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Lecture 2 — The Standard Model at LHC

Electroweak theory

Hadron interactions

QCD and parton densities

Monte Carlo generators

Luminosity and cross-section measurements
Jet physics

W and Z bosons
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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: (%) ,(”“) ,<”T> , <“> (C> (t>
)L \KH)L \T/, dj,"\s),"\b/,
Right-handed singlets: er, IR TR,  UR,dR, CR,Sm, lr,bR

Rich flavor phenomenology ... T .
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Electroweak Theory

W and Z masses: connected via weak mixing angle

2,2 2 2
2 g-v 2 vV 2 12 mW
my, = , My =—(9 + > =1
W= "4 z=719+9%) m2% cos Oy
I g : SU(@2)r coupling
Couplings to W and Z 9 . Uty couping

here: leptons onl
[ P vl Bw: Weinberg angle

cC g ~ vV . vacuum expectation value
_ Y | 1CCasu,— —CCyp/1,+
L0 = S oW+ g oW |
g (.1 w2y ] ot
= _E V97M§(1 —ys)e | WH™ + e’yuiﬁ — v5)ve | WH

Charged current: always flavor-changing
[quarks: mass eigenstates = EW eigenstates - CKM matrix]

£NC _ g JNCZM

- 2cosfy M

g -1 1 . D i,
—m [VQ’YME(1 —’}/5)1/9 — e’yM§(1 —")/5)e+25|n HW(e’}/'ue)] ZM

Neutral current: always flavor-conserving



The SM Lagrangian

Free Fields

\ Interaction

L = Lo+ L
Gauge Bosons

/

1 L
»CO — _ZFMVFM +W7“5Mﬁ\

Fermions
/I Jym/ M
L = epy'A, 0
| / g v 9 G
" Ao = GMCH TGV E,

E,F" = G,G" + W, W + B”‘%BW



The Higgs mechanism

Yukawa Couplings
\ Higgs Field

L = Lo+ L + Lyuk+ Ly

Lo = (0u0")(0") = V(®)— s
cr(YrYred + YrYLO)

£Yuk —

Higgs Fermion
Interaction

8, — (D, —ieA,) ) @
Gauge Boson masses: " p p } & = b — po

Fermion masses: ¢



SM parameters

18 free SM parameters
NO Nneutrino masses

mw = 39 P
2 1.2 2y 2
my = 5(9°+97)p g = e/sinbw

m%l = 4)\p(2) g’ = e/COSOW myg = Cfpo



Fermion-Boson Interaction

Fermion-Boson f

7: rngylu D'u w Interaction . Fermion

using

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

Fermion

Ling = =Yy (W, T +¢'B, Y )1
|

Weak Isospin

Hypercharge



Fermion-Boson Interaction

mt — QE ( WZTCL =+ nguY)¢

witha=1,2,3
+ 1 sl 2
Wi = \/_(W TiW,, ) Weinberg angle 8w
1 5 .
A, = \/ﬁ(gWi + 9'B,) = W3 cos by + B, sin Oy
g°+g
1 3 :
Z, = \/W(QWi —¢'B,) = W, cos O — B sin Oy
neutral current sw = sin
e.m. current cw = cosOw
/ \ e = gsin by
. . 7 ( ) —1 v = ¢’ cos Ow
Ling = —¢€ [ A-,u om T (SWCW Z,ujNC

+(V2sw)” (W+jcc+w TE) |

charged current
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Fermion-Boson Interaction

Ling = —e| A, JL (chw)_lzujﬁc
+(V2sw) H(WHTEc + W, TEL) |
TH =y (T + Y = 97" Qo o component

/
The = vy*(Ts —sin” O (Ts + YY) = y*(T3 — sin® Oy Q)

Tc = Yy (T1 + iT2)ep
\ isospin

raising operator

Coupling strengths:
"I eQ VffZ7 :e(swew) T (Ts —sin® 0w Q)
”KVW”,”’LLCZW” : 6(\/§SW)_1

[left-handed only]
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Flavor Quantum Numbers

A T5 i Q
( l/‘cl-') (, v “I,) ( Vo L\) 1/2 1/2 -1/2 0
BT 4 \ ML, / \TL / 1/2 -1/2 - 1/2 -1
eR MR TR O 0 | -1
‘ up ) (CL) (1L ) 1/2 1/2 1/6 2/3
£ E B { by , 12 -1/2 1/6 LS
UR CR tR 0 0 203 2/3
d R SR b R 0 0 153 - 1/3

T :Weak Isospin

Ts : 3 lIsospin Component
. Hypercharge

: Charge [=T3-Y]

O <
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Z-boson interaction

"ffZ": e(swew) T (Ts — sin® 0w Q)

NC interaction:

— |

LE = —e(swew) Y2, (T3 — si, Q)
= —e(swew) ' Zy A" Y2(1 =) Ts — s, Q] ¢

:—Q/CW°Z/L'1/2°(77Z7M[T3_2312/VQ]¢_ ¢7M75 Ts w)

\ vector coupling /

propagator , .
axial coupling

L= —ew Ly -2 (YA gv — P yHy%a )
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Z-boson interaction

Fermion

Couplings
to the Z-Boson:

Z-Boson g

COS 911

Y1 (gl — i)

gv = T3 - 2Qsin“Ow
ga= 13

Anti-Fermion
Standard Model 9v 9a
v Y b
& y+ 2sin O _% I(;;yrliogliagﬁgﬁded fermions:
u — quark / A/sm Oy % gL = 1o(gu+an)
d — quark A Asm O _% gr = ¥2(gv—0a)
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W-boson interaction

W udW : e(v2sw) !

W ; |
CC interaction: WO
[e,V only]
LY = —e(V2sw) ' [W) " (T1 +iT2)y + v
+ W, yH(T1 —iT2)y)
= — /\/§SW [W: (De)L/VM@L + W; éLfy'u(ye)L:
\ /
left-handed
propagator
Fermions with
1/ - 5 T
ﬁivvm = —9/\/§ [W: (VG)L’YMeL + WM eL’YM(Ve)L} # 0 only
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Gauge Boson Self-Couplings

1 T
Lo = 7 uw FPY A iR O

EWFW — V[{WW’“/ 4 B,LLI/B'LLV

[electroweak only]

Transition to
covariant derivative ...

o with D, = 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:

W,

Quartic gauge-boson
couplings:

Vp = Z,Y:

ieCwwv [QMV (bt —k=)p+ gup(k— — kv)u

+ gpu (kv — k+)l/}

with Cww~ =1, Cwwz = _aw

Sw

Vp,Vp' = (W’VV)’(Z’Z)’(Z’Y)’(Y’Y):

ie*Cwwuyv: [ZQHVQPU — GupGov — guagvp}

with Cww~y = —1, Cww~z = —

Cw
Cwwzz = — Cwwww =
W

17



IONS

Hadron Interact
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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)
'p2 — L2 _ﬁz — m2
B=p/E, v=E/m
Lorentz invariance
p1-p2 = Ei1 By —py - po

4-vector scalar product
L orentz invariant

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

19



Kinematical variables

PT
X4P XoP Proton
o
Q=)=
Proton
Schematic

proton-proton scattering

Relevant kinematic variables:

e Transverse momentum: pr

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




Invariant mass
pl. m1

Invariant Mass: >©<
2 2
M= = (p1 + p2)

Py, My
= (B1 + E3)? — (py + p2)?
= m2 +m32 + 2E1F>(1 — (132)

P53, M3

Py My

Center of mass energy

Center-of-mass Energy:

Bem = [(B1 + E2)? — (51 + 1)’

1
2

Particle 2 at rest:

\s = Eem = [m% + m% + 2E1m2]%

Particle Collider:

[Ey = Eo; p1 = —pa; mq =ma =~ ()

Eeyp =28



Cross section
Matrix element >O<
Phase space oo

Differential
Cross Section:

n+2

Matrix element

(2m) 4|2

do =
2,2
4\/(171 ']92)2 — MMy
< d®p(p1 +p2; p3, -+, Pnt2)
n-body
phase space d@n = ... n n d3
4 Pq



Parton distributions P
Bjorken-x
QZ

P

Proton-proton cross section

= / doydzs fi(21, Q) f(z, Q%) 6(Q?)

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%) = a(x.Q%) or g(x,Q%)

23



Proton-proton scattering

Proton

xjp;  Hard Process Product

[calculable]

Product

Proton

24



Example: Drell-Yan Process

Proton

s

Proton

25



QCD Matrix Elements

Subprocess IMIZ/Q: |M(90°)[2/g:
qq' — qq'} §* + 4 2.2
-y ol A ’
97" — q7 t3
A9 A

4
9
. 4 (8 +4° 82 + 12 _p_f s
B . 4t 442
q—-dl S5 0.2
ey 4 82 + a2 +t‘2+a2 8 a? -
%}) “ 9 9 £2 §2 27 &t :
B 32 42+t 8 4?4 t? »
._’ A e T N U e R ) .
o L A T
) 1 62+¢82 3 a3 +¢2 i
_’ _—‘—A o e .
g - gl 8 &2
2

2442 4 82+42 &%
——’ - S ey -
99 — q9 7 e
90 /8% +4% 2482 42413
99 — 99 F <—tr§ + a2 . 2T 3 30.4




Proton-Proton Scattering @ LHC

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

27



Proton-Proton Scattering @ LHC

oo o= / dw1dzs fi(z1, Q) f(2, Q) 6(Q°)

P1 2
* TiP1 Hard Process q(z, Q%) 5
J [calculable] Product 9(337@ )
by
PDFs
Ik
D2 * Product

28



Proton-Proton Scattering @ LHC

Proton

o= Z/dimdﬂ@z filz1, Q%) fi(z, Q%) 6(Q7)
ij

LiP1

LkP2

® Hadronization

Hard Process
[calculable]

()
()
()
()
()
()

Parton
Shower

'. .“‘

Hadron-Jets
Leptons

VVV

Hadronization

[ohenomenological]

29



QCD & parton densities

F 0 Sy
B A S ~nd ,_



Lepton-proton scattering

Electron (e*)

K

k' Electron (e*)

Sk Y 0 2
Cross Section: Q° =-q

do ~ do, FQJ Quark

4r[0(2/q4 x-Z eé q(x) X X Quark
N
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
Xa(x)
Electron-Quark do(eq) 4ma? _,
scattering @ - op o oy
(spinless Case) Rutherford scattering /3 >
on pointlike target
g > T T 4 uT®dl T T
dg q q

With
quark—quark
INnteractions

do(ep)  4mo?

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

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

QPM: Structure Functions F2 independent of Q2




Proton Three

valence quarks

—
1/3 1

Three bound
Proton valence quarks

%
:

AMA
MU

1/3 1

Bound valence 4
Proton quarks + gluon radiation

valence

small X

[see e.g. Halzen/Martin]

1/3 1



Scaling violation

Fo(x,Q?)

—

0.5}

e NMC (x4.0)
& SLAC 0.0125
xX=0.
O BCDMS + (x 3.2)
x=0.0175
(x 2.5)
x=0.025

Deuteron x=0.008

0.1

Q2 [(GeV/c)?)

(x1.7)

| Deuteron
- ¢ NMC T x=0.50
- A SLAC (x 1.0)
0 BCDMS
IllII 1 1 Illllll L 1 Ll i 111 1 L Ll 111
1 10
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

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)

(x0.05) 2 = 10000 GeV?

—— HERAPDF1.5 (prel.)

B exp. uncert.
:’ model uncert.
[ ] parametrization uncert.

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

| Xg

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

(HERA I+IT)

Q2 = 10000 Ge\?2 |

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

Particle production @ LHC p

X1
10° AL LR AL B L L L T
1 LHC parton
X, = (M/14 TeV) exp( =) 1 kinematics X2
10° EF Q=M M =10 TeV P
107 E
ol o fo pp > Xuv + remnants
- Xwm: particle with mass M
105 e.g. Higgs
) M? = X1x2-S
10 M=100GeV /.7
i.e. to produce a particle with mass M
107 at LHC energies (s = 14 TeV)
Xy = (xixe= M/y/s
[x1 = x2: mid-rapidity]
107
10! LHC needs:
Knowledge of parton densities
o Extrapolation over orders of magnitudes
10

M2
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Running Coupling ag

Gluon Propagator: Negative N
Pag Contribution Positive
[Screening] Contribution

\QQ.QQ»@Q.QQQJ — / [Arm -Screening]
= o0 + wOmw @a.gzguw
Yields

Running Coupling:

ozs(QQ) — @S(MQ) 2
1+ as (42)Bo log 2=
! -
Positive Sign ! a(Q%) = | a(i% l)og

t

Negative Sign !
38



Running Coupling Qg

0.3

0.2

0.1

Xs(H)

T decay

PDG 08

[Summary of exp. results]

o b i Average '@ |

adronic Jets

H

. e'erates

:  Photo-production
——O—

T
1
[}
"
1
. . Fragmentation
[ |

[ |

. Z width
-—Or—

ep event shapes |

Polarized DIS |
Deep Inelastic Scatteting (DIS
p I g'.( )

' ' tdecays

Spectroscopy (Laitgcp)

Y decay
—0— !

| T

10

Scale p

0.1 0.12 0.14



Monte Carlo Generators




Monte Carlo overview

Monte Carlo simulation ...

Numerical process generation
based on random numbers

Method very powerful
in particle physics

Event generation programs:
Pythia, Herwig, Isajet
Sherpa ...

Hard partonic subprocess +
fragmentation & hadronization ...

Detector simulation:

Geant ...

interaction & response
of all produced patrticles ...

MC simulations
in particle physics

Event Generator

simulate physics process
(quantum mechanics: probabilities!)

Detector Simulation
simulate interaction with
detector material

Digitization
translate interactions with
detector into realistic signals

Reconstruction/Analysis
as for real data

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]

/+2 partons
., Z+1 parton 9
! + mag g
4 + Splitting
g v Z
Overlap? ]
——

[F. Maltoni]

42



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
11 fif; — fif; 69 4y — WTW- 141 fif; — ~/2°/2"° 297 f;f; — H*hO 146 ey —e” 211 £f; — Ao+ || 251 fig — GirXs
12 fif — fifk 70 AWE - Z°WE |l 142 gF - Wt 208 f;f; — H¥H® 147 dg —d” 212 fif; — i+ || 252 fig — QirXa
13 fif; — gg Prompt photons: 144 £f; - R 209  f;f; — A°h° 148 ug — u* 213 T, — e 253  fig — q1RX4
28 fig—fig 14 fifi — gy Heavy SM Higgs: 300 f;f; — A°HC 167 qiq; — d"qr 214 £F — i 254 fig — %in
53 gg — frlk 18 fifi — vy 5 7°Z° — h° 301 £ — HYH- }gg gy — u;qk; 216 £ — a%a Zgg flg — Xz
68 gg— gg 29 fig — fiy 8 WHtw— —h° Leptoquarks: qiq; — ee’ 217 fif;i — a2X : g — Qirg
Soft QCD processes: 114 gg — vy 71 7979 — 7979 14,? qqiéj — Lq 165 fifi(— /ZO) — ik 218 £T; — ;zéz 259 fig; — qi}fg
91 elastic scattering 115 gg — gy 72 7979 — WiW,o 162 qg — (Lqg 166 fif;(— W*) — fify 219 £F; — Yava 261 fifi — taty
92  single diffraction (XB) || Deeply Inel. Scatt.: 73 Z2Wi - ZOVV5E 163  gg — LolLq Extra Dimensions: 220 £ — ¥1%e 262 f;f; — ot}
93  single diffraction (AX) 10 fif; — fifs 76 W*W — Z0 164 ¢, — LoLq 391 ff— G* 291 £T — 5% 263 f£f; — t1t2+
94  double diffraction 99 ~*q—q 77 i & — VViVVi —— 392 gg— G¥ 2 )fl)f% 264 gg — tit]
: : Technicolor: : S 222 fif; — X1Xa P
95 low-p1 production Photon-induced: BSM Neutral Higgs: 149 gg — e 393 qq— gg* 223 £, — Yo¥s 3(73? %% — tata
Open heavy flavour: 33 fiy —fig 151 f;f; — H° £ — o2, 394 qg— qG” v ifj — QirdyL
(also fourth generation) 34 fiy— fij 152 gg — H° 13; E% _ I;t-i- 395 gg — gG* ;g‘; ?% — >f2>f4 272 fif; — Qirqjr
81 fifi — QrQ, 54 gy — fify 153 ~yy — H° 193 ff] - wBC Left-right symmetry: i )fiX:l 273 fif; — QiR+
(o) i L 3 Gifi = e , +t 26 £ — XixF o e
82 gg— QrQy 58  yy — fifk 171 fifi — Z°H 194 £;F; — fuls 341 Lily — Hii 297 £F, — vEcTF 274 fify — Qudje
83 qify — Qify 131 fiyp — fig 172 £T; — WEH° 195 £, — f,F 342 ffj — Hii 298 f’f_ _ X2 X3 |l 2rs fF — Qrdir
81 gy — QuQ, 132 fiy; — fig 173 fif; — £t H 361 LT — WiWS 343 Zzi'y —H iez 520 ff{ ~ X1 3(2 276 fif; — QLdjr+
85 vy — FiFx 133 fng — fiy 174 fify — ff HO 362 £ — Wipt || 34 G —Hile 530 iF XlXI 277 fifi — q;Lq;e
Closed heavy flavour: 134 fiyp — fiy 181 gg — QrQH 263 £F 7r+L7rjc 345 Zii'y — Hiilﬁ : ity — X'.JXli 278 fifi — QrA;R
86 gg— J/vg 135 gyp — fifs 182 q;q; — QuQH 364 fs —yml. :;i? ﬁiiv - E’;J‘I 335 i? - ;%i o T dnd
: [, — fif T 0 ot < k Fy— T : ifj — XaXi L dRd
o e s R a5 fh—arh | b ke || s 6h oank || e s
89 gg — Xacg 138 it — 6 155 ow — g0 366 fif; — Z°m 349 £if, — HITH; - 234 £, — %eXs || 282 bay — Bodiy
© o TL T 868 367 £ — 2°7"% T o M+ 935 £F; — tayt i din
104 gg — Xoe 139 ~ivh — 6F 156 £if; — A° : 4 350 fifi — Hp"Hp i3 X3Xz || 283 bai — biGirt
105  gg — Y2c 140 iyi — T 157 gg — A° ?68 fi£i — Wiﬂ'coc 351 fif; — G HET 236 fif; — XaXa2 284 by, — b1l
106 gg — J/vby 80  qiy — qit 158 4y — A° t370 fif; — WL ZL 352 fif; — ffHLE 237 fifi — gxa 285 bql' o
107 gy — J/vg Tight SM Higgs: 176 £ — Z°A° 3T G — Wimte || 353 T — 7} 238 fifi — gXe 986 b, — bidint
108 vy — J/Py 3 fifi —h° 177 £ — WEA® s L — ﬁtﬁzo 354 _fif; — W 239 fifi = B 987 £ — bibi
W/Z production: 24 £F — 70K° 178 fif) — fifjAO 373 fifj — ﬂtclftc SUSY: 240 fif; — X4 288 £, — Dby
1 fifs —y7/2° 26  £f;, — WEhO 179 £if; — f,f,A° 374 fify — yme 201 fif; — &8 241 £F; —g%% 989 gm— BiEF
2 fif; » W* 32 fig — ;0 186 gg — QrQA° 375 fif; — Z°m 202 f;f; — 6réy 242 tf; — x5 290 88 _ Blf)i
22 fify —2°2° 102 gg—h° 187 qiG; — QrQA° 316 L~ Womie || 203 £F, — @18kt 243 il — g8 201 ii b
23 fif; — 2°W* 103 7y —h° 188 £f; — gA® 377 &F; — WL |l 204 R — iy 244 gg— g 202 b Dabe
2% £F, — WHW- 110 T — +h° 189 fig — f;A° 381 didy — didy 205 fifi — finfik A6 fg—auXs || go0 Ly pop
15 f£if; — gZ° 111 fif; — gh® 190 gg — gA° 382 Ui — AT 206 f;f; — LR+ 247 fig — GirX1 29;1 b Bl~ ’
16 f;f; — gW* 112 fig — £;h° Charged Higgs: 383 qi; — g8 207 fif; — A 248 fig — QiLX2 &7 218
30 fig— £2° 13 gg — gho 143 £f, — H* 384 fig— fig_ 208 £ — 7oty 249  fig — QirX2 205 bg — b2g
31 fig— fW* 121 gg — QiQh® || 161 fig — fHY 385 gg — Aky 200 £T; — Af+ 206 bb— bib3+
19 fif; —2° 122 g, — QeQ;h || 401 gg — TbH* 386 g —gg _
20 £ - W 123 £if; — f:f;h° 402 g — ThH* 387 fifi — QeQy
35y — HiZ° 124 fif; — ffih® 388 gz — QuQy

43




From Partons to Jets

From partons to Fragmentation or
Parton Shower IR
color neutral hadrons: o o, €
Fragmentation:
Parton splitting into other partons o
[QCD: re-summation of leading-logs] kr
[“Parton shower”]
Hadronization: 9B
Parton shower forms hadrons - .
[non-perturbative, only models] - | ||
/| . \ * L
o ity R
Decay of unstable hadrons ./ %% " @ .
[perturbative QCD, electroweak theory] o/ i o’/
° /‘ o0 o
°e Hadronization &
Decays
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Detector simulation

GEANT
Geometry And Tracking

Detailed description of
detector geometry

[sensitive & insensitive volumes] 1 R IES B IR g

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*]

45



Luminosity
and cross-section measurements

46



Cross section & Luminosity

0= [ Ldt-e

Luminosity

determined by accelerator,
triggers, ...

Efficiency

many factors, optimized
by experimentalist

47



Cross section & Luminosity

d
A 4
I
V_a’ \'\\. E /A/,/
¢
: I
1]
‘5\\, //
il
¢
d’a =NgVya Nb =nbAd
N,
o, = 7 = NgVq
@Oy flux

Na : density of particle beam
va : Vvelocity of beam particles

N=>&, -Ny-op

N : reaction rate
Np: target particles within beam area
0. effective area of single

scattering center

L=3®, N

L : luminosity

N=L.o

N =0c-| Ldt

——

integrated luminosity

o=N/L

Collider experiment:

B _&_Na-n-v/U_Na-n-f
“ A A B A

7 :anaNb _anaNb

A drozoy
. ’ Na: number of particles per bunch (beam A)
LHC: Npb: number of particles per bunch (beam B)
N ~ 1011 U : circumference of ring
AX ~ 0005 mm? n : number of bunches per beam
N~ 2800 v : velocity of beam particles
f o~ 11kHz [ revolution frequency
A : beam cross-section
L~ 10%cm2s Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in'y
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Luminosity determination @ LHC

Absolute Methods: //Accuracy: 10%

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 > /Ly [needs: electroweak cross sections] "~
Ratg 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 Oiot; Needs forw. instrumentation]

‘Acouracy: 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

o Bunch 1 '\1\ Bunch 2
Determine beam size ... 4_4(\\ 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
% <oy> -li2i+  0.7290 IPAC 2010, S. White et al.]
‘é‘ 25F oy 1683+ 0.5181 T T T X
5 % 200 F TIP2 ——
g £ Pg ——
g s Pl iy
= 150 | IP5
Zs b Aam A )
2 WWVWJQ Mo
g 100 | n[
ol ‘
2
g 50 | |
S 05
WWMU s
0 | L | L | L | L | 0 e L L L
T e 01:34 01:49 02:04 02:19 02:34
Time
2 2 . Lo .
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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Instantaneous and integrated Luminosity

Instantaneous (max) Integrated
2010: 2.x1032 cm2s-" 47 pb
2011: 3.5x1033 cm?s-" 5.7 tb-1

- Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC) b . ——————r .
. — Delivered 47.03 pb- l I I — Delivered 5.72 fb™" | E 33 E 2a-1
2 — Recorded 43.17 pb~! : 32 _2 1 r Lz 3'SX10 Cm S
- ; I= 2X10 cm=s " ; ;

L e R A M

SR 2010

20 P R N R PR Ry JR——

10 ‘ """"""""""" """"""""""""""""""""""""""""""""

L~ 10%cm2s:
29/003 12/05I 25/06l 08/08 21/09I 04/11
Date




Jet physics




Jet production @ LHC

Proton g = Z/dxld@ fi(z1,Q%) fj($7Q2) 5(Q°)
]
D1 —
Tip1 <R . Jet 1
fiz)) 3
PDF
° fk( k) > FSR
X
P2 — Hp2 Jet 2

Available up to NLO

First NNLO calculations becoming available ...
53

Proton



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 Scale Y
. -

=

Proton

v
o= Z/dx1d$2 fi(xla.u%?) fj(xaﬂf?) ‘3(/&3)
ij

D1 <R . Jet 1
,s“. ‘."‘ Q000009
fi(z;) 3 &>
PDFs 9l0j0j0j0]0l0
Silzr) as(uf) R .“.
R TkP2 %

D2 =::..

Proton

Jet 2

Renormalization Scale pr [
R——— “—"—-—d

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

Scale uncertainty estimation: vary yg, Jg Within [ug/2, 2ug ] and [Ue/2, 2] -



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
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Jet properties measurement

ﬂ; JU
Hz PN Y
K
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VO Y

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

57



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

| @ Vv
Jet 2
Jet 1 .
y
Sequential
Step 1 4 recombination

12
/ 56
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Jet algorithms performance

Anti-kt clustering algorithm:

in distance formula
replace P;? by P2°

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

AR-z-
R2

Djj = mm(PT,, P )

Pur|ty

Reco Reco
NMatched / N

ATLAS

i e

e AntiKt Topo |n|<0.4
o Cone Topo |n|<0.4

» Kt Topo |n|<0.4

~ SISCone Topo |r]|<O

P. Francavilla

_[|III‘\lI|III|IH|III|III|III|I

-
o
w

102
ERe® [Ge

s

Efficiency = NTruth  / NTruth

Efficiency

o
©
3

0.9

0.85

0.8

Matched

1_

e AntiKt Topo|n|<0.4
o Cone Topo |n|<0.4
» Kt Topo |n|<0.4

» SISCone Topo |n|<0.4

|

P. Francavilla

—

10? 1
Ell’uth [G eV]



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

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

@=-12rad
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Jet energy calibration

Simple Photon+jet balance MET projection fraction method
Bias due to soft veto on second jet Sums over non-photon Er for balance

T T T T T T T T l T T T T T T T T |
§ 1.2~ cMS Preliminary 2010 ] § 1.2— cms Preliminary 2010 ]
& [ \s=7TeV.L=67np" i 8 [ Vs=7Tev.L=67nb" i
2 & _' e & ® ]
- * * * *' * 4 S " & g 3 g ,
B o o <+ cF ] Y e ’ -
Mo o8 e 4 . 08 E
- e l i ~  Less sensitive ’
0.6~ ] 06— to QCD radiation —
04— hi*1 < 1.3 ] 0.4~ 't < 1.3 ]
B @ Data (y+Jeb) i B e Data (MPP) i
0.2— O Simulation (y+Jet) | — 0.2— O Simulation (MPF) | —
[ Antl-k, 0.5 PFJets * True Response i [ Antl-k, 0.5 PFJets * True Response i

0 1 1 1 1 1 1 1 1 I 0 1 1 1 1 1 1 1 1 I

2 T T T T T T T | g T T T T T T T T T
=12 FIT: 0.926+ 0.017 — =12 FIT: 0.992+ 0.010

1 ® & + I 11— . id L ]
0o =g §¢ B 09— S
0.8l | | - 0.8 | -
20 30 40 50 6070 100 20 30 40 50 6070 100

Photon P, [GeV/c] Photon P, [GeV/c]
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Jet energy resolution

jet

Dijet Balance

=) =) o
7 o w

olp /PF™) / <p p7">

Bl
a3

(data-MC)
data ’

r —

oo

using jet
. o)
Resolution: (pr) = 204 pT asymmetry: . .
jet 1l jet 2
pr T DT
\s=7 TeV L=73 nb’ CMS preliminary \s=7 TeV L=73 nb’ CMS preliminary
T T T ' A C SN ' o S T
i CaloJets (Anti-k_ R=0.5) . - PFJets (Anti-k R=0.5) :
e O<hml<1d4 ' — 03 O<hnl<14 =
N i U_A B _
L
- _ £ - 5 ]
' —e— Asymmetry (MC) 4 e - —e— Asymmetry (MC) :
= - —e— Asymmetry (data) — e- 0.2+ =— Asymmetry (data)
i K :
e [t | |
a [ Y ]
'-5 0.1 i M#\D* ]
B | B I
Particle flow jets |
— - II 3 g 20 [F — T :_:
IR, 4 g 10F ‘ | .
P ssssssssssssssssssssssssssssssnlssssssssssssssssssessnnnssssnnsnannnnanE -g E. g ;__[ ..................... ; ................................................. _.%
3 3 s -10F E
. - - o - 2 20 7] : =
50 100 200 300 400 1000 50 100 200 300 400 1000
p, [GeV] p, [GeV]



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 _ CMs L=34 pb‘I _ Ns=7 TeV
(~ Tevatron x 100) % 10" . |y|<0 5 (><3125)
(510"° o 0.5<lyl<1 (x625
Very good agreement with S 10° = 1<lyl<1.5 (x125)
NLO QCD over nine orders of & 4 o 1.5<lyl<2 (x25)
magnitude >, 7 s 2<lyl<2.5 (x5)
'Ol_'l O6 a 2.5<lyl<3
Q 10
PT extending from 20 to 500 o 10°
O
- 10
. e 10°
Main uncertainty: 102
Jet Energy Scale (3-4%) — NLO®NP
10 (PDF4LHC)
15 [ Exp. uncertainty * ?
10 Anti-k; R=0.5 \ |
20 30 100 200 1000
p. (GeV)



Inclusive jet cross-section

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

ey i pr [GeV] 60-80 80-110 110-160 | 160-210 | 210-260 | 260-310 | 310-400 | 400-500 | 500-600
L Y 7 WO 7378 W S S B W
0< |yl <0.3
pr [GeV] 60-80
Measured cross section [pb/GeV] 3.5e+404
NLO pQCD (CTEQ 6.6) x non-pert. corr. [pb/GeV] | 4.1e+04
Non-perturbative correction 0.92
e Statistical uncertainty 0.011
NLO | Absolute JES uncertainty 5
Unfolding uncertainty 0.04
Total systematic uncertainty o
PDF uncertainty 0.02
Scale uncertainty Tooge
— Qs uncertainty 0.03
Table Non-perturbative correction uncertainty i
e Total theory uncertainty fg:_gg




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 | | | | |

T T T | 1T T T | T 1 I | I T 1 |

CMS

\s=7TeV

L,,=36 pb”
anti-K; R=0.5

| —
— |,

PYTHIAG tune 22
PYTHIA6 tune D6T

PYTHIAS8 tune 2C

MADGRAPH + PYTHIAG tune D6T
ALPGEN + PYTHIAG tune D6T
HERWIG++ tune 2.3

Systematic Uncertainty

lklj I | 1

[ | I | 1 L1 | 1

0.5

1

1.5

2

Hy (TeV)

2.5

MC/Data

T T T T T

CMS
\s=7TeV
L,,=36 pb
anti-K; R=0.5

T ] T T T T I
PYTHIAG tune Z2
PYTHIAG tune D6T
PYTHIAS8 tune 2C
MADGRAPH + PYTHIA6 tune D6T
ALPGEN + PYTHIAG tune D6T
HERWIG++ tune 2.3

Combined Statistical and Systematic Uncertainty

Illlllllllllllllll—
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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

N
(pdiiet

|2

102

10

Ty T T 11T

T lll[llll T IIIIIIII T T 1T

T IIIIIII

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"
lyl<£1.1

< cms Preliminary

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

1 1 1 1

|
5n/6 T
A(p:liiao
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Dijet mass

Very early search for numerous
resonances BSM:

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

N L L L L L L L
—e— CMS Data (2.9 pb™)

— Fit

[ ] 10% JES Uncenainty

------ QCD Pythia + CMS Simulation

--—— Excited Quark

do/dm (pb/GeV)
R <D

pvvl cvvomd vovowd v wd vl 1

Four-parameter fit to describe - N, — - Sting Vs =7TeV
QCD shape: 10_5 N l<25&I1Anl<1.3
- “\8(1Tev)
| m " 1553‘ 0.5 TeV |
E_p _ﬁ 101 _S(2TeV)
dm 0 ( m )B ’ 102 . \
vs 10° N
B—p2+p3(m/\/§) 10

PR T TN T SN TN [N ST SN TN T A PO ST SU | NN S S
500 1000 1500 2000
Dijet Mass (GeV)
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W and Z bosons




Vector boson production

Direct y-production:

Y
_Q

Singel W/Z production: |

g
q’ :
q Z production:
>_ o _Z_ (main contributions) dc_z’ N4
: |

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

W production:
(main contributions)

ud —>W*
du ->W-

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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Examples of high-order processes

Z Y,

q 'vvx<\.,
q

g g
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W and Z boson decays

® e

: bV : 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 — (v Py Z—

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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Dilepton mass spectrum at 7 TeV

Events/GeV
—
<

102

PO o Jhy
0 v Y(1.23

di-muons

CMS Preliminary

Ns=7TeV, L =40 pb”

1

10

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

Events / ( 0.07 Ge\ﬁc’
® >
8 8

T [ LI ‘ T

\§\I

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

s Ll by L e L Ll
8.5 9 9.5 10 105 11 1S5 12

p*p” mass (GeVic?)

III

Iy Y(1,2,35)

di-electrons

| [IIIIIII | IIIIIII| | II[IIIII | IIIIIII| L 11l

CMS Preliminary 2010
\Ns=7TeV,L =35 pb!

I IIIIIII| T lIIIIII| I IIIIIII| T IIlIIII| L IIII| T TTT

—
=

IIII | | IIIIII|
10

-—

e'e ma1s%2 (GeV/c?)
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Example: CMS W Analysis

x10°

CMS 2010

events / 4 GeV/c?

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

Investigate transverse mass ...

[Use Ermiss; Mt = (Diep + ET,miSS)VZ]

CMS preliminary 2010
104IIIIIIIIIIIIIIIIIlllllllllllll

\s =7 TeV

ey
L] _g:0:% ®
-0.0.9:0- ‘.

10°

W —ev

102

10

fL dt=288pb’ |

—— Data =

0 20 40 60

80 100 120 140
M, [GeV/c?]

number of events / 4 GeV

| GO ORI o
12E 29pb’ @ \s=7TeV |
10} .
i -e- data 1
8: O Wouv -
i B Ewks+tt ]
- B Qcp ]
6 X
4f ;
e | = 2 (Extra/Ep) ' |
0
0 02 04 0.6 0.8
l:::'mb
x103 CMS 2010
LGRS0y (A EILEE o (e L LA ECURNLCR I 2R LS SO LA
29pb” @ \s=7Tev | The W signal yield is
15} - extracted from a
| binned likelihood fit to
_ | the M distribution.
1 - Three different
i | contributions:
1 - Wsignal
0.5 1 - QCD background
| - other (EWK)
backgrounds.
%020 40 60 80 100 120
M; [GeV]
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W/Z production at 7 TeV

%
Q]
e o
5]
g ¢
O s
Q
Q0 :
NC
>
e d
ol
Q 3
o &
Mn
3
£
;a

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

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 _

®
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%
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x10° CcMms
> L,
8 I (b) 2.9pb"m\/§-7ToV:
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B2]
S [ mwouw
> 1 B Ewka+tt ]
2 ' mm qco
5]
©
£
Eos
c
0 2,
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M, [GeV]
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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 |
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W, Z cross-section v.s. \'s

hep-ex 1012.2466, JHEP 01 (2011) 080

CMSZMO 29pb1@\g=7-|-ev — r 1T rrrr T T 1 rrrr T ~— 20
|\||||l'|m|a..|_11u;n|||||||\ '8 - 1 W —'g ATLASC"S
umi, uncertainty: —_— o CMS, 29 pb w — 034pb" 29pb?
oB(W) Ha 00, tom, | @ 10 ® CDFRunll W o 0 olmpnes
| x E 0O DORunl 1 ¥
w00, s | o | 4 UA2 Jo 7
GXB(W) HAH &xp. theo. L v UA1 _ 5
a Z _ 5
OBW) ek 098003, 008, op T
1E = 3}
GB(Z) M 090:00%, 1000, - E
N 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 a0l ! L a3 a0l 1 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 031" &) por>25Gevic -
» : FE

W rapidity: asymmetry ] . -

[sensitivity to PDFS] i oW "

-
-
-----
-

............. errors: stat @ syst

1

- I | I 1

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

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

----

Lepton Charge Asymmetry

[ I L I 1

Ll I I | L4 1 I |

PDFs: o2f
ux) > d) forlarge x ... [ o @@
more W+ at positive rapidity o 1 Freme®
d/uratio< 1 ... N ! | — | e

always more W+ than W~

Lepton Pseudorapidity  In|



W + Jets multiplicity

In| < 2.8 and pr > 20 GeV arXiv:1012.5382
o) 10%e T T T o) 104E T T T
=s = Woev +jets 3 o = Wonv + jets 3
= ¥ #:Data 2010 Ns=7 TeV = & #:Data 2010 Ns=7 TeV
:‘Q A Shpegrpa § A Shpegrpa
%§‘103§— g = I\P/cht;I]:II?A _§ %15103;— T = hPA%rIE:A —g
+ i +
i =
s o i € it
1 i JLdt:1.3 pb’! 4 7 10 S det:1.3 pb’ 7. 2 E
E ATLAS ez / ATLAS 0 // ]
105— E 105— /{_E
§ 1.5 | | | - § 1.5- | | | l/ :
I ) / I .
Py > >
Ree —— WR ////4
- 0.5 . L . = - 0.5 . . . . {
>0 >1 >2 >3 >0
Inclusive Jet Multiplicity, N, Inclusive Jet Multiplicity, N,
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W + Jets P+

Tails are important in several Exotica and SUSY searches

s.1()2,..,.,.,..,],.,,‘,vg
(o) Woev +jets 3 j
¢ 4 Data 2010.\'3=7 TeV ] 4@ Data 2010.\'3=7 TeV
r=) - ¥ Alpgen R VAlpgon
<1069 Ly © Pyma. E e
g 4 MCFM E
3
1: 2
' ILdt:LSpb" 7 .
0'E
1 E.«m\s /ﬁ
102 -
= 1.5—|.udng|ct “““ = 1.5'-Il.nldit‘tgjd llllllll
= e
= =
0.5 0.5
g 2—Noxnoumg,¢ g 2[" Next-to-leading jet
1.5 1.5
gogm»////////%/// ﬁEW%/////%//
L S S S S ¢ | . .

3
§

Jet P, [GeV] Jet P, [GeV]



SM processes measured at LHC
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W Mass Determination

Very challenging measurement

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

Fit templates (fromm MC simulation)

[020-8002-NIdO-NH3D]

with different mw to data Sasoof
? C
> W mass from best fit £ 001
Requires very good modeling 25°°§—
of physics & detector 2000/
Present 15002—
systematic uncertainties: 1000}
[DD-Experiment] C
5005— H_._.-' @
Lepton energy scale: 34 MeV 1= -~ SN

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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End of Lecture 2



Additional material



Electroweak theory
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Cross section: using Feynman diagrams

Fermi's Golden Rule

dN
Wﬁ = 27 |z\/./ﬁ|2
, dEf
Transiti'Q_n Phése space
probability Matrix element
4—vector current
Me = —q [ #(D) 1 (2)d
fi — —1 j 7 ) .]
‘ "~ Propagator
2
g v |Mﬁ|

1
)
q
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From the Lagrangian to cross sections

Inelastic

Cross Section

O-N<f‘S|Z>2 [for [y = | ]

[Def.: |t =+400) =S|t =—00) |

Time Evolution

From Schrodinger-Equation

[Dirac picture] ; L??rflngia}[n
!t>=|to>—i/ dt' H'(t')| ¢')
to /
H'(t) = — /E’(x,t) d*x

Matrix element

N\ .

<f|srz'>%5fz-—z'/ at'{ f|H' ()] 1)

— OO
w Feynman rules
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Example: Drell-Yan Process

q(Ea, —p5) uu(Es, —pf)
Anti-Quark Muon
Anti-Muon
uq(E1, pi) Ou(E4, D)
Quark

Phase space &
delta functions ...

\ \ Matrix element

Squared

do _ 1 1Pyl
dQ)  s-647% |p;

| M]3
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Example: Drell-Yan Process

i@(l@g,—ji) /uﬂ(1237_7ﬁ})
Anti-Quark Muon
Anti-Muon
uq(Eh,pz @M(Eh7ﬁ})
Quark

Averaging
over initial spins

Summing over

\ mltlal and final spins
1

My;|* = - M ¢;|?
M 25, 7 1) E:E:\ fil

Sq,S S'u,
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Example: Drell-Yan Process

T)q(E27_ﬁ'L') U,u(E37_ﬁf)
Anti-Quark uen
Anti-Muon
’U,q(El,ﬁL'> @M<E47ﬁf)
Quark
Couplings At Anti-Muon
A
€€
. GqC o Al
Myg; = > VaTntq - Up U
. t / q b Quark Muon
ropagator
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Example: Drell-Yan Process

t2 + u? Kinematics: muon (u*)
‘ M ’2 _ — 26264 . —|_ [high-relativistic particles]
qq— KK q 52
£ 1 /] =
quark k , pz ,\
k’ it anti-quark \
do e’ 9 1 t2 + u? » Pi -
o es . — .
dQ} 3272 1 s 52
4
e 1 o
= 2. 2. 2 p,D ’
- 647‘(‘2 eq S (1 T cos 9) d Mandelstam

s=(k+k') =4E}

with €2 = 41« ) .
Q t=(k-p) ~—2kp~-2E*(1-cos@’)

~ —5(1 +Cc0s0)

variables *

do 0" u=(k-p') ~—2kp' ~—2E*(1-cosf) ]

= eg - (1 4 cos?6)

df}  4s ~—>(1-cos0)
[0 in CMS frame] 2
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Hadron Interact
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Reference frames 3
p=(Ep)

Particle momentum as seen
in laboratory frame ...

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

Lorentz transformation

Lorentz Transformation:

E* =np - E—7¢Bf - p)
P =P~ V0 B
pr = Dr
with v = (1 — 5;%)—%
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Dy,

Mandelstam variables
Feynman diagrams Py,
s= (p1+p2)* = (p3 + pa)?
t=(p1 —p3)° = (p2 — pa)’
u= (p1 —pa)?* = (p2 — p3)*

s-channel

7 f f\/f
| t-channel
:
/ f f/\f
12 42 $2 4 g2
o X > o X >
S t

D3, M3

Dy, My

u-channel
/ f
| /
|
I
/
S

82 s t2
u2

/

o X
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Particle decays

Pry Mo,
pi,my .
Partial
Decay Rate: P, M
(2m)? 2
dl’ = M
o [

X d(bn (Pa p17°°°7pn)
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Hard processes with quarks and gluons

£ K
P S
b T -t

Examples:
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Q2 evolution equations

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

e
31 1—z2 | %[2'2—1—(1—22)}
. i “}i" | i f7/\ - :
J | 94&a@) O T REI B 7Y A 94(x.Q)
Nog® | 36| = 2T | or e T ol 1| L |gud
3 j’ ' ﬁ\ 7&»’“ ﬂ, !
3 5 4 | "% iy i ":: B )

Po Q)= [# Fesp)f (. @)

A1+ (1—2)2]
3 z

z 1 —z
6
[1—2 z

; +z<1_z>]

[z: momentum fraction of radiated parton] 99



QCD & parton densities

F 0 Sy
B A S ~nd ,_



Lepton-proton scattering

Fixed target: SLAC, CERN
e Collider: HERA

€q > €q

Electron
q

Electron

Hard Process
[calculable]

Quark

Proton
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T - LR LN | LAY LA | LR | L .
Fo ! b, e Scaling
- 107, et x=0.00013,i=19 = ZEUS e ' '

[x2] ..-i;’;, R0 it Violations

i X=0.00030,i = 16 4 BCDMS [HERA & fixed target data]

x =0.00080,1i=15 ¢ NMC

-3
L X=0.0013,i=14 X:5.1O
N 4 ;_ .W x=00020,i=13

x=0.0032,i=12

~M o = 013 Precision: 2-3%

; : ~ x=0.0080,i = 10 ____— [oulk region]
: 6..—/".‘*’"‘** x=0013,i=9
: M For x < 10°2:

10 R Yog W x=0032,i=7 sz
f0.0-# n o s mame s ighy i X=0050,i=6 5~ g(X,QQ) 'GS(Q 2)
[ . - dlogQ

x=0.080,i=5
10 _ ‘-‘_W—w&lﬁ—‘—
: o-g_:M“&WAH—-r---td-‘.o!—s—!—'!—!!_ x=0.13,i=4 x=.18

--Q$Wm—l—'-!-l.l_l_'...._u_g_"_|!__r_i_;_ x=0.18,i=3 S— NI_O QCD FltS:

1 é— ::W{x:&%,i:z

i

1 N Quark densities
oL ] T Gluon density
5 Strong coupling o
10_2? === H1 PDF 2000 TR Xi
----- Extrapolation
10_3- Ly gl L 3l L el IR L ol

1 10 10° 10” 10" 10" Q2[GeV 2] 102



xf

Proton parton densities

1.0

0.8

0.6

0.2

1

0.4

H1 and ZEUS HERA I+Il Combined PDF Fit

H1 and ZEUS Combined PDF Fit

Q2 =10 GeV?

— HERAPDFL1.5 (prel.)

- exp. uncert.
E model uncert.
- parametrization uncert.

xg (x 0.05)

\ll\ll‘ II\\I\\\

04 10 102 10°1 1

T T T T T

|| HERAPDF1.0 (HERA I)

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

Q% =10 GeV? |

HERA Structure Functions Working Group  July 2010

103



Monte Carlo Generators

104



Monte Carlo overview

ME Generator Process Selection .| Phase Space
v /‘ Resonance Decays Generation
ME Expression |
A
Parton Showers \
SUSY/.... Multiple Interactions |« PDF Library
spectrum
calculation Beam Remnants
l' \ 4 D
Use - A Hadronization Toecays
specialized /
programs / _ Ordinary Decays
I “—~ B Decays

\ 4

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.
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Les Houches generator files

Specialized Generators:
[some examples|

AcerMC : ttbb, ...
ALPGEN : W/Z + < 6,

Specialized Generator
[ Hard Process]

4{ nW+mZ+kH+ < 3j, ...
AMEGIC++ : generic LO
Les Houches Interface CompHEP : generic LO
GRACE . generic LO
4( [+Bases/Spring] [+ some NLO loops]
GR@PPA : bbbb
Herwig, Pythia MadCUP  : W/Z+ < 3], ttbb
HELAS & : generic LO
|[:I):%ets.onasnhce Decays] MadGraph
Arton Showers MCFM  : NLO W/Z+ < 2j,
Underlying Event WZ, WH, H+ < 1]
Hao!romzahon O’Mega & : generic LO
Ordinary Decays WHIZARD

VECBOS @ W/Z+ < 4]
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From Partons to Jets

Incoming
Proton

T 0 0000
)
QQ000Q x *66§g66

0
7<3<G?<C7<66K 0

. Jo‘\ g}(”q °
inag & X A e
g /(ﬁ()) C 0 %\ ' ’l"\—r ,..
£ 3 o>
S D
A
Iy o e
: V4 o\
‘ \ ! @~
S .\ o°
[ ] /
AT
) ® ‘

o6, /> »  Hadronization &

[T. Gleisberg et al.,

JHEPQO2 (2004) 056]
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Parton splitting

ag dQ? Splitting probability
APo—spe = — ——=—P,_, d . - .
Pa—e or Q2 ° be(2)d2 determined by splitting functions Pg»qg
2 Same splitting functions
41+ 2 .
FPy—qg = 312 as used for PDF evolution
- . 2
Pg_>gg — (1 Z(l Z)) z : fractional momentum of radiated parton
2(1—2) ne : number of quark flavours

n
Pymaa = 5 (° + (1= 2)°)

lteration yields 000 Need soft/collinear cut-offs to
parton shower ... 60000 avoid non-perturbative regions ...
000 [divergenciesl]
5004 Details model-dependent

< e.g. Q>mp=min(my) =1 GeV,
OO ‘é': : . Zmin(E,Q) <zZ< Zmax(E,Q) or
¥y ‘N, pJ_>pJ_minNO.5Gev
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:

Vi) = Cdas(1/r7)

k
3 . + 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 Colider Physics

Very widely used ...
[default in Pythia]
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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) Parton Shower (PS)
1. Hard subprocess: 3. Final-state parton
IM|?, Breit Wigners, PDFs showers: a4~ a9
] -0 70 g~> 99
o qQ-state g~>qq
q ~ hO
. a-> qy
2. Resonance decays: 4. Initial-state parton
Includes particle correlations showers:
-
A quark
W o
\\ _ ,ZO
hO\ S Y
-
W- > gluon

[from G.Herten]
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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)

5. Multi-parton interaction:

6. Beam remnants:

ol
o clc|

o]
c col

Stable Particle State

7. Hadronization:

8. Decays:

pt gl

[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
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Luminosity and elastic scattering

Coulomb

. ) | scattering (~[t|?)
Elastic Scattering: = :
t\D Coulomb-nuclear interference
Proton S ' [fitting this region yields L,0tt, p and b]
— 4 > '

§

y V. IP

¥

§ : . Perturbative

— — : Nuclear scatterin
) Proton ; (~exp(-blt])) ° QCD (~[t?)
212 ; '
L= (o= pl) ~ %0
[t = 6.5 x 10 GeV?

Elastic Scattering at low t is sensitive to -~ } } ! | >
exactly known Coulomb amplitude ... 103 102 101 1 10 |’[| [GeV2]

Shape of elastic scattering distribution can also be used to
determine total cross section, Otwt, and the parameters p and b ...

Perform fit to:

AN Ama? = 62 (14 p?)etlt "
— =T T PGotC Ttot p-)€ with:
dt ] ] 167 p
L ] L ] L ]
Coulomb Coulomb/nuclear Nuclear b
Scattering Interference Scattering Oot

ratio of the real to imaginary part
of the elastic forward amplitude

nuclear slope

. total pp >X cross section
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Roman Pots (Totem and Alfa)

PMT read-out Single tracker plane (2 UV coordinates)
t1 17
/]

/|
/
/

= Measurement of p-p
elastic scattering

= Roman Pots used to S aa

move detectors near to Ovetpctr
stable beam. Grrp s
I
I Pot (d
point (CMS) | ot RPe= .95 Rp
5o | ool | el L= Y - =5 oo
— U0 / -
U] é H|§ 5
147

220

117



Luminosity determination @ LHC

Method

B Online monitors
[ Dedicated runs

Small/large angle counters

LAr /Tile I,
— KKK

Z—=>1""

Van der Meer method

Optical theorem

\HII 1 \\IHHl 1 \HHH‘ 1 II\HH‘ | II\III\‘ 1 II\IIII‘ 1 \\IHH‘ L 11

34
10 10 10 10 10 10 10
Luminosity

Methods as
summarized in ATLAS TDR

[ATLAS Technical Design Report, Vol. |]
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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 A TTTTT]
i CMS 7 ¥ UA1INSD C NAL B.C. inel. CMS
L o - ¥ STARNSD < ISR inel. )
6 ® ® Py ° ® ® | ‘ ne .
7 TeV PEE | 6 A UASNSD \ UAS inel. ;
i y - W CDFNSD > PHOBOS inel. * 1
\ - ; % ALICENSD Y ALICE inel. ’ 1
- o MA& ‘3}-\*&&6 s 4 ) S5 @ cwmsnsp .
s 2.36 TeV AN~ L | |
41 A\ A AL — — - E
(—’ e s |
< AP G g s RO 5 4 |
o 0 d -~ F
Z | 0.9TeV i S :
ge P 3
O CMS NSD L
21 7 2
I ALICE NSD F
| » il 1* L - 0.161 + 0.201 In(s) '
- UAS NSD ) 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 ! | I O | | L1 | | |
< 0 2 10 100 10° 10¢
n \s [GeVIl

Particle density in data rises faster than in model predictions.

Tuning of MC generators was needed. 120



{p,) [GeVic]

Charged particle p; spectrum

<pr>=0.945
+ 0.005 (stat.)
+ 0.015 (syst.) GeV/c

0.65

’ | | CMS ]

C < ISR inel. ]

0.6 X UAINSD .

- A E735NSD ]

» B CDF NSD N
0.55 - ® CMSNSD ]
05F -
0451 —
04F -
035 :_ —— 0.413-0.0171 In s + 0.00143 In® s _:
OS:I 1 1 lIIllIl l l IIIIIII | 1 lIIllIl :
10 102 10° 10*

\'s [GeV]

dN,/dp+

2p,) d*Ng/dndp_ [ GeV?]

Ratio

pr > 100 MeV
In| <2.5
N2

T T IIIIII
p, >100

== Data 2010

== PYTHIA ATLAS AMBT1
==+ PYTHIA ATLAS MC09

—- PYTHIA DW

== PYTHIA 8

------- PHOJET
' -

lllll

MeV, In1<2.5, n,
\s=7TeV

ATLAS Preliminary

n=2

- == Data Uncertainties
— === MC /Data




nderlying event

Multiplicity vs P+

A T T T T T T T
ksl Transverse Region ATIAS
k3 \5=7TeV
;g P05 GeVendinl <2.6
G

Vv

02 = PYTHIA ATLA3 MCO9
=er= HERWIGH JMMY ATLAS N COS
Code cui oy AR W

:

T

Q

O

=

Particle momentum
flow in regions
defined wrt leading
track

L | L 8 N N
ATLAS
Ns=7Tev

Toward Region

»05 GeVandinl<2.5

leading track

<N, fendip>

n4
—— PYTHIAATLAS NCOS === PYTHIA Forugiod
02:_ === HERWIG+ JMMY ATLAE M CO9 === PHOUET
e T S S A P S A Wt |
]
T
[a]
Q
O
=
A T
5 Away Region ATLAS
f VE=7Tev
5 >05 GeVandll<25
= Fr
g
v
—— PYTHIAATLAS OO
== HERIGHIMINY ATLAS hCCS
E \ \ \ o \ \ , . 3
£
«
=]
[&]
=

toward
|Ag| < 60°

60° < |Ad| < 120° 60° < |Ag| < 120°

away
|Aag| > 120°

arXiv:1012.0791
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Underlying event

Mean P; vs Multiplicity

MC/Data

<p> [GeV]

MC/Data

<p> [GeV]

MC/Data

Transverse Regon

p»05 GeVandnl <25

== Da=2010
—— PYTHIAATLAS NCO3

== HERWIGH MY ATLAS MCO3
L L L

ATLAS
N5=TTeV

= == PYTHIA D

----- PYTHIA Perugisd

=e= PHOUET
L

PR YT TR PSRN 5 1 v

Toward Fegion

p>05 GeVandlnl <25

== ma=200

— PYTHIAATLAS NCO3

=eem s HEAWIGH JIMMY ATLAE MCOD
L L L

T
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===t PHOUET

sl bl A4

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-)
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