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Evolution of a propagator

X X —
AVAVAVAVAV AN A
Ww” L
w W -

(Tree level)

L= ﬁgauge L= Egauge + Escalar L= ‘Cgauge + JL(-:.'s-:allalr + ﬁfermion
S 1 =) 1
q? q* - my? q° — (my + dmy)?
my? =0 my,? = g?v?/2 (my, + dmy,)?
= (79.916 GeV)? = (80.360 GeV)?
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Probing new particles

Ar ~ m,?

Parameter shift
A(ln my) = +0.693

my, shift (MeV)
-41.3 3 80.410 Av

Ar ~ In my

80.450

=

80430 F

o—om, = 1725 GaV
v m, = (1725-23) GeV
weea i, = (172.5+2.3) GeV 3

Am, = +0.9 GeV

=

Ao, = +0.00033

M7 = 80.404 £ 0.030 GeV ]

- 5 . 8 80.370 E—

Am, = +2.1 MeV

2.6 80,350

Vg
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Electroweak measurements
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W mass measurement at the Tevatron

High statistics from resonant single W production

Momentum of charged lepton (e, n)
d *p Ep wez® L dominates mass information
>\/\MM<
u(d) < E v Neutrino p; calculated from lepton
u i ' and recoil measurements
d(u)

In situ calibration lepton and
recoil measurements

Mass determined from a
combined fit to charged-lepton py,
neutrino p;, and my mr = v/ 2pr(1)pr(v)[1 — cos(¢ — ¢v)]
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Events / (0.5 GeV)

CDF my measurement

First Tevatron Run 2 measurement: 200 pb-! of 2 TeV pp data

63 964 W - ev candidates
51 128 W = v candidates

my = [80.413 = 0.034(stat) = 0.034(sys) = 80.413 = 0.048] GeV

Systematic uncertainties
Source Uncemainty (MeV)
1000
Lepton scale 231
Lepton resolution 4.4
Lepton efficiency 1.7
Lepton tower removal 63
Recoil energy scale 83
500 — = +
i my, = (80343 £ 54) MeV Recoil energy resolution 0.6
Backerounds 6.4
y2dof = 59/ 48 pope 126
W boson  py 39
0 Photon radiation 11.6
60 70 80 90 100

my (GeV)
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New CDF m,; measurement (2.2 fb!)

Charged lepton model and calibration

Recoil model and calibration

W boson sample and mass fits

7 Chris Hays, Oxford University 27 March 2012



Charged lepton model and calibration

QED radiation in production process

==

Ionization energy loss and
bremsstrahlung in the tracker

- F45 FT.

Tracker alignment with cosmic- - nin | P == o onrt o
‘ : " -
ray muons and W electrons . e

E= HADROMIC CALORIMETER
EEEEE] MUON DRIFT CHAMBERS

o] STEEL SHIELDING

EEs5] MUON SCINTILLATOR
= COUNTER

Track momentum calibration
with J/y & Y mesons, Z bosons

5L (3 LAYERS)

—— SV 11 (3 BARRELS)

NTERACTION POINT (BO}

SOLENDID COIL

Shower leakage from EM calorimeter

FRESHOWER DETECTOR

SHOWERMAX DETECTOR

Electron energy calibration
using tracker & Z bosons

L - 706 FT,
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QED radiation model

Based on PHOTOS & HORACE

PHOTOS: Leading log FSR, with weight to
correct to matrix-element calculation

HORACE: Leading log ISR/FSR, with weight
to match O(a) calculation; equivalent weight
applied to all emitted photons

Uncertainties derived from comparisons of
PHOTOS to HORACE,
leading log to corrected leading log, and
variation of the photon cutoff energy

9 Chris Hays, Oxford University
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Energy loss model

Custom fast simulation & reconstruction based on parameterizations of
standard CDF simulation and full GEANT simulation

Ionization energy loss model uses fine-grained lookup table of tracker for
Bethe-Bloch parameters

Correct a priori energy loss by
4.3% using data fits to J/y mass

Mass as a function of the mean
inverse pr of the muons is linearly
dependent on energy loss

Am EY E} _
— =+ I_u,- = E.f(PT1>
m 2ph 2p7

10 Chris Hays, Oxford University

o -0.001
a8

-0.0012

-0.0014

-0.00160

f L df~2.2fb"

Scale correction = (-1.299 + 0.022) x 10
Slope = (0.8 = 6.4) x 10”° GeV

l+
L L

~0— T —e—e- !‘ = oo \ ‘

Jhp — pp data

0.2 I I I 0.4 I I | 0.6
<1/p!> (GeV')
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Bremsstrahlung and conversions

Fine-grained lookup table provides
radiation length information in tracker

Bremsstrahlung reduces track
momentum relative to cluster energy

(high E/p)

Correct a priori radiation lengths by 2.6%

using fits to electrons from W & Z decays g [ra-zae
W ev
Low-energy radiation (EY < 20 MeV) : J2dof=1.4/1
Migdal-suppressed through coherent =
interference effects -
Suppression model incorporates knowledge | . |
of heavy and light elements in tracker L R O

11 Chris Hays, Oxford University 27 March 2012



Tracker alignment

Track momentum determined using B
central outer tracker + beam position iy

Tracker wire positions measured ¥

under load during contruction ;f

Relative positions at end plates
determined to ~3 microns using in situ

alignment with cosmic-ray muons Se"si P
RAG | o )
Positions between endplates adjusted . T
using parameter differences between .
incoming and outgoing cosmic-ray L
tracks as a function of z -

» 12 Chris Hays, Oxford University 27 March 2012



Track curvature corrections

Class of biases unconstrained by et e

cosmic-ray alignment misalignment

—

Study remaining charge-dependent biases
using difference in mean E/p between
electrons and positrons from W decays

e has reduced pr, € has increased p;

Calorimeter energy is independent

0.01— | *

Small non-zero value of inclusive E/p
difference: consistent with alignment to
O(micron) precision

0.005— L~ - _+_

-0.005—

Remove differences (including azimuthal &
polar dependences) with correction to

<E/p> (positrons - electrons)

-0.01—

——— COT cell and wire alignment
—— With track-level corrections
-------- cotd correction a + 1o

T 05 0 0.5

dmy2lien = 1 MeV

track curvature coto
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Momentum calibration

Combines high-statistics measurements of three resonance decays to muons

Wide range of momenta to test linearity, alignment, resolution

[ L dt~2.2fb"
-0.001 -
2 |
<
L e __¢,_ _________________________________________________
i — - _L
I [ e ]
-0.0015— +
i —o— J/y—uy data (stat. only)
i —»— Y —uu data (stat. only)
i ——— combined A p/p (stat. ® syst.) for W—uv events
1 1 1 | | 1 1 I 1 1
-0.00% 0.2 0.4 0.6

<1/p!> (GeV’)
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J/y meson measurement

=

800

>5 million candidate J/y decays to
muon pairs for calibration

o Dimuon pr

600
500
400
300

Two muons with p; > 2.2 GeV

200

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III_.X"

100

=TT
%]
.
@)

14
. . . . . prly) (GeV)
Requires calibration of hit resolution,
. -
energy loss distribution, meson pr, I Mass it
decay angle e Plp=(-128420.024_)x10°
¢ | between 0.2 dof = 95 / 86
| and 0.225 ’

5000—

Fits in bins of cotb and Acot6 provide
corrections for alignment, tracker length
scale, magnetic field nonuniformities

| 1 1 I | I I 1 i | I | | |
0 3.4
my, (GeV)
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Y meson measurement

~200k candidate Y decays to muon
pairs with py > 3.2 GeV

Check J /vy calibrations

Calibrate beam position resolution,
compare fits with and without
including beam information

f L dt~221b"

i With beam

. constraint
15000—

- g -3
Aplp =(-1.185+ 0.02_ ) x 10

events /7.5 MeV

x%/dof = 48/ 38

10000

Gt
o

5000

o ",

0_] I T T T T I T T T T

10
m,, (GeV)

16

|ﬂ.pfp vs =1ip_{u)= | ¥ I ndf 21317
- - Prab 0.9523
- -1 pll .004271 + 0000139
- p1 8 841205 + 9652204
-0.0005—
.00 :—
C —— 4 e
N —— 1 1 ¥ T
0.0015—
0.002 :— Y —> u M
_u nn%{:— 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
- 0.05 04 0.15 0.2 025 0.3
=Alp_[u}=
f L dt~2.2 b
> C
[}
5_15000— No beam
~ .
g | constraint Ap/p = (-1.335 = 0.025_ ) x 10°
: |
2/dof = 59/ 48
10000
Y
5000 L .
| | |
9 9.5 10
m,, (GeV)
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Combined calibration (J/y and Y)

Combination of fits without beam constraint:

(_p) — (—1.329 + 0.004a; & 0.0684;) - 1077
P J jjp+NBCT

Source J/ (-1073) | NBC-T (-107%) | common (-10~%)

QED 0.080 0.045 0.045

B field non-uniformity 0.032 0.034 0.032

[onizing material 0.022 0.014 0.014

Resolution 0.010 0.005 0.005

Backgrounds 0.011 0.005 0.005

Misalignment 0.009 0.01%8 0.009

Trigger efhciency 0.004 0.005 0.004

Fitting window 0.004 0.005 0.004
Ap/p step size 0.002 0.003 0
World-average 0.004 0.027 0

Total systematic 0.092 0.068 0.058
Statistical 0.004 0.025 0

Total 0.092 0.072 0.058

Including fit with beam constraint: Sm,seale = 9 MeV

(%) = (—1.257 4+ 0.004500 % 010101 sorary) - 102
p final
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7 boson measurement

59738 Z — uu events

Test momentum calibration with a blinded fit for m,
Blinding offset a random number between -75 & 75 MeV

Systematic uncertainties on fit:
momentum scale (9 MeV), QED (5 MeV), alignment (2 MeV)

18 Chris Hays, Oxford University 27 March 2012



7 boson measurement

19

59738 Z — uu events

Test momentum calibration with a blinded fit for m,
Blinding offset a random number between -75 & 75 MeV

events /0.5 GeV

Systematic uncertainties on fit:
momentum scale (9 MeV), QED (5 MeV), alignment (2 MeV)

4000

2000

f L dt=22fb"

M, = (91180 = 12,,,) MeV

2/dof = 30 / 30

Chris Hays, Oxford University

27 March 2012



Charged lepton model and calibration

QED radiation in production process

==

Ionization energy loss and
bremsstrahlung in the tracker

- F45 FT.

Tracker alignment with cosmic- - nin | P == o onrt o
‘ : " -
ray muons and W electrons . e

E= HADROMIC CALORIMETER
EEEEE] MUON DRIFT CHAMBERS

o] STEEL SHIELDING

EEs5] MUON SCINTILLATOR
= COUNTER

Track momentum calibration
with J/y & Y mesons, Z bosons

5L (3 LAYERS)

—— SV 11 (3 BARRELS)

NTERACTION POINT (BO}

SOLENDID COIL

Shower leakage from EM calorimeter

FRESHOWER DETECTOR

SHOWERMAX DETECTOR

Electron energy calibration
using tracker & Z bosons

L - 706 FT,
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Calorimeter shower model

Custom GEANT simulation of calorimeter used to parameterize response
and sampling resolution as functions of electron and photon energy

Test response model using
electrons with E/p < 1
(region sensitive to shower leakage)

0-3% correction to calorimeter +
solenoid material as a function of
tower in |n|

21 Chris Hays, Oxford University 27 March 2012



Calorimeter uniformity calibrations

1.055 —
1.05% Towers 1:8
A rossE [er correction Use <E/p> from W electrons to
¥ toaE-. o= [0ESx|<20m improve response uniformity
1_0353____ —8— 2<|CESX|<4cm
1.03%—--- — 4<|CESX| <6cm
1.0252
102 g e e e el
= - i Check uniforimities in fast
101 simulation response model
LS = s o 10
CES z (cm)
1.002
1.055: mw :
10sE Towers 1-8 L
= After correction o
4 1045 1.000—
W osE . —*—6<[CESx<8cm B
1_0355_____ = 8<|CESx|<10cm B | | | | ‘
1.032____—1.—1D<|CES>:|<12c:m I+ | ! 1 1 T ‘
1.025; :
)y S R = B
= R S N : 0.090—
1.015: :
1.012 -
1.005 = [ | | [ B | ! |

0.885

L
=)
&
o

=

—

[

L

.

— 0 B 7 8
CES z (cm) li (e) (W—sev)
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Calorimeter non-linearity

Fit E/p distribution in bins of E for W & Z electrons

Logarithmic response model for electrons and photons in simulation

W=y L—=ee
1.002 1.002
w B w |
w o L]
1.001— - J
i i
I | | _+_ i
-I __T_ | — -
B 0.998
0.999 —
i 1 11 I 1 1

u %’% 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1
- 0 32 34 36 38 40 42 44 46 48 46 43 50
E.(e) (GeV) E.(e) (Gew)

&
@t
g_
Bl
ﬁ_
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Calorimeter energy calibration

Fit to inclusive E/p distribution calibrates calorimeter energy scale

Width of peak sets constant resolution term

f L dt~2.2 b

20000 —

events/ 0.01

a ~2/dof = 18/ 22

10000

dom,B/P =
10 MeV

1 | | | 1.2 | I | 1.4 | | | 1.6
E/p (W—>ev)
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7 boson measurement

16134 Z — ee events

Verify tracker energy loss modelling with a track-only fit to the Z mass

Low E/p (<1.11) most statistically sensitive
Tests modelling of soft radiation in calibration peak

JLdf:Z.Z b’
> r
D
5]
o L
2 f = +41,,,) MeV
S a0 f, Mg = (91231 41, Me
=
[
> x2/dof = 44 / 38
200
%o — 80 e 100 110
track m,, (GeV)
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7 boson measurement

16134 Z — ee events

Test energy calibration with a blinded fit for m,
Same blinding offset used in all m, fits

Systematic uncertainties on fit:
E/p (10 MeV), p scale (8 MeV), QED (5 MeV), alignment (2 MeV)

f L dt=2.2 b

1000—

" M, = (91230 = 30_,_) MeV

events / 0.5 GeV

B x/dof =42 /38

500—

v I 1 1 L 1 L L 1 I 1
% 80 90 100 110
m,, (GeV)
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New CDF m,; measurement (2.2 fb!)

Charged lepton model and calibration

Recoil model and calibration

W boson sample and mass fits

27 Chris Hays, Oxford University 27 March 2012



Events/0.63

Recoil reconstruction

Sum over momentum calculated from each
calorimeter tower and the primary vertex

Steel-scintillator calorimeter: ~uniform

hadronic response

Improve uniformity with relative
central-plug alignment correction

-0

2000 — 0 =
= 0.04—
1800 [ — § = — Muons
1600 ey _— 50-035:— —— Electrons
= - © o03F
1400 :_ L T _— g 0.03:—
- = E
1200 ©0.025—
1000 :_ . . . I..IL: E_ Electrons Muons
BDD:— Mlnlmum blas data 0'025 Mean: 67.47 £ 0.06 Mean: 67.37 £ 0.05
= Dashed: before correction 0.015F RMS: 44.01+ 0.04 RMS: 43.24 + 0.04
So0E Solid: after correction =
= 0.01F
4001 E
200 0.005F
:I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I : L L L L I L L L L | L | L | I | | | . " | | | |
03 - v A 2 o % 50 100 150 200 3% 300
eCO]_l phl Instantaneous Luminosity (10°° cm? s-)
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~2 additional interactions
(396 ns bunch spacing)




Recoil reconstruction

Electron Electromagnetic E(MeV)

Remove calorimeter towers with energy

L. E"_ 3— 46 46 46 a7 a7 46 46
depositions from W decay lepton g r
|9 2— 46 46 47 53 48 47 46
11— 47 47 50 1219 73 48 47
Model removed recoil energy in simulation o« s | & ww 1w | =
A1— 46 46 47 164 51 47 46
Measure energy in rotated window in W 2« &« & & a4 & &
events & include n, up, u; dependence R
2 2 ; ° ! gI'at:»wer,i\tb3
1.2
> B Electron Towers Muon Hadronic E; (MeV)
2 . _
2 11— =¢==*= f 3— 12 12 12 12 12 12 12
= I e
E 0_3:— ii |2 2_ 12 12 12 13 12 11 12
;—' B —. 11— 12 12 12 406 13 12 12
t;aj_ 0'6__ +i o— 12 12 12 1282 14 12 12
3 0.4— *++=.=_._ - 11— 12 12 12 75 12 12 12
r Rettas i
- 2 12 12 1 12 12 11 11
02— -
B -3 — 1|2 1|2 1|2 1|2 1|2 1|2 1|2
QZI]HH-‘I‘S‘I II-1|DIH ‘-|5HH(|)| HI5|HH1|[]‘II I1|5HH20 K ? ! ° 1 gl'owerAq)s
u, (GeV)
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Recoil model

Fully parametrize detector response to boson p; by tuning to Z boson data

Two main components:
response to the “jet” (-boson py)
response to the underlying event + additional interactions

_[ L dt=2.2fb"
3 L
“jet” model includes energy response 2o MC data
& resolution, angle resolution E - 1L =8.907+0.001GeV y=8891+0.027 GeV
® 8000 0=6.676+0GeV  0=6.699+0.019 GeV

4000

Boson p; model: 3000
RESBOS with one non-perturbative
and one perturbative parameter
tuned using the Z boson py

2/ DoF=31.9/30
2000

|I+|II|IIII|IIII

1000

5 10 15 20 25 30
P (Z—uu) (GeV)

[ =]
O 17T
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+u, (GeV)

o.sspf

Recoil response

n
Py
Tune jet response using the balance of boson p; and recoil, #;
projected along direction of boson py / :
_[L dt = 2.2 b _[L dt = 2.2 fb"
3 g 0.81
- © r o
B — &
) :_ 0.7 - P _‘_r._t++——-¢-+
- ¥2/DoF=81/9 0.6 +i,._-.-+— -
= —— ., 0.5 W% 2IDoF=225/29
_i — H I#
= — M
0 e 0.4 |
- —+— n.sé,—_
-1: —— =
L . . . . 0.2~ .
b Tuning distribution —4+ s Consistency check: u/p
- 0.1H-
_3:||||||||||||||||||||||||||||| u:|||||||||||||||||||||||||||||
0 10 15 20 25 30 0 10 15 20 25 30
P (Z—uu) (GeV) P, (Z—1p) (GeV)
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+u,) (GeV)

4
1

o ( 0.65p

=n
Ln

wn

4.5

3.5

Recoil resolution

Energy resolution parameterized Angular resolution modelled
with a sampling term as a function of boson py
Tuned using RMS of Tuned using angle between

recoil-boson py balance recoil and boson pr
def=2.2 fb! jf_df=2.2fb"

C 10{]{]_— MC data

E ¥ IDoF=89/79 = n=1.157 GeV i =1.167 = 0.009 GeV

. =+= 800— o =0.872 GeV a=0.871+0.006 Ge\|

- —4= ;

— —+— 600—

E B 2/ DoF=149719

L 400—

: $ -

B — L

— 200—

: ¢ —

———— :
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o (0.65p% + u, ) (GeV)

Underlying event & additional interactions

Parametrize sum of calorimeter E using zero- & minimum-bias data

Underlying event: Convolute a single interaction distribution to match
the measured minimum bias XE;

Additional interactions: Add energy drawn from zero bias ZE;

jf_df=2.2 b
6_
- x*/ DoF =73/9 ) .
5.5 Resolution as a function of XE;
B extracted from minimum bias data
Bl
4.5;— e ——
L N One parameter (underlying event
[ = scale) tuned using recoil balance RMS
[0 | | [ | |
0

1 25 1 1 1 1 3['
p,(Z—pu) (GeV)
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Recoil measurements

Distributions of recoil test model in W & Z events

JLm:zzm4
E2W0; MC data
;; 1800 ;— + 1L = 7.345 GeV 1L =7.298 + 0.039 GeV
§16005- 6=5.02 GeV 6=5.011+0.028 GeV
® 1400
1200
1000 — %21 DoF = 20.8 /24
800 —
600 —
400
200
S R S BTN B vt
0

34

5 10 15 20 25
u (Z—ee) (GeV)

Z pr and recoil distributions
used for tuning

60000

events /| GeV

50000

40000

30000
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10000

o

Chris Hays, Oxford University

JL dt=2.2 fb™

MC data

nw=5913 GeV
g =3.52 GeV

It=>5912+ 0.005 GeV
0 =3.522+ 0.004 GeV
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°||||||||
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No W distributions used in tune
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events | 2 GeV

Recoil measurements

U, a key test of the model

Since u << lepton p, m; can be approximated as

my = 2;}T.Jl +uy/pr = 2pr + uy

L dt=221b" j 22"
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New CDF m,; measurement (2.2 fb!)

Charged lepton model and calibration

Recoil model and calibration

W boson sample and mass fits
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Identification efficiency/5 GeV

W boson sample

1

0.99

Kinematic selection aims to maximize mass information

& minimize background

30 < [py(l¥) & py(v)] < 55 GeV

60 < m; < 100 GeV
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W boson sample background

Electroweak backgrounds (W— 1v & Z — 1l):
Model with standard CDF simulation with tunes
to improve recoil, muon & electron response

QCD backgrounds (jets and n/K meson DIF):
Measure using control regions in data

Background % of W — v data

Z — pp 7.35+0.09
W — 1v 0.880 + 0.004
QCD 0.035 + 0.025
DIF 0.24 4+ 0.08
Cosmic rays 0.02 £0.02
Total
Bd —
omy, > ()
3 MeV
38

x10°
2 100 ™ Hadronic background:
w L
"’. —
Background % of W — ev data __":; 80 Lashed: Wosev MC
7 — ee 0.139 +0.014 ) | Dotted: Hadronic jets
W — v 0.93 + 0.01 3 sol-
QCD 0.39 +0.14 E " Solid: Total
Lotal > 4o ~WData
S [
E L
Bd = 20—
omy,~¢ (€) = £
4 MeV OO = Sy
5 10 15 20 25 30 35 40 45 50 65
E. (GeV)
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Parton distribution functions

Transverse mass distribution sensitive to p,V modelling

value and uncertainty

Consistent results for central

using CTEQ6.6 and MSTW2008 (NLO & NNLO)
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W boson mass fits




W boson mass fits
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Combination

Combination of 6 fits

(x

2 probability: 25%)

Mw = 80 387 & 12stat £ 15syst = 80 387 &= 19 MeV

43

Source Uncertainty (MeV)
Lepton energy scale and resolution 7
Recoil energy scale and resolution 6
Lepton removal 2
Backgrounds 3
pr (W) model 5
Parton distributions 10
QED radiation 4
W-boson statistics 12
Total 19

Chris Hays, Oxford University
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Comparison to previous results

- Qn\,‘:(ztljoglw;ndlmle_),lm;pI B | :
PA ‘_ @ my, (2002 World Ave +CDF), m _-
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@ I WS il
DO | . 80483 + 84 % 80_4:_ oS _:
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I ——— g L _
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* - Qc,)e‘d -
OPAL 80416 * 53 i Sl ]
— = 803 Lt 1 Loy v b b ey Ly
ALEPH 80440 + 51 165 170 175 180 185
—— Myep (GEV)
DO 1l 80401 + 43
iy + CDF r /
World Average (2009) 80399 + 23 Myy = 80 390 £ 16 MeV
e
CDF 1l 80387 + 19
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Latest results
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Summary

New CDF measurement of the W boson mass is more precise than the

Improves world precision on my from 23 to 16 MeV (now at 15 MeV)

previous world average

Result accepted by PRL (arXiv:1203.0275)

Potential for further
improvement with
remaining data set
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