 3:

12
/ 56
R Couse on Physics at the LHC 32



Jet energy calibration

jet
Absolute
calibration
jet
"..’W
jet
Z (ory)
e,u

22010 CEST

jet

Relative
calibration

Photon
pr =76.1 GeV/c
n=0.0

@ =1.9rad

jet

Anti-kr 0.5 PFJet
pt =72.0 GeV/c
n=0.0

@=-12rad

Couse on Physics at the LHC
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Jet energy resolution

jet

Dijet Balance

using jet
. o
Resolution: (pr) = 204 pT asymmetry: — -
pT J + ]
T T
\s=7 TeV L=73 nb’ CMS preliminary \s=7 TeV L=73 nb’ CMS preliminary
N T T T n AR A ' T i A TR
i CaloJets (Anti-k_ R=0.5) . - PFJets (Anti-k R=0.5) :
03 O<hi<isa ' ] 03 O<hml<1.4 =
u - {1 A . i
% = GE ] H:J = B ]
£ § —e— Asymmetry (MC) J £ - —e— Asymmetry (MC) &
g 02\ ¢ —e— Asymmetry (data) | g 0.2 =— Asymmetry (data)
i o -i .
T T .
g s [T | ]
——
Particle flow jets |
z 20F ' B g 20F ] i 3
T L S 2 S 1 BT Bl 3
% = 10 E 3 %}g -10 E_[ - . _E
=l .20 | = 20F =

300 400

1000

50

Ge
(Pdu[se (\)/r]1 Physics at the LHC



Resolution unfolding

Measured spectrum =
Real spectrum ® Experim. resolution

1.2

0.8

Unfolding factor

0.6

0.4

0.2

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII

| anti-k, jets, R=0.6 l
- 03<y|<0.38 ATLAS

—}— PYTHIA 6, \'s =7 TeV
----------------- Unc. from shape (x10)

--------- Unc. from E resol. (x10)

Unc. from y resol. (x10)

L1 | 11 1 | L1 1 | 111 | 1

I_..EI I | T T ll..j T T | T T | I
i

.......................................

| l | 1 | | |

100 200 300 400 500 600 700 800

p, [GeV]

Unfolding factor

1.2

0.8

0.6

0.4

0.2

0

['bin-by-bin" unfolding]

|IIII|IIII|IIII|IIIIIII[|IIII|IIII

| anti-k, jets, R=0.6 ]
T 21<y]<238 ATLAS

T
|

—fF— PYTHIA 6, \s =7 TeV
s UUNC. from shape (x10)

--------- Unc. from E resol. (x10)

Unc. fromy resol. (x10)

Loy L LLLEE

T T T | T El T I T T | l T T T I T Fl’
1 I | | | | | 1 1 1 | | | | | 1
[8 Bl4 'Z2A806S 600 |:AlXIe UoITeI0qe|0) SV 11V

i G A

50 100 150 200 250 300 350 400
p, [GeV]




Inclusive jet cross-section

Cross section is huge R CMS L=34 pb‘I - \E 7 TeV
(~ Tevatron x 100) % 10" . |y|<0 5 (><3125)
(510"° o 0.5<lyl<1 (%625
Very good agreement with S 10° = <lyl<1.5 (x125)
NLO QCD over nine orders of 2 4 - ;5IS:£2<§ EX§)5)
i > A 250YI<2.9 (X
magnitude 'Ol_'l OZ s 2.5<lyl<3
2 10
PT extending from 20 to 500 RS 10°
©
- 10
. . 10°
Main uncertainty: 102
Jet Energy Scale (3-4%) 106 NLO®NP

15 ] Exp. uncertainty
Antl k; R=0.5

(PDF4LHC)

A"

IIIIIII

20 30

100 200
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I:‘32

Inclusive jet cross sections: 3-jet / 2-jet ratio

hep-ex 1106.0647, PLB 702 (2011) 336

0.8

0.6

0.4

0.2

O I l I I | | | I | | I I | | | | |
2

|1|||\||\||1\||\||\|_§ 1-5"1"'
4 ®©
. CMS
L, =36 pb” - g
CMS int p | a 1'4 \[§=7Tev
\s=7TeV anti-K; R=0.5 = i L,=36 pb"
| 1.3 anti-K; R=0.5
e ¢ P 120

Data
PYTHIAG tune Z2
PYTHIAG tune D6T
PYTHIAS tune 2C

MADGRAPH + PYTHIAG tune D6T
ALPGEN + PYTHIAG tune D6T

HERWIG++ tune 2.3
Systematic Uncertainty

T I T T T T I
PYTHIAG tune Z2
PYTHIAG tune D6T
PYTHIAS8 tune 2C
MADGRAPH + PYTHIA6 tune D6T
ALPGEN + PYTHIA6 tune D6T
HERWIG++ tune 2.3
Combined Statistical and Systematic Uncertainty

Illlllllllllllllll—

I | I | 1 [ | 1

0.5

1

1.5

2.5

Hy (TeV)
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Jets: angular correlations

Difference in azimuth of the two leading jets
Probe of QCD high-order processes

Very slight dependence on JES

No dependence on luminosity

(pdiiet

3

-z 10?

10

Couse on Physics at the LHC

Ty T T 11T
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ppeNs=7TeV

o PT™>200 GeV (x10%)

s 120 <p™ <200 GeV (x10%)
o 90< p?"‘ <120 GeV (x10) .
o 70< p:“"‘ <90 GeV :

L=72nb"
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%" CMS Preliminary
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ns - MadGraph (GEN-SMR)

E 1 1 l 1 1 I 1 1

/2 21/3 5n/6 T
A(Pdiiao

38



Dijet mass

Search for numerous resonances
BSM:

string resonance, excited quarks,
axi-gluons, colorons, E6
diquarks, W’ and Z’, RS gravitons

1 I 1 1 1 1 I 1 1 1 1 I 1 Ll Ll 1 I 1 1 1 1
—e— CMS Data (2.9 pb™)

— Fit

[ ] 10% JES Uncentainty

------ QCD Pythia + CMS Simulation

do/dm (pb/GeV)
R <D

1 -~ Excited Quark
Four-parameter fit to describe 5  —- Swing Vs=7TeV
QCD shape: 10 | ml<25&1Anl <1.3
s O\ S(1Tev)
| m P 1551‘ (0.5 TeV) "
a4 10°
dm (m)B | 107 ]
Vs 102 | ~
B=p,+pym/s T
D p3( ) 104 |

PR S T T PR ST S N PUNNTUN NS | S T
500 1000 1500 2000
Dijet Mass (GeV)
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End of Lecture 2



W and Z bosons
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Vector boson production

Direct y-production:

Y
_Q

Singel W/Z production: |
ud —>W*
adu —->WwW-

g
7 q Z production: /¥4 22
>_ o _Z_ (main contributions) dc_z’ N4
: |

e At LHC energies these processes
take place at low values of Bjorken-x

(main contributions)

W production:{

e Only sea quarks and gluons are involved
e At EW scales sea is driven by the gluon,
l.e. x-sections dominated by gluon uncertainty

w Constraints on sea and gluon distributions
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W and Z boson decays

® e ee
® uv MU
® w TT
@® hadrons hadrons

VvV

Leptonic decays (e/u): very clean, but small(ish) branching fractions
Hadronic decays: two-jet final states; large QCD dijet background

Tau decays: somewhere in between...
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W and Z boson signatures

[CERN-OPEN-2008-020]

Missing
transverse .~ . 4 py W — v Py Z— Ul

energy \

Px Px
W:  lepton & neutrino; Z:  two leptons;
hadronic recoil (u) hadronic recoil (u)

Additional hadronic activity > recoil, not as clean as ete-
Precision measurements: only leptonic decays
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Isolated High-pt Leptons

Starting point for many hadron collider analyses:
isolated high-pr leptons > discriminate against QCD jets ...

QCD jets can be mis-reconstructed

as leptons (“fake leptons”)
non-isolated isolated

QCD jets may contain real leptons
e.g. from semileptonic B decays B > vx]

> s0ft and surrounded by other particles

“Tight” lepton selection ...

Require e/p with pr > (at least) 20 GeV
Track isolation, e.g. > pt of other tracks
in cone of AR=0.1 less than 10% of lepton pt

- — — |solation Cone

Calorimeter isolation, e.g. energy deposition
from other particles in cone of AR=0.2 less than 10%
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Events/GeV

Dilepton mass spectrum at 7 TeV

=" — _
p,(l) ¢ J/\ll %ooni CMS Prellmlnal?{, \53717::-1\1
10° n V' Y(1,2,3 S ool 0 =70 MeVic?
T ' <1
10° £ so0-
104 m;
200
10°= | di-muons 3
R KT
1 02 p*u mass (GeVic’)
CMS Preliminary
10 I\TJ E T T T T T T I T T T T T T 1T T E
B Ns=TTeV, L =40pb’ >l " ¥(1,235) ~
I :
II| 1 1 lIIllll 1 1 lIllIll | B 3__ |
<107 E =
1 10 , 10 . & 5
p'p- mass (GeVic®) > - 7
T
107 5
- | di-electrons .
10 = -
= CMS Preliminary 2010 3
1 \s=7TeV,L =35 pb!

—
=

1 | II\IIII | | IIIIII|

-—

10 10?
e*e” mass (GeV/c?)
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Example: CMS W Analysis

Select isolated electrons and muons ...
[muons: p>9 GeV, electrons: p>20 GeV]

Investigate transverse mass ...
[Use Exmiss; M1 = (Diep + ET,miSS)Vz]

il CMS preliminary 2010 \Vs=7TeV x10° CMS 2010
™~N SR BRESH BEESN EESN LESS RS BRAE R LIHL R ST (R SELSELON LSRN LN G N 23 LI O LA H H H
§ Jl st = : 20pb" @ s=77ev | 1h€ W signal yield is
D e ] O extracted from a
O 10° <om 4 ¥I5[ | binned likelihood fit t
: 3 ot R
o -t = || Fa inned likelihood fit to
~ | EWK 2 the M- distribution.
8 12 & | BWow |
c 10 > o[ M ewked 1 Three different
2 = B aco contributions:
10 = - W signal
-g e -  QCD background
1 2 - other (EWK)
backgrounds.
10! 0 i
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120

M, [GeV/c?] M, [GeV] 47



W/Z production at 7 TeV

number of events / 2 GeV

Z Boson

W Boson
number of events / 2.5 GeV

Transverse Mass,

—

-

electron(s)
cMS
[ (a) zopb at \s=7TeV |
50._ -
L
m_ -
sol |
L . . ‘.o-
%0 80 100 120
M(e'e) [GeV]
x103' CMS
T (a) 29pb at \E 7TeV 1
8r e data 7]
I W—ev -
B EWKa+tt

20

40 60
Er [GeV]

M, = \2EE}™ (1 - cos Ag

e,miss

muon(s)

W

o

o
[

number of events / 2 GeV
z S
| I

B Z2uyw

| |
29pb at s=7TeV _

®

* data

%

80 100 120
M(u*p) [GeV]
x10° CcMms
> L,
8 I (b) 2.9pb"m\/§-7ToV:
v15‘ -
~ [ e data
B2]
S [ mwouw
> 1 B Ewka+tt ]
2 ' mm qco
5]
©
£
Eos
c
0 2,
0 20 40 60 80 100 120
M, [GeV]
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Events / 9.0 GeV/c?

Events / 3.0 GeV/c?

tau(s)

12 i RARARERA RSy
r Bl TTBar |
10; Cw sy
L BZ-up
r EEW - u v
r Jaco
8? | FESEa
[ « DATA |
6 CMS Preliminary 2010 |

Ly =1.7pb" N5 =7 TeV|

20 40 60 80 100120 140 160 180
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06 MS Preliminary 2010
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- 333333
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40 60 80 100 120
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W, Z cross-section v.s. Vs

hep-ex 1012.2466, JHEP 01 (2011) 080

CMSZMO 29pb1@\g=7-|-ev — r 1T rrrr T T 1T rrrr T ~— 20
|\||||'||..|_||||||||\'8 - 1 W—'g ATLASC"S
lumi, uncertainy: ¢ 11% —_ 0 CMS, 29 pb W — 034pb" 29pb’
oB(W) HaH 00, toms, | @ 10 ® CDFRunll W o 0 olnpnes
| x E 0O DORunl 1 ¥
w00, s | | 4 UA2 Jo 7
GXB(W) HAH &xp. theo. L v UA1 _ 5
a Z _ 5
OBW) e 098003, 008, op T
1E = 3}
GB(Z) M 090:00%, 1000, - E
- i of )
R R S0:008, 000 - PP (@ - IH (b)
+11%
R, R U | o] 4 1 -
06| J '0'8' - '1 - '1'2' ' '1'4' - Theory: NNLO, FEWZ and MSTWOS PDFs -
Ratio CMS/TheO B L 3 a3l ! L a3 a0l f i 05
(lSTeoy 5 1 2 5 7 10 20 7TV
Collider Energy [TeV]
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W+/\W- charge asymmetry

CMS 36pb’ at \'s=7TeV

| [

NNLO cross sections:

scale uncertainties very small 0.3

&

p_.>">25 GeV/c
N

..
- T
-t e

-
S
NN
-
AR
e

W rapidity: asymmetry 0.2
[sensitivity to PDFs]

1 I T T I 1

oW — ev
_____ \ oW —uv
............... errors: stat @ syst

1

- I | I l

Aw(y) = do(W*)/dy — do(W™)/dy 0.1 :— — MCFM + CT10W
do(W+)/dy + do(W—)/dy - O e, 0% .
| | | | | [ | |
| [ ! ! ! ' |
Proton-Proton Collider: 03

b) pTe’ "> 30 GeV/c
symmetry around y=0 ...

----

Lepton Charge Asymmetry

[ I L I 1

PDFs: ) ]
ux) >d) forlarge x .. [ @ ]
more W at positive rapidity 0 { s ]
d/uratio< 1 ... N 1 | o 'ﬁ‘ i
always more W+ than W~ [ | | .

0 1 2
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W + Jets multiplicity

In| < 2.8 and pr > 20 GeV arXiv:1012.5382
= 10%¢ T T T o) 104E T T T T E
Q. - Woev +jets 3 Q. Wopuv + jets -
— W @ Data 2010,\/s=7 TeV oy cead o @ Data 2010,\/s=7 TeV -
» ¥ Alpgen 0 - Vv Alpgen —
Q@ - A Sherpa Q - A Sherpa =

Z10°E Sty = E10°E ERFAL |
i G - - . E
fy - + - .

— ; — —
= o f € i 1
10°E E 10°E 3
g JLdt:1.3 pb” % = JLdt:1.3 pb” 2 E
- ATLAS s ¢ C ATLAS §
[ S [ - /
10 E 10 /i/ E
% 1.5 "g 1.5+ /]
Q Q
p- >
S 17// ///// ////%//% 3 1W///// //
- - /
0.5t . 0.5t =
>0 >1 >0

Inclusive Jet Multiplicity, N Inclusive Jet Multiplicity, Net

et
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W + Jets P-;

Tails are important in several Exotica and SUSY searches

s.1()2,..,.,.,..,],.,,‘,vg ,,,,,,,,,,
(o) W-oev +jets 3 i
C ¥ 4 Data 2010,\'s=7 TeV 4@ Data 2010\s=7 TeV
_a - Vgl:g;ﬂ‘ - VNp.g':l.
10T e Pythia = Pylhla
g 4 MCFM E
=
1E Z
‘: ILdt:LSpb" ) . ‘E ILd=1.3pb"
107 107
E ATLAS % E ATLAS
102; - 10"’:—
= 1.5—|.uang|ct = 1.5'-Lndingjo(
= =
] ‘W/// //// e A ///// ///%
= =
0.5~ 0.5
g 2—Noxnoumg,¢ g 2[" Next-to-leading jet
1.5 1.5
EOQW/////////////// §°;W/W
o . ... e e . .

3
§

Jet P, Jet P, [GeV]
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SM processes measured at LHC

CM

n

oY E 5 | 3
= ~ l . -
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W Mass Determination

Template method:

Fit templates (fromm MC simulation)
with different mw to data

> \W mass from best fit

Requires very good modeling
of physics & detector

Templates for
mw = 80.4 = 1.6 GeV

Entries/GeV
g
o
o

[
(=]
o
o

2500

2000

1500

1000

500
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[020-8002-NIdJO-NH3D]

(a)

-
I N T T T NN T ST S H SR [ P R
20 40 60 80 100 120 140

O°

Transverse Mass [GeV]

Ultimate LHC goal:
mw uncertainty of 15 MeV

[via combination]
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