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Brief Notes on the

Electroweak Theory




The Electroweak Lagrangian

Gauge group SU(Q)L X U(l)y Coupling constants g and g’
Gauge bosons W1, W2, W3 and B,
Physical boson fields after SSB A, (photon) and W* , W-,, Z, (weak bosons)

Weinberg’s mixing angle  tan QW — g’/g Electriccharge € = ( Sin QW

The Electroweak Lagrangian density after SSB

EEWK — Egauge
+ LEwsB
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The Gauge Sector
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ig cosOy [ (W™ ,,WH —W*T W) 2V + Z,, WHHrW™" ] ZWW
ig sinfy, [ (W™ ,WH-—W*, W) A" + F,WHW~" ] yWw
9> cos® Oy | Z, 2, W WY — Z, ZF W~ ,WT" | ZZWW
g° sin® 0y [ AJA, W HW Y — A AP W W] YYWW
g° cos Oy sin By, [ (Z,A,+Z2,A,) W HW Y — 9 Z, A" w-, Wt } YZWW

2
SW LW, [ W W] WWWW

Tree-level triple and quartic gauge couplings
are central predictions of the Electroweak theory



The Gauge Sector
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Clear observation of triple gauge couplings at LEP-2



The Higgs Sector

Lewss = (Duo)' (DF¢) — M[(¢7¢)? — 0?07 ]

— %c‘%h oMh — ;m h? Higgs boson kinetic and mass terms
+ mLWo W 4 %mQZ zZ" electroweak boson mass terms
ZmWW W“"h—i——ZZ AZ _WW W*“hQ—I——ZZ ASY
’U V2 202
e m (e ni) oo boen

of the Higgs boson

EYukawa — Z (Fuj @Lguﬁ% + Fdj @Lgbdljﬁ.) + Z FE ﬁL¢€R + h. c.
J ¢
m fermion mass terms and
— Z (mf ff+ =L ffh) couplings of the Higgs boson
v
f

to fermions I
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Electroweak Relations

@ electroweak boson masses

v = 246 GeV

qgu . qu is the vacuum

My = — and Mz = o5 tati lue (VEV
2 2 cos By, expectation value ( )

of the Higgs field

@ electroweak relation between electroweak bosons masses

2

_ mW . 2 mW
= = 1 (at tree-level define =1

P m?2 cos? 0, ( vel) oW m?2

@ three parameters of the electroweak theory are precisely measured

the Fermi constant Gr=1.16637(1) x 107> GeV~*

4
the QED fine structure constant o (m%) = 128.940(5) g = S;O;C;ED
the mass of the Z boson M, = 91.1875 £ 0.0021 GeV -

@ link with the Fermi theory

Qopp = \/_GFm sin? 0, ’ me,

T QD

V2G -

1/2
) ~ 38.433 GeV
sin 9



Radiative Corrections

Electroweak radiative corrections

physical 372 — 1n2 (14 Ar),

quantities

/W Z/W ZIW Z/\W

the three electroweak radiative
correction parameters
are of the order of the percent
and involve contributions
from top quark
and Higgs boson loops
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Ax2
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@ Precision measurements of m,, and m,,, are crucial for testing the EW theory
- a 1 GeV shift on m,, translates into a 10 GeV shift on my,



The Lepton Sector

left-handed doublets right-handed singlets

1 % 1
¢ = — — D ¢ = — 5
LL_2(1 7)(3> ER_2(1+7)€

three families
Ekin—leptonszz iﬁL’Y‘uD,uLi + 'L'ZR’Y'UD,LLBR
‘
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The QuarkSector

left-handed doublets right-handed singlets
1 5 U 1 1
Q3L=§(1_7 ) (dj) uiji(l—F’yS)uj d;RE§(1+’}/5)d;

Ekin-quarks :Z i@L"YHIDMQjL = Z.HJR'-}/“D#UJ'R + iajB7#DMde
J
Al - 2 — u 1< 4
= suy'o,u+idy"o,d + 3¢ ud, — zged'y dA,

g =1 _ _
+ m { dVCKl\'ITf)/‘UJ(l - ’YS)UW an u’Y'u(l - VS)VCKMd W+,u ]

[ 9 1 2
g [ osin’ W (LU (4 - Ssin 6y ) By '75)“] Zu
w L
9| L2e, @44 L Lo @0 | 2
+ Y §SHl W ’}/( —I—’Y) —|—(—§‘|—§Sln W) ’7( _’7) p

The CKM matrix Vs (complex unitary 3x3 matrix: 4 real parameters ) links source of
flavor and mass eigenstates of down-type quarks CP violation

in the SM
d’=Veyu d
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Couplings of the Z boson

Feynman rules at tree level

vertex function at the Zff vertex
- - ~1/2 F. 1 5 5 . 1/2 p. 1t 5
Visg= —1C 2 [Re(U+°) + L1 =) ] f = i C2 v [ vy —apy° | f

2 v =17 —2Qsin® Oy
with O = + and ! ] '2 g !
'—1 COs~ 9'”' (1’; — _["T
Vector and Axial-Vector couplings of the Z boson to fermions sin? Oy = 0.2312
Fermion vp = Tj'? —2Q sin® Ow ay = T? Ly Ry fu? + (Lfc
Ve, Uy, Vs 1/2 1/2 1/2 0 1/2
e, b, T — 1/2 + 2 sin® 0w ~ —0.038 —1/2 ~ —0.269 ~ 4+0.231 ~ (0.251
u, ¢, t 1/2 — 4/3 sin? By ~ +0.192 1/2 ~ +0.346 ~ —0.154 ~ (.287
d, s, b — 1/2 4+ 2/3 sin® fw ~ —0.346 —1/2 ~ —0.423 ~ 4+0.077 ~ 0.370
. . -0.032 —————————————
Effective couplings Leptons]
gvr =P (T}3 — 2Q sin? 6:7) -0.035 1 .
gaf =P Tj? S |
0.038 s
. 2 Gvrg forward-backward 3 iy ]
left rlq[ht Af _ Qvf Af g asymmetry A% ]J; =" AA f Y _ ]
asymmetry gvi~+ gaf at the Z pole 4 o044t ___88wCL
(in ete- collisions) -0.503 -0.502 -0.501 -0.5

/N
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The Standard Model

The Standard Model
@ a very predictive model

@ 17 parameters (masses, couplings, CKM)

all measured experimentally

@ prediction of the top quark mass

@ constraints on the Higgs boson mass

05

Q||

04

0.1

Strong coupling constant

March. 2012

v T decays (N>LO)

® Lattice QCD (NNLO)

a DIS jets (NLO)

Il‘l"‘-. 8 Heavy Quarkonia (NLO)

\ o e'e jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)

N pp —> jets (NLO)

QCD: a,(m,)= 0.1185 + 0.0007

10 Q [GeV] 100

Measurement Fit  |O™=_Oft|/gme=

0

1

2

3

m,, [GeV]
T, [GeV]
Gpa INb]
I:1I

AL

A(SLD)

m,, [GeV]
Iy [GeV]
m, [GeV]

91.1875£0.0021 91.1874
24952 + 0.0023 2.4965
41.540 + 0.037 41.481
20.767 £ 0.025 20.739

0.01714 £0.00095 0.01642

0.21629 £ 0.00066 0.21562
0.1721 £ 0.0030 0.1723
0.0992 + 0.0016 0.1037
0.0707 + 0.0035 0.0742

0.923 £ 0.020 0.935
0.670 £ 0.027 0.668
0.1513 + 0.0021 0.1480

1
—
80.425 £ 0.034 80.389 r
"

2.133 £ 0.069 2.093
178.0 4.3 178.5
-
Electroweak fit

1

12



The Top Quark

The top quark ¢ 240
@ is the SU(2), partner of the bottom quark b 200 | b
- third generation of quarks ’ 1 ki _B]
- weak isospin +2 member of doublet (Y=1/6) 3).} 160 | lﬂ? i f 1 * '{ ?
- color triplet with electric charge +2/3e % ool ]
@ is the heaviest known fundamental particle s | Electroweak fit i
mtop ~ 174 Gev = 80 zi[r;cht searches pp B
- 40 times heavier than the bottom quark! ot 1 Do o ]
@ is the only quark with “natural” mass 5 ¥ fevatren combinatien *
- Yukawa coupling to the Higgs field close to 1 0 o0 iess 2000 oos 3010
Meoy, = YU/ V2~ 174 GeV = yr ~ 1 vear
prediction of the top quark mass
(this suggests that the top quark plays a special role in and discovery

the spontaneous breaking of the electroweak symmetry)
- the top quark coupling to the Higgs field is much stronger than
that of any other fermion. It is involved in the main production mode
of the Higgs boson at the LHC (gluon fusion) and in its decay to photons

@ decays almost exclusively ast —» b W*

3 4 6
o m;, ms, me. ~1.
F(t_>bm/+): : H/;b‘Q _top |1 _ g™ 4+ 9 W 1.5 GeV
1652, " m3, mé mS, (> Aqcp)

@ is the only quark that decays before it has time to hadronize
- top decay time: ~5 x1072%s ; typical hadronization time: ~2 x1024s
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LHC Runnin

2010 2011 2012

2010111/05 08.33 LHC 2011 RUN (3.5 TeV/beam) LHC 2012 RUN (4 TeV/beam)
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LHC 2010 RUN (3.5 TeV/beam) 45 : T T : T . : - 70 : ' . . .
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§ 225 & LHeh ~ 800 o wop % ?@ 1
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50 pb' at 7 TeV 5fb'at7TeV > 14 fb' at 8 TeV

instantaneous luminosity unit
103 cm2 s =1 Hz/nb http://lpc.web.cern‘
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LHC Running

@ In 2010, ~ 50 pb-/ exp. at 7 TeV

many electroweak measurements
are using data corresponding to ~40 pb"
with clean conditions
at the end of the run: L ~ 2 x1032 cm-2s-"

@ In 2011, ~6 fb'/exp. at 7 TeV

x 130 in integrated luminosity
with respect to 2010!
instantaneous luminosity increase by steps
(number of bunches, 3*, emittance...)
from L ~ 2 x10%2 cm=s' to L ~4 x1033 cm-2s™!
x 20 in peak luminosity
with respect to 2010!

@ In 2012, already 14 fb-'/exp. at 8 TeV

already x 2 in integrated luminosity
with respect to 2011
steady instantaneous luminosity
in the range L = 6-7 x1033 cm?s-'
X 1.5 in peak luminosity
with respect to the end of 2011
expect between 20 and 30 fb-1/exp.

at the end of the run

2009
2010
2011

Total Integrated Luminosity (fb ™)

16‘ 2010, Vs = 7 TeV 16
2 2012, (s =8 TeV
145

12

10

CMS Total Integrated Luminosity, p-p

2011, \s=7 TeV

14

12

10

[2012|

2013
2014
2015
2016
2017
2018
2019
2020

2021

2022
2023

2030

02/05 02/07 01/09
Time in year

i LHC Long-Term
Start-up Vs,, = 900 GeV and 2.6 TeV Perspectives
Vs,, =7 TeV £ =102 cm?s
L e o ~ 20 fb1/ exp.
Vsp=8TeV  r=s5xi®amzst | —

Rising up to nominal V's,, and nominal luminosity

£=5x10% cm2s1 ]
B \/spp =13-14TeV - ~ 50fb1/ exp.

£ ~10%* cm?st ]
Upgrades « PHASE I » — LHC Injection + detectors

T Vspp = 14 TeV — ~ 300 fb1/ exp.

L ~2x 103 cm3st

Upgrades « PHASE II » — sLHC + Crab cavities + detectors
VSy, =14 TeV  Luminosity Levelling - 3000 fb1/ exp.
£ ~5x10** am?s?
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LHC Experiments




Weight : 7000 t
Diameter : 25 m
Length: 44 m

Solenoid: 2 Tesla, Toroid: 3-8 T.m

Toroidal magnets Central solenoid

Muon detectors

Inner tracker
Silicon

TRT

EM calorimeter

Hadron calorimeters
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Liquid Argon Calorimeter
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CMS

Super-conducting
solenoid

Calorimeters
HCAL

Flux return

HF

Silicon tracker calorimeter

Weight : 12500 t
Diameter : 15 m

Length: 20 m Muon system
B field: 3.8 Tesla




CMS ..

tracker

Electromagnetic
calorimeter
ECAL

Hadronic
calorimeter
HCAL

Super-conducting
solenoid

Flux return
and
muon system







LHCDb

VELO Tracking system  Calorimeters Muon system

collision




Measurements extended up to [n(u)|=4.9




Inner qnd outer tracker
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Muon Spectrometers

ATLAS

Drift tubes (MDT)

I.\i\.lllllll'llllllll

o~ [T,

! Drift tubes (DT) |

{

End cap
Toroid

-1 Radiation shield

na
B
[
4% ]
i)
(]
o
—
(=]
.
—_
[{s]
—_
]
[as]
[e]
B -
(]
I
I\)—\l.'
B
(=]
@w
=

ATLAS and CMS muon spectrometers use similar technologies:
Drift Tubes for precision position measurements
Resistive Plate Chambers for fast triggering
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ATLAS and CMS

AT LA S ATLAS CMS C M S

ATLAS A Toroidal LHC Apparatus + Silicon pixels + strips * Silicon pixels + strips CMS Compact Muon Solenoid
INNER TRACKER * TRT with particle identification * No dedicated particle identification
*B=2T «B=38T
* o(p;) ~3.8% (at 1Uq\GeV. n=0) *olp;) ~ 1.5% (at 100 GeV, n =0)
* Solenoid + Air-core muon toroids * Solenoid
MAGNETS * Calorimeters outside field * Calorimeters inside field
* 4 magnels * 1 magnet
* Pb / Liquid argon accordion * PbWOQ, scintillation crystals

* o(E) ~ 10-12%/VE ©0.2-0.35% | * o(E) ~ 3-5.5%/VE ©0.5%
» Uniform longitudinal segmentation | * No longitudinal segmentation
« Saturation at ~ 3 TeV « Saturation at 1.7 TeV |

EM CALORIMETER

* Fe / Scint. & Cu-liquid argon * Brass / scintillator
» o(E) ~ 45%/ YE @©1.3% (Barrel) | * ofE) ~ 100%/ VE & 8% (Barrel)

HAD CALORIMETER

* Monitored drift tubes + CSC (fwd) * Drift tubes + CSC (fwd)

4 magnets MUON - o(p;) ~10.5/10.4% (1 TeV, 1 = 0) | * o{p,) ~ 13/ 4.5% (1 TeV, 1 = 0) 1 magnet
Three SC air toroids (standalone / combined with tracker) | (standalone / combined with tracker) 3.8T solenoid
An inner 2T solenoid Ann.Rev.Nucl.Part.Sci.56:375-440,2006.

Relevant for electroweak and top physics

o/p; (tracker) ~ 3.8 x 104 p; © 0.001 o/p; (tracker) ~ 1.5 x 10 p; @ 0.005
o/E (EM cal) ~10%/NE(GeV) @ 0.3%  o/E (EM cal) ~ 3%/NE(GeV) & 0.5%
o/E (HA cal) ~ 50%/VE(GeV) & 3% o/E (HA cal) ~100%/E(GeV) & 8%

__
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ATLAS & CMS: Calorimetry

S g . 1 o7 1 a s aLl% 2 (7 1.59
O 6l e 28% mnam 0251 30BN oMs: 84% g 79
= \ CMS: —F ©03% 0 "B 1 " A% " VE o
E. v L 1 i \“""ﬂ
= \ %'
g 4 \ . 20 \\\ h Y
o 3 15 \
% "
= ol 10 -
E s '-.n,__H \.._H ______________
2 . S : 5 m_k__‘_‘%‘_&_%_
- i e —— ]
2 5 10 100 1000 10 100 1000

Energy (GeV)

@ CMS ECAL has superior energy resolution, but its calibration is subtle
@ ATLAS EMC has excellent uniformity and linearity, plus longitudinal shower sampling

@ ATLAS has good hadron calorimetry, for jet and missing ET measurements
@ CMS compensates relatively mediocre hadron calorimetry by energy flow techniques
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Basics Objects

for
Electroweak and Top
Physics Analysis




Triggering

@ 2010, single-lepton (e and p) triggers for W and Z analyses

- electrons at L1: E; > 5 or 8 GeV
- muons at L1: p; > 7 GeV

- HLT thresholds up to p;> 17 GeV, below typical offline cut of 20 GeV

- e+t trigger for the Z — 1t analysis

trigger paths
Iy |y
mJy
B, -
Y By
i low p_double muon
high P; double muon

2011 Run, L= 1.1 fb”
CMS Vs=7TeV

Events per 10 MeV
—
L=

3
10 7
10?

10

10!

1 10 10°

dimuon mass [GeV]

@ 2011, single-lepton triggers
- higher and higher p; thresholds!
- stringent identification and isolation
criteria on electrons at HLT level

@ 2011, lepton+«object» triggers

- lepton+central-jet, lepton+MET, etc.

@ 2011, double-lepton triggers

- thresholds typically 8, 13 GeV (muons)
- thresholds typically 8, 17 GeV (electrons)

trigger is a major issue
for inclusive W analyses in 2011-2012
especially in the electron channel
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Physics Objects

Om
Key:
Muon
Electron

Hadron (e.q. Pion)
----- Photon

3 Electromagnetic
}:l ] '] Calorimeter

Hadron
Calorimeter

Transverse slice
through CMS

Superconducting
Solenoid

Iron return yoke interspersed
with Muon chambers

32




Muons from W and 2

typically pr > 20 GeV and |n|<2.4 tracker hits
x10° cms - x1d® : — =7‘T:VMS
° ATLAS gzof o EBO
- standalone reconstruction 0 w l
in muon spectrometer N o )

- calorimeter muon number of tracker hits number of pixel hits
inner detector track associated with MIP deposit

. hits in the muon system
- combined muon

e cMs 10’ cums
12 '36pb% at\s=7TeV

refit of the entire track taking into account ’ o Eee
energy losses in calorimeters i, ::
typical pT resolution for EWK studies is 3% of .
@ CMS : 1w ,
- inner tracking (3.8 T B-field) - e e e
typical pT resolution for EWK studies is 1.5%
- match with muon spectrometer track fit quality and impact parameter
- quality criteria e ereertiTyts N NRTERTPIRTRTIOT. o
number of hits, track fit, impact parameter, etc. m
@ Charge mis-assignment negligible .
measured from cosmic rays 2 of ,W“WH*' b
O e I SR,
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Electrons from W and Z

typically pr > 25 GeV and |n| <2.5

Q

Excellent energy resolution
- typical energy resolution in EM Calorimeter for
electrons in electroweak studies is 1-3%
Special electron tracking

- Gaussian Sum Filter (GSF): fitting technique that
accounts for possible Bremsstrahlung emission
in tracker silicon and support structure
- provides a way to assess electron track quality
(fraction of energy lost along trajectory)
- good track-cluster matching
Charge assighnment

- several charge determination methods
- typical mis-assignment ~0.1-1%
Identification

- based on cluster shape and track matching
- ATLAS: shower sampling + pointing capabilities
- ATLAS: use of TRT for pion rejection
- CMS: relative isolation in tracker, ECAL and HCAL
AR=V(A@2+An?) < 0.3 and H/E
- several working points with tabulated efficiency/purity
(typically: loose, medium, tight)

-

number of events / 0.0006

-
2

o
o

/0.005

Entries

=]
[=

- -
=) =)
T w
-| il

=
=]
T

CMS: cluster shape in n and ¢

o]
T

MS

L} T T
l 36pb” at\s =7 TeV
L

=)
™
—
-
QL
T

<
2

% -y % e
LR e e e

-
=)
.y
{/.

&

number of events / 0.0006

=y

0.01 0.02 0.03 0.04 0.05

0.005 0.01 0.015 0.02 0.025 0.03 17
[

1600 ATLAS Preliminary

1400/ Data 2010, \5=7 TeV, [Ldt=40 pb" ratio
r Z—ee 1
12000, Data E 3X7
1000~ [JG4.9.2 B |
t []G4.9.4, new geo. 1 over
800 |
600+

400-
200+

_ <7

T T
lasph" atys=7 TeV

0.06
G
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CMS: Particle-Flow

" CMS has

: ” gﬁ':ttrs @ excellent tracker resolution
Sl T HHM> down to momenta of 100 MeV
B @ high EM calorimeter granularity
I_-""_.*pi L ECAL small Moliére radius of PbWO,
. Clus

HCAL energy resolution is mediocre
but, in multijet events, only ~10% of the energy
is carried out by neutral stable hadrons

charged
hadrons

oo |

due to large tracker volume
and high magnetic field (3.8 T), . CMS Preliminary 2010,y5=7 TeV, 36 pb’

charged particles get separated 2 1400f oM Preiiminary 2010 2 [ rorwee |
. . o | | imulation, = L L
in calorimeters & voool Bt *  7-TeVdata, 7.5 nb", PF | £ | _g_::ﬁz’ﬁfj:i g
-5 1000: | ) 3112|:::1T:,.:::h", calo "': | --- TaNC, QCDu
- C T H ! —&- HPS, W+jet
. . . 8 H ' ® --- HPS, QCDy
Particle Flow algorithm in CMS £ g1o'F E
. . 600 - [
SpeCtaCUIar ImprOVGment In e i Mini;rnurn@iaseventsf ;
¢ jetenergy and angular resolution 00l 5
@ jet composition o . S 3
. . 0 01 02 03 04 05 06 07 08 0.9 E | | | |
@ MET resolution and angular resolution EMYSE, o1 02 03 04 05 06
@ tau reconstruction and identification cxpeced © culency
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Number of jets / 0.96

Jets and B Tagging

Jets W/Z and top analyses
@ jets clustered from
- calorimeter towers (ATLAS)

- lists of Particle Flow candidates (CMS)

@ anti-kT jet algorithm with

- AR<0.4 and AR < 0.6 (ATLAS)

- AR < 0.5 (CMS)
@ typical scale uncertainty is <3%

@ typical jet energy resolution is 10-15%

Untuned simulation & jet flavor fractions

1wt
1 ATLAS Preliminary
7 —
10 J. Ldt = 330pb Pythia Dijet MC : light jets
Pythia Dijet MC : c jets
108 mmm Pythia Dijet MC : b jets

® data 2011

10° High-performance tagger:
IP3D+SVA

10 20 30 40
IP3D+SV1 weight

0.12 T T T T T LB s s e |
Anti-k, =06, EM+JES, 0.3< | | <0.8, Data 2010 + Monte Carlo QCD jets

ALPGEN + Herwig + Jimmy v Noise Thresholds 4
JES calibration non-closure +  PYTHIAPerugia2010 7|
Single particle (calorimeter) = Additional dead material-|
0.08 [T Total JES uncertainty
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B tagging for W/Z and top analyses

o

several different algorithms to identify
the presence of long-lived B-particles in the jet
- 3D impact parameter
- track counting
(above some impact parameter threshold)
- secondary vertex finding
use of sophisticated multivariate discriminants
define working points wither based on
efficiency or purity
proven performances based on data studies
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number of vertices: effect of in-time pile-up

~ 2x1033

0.1—

~ 5x1033

0.06

~ 8x1033

0.04

0.02

Other concerns
@ off-time pile-up
@ multi-parton interactions

Pile-up events affect

@ jet energy

@ missing transverse energy
@ isolation variables

The two Z
candidates
in this event
are...

5 cm apart!
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Coping with High Pile-up

S 80Z s oo energy corrections for isolation and jets
= E nline Luminosity 3
8 7z I:IvE:BwV\ldt:mfb‘<u>=195_; = 105 e ‘ e
% 605 = V‘§=7Te‘\/‘~“Ldt=5-2\2fb'1, o 91 = °‘; 1005 ATLAS Preliminary Data 2011 JLdtz4.7 b =
2 & TS 3 N N R PR 3
E f g T to3
e = o 904 & 4 & 3 & i & & 5 N I —
B = S = Py B
§ ] g 855_ 5o 3 i =
i ] £ 8- =
] B 755 =
%5 10 15 20 25 30 35 40 g 1= Loose++ Medium++ Tights+ =
Mean Number of Interactions per Crossin o 65 E ® 2012 selection 4 2012 selection 2012 selection =
P 9 w ; o 2011 selection o 2011 selection 2011 selection ;
2774 "6 T8 10 2 14 16 18 20
Q already in 2011 and 2012 Number of reconstructed primary vertices
LHC design values
are exceeded in terms 4 008
of instantaneous luminosity 3 1004 s il B g
B 1.003 e e
@ both ATLAS and CMS are able $ 1002
. : 2 1.001] i —
to cope with the very high level S Ty e
of pile-up for osmof |+ +
- jet energy corrections i e
o o o ' ata Ns=8 TeV, =
- isolation variables 096 aras pimnay 5
(not so well for missing transverse energy) | e T T o T s T4
o o . . Average interactions per bunch crossing
@ precision W physics requires — - .
special low luminosity runs lepton selection insensitive to pile-up
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Weak Boson Production

at the LHC




Physics with W & Z Bosons

W and Z Bosons

@ discovered and first studied by UA1 and UA2 at the CERN SppS in the 80’s
@ Z boson studied in great details at LEP-1 and SLC

@ many measurements on the W & Z bosons at LEP-2 and the Tevatron

Interest for the W and Z physics at the LHC?
@ tests electroweak interactions with more SM precision measurements

- left/right couplings of quarks (including light quarks) and leptons

- probe (anomalous?) gauge couplings

- test unitarity of gauge interactions at high energy
@ precision measurements of the W boson mass

- related to the top quark and Higgs boson mass through radiative corrections
@ interplay with strong interactions (QCD)

- W and Z as probes of the parton densities (PDFs)

- tests of QCD models in associated W and Z productions with jets
@ the W and Z as Standard Candles

- exploit leptonic final states (including tau channels) for trigger,

calibration, alignment, energy scale, luminosity monitoring, etc.
@ W and Z processes are backgrounds for many processes
(top pair and single top production, Higgs and SUSY, LED,
new gauge bosons, new strong interactions)
- it is essential to master SM processes before claiming any discovery
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W/Z Production and Detection

@ Main production via quark-antiquark annihilation
@ Detection via leptonic decays

proton
n*

proton

W signature Z signature
@ high-p; isolated lepton @ two high-p; isolated lepton
@ missing transverse energy Emss with same flavor (e,u) & opposite sign

42



W Candidate
") j> ' ' g . ' ‘ Run Number: 152409, Event Number: 5966801
“\?}' o D5 201004705 06:54:50 CEST _
i _

&
2 EXPERIMENT

W-ev candidate in

7 TeV collisions

p,(e+) =34 GeV
ne+)= -042
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W — ev Candidate

CMS Experiment at LHC, CERN
Run 133874, Event 21466935
Lumi section: 301

Sat Apr 24 2010, 05:19:21 CEST

Solenold

CMS

Campact Muon

Electron p;=35.6 GeV/c
ME+ = 36.9 GeV
M:=71.1 GeV/c?2
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W — pv Candidate

W->pv candidate in 7 TeV collisionsg

I

Run Number: 152221, Event Number: 383185
Date: 2010-04-01 00:31:22 CEST
PT(u+) = 29 GeV, n = 0.66
ETmis = 24 GeV

MT =53 GeV
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r W — uv Candidate

o .| CMS Experiment at LHC, CERN

CiMb !| Run 133875, Event 1228182 ‘
T “ i Lumi section: 16

Sat Apr 24 2010, 09:08:46 CEST +

= - 'E‘.ommm

Muon p;=38.7 GeV/c
ME = 37.9 GeV
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ATLAS

EXPERIMENT

Z —> ee Candidate

15 E; (GeV)

Run Number: 154817, Event Number: 968871
Date: 2010-05-09 09:41:40 CEST

M_=89 GeV
Z»ee candidate in 7 TeV collisions

ET (e7)= 45GeV
n (e7)=0.21

E; (et) = 40 GeV
n (e*) = -0.38
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Z —> ee Candidate

electron
T = 30. V
I _ \p 30.3 GeV/c CMS

NS

CMS Experiment at the LHC, CERN
Sunday May 23, 2010
Run 136082, Event 16661494

Z Candidate
M =93.4 GeV/c?

electron
positron = = [

pT =28.2 GeV/c

S TN

positron




Z — uu Candidate

XY view

Z->nu candidate in 7 TeV collisions
Run Number:154822, Event Number: 14321500

Z: Minv=87 GeV, Pt=26 GeV

Pt(u+) =45 GeV, n=2.2

Ptln- ) =27 GeV, 1=0.7
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Z — uu Candidate

.| CMS Experiment at LHC, CERN
CMS Run 136087 Event 39967482
- Lumi section: 314
o/ . | Mon May 24 2010, 15:31:58 CEST

- R | e

Compact Muon Solen

Muon p=27.3, 20.5 GeV/c
Inv. mass = 85.5 GeV/c?
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Electroweak Bosons in LHCDb

Run: 74867 Next

Evt: 14510474

Run: 71863
Evt: 121202289

0.5 0
Minimum Pt (GeV)

1 0.5 0 L 1 " |
Minlamm Pt (GeV) 3 4 [

1 2 3 4 L
Transverse Energy (GeV) Pseudorapidity Range

T
0 5 10 15 20

4 5
Transverse Energy (GeV) Pseudorapidity Range
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25000 - Statistical errors only

- MC normalised to data
20000f

- 1
15000:_ JLdl: 1.02fb

Experimental Methods

b4
—

T T

70

T

—T T T T T
e data 2011

[ Z-+ee(Alpgen)
[ QCD (template)

CIW-=rtv
W -ev
B 1 7+ single
EzZ-rt

[ Dibosons

derived from

Electron smearing

T
Ns=7TeV) ]

top

data

!1]l]lJllIlllJllIl!lJlJlJllJl

100

110

Mg, [GeV]

L L L L L L L L L B

ATLAS Preliminary e data2011 fs=7TeV)
[ W — v (Alpgen) —

50

60

70

80

ILdI -1.02f"

90

[ QCD ({template)
Zpp

COw-ow

I 1 + single top

EZow

[ Dibosons

Statistical errors onl
MC normalized to data

100 110 120

130 140
m, [GeV]

Z: Dilepton invariant mass

Myy = [2 (E(fl)E(gg) — ﬁ(ﬁl) . ﬁ(fg))]l/Q

W: Transverse mass

The longitudinal momentum of the neutrino
is unknown. Define the transverse mass:

mr = [ 2pr(0) pr(v) (1 —cos Ao(f,v) ) '/

with — pr(v) = B3
Note: using a W mass constraint, one can obtain
the longitudinal momentum of the neutrino, up

to a two-fold ambiguity
1
2pr2(0)

pL(v) = [ p0) x A + p(OVE |

s
|

= m2, —m>+2pr(v) pr(l) .
B = A*—4pr*(0) pr*(v)
(m2, —m%) [ m3 +2 (prv) pr(0) + pi(v) - pi(0) ) ]

(B=0 if m; > my,)
typically, keep the solution with smallest absolute value
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Parton Kinematics

kinematic variable such that
E+p- dy/dp, = 1/E
In [ ——= y/dp. =1/
(differences in rapidity are invariant
under longitudinal Lorentz boosts)

Rapidity of 4-vector P(E, py, py, P7) Y =

fa(xza,u?: = QQ)

Hard scattering seen as interaction between two partons

. a(X1) + b (X2) N X s = center of mass energy
o>  Partonsystem (at leading order) E = (1 + x2)Vs/2
¥ in lab frame p. = (1 — 12)/5/2
il
one gets Q2 = E? — pz — L1228 x Bjorken:
fraction of the
1 T longitudinal momentum
folar, uf = Q%) and y=—In— carried out by
2 I the parton
Simple case of a boson of mass M
produced in the s channel for a given mass M,
M Ly the rapidity y relates M
Ti2=—F7=Xe€ to the Bjorken x values of
\/g the quark (x,4) and the anti-quark (x,)
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Q° (GeV’)

Parton Kinematics

7 TeV LHC parton kinematics

LBNLEURRLLL B R L LLL B BN LLL) B R L LL B LR L B L LLLL B B R L LI B LR L, B R Ll

M WJ82010§

+1 -

Ti2=—= Xe "’ 1
\/E M=7 TeV 3

M = 100 GeV ferreemsinemnnns RIS e =

P | . ' - J §

measurement range E

lyl<2.5 E

v=6 4 2 0o 2 4 g

103< x <101

the parton structure of the proton is encoded
in the parton density functions (PDFs)

valence

sea

MSTW 2008 NLO PDFs (68% C.L.)

strangeness

.[
.[

[\.')S'.:_,,Sf

s +

x_l

=u—
d —

(u +

I

Q |

Cnl

xf(x,Qz

—~1.2— T

0.8
0.6
0.4

0.2

4 -3 -2

10 10 10 10™ 1
J x
103< x <101
7 low Q2 data (HERA)
— dominate the PDF
d estimation
d+3)

heavy quarks (c,b)
are treated
perturbatively
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Parton Luminosities

Tevatron - LHC@7TeV
1000 ¢ — . JSI;231'C

ratios of parton luminosities f{f
at7 TeV LHC and Tevatron  //

100 }

luminosity ratio

10

MSTW2008NLO

10' 10° 10’
M, (GeV)

The gluon-gluon luminosity increases
much more that the quark luminosity
@ top quark pair production and Higgs production
by gluon fusion are dominant at the LHC

LHC@7TeV — LHC@8TeV
WJs2011
1.8 7 T T T T T
1.7 | ratios of LHC parton luminosities: 8 TeV /7 TeV
16 F
o "°F
E 14 F
=
2 13}
£
E iz o a
11 F
. MSTW2008NLO
I100 . 2CI)0 l 3CI)O ‘ 4(I)D ‘ SCIJG . GCIJO ‘ 760 : 800
M, (GeV)
LHC@7TeV — LHC@14TeV
WJSs2012
100 ——— T v —
ratios of LHC parton luminosities: i’i
8TeV/7TeVand 14 TeV/7 TeV i
]
o 499 _ i
'g ----Iqq
> | S q9
:g 10
E
1 =T T

95



c (nb)

Cross Sections at Colliders

proton - (anti)proton cross sections

10' £

10° |

F G

Jet

s L M=125 Gev{

L W.JUS2

Gml

(E.*' > 100 GeV)

012
)

Tevatron

LHC:

110

(TeV)

10

3 10°

1 10°

7

1 10°

110° 7

events / sec for ~ = 10° cm®s

Cross sections in pp collisions at 7 TeV
¢ total: 110 mb
elastic: 40 mb
inelastic: 60 mb
diffractive: 12 mb
@ b-quark pair: 0.4 mb
@ WandZ: 100 nb and 30 nb
(3 times larger than at Tevatron)
@ top quark pair: 160 pb
(20 times larger than at Tevatron)
@ 125-GeV Higgs boson: 20 pb

@ W & Z cross sections in leptonic mode
expect
o(W) x B(W ~Iv) ~10 nb
and
o(Z)xB(Z~ll)~1nb

with acceptances of ~0.5 (W) or ~0.4 (2)
5 000 000 W per lepton channel per fb-1
500 000 Z per lepton channel per fb-"
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Flavor in W Production

IOO [ T T .—.—._______1_______;___ T T v ]
e e—— ud
; du
—W
--------- W
sC
cs
10 |+
=
= _
S us
O Pt -
_ dc
S - SU A
o
H —
G - cod
-} 1k
X
01 1 roaoaaal Ll
1 10
MRST 99

d W-

W
U

At the LHC
W production is charge asymmetric
expect
o(W*)Io(W~) ~ 2
if only valence quark + sea antiquark
but
involved parton fractions are low
(1083 <x<107")

annihilation of a sea quark
and a sea anti-quark is significant:
o(W*)lo(W)~1.4

charge asymmetry strongly
depends on rapidity (see later)

57



Flavor in Z Production

IO(}-IIIIII

% of total GI_“(Z“)

—_—
T

0.1

MRST 99

Uu

Z
ZO

U

the strange density as a large impact
on both W and Z production rates (10-20%)
but proton strangeness is poorly known

LHC W and Z data can improve PDFs

Qo

© 0 ¢

constraints on u, d sea (anti)quarks
constraints on strangeness
constraints on heavy quark content
crucial for reducing PDF uncertainties
in searches

without LHC improvements on PDFs

many measurement are bound to stay

limited by PDF uncertainties
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Cross Section Calculations

Key theoretical tool:

the Factorization Theorem

Opp—as X = Z /div1d$2 fa(iUh #i)fb(wzy #12?)
a,b=q,q,9
A QR Q7
X Ogb—X (Q2 — X128, aS(/'LR)J PR A
He Mg

the parton-level cross section describing the hard scattering
is computed perturbatively at the LO and NLO

. Qg

O(as, by r) = [QS(HH) }n { &\ W S &(1)()“%#12) + (

as\2 .
)" 5D (e, 1) + ]

2r

leading order
next-to-leading order
next-to-next-to-leading order
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Which QCD Scale ?

typically, take Mg=Hr=M Weajts
for inclusive W take b = Ty,
in more complicated processes there are ——— e m = == ——

often several ‘reasonable’ choices 2 kinematical

Example: W+3-jets configurations

because LHC has greater dynamic range than Tevatron
the renormalization scale used at Tevatron turns to be a bad choice at LHC

O 30 10 130 20 250 30 350 0 430 50 O 210 10 a0 2% 0 30 40 40 50
Scale used _ ] ‘ _ i A better scale
| W djets+ X — LO | W o+ 3jets+ X —- L0
at Tevatron - - B 3 o Mo = for LHC
S $ ]
2 £
— 1w E — niE ﬁ
% Enoangev, In™ e 3 . l_i“'f o ll/ T T
3 . B anGe, Iy i -8 . By ow MG
e £ o= 0aw, M > 0k £ > 0GY, M > 20GeV
EW N [siscone| E E R = 04 [slone ] BleckHar+Sherpa 1 HT takes
p— [ 1 [ PO TR R B I |
M T - "LosNLe @ NLUur;n'.ud(p-:m!unmJ_' :-: ' E N 15— Lo/NLD I NLO 5:;ﬂtdsp|:ndcrr|.'l ' ' ] account
2: 4 LO scole deponde : 13 r 2 LO scale dependence 1 Of dlﬁerent
4 i = . .
Ha '3 i kinematical
o A PR {  configurations
0 50 L L5000 200 250 300 350 400 450 300 1] 50 100 1530 200 250 30 350 400 450 500
Second Jet ET [GeV] Second Jet ET [GeV ]
w \/ 2 W 7 W
— arton
E = \/m — p
T w T DT BlackHat+Sherpa Hr =pr" + ) Ev
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Scale Uncertainties

Typical behavior of a cross section calculation
as a function of scale variations

llll

\LO

\
N\

E N
ok T 3}

/ . ;} uncertainty
. /NLO e | R
2:7/ \\“‘—é

r :

)

3

g | m
%‘] 1 L L Dlls 1 L1l 1 L 1 1 6\ L Ll Ilo E
\ ) M/my g

assume that “reasonable” scale variation is p/my from 72 to 2

@ LO calculation: rough estimate of the cross section
LO predictions are only qualitative due to poor convergence of the expansion in o
@ NLO calculation: good estimate of the cross section, rough estimate of the uncertainty

@ NNLO calculation: refined estimate of the cross section, good estimate of the uncertainty
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Scale Uncertainties

A concrete example: W + 3-jets

—_ 0.25 0.5 1 2 4 8
Q : '| T [ T T T I T T T T I T T T T ]
= 60 F
o) 3 L W +3jets + X -- LO
o O - — NLO E
Tk ~. ve = 14TeV B
3 wf \\‘“1 Hp=2Mg = 160838GeV LO uncertainty
0fF e = i
© E//;, 3 Gev, || <3 el - ‘ME
W0 Ef = 20GsV, |nf| <25 TTTe—al_ . T
o E. > 30GeV, A 0 GeV T
10 :_ 2 =0 ,mco:e'] BlackHat+Sherpa
of | e o . .
=5k ] @ calculation
2 . BlackHat+Sherpa
205 - - =
- | 1 | 1 1 1 1 1 1 | - 1 1o ° - 2 m
0.25 0.3 1 _ 2 4 8 Ho W
m/p
| Y 0o ) “/“0

assume that “reasonable” scale variation is p/my from 72 to 2

@ LO calculation: rough estimate of the cross section
LO predictions are only qualitative due to poor convergence of the expansion in o
@ NLO calculation: good estimate of the cross section, rough estimate of the uncertainty
@ NNLO calculation: refined estimate of the cross section, good estimate of the uncertainty
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d®¢/dM/dY [pb/GeV]

From LO to NNLO

example: Z rapidity distribution at Tevatron

20

15

10

T L] T I 1 I I I I L] 1 ] 1

0.3- 21y Rapidity
* D2 Run I Data
— NNLO, MRST 04

(2007)

A T
~ . I AR BT B TR
Y _

process with n =0,
still ~50% correction,
LO — NLO

When NLO calculations
are not available,

use so-called
K-factors, either
global or parameterized
as a function of

a kinematic variable

63



/p)
-
O
=
-
0
o
)
R
o
2
o
©
o

Higher order QCD (o) corrections from LO to NLO

can modify cross section predictions by 30-40%!

with strong effects on the kinematics

pp - (Z,7")+X
|

M/2 £ p £ 2M

M

NNLO

pp - W+X

14 TeV
I

[A2D/qd] xp/WP/2,P

from 14 TeV down to 7 TeV

40 pb/GeV

at 7 TeV the rapidity plateau is at ~
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W and Z: Theory Tools

@ Accurate theoretical NLO+ predictions exist
Many tools are available:
- QCD MC generators
(LO: PYTHIA, HERWIG, NLO: POWHEG, MC@NLO...)
- LO-matched multi-jet generators
(ALPGEN, MADGRAPH, SHERPA...)
which will become NLO-matched in the next future
- NNLO QCD cross-section calculations
(RESBOS, FEWZ, DYNNLO...)
effects NLO to NNLO are 3-4% on inclusive cross sections,
smaller on acceptances
@ QED & electroweak corrections
- not negligible at this level of precision
(HORACE...)
@ Parton density functions (PDF)
- differential distributions are sensitive to PDFs
- several sets are available at LO and NLO
(MSTWO08, CT10, HERAPDF1.5, NNPDF2.1...)



W and Z Physics at the LHC

Why W and Z studies at the LHC?
@ Processes with W and Z as “backgrounds”
for top physics and searches
Higgs and New Physics
@ W and Z special samples for detector calibrations
trigger, identification, resolution, efficiencies, ...

What can W and Z Studies at the LHC add on the Physics?
@ Higher collision energy

- implies larger cross sections and enlarged phase space for multi-boson production

- allows to study processes inaccessible at lower energy collider,

e.g., W+n-jets, 3V, 4V... production (with V=W, Z, or y)
@ Probe triple and quartic gauge couplings
@ Check perturbative QCD dynamics
@ Thanks to complementarity between ATLAS/CMS and LHCb
study QCD at smaller x values : x ~ My/\s



Electroweak and Top

Backgrounds
to Higgs Searches




Electroweak and top background

N CMS Experiment at the LHC, CERN
0 Wl Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

an event in CMS with two high-energy isolated photons:
Higgs boson or di-photon QED production ?
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Y weights / 2 GeV

¥ weights - Bkg

Higgs in two gamma

ATLAS CMS

CMS (s=7TeV,L=51fb"{s=8TeV,L= 53fb1

n LB IR B LT R B R L A A L L AL LR B > _| T r rr T
N ATLAS } DataS/BWeighted N 8 . > [T
100— : : —] 5 0] Unweighted
B — Sig+Bkg Fit (m =126.5 GeV) I 0 i Ln_1500'-
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80 9 ( pelynomial 1 15004
— ’ §2) i
60— T - C
| £ _ () B
40F 1M I
2 = 1000~ '
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[ ] i VY
20 s-8 Tev, [Ldt=5.0tb" H—yy . = i
L - 2D
BE : ' ' : e o | ¢ Data
4E = < 500 I S+B Fit
0 = L4 Ay . 4 A — [ e B Fit Component
L 32N A A $ | |:| +1g i
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one of the main backgrounds is
di-photon QED production
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QED/QCD Di-Photons

Study of QED/QCD di-photon production in ATLAS and CMS

ATLAS PRD85 (2012) 012003 CMS JHEP 01 (2012) 133

CMS \'s=7TeV,L =36 pb’

]

° - Data 2010,\s=7 TeV, | Ldt=37pb" 7 ml <2.5, Ey, > 20, 23 GeV
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£ L & 1 measured (stat) | = — Stat. uncertainties
B - -+ measured (stat @ syst) -8_ 1 —+ Stat. @ syst. uncertainties |
= - + su% DIPHOX g - E | =2 E%?:oretlcalnsccearlt% _%?ggrtamnes ]
E - c 0 U inti 1
- + ResBos Ei r ¢ ]
_{_ | O I ]
o}
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= E 2 —
& 95E _+_ 109 e =
= oty B N C .
Lo e : |
o) 11 — i i
£ sk ResBos
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g o ;
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distributions are background-subtracted

and corrected for resolution effects —> good understanding of the level of irreducible
background in Higgs to gamma-gamma



Higgs in ZZ*

> C T I T T T T | T T T T I | I T T i % E C IS
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The main backgrounds are electroweak:

200 250
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I
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Higgs in WW*

CMS \'s=8TeV,L=51fb"
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The main backgrounds are electroweak
WW, W+jets, WyIWZ/Z2Z
and top quark pair production o
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Higgs en b-bbar

CDF+DY CMS
CMS {s=8TeV,L=501fb"
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The main backgrounds are electroweak
V+b-jets, V+jets, WZ and 22
and top quark pair production
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Inclusive W and Z

Cross Sections




Cross Section Master Formula

cross section x branching fraction

N  <«—signal yield

Master formula o X B =
A X e X 5\
acceptance T luminosity
efficacity
Signal extraction
the signal yield can also
cut & count number of selected be extracted from more complex
N = Niot — Npke signal event likelihood fits
(background subtracted) (background templates)

fraction of events
, selected in the signal
F=Ax Esim Monte-Carlo simulation

m A ( — 2 "’ incertainty : theory (incl. PDF)
>< C I ><
p - efficier 1ICY ratios

e & ) . .
P ‘-’/‘-’blm incertainty : experimental

Data-driven efficiency determination

Fiducial cross sections

perform the measurement within acceptance (=define generator level cuts for which A~1)
— minimize theory uncertainties due to extrapolation to the full acceptance
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Luminosity Measurement

@ Relative luminosity
several methods and algorithms used to determine
the interaction rate per bunch crossing
every few seconds with statistical precision
better than 1%
Exploit special minimum bias triggers:
- rate zero counts in Forward Calorimeters
- count of pixel track segments
- count of pile-up vertices
- efc.
@ Calibration of total visible cross section
- from dedicated Van der Meer scans
@ Absolute luminosity
- inferred from direct measurements

of LHC parameters (e.g. bunch intensities)

depending on the experiment and the period
(i.e., the method used to measure
the luminosity variations versus time
and the quality of its calibration with VdM scans)
luminosity errors in ATLAS and CMS
are of the order of 3 to 6%

— 0.25 B S B T Bt e | B H
o + . 1
a rshape and size |, ATLAS Preliminary -
:E" 0_2{— of the 2 'l!‘. _:
T t luminous ¢ % LHCfin: 1783
@ F i ]
= 0.15| region |
& L .
(i k .
¢ odf -
T ¢ "
0.05 F .
5
I -’ ; I“‘
ot o-lo-a-¥ | 1 1 gl
&g gE 3
o] Ko B S 3
Bl S 3
05.. - ) L3 SO WY .é
1;._. g EHpe | .. R S ._:
T =
3E A 3
0.2 0.1 0.1 02

V] X ¥
Horizontal Beam Separation [mm)]

Van de Meer scan
specific interaction rate versus
nominal beam separation

luminosity measurements are
dominated by systematic
uncertainties specific to the method used
Many cross checks are performed,
including with W and Z Standard Candles
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Z as Calibration Sample

Tag and Probe: a method to determine
lepton selection efficiencies from data

lepton probe

Select Z candidate events in data with:
@ one lepton satisfying
tight selection criteria (the tag)
@ a second lepton selected with
loose criteria (the probe)
@ use the probe to determine
trigger, reconstruction, identification
and isolation efficiencies
@ derive data/MC correction factors
as a function of py and n

Probe Muon

\\, == // Tag Muon

Efficiency correction factors p

muons: trigger+reconstruction+identification

cMS cMS
Lan T » T T T T T T T T T ] . ET T ™
1.04F 36 pb ! at s =7 Tev E 1_057 36pb at ~s = 7 Tev
1.0z = +
1 1
oc.osf E % tH,}# ﬂ H+ #
066 F + + . + + = 095 [} ﬁ
0.94| ]
o,g
oozt .
o.8F E 085 .
o8s[ 1 E + ]
o8ef o 3 081 n

L L L L 1 L L L L 1 1 L L L
0O 10 20 30 40 50 60 70 80 90100 215 105 0 05 1 15 2
P () [GeV] nH)
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Hadronic recoil in W and Z events

— —f : , :
Up=— — E T P @ Simulation of recoil affected by
— - underlying event
E T 5’? o - pile-up
T

- instrumental backgrounds

—p - detector calibration, energy resolution
Pt

— - —y
UT:_ET_Zﬁpf

T < 7 % U 7
u |
F’f E ?m
T T
Use the Z sample for
MC/data event-by-event
m corrections, parameterized —> —
as a function of the boson U r “l Z
transverse momentum w



Inclusive W: muon channel

isolation variable

Fiducial cuts SO AN
@ pr>25GeV S o wwiacw | QCD-dominated
@ |n|<2.1 5 —w-w | control sample
“ =" 1 o invertisolation criteria
20 =§ > Qcpenrched 1 @ QCD template shape
DY veto N T scaled to signal region
@ no other muon candidate °?_,_F-1 0,0 as a function of isolation
with pr > 7 GeV and |n| < 2.4 @

U iz l signal region JHEP 10 (2011) 132

se of Z sample . oMS oS
o E;mss from recoil T e 1wl e e ]
@ momentum scale > 2r o data 1 3 . e :

) ) D) - ] Wop 2103 0 Wow
Signal extraction g B ket g, ek
@ from MET distribution s | —§
@ templated fit [ 5 10
@ data-driven QCD E £,
@ other backgrounds = 2| -

from MC
=

140 757 £ 383 W candidates
84 091 W+ & 56 666 W-
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Inclusive W: electron channel

Fiducial cuts
@ E;>25GeV
@ n] <25

Stringent electron selection

DY veto

@ no other electron candidate

(loose selection) with

E;>20GeV and |n| <25

Use of Z sample
@ E ™ss from recoil
@ energy scale

Signal extraction

@ from MET distribution

@ parameterized fit

@ data-driven QCD

@ other backgrounds
from MC

135982 + 388 W candidates

81286 W* & 54 703 W-

number of events / 2.5 GeV

20

number of events / 2.0 GeV

CcMms
T T

36 pb! at Vs =7 TeV

atags, 4 te o Le
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ofet +]
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———
36pb’ at\s=7Tev |
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Y 'y 'y LY
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S
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60 80 100
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QCD-dominated
control sample
@ invert track-matching
criteria
@ QCD background
parameterized as
modified Rayleigh function

JHEP 10 (2011) 132
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Inclusive Z: muon channel

Fiducial cuts

@ pr>20GeV

@ |ny/<2.1andn,| <24
@ 60 < M(up) <120 GeV

Standard muon selection

Almost background-free
@ EWK and top backgrounds
from simulation

Signal extraction

@ simultaneous fit
of yields and
muon efficiencies

@ five exclusive
categories of events

13 728 £ 121 Z candidates
in “Golden” category

number of events / GeV

CMS

non isolated dimuons
T T

- ;
36pb’ at\s=7TeV |

data
EW;J[‘”-
E)CD

e -

5 _-I ) T N
= pfidebato b i) W
5

1
50 100

60 80 100 120

[ ]
150 200

Control sample
to determine
isolation
efficiency
(category of events

with one non-isolated
Global Muon)

JHEP 10 (2011) 132

CMS
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Inclusive Z: electron channel

Fiducial cuts

@ E;>25GeV

@ n] <25

@ 60 < M(ee) <120 GeV

Same electron selection as W analysis

Almost background-free

with this electron selection

@ QCD and W+jets
from data
(with three methods)
consistent with zero
@ other backgrounds
from simulation

Signal extraction

@ cut and count

@ efficiencies from
Tag and Probe

8 406 + 92 Z candidates

pseudo-rapidity
of ECAL clusters

JHEP 10 (2011) 132
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Acceptance and Efficiencies

Acceptance

Efficiencies

Quantity CTEQ | MSTW | NNPDF
POHWEG + CT10 Ay (e) 0.5017 | 0.5016 | 0.5036
- Aw 7z Aw-(e) 0.4808 | 0.4855 | 0.4804
Process - — Aw(e) 0.4933 | 0.4951 | 0.4942
f=ie {=u
Ag(e) 0.3876 | 0.3892 | 0.3872
W+ — ¢ty | 0.5017 £ 0.0004 | 0.4594 + 0.0004 Ay (e)/Aw=(e) | 0.9583 | 0.0488 | 0.9626
W~ — (77 | 0.4808 +0.0004 | 0.4471 + 0.0004 Az(e)/Awle) | 0.7857 | 07853 | 07880
A+ (1) 0.4594 | 0.4587 | 0.4617
W — (v 0.4933 + 0.0003 | 0.4543 + 0.0003 Aw- (1) 0.4471 | 04519 | 0.4472
Z — t0= | 0.3876 £ 0.0005 | 0.3978 =+ 0.0005 Aw() 04543 | 04559 | 104557
Az () 0.3978 | 0.3990 | 0.3973
all results are given in the fiducial region Aw- (1) /Aw= () | 0.9732 | 0.9614 | 0.9778
and in the full acceptance Az (1) /Aw(p) 0.8756 | 0.8761 | 0.8796
€sim €sim X P €sim €sim X P
WT —etr | (76.04 +0.03)% | (73.7+£1.0)% Wt — utv | (89.19+£0.03)% | (85.4+0.8)%
W™ —e 7| (76.94+£0.03)% | (73.2+1.0)% W~ — u 7| (89.19£0.03)% | (84.1 £0.8)%
W — ev (76.40 + 0.02)% | (73.5+0.9)% W — uv (89.19 £ 0.03)% | (84.8 £0.8)%
€sim €sim X P €sim €sim X P
Z—ete | (66.74+0.07% | (60.9+1.1)% Z— putu~ | (89.21 +£0.05)% | (87.1+1.1)%
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Systematic Uncertainties

Source Woev | Wouw |Z—oeTe |Z—uTu”
Lepton reconstruction & identification 1.3 0.9 1.8 n/a ‘
Trigger prefiring n/a 0.5 n/a 0.5
Energy/momentum scale & resolution 0.5 0.22 0.12 0.35
Frr scale & resolution 0.3 0.2 n/a n/a
Background subtraction / modeling 0.35 0.4 0.14 0.28
Trigger changes throughout 2010 n/a n/a n/a 0.1
Total experimental 155 1:1 1.8 | 0.7
PDF uncertainty for acceptance 0.6 0.8 0.9 1.1
Other theoretical uncertainties 0.7 0.8 1.4 1.6
Total theoretical 0.9 1.1 1.6 " 1.9
Total (excluding luminosity) LY 1.6 2.4 2.0

@ experimental uncertainties are reduced thanks to the use of data-driven techniques
to control background and signal shapes, and efficiencies

@ theoretical uncertainties on acceptance include:
PDFs (use of PDF4LHC prescription) ; ISR/higher-order effects (RESBOS vs POWHEG) ;
EWK/FSR effects (HORACE vs Pythia) ; factorization/renormalization scales (FEWZ) ;
EWK corrections (HORACE)
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W and Z Inclusive Cross Sections

cMS 36 pb'at \'s=7 TeV
e —_—
NNLO, FEWZ+MSTWO8 prediction

[with MSTWOSNNLO 68% CL uncertainty]
10.44 £ 0.27 nb

W —ev 1o+

1048+ 0.03_,, + 017 +0.42, . nb
W - v pot
1018+ 0.03_, +0.16_ , +0.41, . nb
W — v (combined) ol
10.31+0.02,, +0.13_, +0.41, . nb
PR SR SR N TR TR SR N W SR S N SN S S N S S T N T S S N
0 2 4 6 8 10 12
o(pp—=WX)xB(W—=1Iv) [nb]
cMS 36 pb'at \'s=7 TeV
I M N 1

NNLO, FEWZ+MSTWO8 prediction, 60-120 GeV
Z [with MSTWOSNNLO 68% CL uncertainty]

0.97 £ 0.03 nb
0.992:%0.011_,, +0.024_ _, +0.040, . nb
Z-up et
0.968 + 0.008 , +0.019 __ +0.039, . nb
Z — Il (combined) e

0.974 +0.007 ., +0.019 _ +0.039, . nb

stat. — Tumi.

0 0.2 0.4 06

0.8 1 1.2
o(pp — ZX)xB(Z— 1) [nb]

JHEP 10 (2011) 132

CMS 36 pblat \s=7TeV
I lumi. uncert:':tinty: + 4% I 1
oxB(W) i 0.987 +0.009 ,,, + 0.028
cxB(W") ad— 0.982+0.009 ., +0.030,,
oxB (W) v 0.993+0.010,, +0.029
oxB(Z) e 1.002+0.010 ,, +0.032
Ruwiz HeH 0.981+0.010,, +0.015
R,. HaH 0.990 +0.011,,, +0.023
06 0.8 1 1.2 1.4
Ratio (CMS/Theory)

Q@ ratios are not affected by luminosity uncertainty
@ W+/W- is sensitive to PDFs

(— W lepton charge asymmetry)
@ the theory prediction for W/Z is quite precise
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ATLAS: W Signal Yields

Different strategy
obtain pure samples of W events
using requirements on E{™ss and m+

Fiducial cuts

@ p;r>20GeV

Q@ |nl <247 (2.4) for e (y)
@ E Mss > 25 GeV

@ m;>40 GeV

- p e —
8 ?000 e-l- . +U.m;3u:ul_v.-.rch.
e : . ]
» 6000} [Jwoeveewa
2 :
2 5000} [Joe
w E
4000 J Lat=36pb" 3
3000¢ ATLAS 3
2000€
10005'— 7
I L

r - ST — -
%10 20 30 40 50 60 70 80 90 100
ET™ [GeV]

electrons

N B (_;‘n'/g s"‘ln'ffz

WT 77885 5130 4 350 0.693 +0.012 0.478 4 0.008
W™ 52856 4500 + 240 0.706 £ 0.014 0.452 4 0.009
W 130741 9610 4+ 590 0.698 + 0.012 0.467 + 0.007

5 GeV

Events /2

PRD85 (2012) 072004

9000;.. T T B % FrT T T 3
BDDO: JLdt: 36 pb” Euw 2010 hs = 7 TeV) i g 6000 JLdt: 36 pb” Eum 2010 hs = 7 TeV) _.
Woarev { o Woarev 4
- ATLAS T 1 o gyt ATLAS S d
?000_. . %cx:u e _ :‘;’__ F . %cx:u e 1
W s v | = L W - tv
6000 2 4000
5000 1"
4000}
3000} .
2000}
1000; -
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m; [GeV] m; [GeV]
T T T T T | > F T T T T T ||
r —e— Dala 2010 f\s = 7 TeV) ] 3 7000:_ —— Da\a?mﬂt\S=7TeV)_j
10000[- _[Ldt=33 pb! Jwow 79 soook ILdt=33 pb’ Jwow E
- ATLAS =, ut 5 ATLAS =
8000} 5;””7“‘ £ 5000 5;,“7“. E
— TV U}J F . -V ]
6000 ] w 4000 E
? 1 30000 E
40001 § ]
r 2000F 3
2000 7 1o000f 3
e i TP o o
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120
m; [GeV] ™y [GeV]
T I-' Al
N B Cfn'/z flu'/;-f

WT 84514 6600 4+ 600 0.796 & 0.016 0.495 £ 0.008
W™ 55234 5700 £ 600 0.779 £ 0.015 0.470 £ 0.010
W# 139748 12300 4+ 1100 0.789 + 0.015 0.485 4 0.007



ATLAS: Z Signal Yield

Fiducial cuts §14oo;53f:‘““=”“’ £ ;’Lt:;m" 18 e P ST
o pT > 20 Gev %1200;_|:|GCD CentralZs ee 1 % 300;%’3C39" ::v’;:zsA ee
@ |n| < 2.47 (2.4) for e () o Py
Q@ 66 < M(MM) <116 GeV 600% 3 1505
400F — 100:
Electrons 200, -
@ central: both e with [n| < 2.47 70 80 90 100 me:[gnev; T @ e 0 o
@ forward: one e with 2.5 <|n| < 4.9
> FrrrrrrrT T T T T T

9 725 Z candidates & 16001 ATLAS J Ldt=33pb" ]

Cuiz =0.618 £ 0.016 = qagp ST ;

A=0.447 £ 0.009 E : E
Muon E
@ |nl<24 E

11 709 Z candidates E

Cyyz = 0.782 + 0.007 : :

A=0.487 +0.010 prmmtt

e L ] L
70 80 90 100 110
m,, [GeV]
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W & Z Cross Sections

Gy X Br(W— 1v) [nb]
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10™
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E =2 O cMs  Zy'- i 2y (pp)
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| -[ 3 - o B D0 Ziy'ee
- L dt = 310-315 nb T - ® UAT Zy'see
- e W=y e * N O UA1 Zi*—pp
N aWary e S‘ L. Y UA2 Ziv*— ee ATLAS
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o\ - BR(W™= I'v) [nb]

ol - BR(W"- Iv) [nb]

Fiducial Cross Sections

S L
- ATLAS
6.5 ]
6 &
: I Ldt=33-36pb’ |
5.5 ]
- @ Data2010fs=7TeV) mem total uncertainty
u O MSTwos -@- sla @ sys & acc
5 L HERAPDF1.5 uncertainty
I /A ABKMo2 68.3% CL ellipse area
L JRog
L1 I | 1 I L 1 | I
3.5 4 4.5
% . BRW = IV) [nb]
S S
- ATLAS
11— =
10 -
I I Ldt=33-36pb"' |
9r- @ Data2010 fhs=7TeV) wem total uncertainty
I O msTwos -@- sla @ sys @ acc
i HERAPDF1.5 uncertainty
- [\ ABKMo9 68.3% CL ellipse area
8+ JRo9 _
R O N | S S S | SN
0.8 0.9 1

ol - BR(Z/y*~ I') [nb]

e
35 ATLAS

ol - BR(W*' I'v) [nb]

@ Data2010 fhs=7TeV) wem total uncertainty

I Ldt=33-36pb"' -

O MsTwoa -@- sta @ sys
HERAPDF1.5 uncertainty
2 B A ABKMos 68.3% CL ellipse area
JRog
1 | I L | 5 " . 1 )
1.8 2 2.2
ol . BR(W — [V) [nb]
i) L T
= | ATLAS
< 55
%T <L
[
(] 5|- _
2 [
© ILdt:33—36 pb’ ]

4.5 @ Daa20i0fs=7Tev) wmem totaluncertainty —

O MSTWos @-sla®sys
HERAPDF1.5 uncertainty
A ABKMo2 68.3% CL ellipse area
4+ JRO2 —
o T T N N T RS (FR S R S |
0.4 0.45 0.5 0.55

o . BR(Z/y*— I') [nb]

Both ATLAS and CMS
provide fiducial
cross sections

No theoretical
uncertainty from
extrapolation outside
experimental
acceptance

Luminosity becomes
dominant source
of uncertainty

Much better
sensitivity for tests
of PDF sets
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LHCDb: Fiducial Cross Sections

LHCb, {s=7TeV o MSTWO08 v NNPDF2I pi > 20 GeVie
Data_ o ABKM09 o HERAIS 20<n" <45
Data,, & JRO9 + CTEQ6M (NLO) Z: 60 < m,, <120 GeV/c®
o B Large discrepancies
e i1 6, D) in W and Z boson
65 70 75 80 83 90 )
I e production
I N = el T T . . [nb i idi
700 750 800 850 900 950 Ow sy [PP] a.t hlgh. rap.ldlty
T (including in
STRPPNFINILS S . L P S luminosity-independent
550 600 650 700 750 i
R e ratios)
A TP TR P B B T GW’—HPV
L1 12 oM L3 Owous This indicates
||||TMW%||| GW’HH_V—FGW'—’U'V thatPDFsetS
16 17 18 19 20 21 22 23 Oz for Valence quarks
l—g—’?gz‘( .
o [ N o, and sea (anti)quarks
9 10 non 07 > need retuning
. . | e | Cur v at large and low x values

7 75 8 8.5 9 95 10 Oz L
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Test of Lepton Universality

T T LI

LI [ T 1T 1

- ATLAS

i I L dt=33-36 pb™

- 68.3% CL ellipse area -

| B#= Data 2010 (\s =7 TeV)
B R,, PDG world average

- [ R; PDG world average .
O Standard Model )

1 1 1 | [ 1 1 1 1 ] | | | 1 1 | | 1 | ] 1 1

0.8 0.9 1 1.1
R, =0, BR(Z— e'e) /o,  BR(Z-p'w)

R oW Br(W — ev)
W oy  Br(W — uv)

R, = 1.006 £ 0.024
World Average: 1.017 +0.019

R _ 0% _ Br(Z — ee)
oy  Br(Z — pp)

R, =1.018 £0.031
World Average: 0.9991 £ 0.0024

Result already close to best
measurement for Ry
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