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adron Colliders (Tevatron+LHC)
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Z masses

g angle:
g~ 0.6

of W-propagator
8 M, M, ~ 80GeV
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olliders
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(qe(2)Y"'V g () — Vg (z2)v" qe(z))

b | =

]' ¥ L
Lphys = — ;lF ﬁ”(m)Fﬂﬁ (ﬂ’) + Z
k

vector coupling

Vua(z) = Ouq(x) — i g G5 (2)tagq(x) ;

%

SU(3) group generators

2|ld: non-abelian coupling
Fi () = 0,G3 () — 8,G} (2) + g f5,G(2) G (x) 5

ff

SU(3) structure  self coupling
constants
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tation

1 0 O
=10 —1 O
0 0 O
0 0 0
=0 0 1
0 1 0
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Quantum Chromodynamics

anti-blue

%

Meson qq

anti-red anti-green

Hadron ggg
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== . — — — — — — s

|
I

I
Q? = 100GeV? Distance

—
Energy

,Confinement'
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,Oh Brother, where art thou?" (2000)
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0.2 0.4 0.6

1.0 . y . . .
* - binding energy
V in units
of 1/a

rinunis of a distance

o g k2 b‘

12 20 24

gluons are not observable
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energy\

Proton «

Parton Shower in
Deep Inelastic Scattering
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Luminosity-Function

At Hadron Colliders: how to get from the proton to the parton?

1
L= fZQ(lez)Q<Zz)d22/thh Z=2,2,

s = total cms energy

A\
S = cms energy of

hard parton interaction

Parton density function q = q(x,u?)

> In Lepton-Nucleon Scattering parton splitting (factorisation)
scale p = Q?
* Question: Which scale determines parton splitting in hadron-colliders?

Answer: factorisation scale typically: W= S

Input from lepton-nucleon scattering needed!
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If the Proton is

Three valence quarks

Three bound valence quarks

Threse bound valence
quﬂr!m + some slow
debrig, 9., 9~ a9

>
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/ Functions of the Nucleor

EHLQ

DFLMsY,

H hf

KMRSBQ,
MRSS0O', DO, D

CERN

PDFLIB 2000
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pp—>W—1lv,+X pp —>Z—ff+X

‘. ow (03)

Reasonable cross section of 0.1 nb at
s'?IM,, ~2
Typically:
X, ,X,~04
o0 S/ need high luminosity!
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xf

0.8

0.4

H1 and ZEUS HERA I+II Combined PDF Fit

-

Q%> =10 GeV?

—— HERAPDFL1.5 (prel.)

B exp. uncert.
E model uncert.

[ | parametrization uncert.

— xg (x0.05)

Itiply by 20!

S

SPS energy
18

July 2010

HERA Structure Functions Working Group
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Antiproton) Synchrotron

A

270 éV anti-protons

5 1981-1984
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otons

. Sensor
L1

L]
*
LY
.
*
Beamof
antipotons .
*
LY

Simon
van de Meer

E Kicker

o,

. F
R T e J
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UA1 Experiment

“modern” high energy
collider experiment able

to run at high collision rates
(fast electronics)

e ibaRdas
T =

- i
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UAZ2 experiment

Schoning/Rodejohann 22 Standard Model of Particle Physics SS 2012



Candidate Z — ee
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.-
High-energy lepton pair:

m, =(p. +p.) =M

T T T T

TWO ELECTROMAGMETIC CLUSTERS
92 Evenls

i
]

(a) 1

fElEU Background shape

=
T

Events per & Gevse?

i
T

J
M, ~91GeV

0 L0 &0
mass (GeV/ch)

U.Uwer
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Undetected v:

Missing momentum

High-energy lepton:
/ Large transverse
. momentum p,

Pr> 1 GeV/c

How can the W mass be reconstructed ?

25

pp->W—>/iv,+ X

P > < P H,,;

W—ev

Issing pr vector

g o

Fig. 16b. The same as pictre (a), except that now oaly particles with p-r}] GeVie and
calotimeters with E.=1 GeV are shown.
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pp->W—>/iv,+ X

Issing pr vector
Undetected v: o
1y
Missing momentum  ,* Tl
/ NS -
Py | ; ¥
p > p ol
High-energy lepton: e
/ Large transverse o -
' momentum p, \ L e
py> 1 GeV/c ! N |
| L
How can the W mass be reconstructed ? ppaiai 10
|
exploit momentum conservation! - I
& e
~

Fig. 16b. The same as pictre (a), except that now oaly particles with p-r}I GeVie and 9
calotimeters with E.=1 GeV are shown.

U.Uwer
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W mass measurement

In the W rest frame:
M,

2

-

P,

p|=

* Trans. Movement of the W
* Finite W decay width

* W decay not isotropic

S
P,

27

In the lab system:

*W system boosted only
along z axis

* p; distribution is conserved:
maximum p;=M,, /2

3

g

100

Events per GeV =N
i T&lz

(9]
o

e
M, ~80GeV PT (GeV) o
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Jacobian Peak

Assume isotropic decay of the W boson in its CM system:

(Not really correct: W boson has spin=1 — decay is not isotropic!)

0 .
N oprrst ./ . sing = Pr _ MiT/2

dcosd , p

’ 2
1-cos?g=|-Lr
» )
pr  dpr
dcosé ~
M,/ 2)°cos@

dN_[ dN ) deos | _2p; (M, _ . N
do, \dcosé )|\ dp; r

Jacobian 11
U.Uwer
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= 12{}[ T T T T
-
-
K]
=, Mor- Energy scale error
E. (correlated) not included —
5 L=7]
7 %
“: 100 0.15 3;
=]
5 o=mi /m{ cos? 0, =
: M :
2 90l ~— W
m p_ 2 P) a
2 w
2 M7 cos™ 0, 020 3
o
z ol b
° 1025 3
- =
& 3
m
s 10} 030 ;
E E
“ 035 “;%
Ly ]
2o | . ] , , 0.40

70 80 90 100 110 120

Mass of neutral Intermediate Vector Boson, m, (GeV/c?)

consistent with 1 — confirmation of the SM

ize for Physics 1984: C.Rubbia and S van de Meer
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Forward Backward
r

Mucon Chambers,

Schoning/Rodejohann

I

lorime tors

lectron Positron Collid

. - 1'."_5“_- ',;. - : _::._
Prevessin'™® -«
- PR

e*e collider

s’ =90-200 GeV

4§, DELPHI

vvvvvvvvvvvvvvvv
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Cross-section (pb)

e+e'—>hadrons

+

M, =91.1876 £ 0.0021 GeV

& ——V
10° - W >ww§ >w W — qq
: p W% .
107 £ 50 . VV W 2
Eh’.]lﬂ{H T TRISTAN SII.JC _E
SLACEH
10 B o i i i LEPIII . LEPII .
0 20 40 60 kso 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)
.73 P
N
Tests of the W sector

v
Precision tests
of the Z sector

16
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W decays

s S I v M
#e i
o A x W
# . A W
g R, ™,

FT T T T T T TTTTTTTTTT T TTW

fﬂklllllllIIIIIIIIIIIII?....

- e P
b i, s
P g
- o e
i P F o
B {E\
%
ATTTTTTTTTITTTTITT IO

Run#£ 9435004 Eventd 4035 DAC Time : 02.1 1.2000 4.2524h

Easiest signature for a mass measurement:

W.-lv W,—Jetdet: use Jetdet invariant mass

32

MVKN\<< -
v,y

| qqtv
WW — 4 qaqq
| brby
Lepton N§utrino
Jet

45
U.Uwer
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Invariant W mass recontruction

Hugm_""I""I""I'"'I""I""I""I""I qUEDD---.---.---.---|---.---.---.---.---.---
1“ C 4 i H ¥ " I
=00 [ ALEPH Preliminary qqqq > ALEPH Preliminary evqq
o [ Daic (Lumincsity = 882.8 pb™') L2950 - e Dcto (Lumincsity = 8832.8 pb™)
00 _ MC o L MC
o - 1)
:ED{] = B Background :2[}[) B B Bockground
2 F E, E 2
2500 F \ L3
2 = 180
""m :_ 834 L
30¢ More difficult: E, K 100 -
20c pairing ambiguities [
» 50
0 U..‘?‘I’?‘..l. J J I J P FET PR NP AR
B 65 70 75 8D 85 90 85 100 72 74 Te 78 BO B2 B4 B6 BB 80
My (GeV/ ™ My (GaV/c™
; W-Boson Mass [GeV] March 2009
ALEPH [firnal] —— Bl (5]
DELPHI [finall — Ri3. 33650, O TEVATRON 80.432 = 0.039
, _ ~ LEP2 80.376 £ 0.033
L3 l."u.':r” —a.— L2755
Average B0.399 + 0.025
arPAL [final) —-— Rl o= 53 ADoF: 1201
NuTeV a 80.136 + D.084 B
LEP - ik F7OT00 (133 D
Khdof e 49441 LEP1/SLD = 80.363 £0.032 | =
LEP EWWG ' o
T LEP1/SLD/m, -4 B80.364 +0.020 | C
So.o S 80 80 2 BO.4 80.6 47
.l"r?“.-l Gl:"'l-'rl mw [GEV] Ldnrch 2000
U.Uwer ;
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Vs = 189 GeV: preliminary

ol | -
. ] |

o) i

Q 20

=

§T 10+

lm ® Daia
+u:| — Standard Model
‘E"’ - —— no ZWW vertex 1

----- Vv, exchange

170 180 190 200
Vs [GeV]
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ALEPH ilg— 95+ 0.31
DELPHI _all 10.55+ 0.34
L3 e 10.40+ 0.30
OPAL T 1040+ 0.35
LEP W—ev + 1099+ 0.17
ALEPH 5 1111+ 0.29
DELPHI N 10.65+ 0.27
L3 e 9.72+ 0.31
OPAL el 10.61% 0.35
LEP W—spv o 10.55 + 0.16
ALEPH ol 10.57 + 0.38
DELPHI e 1146+ 043
L3 | T, 1178+ 043
OPAL - 11118+ 0.48
LEP W—stv | o« 1120+ 02

LEP W—lv P 10.74 = 0.09

10 11 12

Br(W—lv) [%]

Br(W — qq) = (67.77 £ 0.28)%

Lepton universality tested to 2%

35
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Proton — Antiproton Collider at s'2
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(b) DO, 1 fb™ ~—Data

y2ldof = 39/31

Events/0.5 GeV

Iy '
2yt YR Tt
Osttid" ++*+¢++l+ AR +++++++_f e

25 30 35 40 45 50 55 60
p? (GeV)

-1 ~Data
(c) DO, 1 b —EAST MC
mBackground

y2ldof = 32/31

>
QO
o
I.D
=)
—
n
fhe)
c
Q
S
11

25 30 35 40 45 50 55 60
P miss  E; (GeV)
-
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ass measurement
LEP

_‘-
World Average (preliminary). 80383 =+ 15 |

0000 HO10a0 0200 BO300 H04400 ans0n HO&00
W bason mass [(Mee )

- |
CDF | 80433 79
& [
S 80483 =84 } Tevatron Run 1
——— ;
DELPHI 80336 £ 67 |
e :
L3 80270 =+ 55 | LEP2
. |
OPAL 80416 + 53
—_— |
ALEPH 80440 + 51
DO Il {prelimi ) +BDE?5 + 23 ;
LR minans . |
|| -} Tevatron Run 2
CDF Il {preliminary) 80387 = 19 |
|
|

World Average

s measurement important for Top and Higgs Mass predictions
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2011:s'2 =7 TeV
proton-proton collisions!  2012: s'2 = 8 TeV

>2014: s =14 TeV

A U
b A\ r
OSSN
LHC - B CERN
1 Point 1 = Point 2

Wl
o

a»ﬁﬁpo'"t 8 -=E ATLAS ALICE
|
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6 LHC:
EXEX] IHaC
HERA Experiments:
3 [0 Hl and ZEUS
Fixed Target Experiments:
P27 BCDMS A
SLAC .
.-"'---------.lr
i
W
3 5
&
-.__,_-f
.".---’-.
2 pr. S250C S
. ..-"-fff. - : <5 #
£ e d
-1 "
| W,Z region T
=7 -6 -5 -4 -3 -
10 10 10 10 10 10
ning/Rodejohann 41

+ W,Z production
dominated by
sea quarks

* low x-region very
well constrained
by HERA

» W,Z production
can be used

to measure
proton-PDFs and
LHC luminosity!
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xf

0.8

0.4

H1 and ZEUS HERA I+II Combined PDF Fit

-

Q%> =10 GeV?

—— HERAPDFL1.5 (prel.)

B exp. uncert.
E model uncert.

[ | parametrization uncert.

— xg (x0.05)

Itiply by 20!

S

LHC energy SPS energy
42

July 2010

HERA Structure Functions Working Group
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x10°
— ATLAS Simulation Work in Progress

* yubar

AU

qqgbar / All
O s

L Y T Y Yl P

orapidity of Z-boson: y =—Intan6/2
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/Z — ee candidate at ATLAS

i : 15 E. (GeV)
Run Number: 15481?r Event Number: 968871 T ET[E_}= 45GeV E-[ (E‘+}|=4ﬂGEV

Date: 2010-05-09 09:41:40 CEST 1 (€)= 021 n (e") = -0.38

M_= 89 GeV
Z>ee candidate in 7 TeV collisions
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E * . ATLAS Work in Progress
= . 2011 data
200005 ‘
10000~
Mf? I A I A A TT.W
0 70 75 80 85 90 95 100 105 110 115
M,.../GeV

is a Vector-Boson factory!
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Valence quark +
sea quark W+ V-

valence quark ratio u/d = 2 = more W+ than W-

ATLAS 2010:

[nb] Data
6.25740.017(sta)£0.152(sys)+0.213(lum)+0.188(acc)

4.14920.014(sta)£0.102(sys)+0.141(lum)+0.124(acc)
10.391+0.022(sta)+0.238(sys)+0.353 (lum)+0.312(acc)

c! Handle to disentangle d and u valence quarks
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W-boson Production at LHC

Run Number: 152409, Event Number: 596680
Date; 2010-04-05 06:54:50 CEST

B W-ev candidate in

7 TeV collisions
p (e+) =34 GeV

ne+)= -0.42

E, ™ =26 GeV

M, =57 GeV

u a SW™ o e’ Ve, Anti-quarks from the sea! 12
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Z and W production at LHC

RPN .. L. liL ¢ - CMS preliminary
10 36pb’ at\s=7TeV : 36 pb’ at \s =7 TeV
- 3
@ 10° 0 e E
[ 5 ] ]
2 il B P.Harris,
[=R1ig - E .
g i ] Moriond 2011
§ 10 E 10 g =
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E ]
2 1 1
5 5 T T - -.;
R = Ll
ol e T 0 A S T L S M ST O . i e L i ] B P SO N AR SR W
50 100 150 200 S0 100 150 200
Miu'uy  1Gevl Mie e [GaV1l s
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T T — T 71 T T T - F—F— 8 | L T 1 L
36 pb”' at \s=7 TeV 10° 36pb! at Ws=7 TeV
10 - =
> = dais . &
o . 0 oy * data |
_‘_N‘_‘IE] : ] W —jiv E| e 10 i
EWK 7 - . .o
% 2 — ] % el
210 T B acDh
G & 10
.I._ e
S 10 5
= i
=} =
: £10 R
g ! z Mg
5 | Instead of E ¢
5 2 : ' | use E; (i.e. E
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| ATLAS

i _[L dt = 33-36 pb™’

-BR(W"— uv)

=
-
< 1
Y
@
g 68.3% CL ellipse area
i Data 2010 (Vs = 7 TeV |
¥ 09 ( ) -
o0 - R,, PDG world average i
L - | R; PDG world average -
ﬁ’ - © Standard Model .
_I | | | | | | | | | | | | | | | | | | | | I_

R

0.8 0.9 1 1.1
R;=0,-BR(Z—e'e) /0, - BR(Z— ')
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Summary

e W, Z boson discovered in 1983
* W, Z masses consistent with SM predictions

e Ratio of W and Z mass consistent with
Weinberg angle measured in Neutral Currents

* | epton universality tested in W, Z Decays

 \W* W pair production cross section measured.
Confirmation of triple gauge couplings (WWZ)

W and Z mass relevant for Higgs mass
predictions
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