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Lecture 2 — The Standard Model at LHC
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Electroweak theory




Electroweak Theory

Unified theory of electromagnetic and weak interactions
Non-abelian gauge group: SU2)r x U(1)y

[T: weak isospin > coupling g, Y: hypercharge > coupling g’]

Pure Yang-Mills theory:
Massless gauge bosons W23, BO

Electroweak symmetry breaking:
Masses for gauge bosons and fermions [Higgs mechanism] T=1

Three generations of quarks and leptons
| eft-handed doublets: (”e) ,(”“) ,(”T) | (“) (C> (t)
/L \KHJ L \T /), dj,’\s),"\b/,
Right-handed singlets: €r,  MR: TR  UR,0R, CR,SR, Ir, bR

Rich flavor phenomenology ... T 0
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The SM Lagrangian

Free Fields

\ Interaction

L = Lo+ [
Gauge Bosons

1 / -
Lo = —ZEWFW“+MMW@ﬂ<\

Fermions
/I Ly~ M
L = /eim A
Fermion-Boson e A — %/\ GY + gf" W + g—,YB
Coupling H 2T 9 9 H

BB = GuG" + W, W™ + B, B



Electroweak Theory

W and Z masses: connected via weak mixing angle

24,2 2 2
o gV o VT . o My
my, = , M7z =—(g9 + > =1
W= 4 z=79+9% m2 cos Oy
Couplings to W and Z g SU2)rcoupling
g' : U(1)y coupling
[here: leptons only] ,
Bw: Weinberg angle
cc g g cc Vv vacuum expectation value
— _ + Hy— - s+
£ = S | W |
g (- .1 w—, (2 ] ot
= _E Ve7u§(1 —s5)e | WH™ + 97M§(1 — v5)ve | W
Charged current: always flavor-changing
g [quarks: mass eigenstates = EW eigenstates — CKM matrix]
NC NC —u
= - 2cosfy Ju

9 - 1 1 . )
2 cos Ay [VeWg“ 18)Ve — €75 (1 —75)€ +2sin HW(efyMe)}Z

Neutral current: always flavor-conserving



Fermion-Boson Interaction

Fermion-Boson f

7: /lzf)/u D}u w Interaction e Fermion

using

D, = 9, +igWi2T* +ig'B,Y

Fermion

Ling = — YY" (gW,, T 4 ¢'B,Y )
|

Weak Isospin

Hypercharge



Fermion-Boson Interaction

mt — 1; ( WZTCL =+ g/BMY)w

witha=1,2,3
1
+ 1wl w2
Wi = V2 (W“ T ZW“) Weinberg angle 8w
1 /
A, = (GW? + ¢'B,) = W? cos by + B, sin fw
/12 2 H ® H H
g°+g
1
Z, = — (GW3 — ¢'B,) = W, cos by — By, sin by
g g

= sin
neutral current sw = sin Oy

e.m. current cw = cos w
\ e = gsinfy

Lint = —€ [ Aﬂjelfn + (SWCW)_lzujﬁc — ¢/ cos b
+(V2sw)~ (W+JCC+W T ]

Charged current



Fermion-Boson Interaction

Lint = —e| A Jo+ (SWCW)_lzujﬁc
+(V2sw) HWETE + W, TEL) |

charge
- g 3" isospin

Téin = 7"(Ts + Y)ih = 7" Q) comaren

Thc = vy* (T3 — sin? O (T3 + Y))1p = 4" (T3 — sin® Oy Q)1

Tbe = vy* (T +iT2)y
iIsospin
raising operator

Coupling strengths:
Py eQ U ffZ7 :e(swew) (T — sin® Oy Q)
"W udW s e(V 2sp) !

[left-handed only]



Flavor Quantum Numbers

' & T 5 Q
(rtl ) ( 1’#1,\') ( lTL) 112 1/2 1/2 0
1, M1, / TL / 1/2 -1/2 -1/2 2 |
eR MR TR 0 0 ] -1
(’ uL“) (CL) (1L ) 1/2 1/2 1/6 2/3
dy ‘L , L0 1/2 -1/2 1/6 1/3
UR Cr IR 0 0 2/3 213
d R SR b R 0 0 143 1/3

T : Weak Isospin

Ts : 3 lIsospin Component
: Hypercharge

: Charge [=T3-Y]

O <
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W-boson interaction

W T udW s e(V2sy) !

W 9w
CC interaction: WO
[e,Vv only]
cin = —e(V2sw) 7' [W) 99"(T1 +iT2) + Y
+W, Yy* (T — iTz)w}
\ /
left-handed
propagator
Fermions with
1/ - = T
LiVVnt — —9/\/5 [WZ (VG)L”YHGL + Wu eL'YM(Ve)L} = 0 only




Z-boson Iinteraction

”ffZ’7 . G(Sch)_l(Tg — SiIl2 HwQ)

NC interaction:

— |

EiZnt — —e(swcw)_lzu Y (T3 — S%A/Q)w
= —e(swew) 1 Z § 4] 12(1 — 2%V Ts - 55,Q ]

= —9few - Zy - Y2 (Y y*[ Ts — 2s3,Q Jyp — 1 v#4° T3 1))

\ vector coupling /

propagator . .
axial coupling

L= —cw Ly -2 (P ygv — P44 ¢)




Z-boson Iinteraction

Fermion

Couplings
to the Z-Boson;

Z-Boson g

cos Oy

Y12 (98 = 9477

gv = T3 - 2Qsin“Ow
ga=1T3

Anti-Fermion
Standard Model 9v 9a
v b2 be
co| Hpraseta, Tl | e e
U — quark / A/ sin® 4, yz 9. = V5(Qu+an)
d — quark /2 /3 sin® 6, _% gr = V2(gv—gn)




Gauge Boson Self-Couplings

1 _
V .
Lo = ~7 o P iyt 0,

B, FW = W, W + B, B"

[electroweak only]

Transition to
covariant derivative ...

0, — D,

with Dy, = 0, +igW ;T +ig'B,Y
yields ...

1. Invariance under local gauge transformation
2. Gauge-boson self-couplings ...



Gauge Boson Self-Couplings

Triple gauge-boson
couplings:

40

Quartic gauge-boson
couplings:

Vp = Z,Y:

ieCwwv |:gMV(k+ —k=)p+ guplk— — kv)u

+ gou(kv — ki)

with Cyww =1, Cwwz = — -2

Sw

\/p!\/pI = (W!VW!(Z!Z)!(Z!Y)!(Y!Y):

162CWW‘VV’ [QQ,WQpJ — GupYov — guogv,o}

with Cww~, = —1, Cww~z = —

Cw
Cwwzz = R Cwwww =
W
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The Higgs mechanism

Yukawa Couplings
\ Higgs Field

L = Lo+ L + Lywk+ Ly

Eqb — (au ?T) (8N¢) __ V(¢) —— Higgs Poter:i;
cr(VrLYrod +YrYLO)

Lk _

Higgs Fermion
Interaction

¢ = — po
Y,

Vacuum
expectation value

Gauge Boson masses: Oy — (9, —ieAy) | @
Fermion masses: c¢puipo

16



SM parameters

18 free SM parameters
NO neutrindo masses

my = 59 0%

2 2 2y 2

my = 3(9°+97)p g = e/sinfy

2 2

miy = 4Apg g = e/cosby M = CfPo

17



IONS

Hadron Interact

S S A

S
.

e A Sy AT o A 4
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Natural units h=1,c=1

he = 197.3 MeV fm
(he)? = 0.3894 GeV? mb

Four-vector kinematics
p=(E,p)
pQ 2 ;3’2 — m2
B=p/E, v=FE/m
Lorentz invariance
p1-p2 = E1Es — p1 - po

4-vector scalar product
| orentz invariant

Cross-sections should
be function of scalar
products of 4-vectors



Kinematical variables

PT
X4P XoP Proton
E} o q
* Js *
Proton
Schematic

proton-proton scattering

Relevant kinematic variables:

e Transverse momentum: pr

e Rapidity: y = ¥2-In (E-p2)/(E+p2)
e Pseudorapidity: n = -In tan 120 Pseudorapidity
e Azimuthal angle: ¢




Invariant mass
Py-
Invariant Mass:
M? = (pl +p2)2 D>. M,

= (E1 + E2)2 — (ﬁl ‘|‘15’2)2
= m? +m32 + 2E,Ex(1 — 5152

Center of mass energy

Center-of-mass Energy:
Ecm — {(El + E2)2 — (

Particle 2 at rest:

p3, IT)3

Py My

Vs = Fom = [mi+m3+2E1ms]?

Particle Collider:
|Eh = E9; p1 = —poi my =1ma = 0]

Eem =2F



Cross section

Matrix element >)<
Phase space P

Differential

_ Matrix element
Cross Section:

(2m) 4|42

do =
2.2
4\/(291 °p2)2 — mMims
X dq)n(pl + P25 P3, - -y pn—|—2)
n-body
phase space dd, = ...



Parton distributions P

Bjorken-x
QQ

P

Proton-proton cross section

— Zfdmdﬂ?z fi(aq, Qz) fj(ﬁan2) &(sz

X12 . Bjorken-x

fractional momentum of parton
involve in hard process

Q? : scale; spacial resolution
invariant parton-parton mass Parton content:

f : Parton Distribution function Q%) = ax,Q?) or g(x,Q?)

23



Proton-proton scattering

Proton

TP Hard Process

[calculable]

Proton

Product

Product

24



Example: Drell-Yan Process

Proton

Proton

25



QCD Matrix Elements

P
X
XX
X

Subprocess IMIZ/Q: |M(90°)|2/9:
"' — qq' 4 3+
ad 'q?’} 45 +4 2.2
99" — q3 9 2
4 §+&2+52+12 8 3? -
— - N - | .
qq qq g t2 u2 27 at
4 £2 +4?
@q—-qdy -—= 0.2
9 84
B B 4 32+a2%£2+a2 8 a? -
— ey =R ¥ .
W= 9\ 3 27 &
) 32 4 +i* 8 a?+1? 15
. e~ i~ .
W=99 o T i 3 3
) 1 62 +£2 3 a2+41£2 o1
- o LS 0 .
99=9 g T ai g8~ 32
#+4a 4 & +4? -
—) ~ _—— .
q9 — q9 7 o as
9 /8% +42 &+1? 42412
99 — 99 Z( T S h—— +3 30.4
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Proton-Proton Scattering @ LHC

* Hard interaction: qq, gg, qg fusion
« Initial and final state radiation (ISR,FSR)
« Secondary interaction [‘underlying event’]

R0000000000000000

27



Proton-Proton Scattering @ LHC

Proton

7= / du1dzy fi(21,Q?) fi(x, Q) 5(Q2)
i

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

28



Proton-Proton Scattering @ LHC

Proton

p1 ===,

fiz;)
(

PDF
> i

P2 * .o.

Proton

o= Z/d$1d$2 fz‘(fL‘lan) fj(m7Q2) (A’(Q?j
ij

® Hadronization

Hard Process

LjP1 [calculable]
QY000
r.’ <G00
LkP2 "‘.'
Parton
Shower

Hadron-Jets
Leptons

VVV

Hadronization

[phenomenological]

29



QCD & parton densities

FaL 4% Aben
] Jfr& nQ |



Lepton-proton scattering

Electron (e*)

K

k' Electron (e*)

Sk Y
Cross Section: Q° =-0°

o~ dax

4r[o<2/q4 X-Z e5ax) X X Quark
\
Proton
S I: Remnant
PI’OtOﬂ Structure function

describes proton structure

probability to find quark with mom. fraction x
31



Structure Function F,

Naive
— QPM —
© A
Xq|(x)
Electron-Quark do(eq) 4mo?
scattering dg ~ g e ity s
(spinless case) Rutherford scattering e >
on pointlike target
do(e 7 2
J g ( g)_) _ 47521 262 +62] = 47521
dq q q

With
quark-quark
interactions

dolep) _ 4meZ o2y} 4 02d(x) +...]

xq(x)

dx dg? o
A’ Fr(X)
= q4 X

QPM: Structure Functions Fz independent of Q2




Three

Proton valence quarks F2 (X)

1/3 1

Three bound
Proton valence quarks

:
: § 3

1/3 1

Bound valence
Proton quarks + gluon radiation

valence

small X

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



Scaling violation

Deuteron

Fy(x,Q2)

—
1

0.5}

& NMC

A SLAC

| i/ (:g
/

0.1

Q2 [(GeV/c)?]

 Deuteron

[ * NMC * x=0.50
A SLAC (x 1.0)
0O BCDMS

IIIII L 1 IItllII L 1 L1 1111 | L L L 111
1 10

Q2 [(GeV/c)2)
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Scaling violation

Proton quark dominated: Proton gluon dominated:
Q? T = F2 | for fixed x Q2T = F2 1 for fixed x

Q?-evolution described by DGLAP Equations

35



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)

\*2 (<005 Q2 = 10000 GeV?2

—— HERAPDFLS5 (prel.)

B exp. uncert.
| model uncert.
[ | parametrization uncert.

* HERAPDF1.0

T T T T T y T T

Q? =1000

|| HERAPDF1.0 (HERA I)

HERAPDF1.5 (prel.)
(HERA I+IT)

0 Ge? |

HERA Structure Functions Working Group  July 2010

36



Particle production @ LHC o

Q? [GeV?]

X1
10’ :
3 LHC parton
X, » = (M/14 TeV) exp( =y) ] kinematics X2

108 Q=M M=10TeV P
107 £ i
100 b T pp > Xuw + remnants

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

; : 2 _ .
10" M=100GeV /@ : M X1X2:S

- : . i.e. to produce a particle with mass M
0 [ ] at LHC energies (Js = 14 TeV)

_ d x> = Jxixe= M/|s

Fy= 6] [x1 = x2: mid-rapidity]
10° F : F

E M =10 GeV

[ fixed | -
0' taraet 1 LHC needs:

- . Knowledge of parton densities

- 1 Extrapolation over orders of magnitudes
100 Ll Illml L IIIIIIII 1 IIIIM L_LLll L.l IIIIIII 1 IIIIIIII L_L LLLNI

1077 0%  10° 10* 10? 102 107! X 10°



Running Coupling g

: Negative
Gluon Propagator: Contribution Positive

[Screening] Contribution

\MA@MJ — / [Ant| -Screening]
= 00000 QmOo.a.w m@%ﬂﬂ'
Yields

Running Coupling:

Qg (MQ)
OCS(Q2> — 5 Q2
1+ as(p?)Bolog %=
T QED: ( 2)
_ ap
Positive Sign ! (@) = ] — &) log

f

Negative Sign !



Running Coupling ag

0.3

0.2

0.1

Xs(M)

T decay

PDG '08

[Summary of exp. results]

o bl i Average @ |

adronic Jets

e'e rates

i

Photo-production
e

, Fragmentation
, Z width

ep event shapes |

Polarized DIS |
Deep Inelastic Scattefindg' (DIS
p to g (DIS)

11 tdecays

Spectroscopy (Laétgc?)

Y decay *

—o— | .

Ll NI EEE PR SR A NN TN M AN N SN N |
2 0.1 0.12 0.14
10 10
Scale p



Monte Carlo Generators

40



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 ...
41



Event Generator types

Type |l : Leading order matrix element,
parton shower & merging

l.e.. MEs for 2 > n processes (e.g. W/Z + jets)
PS with LO generator [Pythia or Herwig]

Examples: ALPGEN, MadGraph, Sherpa

Challenge: Remove overlap between jets
from ME and jets from parton shower

[MLM matching, CKKW]

Z+2 partons
., Z+1 parton 9
! - ’G(YR£ g
d + Splitting
1 : Z
Overlap?
—

[F. Maltoni]
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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 fifj — g+ 250 fig — QiLXs
1 fify — & 69 vy — WHW- 141 GF —~/2%2° 297 f,f; — H*h' 146 ey — e 211 fif; — Fvp+ || 251 fig — GirXs
12 £ — fifs 0 _AWT - ZWE 42 g - wt 208 fif; - H=H® || 147 dg—d° 212 £f; — Feri+ || 252 fig — GinXa
13 fif; — gg Prompt photons: 144 f£f; =R 299 fifi — A°h° 148 ug — u* 213 £l — vo” 253  fig — qiRXAL
28 fig—fig 4 Lt — gy Heavy SM Higgs: 300 ff, — A°H® 167 qiq; — d"qx 214 £ — et 254 fig— qJin
53 gg — ik 18 fifs — 9y 5 Z°2° —n° 301 ff — HYH™ 168 qiq; — u dr 216  fif: — a1 256 fig — Q5LX;3
68  gg—gg 29 fig— fiy 8 WrwW~ —h° Leptoquarks: 169 qiq; — e“e _ 217 £,F; — Yoz 258  fig — QLg
Soft QCD processes: 114 gg — vy 71 72979 — 7070 145  qif; — Lg 165 fifi(— A fife || 218 £F — Yaxs 259 fig— airg
91 elastic scattering 115 gg — gy 72 7979 — Vf\Vi 162 qg — fLg 166 f£:1;(— W¥) — fif; 219 T — Tata 261 fify — tat3
92  single diffraction (XB) || Deeply Inel. Scatt.: 73 ngvi — ZOWr 163 gg — Lqlg Extra Dimensions: 220 £, — T1ke 262 fif; — ‘52‘53
93  single diffraction (AX) 10 fif; — fify 76 W{Wo — 7279 164 @G, — LoLg 391 ff—G* 21 £T; — $1ks 263 fif; — t105+
94 double diffraction % yd—dq 7 WEWE - WEWE | odmicolor 392 gg— G 22 1T — || 24 ss—bii
95 low-p1 production Photon-induced: BSM Neutral Higgs: 149 gg — e 393  qq — gG* 993 flf - - 265 gg — tat3
Open heavy flavour: 33 fiy —fig 151 ff; — H° 101 1 0 304 qg — qC* i XaXs 271 Gf; — Q851
. : ifi ili = pre : . 224 fifi — Xoxa s
(also fourth generation) 34 fiy — fiy 152 gg — H° 192 I, — pi 395 gg — gG 995 I 2 272 4f; — QrQsr
81 LT — QuQy 54 gy — fify 153 4y — H° 103 £F — wl. Left—right symmetry: o6 £T f’%} 273 fifj — QuGjrt
B H 3 ) ot L - ++ ile — T S ot
B2 s 0y ® oy -5k 171 R 20 104 £f -, || 3L 66— T 27 1= || 5 (T, et
83 qif; — Qify 131 firf — fig 172 £1F — Wi}go 105 £, — £ 342 by — Hp . 298 £ — fEiF 275 fify — Qirdjr
84 gy — QrQ; 132 fiyg, — fig 173 fif; — &6H 361 £ — WiWL ‘_343 ‘J'ii'W —H i61 929 £F, 122 276 fif; — QGirdqjr+
85 77 — FyFy 133 fiyp — iy 174 fif; — fufHO 362 6T - Wier || 3 Gy —Hpre 20 6L =0 077 £F, - gy
Closed heavy flavour: 134 fivf — fi'_7 181  gg — QxQ,H° 363 flf . ﬂ-+Lﬂ-*tc 345 ﬂi'V - Hgif‘¥ 2:30 flf’ - X2X1 278 f;f; — QR4 R
86 gg— J/ug 135 gy — fifs 182 qiq; — QkaH 64 flf tc.o te 346 (Fy — Hp ut 2:31 flfJ — X3X1_ 279 gg — QiLdlL
87 e — X002 136 gy — ff 183 £f 1o : ifi — ’WI'LS 347 ‘)'iiW - H%iTI 232 flfJ — X4X1 280 gg — Girdl R
’ " L _ : ili = & 365 fif; —yn’ . T £+ 233 fif, i
88 gz — Y1cg 137 ypyr — fifs 184 fig — f;H° 266 £, — 70 7: 348 47y — H+R+ T : ify — Xle 281 bqi — bidir
89  gg — Ya2cg 138 i — £ 185  gg — gHO :367 flfl ZO;C 349 fifi — H£+HL ;3; ?? — X2X2 282 bqs — bedir
104 gg — Xoc 139 Aiyi — £l 156 f;f; — A° : o Gt 350 fifi — HETHE™ : iy = X3Xz 283 bq; — biGir+t
105 gg — X2 140 yivi — £F 157 gg — A° 368 £f — Wfﬁf 351 Eif; — fofHET 236 GF = XaXs || 984 b, — badrs
106 gg— J/yy 80 qiy — qem* 158 4y — A 870 KL - WiZE | a5 g - f’cleii 287 Lf — g 25 b, — bain
107 gy — 1/¢g Tight SM Higgs: 176 £F; — ZOA° i:; ;i - Wy Z’;‘c 353 &k — Zh 238 fifi — Xe 286 b, — brdl At
— I/ z : idy — : 1 — : T — X E
108 vy — J/vy 3 GE—h° 177 £if; — WEA® w3 Lf o 3 354 fify — Wi 239 fifs — gXs 987 T — byt
W/2 production: 24 f£F; — 7°n° 178 fify — A w1 A ok susy: 240 fifs = 8Xa 288 ;T — Dabj
; ?% — ’zv/iZ 26 fif; — \Voiho 179 fif; — fkfl_AAO :375 fzva - ’%0;« ;8; ?% — ?L?Q ;i; ?? — gxl 289 gg — bib
ily =V 32 fig— fih 186  gg — QrQy i te ili = €ReR iy =7 ng 290 — bob?
29 fi£i _, 7070 102 ge — ho 187 Q) — QkaA 376 fz'f' — Vi‘"tc 203 f;f; — érer+ 243 fif; — gg 291 %i . 62 B2
23 £I, - Z°W* 103 vy — 1° 188 fF, — gA® 377 61 — WETY || 204 £T — aii; 244 gg — gg oy LL BlBl
£ W k3 0 0 381 qiq; — qi S 946 fo Bt — babs
2% £l — WHW 110 £f; —qh 189 fig— fA L A 205 fifi — [irfiR ETTLEXT 993 bb — bybs
15 £ — gZ° 11 £f — gh” 100 gg —gA° 382 4T, — ATk 206 £T; — i+ A7 fig— Qrxa |l D00 g s
16 £F; —gW* 112 fig — f;h° Charged Higgs: 383 qid; — gg 207 £ — A 248 fig—daxe || D5 BT
30 fig — £2° 113 gg — gh” 143 £F; — H* 384 fig — fig. 208 tF; — 7oF 240 fig—dinka || 75 BT 28
31 fig— fWE 121 gg— QiQh° || 161 fig— fH* 385 g8 — Ak 200 T — fr+ — bibat
19 fify — 42" 122 qiF, — QuQ,h° || 401  gg — TbHT 386 g2 —eg
20 £F —yWE 123 £f; — £,f;h0 402 g — ThH* 387 fifi — QeQy
3B oy — £2° 124 £f; — ffih° 388 gg — Qe
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From Partons to Jets

From partons to Fragmentationor
Parton Shower \{2{\ N
color neutral hadrons:
Fragmentation: % e
Parton splitting into other partons Xu e
[QCD: re-summation of leading-logs] o GO0

[“Parton shower’]

Hadronization:

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

Decay of unstable hadrons
[perturbative QCD, electroweak theory]

s Hadronization &
Decays

44



Detector simulation

P

GEANT
Geometry And Tracking

Detailed description of
detector geometry

[sensitive & insensitive volumes]

Tracking of all particles through | GRSt SRR =
detector material ... Nyt AN

e

CMS muon system in Geant4

> Detector response

Developed at CERN since 1974 (FORTRAN)
[Today: Geant4; programmed in C*]
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Luminosity
and cross-section measurements

46



Cross section & Luminosity

o= [Ldt-e

Luminosity

determined by accelerator,
triggers, ...

Efficiency

many factors, optimized
by experimentalist

a7



Cross section & Luminosity

d
A e
Va \1\‘-‘\. : - ’,/"'
P
@, =nyvy Ny, =n,Ad
o — No_
a — — g la
A
®a: flux
Na . density of particle beam
va :  velocity of beam particles
N — @a * Nb * O-b
N : reaction rate
Np: target particles within beam area
0O.: effective area of single
scattering center
L =®,- N,
L : luminosity

N=L. o

N =c-[Ldt

——

integrated luminosity

o=N/L

Collider experiment:

Nq

O, = —2
A

L=

Ng-n-v/U Ng-n-f

A A
TLNaNb

nNaNb

A dro,oy
. ’ Na: number of particles per bunch (beam A)
LHC: Np: number of particles per bunch (beam B)
N, ~ 1011 U : circumference of ring
AX ~ 0005 mm2 n : number of bunches per beam
N~ 2800 v : velocity of beam particles
f o~ 11kHz [ revolution frequency
A : beam cross-section
L ~ 10%cm?2g Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in y
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Luminosity determination @ LHC

A :10%
Absolute Methods: ccuracy

Determination from LHC parameters; van-der-Meer separation scans ...
Rate measurement for standard candle processes ...

LHC Examples: _ Accuracy: 5-10%
-~ |PDF knowledge, ...]

Rate of pp > Z/W » UL/lv [needs: electroweak cross sections]

Rat.e of pp > YY > UM, €€ [needs: QED & photon flux] - Accuracy: 1% ?
Optical theorem: Otot ~ Im f(0) [needs: forward elastic and total inel. x-sec] ~ [TDR: needs forw. tagging]
Elastic scattering in Coulomb region ... -

L " Accuracy: 5-10%
Combination of the above ... [needs crtor?/needs forw. instrumentation]

‘Aoouraoy: 2-3% TOTEM

Relative Methods:
Particle counting; LUCID @ ATLAS; HF, Pixels @ CMS

[needs to be calibrated for absolute luminosity]

Aim: Luminosity accuracy of 2-3% ...
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Van-der-Meer separation scan

| | Bunch 1 '\1\A Bunch 2
Jetermne beam sz Sy —— T D—
measuring size and shape of the N1 :i: No
interaction region by recording relative interaction Effective area Ae
rates as a function of transverse beam separation ... Interaction region

[LHC Project Report 1019: H. Burkhardt et al.] y
3 %2 fdf 7515 / 6
LumO 1914+ 0.6501E-01 N
“ <dy> -l12l£ 07290 IPAC 2010, S. White et al] -
= 25F oy 16.83+ 0.5181 ; . . X
= % 200 F TP2 ——
g ke P
g T Pl o
= 150 | IP5
>~
=15
£
g 100
o 1
2
g 05 50
0—50 —4IO 3IO —2IO 1I0 (I) 1IO ZIO 3I0 —4IO 50 0 = I I I
by in um 01:34 01:49 02:04 02:19 02:34
Time
2 2 . L. .
L _ exp | — 0z \~ [ Oy First optimization scans at LHC performed for
0 20, 20y squeezed optics in all IPs [November 2009).
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Instantaneous and integrated Luminosity

Instantaneous (max) Integrated
2010: 2.x10%2 cm=2st 47 pb
2011 3.5x1033 cm=2st 5.7 fb-1

Ttlltg ated Lumino: tYZOlD{M r 30 10:00 UTC - Nov 03 00:00 UTC)

L pb~!

50 T T o r — —1= I I ‘ i T r I I T T ‘
— Delivered 47.03 pb-! ; : — Delivered 5.72 fb™" | : 33 2
— Recorde dI43 17 pb™ Lz 2x1032cm-23-1 [I: 5! — Recorded 5.20 fb™' £~ 3 5X1O Cm S
40 _____________________ R | ' '

w2010 |

20 e e e |

T e e o |

L=10%"cm2st

; ; i
20/03 12/05 25/06 08/08 21/09 04/11 0
Date i3




Minimum bias events

=
s
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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 T T T T ‘ CMTAsi
N CMS | 7~ % UA1INSD O NAL B.C. inel.
s @ L P » o ® ® s | Y STARNSD < ISRinel.
7 TeV ® @ 6 A UA5NSD A\ UAS inel.
" 1 - W CDFNSD > PHOBOS inel. *
‘ \ - j % ALICENSD ¥ ALICE inel. d
- — k:%i\,b/ ‘s/\b&* S 4 ) S5 @ cmsnsp
5 2.36 TeV A" T
4 B A A /\.f_'\‘u = - e
S5 o WP e e WG - 5 4 :
& m| m| EZ, [
< | 0.9TeV | X |
ge] Z 31
@ CMS NSD
2 = 92 o
Fay ALICE NSD - Eo L
i } | 1., G T Cispesss — 0.161 + 0.201 In(s) .
i e UASNDL ) E e 2.807 - 0.315 In(s) + 0.0267 In’(s) |
5 1.54 - 0.098 In(s) + 0.0155 In“(s) |
0 | | | | | | | | 0 | ) 1 | | N
2 0 2 10 10° 10° 10¢
n \s [GeVIl

Particle density in data rises faster than in model predictions.
Tuning of MC generators was needed.
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Charged particle p; spectrum

(p.) [GeV/c]

pr > 100 MeV
<p>=0.545 chh/de In| < 2.5
+ 0.005 (stat.)

c:l_| T T LI II| T T T LI II
+ 0015 (SySt) GeV/C > 10° p,>100 MeV, In 1<2.5, n, = 2
O 1055, Us=7TeV
065J T T T T T T 1TTT1TT] T T T TTI]] ._;_ 1 - ..
C CMS S 10" ATLAS Preliminary
C < ISR inel. ] € L0
0.6 X UAINSD i ;'E 10_3
- A E735NSD ] s 10_4
0.55 B CDF NSD N 3—105
L e cmsNsD ? g 10
r B —_— -6
- ) = 10
05 — 5 107 == Data 2010
N i < 108 — PYTHIA ATLAS AMBT1
- ] - oF ==+PYTHIA ATLAS MC09
0.450 - 10 B — PYTHIADW
. . 107E == PYTHIA 8
- ] 1011 PHOJET
0_4:— —: 2i | WEEEL e — !_f
C ] - == Data Uncertainties T iy R
0.35 :_ —— 0.413-0.01711n 5 + 0.00143 In® s _: -%
L . (1
03—| | | IIIIII| 1 | IIIIII|3 | | IIIIII| =
10 10? 10 10° o
\'s [GeV] 107 1 10
p, [GeV]



Jet physics




Jet production @ LHC

Proton U= Z/dﬂflde fi(z1,Q%) fj(CU;QZ) 5(Q%)
iJ
D1 —
Tip1 <R . Jet 1

LkDP2

Available up to NLO

First NNLO calculations becoming available ...
56
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Higher orders

At least next-to-leading order (NLO) required
to compare to precision measurements
[First NNLO calculations becoming available ...]

Various divergencies; artifacts of perturbation theory;
the full theory gives finite results ...
[But we don’t know how to solve it]

Ultraviolet (UV) divergences, i.e. at very large momenta

Solution: renormalization; choice of correct scale ...
[“Status of peaceful coexistence with divergences”, S.D. Drell]

Infrared (IR) divergences, i.e. at very small momenta
Solution: cancellations, factorization, IR-safe observables
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Scale uncertainty Factorization Soale

=

v

Proton o= [ dordoa fitwn, i) fi(o ) oG
ij
[ ]
Py [
I _— S Jet 1
LipP1 ISR
[ “ ".
‘.' AV 0000000
fi(z;) . >
PDF ' slelelelelele
S
E\ Lk 2 v FSR
f ( ) as(1g) (',"«u..“
° .
° LEP2
2 — Jot 2
o
[
Proton Renormalization Scale pr 3
R~

The default renormalization and factorization scales (ug and ye respectively) are
defined to be equal to the p; of the leading jet in the event

Scale uncertainty estimation: vary pg, Mg Within [us/2, 2us ] and [ug/2, 2¢] -



Jet properties measurement

________
)

“Measurement”

&

8
|

uncl(‘rl_qm\w‘

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
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Jet properties measurement

T JT
ez PN Y
K
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VvV VWV

Jets may look different at different levels
Robust jet definition > stable on all jet levels



Jet reconstruction

lterative cone algorithms: o] Jet Cones in (v.$) Space

Jet defined as energy flow within a

cone of radius R in (y,¢) or (n,d) space: O
Jet 2
y=
.
6

R=/(y—y0)2+ (¢— ) Jet 1
Sequential recombination

algorithms: Sequential

Step 1: 4 recombination

Define distance measure d; ... ) /
Calculate djfor all pairs of objects ...

Combine particles with Step 2: 4
minimum dj below cut ... 1

Stop if minimum djjabove cut ... 2 56

e.g. kr-algorithm: i 4
[see later] Step 3: /
12

diy = min (k% ;, k7% ;) % / > 61
3




Jet algorithms performance

Anti-kt clustering algorithm:

in distance formula
replace P;2 by P;2P

p=1 : standard Kt
p=-1: anti-Kt

AR-z-
R2

Dj = min(P%;, P%;)

0.96—

0.9

0.86F

0.84—

1

Efficiency
o
[{e]
(82]

0.9

0.85

0.8

0.88—

Purlty N,f,‘,gf;’hed / NRece

1=
C —h—A R AN

098 A ;;ia@@w

C O

O

——
Cg &0~

Fa—
O~

"

ATLAS

e AntiKt Topo |n|<0.4

o Cone Topo |n|<0.4

» Kt Topo |n|<0.4

~ SISCone Topo |n|<0.4

lI|

P. Francavilla

_F‘H\‘H\llll‘\l\‘\llllllll\lll

1 1 1 1
10? . 10°
EX° [GeV]

Match d

—ATLAS | o o
L — A et 7
~*_.. . AR Match=0.2 -
o % o
DS o AntiKt Topo|n|<0.4  § -
F o Cone Topo [n|<0.4 £ ]
. » Kt Topo |n|<0.4 o ]
al ~ SISCone Topo |n|<0.4
Fo- | ]
= 1 I‘ 1

EfflClency NTruth /NTruth

Il 1 1 1 1 1 1 ,L*
10° 19%
EPUTh [GEV]



Jet energy calibration

jet
Absolute
calibration
jet
"-..VV
jet
Z (ory)
e,M

22010 CEST

jet

Relative
calibration

Photon
pr =76.1 GeV/c
n=0.0

@ =1.9rad

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

@ =-1.2rad
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Jet energy calibration

Response

0.8

0.4

0.2

Simple Photon+jet balance
Bias due to soft veto on second jet

CMS Preliminary 2010
\s =7 TeV,L =67 nb’

+* e
© .
@

Antl-k; 0.5 PFJets

.1

O
L

*
r
-

™l <1.3
® Data (y+Jet)
© Simulation (y+Jet)

* True Response

FIT: 0.926= 0.017

&

15T

l

1 1 1 1 |
50 60 70 100
Photon P, [GeV/c]

Response

0.8

0.6

04

0.2

MET projection fraction method
Sums over non-photon Et for balance

T T T T T T T T I
| CMS Preliminary 2010 ]
L \s=7TeV,L=67nb’ i
[ FY _
- " & g 3 g o
e e ’ S
Less sensitive ]
— to QCD radiation ]
N bl < 1.3 ]
B ® Data (MPF) ]
— O Simulation (MPF) | —|
" Antik, 0.5 PFJets * True Response ]
1 1 1 1 1 1 1 L I
T ]
— FIT: 0.992+ 0.010
e . o
L e
B 1 1 1 1 1 1 1 1 | B
20 30 40 50 60 70 100

Photon P; [GeV/c]
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jet

Dijet Balance

Jet energy resolution

using jetl _ jet2 jet
. o
Resolution: (pr) = v/204 pT asymmetry: A = pﬁu ij;w
PT pr  +PT
s=7 TeV L=73 nb’ CMS preliminary \s=7 TeV L=73 nb’ CMS preliminary
L, 7 %R % v r LA A = ; T IS B . ' * i =t
i CaloJets (Anti-k_R=0.5) g i PFJets (Anti-k R=0.5) :
03[ O<hmi<ida ' - 03[~ O<hi<14 X
A . ) b/\ = J
E - ¥ 4 = IQ:— B n
Q-'_ ' —e— Asymmetry (MC) . = - —e— Asymmetry (MC) B
¢ 0.2\ ° —e— Asymmetry (data) 0.2 |- =— Asymmetry (data)  —
C - E T |- =
\Q - 'g;_ —\?\8\5 | -
- ' l
e; | % N \&\I.\L\b\* f
=] i i X
: : T ——s]
| | Particle flow jets i
. - :::::*._; gzoé_f;¢:¢§ i - - ::::::_é
5 ) , ¥ sl 10F ¢ =
=z frnasanunupnenamnnnmnnnionmnnne st mlnme e nm e e s me e s e g -3 g S el goss-emeean et e R e te -3
%’}3 -10 : 38 10 —I =
=2 ‘20 E- I L VT R 5 L L L I R = ’20 -:'-" 1 ' 3 ' | 1 ! 1 ! | 11 l—i
50 100 200 300 400 1000 50 100 200 300 400 1000
p, [GeV] p, [GeV]



['bin-by-bin" unfolding]

Resolution unfolding ATMC

. part

Npart — Nmeas NMC

Measured spectrum = meas

Real spectrum [J Experim. resolution

B 1 2_I T |tIFI(II1|: T Illql(|)l6l T T | T T T TTT | T TT | T TT I_ B 1 2_| T It.li;|.ltl T II?| I()IGI T | T T T 17T | T T T | T I_ E
+— |.&[ anti-k, jets, R=0. i = 1.2 anti-k, jets, R=0. 1=
§ - 03< t|y| <0.8 ATLAS i ;.8 - 21 <t|y| <2.8 ATLAS i ?
2 1 = 2 1 — =l
S [ 1 T = lg
e F 12 L 15
15 0.8 —1— PYTHIAG, s =7 TeV 5 0.8 —t— PYTHIAG, Ns =7 TeV 5
i wee - JNC. from shape (x10) ] C e Unc. from shape (x10) ] é
0.6F - 0.6F -2
L e Unc. from E resol. (x10) | L e Unc. from E resol. (x10) A é
B B B 1 9
= ) 1 — ) ] @
0.47 Unc. from y resol. (x10) B 0.4 Unc. from y resol. (x10) T
N i e e 1 &
- S - I R S N
0.2_— --------------- 7 0.2_— e s mjg

ok e ] 0 s e
100 200 300 400 500 600 700 800 50 100 150 200 250 300 350 400

P [GeV] P [GeV]



Inclusive jet cross-section

Cross section is huge CMS L=34 pb‘| _ Ns=7 Tev
(~ Tevatron x 100) > 10" . |y|<0 5 (x31 25)
(51 0'° o 0.5<lyl<1 (x625
Very good agreement with S 10°F = lyl<1.5 (x125)
NLO QCD over nine orders of £ 00 D ;?ﬁ:il;é gng)
i ~ a 251lyI<2.0 (X
magnitude 'Ol_'l Og » 2.5<lyl<3
: Q 10
PT extending from 20 to 500 2 10
o
- 10
. . 10°
Main uncertainty: 102
Jet Energy Scale (3-4%) 106 :\IPL[S:@II\_IEC)
4

A"

15 [ Exp. uncertainty
10" Anti-k; R=0.5

A
IIIIII| IAIIIIII|

20 30 100 200 1000




Inclusive jet cross-section

[ATLAS Collaboration; arXiv:1009.5908v2; Tab. 1]

O<lbl<03 pr [GeV] 60-80 80-110 110-160 | 160-210 | 210-260 | 260-310 | 310-400 | 400-500 | 500-600
e e R e T PR AR PR R . B T T :
0< |yl <0.3
prt [GeV] 60-80
Measured cross section [pb/GeV] 3.5e+04
NLO pQCD (CTEQ 6.6) x non-pert. corr. [pb/GeV] | 4.1e404
Non-perturbative correction 0.92
== Statistical uncertainty 0.011
NLO | Absolute JES uncertainty 5
Unfolding uncertainty 0.04
Total systematic uncertainty 0
PDF uncertainty 0.02
Scale uncertainty Lo
Qs uncertainty 0.03
Tabl Non-perturbative correction uncertainty J_rg‘%
e g Total theory uncertainty o




R32

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

T T T L e e _'(E 1.5 T l I T T [
= -4 @®© C PYTHIAG tune Z2 ]
1 o = CMsS = _..... m

- CMS L,=36 pb T8 ME ere I DR E
_ anti-K_ R=0.5 = - i —— . — MADGRAPH + PYTHIAG tune D6T —

n Ns=7TeV T | = 13 f_ L[“‘ ,wppT ALPGEN + PYTHIAG tune D6T -
= _ N anti-K; R=0.5 e HERWIG++ tune 2.3 ]
L W‘.ﬂ __'___;::. - . _"\ Combined Statistical and Systematic Uncertainty I
‘ ‘ L et 12m —

- akal i = E
- //:‘V T . Y B v
= Je¥ - - W S el
| lo ] 'f—! \-,-l:\;k *‘&\’“& ’,;9'/ -~ — .
jo 1E e AN i =

= — v~ . 7 r .-.- ]
L] Data :_ _:

i PYTHIAG tune Z2 0.9 : ]

gy = m=mmem== PYTHIAG tune D6T T - | | | | | .
B — — = PYTHIAS tune 2C a 0.8—— 05 1 15 > YR
j — * — MADGRAPH + PYTHIAB tune D6T 7 ’ ’ T Vv

i = ALPGEN + PYTHIAG tune D6T 7 HT ( € )

J --------- HERWIG-++ tune 2.3 —
: 4

Systematic Uncertainty

0.5

1

1.5

2 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

@ E
. . = - ppeNs=7TeV
No dependence on luminosity BlS [, mes 200 Gev xio)
s
,_g 10"’; a 120 < pT™ <200 GeV (x10°)

o 90< p:'“ <120 GeV (x10)

o 70<p™<90GeV ' 2P
10

L=72nb"
lyl<1.1

T llllllll T T 1T

T T IIHHI

" CMS Preliminary

-~ Herwig++ (GEN-SMR)
-== Pythia 6 (GEN-SMR)

T IIIHII

1 0.3 LW ~ MadGraph (GEN-SMR)
3 | L | 1 1 | 1 1
/2 21/3 51/6 T
A(Pdiiao
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Dijet mass

Very early search for numerous
resonances BSM:

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

— Fit

[_] 10% JES Uncenainty

------ QCD Pythia + CMS Simulation

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

do/dm (pb/GeV)
@ DL

10° & Excited Quark
Four-parameter fit to describe E \Q — - Sting Vs=7Tev
QCD shape: 10 . | Ml <25&IAnl<1.3
E ] N\ S(1Tev)
) m P1 155(1‘ (0.5 Te'?.-': \
E_p _‘\/E 101 S(2TeV)
0 B > P
d (m) 107 <
Vs 0 TR
B=p2+p3(m/\/§) 104

PR T SN T SN SN [N ST SN TN TN A PO ST NSNS SO
500 1000 1500 2000
Dijet Mass (GeV)
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End of Lecture 2



Additional material



W and Z bosons




Vector boson production

Direct y-production:

Q
|

Singel W/Z production: ,

q 3 +
W W production: ud >W
-——- (main contributions) du —>W~

U —> 2/

9 Z production:
> o _Z_ (main contributions) dc7 NG 4
: |

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

¢ 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



Examples of high-order processes

/ V

q \M4<\-/
q

g g
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W and Z boson decays

q, Ve
+
| w /\/\/\< q, K_’ vy
R~ P+
% o N 7. Z ’\/V\<

® o

: uv : up

™ TT

. hadrons ‘ hadrons
® v

Leptonic decays (e/M): 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]

Py W — Ly Py Z— Ul

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

Additional hadronic activity = recoil, not as clean as ete-
Precision measurements: only leptonic decays
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Isolated High-pr 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]

> 30ft 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

- — — |Isolation Cone

Calorimeter isolation, e.g. energy deposition
from other particles in cone of AR=0.2 less than 10%
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Dilepton mass spectrum at 7 TeV

Events/GeV
3

di-muons

II]Ill

CMS Preliminary

lllll

Ns=7TeV, L =40pb’

1

10

- 102 2
L'p- mass (GeV/c?)

Events / (0.07 Ge
=
=

g

Events/(GeV/c?)

2

T I\III|T| T I\HIH‘

2
S
‘ T

=
T T

=4 &
-1 o
T T T T

/

CMS Preliminary, Vs =7 TeV
L, = 3.1 pb”
o =70 MeVic?
'l <1

N
L

IIIHII| T TTT

—_
o
w

—_
o

—_

v Lol b L b by |
8.5 9 9.5 10 105 11 15 12

iy mass (GeVic?)

iy Y(1,2,38)

di-electrons

CMS Preliminary 2010
\s=7 TeV, L _=35 pb’

I\I | | III\\I‘
10

—

e'e m<'=11sos2 (GeV/c?)
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| P .........

12E T 2.9 ;)b" @ \sT= 7 TeV “

, 10 - G -

Example: CMS W Analysis | ]
8H O W-ouv

! B Ewk+tt ]

: B Qcp ]

6p :

Select isolated electrons and muons ... al j
[muons: p:>9 GeV; electrons: p;>20 GeV] il | = 3 (Exva/Ep)
21 o— ~————y

Investigate transverse mass ... of_

events / 4 GeV/c?

[USG Etmiss; Mt = (plep g ET,miss)VQ] . e
4 CMS preliminary 2010 \s=7TeV %1 03 CMS 2010
10 |\|||\|||II|III|||||||||||||||4 YVYIVI‘IITYIVIIIVVIIITT
1 >
4 1 © I
det=2.aa pb' 1 (O |
5 - 1 < 1.5
10 —— Data = o~ -
] 8
e
g !
102 o 1
% }
(o} A
| -
g R -
10 | -
€05 2
: -
1 ]
0O 20 40 60 80 100 120 1402 00 20 40 60 80 10 120
M, [GeV/c?] M; [GeV]

04 0.6 0.8
Irel
comb

29pb” @\s=7Tev | The W signal yield is
- extracted from a

| binned likelihood fit to
| the My distribution.

- Three different
contributions:

W signal

QCD background
other (EWK)
backgrounds.
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W/Z production at 7 TeV

cMs cMs
> . : S — — - oy N2prrrrrrerrer e .
[} r (n) 29pb at \Esnov 1 @00 (b) 29pb’ at \ys=7TeV _ s - B TTBar -
O I 1 S L 4 [0}] 101 DW—}I\:
s 1 o o 10 EZ-uk
E I B | * data ] [ 8 EW#pw
L B Zutw NS Qaco
o S ' 5 aool e 2 8- Bz o]
r I~ n 1] L + DATA
N 3ol 4 3t ] € I 1
° 5 I B 2 6 CMS Preliminary 2010 |
m g g I ] o L= 1.7 pb" N5 = 7 TeV |
100
£ w0 1 £ -
N i
A — dasd e o 0 1
%o 80 100 120 %0 80 e 120 0 20 40 60 B0 100 120140 160 180
M(e'e) [GeV] M(u*p) [GeV] visible Mass[GeV/c?]
x10° CuS ¥10° cMs
> i ‘I"'|I“ \'_ > LN i B e B e e e No LA L L B L L BN |
8 )] 29pb” at Vs=7TeV | @ | (b) 29pb’ at \E=7TeV | S | f [EMS Preliminary 2010 o]
: N i (91 5r- 4 @ m=1.7pb" s =7 TeV Bl TTBar 7
0 3 - < I+ O 10° COW = 1vl]
O ¢ Sl I 1 2 =
™1
m g W ev % [ 0 Wy -
[ 3 1 - EWK«+ £210°
° = - B acp § 107
0 ° : o
5 o
8 Eos 1
; E 2 107
3
c 2
10°
0 10°

0 20 40 60 80 100 120
M [GeV] M, (1, MET)[GeVi/c?]

0 20 40 60 BO 1 120
Transverse Mass,

M, = 2ELE}™ (1 - cos Ag

e,miss
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W, Z cross-section v.s. Vs

hep-ex 1012.2466, JHEP 01 (2011) 080

S 201 Wp'ENT T [T T T T — = 2
— T —— T ¢ | p W 1€ | amwas cms
i, uncertinty: _— 0 CMS’ 29 pb W —_ 034pb’ 29pb°
oB(W)  HaH 00,0, | 10 ® CDFRunll U [+ O SR 1Y
X - 0 DORunl m IV
95340, . b [ 4 UA2 1o 7
SBW) Heeh 00, 00 S ]° e
- z -
GB(W) e SO0, 00 op "
1E = 3}
DB(2) e L0005, 00, - E
- 1 4l |
O YL - @ 'uEmi- (b)
+11%
e e, | I "
06‘ ‘ '0'8‘ — '1 - '1‘2' ‘ ‘1'4‘ ‘ - Theory: NNLO, FEWZ and MSTWOS PDFs : :
Ratio CMS/TheO B 1 1 1 1 11 l L 1 1 1 1 11 l 1 | 0'5 - |
(e 5 7 10 20 7TeV
Collider Energy [TeV]
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W+/W- charge asymmetry

| CMS 36 pb" at \'s=7TeV
NNLQO cross sections: LA
scale uncertainties very small 031 &) por>25Gevic -
- ; Fr T _
W rapidity: asymmetry 0ol : W N
[sensitivity to PDFs] 2 i oW ﬁ: ’
GEJ : ............... errors: stat ® syst :
Aw(y) do(W*)/dy — do(W™)/dy E 01 — MCFM + CT10W —
wlY) = 7 ] - i
do(W+)/dy +do(W-)/dy < | MM ooy ban s |

O \ I T U R
. . = B L ]
Proton-Proton Collider: 5 03[ b 21" > 30 GeVlo —
symmetry around y=0 ... S - .
Q. i i
PDFs: = 02f s
u(x) > d(x) for large x ... ! 1
more W at positive rapidity 0.1 e s
d/uratio< 1 ... - | : —— = 'ﬁ. |
always more W* than W~ L | | —

0 1 2

Lepton Pseudorapidity  Inl



W + Jets multiplicity

In| < 2.8 and pr > 20 GeV arXiv:1012.5382
= 10%¢ = 10* -
'8. £ | | Woev + jetsI '8. E | W%:JN +]jets | 3
= el @< Data 2010,V5=7 TeV = = ®:Data 2010,V5=7 TeV -
w - ¥ Alpgen w - ¥ Alpgen
Q - A Sherpa Q2 - A Sherpa =

B, a3 ] Pythia B B, 3l [ Pythia |
=—10 = - MCFM E z 10 g o MCFM E
Al C C 7
+ — + = ]

C = ]
S % % % :
10°= | E 10%E | y =
c jl_dt:1.8 pb /{ fo - _[Ldt:1 3 pb ///( ]
" ATLAS adags C ATLAS 0 // ]
10 = 10 /{—_
| -
g 15" 4§ 150
S ) S
R @B 1W////// /
o 1 F
0.5_ I 1 1 — 0 5 1
>0 >1 >0
Inclusive Jet Multiplicity, N Inclusive Jet MultlpI|C|ty, NJ-,E,t
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W + Jets P+

Talls are important in several Exotica and SUSY searches

5‘102 """"" T Lo | T 3 ;102 vvvvvvvvvvvvvvv
© ) Woev +jets = ) ]
Q = 4 Data 2010N3=7 TeV O @ Data 2010,V3=7 TeV
8 Lo X Sharpa 1 & Y e

- 10ET Pythia E - 10E Pythia
§ 3 7 ’ MCFM : g- - MCFM
s 3

1;;- = 1
' fl.dt:1.3pb" 7 . I

107 107

102:r 102;
= 1.5—uung|ot - 1-5’Lndinmd
= =
= =

0.5 0.5
g 2”M'M91d g 2 Nm-to-loadngp(

15 15
igW/W//%‘”/// /////////////
= .Ol' ...... ; = 0 i .

20 120 100 120
Jet P; [GeV] Jet p_ [GeV] 86



SM processes measured at LHC

O
=
w

T E: i =
— 10° - . ~ L cMS 95%CL limit |
_§ E : ! § CMS measurement (stat®syst) E
O — 521J O E : theory prediction _
. 4L -O- i>1] : —
C 10 = ! E_1J : E =
e = 22 o : . -
1SR i e B Wy ]
q) 10 = 1 Z3J 1 : ’Y 1 : : 1 T =
CD E 1 _Q- 1 N 1 1 1 E
) = - 23 o | =
8 5 . >4 -T : F WW : D
S 107! i >4 o WZ | =
- = 'f' ' i —o— £ ! Haao) |
2 10 | | 277 o
5 - EX' > 30 GeV | Ef>10GeV Q w0
8 |- "™ <24 | AR(1,)>07 | ! |
S — 1 1 1 1 1 —
a = : : : =
107L- 36 pb”’ . 36 pb’ 1.1 b 1.7 b -
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010 CMS-PAS-HIG-11-015

CMS-PAS-EWK-10-012
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W Mass Determination

Very challenging measurement

Templates for
Template method: My = 80?4 + 1.6 GeV

Fit templates (fromm MC simulation)

[020-8002-NIdJO-NH3D]

with different mw to data Sasoo-
r] C
> \W mass from best fit = ool
Requires very good modeling 2500;—
of physics & detector 2000
Present 15002_
systematic uncertainties: 1000}~

[DD-Experiment] C _

500—

] - H_._.-' (a)
Lepton energy scale: 34 MeV s -~

Transverse Mass [GeV]

> calibrated to known Z mass
[calorimeter: 3.6% for 50 GeV]

Hadronic recoil: 6 MeV Ultimate LHC goal:
mw uncertainty of 15 MeV

[via combination]

W production model [PDFs, ...J: 12 MeV
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Electroweak theory
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Cross section: using Feynman diagrams

Fermi's Golden Rule

dN
Wﬁ = o7 |Mﬁ|2
. dEf
Transiti'c.).n Phase space
probability Matrix element
4-vector current
Me = —i [ (D). i ./'(2‘:‘)0]433
fi — I 2 | " Jp
" Propagator
o ~ |Mgl|?




From the Lagrangian to cross sections

Inelastic

Cross Section

O-N<f‘S‘fL>2 [for |i) = [ ]

[Def.: |t =+00) =S|t =—00) ]

Time Evolution

From Schrodinger-Equation

[Dirac picture] ; L?lgrtangig}[n
|t>=|to>—i/ dt' H'(t')[ ¢')
to /
H' (1) = — /E'(x,t) d°x

Matrix element

N\ .

<fsu>%5fi—i/ at'{ f |H' ()] 1)

—CO
w Feynman rules

91



Example: Drell-Yan Process

Uq(E2; —Di) uu(Es, —pf)
Anti-Quark Muon
Anti-Muon
uq(El,ﬁ}) @M(Eélaﬁf)

Quark

Phase space &
delta functions ...

\ \ Matrix element

Squared

do 1 |py
dQY  s-647?  |p;

| M]3




Example: Drell-Yan Process

@CI(EZ?_]?Z") u,u(E3a_ﬁf)
Anti-Quark Muon
Anti-Muon
ug(E1, 7)) Uu(Ea, D)
Quark

Averaging
over initial spins

Summing over

\ initial and final spins

2 12
M = o 30 Y T
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Example: Drell-Yan Process

Uq (E2; _ﬁz) UM(ES’ _ﬁf)
Anti-Quark en
Anti-Muon
ug(Er,77) ul e, 75)
Quark
Couplings Anti-Quark Anti-Muon
\— | /
Cq€
. - q 3 U IJL
Mf@ — 2 qu'Yuuq . Uﬂf)/ u“\
i t / q N Quark Muon
ropagator
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Example: Drell-Yan Process

2 4+ u? Kinematics: muon (k)
2 2.4 e
‘ M ‘ q(jHMM pr— 2€q€ 82 [high-relativistic particles]
/] —
: quark k', pi \
dO’ 64 X 1 t2 + ’LL2 k, 15; anti-quark ‘
— e .
dQY 3272 9 g 82
4
e 1 /=
_ 2~ 2 p,p
6472 €q S (1 T cos 9) &t Mandelstam
2 ) variables
with 2 = 4« S:(k+k) :4Ef
Q t=(k—-p)’ ~—2kp ~—2E*(1-cos ")
~ —2(1 +cosf)
do _« 2 1+ 60829) u=(k-p') ~-2kp ~—2E>(1-cos @) 1
q

ds 4s ~ —3(1 —cosd)
[0 in CMS frame] 2 }
R —
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IONS

Hadron Interact

S S A

S
.

e A Sy AT o A 4
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Reference frames 3
p=(E£7p)

Particle momentum as seen
in laboratory frame ...

* * %
p*=(L£*,p")
Particle momentum as viewed from a
frame moving with velocity B ...

| orentz transformation

Lorentz Transformation:

E* =~f-E—¢Bf D
P =r P~ B B
pr = pr
with vr = (1 — 5}%)—%
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py. m

Mandelstam variables

Feynman diagrams oo,
s= (p1+p2)* = (p3 + pa)*
t=(p1—p3)® = (p2 — pa)°
u= (p1 — pa)® = (p2 — p3)?

s-channel

| t-channel
:
/ f f/\ Vi
t2 _|_u2 82 _|_u2
g X 5 o X 5
S t

p3., m3

Py My

u-channel

~7
-

82 —|-t2

g X
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Particle decays

P, My,
pi,m1 .
Partial
Decay Rate: P, M
(2m)* 2
dl’ = M
5 [

x d®y, (P; p1, ..., Pn)
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Hard processes with quarks and gluons
K

e s

> L.

= A WK

Examples:
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QZ evolution equations

[DGLAP: Dokshitzer, Gribov, Lipatov, Altarelli, Parisi]

3 [1or)
o Ls=dl S [+ (- 2]
] ) PDFs
" - -‘)Z)m | i f‘;L _ :
J | 94&@) O A RE N 7Y A 94(x.Q)
Aoy @36 ~ 20 | or e 1 of ok 1| © |awd
3 j’ : )ﬁ\ 75’»’\ ﬂ, !

= - 4 K iy _f‘,{ ] g -

; = 4
E ?@;m¢kg§ﬂmﬁwaﬁ

4{L+U—ZFT

Z

3

oA 1—2z
1 —
6[1_Z+ . -2 z)]

[z: momentum fraction of radiated parton] 101



QCD & parton densities

FaL 4% Aben
] Jfr& nQ |



Lepton-proton scattering

Fixed target: SLAC, CERN
e Collider: HERA

eq > eq

Electron
q

Electron

Hard Process
[calculable]

Quark

Proton
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10

10

10

10

- 00 F
[ o s 44RO

TTTT] T T T TITr T 1T T TTT T T T TIrm
x =0.000050,1=21

AR g g B-GEe ‘-.-_L_._l_ x=0.050,1i=6

x=0080,i=5
O_I_QW'—""'"“"'""'""‘"H_

-%QW%J_;_ x=0.18,i=3

j Scaling

F .o . x = 0.000080, i = 20 ° Hle'p
oY x=0.00013,i=19 . + \ i
L e Violations
. x=000032,i=17
'4'_,,*'"’/ x = 0.00050,i = 16 4 BCDMS [HERA & fixed target data]
” W.‘.__,.J’ x =0.00080,i =15 ¢ NMC 3
"w_.-r""'y x=00013,i=14 x=5-10
- /P.‘.‘_'*l"y %= 00020.ix 13 /
.:.M x=00032,i=12 5 A0
x=00050,i= 11 x=.013 Precision: 2-3%
.w x=0.0080,i =10 > [bulk region]
= /"...—H""“"_' oo
F o
i *-*M %=0020.1=8 For x < 1072
E o R M x=0032,1i=7 sz
C . 8-8

dlogQ2 QY@

; e_%:ﬁ%man_._..,..u.ur..!_,_!_v!_i!_ x=0.13,i=4 x=.18

- NLO QCD Fits:

: W {x=0425,i=2 N

. O Quark densities
i ; B Gluon density

Strong coupling ag

i x=065i=0 | X =.65
E == H1 PDF 2000 E

----- Extrapolation =

vl Ll L sl Ll ul

1 10 10° 10’ 10" 10°

Q2[GeV ?] —» 104



xf

Proton parton densities

H1 and ZEUS HERA I+l Combined PDF Fit H1 and ZEUS Combined PDF Fit
1 O | ! ' j | ! ! I ! ! | ' j !
Q2 = 10 GeV? Q2=10GeV? |
08 i —— HERAPDFLS (prel.) i Xg |
L - exp. uncert.

|| model uncert. - " || HERAPDF1.0 (HERA )

E parametrization uncert. HERAPDF1.5 (prel.)
0.6 (HERA I+II)
0.4
0.2
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Monte Carlo Generators
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Monte Carlo overview

ME Generator Process Selection .| Phase Space
v / Resonance Decays Generation
ME Expression |
I Parton Showers \
SUSY/.... Multiple Interactions |« PDF Library
spectrum
calculation Beam Remnants
" Y D
Use - A Hadronization Teeas
specialized y
programs / _ Ordinary Decays
I “~~ B Decays

Y

Detector Simulation
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Monte Carlo interfacing

Many specialized processes already available in Pythia ...

but, processes usually only implemented in lowest non-trivial order ...

Need external programs that ...

include higher order loop corrections or, alternatively,
do kinematic dependent rescaling

allow matching of higher order ME generators
[otherwise need to trust parton shower description ...]

provide correct spin correlations often absent in Pythia ...
[e.g. top produced unpolarized, while t > bW > blv decay correct]

simulate newly available physics scenarios ...
[appear at rapid pace; need for many specialized generators]

L es Houches Accord ...

Specifies how parton-level information about the hard process and sequential
decays can be encoded and passed on to a general-purpose generator.



Specialized Generator
[ Hard Process]

A

Les Houches Interface

4

Herwig, Pythia

[Resonance Decays]
Parton Showers
Underlying Event
Hadronization
Ordinary Decays

Les Houches generator files

Specialized Generators:

[some examples]

AcerMC
ALPGEN

AMEGIC++

CompHEP

GRACE
[+Bases/Spring]

GR@PPA
MadCUP

HELAS &
MadGraph

MCFM

O’Mega &
WHIZARD

VECBOS

. ttbb, ...
. W/Z + < 6j,

nW+mZ+kH+<3j, ...

generic LO

. generic LO
. generic LO

[+ some NLO loops]

: bbbb
. W/Z+ < 3j, ttbb
. generic LO

. NLO W/Z+ < 2],

WZ, WH, H+ < 1]

. generic LO

. W/Z+ < 4
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From Partons to Jets

e, e
[ ] . AN \ ‘ v;‘" ‘l‘.ll. b , ,
= | 0o, [ » Hadronization &
. / \ || [//®es Decay

Incoming
Proton

U nderlylng

Eveﬂt 7 ‘/7:7‘, S | \.‘o
s N\ A
o ~o
g - ,., ®-o
.’ | Y ; . 1 ‘o
y - - @ ¥ »
® e ,. "\ o ‘.
[ .‘ . )3 ° g '.

[T. Gleisberg et al., JHEPO2 (2004) 056]
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Parton splitting

g dQ? Splitting probability
dP,—pe = ——P,_, d ; - .
Pa—be 2T Q2 ° ve(2)d2 determined by splitting functions Pg»qg
2 Same splitting functions
41+ 2 .
Py—qg = 31> as used for PDF evolution
_ N2
Pg_%g — (1 Z(l Z)) z : fractional momentum of radiated parton
Z(l - Z) nr . number of quark flavours

n
Pymsaa = = (2° + (1 - 2)°)

lteration yields JU Need soft/collinear cut-offs to
parton shower ... foo00¢ avoid non-perturbative regions ...
5000 [divergencies!]
500" Details model-dependent

e.g. Q>mp=min(m)~1GeV,

QIO VHHs : Zmin(E,Q) < Z < Zmax(E,Q) or
X R > pJ_>pJ_minNO.SGeV
0
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Hadronization models

Non-perturbative transition from partons to hadrons ...

[Modeling relies on phenomenological models available]
Models based on MC simulations
very successful:

Generation of complete final states ...
[Needed by experimentalists in detector simulation]

Caveat: tunable ad-hoc parameters

Most popular MC models:

Pythia : Lund string model
Herwig : Cluster model
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Lund String Model

Lund String Model
[Andersson et al., Phys. Rep. 97 (1983) 31]

QCD potential:

da,(1/r?)

Vir) = 3 r

+ kr

String formation between initial
quark-antiquark pair

String breaks up if potential energy
large enough new quark-antiquark pair

Gluons = 'kinks' in string

. - After: Ellis et al.,
At low energy: hadron formation QCD and Golider Physics

Very widely used ...
[default in Pythia]



Overview of MC generators

Structure of basic generator process [by order of consideration]

From the 'simple' to the ‘complex’ or

from 'calculable' at large scales to 'modeled; at small

Matrix elements (ME)

1. Hard subprocess:
IM|?, Breit Wigners, PDFs

a ZO ZO

~
~

g shO

2. Resonance decays:
Includes particle correlations

n
. W,
ho"

-_1
w0

Parton Shower (PS)

3. Final-state parton
showers:

qqg-state

4. Initial-state parton
showers:

quark

gluon

q~>q9
g~> g9
g~>qq

a->qay

Y,Z°

[from G.Herten]
114



Overview of MC generators

Structure of basic generator process [by order of consideration]

From the 'simple' to the 'complex' or
from 'calculable' at large scales to 'modeled; at small

Underlying Event (UE) Stable Particle State

5. Multi-parton interaction: 7. Hadronization:

6. Beam remnants:

ol
T c|c|
_ o o
o)
+
2

L}
c col

[from G.Herten]
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Luminosity
and cross-section measurements
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Cross section & Luminosity

Luminosity
[Machine parameter]

: /
N =1 0

[Measured] Cross Section



Luminosity and elastic scattering

Elastic Scattering:

do/dt

A

Coulomb
scattering (~[t[?)

Coulomb-nuclear interference
[fitting this region yields L,0twt, p and b]

' ) Nuclear scattering geon[gjr(?ﬁ%?
Proton (~exp(-blt])
/ 292 '
t = (pi—p;) ~p0 iGchN
't = 6.5 x 107 GeV? g
Elastic Scattering at low t is sensitive to e } t $ t >
' -3 2 -1
exactly known Coulomb amplitude ... 10 10 10 1 10 |,[| (GeV?]
Shape of elastic scattering distribution can also be used to
determine total cross section, Oiwt, and the parameters p and b ...
Perform fit to:
2 =bltl 2 2\, —blt| |
dN I dra®  apoere 2 Tt (1 + p)e with:
dt |{;|2 |t| 107 p ratio of the real to imaginary part
of the elastic forward amplitude
e 1 L 1 L 1
Coulomb Coulomb/nuclear Nuclear b nuclear slope
Scattering Interference Scattering Otot total pp =X cross section
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Roman Pots (Totem and Alfa)

PMT read-out Single tracker plane (2 UV coordinates)

= Measurement of p-p
elastic scattering

= Roman Pots used to oo
move detectors near to Oy s |

Overlap detectors y-
measurement

stable beam.

Thin window

Int_ertac{i_::ilag Q1 Q2 Q3 01 TAN Rp D2 Q4 Q5 Rp Q6
Point (M=) 1as. ML Lo ML Zore === Hff—eerf+-
IPS—F——H 7 |
iniimAlllin _ e
147

220
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Luminosity determination @ LHC

Method

Bl Online monitors
1 Dedicated runs

Small/large angle counters

LAr /Tile |,

Z—=>1""

Van der Meer method

Optical theorem

VY > u

Yy —>ee
— I <25 5888582

28 29 30 31 32 33 34
10 10 10 10 10 10 10

Luminosity

Methods as
summarized in ATLAS TDR

[ATLAS Technical Design Report, Vol. 1]
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Minimum bias events

=
s
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nderlying event

Multiplicity vs P+

A T T T T T T E|
T Transwerse Region ATIAS
'g N =7 Tew
;% p>05 Gevandil <28
B
v
0g — PYTHI&ATLAZ MCTO PYTHIA Porugial
F === HERW G M WY ATLAS M COS PHOJET 1
Cole cana i AP SR AR B B R A
=
3
8]
=

Particle momentum
flow in regions
defined wrt leading
track

2
pE [GeV]

e
ATLAS
Ne=7Tev

E Toward Regian

P05 Ge¥and il <25

leading track

<N, fandlp>

— PYTHI4 ATLAS MCOS === FYTHIA Forugial
o2 —eem HERUWIGHIMMY ATLASMCOD = DHOUET
oy I ! L 1 L L L

MC/Data

Ay Fegion

py=05 GeWandlyl <25

<N, fendi

MC/Data

toward
[Ad| < 807

60° < |Ad| < 120°

60° < [Ag < 1207

away
|Ag| > 120°

arXiv:1012.0791

<cfyp fdndi= [Gev]

MC/Data

<cfyp_fdndi= [GeV]

MC/Data

<cfzp_fdndi= [GeV]

MC/Data

T T T T
Transverse Ragion

pT>05 Gevandin =25

Toward Region

pT>05 Gevandin =25

== Do 2010
—— PYTHIE aTLas noE
— - HERMICHJIMNY ATLASNEED  — - PHOJET

== PYTHIADW
=== FTHIA Parugian

ol Ll [l

14 sA 14 wng

10 12 16 e &
P [GeV]
T T T T T T T 3
Away Region ATIAS =
Ne=TTeW E
p»05 Gevandin <25 —
i =g
em 2D — = EYTHIADS E
—— FVTHIS 8TLAE WOE === FYTHIA Paruglal =
) —- HERICHIANY £TLABN O —-—- PHOJET E
16 \eaﬂ1s 21
P [GeV]
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Underlying event

Mean P; vs Multiplicity

P> [GeV]

MC/Data

<p> [GeV]

MC/Data

<p> [GeV]

MC/Data

T T
Trarsyerse Redo

pr>0 5 GeVandln <25

= D 200

— PYTHIBATLAS MCO3

== HEFW/ G JIMIY ATLAS MCO3
L L L

= == PYTHIS DA
----- FTHI4 Feruged
= PHOUET

L

22

16
16
14
12

08
08

03

o 10 15 20 24 El

Nch

T L —_ -
i-! Toward Pegion ATLAS =
El VE=TTev E
;E p=05 Gevandh <25 =

= mmaz00
—— PYTHIA ATLAS MCOY

== HEFIW G JIMMY ATLAS MCOD
' L L

=== PYTHIADW
----- PYTHIA Ferugiel
~+=- PHOIET

1

5 10 15 20 25 El
Mo
1 T T
1d Paray Fegion ATLAS
1z VE= T Tey
e p=05 Gevandi <25

11

09
08
o7
08

= paw2nin

—— PYTHIAATLAS MCOD
== HERM G MY ATLAS MOOD
L L

- == PYTHIADW
----- PYTHIA Ferugisd
== BHOUET

L

From these
comparisons:
determine best “tunes”
for underlying event.
In practice: tuning of
soft QCD model in
PYTHIA

Tuning is important for
data-MC agreement
further down; particle
isolation (e.g. in lepton
identification) and
missing energy (ME;)

<p,>[GeV]

MC/Data

<p.>[GeV]

MC/Data

<p>[GeV]

MC/Data

ATIAS

1 - Transversa Region 3
14 = Vo= 7 Tel =
T pe 05 Gevandll <25 |
1z —
1 E
085 -
0.6 —
vk =
E == pe 2010 = = - PYTHIADI B
02— —— PYTHIA ATLAS NCOR mmmm QYTHIAPerIg D —
= =~ HERWIG MY ATLAE NS -~ - PHOVET 3
1z —
= —
R e
LEl
R T
T T T T T T T T T 3
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F We=7Tel 7
A= P2 05 Gevandin <25

o
T T TTTT TTT

== Deta 2010 = = - PYTHIA DI
—— FVTHIS ATLAS NOB === PYTHIAPerugisg
|, =e= HERWIGJIMMY ATLAS MTER  =-=+ PHOUET
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WE=7 Tel

T
Away Region

P 0.5 GeWandll <25

=
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05 B eta 2010 = = - PYTHIA DI
—— FYTHI& ATLASMCDS ==-= PYTHIAPerugiad
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