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o Motivation D

What can we,learn from single Z’ s?
> Interference between y and Z (i.e. new physics)
>weak mixing angle
Svector & axial-vector qj,,4-Z couplings
= Spin of the gluon

> Test/improve state-of-the-art QCD modeling
resumma’rion technology

- O(a 2): Fully exclusive and differential for
Iep’ron pair
- final state partons

» Finite boson widths; y-Z interference
* boson-lepton spin correlations
- inputs to help improve PDF’ s 6



‘ Tevatron Expemmen’rs D5

Central Tracking

Calorimeter
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‘ Main Injector

‘v & Recycler
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Z/yF/B Asymmetry IDEJ

D@ 5.0 b’ ]
10

> Select pp-> Z/y*->e'e” % o

I Multijet Bkg 102

>1two electron candidates & Tl p—
WlTh ET > 2H GeV _ —+ (2Id.0.f. = 64.0/52
- isolated '
- at least one with |n| < 1.0
and matched to a track 600 800

Mee (G v
- opposite charge if both

central (CC) 5105;_ 22/d.0.f. = 66.0/40 o e
2157 553 in 5.0/fb T wew EER-
« 73755 CC w'™

- 83798 CE




» Measured
2 Forward (cos 0 ™ > 0)
> Backward (cos 60 "< 0)
- Collins-Soper frame

> Forward-Backward

asymmetry sensitive fo:

<o.6f

2>sin? 0 ¢ hear Z pole
95/91{1 =1 — 4qy| sin” Hgff

>new physics at large M, iy

0_

+ Z/¥* interference
« ~constant at 0.6

-0.2F
0.4}

0.6 =

0.4 |

Mele (GeV)



Weak Mixing Angle DEJ

‘ Measure by fitting
b to simulated MC

0.5 .
: m Ar; templates with
: _ PYTHIA different sin20
0 --- ZGRAD2 .
I = dominated by events
) Statistical uncertainty in the Z pOIC r-egion
Total uncertainty
<— Average 0.23153+0.00016
0.5
T ! . o
50 170 100 300 500 10 A% —e— 0.23099 + 0.00053
M. (GeV) A(P) e 0.23159 + 0.00041
A, (SLD) -o- 0.23098 + 0.00026
Measured value: A o 0.23221+ 0.00029
sin? 0!, = 0.2309 £ 0.0008 £ 0.0006  * DO
Qf ——e—— 0.2324 + 0.0012
A, (DQ), 5.0 fb' ——e—— 0.2309 + 0.0010

| | | | | |
0.228 0.23 0.232 0.234 0.236 0.238

. 2 £
sin Heff
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Light-quark Couplings to Z DED

u quark d quark
5 > T >
(o)) a . ]
- (a) ? ot ‘ e ?\I:F (4-D) (b)
-0 ’ — LEP (4-D)
- " H1 prel. (4-D)
- ., i ' H1 prel. (2-D)
0.8 . .7 v i B ! [ O | Dﬁizz-D), 5.0 fb'
i \ 0.2 '° D@ (4-D), 5.0 fis" ,
0.4 A ’
I R4 i ’
-0.4 i )
® sm o’
0.2 ---cDF (4D) i )
- ——LEP (4-D) - -
H1 prel. (4-D n
H1 Srel. EZ-D; -0.6 i
| Bl g (2-D), 5.0 fy' i
O “ oowoysom' 68% C.L. _ 68% C.L.
1 | | 1 1 | | 1 | I 1 1 | | 1 | 1 I 1 | | I | 1 I 1 1 1 | | 1 | | 1 | 1 | 1 1 1 I 1 | 1 I 1
02 0 02 04 06 08, 8 .08 -06 04 -02 -0 02,
g 9a

» Vector (gy) and axial-vector (g4) couplings
2>4-D (tan): fit all four couplings
>2-D (red): fix other quark couplings at SM values



‘ CDF F/B Asymmetry

Forward-Backward Asymmetry, A__
o 1 —

<0'8; 5 5 : e - - : ‘
osf . =

oaf T
-0.6

0.2 R S S of E : 'f
| ' Pyth ié predicfion |
S ------- T --------------------- Unfolded (stat.+syst.)} -
________ -/ F ________________________ - Unfolded (stat. only) |
08

0
0.2
»r 200 300 M aelle?

CDF Run Il Preliminary with 4.1fb™’

-0.4

lllllll[llllll

CDF also measured Z/y F/B Asymmetry
but chose to measure sin?6,, using angular
coefficients instead
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Single Z' s at CDF

CDF Run Il Preliminary, L=2.11b " CDF Run Il Preliminary, L=2.1 fb "'

Zlv— e*e in 2.1 fb": -wm, U cc| iom, I cP
> Central-central (CC) +

51951  , . comsmmmisn:
INgetl<1.1 Aw, i pp

» Central-plug (CP)
E. > 20 GeV
C: [Nget<1-1 63752
P: 1.2<|nye|<2.8

» Plug-plug (PP)
Er>25GeV 22469
1.2<|N4e<2.8

Low backgrounds because tracks required: | = > S Y
QCD (data) 0.3%; EWK (MC) 0.2% S \::““W A o v

Qe
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‘ Drell-Yan Production & Decay

» NNLO calculation
>FEWZ2
> fixed order O(a ?)
>MSTW2008 NNLO PDF’ s
S>fully & exclusively

differential in

» final state leptons
+ final state partons

> Resummation calculation

>ResBos

» Collins, Soper & Sterman
formalism
+ fixed order perturbative QCD

» all-order summation of large
terms from gluon emission 14

O(a,):




‘ Angular Distributions

General expression for  do
angular dist. of final @cos%d?

state electron T
= Collins-Soper frame
> A, to A, fcns of
- M., Py, rapidity y
2>In pQCD,
- As Ay, A; near O
* A; A; small (integrate +y)
+ A, sensitive to sin?0,,
© AgtA;

XX

+ +

(1 + cos®6)

1
§A 0(1 —3cos?*6) + A sin 26 cos ¢
1

A2 sin? 0 cos 2¢ + As sin 6 cos ¢

A4 cos f + As sin? 0sin 2¢
Agsin260sin ¢ + A7 sinfsin ¢

Can use A, to measure Sin°0,,

= P2/(M2+P2)  for qq Last expression is Lam-Tung equation
= 5P.2/(M2+5P.2) for qg Only valid for vector (spin-1) gluons:
badly broken for scalar (spin-0) gluons
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‘ Angular Coefficients

CDF Preliminary Result with [ L=21 fb

s qq : Pif( +M§)
0.7F - a9 SPUPLM)
- —— VBP Resurnmatlon
0.6~ —— ResBos Resummation I
F —— Pythia A
0.5[ - - Pythia Z+1jet x;/r
- Madgraph .
04 - ---*--- Dyrad
- —e— FEWZ(NNLO).~
O 0-3:— - Powheg -
0-22_ —— Data '
0.1F .
S 66<M(e’e)<116
o‘zlllllll
0 10 20 30 40 50 60 70 80
Z P,
e CDF Preliminary Result with [ L=21fb"
& F e qa : P3/(PZ+NE)
0.7} ag : 5PZ/(5PZ+NE)
- —— VBP Resummatlon
0.6 —+— ResBos Resummation )
- —— Pythia ‘/L
0.5F - - «--- Pythia Z+1jet 2y
E Madgraph £ .
AZ 0.4 —«— FEWZ(NNLO)
- ---x-- Powheg
0.3 E_ —o—— Data
0.2 )

0.1 ; 66<M(e*e’)<116
- R <Ni(eé € )<
O‘EIIIAl'llIlllll:llllll[lllllllllllllllllll

0 10 20 30 40 50 60 70 80

Z P

(32 ]
< 0.04
0.02
0

CDF Preliminary Result with [ L=21fb"

66<M(e’*e)<116

TIT[TITII

I 1 I 1 — i
~—1 _— % —

G

-0.02

-0.04}-

T 1.1

T 1 A,

—— Pythia
—=— VBP Resummation

—+— ResBos Resummation
| —«— FEWZ(NNLO)

T1I1II

-0.06 ["---%-- Powheg
[ —— Data | | |
- 1 | T T T N Y U N S L S S B | [ B 1 1
0'080 10 20 30 40 50 60 70 80
Z P,
CDF Preliminary Result with [ L=21fb"
<t 0-18 o v
N 66<M(e*e)<116
0161 sin’6,, = 0.232
0.14F :
o.12:—§7-T =
0.1F |
0'08;_ —e— Pythia
0.06 | —=+— VBP Resummation
|~ —+— ResBos Resummation ——¢——
0.04 - - Powheg
[ —e— FEWZ(NNLO)
0'02-_“_0_[“3“;“1.11.1.11“111,“1.1.11.1.1
0 10 20 30 40 50 60 70 80

ZP;



Angular Results

CDF Preliminary Result with I L=21fb"

¢ O Ao-A, consistent with O,
<C 0.06) as expected for vector gluon
00af T _|
0.02- I* | —— 7
00‘2’57’ R e s eerm—— Extract using Ay:
bl 20, - +0.0010
.0_045—_%_ Fvthia Sin GW - 0.23291'0.0008_0.0009 (QCD)
-0.06; . ResBos
0.08 — pata 66<M(e*e)<116 CDF 2.1 fb- e
0% ""10 20 30 40 50 60 70 80
Z PT <— Average 0.23153+ 0.00016

CDF Preliminary Result withJ- L=21fb"

A . 0.23099 + 0.00053
sin?,, = 0.2329+ 0.0008(A, error)' **'(QCcD
1 (A, €rror). o o0s (ACD) A(P) e 0.23159 + 0.00041
A, Measurement
Total Error of A, A, (SLD) - 0.23098 + 0.00026
\ [0 Systematic (QCD Theory)
\ Y Ay® o 0.23221+ 0.00029
~ \ Ad° —e—  0.23220+ 0.00081
Qf ——e—— 0.2324 + 0.0012
A, (DQ), 5.0 fb' ——e—— 0.2309 + 0.0010
| | | ] | J
. | . 0.228 0.23 0.232 0.234 0.236 0.238

02206 04

0.1 012 013 014 015 sin? 0%,
A4 in 66<M<116 GeV/c? 17



‘ /Z Transverse Momentum

1.4
> Same dataset is used ’ro~
measure transverse
momentum as angular
coefficients

» At low P, smearing is
large (2.2 GeV/c)
compared to bin size (0. 5)

> Correct Pythia P+ to get
flat data/sim

= use simulated events to
get bin-by-bin unfolding

Pythia Pp resce
-
N

100 101
ee—pair Pq.

CDF Run Il Preliminary, 2 fb

A Aeddd b i A A
2
10*

GeV/c
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. /Z Transverse Momentum

10 £
s
> 1:
8 —
— 10-15_
-g_ -
= 107°¢
- —
al [
<] 1 0'3 —CDF Run Il Preliminary: L=2.1 fb
B = 66<M,, < 116 GeV/& —
< -4 | Data: Crosses
10 = ResBos: Histogram (CTEQ6.6)
— FEWZ2: Bars (MSTW2008)
10‘5_ co oo o o by e b e by ey by by oy
0 50 100 150 200 250 300 350

e*e Pair P, (GeV/c)



‘ /Z Transverse Momentum

1.6

- CDF Run I Prellmlnary L=211b"™" RESBOS
66 <M_ <116 GeV/c?
1.4
. _
= 120 H+ #Hﬂ(
@ I
= &1* JF T |
s [ !
S 0.8
0.6 —
04:...|...|...|,..|...|,,,|,
"0 20 40 60 80 100 120

e*e Pair P, (GeV/c)
ResBos total cross section normalized to data
Precise enough to help refine DY P, phenomenology
20



Summary

Z Boson production is well described by
the Standard Model

Precision measurements of
> Arg
* 5in%0,¢ = 0.2309 + 0.0008 + 0.0006
- vector and axial-vector coupling of Z to u & d quarks
- Angular Coefficients
» Consistent with vector gluon
+ sin0,, = 0.2329+0.0008+33549 (QCD)
3P,
» precise enough to help refine Drell-Yan phenomenology
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Z/y—e*e do/dy

Same dataset as P+ and
angular measurements
205:=256.6+0.7+0.6 pb

. . a
- input for PDF fits 2
>
2> NLO CTEQS6.1 best 5
-
©
L)
14 . . :
i . NNLO MRST2006E (3° = 35/27, CL=0.168)
13f o) NNLO MSTW2008E (* = 33/27, CL=0.238)
F MSTWZ2008E 68% C.L. PDFs Uncertainties
1.2 CDFRunIIwthL _______ 51 b ______________________ ............
1;u.,,,.,e.o.,m¢,¢¢¥* it
oof
DB....l...‘l....l..‘.l.‘.‘2:5..

0 0.5 1 1.5 2
e*e” Pair Rapidity

Illllllllllllll]llll LB

QOE— R
30} :
o0F 66 <M, _Asj.lﬁ_,Ge_v/_c? ________________________________________________________________
- + > measuredc : ~
10 — NLO CTEQG ™ predlctlon
o : 1 L l 1 1 L L l 1 1 L L L 1 l 1 L 1 1
0 05 1 1.5 2
e'e” Pair Rapidity
14 _
- CTEQS.1M (3 = 29/27, CL=0.408)
- CTEQ6.6M (%% = 35/27, CL=0.184)
1.3f CTEQ6.6M PDFs Uncertainties
E‘ ] 25 CTEQSL/CTEQ6.1M
8 - _— CDFRun" WIth J'L 21 fb ............. /_\
E 110 - 4 M% :
g 1 ‘ 9 z éx + 1 l
_3; ' ] !wi ! #7 Y* *T
0.9F- - '
0805 1T 15 2 25

e*e” Pair Rapidity
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Sin 9 rr = 0.2309 = 0.0008 = 0.0006

Electroweak radiative corrections result in different values
for up and down quarks compared to electrons:
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