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simplified CDF simulation simplified CDF simulation




number of cosmics / 0.5 TeV"

Determine individual ‘sensor’ positions by minimizing )(2 difference between
sensor and reconstructed track positions using cosmic-ray and collision data

sym rA¢ (um)

100 120 140 160
SLO cell number

u=-1215+ 6 PeV'

1 u=-3x4PeV’
10 Before 0 =2513+ 4 PeV

o =1862= 3 PeV'

number of cosmics /0.5 TeV"

Aap,) (Tev') 10

Aap,) (Tev") 10




Residual tracker misalignments corrected in track fits using difference in E/p between e- and e+

Ongoing studies:
apply small corrections for time-dependence
add a quadratic term to the correction for muons from meson decays
separately obtain corrections for beam-constrained (BC) and non-beam-constrained (NBC) tracks
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Ongoing study:
separate field and length corrections for BC and NBC tracks in Y decays



Ongoing studies:
Split measurements by time period & total calorimeter energy
(correlated with pileup)
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Remove hits with large residuals (>300 microns) from track
(default tracking uses hits with residual <600 microns, or ~40)

Separately fit for Mz using BC and NBC tracks
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w2/dof = 33/ 30
P.=29%
P =88%
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ASE =12 =43, ppm
x2/dof = 39 / 33
sz =21%

Pys =69 %

Events / 0.007

J2/dof = 46 / 38
sz - 16 %
Ps =93 %
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Simulation Data
u=-19 MeV u=-14 + 13 MeV
o = 4604 MeV S 0=4598 + 9 MeV
A =-0.05 A =-0.02 = 0.01
x = 0.97 1 x =1.03 = 0.01

Events / 0.5 GeV

+2 | dof = 54 / 35

Simulation
u = -20 MeV oo w=1=17 MeV
o = 5478 MeV ! o = 5456 + 12 MeV
A =-0.01 ) A =0.01 = 0.01
k =0.58 = x =0.56 = 0.02

2/ dof =14 /14
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+2 | dof = 36 / 35




+2/dof=18/14

v2/dof=12/14

Events / 0.07
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Simulation

u = 666 mrad
o = 657 mrad
A=1.64
k=24

Simulation
u = 9.253
o0 =2.96

A =0.24
k =-0.18

10

Data

u =666 + 3 mrad
0 =656 =2 mrad

A =1.64 = 0.01

Kk =2.41 = 0.02

%2/ dof = 30 / 44
Pys = 90 %

Data
u=9.25 + 0.002
0 =2.96 = 0.002

A =0.25
Kk =-0.15
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Events / 2 GeV

Simulation Data

u=-198 + 4 MeV u =-202 + 3 MeV
0 =4928 + 3 MeV o = 4927 =2 MeV
A=0 A=0
k = 0.1 k =0.18

2/ dof =18/ 14
Pes =44 %

mr & QpT1—|—U||/pT ~ QpT—|—U||‘

Simulation
u=-291 + 4 MeV
o =4906 + 3 MeV

A =0.01
k =0.1

Events / 2 GeV

Data
u=-297 +4 MeV
o0 =4890 + 3 MeV

A =0.01
k =0.19

%2/ dof = 53 /14
Ps=14%

10
U, (W—ev) (GeV)




Simulation Data

u = 8914 MeV u=38912 + 14 MeV
o = 6688 MeV 0 =6695 = 10 MeV 0=3563 +1 MeV o =3568 +2MeV
A =1.09 A =1.09 = 0.01 A =0.47 A =047
K = 0.52 k = 0.53 = 0.01 Kk =-0.63 K =-0.62

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

Events / GeV
Events / GeV

x2 / dof = 43 / 29

Pys = 95 %

x2/dof=18/14
Ps =15 %
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»2/dof = 63 / 62
ng - 43 %
Pys = 70 %

Events / 0.25 GeV
I
o

N
o

Distribution =~ W-boson mass (MeV) x*/dof
mr(e,v) 80 429.1 & 10.35ta & 8.5eyst  39/48
p(e) 80 411.4 + 10.7gat = 11.84ys¢  83/62
Py (e) 80 426.3 + 14.5ta & 1174y 69/62

mr(p,v) 80 446.1 & 9.25ar £ 7.3syst  50/48
P (1) 80 428.2 + 9.64tar £ 10.36yss  82/62
P (1) 80 428.9 & 13.1qtae + 10.95yst  63/62
combination 80 433.5 + 6.4gtat £ 6.95yst  7.4/5




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

80 439.0 £9.8

80 421.24+11.9 0.9 / 1

80 427.7+13.8 /0.0 / 1
Electrons 80 424.6 +13.2 |3.3 / 2
Muons 80 437.9+11.0 |3.6 / 2
All 80 433.5+94 |74 /5

Fit difference Muon channel Electron channel

My (£7)—Mw (£7) —7.8 & 18.5stat = 12.7coT 14.7 £ 21 .35tat £+ 7.7545 (0.4 + 21.35tat)
Mw (e > 0)—Mw (e < 0) 24.4 £ 18.5g¢at 9.9 4 21.35tat £ 7.5&{:; (—0.8 4+ 21.3tat)
Mz (run > 271100) — Mz(run < 271100) 5.2 & 12.24¢at 63.2 4 29.94¢at £ 8.2&{5 (—16.0 £ 29.9¢at)




Summary

The W boson mass is a sensitive quantity to high-scale physics

Measurement with <10 MeV precision (~0.01%) achieved using the complete CDF data set

Result deviates significantly from other measurements
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background fractions

Fraction dMw (MeV)
Source (%) mr fit  ph fit p fit
Z/7* = pp 7.37 %+ 0.10 16(07)36(03) 0.1 (1.5)
W — v 0880i000401( 0) 0.1 (0.0) 0.1 (0.0)
Hadronic jets  0.01 +0.04 1 (0.8) -0.6 (0.8) 2.4 (0.5)
Decays in flight 0.20+0.14 1.3 (3.1) 1.3 (5.0) -5.2 (3.2)
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Cosmic rays 0.01 +£0.01 3 (0. 5 (0.0) 0.3 (0.3)
Total 8.47+0.18 2.1 (3.3) 3.9 (5.1) 5.7 (3.6)

Fraction OMw (MeV)
2.2/fb result Source (%) mr fit  p7 it  pi fit
Distribution My (MeV) ¥2/do.f. Z/v* —ee 0.134+0.003 0.2 (0.3) 0.3 (0.0) 0.0 (0.6)
o — W 7 0944001 0.6 (0.0) 0.6 (0.0) 0.6 (0.0)
80408 & 19 Hadronic jets 0.34 £ 0.08 2 (1.2) 0.9 (6.5) 6
3 ( (

2 (-1
S0131 £ 25 Total 1.41 +0.08 1.2) 1.1 (6.5) 6.2 (1.3)

1)

80379 £ 16
80348 £ 18
80406 + 22




Future possibilities

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

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

Event generation
Generate events using a higher-order calculation (e.g. Resbos?2)
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

Fit mass in subsets in time or luminosity
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W boson production and decay

Parton distributions impact the measurement through lepton acceptance

Restriction in 7 reduces the fraction of low-pr leptons - .
W*(2) -
Small correction applied to update to NNPDF3.1 NNLO PDF , o 8 VD)
The set with the most W charge asymmetry measurements at the time u (d)
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
W+initial | Type | PythiaLO Madgraph LO: Madgraph NLO
oudbar i vy i 817% i 820% i 827%
Ldoaru G S8 . 89% .. 90% .. ...88%n
_________ usbar i vs.__ i 16% i  19% . 18%
sbar u S-S 0.3% 0.3% 0.3%
_________ csbar i . ss. 1...29% i 29% i ..
_________ sbarc i s 1. 29% i 29% i oo
...gdbar SV i 0.7% i ... 0.7% @
dbar c S-S 0.2% 0.2% -
9 VoD '537% ............
gdbar |  gv | : . 1.8% Photos resummation with ME corrections
QYOS b 0% used to model final-state photon radiation
SN € LS = N FE S validated by studying the average radiation
--------- 9SPAN__fo DS D022 in EM towers around the charged lepton,
e | . i e and with the Z mass measurement



LHC-TeV MWWG

—@— ABMP16 —1— CT14 —— CT18
——V— MMHT2014 —¥— MSHT20 —¢— NNPDF3.1
—4— NNPDF4.0

80300 80350 80400 80450
m,, [MeV]




Combination and compatibility of mw
measurements

Working group combined the measurements from CDF, DO, ATLAS, LHCb, and the LEP experiments

Updated measurements to a common PDF set and a common calculation of W boson polarization

Simulated events with custom fast simulations

Dataset NNPDF31  NNPDF40  MMHTI4 MSHT20 CTISNNLO ABMPI6
CDF Z rapidity 24[28 /28 28|30/ 28 30[31 /28 32|32 /28 27|27 /28 31[31/28
CDF W asymmetry 11157/ 13 1417/ 13 1213/ 13 28[27 /13 11135/ 13 21[43 /13
DO Z rapidity 22[22 /28 23[23 /28 23|23 /28 24[23 /28 22(22 /28 22[22 /28
DO Wev lepton asymmetry ~ 22[32/ 13 23[29/ 13 52|51/ 13 42140/ 13 19132/ 13 26[24 /13
DO Wuv lepton asymmetry 12|14/ 10 12116/ 10 1114/ 10 11113/ 10 12113/ 10 11112/ 10
ATLAS peak CC Z rapidity ~ 13[18/ 12 13117/ 12 58189/ 12 17119/ 12 11177/ 12 18[32/ 12
ATLAS W~ lepton rapidity 12|18/ 11 12115/ 11 33[33/ 11 1617/ 11 99128/11  14[]17/11
ATLAS W+ lepton rapidity ~ 8.9]13/11  8.6|11/11  15]21/11 12113/ 11 9416/11  10[12/11
Correlated y2 76/110 6383 212|236 91[102 43[251 86/108
Log penalty y> 0.62/-0.62  -0.58/-0.58  -1.62|-1.62  -2.89|-2.89  -1.68-1.68  -2.72|-2.72
Total y2 / dof 200|312 195|242 445|509 270|283 163|499 236|300
126 126 126 126 126 126
x? p-value 0.00 0.00 0.00 0.00 0.02 0.00
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Developed custom simulation for analysis

Muon detectors
(drift and scintillator)

Iron/scintillator CENTRAL PRERADIATOR  CENTRAL SHOWER-MAX

Radius 15.00-19.70 cm
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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 p'¥ data spectrum robustness

Cross-check of p#7 tuning robustness




Source Uncertainty (MeV)

Lepton energy scale

Source of systematic mr fit ph 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
Lepton energy resolution 0.9 0.3 -0.3 . . . 0.9 0.3
Recoil energy scale 1.8 1.8 1.8 . . . 0.7 0.7
Recoil energy resolution 1.8 1.8 . . . . 5.2 5.2
Lepton u) efficiency 0.5 0.5 . . 2.6 2.1
Lepton removal 1.0 1.7 2.0 3.4
Backgrounds 2.6 3.9 . . 6.4 6.8
pZ model 0.7 0.7 . . . . 0.9 0.9
py¥ /p% model 0.8 0.8 : ) ) . 0.9 0.9
Parton distributions 3.9 3.9 . . . . 3.9 3.9
QED radiation 2.7 2.7 . . . . 2.7 2.7
Statistical 10.3 9.2 14.5 13.1
Total 13.5 11.8 : 16.0 14.1 7.9 18.8 17.1




ASg = -203 = 173, ppm AS, .t =-0.6 0.6, %

2/dof = 42 / 40
PX2 - 35 %
Py = 99 %

stat

v2/dof =4.2/2
PXZ =12 %

Events / 0.007
Events / 0.17

y2/dof =2.2/5 x2/dof =9.3/4

25 GeV
—50 GeV
100 GeV

PX2=82 % PX2=5%

electrons / 0.002
LI L B
LN I I

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 L L L ool Ly
electron leakage fraction

IIIII IIIIIII
32 34 36 38 40 42 44 46 48 50
E7/ GeV (W—ev) E7/ GeV (Z—ee)

W
o




Simulation Data

u=6332 +5MeV u=6334 +2MeV
c=3563 =1 MeV o =3568 +2MeV
A = 0.47 A = 0.47
K =-0.63 K =-0.62

Events / GeV

x2/dof=18/14
Pys=15%

Simulation Data

u = 7940 MeV u=7928 =11 MeV
o0 =5131 MeV 0=5129 =7 MeV
A =0.92 A =0.93 = 0.01
k =0.38 k =0.42 = 0.01
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%2 | dof = 28 / 24
Ps =43 %

Events / GeV

Events / GeV

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

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

x2/ dof =26 / 14
PKS=1'8%

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

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

2/ dof = 26 / 24
Py =8.3%




Parameter Description Source  mr
a average response Fig. S23 —1.6
b response non-linearity Fig. S23 —0.8
Response

Ny spectator interactions Fig. S24

Shad sampling resolution Fig. S24

4 EM fluctuations at low urp Fig. S25

70
,{3 EM fluctuations at high up Fig. S25
angular resolution at low ur Fig. S26
angular resolution at intermediate ur Fig. S26
angular resolution at high ur Fig. S26
average dijet component Fig. S27
variation of dijet component with ur Fig. S27
average dijet resolution ig. S28
fluctuations in dijet resolution ig. S28
higher-order term in dijet resolution ig. S28

ig. 528

65 e i .828
Sg —n ig. S28
Sg —"— ig. S28

qe —n— ig. S28
Resolution

Simulation Data
u=1=2MeV u=3 =4 MeV
o0 =5434 + 3 MeV o0 =5432 + 3 MeV
A=0 A=0
k =-0.11 k =-0.05

Simulation Data
u=1=2MeV u=11+3 MeV
0 =5398 = 3 MeV 0=5398 +2 MeV
A=0 r=0
Kk =-0.09 k =-0.03
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Events / 2 GeV
Events / 2 GeV

©
N

+2/ dof = 24 /14 w2/ dof =11/14
Ps =83 % Pys=76 %
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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
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»2/dof = 62 / 58
X2 - 31 %
Ps =95 %

»2/dof = 45 / 38
X2 - 19 %
Pys =97 %

Events / 0.5 GeV
Events / 0.5 GeV

100
track m,, (GeV)

s2/dof = 64 / 66
X2 - 53 %
Prs =99 %

»2/dof = 35 / 38
X2 = 60 %
Pks =96 %

Events / 0.§)Gev
(@]
(e)
Events / O.QGeV
(@]
(e}

Lty ]

90
track m,, (GeV)




y2/dof = 36 / 38 tracker
P.=51%
Pys =99 %

v2/dof = 45 / 38 calorimeter
P.=17%
Pys =85 %

Events / 0.5 GeV
Events / 0.5 GeV

+2/dof = 62 / 58
P.=31%
Ps = 95 %

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

Electrons Calorimeter Track
E/p < 1.1 only 91190.94+19.7 91215.2+224

Events / 0.5 GeV
Events / 0.5 GeV

E/p>11and EF/p<1.1 91201.1+21.5 91259.94+39.0
E/p > 1.1 only 91184.5+£46.4 91167.7£109.9

90
track m,, (GeV)

»2/dof = 64 / 66
P.=53%
Pos =99 %

J2/dof = 35 / 38
sz = 60 %
Pye = 96 %

Events / O.QJGeV
Events / O.iGeV
o
o

90
track m,, (GeV)




Scale calibration using Y decays to muons

I
(@)

- , Ap/p = (-1380 = 10_ ) ppm : . . Ap/p=(-1371 +13__ ) ppm
ith constraint PP star! PP ithout constraint - TP stat) PP

v2/dof = 82 / 70 v2/dof = 52 / 70

events / 5 MeV
events / 5 MeV

N
o

Source J/¢¥ (ppm) Y (ppm) Correlation (%)
QED 1 100
Magnetic field non-uniformity 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




Aligning the drift chamber (the “central outer tracker” or COT)

axial, ¢ = -350

T, ... Stereo,¢ = -35 g

axial, ¢ = 145

sym rA¢ (um)

80 100 120 140 160 stereo, ¢ =1 45
SLO cell number

70 80 9 100 110 120 130
r (cm)










Csverr = Loy + £ + £ 4+ 0 ...
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Charged lepton scale:
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simplified CDF simulation simplified CDF simulation
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Recoil scale

simplified CDF simulation

Measurement requires precise calibrations
of momentum scale and resolution

Pr = —(pt + dr) Pr

simplified simulation



