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W and Z production at the Tevatron

|deal for testing understanding of QCD

The Universit
of Manchest

Parton distribution functions, initial state
radiation, non-perturbative form factors.

W and Z production is a background to
many Higgs and new physics searches.

Tevatron =W and Z boson factory

Will present result with 7.3 fb-' and 966k
Z/Y" candidates!

Complementary to LHC

W and Z mainly produced by valence quark
annihilation

CP symmetric collider is ideal for
asymmetry measurements

196 TeV pp

IS

Tévatron

Main injector
& recycler
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W charge asymmetry

At the Tevatron,W and Z bosons mostly
produced by valence quark annihiliation.

e.g.W* mostly via u(proton) and d(antiproton).

Valence u(u) quarks have harder PDFs than d(d)
quarks.

W Boosted along proton direction.
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W charge asymmetry

® At the Tevatron,W and Z bosons mostly T T T
L @ WiCharge Aymmety £ .. ... 09
produced by valence quark annihiliation. 0.6 : e
:. .+ Lgpton Charge Asymmeltry .' ]
, - 0.4 @i S SR o ]
® e.g2.W" mostly via u(proton) and d(antiproton). PN g g g .O'E ]
] B s T S St S
® Valence u(u) quarks have harder PDFs than d(d) i ° '::.5‘. .
e .. eeeeea. 9. .. . . . ... %a............. —
quarks. 0 RIS %
X 5 ® .. ]
. S0.2f e s o ® ]
e W Boosted along proton direction. [ O o
= — L s T SR R
P(u) P(d) R

My, egpet 4
EHA/.E $1,2:%e 3 2 4 0 1 2 3
W or lepton rapidity

AL 2

do(W*) _ do(W")
® A(W) — da(]/?/—l—) | dg(v?/—) ~ A(y) X (V — A)
dn | dn

® |epton charge asymmetry folds in the V-A decay asymmetry.
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W charge asymmetry (CDF)

® W rapidity estimated statistically using kinematic constraints and assumptions on
the angular distribution in the W — eV decay.

® Data are well described by pQCD predictions.
CDF Preliminary Run Il 1 fb" CDF Preliminary Run Il 1 fb

0.8 T T 1T | T T 1T | 1T 171 | 1T 171 | T T 171 | T 17

——e—— CDF 1 fb” data(stat. + syst.)
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NNLO Prediction(MRST2006NNLO) at m, = 80.4
T

\: PDF uncertainty(MRST2006NNLO) it

NLO Prediction(CTEQ6.1M) at m, = 80.4

D PDF uncertainty(CTEQ6.1M)
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o2 ® Directly observable but less sensitive to £ o5 AP § b,
— O . > - Fr Q-p
production asymmetry. 2 4af P;>25Gev N S ——
L. 0.15—
® Improved by binning in lepton pt -
0.1
. . . . 005__
® Disagreement with QCD predictions at - , s
0t —— A 075
large lepton pr. - A, (L=0751"
g P P - — CTEQS6.6 central value
-0.05— @ ===- MRSTO04NLO central value
C CTEQS6.6 uncertainty band
_0_ P | Lo v b b v by v by oy oy by
Y 02 04 06 08 1 12 14 16 18
Pseudorapidity
> 0.3 8T } > 0.4F 8T
8 [ DO Prelimi g S a5F DO Prelimi 4
3 - 25<p <35GeV B S 03b p. > 35 GeV Sow|- . é li
< g2f P}>25GeV : | — < F pl>25Gev : | —,
- 0.25:— ......
0.15— bk Hioch Dr .ot
0.1 L 015 >~
- OW PT =
0.05— P 0.1F
- —— A, (L=491b" 0.05 —— A, (L=49f"
o —— A, (L=0.75f0") ob —— A, (L=0.751b")
= —— CTEQS6.6 central value = —— CTEQS6.6 central value
-0.05 - Tt MRSTO4NLO central value -0.06—-  ==== MRSTO4NLO central value
- | | | CTEC?6-6 U”?e”a'm): band | | | = | | | | CTEQS.6 uncertainty band
0% 02 04 06 08 1 12 14 16 1.8 0% 02 04 06 08 1 12 14 16 18
Pseudorapidity Pseudorapidity

PRL 101,211801 (2008), 5976-CONF (2009).
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::  lepton charge asymmetry (
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= e Directly observable but less sensitive to  _ o1 1 {
|_ M o B o"‘ ° “‘
° production asymmetry. A .
E of
£ L E{>25GeV b
. . . > N
® |mproved by binning in lepton pr @ oaf N
g f
® Disagreement with QCD predictions at & 0-2F < corruniPreliminary 1 1" data ¢) '
5 N (no systematic uncertainties)
large lepton pr. o3k DG 0.75 f data ()
~r D@ Run Il Preliminary 5 fb' data (w)
e RESBOS with CTEQ6.6
. Conﬁrmed by CDF -0.40 1 1 1 l 1 1 1 1 11 1 1 1 11.151 1 1 1 é 1 1 1 12.151 1 1 1 l
Leptonm
02 0.3
. ! -x‘,-,._-_.x.-..x......im E e
> B "“¢. ~..‘? > 0.2 _— ET > 35 Gev ""._ ---- ® "; ......
= oo *. > F O 2
© B ° n o he ¢ 4
€ I | Y £ o1 T f
£ 02| 25GeV <E; <35GeV *. e ) .
@ [ 5 o High pr }
< . < -
Q 0.4 Low pr ® F
E B L4 CDF Run Il Preliminary 1 fb'datae) 00 e, E -0.1 [ b CDF Run Il Preliminary 1 fb ! data (e)
5 -0.6 __ (no systematic uncertainties) 5 [ (no systematic uncertainties)
T E DO 0.75 b5 data (e) 0.2 n A DO 0.75 fb' data (e)
B D@ Run Il Preliminary 5 fb5' data () ’ B v D@ Run Il Preliminary 5 fb' data (u)
__ ......... RESBOS with CTEQ6.6 mGLLELEEEE RESBOS with CTEQ6.6
-0.8 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 -0 3 B 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l
0 0.5 1 1.5 2 25 ~0 0.5 1 1.5 2 25 3
Leptonn Lepton

PRL 101,211801 (2008), 5976-CONF (2009).
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Z/Y*—ee da/dy (CDF)
® Helps to constrain valence quark PDFs M +y __ 1 ]
T1,2 = —=€ y—=— 51—
\/g 2 11713
® Good agreement between do/dy data and
PQCD over wide range of rapidities. (o= 256.6 % 0.7 (stat) £2.0 (syst) £ 15.4 (lumi) J
® Most precise measurement of inclusive
Cross section
o 5 CWR [ mjL21m 14¢ 2
- un i wi = L] NNLO MRST2006E (%~ = 35/27, CL=0.168)
70 _g*;&g#" SO wions Wity ssweell S Somitotom i 1 35 ANLO MSTWZ008E (2 - 3327, OLe0.238)
60f- .. - T ';’, LB 692,232 (2010) s MSTW2008E 68% C.L. PDFs Uncertainties
g 50E i : > 121 : . J S — '
2 ~URUNNS SNUSEE SSR——.. " SRS NURSG—_—. N — ) - CDF Run ll with | L=2.1fb g
> - o 2 ’
9 BOf- o BB 'E 1.1} * -
S aof 68<M. <116 = : | 4
%, 305 < YZ< B g 1;’§”:”*‘¢¢0‘*§§§§¢¢2¢ * ¢
° -~ Positive rapidity - » AL I
20: ........................................ N : :
- = Negative rapidity 0.9
10 ;no..l.umino.sity uncertaintyvi_ncl uded N E : :
‘Onlystatlstlcuncertalntycon3|dered 08— Ll [ A
0 0.5 1 1.5 2 25

L PR PRI S S T N S
00 0.5 1 15 2 25 5

e*e” Pair Rapidity e‘e” Pair Rapidity
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Z/Y*=pp pr (DO)

Comparison with various pQCD calculations and MC
event generator predictions.

Verification is important for Higgs and new physics searches.

Z/Y)

1/0, x do/dp_ (1/GeV)
IIII|T|'| ||||nTr|m||||I111] IIII|T|T| IIII|T|T| IIII|T|T|_

o----e. DY

® DY, L=0.97 fb"
= NLO pQCD + corr.
= «PYTHIA Perugia 6
65<M,,< 115 GeV
muon Inl < 1.7,I muon p_>15 Gel\/

L @ D, L=0.97 fb
PYTHIA scale unc.

== HERWIG+JIMMY
PYTHIA Tune D6

PLB 693,522 (2
PR

Ratio to PYTHIA Perugia 6

'IIII|,|,|] IIII|,|_|,|J IIIIL|_|,|] IIIIL|_|,|] IIIILI,I,II IIII|,|,|,|,I_

Ratio to PYTHIA Perugia 6

. e Dy, L=0.97f" ='-RESBOS
= NLO pQCD = =LO pQCD
— Scale & PDF unc. - - Scale & PDF unc.

PYTHIA scale unc.

== ALP+HERWIG
ALP+PY Tune D6
PYTHIA scale unc. = = ALP+PY Perugia 6

L L ol
® Dy, L=0.97 fo
— SHERPA

Ratio to PYTHIA Perugia 6

hadronic
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Z/Y*—ee/pp do/dd* (D)

® Alternative variable to study the Z/Y* pt

° Less sensitive to detector resolution and selection
efficiency.

® Binning in rapidity probes x-dependence of non-

perturbative form factors

pT

(leptoni)

d* = tan(Pacop/2)sin(0%)

(lepton2)

*e

________
......
.......
.....

Recoil

966k events! 155_

-y
o

)

*

n
a1
T T T

10}

107k
10
10°F

- r 1<lyl<2

DO 7.3 fb™
s+ uu data

o ee data

1072 1o1

1

— ResBos
—— ResBos (small-x)

(1/6) (do/do

—r

(c)

T
1}

1<lyl<2 54!

arXiv:1009.1580 [hep-ex], arXiv:1010.0262, accepted by PRL (2011).
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Z/Y* > eeluy do/dd* (D)
é ® Alternative variable to study the Z/Y* pt (lepton1) pT ar I:,(IeptonZ)
HC_) p A A
® Less sensitive to detector resolution and selection \ t
efficiency. e e BCOD.
/t\ ............................

® Binning in rapidity probes x-dependence of non-

. * = i * .
perturbative form factors ®* = tan(Pacop/2)sin(0%) "2 Recoil
966k events! 1.1 (a)lyl <1
m ...............
o It B
o i %
S ool 2 = 25/24 - 2 =27/24
oc 0 9: X( uu) - X(ee,uu) -
212 II | | o | | I1I””I | I
ol _ DO 7.3 fb
_g i (c)lyl >2 i : 20 data
© - AT o eedata
T sl ResBos
. H [ ------------ ResBos (tuned g,)
I L ResBos (small-x)
0.8 % % T PDF @ scale uncertalnty
I”‘IIO'2 T 101 T 1 I”‘IIO'Z | 101 | 1

Pn Py

arXiv:1009.1580 [hep-ex], arXiv:1010.0262, accepted by PRL (2011).
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Z/Y* Arg

Coupling of Z/Y* to fermions contains both vector and axial-vector components.

Leads to asymmetry in the polar angle 8" of the negatively charged lepton in the

AFB

0.6

0.4

0.2

Are dominated by Z/Y* interference above and below the Z pole.

20
g
20
= °
=5
[ J
dilepton rest frame (or Collins Soper frame).
]
e Sensitive to additional heavy gauge bosons.
. 5
S = I?{ — 2Q) s sin” 6,
95 =13
C do
= A(1 + cos” 0*) 4 B cos 0*
_dcos 0*
4 *
A __Op —0B F: cos(6")>0
kB or +op B: cos(07) <0
\

T
AT
-~ uu— e'e
""" dd— ete
— pp— e'e
M, (GeV)

12
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Z/Y"—ee Ars (CDF)

Unfolded Ars agrees well with PYTHIA prediction

No evidence for new physics at high mass

Forward-Backward Asymmetry, A,

o 1
<o8
0.6
0.4
0.2

0
0.2
-0.4
-0.6
038

-1

CDF Run Il Preliminary with 4.1fb”

Pythi'a predicﬁon
Unfolded (stat .+syst.)}-
——e—— Unfolded (stat. only) |

l]lllllllllllllll

lll}ll];llllll

60 70 100 200 300 M:e%Gchz)
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Z/Y"—ee angles (CDF)
® Extension of Ars to look differentially in ¢ (dcr/dcosGdcb = (I+cos20)
+ 4A0(1-3 cos20) + A;sin20cosd
® Angular distributions depend on A, parameters. + 15A2sin20cos2d + AssinBcosd

+ A4cosB + Assin? Osin2¢

® Depend on dilepton kinematics + Ag sin20sind + AssinBsind

\_
0.8 CDF Preliminary Result with rL =2.11fb" 0.8 CDF Preliminary Result with rL =2.11b"
< q@ : P/(PZ+NE) v ¢ F qd : P2/(P2+E) v
0.7 qg : 5PY/(SP4+ME) 0.7 qg : 5P/(3P24+ME)
r —— VBP Resummation r ——— VBP Resummation
0.6 —— ResBos Resummation 0.6F —— ResBos Resummation
F —— Pythia F ———— Pythia
0.5 - -~ Pythia Z+1jet 0.5F ---x.--- Pythia Z+1jet
E Madgraph = Madgraph
0.41 - '?é"zg(NNLo) 0.4 - FEWZ(NNLO)
FE—— = --%: Powh
0.3 -« - Powheg 0.3 . D::; °9
F —— Data -
0.2 0.2
0.1- ‘e 0.1~
S 66<M(e"e)<116 U o 66<M(e*e)<116
\\*‘\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 0:-1_!1‘711111111111111111111111111111111111
260 0 10 20 30 40 50 60 70 80
T ZP,
i} CDF Preliminary Result wﬂhf L=2a®’ COF Preliminary Result with [[L =21 b
- < U. C T J
< 0.04[ 66<M(e’e’)<116 | <C 0165 66<M(e*e)<116
0 02: E sin®6,, = 0.232
Vel . 0.14
L " ] C . H
G:.,L{r-""';u_____k'r ' ______ — 0.12F *‘*
OOZT * 0.1 o
T —— Pythia 0.08- . |
B . [ —e— Pythia
-0.04— VBP Resummatlon_ 0.06— —— VBP Resummation
- —+— ResBos Resummation —_— """ —— ResBos Resummation
L —— FEWZ(NNLO) [ - - Powheg
-0.06 [~---%-- Powheg 0'04: —e—! FEWZ(NNLO)
[ —=— Data l l 1 0.02F —— Data | | | | |
v b b e iy b b P P by I TR N T D U R S S
008,""J0 20 30 40 50 60 70 8 0 10 20 30 40 50 60 70 80

ZP, Zp,
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Z/Y*—ee angles (CDF)

-
Extension of Ars to look differentially in ¢ do/dcosOdd = (1+cos20)

The Universit
of Manchest

+ 4A0(1-3 cos20) + A;sin20cosd

Angular distributions depend on A, parameters. + 15Assin2Bcos2d + AssinBcosd

Depend on dilepton kinematics

A4 related to sin20.,.

Assin? Bsin2¢
+ Ag sin20sind + AssinBsind.

CDF Preliminary Result withj L=21b"

& 0.232

sin?

sin’0,| = 0.2329+ 0.0008(A, error)’ " (QCD)

A, Measurement

Total Error of A s
% Loty Systematic (QCD Theory)

013 014 015

1 012
A4 in 66<M<116 GeV/c?
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Z/Y " —ee Ars (DO)
® Unfolded Ars agrees well with PYTHIA/ZGRAD?2.

® No evidence for new physics at high mass

® sin20,, measurement at hadron collider which doesn’t look
out of place on world average plot!

®  Final Tevatron precision approaching single LEP experiment!

Systematics

MC statistics
EM efficiency
Charge mis-id
Higher orders

<—— Average

Statistical

0.00080
0.0006 |
0.00048

EM scale/resolution 0.00029

0.00020
0.00008
0.00004
0.00008
0.00102

0.23099 + 0.00053
0.23159 + 0.00041

0.23098 + 0.00026

0.23221+ 0.00029
0.23220 + 0.00081

0.2324 + 0.0012

0.2309 + 0.0010

=]
<
. DO5f! m
i 8 d Au
- @ jm====ecogT= |: SeEed
05 ! AP
i A, (SLD)
- — PYTHIA AP
0 --- ZGRAD2 oo
i A%
fb
. Statistical uncertainty Qi
. Total uncertainty
05 A, (DO), 5.0 fb'
05—
T 1 1 1 1 l 1 1 1 1 1 1 1 1 I
50 70 100 300 500 1000 0.228

. 2 e
sin Oeff

0.234 0.236 0.238

0.23153 £ 0.00016
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Z/Y*—>ee Ar (DQ)

— I . . . <u-06 :_ — ot P
Z/Y* mostly from ud and dd annihilation F e
0.4
® Measure the Z-u and Z-d couplings. 02f
of
Good agreement with SM. oab
. 0.4
®  Most precise measurement of these parameters. : ll
0.6 & L - -
10° M, (GeV)
° > [
(@ o C ) [ Stat. and Exp. Syst., 68% C.L.
0.24 -0.25 — PDF uncertainty
i N * SM
i N + Fitted Central value
0.22 03[
- -0.35
0.2 [
i 0.4
0.18 N
I -0.45 -
i [ Stat. and Exp. Syst., 68% C.L. C
0.16 |- PDF uncertainty B 1
! . sm os5F DO50Mm
i + Fitted Central value N
11 1 1 l L1 1 1 I 11 1 1 I L1 1 1 I L1 1 1 I 11 -I 1 1 1 1 1 L L L L 1 1 L L 1 1 1 1
035 04 045 05 055 0.6 -0.55 -ol_6 -ol_5 -ol_4 -ol_3 -01_2

9

d
gA
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Conclusions

® Rich programme of W and Z measurements from Tevatron.
® Complementarity with LHC.
® Huge event samples.

® Many of these analyses will be updated with the final Tevatron dataset, and
improvements in techniques.

18
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Backup slides
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W charge asymmetry puzzle

® CDFW charge asymmetry agrees with
pQCD

® D@ lepton charge asymmetry disagrees
with pQCD

® CDF lepton charge asymmetry agrees with
D@

® Recent study by CTEQ collaboration

®  Soft gluon resummation and higher order
(NLO — NNLO) effects are important.

® PDFs can be made to fit the W and lepton
charge asymmetries, but tension with NMC

and BCDMS NC DIS data on proton/D
targets.

0.2—
07
B p; > 25 GeV
> 02— Ey > 25 GeV
o -
< C pp— W* — e v+X \S=1.96 TeV
04—

B DO electron data (0.75 fb™) {
0.6/— CT10W (Solid band)

- - - — . CTEQ6.6 (Hatched band)
aal P R R RS A B S
0.8 05 1 15 2 25

Ye
02—
o=
- 25 GeV<p:<35 GeV
> 02— Ey > 25 GeV
< - pp— W* — e* v+X \S=1.96 TeV
04—
N DO electron data (0.75 fb™)
-0.6— | —— CT10W (Solid band)

T |-- - CTEQ6.6 (Hatched band)
_7""1‘H‘xuuxuuxuuxul‘
0.8y 0.5 1 15 2 25

Y.
0.3
02—
01—
- e
-~ C pT>35 GeV
> 0;
© C E; > 25 GeV
< -
01 pp— W* — e* v+X \S=1.96 TeV

- DO electron data (0.75 1b-)
02 | —— CT10W (Solid band)

o - - - . CTEQS6.6 (Hatched band)

[P i T E N R B R
035 0.5 1 15 2 2.5

ye
M. Guzzi et al., CT10 parton distribution functions and

other developments in the global QCD analysis, arXiv:

1101.0561v1[hep-ph] (2010).
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Collins Soper frame

J. C. Collins and D. E. Soper, Phys.Rev. D 16,2219 (1977).

21
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Z- light quark couplings

>= i T T I T T T T I T T T T I T T T T I T T T T I T T ] >'u [ ‘ ‘ ‘ ‘ |
] - H1 ©" v, -a,-v,a,PDF (prel) 1 ] - H1 0" v,-a,-v,a,-PDF (prel) |
- 68% CL A v -a -PDF (prel) . - 68% CL A v, -a -PDF (prel) R
0.5 ] - 0.5 . -
: :~ ) _t\%' ‘ : : . :
0 - = 0 j _l.l. 12 i
: ] E o : |
0.5 ] -0.5 B * .\_\ _______ - B
- % Standard Model - i * Standard Model ]
-1 ---- LEP EWWG -] -1 ---- LEP EWWG ]
[ I-I--IIIICIDE 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 i [ | ‘ | | ‘ | | | ‘ \---.l\ C\qF\ | ‘ | |

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
au ad

H1 Collaboration, Combined Electroweak and QCD Fit of Inclusive Neutral and Charged
Current Data with Polarized Lepton Beams at HERA, H I prelim=-10-042 (2010).
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Tevatron luminosity

® More than 9 fb!

e |2 fb-! expected by September 201 |

w Run Il Integrated Luminosity 19 April 2002 - 6 March 2011
12.0
HEEEE
1.0 —Delivered
10.50

100 - Recorded

9.0

8.0 //
€70 AN/
260 /,
"
2 /// 9.39

40 /

3.0 L P

'
2.0 ‘%
/
1.0
0.0 ! 1 |
‘%"”e ‘%""e oe“"e %"“a . 03 oe““‘a 4"'7?., e, O o°°‘0¢$'*’s . 05 o%”s‘%'ﬂs e 0 o%@s‘%""’? e, ‘ﬂkoe"%‘%""a ey g 0°°‘0o£{°"79 oy 05 0%‘00‘%"70 e 7o 0°°"o
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sin’0, comparison

<—— Average 0.23153 + 0.00016

A4 (CDF), 2.1 fb"! —@— 0.2329 £ 0.0012
0,1

Ay C e 0.23099 + 0.00053
A(P) . 0.23159 + 0.00041
A, (SLD) . 0.23098 + 0.00026
AR® o 0.23221+ 0.00029
AYC ——— 0.23220 + 0.00081
Qe ——e——  0.2324+0.0012

w A, (DD),5.0 f5' +——o—— 0.2309 + 0.0010

l I ] l I J
0.228 0.23 0.232 0.234 0.236 0.238

. 2 e
sin Oeff
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W mass

CDF Run 0/1 —— 80.436 + 0.081
DO Run | ——e—— 80.478 = 0.083
CDF Run I 80.413 + 0.048
Already better precision than
Tevatron 2007 80.432 + 0.039
LEP
DO Run Ii 80.402 + 0.043
Expect ~25 MeV uncertainty
Tevatron 2009 80.420 + 0.031 . .
per Tevatron experiment in
next round.
World average 80.399 + 0.023
| | | July 09
80 80.2 80.4 80.6

m,, (GeV)



Y
er

The Universit
of Manchest

MANCHESTER
1824

DO Z prt (ee vs H)
P -1_— —
< 108«  =. =
GJ — @;‘::@ :
O : *s_ 1
- 2 T =
~ 10%, . :
S, N T ]
_8N 10°F = E
S = E
N B - n
o 4l |
= 107¢ s 3
- p [} .
- DY, L=1 b =
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CDF o(Z/Y%)

Model Total cross section
CTEQSL(LO) 183.3
MRST2001E(NLO) 241.073%
MRST2004(NLO) 241.2
MSTW?2008E(NLO) 242.6i§;§
CTEQ6.1M(NLO) 236.1fg'_%
CTEQ6.6M(NLO) 238.7°7,
MRST2006E(NNLO) 251.673%
MSTW?2008E(NNLO) 248.715:1

Data

256.6 £ 0.7+20+£154




