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Physics with W and Z bosons

e W and Z bosons

o discovered by UAL1/UA2 at the SppS collider in the early 80’s
e many measurements at LEP and Tevatron since then
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Physics with W and Z bosons

e W and Z bosons
e discovered by UA1/UA2 at the SppS collider in the early 80's
e many measurements at LEP and Tevatron since then
e So, why still bother?
e clectroweak interaction, precision tests of the standard model (SM)
e left/right handed couplings of quarks and leptons
e (anomalous?) triple gauge couplings
e precision measurement of W mass
e indirect constraint on Higgs mass due to radiative corrections to My
e interplay with strong interaction (QCD)
e sensitive to parton distribution functions (PDFs)
e associated production with jets (constraining QCD models)

e standard candles for calibration due to leptonic final states
e important (or even main) backgrounds for top, Higgs, Supersymmetry,
LED, new strong interactions, new gauge bosons, etc.
e essential to measure precisely standard model processes before claiming
discoveries
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W /Z production and detection at hadron colliders

e production of weak bosons via gq’ annihilation
e detection via leptonic decays Z — ¢t¢—, Wt — (*y,
e hadronic decays cannot be separated from QCD multi jet background

proten

antiproton

e 7/ signature: e W signature:
2 isolated, opposite sign leptons with isolated lepton and missing transverse
high transverse momentum pr energy [;
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The Fermilab Tevatron Collider

pp collider

e 1992-95 Runl:
5 Vs =1.8TeV,

i —1
P o i ¢ammm P L~0.1fb
st e 2002-11 Runl:
Booster o Vs = 1.96 TeV

e major accelerator and
detector upgrades

e colliding bunches every
396 ns with ~ 4 inel.

: . collisions at
Main Injector ~ L — 1032 cm—25—1
Rpsvelce o i & o L~9fb~" delivered
= o [ ~12fb~! expected
by 2011

* o 2012-147 further running
being considered
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detector highlights

muon system

finely segmented LAr calorimeter

16-layer fiber tracker: only 0.5m
outer radius

e 5-layer silicon tracker
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high acceptance, low background,

W and Z at TeV and LHC

Frtteied,
detector highlights

large volume, high precision,
charged particle tracker

e 96-layer drift chamber: 1.4 m ou
radius

e O-layer silicon tracker
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Z/v* — ee in CDF, M. = 371 GeV

o= 202.8 GeV
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CERN'’s LHC Collider

pp collider
e 2010/11: /s =7TeV

o delivered ~ 0.35pb~!
e plan: 1fb~! until end of
2011

e design: /s = 14TeV

e colliding bunches every
25 ns with ~ 25 inel.
collisions at
L=10%cm?%s71

o L~ 100fb~1 per year
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The ATLAS detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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The CMS detector

SILICON TRACKER

Pixels (100 x 150 um?)
~im?  66M channels

Microstrips (50-100um)

Pixe|S ~210m?  9.6M channels
/

CRYSTAL ELECTROMAGNETIC
Tracker CALORIMETER (ECAL)
ECAL scintillating , crystals
HCAL
Solenoid

PRESHOWER

Steel YOke Silicon strips

UT: il ~16m2 137k channels

vilons

STEEL RETURN YOKE
~13000 tonnes

SUPERCONDUCTING /|
SOLENOID /

Niobium-titanium coil S
carrying ~18000 A f &' FORWARD

. o~ ) CALORIMETER
Steel + quartz fibres

) HADRON CALORIMETER (HCAL)
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :15.0 m Barrel: 250 Drift Tube & 500 Resistive Plate Chambers
Overall length :28.7m Endcaps: 450 Cathode Strip & 400 Resistive Plate Chambers

Magnetic field :38T
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py(u+) =29 GeV
n(p+)= 0.66
Ems=24 GeV
M, =53 GeV

Run Number: 152221, Event Number: 383185
Date: 2010-04-01 00:31:22 CEST

W-pv candidate in
7 TeV collisions
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= . % d R € Run Number: 152409, Event Number: 5966801
M" Date: 2010-04-05 06:54:50 CEST
S S 5 ) i

1A EXPERIMENT

| W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

ne+)= -042

E,™ = 26 GeV.

M, =57 GeV.
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JATLAS
EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p.(K) =27 GeV n(u)= 07
p,(pf) =45 GeV n(p) = 2.2
Muu =87 GeV

Z>uu candidate
in 7 TeV collisions
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W /Z signatures

e Z/W detected as resonances in
/\/l// or MT

My = /(pr+ + pi-)?
= (E+ + E-)>— (B + P~ )?

e longitudinal momentum of v
unknown — transverse mass Mt

Mt

= \/(Ery+Eru)? = (Bry+P1w)?
= \/ZET,IEt (1 — COS Ad)/l,)

Thomas Nunnemann (LMU) W and Z at TeV and LHC
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W= — e*v: backgrounds and selection at LHC

T T T 1
> ATLAS Preliminary 3
g y  —e—Dala2010(\s=7TeV) :29‘1
;102_IL=16.9nb o ] 2
8 [
£ Cwow ] )
2-dim. kinem.
10 E .
selection:
Et > 25 GeV
e 3 M+ > 40 GeV
1 Il 1 Il
0 20 40 60 80 100 120 46 cand.
ET** [GeV]
T T T T
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W= — p*v: backgrounds and selection at LHC

2. T T T =120 T R
@ 10°F ATLASPreliminary  —s— panzotonz=7Tov) 5 8 | —+'Data2010 (s =7TeV) "
0 4 Cwow ' 3 4
5 J.L=16.6 nb [ £
‘g 2 - A 1]
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w . .
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t F: > 25GoV
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L L L 2 nda. 1 |
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Q Q
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Z — (¢ : backgrounds and signal

CMS preliminary 2010 Ns=7TeV
> L I 7 CMS preliminary 2010 \s=7TeV
o 1 > i B e e
o det=198 ! ] ®10%
L 4 G ¢F JLdl=198 nb*

o 10k ] & F
~ s -»-data 1 = T
0 [Zsee ] o 108 -+data
o 1k Maco | T ¢ C1Zup
= MEWK i > W EWK
() Wi 1 o [ felen]
5 » 1 % Wit

10 q =
o j o
o 1 <1
£ 1 §
5107 i <
c § 102

103 E

107
50 100 150 200 50 100 150 200
M(ee) [GeV] M ) [GeV]

— very clear, almost background free signature, especially for Z — p*pu~
due to the smaller jet — lepton fake rate
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W /Z production cross sections

Orot = Oy z X B(W — tv/Z — Uf)
v

~ Aw,zCw, 7L

N{}f,’jzz # of observed cand. events

N894 of background events
Aw/z: geometrical acceptance

Cw/z: reconstruction/selection
efficiency

L: integrated luminosity
LHC meas. still limited by statistics

Tevatron meas. limited by systematic
uncert. (luminosity, efficiencies)
well described by O(a?) QCD

e uncert. of prediction ~ 4% (PDFs
and QCD scale)

= could provide alternative luminosity

Thomas Nunnemann (LMU)
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Phenomenology of W /Z production

fq(IB-,QZ)

e |epton pair production in the Drell-Yan model
o e invariant mass of lepton pair M = My,
e parton momentum fraction x

¢ e parton distribution functions f, z(x;, @?)

factorization:

Jolwas @) PDFs ® fundamental 2 — 2 process (qg — ¢7(7)

= Oap—tri- = 2 [ dxadxgla o (x4) 15 5(x6)Gqg—r o [+(q < )]

e if M < Mz — only ~* contribution, in analogy to eTe™ — ptpu™:

~ _ 1 n247a?
Gqg—tri— = Qg 55

e 5= M?: cm energy? of gg annihilation
e 1/N = 1/3: probability that qg is colorless
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e for larger M? also Z exchange and v*Z interference contribute:

Oqg—tte— —

47ra |: QL quGFMZ GFMZ

gvR(x(3))+5

v*Z z

33

2(eV" +80)(e) + gl IN(3)]

gv, ga vector and axial-vector couplings of the Z to g and ¢

Z-propagator (Breit-Wigner) x(3) = mziTze
z

MN<«1 -
o with [x(3)2 & 3756 (3 — M2) follows for M ~ My
V2 R [(Z — o=
gz tei- = o G + g11)3(s - M) x NETZEE)
—/_/
Fqa—2 B(Z—t+0-)

e partial width [(Z — ff) = N¢ GF—MZ(gV e
N¢ = 1(3) for leptons (quarks)
e full width '~

e branching fraction B(Z — (T¢7) = F(Z—rf*r)
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in analogy: W boson production

Gagr—w = 2= GEM3, | Vag [25(5 — M3,)

o Vyg: correspondlng element of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix

transition probability for g; — g; proportional to | V|2
o partial width: T(W~ — fF') = N S0

W couples equally to all left handed fermions, thus:

BW~- —(v)=1/9, ({=e, pu, 1)

B(W~ — hadrons) = 2/3, (ud’, ¢s' contribution)
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['w: indirect measurement

e can be derived from the W /Z cross-section ratio

R _ (W) x BW — Iv)
T (2)xBZ =)

_o(W) (W —v) r(2)
T n(2) T TW) CFzZ =

e perturbative QCD
o electroweak theory
e LEP measurement
= (W)
CDF Run II: T(W) = 2092 + 42 MeV
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['w: direct measurement

Events/2GeV

=
53

o
Q
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T

-
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il

N o I,=2.6GeV
- - . Ty=2.1GeV
» Iy=1.6 GeV

e from the tails in the My (ev) distribution

e b b b b L e
L] 120 140 160 180 200
M, (GeV)

#Events/5 GeV

10*

10°

10

[N

a0

CDF Run 11 (350 pb™)

Iy = (2118% 60) MeV
x/dof [fit range] = 19/21
x2/dof [full range] = 32/29

L « W - evdata

E — W - ev MC + bckgd

L [ Ibckgd

- - ,

E s == ‘

0 100 150 200

M; (ev)(GeV)

o larger tails for Breit-Wigner (') compared to Gaussian (resolution)

o larger systematic uncertainty compared to indirect measurement
(energy resolution for leptons and hadronic remnant)

e CDF+D®@ combination: (W) = 2046 + 49 MeV

Thomas Nunnemann (LMU)
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Boson rapidity and parton momentum fraction

E+Pz
E—p;

e rapidity of particle with E, p,: y = % In (

note: if p > m (i.e. not for W/2):
y %In <IZI:’Z> =—1In (tan g) =7
7: pseudo-rapidity

e boson y is related (at leading order) to Bjorken xj » of incoming
partons with 4-momenta

pr=%(x,0,0,x1) . p2 = L (x,0,0, —x)

= 1.5=(p1+ p)? = x1x05 = ME/W
(xihx)+(xi—x2) _ In ( )1/2
x2

(atx)—(x1—x2)

= 2.y—1|n

L2 x12 =Mz w/\/s- e
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Z rapidity

D@, 0.4 f* D@, 0.4 f*
s > F o
%‘ 0.3+ Zly* Rapidity 1S I Relative Uncertainty
© [ ,‘"
© 1 DO Runll Data £ 0.4f —— DO Run I ;
= _ ) o = :
= i NNLO, MRST '04 £ | e CDFRun| ;'
0.2+ 2 03l NLO with CTEQ6M Error PDFs |
— gl s
L T [
L @ I
i 0.2
0.1— [
I 0.1
Oiu‘mHH\HH\HH\HH\H | o) AP I IR IS B I
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Boson Rapidity, |y| Boson Rapidity, |y|

e at large |y| (forward production): sensitivity to PDFs at large and
small x and Q? ~ M2
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Measurements on proton structure

Bl Do Central + Forward Jets (] < 3.0)

CDE/D@ Central Jets (] < 0.7)

ZEUS 95 BPC+BPT+SVTX &
H195SVTX + H1 96 ISR
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] E665

S
n

Ty

Ty

I [] cHorus
~ 10°F
o E
> [ ] ccemr
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X
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W charge asymmetry

P p
e sensitive to PDFs O—<=> <<=
— Boost

e u quarks carry larger average x than

e ud — W preferentially boosted
along p direction ~ eeeee- [

d quarks («— FY/F}) WI%/V

e W charge asymmetry:

 dot /dy—do— /dy at W rest frame
AY) = Ty rdedy of
e A(n) is standard observable

e convolution of e mry

W prod. asymmetry 1 o ey

and (V-A) decay i E
e assumption: ol E

SM W — Iv coupling o .
e cancellation of syst. g £

uncert. related to 2H

% 2 a1 o0 1 2

lepton reconstruction W or lepton rapidity
Thomas Nunnemann (LMU) W and Z at TeV and LHC
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A(|ne]) in W — ev events

= expect impact on new PDF fits with S S S

improved precision e
Thomas Nunnemann (LMU) W and Z at TeV and LHC 27.07.2010 28 / 53

> 02
e exp. challenge: lepton charge determ. 5
£
e momentum resolution degrades with pr: & -of
? i D@, L=0.75 ft5*
dpr/pT < p1 i Sns oo
e bremsstrahlung for electrons 02 E>25 Gev
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A(|ne]) in W — ev events

> 02
e exp. challenge: lepton charge determ. 5
£
e momentum resolution degrades with pr: &
? D@, L=0.75 fi*
de/pT X pT E$>25 GeV
e bremsstrahlung for electrons -02 Ei>25 Gev
e charge mis-ID rate: i —— CTEQsGeenira vaue
0 ~ 0 ~ 04 - MRSTO4NL O central value
02%) (‘775-| ~ 0) tO 9/0 (|77e| ~ 3) 0'4- CTEQS.6 uncertainty band
e dominant syst. uncert. from charge mis-I1D ok . . . . ] .
and multi-jet bgd. o o5 115225 Tnel
e A(|ne]) in different Et(e) bins: probe N ————
different yw (— x) for fixed |ne| T ozp
E
e yellow band: PDF uncertainty obtained 2’041: (b) DB, L=0.75 fb*
1 1 F E2>35 GeV
from global fit to previous data (CTEQ6.6) of oo I
e for nearly all |7e| bins: experimental E —— creqescnal vae
uncertainties much smaller than e MRSTONLO central value
L CTEQS6.6 uncertainty band
CTEQ6.6 band ot ’
= expect |mpg<_:t on new PDF fits with e P TR -
improved precision e
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Direct measurement of A(|yw|)

V1 (¥9) Vo (Ys)
W v
e reconstruct yyy distribution with My p_\»Q"__ =
constraint u(x) d(x)
e weight both v solutions with probability \
given by production and decay et
e iterate as weight depends on yy 08

CDF Run Il Preliminary [[L=1 b

74
—se— 1fbldata(stat. +isyst.)

= improved statistical precision w.r.t.

A(m)
o for fixed yy+: 1er # N
= different acceptance for W+ /W~
e W — ey, 1fb !
e largest syst. uncert.: e-ID efficiency,
modeling of hadronic recoil
e provides new constraints on PDF fits

o
3

o
o

vvv TEQ6:1M)

PDF uncertainty(CTEQ6.1M)

o
n

o
&

4
s

o
]

&

W Charge Asymmetry
2

o
=

P08 SIS TS RN NN RN B PR

2

y,|
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A(|ne]) in W — v events at LHC

4 CTEQS.6
N A( ) do™ /dny,—do~ /dn, 0.35 Q=91 GeV
Te dot /dng+do—dng 03
e pp collisions: no valence g 0%
. . _ .. £ 02
anti-quarks as in pp collisions Zors
.U+d—>W+ d—l—B—>W_ 0.1
= oW > o(W) o ‘
10° 10* 10° 102 107 1
o X(u) > %(d), X() = X(d) x
+ _ CMS preliminary 2010 \s=7TeV
YI(W*) > [yl(w™) ' ‘ ' '
) > 0.6/~ _[Lu«=198 nb’! 7
CMS preliminary ICHEP2010 \s=7TeV %
NNLO, MSTWO08 68% CL prediction E {
ILdt=1sanh" 143 0.08 g 0.4 N
S
(2]
W —pv —— o
169012 £0.04_ 8 0.2 -
a {
W—ev —h— S
1.26 1“.‘“,“‘1“.“5”” c 0_ I
S
= ° W — uv data
W = v (combined) —e % A w dat
1512 0,08, £0.04 — 0.2 === NLOJNNLL (ResBos+CTEGE.S)
L 1 L L 1 1 | 1 L
0 0 0.5 1 1.5

0.5 1 15 2 2 25
R, =0o(pp = W™ X = I'viX /o pp = W +X = I7+X) Iepton pseudorapidity, m|
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Forward-backward asymmetry in Z — (/™

EF g1t
[ X¥d.of.=10.6/14 i |
05 I ﬂ
N N o — PYTHIA
Ne—Ng o - ZGRAD2
AFB ~ Ne+Ng L
i . Statistical uncertainty
| Total uncertainty
-0.5
N 1

500
Mee (GeV)

o first: a reminder of electroweak gauge theory
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Electroweak coupling

gauge theory, unifies weak and electromagnetic coupling:

SU2)L ® U(L)y
W, = (WL W2, W3)

By

Electroweak gauge bosons

rotation in SU(2), ® U(1)y with angle 6,, (sin’#6,, ~ 0.23)
W:I:
AM—B cos O, +W sin 6, ~
Z, = —B,sinf,, + WE cosf, Z

using ~ couplings: e = ge

gauge field of SU(2), with coupling constant g,
couples only to left-(right-)handed (anti-)fermions

gauge field of U(1)y with coupling constant g’
couples to hyper charge Y = 2(Qem — k)

L(WE+iw?) W=

=g’ cosf,, = gy sinb,

Thomas Nunnemann (LMU)
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= W bosons (charged current) couple only to left handed fermions (parity is
maximally violated)

= Z bosons (neutral current) couple to both left and right handed fermions,
but with different strength

Z boson couplings

L L en er
Z, ¢ [ 0, cos b, 8z, ¢~ SR = Gh 0, cos b, .
g = hk—Qsin’6, right and left handed coup-
gr = —Qsin’0, lings
gy =gL+gr= Ik —2Qsin’6, vector and axial vector coup-
ga =8L.—8r= h lings

Thomas Nunnemann (LMU) W and Z at TeV and LHC 27.07.2010 33 /53



= forward-backward asymmetry in ete™ — ff

B ! F f
i/':‘ e N + Ng
f 1
2 DELPHI 93 — 95
Qg’ 1 e > u'u(y)
e at /s = Mz: due to different g, /gr, $
gv/ga couplings ? Peak
Afg x g¢ - gl), small as o
gy =1h5—-2Q sin?6,, and sin®6,, ~ 0.23
e around Z resonance: due to v*Z el +
interference s
i
04 M P2 44
*i -t
Peak: /s~ Mz =91.2GeV itﬁ+++*** 4
P-2: /s~ 89.5GeV *2r pog Tt
P+2: /s~ 93.0GeV
05 05 0 05
cos(0,.)
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Forward-backward asymmetry in Z/v* — (¢~

do,,./dcos(9) [nbl

LEP

DELPHI 93 — 95

1 e'e” > u'u(y)
0.8
0.6

. #+
04 M, P+2 #’*’F
+. - J#f#
&f*++++* 44
0.2 F P_;+*¢++++H++
0 ~05 0 05 1
cos(0,.)
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W and Z at TeV and LHC

events/0.2

5 &3

events/0.2

CDF Runll Preliminary

10 GeVIc?<M,,< 75 GeVic? |

w
S

-0.2 0.2 0.4 0.6 0.8 1
cos f) 0*)

75 GeV/c® < M, < 105 GeV/c?

[}
tt'¢ t
t
! P

0.8 -0.6 -0.4 0. 0.4 0.6 0.8

.2 6 0.2
cos(6*)

45— T T T T T T ; =
40E- e Data M 2 =
E > 1 Vi 3
sE |z eeme e > 105 GeV/c E
305 | pijet background E
255 | [ Other backgrounds =
205 E
15E- * E
10E- E
5 + ;
- —

-0.8 0.6 0.4 -0. 0.4 0.6 0.8

2 0 02
cos(8%)
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o(cos 0~ >0)—o(cos 0~ <0)

Arg

® Arg =

0~ = Z(¢~, p) in dilepton rest frame
e (V-A) coupling: v,(vq — ag7°)

standard model:

than LEP)

o(cos 0~ >0)+o(cos 0~ <0)

[ x%d.of.=106/14 ] |
05 I

D@ 1.1fb™

— PYTHIA
-~ ZGRAD2

Statistical uncertainty
Total uncertainty

exchange of additional gauge boson Z’

would change Agg around my

Thomas Nunnemann (LMU)

W and Z at TeV and LHC

aq = /3 I
. 2 70 100 300M (Ge\%)()
vq:/q—2eqsm O L ®
different notation: gy//a o :
o4 B
Arg(s = M3) ~ 3 AqA; ® PDFs oz |
o F
with A = 2 EA.TEV.f -oz F
f+gv f -0 F
e sensitive to sin H‘f/l\c/f (but less sensitive _g:g 5
_1 B P I s

50 100 150 200
ete— Mass (GeVicD)
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o(cos 0~ >0)—o(cos 0~ <0)

* Arg = o(cos 0~ >0)+o(cos H—<0)

0~ = Z(¢, p) in dilepton rest frame

e (V-A) coupling: v,(vq — ag7°)
standard model:

=3
vg = I3 — 2e4sin 6,
different notation: gy /4
Arg(s = Mz) ~ 3 AqA; ® PDFs

with A = QM
Af+gi

e sensitive to sin? 5 (but less sensitive
than LEP)

e exchange of additional gauge boson Z’
would change Arg around mz

Thomas Nunnemann (LMU)

Ars

D@ 1.1fb™
[ x%¥d.of.=106/14 ] |

— PYTHIA
--- ZGRAD2

e Statistical uncertainty
Total uncertainty

A
n,
AP)

A, (SLD)

0

Alb
0.
w

Qe

Ay, (DO)

—e—

—

«—— Average

| —o——

o

e

00 500
M (GeV)

0.23153 + 0.00016

0.23099 + 0.00053
0.23159 + 0.00041

0.23098 + 0.00026

0.23221+ 0.00029
0.23220 + 0.00081

0.2324+0.0012

0.2326 + 0.0019

L
0.23

W and Z at TeV and LHC

1 !
0.232 0.234

sin? g™

1
0.236
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o(cos 0~ >0)—o(cos 0~ <0) D@ 11fb?

o(cos = >0)+o(cos 6~ <0) [ xfdof.=10604  p
05

Arg

® Arg =

0~ = Z(¢~, p) in dilepton rest frame

e (V-A) coupling: v,(vq — ag7°)
standard model:

— PYTHIA
---- ZGRAD2

e Statistical uncertainty
Total uncertainty

vq:/§’—2eqsin29W - ““““““‘3?0""&(‘9?\??0
different notation: gy /4
Arg(s = M3) ~ 3 AqA; ® PDFs

with .Af—2 EAFEV.f e
girtEuf <

e sensitive to sin H%f (but less sensitive

2
: (M=500GeV)

PR P LR N I

than LEP) e
L. , L ‘Rosner,‘ PRD 54,‘1078 (19‘96) |
e exchange of additional gauge boson Z b b
would change Arg around mz: CM. energy (GeV)
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u/d quark couplings to Z

E]
>

0.5

-1

e CDF (72pb~1): Agp in Drell-Yan lepton pair production

| [ H1 (v,-a,-v,-a,-PDF)
I — LEP preliminary
I — CDF

68% CL

\

- Standard Model

e H1: EW+QCD fit (HERA, deep inelastic ep scattering)

e LEP: sign and vq <+ a, ambiguities

Thomas Nunnemann (LMU)

- —
B > 1 B [ IH1 (v,-a,-v4-a,-PDF) B
r— LEP preliminary
r — CDF
1 osf \ .
— 0 B 68%CL
4 -05fF .
] Al 1
H1 [ * Standard Model H1
A PRI N S R RN R
1 -1 -0.5 0 0.5 1
au ad
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QCD corrections
pr of lepton pair in Drell-Yan production, p,(v*) = p.(¢) + p.(£7)

= Muon pair production, pN collisions
1000 Plb=400 GeV, 6<M<7 GeV

o
S

E d°c/d°p [fb/Gev]

f

P M

1 4 5

15
UL IR AL B L

o

3
pr [GeV]

® graph: expectation from intrinsic kr of quarks inside proton
assumption: Gaussian p(kt) = b/mexp(—bk%) with (k) = /7 /(4b) = 760 MeV

compare: Fermi momenta of neutrons and protons in nucleus:

pr~ L (%) ~ 250 MeV

® excess at large pr due to QCD corrections, expectation from qg — g scattering:
%o as(pT)
d?pr 22
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Drell-Yan process: Feynman diagrams at LO and NLO

0

e Born level (lowest order): o< o

e virtual corrections: o «s

D 5

e real corrections: o< ag

PP Ot
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Z transverse momentum

7 F P 1
s D@, 0.98 fo* Iyl>2 10t DBOS8MHT ResBos
S A > E
g r/oN ResBos with small-x effect g 102F — — ResBos+KF
~ 3 — ResBos without small-x effect | 3 —_—
o008 ] - F NNLO
% r D@ data % 107 3 e Rescaled NNLO
S} + ° F .
x 0.06 é 104k D@ data
S S
0.04F 10°F
0.02 10°F
C F @
c | | 107,
0 5 10 1 20 25 30 0 50 100 150 200 250
ZIy* q (GeVic) ZIy* q. (GeVic)

¢ QCD corrections result in pr(2)

e small pr(Z): multiple soft gluon radiation (resummation of leading
2
terms oc a7 In?""1 %) in addition non-perturbative form factor (incl.
T

parton intrinsic kr)
— RESBOS event generator

e large pr(Z): fixed-order perturbative QCD,
next-to-next-to-leading-order (NNLO), O(a?)
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Associated production of jets with W /Z

e production of associated jets via QCD corrections
cross section for Z + n jet prod. (LO): 07 pjets, 1.0 o< @f

e jet multiplicity and pt in Z(— eTe™) events:
2 10°g
§ 1 - E EY
s f D@, 0.4 f5* o F o~ DO, 0.4 fb
210ty &y G E T,
5 F § S ”‘x' + Data
10t w I ME-PS
g T S
v f E g
10° L o Data 3 -
E O  MCFM 1L —H
—— ME-PS E
104 v PYTHIA E ﬂ% f
E -1
0 1 2 3 2 107 100 150200 280 300
Multiplicity (=n jets) Jet p; (GeV)

e MCFM: NLO pQCD, matrix elements

e Pythia: numerical simulation of successive gluon and quark radiation (parton
shower)

e ME-PS: matching of matrix element calculations (LO) with parton shower
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in detail: N5 > 2, pr of 2. Jet, piy™* >

je jet,

PT
N F DO Run II, L=1.04 fb’* —#— Data at particle level —+ Data == PYTHIA SO
8 " '_ = MCFM NLO == HERWIG+JIMMY - Scale unc.
2 10 E = PYTHIA QW
= F (@) 9 ©) — Scale unc.
2 10°F ZF
o 3 E S 15F
< F o E
o .
° %-1055- Zly (- ee) +2jets + X =10
° F 65<M,,<115GeV 2 r
x [ InclinpS/y® 2 i
S 10 e T e 805
o E Reone=05,] y¥|<25 L
[ . A | . by .
=+ Data =+ Data == SHERPA
== MCFM NLO == MCFM LO == ALPGEN+PYTHIA  — Scale unc.
| — Scale unc. —— Scale unc. | —— Scale unc.
9 25E (b) 925 T
Z 20 E Z 20 E (d)
S 15F S 15F
[TH - TR -
o F @] F
S10F S10F
2 r 2 r
2 o 2 o
g 05T gosr
v ! ! MR | ! v ! ! MR | !
20 30 40 50 60 100 200 20 30 40 50 60 100 200

P, (2" jet) [GeV]

P, (2" jet) [GeV]

e pr shape well described by NLO QCD (MCFM) and ME-PS generators but
large scale uncertainty for LO and ME-PS

e parton-shower generators: spectrum too soft

Thomas Nunnemann (LMU)
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W mass: techniques
based on different observables:
e lepton transv. momentum pr(¢)

e Jacobian edge at My /2
e knowledge of pr(W) is essential
e independent of moderate £; resolution

e transversal mass
Mr = \/2p7(e)E: [1 — cos Ad]

e marginally affected by pr(W)
o largely affected by detector resolution
e in total: highest precision

o (also: E: — pr(v))

= W production mechanism and detector (energy
scale and resolution) needs to be very well known!

e / events as calibration tool
pr(Z) — pr(W)

Thomas Nunnemann (LMU)

W and Z at TeV and LHC

dN/dp(e)

dN/dm..

=0, no
de&et):lor reso.

true pt(W), no
detector reso.

*0e,,
----

30 35 40 45 50
pr(e) (GeV)

60 65 70 75 80 85 90 95
my (GeV)
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Calibration of energy scale and

e using Mz
LEP: AMz = 2.1 MeV
problem: o7 - B(Z — (l) ~
0.1-ow-B(W — (v)

e using quarkonia resonances
(J/¥, T(1))
challenge: extrapolation to
pr(f) ~ Mw/2

CDF Il preliminary .[L dt~231b"

0.1 < (1/pt) < 0.15 (GeVic)”

A meaesad = 6 Mev/c?
Jidof = 19124

Events / 10 MeV (GeV/c?)

2,
m... (GeVic')

resolution
500
% (@) DO, 1fb™ W Data
] F ‘ —FAST MC
o 400 x2/dof = 153/160
o C
o L
@ 300
= C
g L
m 200
100
=< 25‘\(\b) W \w‘l i HL‘\ ”"f“ ; +m+\
| L. I U i 'Y 1
B ety
E I
70 75 80 85 90 95 100 105 110
Mee (GeV)
CDF Il preliminary ILdl 23"
NE F
3 30000 A mgsaelsan = 1 MeVic® - data
= £ y¥Idof =32/ 18 — MC
3> L
= 20000
v F
"o 10000~
‘q;:; r
R R s

2,
m... (GeVic’)
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W mass measurement 510000 o T “paE
o [ Back d
CDF (200pb~1): W — ev, uv g 75001 N ot 440
D@ (1fb~1): W — ev L%’ 5000
measurements using 25000

mr, pr(0), £ (= pr(v))
systematic uncert. (DQ):

AMy (MeV)

Source mr PT 7,

Electron energy calibration 34 34 34

Electron resolution model 2 2 3

Electron shower modeling 4 6 7

Electron energy loss model 4 4 4

Hadronic recoil model 6 12 20 >
Electron efficiencies 5 6 5 ©
Backgrounds 2 5 4 S
Experimental Subtotal 35 37 11 g
PDI 10 11 11 2
QED 7 7 9 ©
Boson pr 2 5 2

Production Subtotal 12 14 14

Total 37 40 43

D@: My = 80401 + 43 MeV

(stat: 21 MeV, syst: 38 MeV)

= most precise single measurement

Thomas Nunnemann (LMU)

W and Z at TeV and LHC

1000

500

274’ # 41 + +\ + ﬁ '
o e Wt ’*W iy
50 60 70 80 90 100
m; (GeV)
CDF Il preliminary [L dt =200 pb™
#1
M, = (80321 66,,)) MeV

X?/dof = 72162

50
P1(W) (GeV)
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M\, mass combination

e Tevatron: CDF/D@ combination: AMy, = 33 MeV
e LEP: M\, measured by all 4 exp. — ADLO combination: AMy, = 33 MeV
e Tevatron/LEP combination: My, = 80399 + 23 MeV

CDF Run 0/I — 80.436 + 0.081
DO Run | ——&—— 80.478 + 0.083
CDF Run |1 —— 80.413 + 0.048
Tevatron 2007 —— 80.432 £ 0.039
DO Run Il —e— 80.402 + 0.043
Tevatron 2009 —— 80.420 £ 0.031
LEP2 average —— 80.376 + 0.033
World average (s ol 80.399 + 0.023

L L | Julyoo

80 80.2 80.4 80.6
m,, (GeV)
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M\, mass combination

Tevatron: CDF/D@ combination: AMy, = 33 MeV

LEP: My, measured by all 4 exp. — ADLO combination: AMy, = 33 MeV
Tevatron/LEP combination: M\, = 80399 + 23 MeV

for Higgs mass constraint, current AM;,, = 1.1GeV — AMy ~ 6 MeV

uly 2010
T

— LEP2 and Tevatron (prel.)
80.5 - LEP1 and SLD

. 68% CL
>
A~MZ W /—\ w 8
\/ =.8044 |}z
N £
Ar~ln My W U W
W 80.3
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M\, mass combination

Tevatron: CDF/D@ combination: AMy, = 33 MeV

e LEP: M\, measured by all 4 exp. — ADLO combination: AMy, = 33 MeV
Tevatron/LEP combination: M\, = 80399 + 23 MeV

for Higgs mass constraint, current AM;,, = 1.1GeV — AMy ~ 6 MeV

ATLAS (10fb~1): (over?-)optimistic study: AM, ~ 7 MeV for e and
channel separately auyzoto

T
— LEP2 and Tevatron (prel.)
80.5- - LEP1 and SLD

68% CL

t
>
A~MZ W O w 8 604
N s
Ar~in My W U w
W 80.31
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Boson pair production

e non-Abelian structure of SM: probe
trilinear gauge boson coupling
SM: coupling of only neutral bosons
(Z, ~) is forbidden

e sensitive to new physics via anomalous
couplings

e TeV/LHC and LEP complementary
e at TeV/LHC higher v/3 and pr

e sensitivity to different combinations
of couplings

e background to and reference signal for
numerous searches (H — WW /ZZ,
SUSY (trilepton))

small cross sections
— both CDF/D@ have ~ 8fb~!
recorded

Thomas Nunnemann (LMU)

Cross-Section [pb]

Tevatron Run Il pp at \s = 1.96 TeV

:

;

3

OCDF Preliminary
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0DO Preliminary
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N Theory

Ty

H

=

W and Z at TeV and LHC
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WZ candidate (CDF)

— || ] |
AT ‘ ‘
2 lep 3: Central -
p; =39.7 GeV
. n=0.6

B =

lep 2: Track e/p*

pr =38.8 GeV
n=-0.6
L lep 1: Central e
‘ pr = 36.6 GeV ‘
- n=-0.6
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ZZ — 4y candidate (DQ)

Run 232216 Evt 15136574 Mon Apr 16112:01:04 2007

ET scale: 3 GeV'

Run 232216 Evt 15136574 Mon Apr 16 12:01:04 2007

1MET Hem

mu particle
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ZZ — 4e candidate (CDF)

W and Z at TeV and LHC
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7 Wz
> C )} o
8, [ DPRunILL7! T iodaa L [ Wz Candidates D@, 1 fb
E F [Isignal % 14 Standard Model MC
2 r I background 0] -~ ACMC:Ak, =AgF =-0.25,\, = -0.25
g 2r 2 AC MC:AKZ=A9%=0.50,)\Z=0.25
L =~ 10—
15F o
L [
r o T
' O sk 5
il : 3
F = H
0.5 C =
; g 5
PRI I r— L
0 102 I20t0 300 . 400 G 500 % "26""20""80 36 100 120 140 160 188 200
our lepton invariant mass (GeV) z pT (GeV/c)
Z7:
o D@: 5.7¢0 discovery ZZ — 000" and ZZ — (0,
e 0 =160+ 0.63(stat) "5 (syst) pb, NLO-QCD: o = 1.4 + 0.1 pb
Wz
e D@: 0 =2.7"1% pb, CDF: 0 = 4.1 4 0.7 pb,
NLO-QCD: 0 = 3.7+ 0.3pb
e sensitive to WWZ vertex: anomalous couplings alter p% spectrum
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Trilinear gauge couplings

Events /10 GeV/c

P

=

SM (both diagrams)

CDF Run Il Preliminary J' Ldt=1.9fo"

: Region: Signal .Data [z+jets
Oowz @z
6 Ozy Wt
5]
4]

80 100 120 140
Z° p; [GeV/c]

Thomas Nunnemann (LMU)
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W and Z at TeV and LHC

without trilinear coupling

CDF Run Il Preliminary JLdt=1.9%"

Data

— WWZ =0
—— SM WWZ Coupling

—— Summed Backgrounds

0 50 100 150 200 250 300 350 400
7P, /GeVic
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Conclusions

e Physics with W and Z bosons at the Tevatron and LHC:
e clectroweak interaction, precision tests of the standard model (SM)
e left/right handed couplings of quarks and leptons
e (anomalous?) triple gauge couplings
e precision measurement of W mass
e indirect constraint on Higgs mass due to radiative corrections to My
e interplay with strong interaction (QCD)
e sensitive to parton distribution functions (PDFs)
e associated production with jets (constraining QCD models)

e standard candles for calibration due to leptonic final states
e important (or even main) backgrounds for top, Higgs, Supersymmetry,
LED, new strong interactions, new gauge bosons, etc.
e essential to measure precisely standard model processes before claiming
discoveries
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