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Introduction to W & Z Production @

at the Tevatron 75

Number of W bosons detected

/
[« —
a5

* Production dominated by qq annihilation

* Due to very large pp — jj production,
need to use leptonic decays

* W — Iv (BR ~ 11% per mode)
+Z — Il (BR ~ 3% per mode)

- Distinctive event signatures
* High P+ isolated leptons (e or p)
* One high P+ lepton + Missing E+ (W)
* Two high P+ leptons (Z)

- Low backgrounds

* Large samples

v ()
O(a,°)

W Bosons Detected
- B UAL1 (elec) UAL (muon) MLEP Il (total)
BUA2 (elec) M CDF (muon)
i W CDF (elec) MD® (muon)

D@ (elec)
82-83 | 84-85 | 88-90 | 92-93 | 94-00

- Well understood EW vertex

Years of Collider Runs (SPS, Tevatron and LEP II)
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> Test QCD
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e QCD Corrections O(a.,) @

Modifications due to QCD corrections:

‘Boson produced with transverse momentum ( < Py > ~ 10 GeV )
‘Boson + jet events possible (W + 1 jet ~ 7%, E{i¢t > 25 GeV )
*Inclusive cross sections larger (K factor ~ 18%)

‘Boson decay angular distribution modified
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Al Connections between W,Z Production, QCD

and New Physics 75
—— Ng 80.6 -
W mass + top mass: Constrain Higgs mass | §
=~ 805 A
= TEVATRON ,L(OO
Current D@ &M, ~ 10 -25 MeV from P W model 804 <
SM,, = 10 MeV = 3M,/M,, = 14% ; o
80.3 -
'L\
. . 80.2 - e“\o
Need precise model of W production ; Mé&@
80.1 - 0P
L 0.9
and decay for Monte Carlos : L EE—
130 140 150 160 170 180 190 200
(GeV/c)

top

W mass measurements require low P;W

NLO QCD d l M Non-perturbative QCD

Resummation
techniques
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F’}%‘/} W Event

CET-TKS FND VIRW 2-DIC-1997 10:09 \ Run 85190 Tvent 4518\24—N:v—1994 19:20

Max =T = 42.7 GeV
Miss ET = 34.7 GeVv
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SHED Inclusive Cross Section @

Vs = 1800 GeV Measurement errors:
' <D 4CDF CoiNevereta) |  +Stat @ Sys ~ 2%,
W v : L o
=S .0 } |+ Luminosity error ~ 47
“.3; % % } } e 7
@) o | e + € K i _|
. m *Theory error:
ol - ~ 3%, NNLO, O(0t.2)
oos | 271 i ~ Dominated by PDF's at NLO...
= { ¢ ; } e + (need NNLO)
M2 |- ! e € .
o | + + 3 1 L(DO) = 1.062 x L(CDF)
0.15 |- | DO uses world avg.
* H n | 6(PP)ine;. CDF uses CDF
Data set: 92/93 94/96 92/93 94/96 measurement
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e W Width o7

1754
S
Form ratio: Direct: SM
L3 = * | 212 +- 0.25
~ (pp — W+ X)xBRW — lv)
R = OPAL | . = 1.84+ 0.38
DELPHI e 248+-0.41
CDF (Preliminary) —e— 2.055 +- 0.125
Perturbative LEP Indirect: e+u
QCD -
CDF+D@ |(Preliminary) e 2.171 +- 0.052
[ B I R R R

15 175 2 225 25
' (GeV)
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W, Z p+ Theory @

do « ? 2
>~ ~—>In Q—2 vV, +V,, In° Q—2
dp; Py Pr Pr
* Large P; region (P = 30 GeV): Use pQCD, O(0,?) calculations exist

Ellis, Martinelli, Petronzio (83); Arnold & Reno (89):
Arnold, Ellis, Reno (89); Gonsalves, Pawlowski, Wai (89)

« Small Py region (Agcp, < Pr< 10 GeV): Resum large logs
Altarelli, Ellis, Greco, Martinelli (84); Collins, Soper, Sterman (85)

* Very low P region (P ~ Agcp): Non-perturbative parameters
extracted from data

b-space:
Parisi-Petronzio (79). Davies-Stirling (84); Collins-Soper-Sterman (85); Davies,
Webber, Stirling (85); Arnold- Reno-Ellis (89); AK: Arnold-Kauffan (91); LY:
Ladinsky-Yuan (94)

pr-space:
Dokshitser-Diaknov-Troian (80); Ellis-Stirling (81); Altarelli-Ellis-Greco-
Martinelli (84); Gonsalves-Pawlowksl|-Wai (89); ERV: Ellis-Ross-Veseli (97); Ellis-
Veseli (98)
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754

e Z py @

Data corrected for resolution effects

2 10 e D@ 1994-1996 %j . Do
N — b-space (Ladinsky-Yuan
% fffff b-space (L adinsky-Yuan) % . CTEQIM 820 S S0 &
(@} 1 CTEQ4M g1 =0.11 GeV? ~ ***** Or Space(Ellls-Veseh)
: ] 9,=0.58 GeV” g,=-1.5 GeV % 16 f 'z\.‘\‘\* ,,,,,,,,,, MRSR;ZFeO(B;;\V/.éw‘;gEZZ Stirling)
% 10 i |\|/|: Fle)s(Aed -order (O(% ) S 12 leeg ordere(Og(ocs)) e
: =
N 10 gy
04 g, W
M 1a 0 5 0 1520 25 30 35 40 45 50
2?10 pr(GeV)
S10° Less dominated
L by detector
R T T T T A T SO T T O O NSO N N N SO SR A N N
10, 50 100 150 200 250 300 res. at low pr
p(GeV) .
More sensitive
PRD 61 (2000) + PRL 84 (2000) to theory than
W p; in progress, results and W&C soon w
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%) Z p-: Data-Theory/Theory

D,

Compared to published parameters,

could be refitted

- 0.5

B Ot
IE 05 b -space (Ladinsky-Yuan) (x /d.o.f.—16/20)
g O §#++ ++++++++ f 777777777777777 l 7777777
IE 05 - qT space (Ellis-Vesdi) (x°/d.of. —43/20)

s + e

Yo O#*+++*++ ,,,,,,,, e '

o o5l 0t b—space (Arnold Kauffman) 09 /d 0.1.=160/20)

05101520253035404550

p(GeV)
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@@ W Angular Decay Distribution @

V-A Theory: Angular Distribution in W Rest Frame:

. _oc (1£cosO)’
dcos6 I

- Sign of Charge of W

QCD effects alter the Angular Distribution.

Calculation now done Collins-Soper-Frame.
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) W Angular Decay Distribution @

O(o %) q

| O(cs)
! > — D q
— — () -
s(9) 5(q) / s(q)
< s(W)
s(W)

Spin orientation altered by additional gluon.
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Angular Distribution Theory

D,

754

Qene&
d’o 3 do

dp>dydQ’

%CD

o Zga( ¢)

7 167t dp:dy
1

Eight helicity terms

dQ =dcos@ do

Integration over ¢ yields:

do

dp.d cos@

9/1/00
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=C(1te,(p,)cos8 +a,(p,)cos’8")
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SED W Angular Decay Distribution @

do : 5
—oc |+ 04 cos@ + o, cos” 6 E. Mirkes. Nucl.
dp,d cos6 Phys., B387 3 (1992)
-
) S no QCD effects .
0y
15} ™
0.5
a' : a : | | | | | | |
l ’(pT) ' 0 25 50 75 100125150175

p,W [GeV]
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The Collins-Soper Frame @

A

A From Lab Frame to CS Frame:

‘Rotation around z, orienting
prV along x

X
P .
*Boost along z so that W is at
>
Z

*Boost along x' so that W is at
rest

Y

R 7 ~*|' |
\ o My,
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e W Angular Decay Distribution @

We measure o, (p+)

Independent test of QCD corrections

Spin Structure of W Production and Decay
Correction to W Mass Measurement ~40 MeV
Previous Measurement of a,(py) in Run la

by Manuel Martin, who developed many of
the techniques used here.

Limited by statistics and low pyW =>

No distinguishing power
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e W Mass Monte Carlo: Production @

Factorize: &
d’o _do d’c do do .{<§
dmdp, dydpde ~ dm dp dy dp de em <>

do m
= PL(m)- 2 7 442 2
dm (m " —M" )Y +m' T/ M
—B-m , True
Parton PL(WI) — € Width Mass
Luminosity mp B from fits to Herwig +

PDFLIB W mass spectrum
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5 W Production cont.

D,

754

*Sigh of W charge is chosen randomly

‘For valence quarks, this determines
polarization

‘For sea-sea interactions (20%), choose
polarization randomly
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9 W Transverse Momentum

d2

OCI 5'pTW(b*)e—SNP(b)
dp,dy °(2m)’

PeIJr'ba’rive

h part

\/1 +b* /b <mm cuioff

b, =

Ladinski-Yuan:

S.p=gb’+g,b’ ln( O

20
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] + 2,2, In(100x ,x,)
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W Decay

W Bosons are decayed in Collins-Soper
Frame, using the QCD prediction for the
angular distribution

Generate Radiative Decays
‘Boost to Lab Frame
*Calculate derived quantities

*Apply Detector Smearing
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S Hadronic Scale @

Scale of hadronic recoil different from EM energy scale:
Includes energy from had. Showers, energy loss in
uninstrumented regions of calorimeter.

‘Determined from Z —ee events:
Z p; either frfom two electron
system (p;°¢) or-from recoil
activity (- p7%9).

A

‘Project transverse momenta
onto m direction.
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e Hadronic Scale @

07””\””\””\”

07\

0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 0
pT e N [GeV] pT e N [GeV]

rec __ ee rec __ ee ee
Prp =CuuPry ™ :Bhad Pra = (Vhaa I Prp ™ 5had )pT,n

Linear scale for p; > 10 GeV. Log scale for pr < 10 GeV.
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_Dg © Hadronic Resolution @

Resolution for hard component of recoil, u;:

O-rec — Srec \/ uT

Soft component of recoil modeled by adding éT from
Minimum Bias events scaled by tunable factor o, .

Plot n balance resolution in
bins of p;"(ee) and
calculate 2.

(Pr +Pr /0y)- 1 =

- &« B B B B 8 & &8 & 8
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Hadronic Resolution @

2
O-ele D Gsrec D O-O(mb — Gdata

Py (ee)bins 5data

Vary o, and o
S... Separately

e

&

Plot x2+1 ellipse for o,
and S

rec:
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5%9) Transverse Mass Distributions X

54
H-; 0.08¢ 0.08| @ )
()
@ 006 0.06| Data and Monte
2r004| 004l Carlo agree
©
> 002 0.02} %
© p;< 10 GeV 10 <Pr< 20 GeV
Z [ R RARRI R R R
< % 6 70 80 9% %0 60 70 80 %
— 01r
3 0.08 0.08
O 106 0.06
S+
= 0.04
g 004
Z 002 0.02
S 20 < ;< 35 GeV 35 < py< 200 GeV
€< % e 70 80 2 % 60 70 80 9w

M GeV] MM GeV]
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_Fé}% The DO detector @

o2

P Tracking:
o(vertex)=6mm
o(rd) = 60um (VTX)
= 180 um (CDC)
= 200 um (FDC)

i

Calorimeter:

This analygls Uses | | anx A ¢=0.1x0.1
the calorimeter
o(EM)=15%/E1/2

and the central
detector o(had)=50%/E!/2

D@ Detector
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7 Data Selection @

Elec’rr'on ET s o 27 27 7

M.'-SS"Tg ET>25 Gev ‘,. '.. '.:,.- - " '. '.:,.- - " '.. '.:,.-.','

Be. jett Evertfs with a sécond elecﬁ*on and mv’arlant masé
iclo§e 16 Zimass: 75 GeV ML 105 GeV % e i

41173even’rs V. 9 o Wa A TR W W al i e
" -. ¥ g e " -. ¥ g e " -. ¥ g e " -. ¥ g e
.--:::_Ll'- r-_ .--:-:_Ll'- r-_ .--:::_Ll'- r-_ .--:-:_Ll'- r-_ .--:-:_Ll'- r-_ .--:-:_Ll'- b
.- Sty £ = = = .
d ' % " ?.- s w " ?.- X o’ AT _é' " ?.- o o’ " ?.- b 2
+This analysis uses 50 GeV <M<90 GeV. =~
il .' 4 il .' 4 il .' 4 il .' 4 il
- - ' - ' » - ' - ' -
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%) W Angular Decay Distribution @

754

W transver se mass (GeV)

angle cannot be
measured directly
use correlation with

transverse mass

b 01020304 0506070809 1 M,y sensitive to
t cos© angular
\ distribution i

From Monte Carlo
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754

W Angular Method @

Use Bayesian approach:

From Monte Carlo Prior from V-A theory:
1+ cos?0*.

! |

p(M? |cos8”, p; )p(cosO”)
N

p(cos®” | My, p; )=

Multiply with M{¥ distribution to obtain angular
distribution:

f(cos6” DpT)_ ZNPZ(COSH |MT apT)

i=M bins
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W Angular Method

Use this method to
generate cos 0”
templates (from MC):

5

%Owﬁ

-

s [a,=10 (V-A)

=004 B

@p)

(7))

(@)

(D)

=0.02

~—

% p(W) < 10 GeV :‘
Y02 04 06 08 a

Ccos 0
9/1/00

*

dN/d cos® normalized

o
o
(@)
*i
4

o

&)

D
\

o

Q

R
I

Use same method to
obtain cos 6"
distribution from data:

00—02 04 06 08 1

*

coso
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W Angular Method @

Compare measured

angular distribution to O gl
templates using Log L 2 s o] 20GEV <pr(W) <35 Gev
method: 3 “l %*7““& VA
= -8370p >1<>< <
& g X
]OgL = Z o IOgP,- " 83705 : T<>§<X
cos@ bins S 8371l % X
i X X
-8371.5 y XX
f X
-8372 > )(X
-8372.5F X
[l X Lo .. 4
05 0 05 1 15 2
o
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D@

Monte Carlo Closure Test

57

754

dN/d cos® normalized

Large Statistics

Statistics Scaled to Data

0.07] § 0.07}
i © i
0.06/ £ 0,06/
| O |
0 05: - 0 05:
Tl @
L n L
0.04} S 0.04;
E ) f
0.03|- Z 0.03
i o i
0.02} 0.02}
| truedistribution F truedistribution
0.01 template 1 0.01} template ‘=|‘
% 010203040506070809.4 % 010203040506070809.4
Cos ©® cos©®
Method works!
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_Fé}fﬁ) Backgrounds

QCD multijet: One jet looks like an electron + energy
mismeasured — missing Er.

Determined from data. Rate ~1%

/ —ee, one electron lost in uninstrumented or
underinstrumented region of the calorimeter.
Determined from Herwig Monte Carlo. Rate ~1%.

ttbar - WWbb, WW — evjj from Herwig Monte
Carlo. Rate ~0.2%.

W — tv — evvv: Included in Monte Carlo. Rate ~2%.

9/1/00 G. Steinbriick W Angular Dist.
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SHED QCD Multijet Background @

Matrix Method: Divide W sample M with looser cuts in P (pass)
and F (fail). Can also divide in B (background) and R (real
W's):

P £ E. (R

€ J

F l-¢, 1-€. \B

J

From Z — ee events

l
Eb & gM-P

P P £-¢

Efficiency for “"fake” loose
electrons to pass tight cuts

) fQCD —
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QCD Multijet Background @

Jet efficiency ¢; calculated from data sample with
anti-W cut: B+ <15 GeV.

60

I e T T
wodo S I S l
304 ................ ................ ................

I

104 ................ o ......... EC..

Events/GeV

Jet Efficiency [%)]

3
s I IR T R T B R A A Lo vy v bvv v v by gy

‘ ? I |
0 i i i 0O 1 20 30 40 50 60
FrlGeV] £ (GeV)
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e Backgrounds 7

/Backgrounds\

4
0 o o0 Gav small due to

10° tight electron
102;’@ quality cuts .

10 | T
1 B ~ .. ‘\
10 _1 : | | | | ‘ | | | | ‘ | | | | ‘ | | | | 10 _1 ;\ | | | ‘ | | | \-; 3ot i—‘ | | | \\\
50 60 70 80 9" 50 60 70 80 90
10° 104 ¢
— F 20 <p<35GeV 35 < p;<200 GeV ]
S 100 | 103} Analysis done
) i - : !
=102 _,_'_,__,ﬂ 102?____1*'_”'_”_‘1.— in 4 pTW bins.
= : :
S 10 N 10 ¢
o] =
1 7277 7 T T ma S| 1 eI I s
10 1 i | | | ) k\- \’\ ] \’-‘ -\_\_ -\ \~ ‘. \\\ . ﬁ nd 10 _1 i | | | | ‘ | | | | ‘ | | | | ‘ | | | |
50 60 70 80 90 50 60 70 80 90
MY [Gev] MY Gev]
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Log L Distributions

D,

o
g V<10 GeV [~V-A
775815
S
‘5-75816¢
E X
o 75817 g
ke
-/%818 |
05 0 05 1 15 2
o
= -8369]
g 20 < p¥ < 35 GeV
7 —V-A
5 -8370 m
5 XXI Tx><
q -8371F * g
i x &
D X e
= 83720 X
X

9/1/00

X
| X | | 1 X
-05 0 05 1 15 2

o,

(b}

g | 10<pY <20 Gev

323201 A

< T

£-23202 j ?&

@ . X

—1-23203 y

@ X

E X

-23204" g §
05 0 05 1 15 2
oy

()]

8 -3731135 < pY < 200 GeV

> —V-A

S 373 7|

o X T %

S x é&

- -3733 3

c) X

S ¢
-37341

G. Steinbriick W Angular Dist.

05 0 05 1 15 2

o,

-

Note that
o, gets
smaller for

larger p+

~

_
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e Angular Distributions oL
0.08 0.08
S o, = 0.0 o, =0.0
go.oesﬁ 0.06
S
‘2004220 VA 0.04
(7))
(@)
(&)
©0.02 0.02|
Z | p¥<10Gev j 10 < p¥ < 20 GeV
Y02 04 06 08 1 Y02 04 06 08 1

Lower p+W
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e Angular Distributions oL
0.08—— 0.08
o, =00 0, = 0.0

4
— w whars s

0.06

O
o
o))

o, =10 (V-A)

0.04;

0.02

O
o
R

dN/d cos© normalized
o
S

20<pf<35GeV | 35 < pY < 200 GeV

Y02 04 06 08 1

Y02 04 08 08 1
CcCos O

Higher p+W
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e Result @
pr (GeV) 0-10 10-20 20-35 35-200
o.,,measured 1.09 0.84 0.52 0.13
Stat. Errors +0.13 +0.25 +0.36 +0.38
o,,predicted 0.98 0.89 0.68 0.24
Mean p;V 5.3 13.3 25.7 52.9
Combined Syst. |+0.08 +0.09 +0.12 +0.12

9/1/00

e

Dominated by Statistical
Errors

G. Steinbriick W Angular Dist.
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e Systematic Errors @
pr (GeV) 0-10 10-20 20-35 35-200
QCD +0.04 +0.05 +0.09 +0.07
Z —ee +0.01 +0.01 +0.02 +0.04
ttbar +0.00 +0.00 +0.00 +0.02
EM scale +0.06 +0.05 +0.03 +0.04
Had Scale +0.03 +0.01 +0.04 +0.04
Had Resol +0.02 +0.02 +0.05 +0.06
Combined syst. | +0.08 +0.09 +0.12 +0.12

Estimated by generating cos 6" templates with varied

parameters.
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Fe W Angular Result @

~14
e i
1.2 I
1 1T no QCD effects
=Y )
N errors dominated
T \ by statistics QCD preferrecﬂ

06| + | ) 2.3 ¢ effect
04 \ //\
0.2 ! ]

; \

0.2 |
046710 20 30 40 50 60 70 80 90 100 To be submitted
py [GeV] to PRD very soon
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Significance Calculation

57
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Odds-Ratio Method

le (o, (QCD))

H pi(o,(no QCD))

| LogR 05>10
Wege’r23c5

9/1/00

 0.08;
o -

keliho

L

0.05
0.04
0.03
0.02

0.0lf

0

< 0.07f

— 0.06f

X
X
X
X
X
X
X
X
X
X

0,,=0.68 (QCD)

X

%

o.,=1(no QCD)

-0.5
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0 0.5
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Fe Summary 7

e Measured the Angular Distribution in W Decays

e Angular Distribution Modified by QCD Corrections
e Important Effect in W mass measurement

e NLO QCD Calculation preferred by 2.3 ¢

e Other Measurements probing QCD with W and Z
Bosons include:

e Inclusive W and Z Cross Sections and W Width
e The Z py Distribution
e Coming soon: W p+ paper and W&C
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