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Boson masses

Higgs field potential Gauge field potential

v = 246 GeV and g = 0.64:

24 =125 GeV

A~0.1



Gauge quantum corrections

SM calculation of W boson mass vyields
80358 =4 MeV

Higgs quantum corrections

Naively integrating to a cutoff scale A:

2.2
3g°m, A2

N
1 1622m3,

If there is no new physics up to scale A
then we need ‘fine-tuning’ to cancel the
quantum corrections

Motivates TeV-scale new physics



The W boson mass is the most sensitive observable to sources of ‘naturalness’

Classic example: Supersymmetry

Mass splittings in supersymmetric isospin doublets: different mass shifts for W & Z bosons



Difference in corrections to W and Z propagators encapsulated by p parameter

MSSM scan

ms > 1200 GeV

mj, < 1000 GeV
m; < 500 GeV

m- [GeV]




More generally the SM effective field theory parameterizes high-scale effects

Ng (d)

C.
Lomerr = Loy + L2 + £+ 0+, £ = Z Azi—4 Qi(d) ford > 4.

i=1

om _ —
W | + 4

For omy,/my, = 0.1 % and crp=1,
e.g. Z’' boson

For omy,/my; = 0.1 % and crwe=1,
e.g. compositeness

Smaller ¢ci —»




\/E = 1.96 TeV proton-antiproton
collisions from the Fermilab Tevatron
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CDF Il measurement of the W boson mass

Measurement uses complete
Tevatron Run Il data set
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W bosons identified from their decays to ev and uv

Mass measured by fitting template distributions
of transverse momentum and mass

Amy, = 100 MeV Amy, = 100 MeV

Ratio up / down
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Measurement requires precise calibrations
of momentum scale and resoution

Charged lepton scale
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simplified simulation

Measurement requires precise calibrations
and momentum scale and resolution

P = —(pt + dr) Pr

Recoil scale Pr

simplified simulation



Detector simulation

Developed custom simulation for analysis

Kotwal & CH, NIMA 729, 25 (2013)

Includes shower losses due to finite calorimeter thickness

DF Components

Layer-by-layer resolution functions and efficiencies
Muon detectors

“ (drift and scintillator)

Iron/scintillator CENTRAL PRE RADIATOR CENT‘?‘\L SHOWER-MAX

Includes radiation lengths and Bethe-Bloch terms

Radius 15.00-19.70 cm

1.4TBField -
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First step is to align the drift chamber (the “central outer tracker” or COT)

Two degrees of freedom (shift & rotation) for each of 2520 cells made up of twelve sense wires
constrained using hit residuals from cosmic-ray tracks
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First step is to align the drift chamber (the “central outer tracker” or COT)

Two parameters for the electrostatic deflection of the wire within the chamber constrained
using difference between fit parameters of incoming and outgoing cosmic-ray tracks

axial, ¢ = -350

T stereo,¢=-359 u

axial, ¢ = 145

stereo, ¢ = 145
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r (cm)
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uw=-1215+ 6 PeV"

uw=-3=4PeV"
o =2513+ 4 PeV"’

o =1862= 3 PeV!

Aa/p) (Tev™)

number of cosmics /0.5 TeV
number of cosmics /0.5 TeV"
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Second step is to calibrate the momentum scale using J/y decays to muons

Simulation:

. ~2/dof = 106 / 108
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Second step is to calibrate the momentum scale using J/y decays to muons

Simulation corrections:




Third step is to calibrate the scale using Y decays to muons

Compare fit results with and without constraining the track to the collision point

N
o

Ap/p = (-1380 = 1ostat) ppm

Ap/p = (1371 + 13stat) ppm

»2/dof = 82 / 70 »2/dof = 52 / 70

events / 5 MeV
events / 5 MeV

N
o

with constraint without constraint



Final step is to measure the Z boson mass

My =91 192.0 £ 6.4, + 4.0, MeV

X2/d0f =33/30 —— JIy—=uu

P,=29% [ _ k- Y—=>uu
X | —#— Z—uu
PKS =88 % - combined

Events / 0.5 GeV
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First step is to transfer the track calibration to the calorimeter (E/p) using W & Z decays

Data corrections:

Scintillator

3 4 5 6 7
Tower number [=|9|] (W—ev)

Chamber




First step is to transfer the track calibration to the calorimeter (E/p) using W & Z decays

25 GeV
—50 GeV
--100 GeV

electrons / 0.002

Tower Thickness (xg) Number of lead sheets

17.9 30 ‘ -
| T x?/dof =2.2/5
182 30 i Li"".,‘ﬂ i o

18.2 PXZ -82°%
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electron leakage fraction
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----29 layers
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First step is to transfer the track calibration to the calorimeter (E/p) using W & Z decays

Events/0.17

AS, . =0.05 = 0.16,,

»2/dof = 3.1/ 2
P.=20%
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ASg =12 £ 43, ppm
v2/dof = 39 / 33
sz =21%

Prs =69 %




Second step is the measurement of the Z boson mass

M, =91 1943 £13.8,+ 7.6, MeV

e.g. M, =91 215.2 £ 22.4 MeV for non-radiative electrons (E/p<1.1)
w2/dof = 46 / 38

P.=16%
P, = 93 %

w2/dof = 36 / 38
P.=51%
Pes=99%
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First step is the alignment of the calorimeters

Second step is the reconstruction of the recoil

Electron Electromagnetic E; (MeV)

(GeV) / 2 GeV
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Third step is the calibration of the recoil response

v2/dof=14/14




Fourth step is the calibration of the recoil resolution

Simulation Data

u = 666 mrad u =666 =3 mrad

o = 657 mrad o =656 =2 mrad
A=1.64 A =1.64 =0.01
k=24 Kk =2.41 +0.02

2/ dof =18/ 14

Events / 0.07

»2 | dof = 30 / 44
Ps =90 %

Simulation Data
u=9.253 ‘ u=9.25 + 0.002
o =296 ull o = 2.96 = 0.002

A =0.24 A =0.25
Kk =-0.18 ; Kk =-0.15

10 20
\ZE;/GeV (W—ev)




W boson recoil distributions validate the model

mr ~ 2pT1+u||/pT ~ 2pT+u||

Simulation Data
u=-291 + 4 MeV u=-297 +4 MeV
0 =4906 + 3 MeV 0 =4890 + 3 MeV

A =0.01 A =0.01
k = 0.1 k =0.19

Simulation Data

u=-198 + 4 MeV u =-202 + 3 MeV
0 =4928 + 3 MeV o0 = 4927 + 2 MeV
A=0 A=0
k = 0.1 k =0.18
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2/ dof = 53 / 14
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W boson event selection

No lepton isolation requirement in trigger or offline selection

Background suppressed by stringent
hadronic recoil requirement

Other kinematic requirements

2.4 M W — uv candidates
1.8 M W — er candidates



Electroweak backgrounds modelled with fast simulation tuned with data and full simulation

7.4% of data sample

w2/dof = 82 / 62
P.=4%
P.s =89 %

2/dof = 69 / 62
sz - 23 %
Pcs =96 %
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Events / 0.25 GeV




Boson pr impacts the pr distributions of the decay leptons

Simulation Data

u = 8914 MeV u=38912 + 14 MeV

o = 6688 MeV 0 =6695 + 10 MeV 0=3563 +1MeV o=23568 +2 MeV
A=1.09 A=1.09 +0.01 A =047 A =047
Kk =0.52 k =0.53 +0.01 K =-0.63 K =-0.62

Simulation Data
u=6332 +5MeV 1 =6334 =2 MeV

Events / GeV
Events / GeV

+2 | dof = 43 / 29

Pys = 95 %

%2/ dof =18 /14
Pes=15%




W boson production and decay

Parton distributions impact the measurement through lepton acceptance
Restriction in 1 reduces the fraction of low-pr leptons

Small correction applied to update to NNPDF3.1 NNLO PDF
The set with the most W charge asymmetry measurements at the time

Uncertainty determined using a principal component analysis on the replica set
Measurement sensitive to ~15 eigenvectors
Leading 25 eigenvectors used to estimate uncertainty (3.9 MeV)

Three general NNLO PDF sets (NNPDF3.1, CT18, and MMHT14) have a range of £2.1 MeV from mean

Photos resummation with ME corrections used to model final-state photon radiation
validated by studying the average radiation in EM towers around the charged lepton,
and with the Z mass measurement

30












Distribution = W-boson mass (MeV)

mr(e, V) 80 429.1 & 10.3¢at & 8.55yst :
pr(e) 80 411.4 £ 10.7star & 11.85yst DELPHI 80.336 + 0.067
p4(e) 80 426.3 & 14.55¢at & 11.75yst ;
mr(u, V) 80 446.1 £ 9.25¢at £ 7-3syst : 80.270+ 0.055
o (1) 80 428.2 £ 9.65¢at £ 10.35yss :
(1) 80 428.9 & 13.15tat + 10.9syst :
combination 80 433.5 £ 6.4gtat £ 6.9syst ] 80.376 + 0.033

ALEPH : 80.440 + 0.051

80.415+ 0.052

x2/dof = 49/41
80.389 =+ 0.019
DO | 80478 83

80.383« 0.023

CDF | 80432 £ 79
80.387 + 0.016

DELPHI 80336 + 67 x2/dof = 4.2/6
' 80.370+ 0.019

L3 80270 £ 55
80.354 = 0.032
OPAL 80415 = 52

+
; 80.366 = 0.017
ALEPH 80440 51 — E »2/dof = 0.2/1
—e—
-@—
@

World A ' 377+ 0.
DO || 80376 + 23 orld Avg : 80.377 + 0.012

CDF 2022 i @ 80.4335x0.0094

ATLAS 80370 £ 19

CDF I | 8043|3 + 9 | | | | 804

79900 80000 80100 80200 80300 80400 80500
2 M,y [GeV]
W boson mass (MeV/c)




Combination mr fit p4 fit pr fit Value (MeV) X / dof | Probability
Electrons Muons |Electrons Muons|Electrons Muons (%)

80 439.0 £ 9.8

80 421.2+11.9

80 427.7 £13.8
Electrons 80 424.6 £ 13.2
Muons 80 437.9 £11.0
All 80 433.5+9.4

Fit difference Muon channel Electron channel

My (7)) =My (£7) —7.8 £ 18.5gtat = 12.7coT 14.7 £ 21.3gtat = 7. 7:Et/art) (0.4 £ 21.35¢at)
Mw (¢e > 0)—Mw (¢¢ < 0) 24.4 4 18.5g¢at 9.9 4+ 21.3stat = 7. 53{,};’ (—0.8 & 21.3s¢at)
Mz (run > 271100) — Mz (run < 271100) 5.2 & 12.24¢a¢ 63.2 & 29950t £+ 8.2545 (—16.0 + 29.9¢at)




Summary

The W boson mass is an important parameter in particle physics
Measurement of W boson mass with <10 MeV precision achieved with complete CDF data set
Result of >20 years of experience with the CDF |l detector

0.01% precision required flexibility: all experimental aspects controlled by the analysis team
Reconstruction, alignment, calibration, simulation, analysis

Analysis procedures approved pre-unblinding and frozen

Surprising 0.1% deviation from SM motivates expanded study of mw measurements and procedures

36



Future possibilities

Recoil tuning
Fine-tune calorimeter response corrections in data
Calibrate a shower Monte Carlo

Recoil validation

Compare W & Z & Y response in events with a single lepton (remove any additional lepton)
Compare W & Z energy flows

Compare W & Z lepton removal energy distributions

Check electron removal towers for e+ vs e, validate muons with nearby towers

Event generation
Generate events using a higher-order calculation
Validate ptW using high/low pt' asymmetry
Validate PDF using low pt! region and rapidity-dependent mass fits

Event selection
Vary lepton id (add isolation)

Analysis updates
|dentify the effect of each analysis change in the muon channel

Luminosity & time dependence
Fit mass in subsets in time or luminosity
Perform pseudo-experiments to check KS probabilities

Muon resolution

Implement beam spot size vs zand W vs Z z vertex distribution
37



Source of systematic mr fit p4 fit pr fit
uncertainty Electrons Muons Common |Electrons Muons Common |Electrons Muons Common

Lepton energy scale 5.8 2.1 1.8 5.8 2.1 1.8 5.8 2.1
Lepton energy resolution 0.9 0.3 -0.3 0.9 0.3 -0.3 0.9 0.3
Recoil energy scale 1.8 1.8 1.8 3.5 3.5 3.5 0.7 0.7
Recoil energy resolution 1.8 : 3.6 3.6 . 5.2 5.2
Lepton u| efficiency 0.5 0.5 1.3 1.0 2.6 2.1

Lepton removal 1.0 1.7 0 0 2.0 3.4
Backgrounds 2.6 3.9 6.6 6.4 6.4 6.8
pZ model 0.7 0.7 . 2.3 2.3 . 0.9 0.9
py¥ /pZ model 0.8 0.8 . 2.3 2.3 . 0.9 0.9
Parton distributions 3.9 3.9 : 3.9 3.9 . 3.9 3.9
QED radiation 2.7 2.7 : 2.7 2.7 : 2.7 2.7
Statistical 9.2 9.6 14.5 13.1




Background fractions

Fraction

Source (%)

5MW (MeV)
mr fit  pr fit pr fit

Z/v — pp 7.37 £0.10

W — tv 0.880 4+ 0.004 0.1 (0.

Hadronic jets 0.01 £0.04
Decays in flight 0.20 £+ 0.14
Cosmic rays 0.01 +0.01

1.6 (0.7 36(03) 0.1 (1.5)

1(0.0) 0.1(0.0

0.1 (0.8
1.3 (3.1
03(00

).(.3

Total 8.47 +0.18

1.3
0.5 (0.
3.9 (

)
0) 0
)06( 8) 2.4 (0.5
)
)
3)

)

)

(5.0) -5.2 (3.2)
)

5. )

1 (3. 1) 5.7 (3.6

] STEEL SHIELDING
MUON SCINTILLATOR
COUNTER

ISL (3 LAYERS)

———— SVX || (3 BARRELS)

INTERACTION POINT (B

SOLENOID COIL

PRESHOWER DETECTOR

SHOWERMAX DETECTOR

Fraction

Source (%)

Z/v* —ee 0.134 £ 0.003 0.2
W — tv 0.94 +£0.01
Hadronic jets 0.34 + 0.08

Total 1.41 4+ 0.08




Subset  LHCb  xZ,/ndf  dmy [MeV]
Polarity = —1 92.5/102 -

Polarity = +1 97.3/102  —57.5+£45.4
N> 3.3 115.4/102

n<3.3 85.9/102  +56.9 £45.5
Polarity x ¢ =+1 95.9/102 -

Polarity x ¢ = —1 98.2/102 +16.1 £45.4
6] > 7/2 08.8/102 -

6] < 7/2 115.0/102  +66.7 = 45.5
6 <0 91.8/102

>0 103.0/102 —100.5 +45.3

N

7

NN N NN N N NN N NN NN NN NN RN

0.0< Indetl <0.2
0.2< Indetl <04

0.4<h_1<06

0.6 < Indetl < 0.8_._

DO, 4.3 fb™' 0.8< Indetl <10y

N

DO, 4.3 fb™

4
N

e A W

N

0.878 0879 088 0881 0882 0883 0.884 . . 3 804 80.5 . . . 80.4 80.5
W boson mass / Z boson mass W boson mass (GeV) W boson mass (GeV)




W+ initial

u dbar
dbar u
u sbar
sbar u
C sbar
sbar c
c dbar
dbar c
ug
g dbar
gu
dbar g
g sbar
sbar g

Initial state LO & NLO

Type

S-S
V-S
S-S
S-S

S-S

Pythia LO

81.7%
8.9%
1.6%
0.3%
2.9%
2.9%
0.7%
0.2%

41

82.0%
9.0%
1.9%
0.3%
2.9%
2.9%
0.7%
0.2%

Madgraph LO Madgraph NLO

82.7%
8.8%
1.8%
0.3%

3.7%
1.8%
0.4%
0.5%
0.02%
0.02%



Events / GeV
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Simulation Data

u=6332 +5MeV u=6334 +2MeV
0=3563 +1MeV o=3568 +2MeV
A =0.47 A =0.47
Kk =-0.63 k =-0.62

%2 | dof = 18/ 14
Pes =15 %

Simulation Data

w=7940 MeV  u=7928 =11 MeV
o = 5131 MeV 0 =5129 + 7 MeV
A = 0.92 A =0.93 = 0.01
x =0.38 K = 0.42 = 0.01

2/ dof = 28 / 24
Ps =43 %

Events / GeV

Events / GeV

Simulation Data
u=6344 =5 MeV u=6338 + 3 MeV

0=3569 + 1 MeV o =3568 =2 MeV
A =0.46 A =0.47
K =-0.64 Kk =-0.61

x2/dof =26/14
Pys=18%

10 15
u, (W—ev) (GeV)

Simulation Data
u = 7972 MeV u=7923 = 20 MeV

o=5141MeV 0 =5123 + 14 MeV
A =0.91 A=0.92 = 0.01
k =0.36 k =0.4 = 0.02

2/ dof = 26 / 24
Pes=8.3%

20
u.(Z—ee) (GeV)




Events / 2 GeV
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Simulation

u=-198 + 4 MeV
0 =4928 =3 MeV
r=0
k =0.1

Simulation

u=1=2MeV
0 =5398 =3 MeV
r=0
k =-0.09

2 /dof=18/14
Py = 44 %

2/ dof =24 /14
Pys = 8.3 %

Data

u =-202 + 3 MeV
o = 4927 =2 MeV
r=0
Kk =0.18

Data

u=11 =3 MeV
0 =5398 =2 MeV
r=0
Kk =-0.03

Events / 2 GeV

Events / 2 GeV

Simulation
u=-291 = 4 MeV
0 =4906 = 3 MeV

A =0.01
k =0.1

Simulation
u=1=2MeV
o =5434 + 3 MeV
A=0
K =-0.11

Data
u=-297 + 4 MeV
0 =4890 + 3 MeV

A =0.01
k =0.19

2/ dof = 53 /14
Pes=14%

Data
u=3 =4 MeV
0 =5432 + 3 MeV
A=0
Kk =-0.05

x2/dof=11/14
Pys =76 %

10
uj (W—ev) (GeV)




Events / GeV

ATLAS -o-Data
\s=7TeV, 4.1 " AT
[ ]1Background

ATLAS

- 1 B Z- w'uw
(s=7TeV,4.1fb [ Background

100 110
mZ(I") [GeV]

ATLAS
Vs=7TeV, 4.1-4.6 fb™

Lepton charge
Kinematic distribution

Amyz [MeV]
Z — ee

Z — up
Combined

91120

¢t

/4
Pt

13+31£10
1£22+ 8
518+ 6

91140

—93+£38+15
—35+28+13
—58+23+12

91160 91180

p
Py

—-20£31+10
—-36+22+ 8
—31+18+ 6

4+38+£15
—1£27+£13
1£22+£12

® m, (Fit)
Stat. Uncertainty
— Full Uncertainty
m, (LEP Comb.)
+ Full Uncertainty

91200 91220 91240

m, [MeV]

Combined
Py

—3+21+£10 —45+£27+15
—17+14+ 8 — 18+ 19+ 13
—12+12+ 6 —-29+ 16+ 12




Parameter
a
b
Response
Ny
Shad
f4

7-(-0

15
70

€¢
+
S§
S£
ge
Resolution

Description
average response

response non-linearity

spectator interactions

sampling resolution

EM fluctuations at low ur

EM fluctuations at high ur

angular resolution at low ur

angular resolution at intermediate ur
angular resolution at high ur
average dijet component

variation of dijet component with ur

average dijet resolution

fluctuations in dijet resolution

higher-order term in dijet resolution

Source

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

S23
S23

S24
524
S25
S25
S26

ig. S26

Fig.
Fig.

S26
S27

ig. S27

Fig.
Fig.

S28
S28

ig. S28

Fig.
Fig.
Fig.
Fig.
Fig.

S28
S28
S28
S28
S28

mr
—1.6
—0.8
1.8
0.5
0.3
—-0.3
—0.3
1.4
0.2
0.3
0.1
—0.1
—0.1
—0.2
0.1
—0.5
0.1
0.5
—-0.3
—0.2
1.8




»2/dof = 36 / 38
P.=51%
Pes =99 %

v2/dof =t4acker
P.=17%
Pys =85%

Events / 0.5 GeV
Events / 0.5 GeV

2/dof = 62 / 58
P.=31%
Pys = 95 %

+2/dof = 45 / 38
P.=19%
Pes =97 %

Electrons Calorimeter Track

E/p < 1.1 only 911909 £19.7 91215.2+£224

Events / 0.5 GeV
Events / 0.5 GeV

E/p>11and E/p <1.1 91201.1 +21.5 91259.9 4+ 39.0
E/p > 1.1 only 91184.5 £46.4 91167.7 +109.9

»2/dof = 64 / 66
P.=53%
P s =99 %

»2/dof = 35 / 38
sz = 60 %
Pys = 96 %

Events / O.Q)Gev
Events / O.QGeV
o
o

track m,, (GeV)



Muon Electromagnetic E, (MeV) Muon Hadronic E, (MeV)

60 61 60 16 17 16

60 62 61 16 17 17

62 82 66 17 18

63 70 17 19

61 62 17 17

60 61 16

Muon Towers Muon Towers

e T e e —0— " —5— o
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(GeV) / GeV

>
[
O
QV
>
[
S

ue
T
ue
T
o
N

3-Tower E
3-Tower E




& ' : Calibrate energy as a function of pseudorapidity 9970 DO, 4.3 1"

using Z — ee decays : (b)

0.2<Ingetl<0.4  0.6<In4et1<0.8
Mget!<0.2  0.4<lInyetl<0.6 INget|>0.8

-@- Data
BZ- e'e

{s=7TeV,46fb"
[ ]Background

ASg =12 =43, ppm
v2/dof = 39 / 33
PX2 =21%

Pys =69 %

Events/ 0.4 GeV

N~
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S
o
~
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)
C
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Events / 0.5 GeV

x10°
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Source J/v (ppm) T (ppm) Correlation (%)
QED 1 1 100
Magnetic field non-uniformity 13 13 100
Ionizing material correction 11 100
Resolution model 10

Background model 7

COT alignment correction 4

Trigger efficiency 18

Fit range 2

Ap/p step size 2

World-average mass value 4
Total systematic 29
Statistical NBC (BC) 2
Total 29




Residual tracker misalignments studied using difference in E/p between electrons and positrons
Correction as a function of polar angle applied to measured tracks from W and Z decays
Linear dependence on cot theta would cause a bias in the mw mass fit

No linear correction required, statistical precision from E/p constrains the bias to <0.8 MeV




Method or technique impact

Detailed treatment of parton distribution functions +3.5 MeV

Resolved beam-constraining bias in CDF reconstruction +10 MeV
Improved COT alignment and drift model [65] uniformity
Improved modeling of calorimeter tower resolution uniformity
Temporal uniformity calibration of CEM towers uniformity
Lepton removal procedure corrected for luminosity uniformity
Higher-order calculation of QED radiation in J/¢ and Y decays accuracy
Modeling kurtosis of hadronic recoil energy resolution accuracy
Improved modeling of hadronic recoil angular resolution accuracy
Modeling dijet contribution to recoil resolution accuracy
Explicit luminosity matching of pileup accuracy
Modeling kurtosis of pileup resolution accuracy
Theory model of p}¥ /p7 spectrum ratio accuracy
Constraint from pqu data spectrum robustness

Cross-check of p#7 tuning robustness




Distribution  W-boson mass (MeV)
mr(e,v) 80 429.1 £ 10.3stat + 8.Hsyst
pr(e) 80 411.4 4 10.75tat £ 11.84yst
P (e) 80 426.3 & 14.55¢at £ 11.7syst

mr (i, V) 80 446.1 £ 9.2¢¢at + 7.3syst

P (1) 80 428.2 £ 9.65¢a & 10.35yst
pr(p) 80 428.9 + 13.1stat £ 10.9gyst
combination 80 433.5 % 6.4gat = 6.9syst

Distribution

W — ev

My (MeV)

80408 + 19
80393 £ 21
80431 £ 25

80379 £ 16
80348 + 18
80406 + 22




Angular coefficients in decay
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Events per GeV
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