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Outline

m \What do we hope to learn in electroweak
physics?

m \What can we measure at the Tevatron?
m Results
m Prospects
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"
Electroweak Standard
Model

m Electroweak “standard model” occupies an
auspicious place in fundamental physics

Theoretical unification of forces:
m Newton’s Law of gravity on earth and solar system
s Maxwell’s electromagnetic theory

m Key problem is completing and testing the theory
of electroweak symmetry breaking

why is the photon massless while the weak bosons
are heavy, ~100 GeV?
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Breaking the EW Symmetry

m Role of the Higgs mechanism is to
break the symmetries of the high energy EWK theory

SU(2) xU(1)y while preserving U(1)gy
m Realized with a complex doublet of scalar fields with a

potential V(D) = 2DTd + \(DTD)?

m \When the minimum of
the potential is not at zero:

three of the degrees of freedom
give the W* and Z° mass, while
preserving a massless photon
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the fourth is the Higgs boson, a massive fundamental scalar
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Avoiding Strong WW
Scatterlng
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m These diagrams give an amplitude o« GEE?,
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and Mnggs <1TeV

m Any effective theory replacing the Higgs mechan/sm has
to also reproduce these properties
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" B
Why is the Higgs not the
whole story?

m Quantum corrections to the Higgs mass...
m —Sm. + o +—C + O

tree (-
J=1 J=1/2 J=0

Sm? ~ (2 A?(6My +3M2 + M7 —12m7 )
m to keep these 472 2
corrections small,  _ _( A a0 Gevj
need physics to 1 TeV

cancel these loops at 1 TeV

m Leads to the so-called hierarchy problems
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" B
Why is the Higgs not the
whole story? (cont'd)

”lﬂl’dl’ﬂ‘“l DVA\\(\“

o R RANSSS -
new physics should be at a known scale
m e.g., GUT scale, Planck scale, etc., far from 1 TeV

Aerarchy Proh\ewx

OK, forget the “known scale”. What is allowed?

= much (all?) new physics that could fix this problem is already
excluded by frontier colliders and precision experiments

m up to 5 - 1000 TeV scale, depending on form of new physics

m Qur “standard model” may be an effective theory with the
new physics pushed just above our current reach
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" S
What do we look for to gain
more understanding?

m Look at the Higgs
direct search (Landsberg)
test properties of Higgs

m in direct couplings
= and through loop effects

m Verify EW couplings among bosons
search for new interactions to cancel strong dynamics

m Search for new gauge bosons
generic prediction of dynamical EWSB theories
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Electroweak Measurements
at the Tevatron
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" B
Hadron and Lepton
Colliders

m Lepton colliders

point-like initial state, v/ Sward scatering =  Soear
m at least up to ISR

“clean” final state, e.g., can identify W — qQ

m Hadron colliders
range of energies, charges in initial state

higher \/Shard scattering

m leads to overwhelming statistics in single W production,
access to Wy, WZ, etc.
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"
Testing EW Theory with
Loops

m Loop corrections to precisely L
measured parameters m, [GeM 91.1875+ 0.0021  91.1874 )

G, [GeV 2.4952+ 0.0023  2.4959 m
I I s, [nb] 41,540+ 0.037 41,478 n—
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Direct Tests of EW Theory

m An example from LEPZ2... 30

ete™ — WHW=inSU(2)L @ U(1):

et W+ et Wt et Wt 20 -
RSP

e W- e W~ e W~ 10-

m This test establishes thatthe 28
theory correctly predicts WWy S
and WWZ couplings °
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" I
Tevatron Electroweak
Program

m Single boson production

now testing properties of proton constituents that
collide to produce weak bosons!

m Searches for new gauge bosons, Higgs
m Precision properties
top mass, W mass and width proton

m Multi-boson final states L W
W/Z+y, WW, ZZ and WZ
new physics in couplings?

)

anliproton
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Tevatron Recent Results
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" S
Single Boson Cross-
sections

m Theoretically well under control
NNLO cross-sections available (~2% unc.)
PDFs well constrained (1.5-2% unc.)

m Low backgrounds, signal understood

m But significant uncertaintv
[ Mass - Z Candidate |
In luminosity (~6%)
m Cross-sections measured — “ f |
in all leptonic final states, .. ‘
central and forward regions =
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" S
Single boson cross-section
summary

m Uncertainties ~few %, except luminosity
m \Wide varieties of channels build confidence in results

CDF and DO Runll Preliminary CDF and DO Runll Preliminary

350 a5k
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Z Rapidity Distribution

Z/y Rapidity

m do/dy known to NNLO } o
= Since theory is so accurate, 1 N
can use differential distributions B\
to probe PDFs b /) 337 pb-
% D& Run Il Preliminary
X1(2) :%eiy ?E; ".'z"".'1""5"":""2'"'“;

— EMciensy Eros
Background Subiraction
— GTEOEM POF Eroes

m High rapidity implies one high
X parton in the collision
sensitive probe of high x quarks
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"
Drell-Yan

Di-Electron Invariant Mass Spectrum

| Dre”'Yan pp — Z(*) /7/* — €+€_ R 105; CDF Run Il Preliminary

. % - : E::—Yan
m Z-y interference an S0l =
important test of EWK theory 2,0 ———
g0 _ 4
m Also “golden signal” for new g Jra=siom
=

loose cuts

gauge bosons

g D@ Run Il Preliminary 10
— > 107 —L|' 177 pb~!
— — 1T : r + Data r
k-] = ~— MC sig + bkgd -
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: 3 = QCD bk E
E P L " E
* ol — ¥ P T N L AL
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| \E\“\‘h“_;—i‘__ﬁ/’ ' 1w ;—
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m..=491 GeV/c St
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Acg In Drell-Yan

s Pp— AL /7/* —> 0"/~ has a forward-backward
asymmetry due to Z exchange contribution

deo 41'*& 3

.2 i
g = #) + B cos 0|,
A = QQ?+2QuQuel gl Re(x(s)) + g1 (" + 947 Ix(s)[* + g4 (g* + g47)x(5) %
3 1

B = 29494(QiQqRe(x(s)) + 2909y x(5)]"), P |
| _ 1 5 osf 1
x(s) = cos? By sin? Oy s — MZ+il'zM;' 44‘?— 1

ﬂ.E- -r+ :
{ o Al .
far from Z pole, Aggocgalg, A oo
with a sign flip at pole it _ﬂ
near pole, Agocg,! so nearly zero .. o e ey
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Acg In Drell-Yan

m Most recent update... CDF with 350 pb-! e*e-

result shown is corrected for smearing, very
significant from high rate at pole to nearby bins

Response Matrix R, ] .
P —————— m One use: constrain
% | CDF Run Il Preliminary 364 pb .

Q0
¥ . - quark-Z couplings
= 3007 .
5200' ' - E = 4| H1 Preliminary s v,-a,-v -2, POF
§ 100 ' AE 0.5 68% CL
“ o E | e
60 N I | | : E ........... ........ ...... u
80 100 200 300 Pl ) ion |
Sotmeaiadil, (G61) : e wL nfolded (total err) e * Standard Model
Unfolded (stat err) | ... —— LEP preliminary
i i i i T — cor
200 300 600
M., (GeWczl -1 -0.5 0 0.5 1 a
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Z’ Search in Drell-Yan

m another use for Drell-Yan mass spectrum and A is to
search for new gauge bosons
new CDF result for 448 pb-
no evidence in this data for new Z’

m method: generate 1000s of parameterized Z' models and
look at allowed coupling strength in data

use generic Z’ extensions of Carena, Daleo, Dobrescu Tait
PRD70:093003 (2004)

use FCNC constraints, no Z'-Z mixing (LEP), anomaly
cancellations to reduce to four classes of solutions
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"
Z’ Search in Drell-Yan
(cont’'d)

m \Within each class of solution, remaining free parameters:

maSS’ MZ, Al Tt T~
one m|X|ng, X ® " LEP Bounds

one overall coupling g,

3 April 2006
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Z’ Search in Drell-Yan

(cont'd)

Measured Z’ Exclusion
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" S
Z’ Exclusion at ~1fb-1

95% CL Limits (Spin-1)

' ’ —10°¢ .

- FI_rSt CDF Z' result 2 ECDF Run Il Preliminary ]
with 819 pb_‘I — F J‘ L dt= 819 pb” —¥— with systematics ’

o = 1 ]

o Only I|m|tS on Z’ W|th +$ 100 —i— without systematics i
same couplingsas Z n ]

L'E i ]

':'. 1 == =

107 E

107 =

| | | | | | | | | 1 111 | 1 111 | 1 111 | 1 111 | 1 11
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W Charge Asymmetry

m W*0) produced from proton
u(d) quark from proton d W
d(u) anti-quark from antiproton

m Since each u quark carries proton
momentum than each d quark

forward (backward) W*®) are
more copious than W-(*+)

d0'+_d0_ M M M M My A
dy dy _u(e)d(rer)-o(tre)u(tyer) F[d(ﬁ“ey)J

do Aoyt e )a (e ) o (e (e
dy dy
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W Charge Asymmetry

35000

m Current method: look at lepton ...
pseudorapidity

20000

positive (negative) lepton boosted .,
backward (forward) by V-A 10000
structure of W decay 5000

B W+ rapidity
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" S
W Charge Asymmetry
(New Technique)

m Alternatively, can reconstruct W rapidity directly

unknown neutrino momentum along beam
— 2 solutions for y,,, one favored by decay 6

£ £

‘ Uncertainty of PDF 40sets for W and Lepton Asymmetry

0'8— ——e—— W Asymmetry for 400pb
9* — n Lepton Asymmetry for 400pb
06Ty [ Uncertainty of CTEQ6M PDFs for W Asym. |-
p \ p [E g Uncertainty of CTEQEM PDFs for Lepton
0_4:_ ..... ..................... ..................... ..................... ................. e .
F 0_2:_ ............. o 4 ..................... ..................... .................... .....................
frame E O P
gV V 'y Bk N
m Better sensitivity to d/u PR . . S W
1 -0.6 CBF Runtl t d Tt nt 400 b 1
m But smearing from two pREL.mnA§5°'e°e uncerainties 40055}
_O_B [ I S R S | T T R | [ R | L1 1

. . -3 2 -1 0 1 2 3
SO|UtlonS’ nGUtrInO ET res. W(Black) or lepton(Blue) rapidity
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" S
W Charge Asymmetry
(New Technique, cont’'d)

m Even with smearing, expected sensitivity is
limited by statistical uncertainties (400 pb-1)

1 first result (CDF)
expected by summer

e
=Y

0.08

0.06

0.04
0.02
0
-0.02

Uncertainty of Asymmetry

-0.04

-0.06

-0.08 CDE.Run “ expected ?uncertaintiées (400 pb-1)
PRELIMINARY : : :
-0.1 e e Ly R B T R N N R

3 2 40 1 2 3
W rapidity[yy]
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W Boson Width

m \What does the W boson width measure?
[(W—1v) is one of the “input” to SM fits (G from 1))
but if '(W—qq) is different, it would affect ',

m No W resonance to be observed

in W—{v
and W—jj cannot be isolated

m Reconstruct transverse mass

E. of electron or muon
missing E; from neutrino (unknown p.")

M. ? = 2E/E} (1-cos(g, ~ 4,))

with perfect reconstruction, get Jacobian edge at M,
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Events | 2 GeV

m High side tail of transverse mass 3,

QL
a8 F S
s *

aQ = ]

> L 4

o, __——» %
5

'1035—.

results from
detector resolution

inherent W width which dominates

W Boson Direct Width

the largest M-

DO Run Il Preliminary

3 April 2006

= Data
—MC+Background
Background

\\ 177 pb-

120 180 160 180 200
M; (GeV)

largest systematic

uncertainties are constralned Fo=

by Z—f data, so expect "
improvements to come!
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W’ Search

m Same M;measurement gives
access to W' —tv

= |
e
“ l

CDF Run Il Prellminary

Mzl
ILd1.=205pb“

3

— Total Background

10° — M, ~—400 Gewvict
m No evidence for W’, can set - vy

Events per 5 Gevie?
B

limits on oxBR In range
of 0.1-1.0pb from 205pb-" -

10°5 100 200 300 400 500 600 TOO 600 S00 1000

1

CDF Run Il Preliminary M, (GeV/c?)
A a ——TT CDF Run Il Preliminary
10°L I i [l
g L dt= 205 pb™" 3 - . ]
F : fLat=205pb" . o"B(W'—ev)gy, ]
"o 10°% = 102D (NNLO) |
= F : 3
8 1020 u :g g — 95% CL Limit 4
Ty E B
B 1ol 13
@ [ +DATA J
S q-  —Total Background = = 1
2 E Woev jm F 788 GeV/c”
W F o —Multet o
107 —Other backgrounds E 1o J, i
Boson Wu, 0l | = g E
under 14 table 10 10° 0 N
. . 2 200 400 600 j=1ele} 100
tennis champion Mr (GeVic) W’ Mass (GeV/c?)
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" S
W Indirect Width

m Can also get at W width indirectly  from “G.” SMinput

(_j/ 226.4+0.3 MeV
W=/ly ;'_T?ﬁﬁ'i\_réﬁa_liiia_sTWEﬁHiﬁﬁi_]_ =

R:GWXBR(VV —>Llv)

o, xBR(Z - t0) T, L L .
NNLO calculation — X LEP R, gives b
3.361+0.024 20.71%0.02
m Luminosity cancels in ratio ~ fesesee T
= Some common efficiencies = T FEEERALRES
and acceptances also cancel =~ DO W—ey,
20 - Z—ee, 177pb"

?ﬂ] G0 TO &80 90 10 110 120 130
Invariant mass{GeV)
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W Indirect Width

DO Preliminary: *+— Standard Model
R(e)=10.82 +0.16(stat)
+0.25(syst) +0.13 (PDF)

CDF PRL 94 091803 (2005) o CDF Runll (e+T:Ju:|zn;b 1 2079 0,041
R(e/u)=10.92 £0.15(stat) £0.14(syst)

i~ World Avg (2004) 2024 20,041

ffronn /)

=i Run! combined 2135 20058

. . — DO Runla +b (&) 2.153 =+ 0.064

m Beginning to be a very . COF Rl @ 2064 0,084
interesting test... 2%

b & { UAZ (&) 20100 £0.170

m Future: ' . UAT () 2180 £0.260

NeW CDF methOd to reduce IO T T T AU T T T T A [ T A IO A O A AR |

1.8 2 2.2 24 26 2.8 3 3.2

systematics, identify only
one lepton and use missing
E. to separate W/Z

T" (W) Indirect Measurements (GeV)
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" S
Diboson (W/Z+y)

4 e

m Wy and Zy final states have =" Ty
large contributions from q’ "y
WWYy, ZZy and Zyy vertices S [oo . 5

m Deviations from expectation & | 300pb
could be a sign of new physics =

in boson couplings... /:“ﬁ-':.i*'
m Also have contributions froM /w& oo
quark initial state radiation [ = I

* Ry

final state radiation in boson decay % T i
o(lly) = 4.2 +0.5pb M, (GeV/c’)
SM Prediction: 3.9 £0.2 pb

Ex(y) > 8 GeV, AR, > 0.7, M, > 40 GeV
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Events

Diboson (W/Z+y) (contd)

m Analysis postulates anomalous couplings in the WWy,
Z/Zy and Zyy vertices
Look for allowed new terms in Lagrangian (classified by CP)

These new interactions are taken as effective theories which are
cut off at scale A~1-2 TeV (above the sensitivity of the data)

r i
5 :"""'J —— Iy
E et

" DO

QcD
SM Ty + QCD

3 April 2006

w= Iy (ZZy hy=-2.1,h,=0.24) + QCD

S —

D@ Runli

.....

—— Data (e + 1 channels)
[] smmMC + Backgrounds
[] sum of Backgrounds

Integral: E,' > 136 GeV

...................

|

100 120 140
E} (GeV)

Wy data

limits on CP

~ 0.4
<

0.3F

0.2

0.1

-0

conserving WWy~"

couplings

03

04—
G(Wy) = 14.8 £1.6 p 1.0

D@ Run i

TITTTTTTITT[TTIIT[ I T[TITITTI[TITITT
LERLEN AR REARN RREAE LU RERRY

5

PR IR P
-1 -0.5 0

PR I N S M AT U S T
0.5 1 1.5
AK

0 (sys) 1.0 (1um)

SM Prediction: 16.0 0.4 pb
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Diboson (WW)

m Study WWZ and WWy couplings w/ WW, W/Z final states

m WW: expect t-channelto ~ ¢———~ W ¢ e W
dominate (90%) Y g
two leptons, missing E; j—<—~n~n~w 3 W
backgrounds from Drell-Yan, W+fakes, other diboson states
MOdC ” ] . __CDF Il Preliminary (825 pb"1
WW 524+01+43| CDF825pb™: S 1ol - Da 7
Drell-Yan || 11.8 £ 0.8 + 3.1 _ t 14| Gwzsz
i 02+00+00 | CVW) o 12 B e

Wy ‘\>
Wz+zz || 79+00+08 | 196 pb2.3(stat) o Sor-var ‘
Wy 68+02+ 1.4 | *1.6(syst) £1.2(lum) & +T] \_‘ j

6 4
i S [
W+jets 11.0£05£3.2 4t 7 ]
— —
SumBig [ 378200247 (oXPect 12.410.8) ) S==—m=—==Trt
Expected || 90.2+0.9 £ 6.4 % o5 1 15 2 25 3
Data 95 min(¢(1E;))
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}“Z

Diboson (WZ) s

m WZ;

B E A BB [Reeelr T e R e )

Backgrounds:

Z7: 0.50 £ 0.01 (stat.) +0.05 (syst.)
2y 0.03 £ 0.01 (stat.) £ 0.01 (syst.)
tt: 0.05 £+ 0.01 (stat.) £0.01 (syst.)

three leptons, missing E; Z+jets: 0.34£0.07 (stat.) 83 (syst.)

backgrounds from
Z+fakes, other diboson

1 @ Run il
s '__‘—‘—-—-—._
0.5 T —
0 I
\\ )
0.5 T~ y
"‘-.H_‘_‘_‘_‘
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" I
Improvements with
luminosity

m WW, W/Z, ZZ studies will continue to improve
linearly with luminosity

m Single boson cross-sections unlikely to improve
In precision
but ratio analyses (e.g., R, or asymmetries) will
continue to improve
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m The challenge of the W mass at the Tevatron is that
analysis is difficult, not a lack of luminosity

m |n fact, many systematic uncertainties reduced with luminosity

example: Z p; distribution
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" S
W Mass

m Large data samples are in hand with statistical errors low
enough to

. W-Boson Mas$Ge\]
improve over LEP2

TEVATRON *—  80.452+ 0.059
% 1500 LERP2 —.- 80.388+ 0.035
é Average 80.404+ 0.030
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! NuTeV ——A— 80.136+ 0.084
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" I
Run 2 Projected
Uncertainties

m Extrapolated from Run Ib measurement

m Uncertainties likely to scale with luminosity:
Statistical uncertainties
Energy and momentum scale, Hadron Recoil against W

m Uncertainties which may not be reduced with increased
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" S
Higgs: Loops vs. Physical
Mass

m Ultimate goal: o e
~1find Higgs at Tevatron if we are lucky K
1 if not, discovery at LHC VA
1 compare mass | —LEP1 and SLD
. . .5{ —LEP2 and Tevatron (prel.) ' ]
to prediction P T e oo
from qup/;-/
ANAAAAS
© 200
m, [GeV]
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Conclusions

m [evatron making important contributions to
studies of electroweak unification
single boson asymmetries and differential

distributions to study components of proton
= new studies and new techniques

new gauge boson searches and tests of gauge boson
couplings

» Will benefit from increased luminosity
data to significantly improve W mass is in hand

m /n next several years, except these analyses to
be updated with 4-20x more data than shown!
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