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Snapshot of the Electroweak Standard Model

» Electroweak Standard Model:
» developed by Glashow, Salam and Weinberg in the 1960s
« unified gauge theory of QED and weak interactions — gauge group SU(2),xU(1),

@ v (1), (), (1),

R HR TR
* matter particles are fermions [l/e,R ViR I/T,R]
* leptons and quarks
e left-handed doublets ( u ) ( ¢ ) ( L )
* right-handed singlets d I S ) b I
UR CR IR
* interactions are mediated by gauge bosons dr SR br
« W* and Z bosons, photons
- mixing of neutral fields /A cosf, sinf, B
« weak mixing angle 6, ( 7 ) o ( —sinf, cosby, ) ( Ws )

* non-abelian theory:
» gauge bosons can couple to themselves

* Higgs mechanism provides masses for fermions and bosons (lecture on Thursday)
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Electroweak Measurements

masses of gauge bosons: M, M,

masses of fermions: the most important is the mass of the top quark m,
(lecture on Thursday)

important prediction of the Standard Model: —W = cos b, or p= W =1
(to lowest order) MZ COS 9

couplings of fermions to gauge bosons
—igg (cvy! —cayty?)
couplings to Z- and W-bosons involve 9,

CIJZ{Z = T3 = ﬂ:%,o
c{/’Z — T35 — 2Q sin” 0,

. L e
9z = sin 6., 0089 Jw = 281n9

consequence: measurement of masses and couplings test Standard Model relations

— M., My, Sin20,, are precisely measured — radiative corrections need to be included
f H

W oo o
‘ ' ~log (M,/M,)
\ /7 H W
YZIW S v,ZIW aVAVAVAVAVAVAVAY S VAVAVAVAVAVAVAVRRE 71VY Z/\W
ZIW ZIW Z/\W

fIr
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Test of the Electroweak Standard Model

Measurement Fit  |Omeas_Qfftgmeas

0

1

3

m, [GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4959
o [nb]  41540+0.037 41478

R, 20.767 £0.025  20.742
AL 0.01714 + 0.00095 0.01645
A(P) 0.1465 = 0.0032 0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721 +0.0030  0.1723
AP 0.0992 +0.0016  0.1038
AL 0.0707 £0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+£0.0021  0.1481

sin“8®”'(Q,) 0.2324 +0.0012  0.2314

my, [GeV] 80.399 = 0.023 80.379

Iy [GeV] 2.098 £ 0.048 2.092
m, [GeV] 173.1+1.3 173.2
August 2009 O

1

2

3

* bars show difference
between measurement and
theory

* relatively good agreement
of measurements with
predictions

* but room for new physics
(SUSY, ..)
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Physics at the LHC A

* the proton-proton collider LHC and the 4 experiments:

et a & e <> Bugge ':f-," 4_,

* number of physics events:
—_ N=Leo

~ L= luminosity
0 = cross-section

~ + LHC luminosities and centre-
~ of-mass energies

« 20009:
* 900 GeV injection energy
* 9 ub™

« 2010/2011
e 7 TeV max. energy
«uptolfb™

* |ater
« 13-14 TeV ultimate energy
* 50-70 fb~1 until 2016
« 3000 fb~" until 2030
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Overview of Production Rates at LHC

* typical production cross-sections at Tevatron and LHC:

10" g — g 10
' PP . . : _
10° Oy pp 10* < inelastic pp scattering dominates
10 10 — "minimum bias"
Tevatron LHC
10° : 5 10°
s . * QCD processes have large cross-
10 o, 10 sections — 2-jet events, 3-jet events, ...
10" 10" _
10° 10 g
0 b 0u(E/ > 1s/20) o = ¢ many events with W and Z bosons
Il
N ¢ 0 7 . .
=) o, 5 « top-pair production
b 10 - 10° g
o (E; > 100 GeV) 2
10 107 5+ new particles: Higgs, SUSY, ..
107 107
10° s, 10° _
o » 13 orders of magnitude
107 Gjet(ET > \s/4) 107
10" Gnggs(MH =150 GeV) 10°
10° Eg, (M, =500GeV) 10°
10-7 il il 10-7

0.1 1 10
Vs (TeV) troweak Processes at LHC



Properties of pp-Collision Events

 hard scattering of partons
inside proton:

gluons and quarks carry
momentum fractions X,, X,
In the event picture:
q9—qq9, g9—3ag , 9g9—gq
QCD events are more
frequent than EW events

many hadrons produced
from proton remnants:
"underlying event"

the typical LHC event has
no hard scattering:
"minimum bias" — pile-up

strategy: identify the
Interesting physics with
high-p+ leptons, photons

&\\ ATLAS 2009-12-08, 03:45 CET | and jets or miSSing

_,EXPERIMENT Run 141994, Event 566308 transverse energy E,™ss
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Effect of Event Pile-Up

* number of simultaneous pp reactions increase with luminosity:

AL N #9073 A N N T A Y P Y}

ISl | 4
e 7

vl 1AL lH\!\AX\; \\f{: r—

« at nominal LHC luminosity of 1034 cm2s-1 about 25 events per bunch crossing
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Electroweak Physics at the LHC

* W boson production:
 cross-section measurement in W—eyv, pv, 1v channels
(hadronic final states are difficult to select at LHC)
« measurement of the W boson mass
» background to search channels (W+jets)

« Z boson production:
* Cross-section measurement in Z—ee,u,T T channels
- calibration of the detector
* sin%@,, from forw.-backw. asymmetry in Z—ee events
* measurement of systematic uncertainties for other
processes, background to search channels (Z+jets)

Process O ,@7TeV O, @ 14 TeV | Evts (7 TeV) Ratio
[pb] [pb] in 200 pb-? 7 TeV/14 TeV

QCD 3.2 E+05 1.4 E+06 64 M

pt>100 GeV

Z inclusive 2.4 E+04 5.7 E+04 5M @%z-u) 0.4
W inclusive 9.5 E+04 2.1 E+05 19 M (119% w—) 0.5
top pairs 8.4 E+01 4.7 E+02 17000 0.2

H (m=150 GeV) 4.0 16.0 800 0.3



Electroweak Physics at the LHC

* W boson production:
 cross-section measurement in W—eyv, pv, 1v channels
(hadronic final states are difficult to select at LHC)
« measurement of the W boson mass
» background to search channels (W+jets)

« Z boson production:
* Cross-section measurement in Z—ee,u,T T channels
« calibration of the detector
* sin?0,, from forw.-backw. asymmetry in Z—ee events
* measurement of systematic uncertainties for other
processes, background to search channels (Z+jets)

Process O ,@7TeV O, @ 14 TeV | Evts (7 TeV) Ratio
[pb] [pb] in 200 pb-? 7 TeV/14 TeV

QCD 3.2 E+05 1.4 E+06 64 M
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Z inclusive 2.4 E+04 5.7 E+04 5M @%z-u) 0.4
W inclusive 9.5 E+04 2.1 E+05 19 M (119% w—) 0.5
top pairs 8.4 E+01 4.7 E+02 17000 0.2
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Di-boson Production at the LHC

« measurement of W-pairs, Z-pairs, WZ, Wy, and Zy final states

q Vs q Vi q %)
TGC vertex
%4
q Vi q %) q Vi
t-channel 1i-channel s-channel

» determination of production cross-sections

* measurement of the couplings between gauge bosons — prediction of the SM
* triple-gauge boson vertex

» examples of cross-sections:

Diboson mode  Conditions Vs =14TeV

o|pb]
WTW— [15] W -boson width included 111.6 )
W=Z [15] Z and W on mass shell 478 factor 100-1000
77 [15] Z’s on mass shell 14.8 > smaller than
Wty [16] E} >7GeV,AR((,7) > 0.7 451 W, Z production
Zy [17] E; >T7GeV,AR((,y) > 0.7 219 _

Arno Straesser - Standard Model Electroweak Processes at LHC



Di-boson Production at the LHC

« measurement of W-pairs, Z-pairs, WZ, Wy, and Zy final states

q Vs q Vi q %)
TGC vertex
%4
q Vi q %) q Vi
t-channel 1-channel s-channel

» determination of production cross-sections

* measurement of the couplings between gauge bosons — prediction of the SM
* triple-gauge boson vertex

» examples of cross-sections:

Diboson mode  Conditions Vs =14TeV

o|pb]
WTW— [15] W -boson width included 111.6 )
W=Z [15] Z and W on mass shell 478 factor 100-1000
77 [15] Z’s on mass shell 14.8 > smaller than
Wty [16] E} >7GeV,AR((,7) > 0.7 451 W, Z production
Zy [17] E; >T7GeV,AR((,y) > 0.7 219 _
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ATLAS and CMS Detectors

 challenges for LHC detectors:

* high collision rate: 25 ns proton bunch-crossing

* up to 25 minimum-bias events/crossing — pile-up A
radiation hardness — detectors and electronics tolerate101° particles/cm?
high granularity — isolate interesting leptons/photons/jets from pile-up
very good angular coverage — measure missing energy (neutrinos, SUSY)

« fast trigger with high background suppression rate (~1 accepted event/10°)
 performance goals:

* get high efficiency for particle detection

» suppress background from QCD jets

K. Desch

electrons >70% 100000 Z,W,top,H>4¢,...
photons 80% 1000 H-2>vy

muons >97% for p;>1GeV H>4¢2,..Z W

tau leptons 50% 100 H/A->tt, SUSY,...
b-jets 50% 100 top, H=>bb,SUSY,...
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The ATLAS Detector A

* dimensions: 46m X 22m x 22m  weight: 7000 t =0

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter =90 7

pseudo-rapidity
n = —In(tan(0/2))

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

4 Tesla 2 Tesla In|<2.5
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tor0|d magnet - LAr/T|Ie calorlmeter - S|I|con tracker

{ -

/

>
L { A
" g
1 / ¥ 1 .'
1 v Y
A

pixel detector:
# 80 M channels

& “ \
I W o™ § (4N plxel size 50x400 ym?
: ;__;E JﬂéL =l :q!uLf ‘

muon spectrometer:
1000 chambers with monitored =i 7 | ;
drift tubes A B L ——
500 trigger RPC chambers N2 [ o S
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Detector Components of CMS

instrumented iron yoke

i LN as muon spectrometer
{ /4 “.‘5‘ "‘“'m:"~ 3 (3
“ / ‘ l_ 4 / 5 9% r !

»

1) A
gf‘/""
i

; /
‘\“ o ’( \\. Vs 6
fASS l\ iU »
\_ (// v \ I A J 3
/ b ’
g“! \ /r
A i ’ PN 7 & g 5 \

1Y super-conducting magnet
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Particle Identification

| | | |
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— = = - Neutral Hadron (e.g. Neutron)
----- Photon

Silican
Tracker

! Electromagnetic
}_l! l '] Calerimeter

Hadron Superconducting
Calorimeter Solenoid

Iran return yoke Interspersed

Transverse slice

with Muon chambers
through CMS

Charged  Electrons Hadrons 3.8 Tesla Iron yoke (return flux)
Particles  Photons Solenoid Muons
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Particle Identification

* e.g. electron:

» energy and shower shape measured
in calorimeter

 track matched to energy cluster using angles

; é fa AR = \/(A¢)2+(An)2 03

0.25

« compare calorimetric energy and momentum 02
measurement in tracker: E/p = 1 015

* no leakage of energy into hadronic calorimeter 01

0.05
« combined performance is important

ATLAS preliminary

Non diffractive minimum bias MC

. hadrons

. electrons from conversions

—+— DATA

1.5 2 25 3 35 4 45 5
E/p

2009 data
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Particle Identification

* e.g. electron:

» energy and shower shape measured
in calorimeter

 track matched to energy cluster using angles

; é :.a AR = \/(A9)*+ (An)?

e compare calorimetric energy and momentum
measurement in tracker: E/p = 1

lllll IIIIIIII\I"\\\\"\lfl[lflllllll||l|:
90 CMS Preliminary 2009

s =900 GeV 3
—e— Data =
I MCely =
B MC others

Nb. of ele. candidates/0.1

* no leakage of energy into hadronic calorimeter

« combined performance is important

2009 data
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B-Field 2 T (solenoid) 4 T (toroid) 3.8 T (solenoid)

Tracking Si (strips+pixel) + o(p;)/p at 100 GeV: Si (strips+pixel)
Gas (TRT) 3.8 %
ECAL Pb - LAr o(E)/E = PbWO, crystals
(high granularity) 9%/NE + 0.7% (high E
resolution)
HCAL Fe — scintillator o(E)/E (ECAL+HCAL)= Brass —
(10 A) 70%/NE + 3.3% scintillator (7 A)
Muon ion. chambers, o(py)/ps at 1TeV: ion. chambers,
Spectrometer air-core magnet 7% instrumented
iron

* D. Froidevaux, P. Sphicas, General-purpose Detectors for the Large Hadron Collider,
Annu. Rev. Nucl. Part. Sci. 2006. 56:375-440
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o(py)/p; at 100 GeV:
1.5 %

o(E)/E =
3%/NE + 0.25%

O0(E)/E (ECAL+HCAL)=
70%/E + 8%

o(py)/p; at 1TeV:
5%



From Detector To Physics: The Trigger

* Bunch crossing

¢ LHC s=14TeV L=10*cm%s™ rate
barn ' 0 to t a. |

Event rate = cuz  Event rate
« Number of events/BC

«——— g inelastic

mb, * Number of particles/event
MHz « Event size
Level-1 = - Mass storage rate
“ Level-2 o

kHz

.owz
¢ Wiy

Mass Storage 5 Need to have trigger of high performance
whb — 6 orders of rate reduction

aoH SUSY 66+55435 Hz —complex events and 140 M channels
N\ tanf=2, y=mz=mc/2
T tanf=2, y=m; —m

pb aG—agHg,
9ff!'”e Analysei_)z mHz Level-1: hardware based at 40 MHz
\ Level-2: software based at 100 kHz } PC

HSM

b Level-3: event filter at 3 kHz farms

Hgy 22’4
* 7,3 sca..a.. Lo\ Z- t\”“‘ « Storage at 200 Hz
50 100 200 500 1000 2000 5000

jet E; or particle mass (GeV)
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ATLAS Trigger & Data Acquisition at Point-1

AT THE

dual-CPU nodes

N

CERN Data Collection is situated in
centre Event rate| Local Event Event Second- ATLAS surface bUIIdlng (SDXl)
Data | ~200Hz |59 | Fiter | | o LfVLZ level -l'-'
Outputs (EF) Inputs arm trigger
storage (SFOs) (SFls) -
N\ '
Network LPEI
DataFlow switches stores
Manager | _YYYY _ VVVY LvL2
/ ) | Network switches output
v [ 4
Super- | © | & @
visor | 3 § S 5
2l o = j
o| °E w
o] 8§ 3
Bl3¢ S
— -2 (D
Event data 7 4 g g
o w
pulled: 2 i !
partlal events 7~ 9, Data of events accepted
@ < 100 kHz, _é 150 ésgg_( by first-level trigger
(0]
full events @ PCS iy iy iy QUt VME Dedicated links
@ - 3 kHZ Links
Rgi‘tj' ATLAS
Drivers Detector
Timing Trigger Control (TTC)

Event data pushed @ < 100 kHz,
1600 fragments of ~ 1 kByte each
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Muon and Calorimeter Level-1 Triggers

« muon trigger detectors: RPC = resistive plate chamber
* pre-defined track segements— p;

Lot ‘uuimllt\‘mi-\\\m\\\\\\\\\\' f

1

| MDT

RPC3 LOW'pT ngh'pT
RPC2 (pivot)

MDT

RPC1

syyySrEs PPEEEIRITI

g PSS 53

15m

0
« calorimeter: "trigger-tower"
* energy sums in
pre-defined (n,@) regions
o)
A
U Y,
& A cglidrirr%réitgr
/ Electromagnetic
calorimeter

Trigger towers (An xA¢=0.1 x 0.1)

% Vertical I Electromagnstic i
¥ ertical sums — 1 isolation ring I t . .
et ofe
Horizontal sums Hadronic inner core Ca O rl er recelver

Local maximum/ and isolation ring

Region-of-interest




ATLAS Trigger Concept

early event rejection in each stage

L1 muon trigger:

low/high p; signatures

L1 calo trigger:

energy sums in calorimeter towers

L1 Region-of-Interest — L2

high level trigger (software):
e L2:
* local reconstruction within Rol
e tracking information available
« event filter (EF):
« access to fully reconstructed event

« CMS trigger is conceptually similar
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High Level Trigger

* trigger hardware:

td s e e v et e e

=;/‘ -
~ | 8 ¢
] -
1 :
v
- . ¥
» ’
. -
g
Py > g
g
5 st
B>
3 D, -
i i~
.- N
o -~
g »
pe . i .
! H '
| ! i |
' " 3
4 £ M 4
: .
. o g
P ‘ 1\ - I
. - 3
3 ‘
q p s i
1 - #
2 L
[ s N
’ . L

U HLT farm

NOrTe D s

=1 cvent builder PCs



« commonly applied method to measure
performance in data: — tag & probe
» example: measure muon identification

efficiency in Z—uu events

« identify triggered and well measured

muon: — tag

 use Z decay kinematics to find the 2nd

reconstructed muon: — probe

« check if 2"d muon passed selection
— muon identification efficiency
« similar for muon trigger and muon

reconstruction efficiency
* many more examples:
« Z— ee, J/psi — ee, ...

Efficiency

0.9

0.8

0.6

0.5

0.4

|
i

}

:_ - —ik— _:
S I - T
——— 2 "l"-.::.::“l= + —
- + i3 g .
— & -
m & — +* ]
@ Muon Id: Monte Carlo truth =+ =
E. Muon Id: Tag & Probe _:
=V Trig: Monte Carlo truth ATLAS .
;_‘ Trig: Tag,& Probe | L | _Z
-2 -1 0 1 2
n
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Detector Performance with Z Bosons

- identification of hadronic tau leptons T~ decay mode BR % |
« narrow hadronic jet ¢ VeV 17.85  leptonic
* 1 or 3 particle tracks £ Yt 17.36
P _ - T V; 10.91 hadronic ™)
* tau may look like hadronic jets from 70V, 2552 1-prong
guarks and gluons 2710, 9.27 72%
A n= 3"V, 1.04 |
P N K~ V; + Neutrals 1.57
~ ‘]-"K‘_g — TRV, 9.32  hadronic
i "\ LT natn v, 4.61  3-prong 3%
" Vs ,"9 ™ * K 7w n v, + Neutrals 0.48 - °
3 2 Qe Ty T T T T T T T T T T T T T T T T T
TAU JET "g_ . [JFake Taus expected |
@ 10 —Fake Taus estimated 5
« Z+jet — U+jet events help to estimate = SafeCaloLoose :
how often a jet is misidentified asatau @ q¢p -prong .
b . :
q ®) g g © g 9 ]
5 10° .
o) 7
E ]
-
< 10
10 20 30 40 50 60 70 80 90 100
q 0 g 0
Z [ E./GeV
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Detector Calibration with Z Bosons

) &L 10t | | | LR B B B
* reconstruct pairs of electrons and % - ATLAS ]
positrons in the detector 5 | PN ]
* measure the invariant mass of electron £ I V' |
H 3 Fd -i.- —
and positron M, 2 10 7 b, :
» the mass spectrum should peak at the Z - i e :
e L m
boson mass M, - ,.;:F" Z “"a;_-ﬁ §
: . . . A o
« line-shape modelled with Breit-Wigner 10° G E
distribution: B et ]
v by b by b by by by by by
Mz 80 82 84 86 88 90 92 94 096 98 100
BW (M) ~ — _ M... (GeV)
(M) (M2 —M2)2 +T2M* /M3
Integrated luminosity (pb™)
» use the Z mass constraint from LEP 0.014 prrrmrrr oo 20 S0 990 A0
M-=91.1875 GeV to calibrate the energy & 0‘0123_{_ ATLAS
scale of the calorimeter 001 E
: 0.008 =
 e.g. constant term of the energy resolution: oos * ]
140k Z—ee events needed to reach 0.2% TE . ]
0.004 — . -
N L ]
0.002 - L
0:...|...|,.,|...|...|...|...|...|...|..,l.:><103
0 20 40 60 80 100 120 140 160 180 200

Number of Z — ee events
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PHYSICS
AT THE

Detector Performance with First Physics Data 7

« tracking performance
using Kg mesons:

 calorimeter performance
with TT0—yy

peak value agrees with pion
mass to 1% (1.5 MeV)

resolution is 19 MeV ~ 2%

Minimum Bias Stream, Data 2009 {5=200 GeV)

3000

2000

1000k

360005 ATLAS Preliminary | Sobebe - bovey She s
E K2 Invariant Mass O [:atab. )

- 5000 C% all combinations

3 3 ® Data

4000 1 Simulation

LICJ cos(B) > 0.8, flight distance > 0.2 mm

Gauss (+poly) fit

L= 497.5+0.1 (stat) MeV
6= 8.2%0.1 (stat) MeV

PDG (2009) mKu = 497.614 + 0.024 MeV

_I 111 | | S I | | | S I | | 111 1 | | S S | | | I | | | I | | | S I |

4?00 500 550 600 650 700 750 800
Mz [MeV]
;- F T T T LI B L
% 6000 ATLAS preliminary =
o u .
— 50001~ =
& - .
£ 4000 —_
c N -
L - .
3000 —
- Cyata = 19 MeV 7
2000[- -
- —+—— Data .
1000H: —— Fitto data .
———  Mon diffractive minimum bias MC ]
A 'l L I L L L L I | | L L | | L L L | | 'l 'l A I 'l 'l L L I L L L Bl

00 100 200 300 400 500 600 700

Uncorrected m,, (MeV)
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A more detailed example: W production

— 2

« W boson production to lowest order: S

&)

HEFDATA
Databaszes

QeeZ=' 6400 GeVer?

—up CTEQEM
e down
upbar
_. downbar
strange
____ charm
bottom
—. gluon

_l",'

* quarks carry momentum fractions X, X, o
* the probability to find a parton i with a given
energy fraction x in a proton is given by the R
parton distribution function f,(x,Q?) : Y EG G 10 MRS

— 2 —1

10 10

III|III|III|III|III|II_]|

L]

* it is easy to calculate that the mass of the object produced (e.g. a W) is given by
Vi = \/T1Zo2 S8 Wwith s = centre-of-mass energy squared

Arno Straesser - Standard Model Electroweak Processes at LHC



A more detailed example: W production
° I . —~ 27T -
W boson‘ production to lowest order: S I -.
\ N X8 | Q2= 6400 Geves?
< P ) R o M
e - ceeee. upbar
B - d_ownbclr
4 b . charm
) bottom
re —. gluon
X
0.8 f—
0.6 f—
- quarks carry momentum fractions x,, X, o b
« the probability to find a parton i with a given i
energy fraction x in a proton is given by the ** [
parton distribution function f(x,Q?) ) S R = |

10 10 10

* it is easy to calculate that the mass of the object produced (e.g. a W) is given by

Vi = \/T1Zo2 S8 Wwith s = centre-of-mass energy squared
* the production cross section can then be written as

0i5(35)
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A more detailed example: W production
° I . —~ 27T -
W boson‘ production to lowest order: S I -.
\ N X8 | Q2= 6400 Geves?
< P ) R o M
e - ceeee. upbar
B - d_ownbclr
4 b . charm
) bottom
re —. gluon
X
0.8 f—
0.6 f—
- quarks carry momentum fractions x,, X, o b
« the probability to find a parton i with a given i
energy fraction x in a proton is given by the ** [
parton distribution function f(x,Q?) ) S R = |

10 10 10

* it is easy to calculate that the mass of the object produced (e.g. a W) is given by
Vs = /xr1xo s with s = centre-of-mass energy squared
 the production cross section can then be written as

g5 (5) 0(8 — r1x258)

Arno Straesser - Standard Model Electroweak Processes at LHC



A more detailed example: W production
° I . —~ 27T .
W boson‘ production to lowest order: S = |
\ - ‘:{/ 18 GH?:'-_ 6400 GCelesZ
< P ) ) Ot e
) e F L dnar
X2p2 - sirange
1.4 I ____ charm
Fry bottom
re —- gluon
X1P1 s
0=
0.6 u
* quarks carry momentum fractions X, X, oa [
* the probability to find a parton i with a given
energy fraction x in a proton is given by the ** [
parton distribution function f,(x,Q?) ) Y B e e T
107 10 10

* it is easy to calculate that the mass of the object produced (e.g. a W) is given by

V§ = v/T1xo s With s = centre-of-mass energy squared
* the production cross section can then be written as

g5 (5) / / fi(x1) f;(22)0(5 — x1225) dxy dza
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A more detailed example: W production
° I . —~ 27T .
W boson‘ production to lowest order: S = |
\ - ‘:{/ 18 GH?:'-_ 6400 GCelesZ
< P ) ) Ot e
) e F L dnar
X2p2 - sirange
1.4 I ____ charm
Fry bottom
re —- gluon
X1P1 s
0=
0.6 u
* quarks carry momentum fractions X, X, oa [
* the probability to find a parton i with a given
energy fraction x in a proton is given by the ** [
parton distribution function f,(x,Q?) ) Y B e e T
107 10 10

* it is easy to calculate that the mass of the object produced (e.g. a W) is given by

V§ = \/T1xo s With s = centre-of-mass energy squared
* the production cross section can then be written as

1 1
0:%: / i;(3) /O /O fil@) f;(22)0(3 — x1205) day drods

Arno Straesser - Standard Model Electroweak Processes at LHC



W production kinematics

« At hadron machines the scattering direction is usually given in terms of pseudo-rapidity

W
| n=0
p e : pT E
q, X, > PL 4, X2 6=90° /TI:O.BB
1 0 0=45°
n:—lnmz—lntan<—> _
2 |ﬁ| T pL 2 9=10n___._.---*n—244

0=0>—>1=°

* in a simplified picture x,, X, are related to the pseudorapidity of the boson with mass M:

M M
T s T s
« examples: =0  then x, = x,=0.01 for M=80.4 GeV and Vs=7 TeV

n =0.88 then x; =0.03 and x, = 0.005
n=3.0 thenx;=0.23 and x, =0.0006

« at different scattering directions, different regions of the parton distribution functions
are probed
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W differential cross-section

* If you assume that the W boson resonance has zero width (I',,=0) ° .}
0:i(3) = 0350 (5 — M?) M? o= oli-w)
one can perform the integrals easily and one obtains: 04}
do M? M M oz}

- — X ~ O . 6+77 . _6_77 : | | | |

drr] (pp ) Z () S f’L( \/g >f] ( \/g ) 00=76 78 80 82 84

@]

\@ [GeV]

« consequence: you can calculate the diff. cross-section by simply multiplying the pdf's
(and by summing over the possible intermediate states ij)

Qe2=" 6400 GeVes2
— up CTEQSEM
_.—_ down
upbar
_. downbar
strange
—.—— char
bottom
gluon

plots and numerical tables:

http://durpdg.dur.ac.uk/HEPDATA/PDF

try it yourself!

(works also for Higgs at LO, ...)
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W differential cross-section

do M2, M | M _
g P = X)~ 2;% fil e ™ ee™)
« example: w+d— Wt _
clut+d—=WhH=ca+d—W")=0ow
u+d— W~

 anti-u and anti-d pdf's are about the same (sea-quarks)
«atn=3.0 (x; =0.23, x, =0.0006)
— the u- and d-pdf differ by a factor of 2 (valence quarks)
— W™ production is enhanced with respect to W-
30000 LHC qq — W* = I'v b)
F 100 pb”’

25000

-
2 20000F
& e Accepted
E 10m0:_ . -_> -_V [

[z W - l vV CUT

5000
o : 1 1 1 | | 1 1 1 H l 1 | 1 ] | L L | | 1 1 L L 1 L | L
0 1 2 3 4 5 6

o pOSSIblllty to test/measure pd.InS M. Dittmar et al., Phys. Rev. D 56 (1997) 7284
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W+jet Production

* there are correction to the lowest order description, e.g. due to gluon radiation
« corrections are next-to-leading order (NLO) in ag or even NNLO, N3LO, ...
— W+jet production

500 T T | T T T T
a' g { LW
— 400 — —
. I
] 300 7
-
'_d =
g _ E 200 [— —
Ve < - ]
J q 7 © 100 ™= Vs = 14 TeV
' - M = My ._
g 4 L/ | | M/2 £ u §|2M |
W 0 1 _4 1 1 1 1 _2 1 1 1 1 0 1 1 1 1 2 1 1 1 1 4 1 1
Y
g _
Vi

* theoretical uncertainties are typically reduced when going to higher order calculations
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W and Z production cross-sections

W selection:

> T T T | T T T | T T T
010

* lepton p>25 GeV 9105 ATLAS

« E{Mss>25 GeV — neutrino g - 50 pbt

« W mass would be 3, |
o

My =~ \/EEEV(l —cosa(l,v))

but EV and angle can not be measured 4q+
— transverse mass: M;>40 GeV

My = \ [P (1 — cos Ag(ph., pipi™*))

——Wev,
----QCD
. —— W1V,
L, — Zee

107 E - A PP
. 0 20 40
Z selection: M., [GeV]
. >

lepton p>15 GeV 3500~ N

« 80<My<100 GeV S F -

. BOOO_ ATLAS 3

* isolated electrons and muons £ F 50 po” .
2500 I Extrapolated Backgrosd

- !Signal .

background at 10% level (QCD) 2000 B QCD MC stat (x50)

1500;— —i

stat. uncertainty ~ 1/YN will be very small ook E

systematics will dominate: - .

background uncertainties, luminosity and >00 ]
theory (PDF, gluon radiation, underlying 0072640 60 80 100 120 140 160 180 200

event,...)
Arno Straesser - Standard Model Electroweak Processes at LHC
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Measurement of M,,

* kinematics of the W —{v,decay — only the lepton is measured in the detector:

e

:>4{6 o1

e,M
lab frame o+ W rest frame
> € q

P P q q
- differential decay rate in the lab frame can be dN  2pr 1 dN
traced back to decay rate in rest frame: dpr - Mw MW 2 , dcosf*
 Jacobian factor is singular at pr = M,/2 — Mass peak in p; spectrum
% 7000:—‘ L L L L L L L L L L ‘—: % 7000:— rrprrTrTrTr T T T T T T T T T T T —:
GOOOi pT(W)=O, no smearing 7: O 6000i X ) =0, no smearing E
\é_), E ...... pT(W) # 0, no smearing E E’ E ...... pT(W) =0, no smearing E
\u; 5000:_ ——— pT(W)¢O, with smearing _: g 5000:_ ———— pT(W)atO, with smearing _:
= - ] Q - .
= 4000 — 4000} =
; 3000 1 830000 =
-g - ] = - ]
2 2000 - < 2000[ =
1000k:* = 1000f =
- ML 7 O
%0 55 60 90 100 110 120

* p; of W is non-zero — changes spectrum

p, [GeV] m; [GeV]

T _ \/prmzss — COS Agb(pT’pgrrmss»
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Measurement of M,,

fit spectra of lepton pr and My = \/peT pmiss (1 — cos Ad(ph., piniss)

lepton energy scale from Z events

adjust Monte Carlo samples with 5 25000 =
different M, to fit best to data spectrum ¢ [ * dam 1 -
[ 2000__ W template from Z best fit -

most sensitive region is upper edge 15001 -
of the Jacobian peak (~40 GeV) K .
1000/~ -

5001 -

Q6253035 40 45 50 55 80 65 70

p, [GeV]

statistical uncertainty in ~30 pbt is ~ 60 MeV in W—pv and W—ev channel
systematics: lepton energy scale 110 MeV and 200 MeV due to W recoil, pW

"warm-up" for the ultimate 15 MeV precision — 10-20 fb!
W mass precision today: 23 MeV (LEP+Tevatron)
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Couplings between Gauge Bosons

* non-abelian nature of SM predicts W+
— triple gauge boson couplings (TGC) v/Z

 coupling strength in the SM:

Owwy =€  Gwwz = € cot B, W+

« measure these couplings and test for anomalous contributions
« effective Lagrangian is used to model these (V= or Z):

L/ewwy =i @(W” WHVY — Wy WHVY) 4 il W W, VY 4

)LV
W, WivYe
MG, P

uv

* in the SM: g,Y=0,4=1 KY=k?4=1 AN =MN=0

« at LHC the di-boson decays to electrons and muons will be measured:

pp — ZW — U tv )

pp — WW — fv iv high p; leptons and photons

pp —>ZZ—-> WU ®vw > Zmass and transverse mass constraints
pp —>Zy —> 'y

pp — Wy - vy _
« anomalous couplings between ZZZ and ZZy are studied, too — do not exist in SM
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Gauge boson self-couplings

 high energy reach of LHC will help to improve the coupling measurements:

TGC from WW With PDF CTEQGM > 35 T T T T T T T T ] T T _+_ Mock data for 1.0 fb'1 int. lum
N & - ATLAS [ ] Background MC
S ' ——  Standard Model 2 30F [ ] SM WZ MC stacked on bkgd.
S N, 4 Aez=-01 > plalev. | AC WZ MC Ax,=0.15
S 0 £g,,=04 s 25~ 1 [ AC WZ MC %,=0.02
x A Ak =05 0 = ]
% 20 e ELE -
) - ? L.l .
© ] 15 T T
107 | 53 i _f
E E I L m 1 L [ 1 L 1 1 MI E
.| 14 TeV % 100 200 300 400 500
L R N R — R M, (WZ) / GeV
0 200 400 600 800 1000
ATLAS expectation: MWW )(GeV) compared to LEP:
w12 | | LEP Preliminary
—0.11b" R
—1.0fb?! 14 s e 95% c.l.
—10.0 fb" 1.05 _ __________ B 68%c.l
-1 B 3 i < 2d fit It
0 fb v = 1 ________%_____ ______________E __________ I resu
| 0.95 — ----------
T
Y SN R
1 1 L L Il 1 1 1 1 1 1 I 1 1 | X 1 1 1 1 L - 1 L1 L L .l-: 0-8 . . ‘ . . . . | . ‘ . | . .
-03 0.2 0.1 -0 0.1 0.2 0.3 0.4 -0.1 0 0.1
sz - AK‘_{ LEP clvarggeet TR Comvie tin 3100 3 K



Weak Mixing Angle at the LHC

» Z boson production at LHC is the "inverse" of the LEP process

LHC: ¢ — Z/~v* — ete™ LEP: efe™ = Z/v" = qq
f
* in the Z rest frame: f
measurement of forward-backward ¢ > 6 f ¢ > & f
asymmetry Nr — Np
B — re 1] 1]
"% Np + Np I “forward" f backward
* A depends on Z-to-fermion couplings 1 e oo wmr et ’
App = Arp(cl, ) = App(sin® 6,) [T f

— precise measurement of sinZ0,,
dsin20, =1.610* £

05 — 0 PLUTO , {}

SMy, /My, = 2.8+10 <0 }*H}ﬁ% [
SM,/M, = 0.2410 i | [ aesinn [y« yon(
0.5 - W o[+ 2 e g
— testihe Siandard Model : -
MW ] =glgl s =Q"g] (s-M)
P = My cosfn 1 4+ Ap(rad. corr.) 1 ; 5 o o
Vs [GeV]
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Weak Mixing Angle Measurement

 LEP was a e+e- collider with symmetric beam energies e-
« automatically in Z rest frame 5 & 6 T
» quark-quark system at LHC has varying longitudinal
momentum — depends on share between x; and x,

></, q 34 q
g \ a N

 atrick has to be done: we know the Z decays to e+e-
— the reference direction is the bi-section between e+ and e-
— go into the e+e- rest frame = Z boson rest frame r

"Collins-

-=——7/Z Soper
] frame"

les

4000

= F Amas T E
._53500;— =
3000/ — * good enough approximation to measure
2500 = the asymmetry
= —— $$ = . 2 f
2000; . e E AFB — b(a — S1n Geff)
1500— —&— —— ]
1000} e e 1« LHC expects a precision of dsin?6,, = 310
s00F- 1+ 100 fb'! and includes forward detectors

compare to LEP: &sin?0,,= 1.6-104

Il Il Il ‘ Il Il 1 | 1 Il Il
06 08 1
cos(e¥)

0

Ak
4

=]
)
(=)
o
(=]
=y
L
o
N
o
(=)
V)
o
=
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Summary of LHC Electroweak Measurements

 production cross-sections of W and Z boson
* W mass with 15 MeV ultimate precision

« di-boson production WW, WZ, ZZ, ...
» triple gauge boson couplings to precision beyond Ak/AANAg,=0.01

 perform a new measurement of the weak mixing angle
« 8sin?0,, = 3+104 and maybe better
* need a very good understanding of the ATLAS and CMS detectors
« known electro-weak processes are a main reference
* need a well-performing LHC machine to deliver good data
« we know that the Standard Model is just an effective theory which will

need extensions at very high energies
« keep your eyes open when looking at invariant mass spectra, etc.
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A Quick Look into the Future: the ILC

* International Linear Collider

Electrons Detectors Electron source Positrons
Undulator

e+e- machine
) 500 GeV centre-of-mass energy
mm-——- luminosity 2x1034 cm= s1
; polarization e- 80% e+ 30% (60%)
S Beam delivery system L=500 fbt in 4 years

Main Linac Damping Rinas Main Linac

 detectors better than at LEP: jet measurement, e.m. calorimetry, tracking

* mainly for
* studying SUSY physics
» measuring Higgs boson properties

e and...

* very precise top mass determination— top-pair threshold scan Am, = 100 MeV
* further improved TGC measurements

« more precise measurement of sin’6, — GigaZ option at Z peak energies
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Backup for Further Questions
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ATLAS Detectors at Start-up

Pixels a0 M 97.9%
SCT Silicon Strips 6.3 M 99.3%
TRT Transition Radiation Tracker 350 k 98.2%
LAr EM Calorimeter 170 k 98.8%
Tile calorimeter 9800 99.2%
Hadronic endcap LAr calorimeter 5600 98.9%
Forward LAr calorimeter 3500 100%
MDT Muon Drift Tubes 350 k 99.7%
CSC Cathode Strip Chambers 31k 98.4%
RPC Barrel Muon Trigger 370 k 98.5%
TGC Endcap Muon Trigger 320 k 99.4%
LVL1 Calo trigger 7160 99.8%

Presented by J. Kanzaki at KEK in Feb. 19, 2010
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Fermion-Boson Couplings

 couplings of fermions to gauge bosons f ft
1 v/Z W
— 10~ Mo TP
ZQQ(CVV caT*y?) AN\ AN
* coupling to Z-bosons involves 6, B B
f f
¥ W Z
cv | 2Q | T5 ==%3,0 | T5 —2Qsin” b,
CA 0 Tg TS
| W Z
g | € | \/§sin60w | 9z = sin HWGCOSOw
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Cross-sections at LHC

LO cross sections in pb, inclusive

Ecm[Te {?Tenn Ratio

pt:»mﬂ ey 3 2E+05|6.8E+05| 1. 4E+06| 6 4E+07

Z incl 25E+04| 3.6E+04| 5.7E+04| 5. 0E+06| 04

W incl 9.5E+04| 14E+05| 2.1E+05| 19E+07| 0.5

ttbar 84E+01(2.2E+02| 4 8E+02| 1.7E+04| 0.2

Hy150 Gev) 40 8.2 16.0 |[(80E+02| 0.3
no branching ratios included !  G. Dissertori
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Particle Identification

« combined performance is important

Electrons ++ +++ + - -
Photons + +++ + _ i
Muons +(+) + + +++ (+)
Taus ++ ++ ++ ++ ++
B-Jets ++ + + + +++
Jets + +++ +++ (+) -
Missing E; + +++ +++ + -

K. Desch
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