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Outline

* Introduction: theoretical and experimental
motivation

 Overall analysis strategy

» Theoretical inputs

» Track momentum scale determination
 Calorimeter energy scale determination
» Hadronic recoll calibration

» W mass fits

« Summary and outlook

'.. o y -
* Photo: Tina Smith (4/17/22).. .« _

T. Aaltonen et al, Science 376, 170 (2022)
DOI: 10.1126/science.abk1781

KIT Seminar, 5/3/22 2 Bo Jayatilaka



https://doi.org/10.1126/science.abk1781

The W boson mass in electroweak theory

» Electroweak sector of the standard model is constrained at tree level by
Gr=1.16637(1) x 10~ GeV~~ ap(QF = M2) = 1/127.918(18)
M, =91.1876(21) GeV/c*

* Including radiative corrections, Mw Is predicted by

o M
M= —— "M neresin?y = 1 — —
V/2Gpsin? Oy(1 — Ar) Mz
- Radiative corrections Ar are dominated by top and Higgs loops
t H m, = 172.76(30) GeV/c*
W B W W W
" had doodono M, = 125.30(13) GeV/c?

* Precision measurement of Mw provides a crucial test of the standard model

KIT Seminar, 5/3/22 3 Bo Jayatilaka



Standard model determination of Mw

» Following the discovery of the Higgs boson, Mw can be tightly constrained in the SM
Mw = 80357 = 4 (inputs) = 4 (theory) MeV
» Experimental measurement at this level of precision is crucial

o 1 O — | , I‘ | | | | ._ , | | | | | | — ; B | | | | I | | | | I | | I I I 'E? | | ;:) +I1 | | | | I | d'.’l,_'

S oF : " E fitter |sul: - 3 ~ 68% and 95% GL contours = 172.47 Gev -

O\ e 1 A 130 = 80.5 — I Fitw/o M,, @nd m measurements :: - G=046GeV f,/' —

8 — SM fit w/o Mvr'; megsurements - Eg B Fit w/o M,,, m and M, measurements :: — G=046 80.50, GOV d

- SM fit w/o Mg, ang M., measurements — 80 45 | W Direct M,, and m, measurements I

(= —B- LEP [arXiv:$3023415] = - —=

6 ~#— Tevatron [afXiv{l 204.0042] — 804 [ \;

= . @~ ATLAS [ERJC['8, 110 (2018)] = . et

E ) E — M, comb. + 16 =

4 —-------- - — 20 80.35 [ — M, -80.379+ 0.013 GeV ~

3 = - -

s = 80.3 — —

2 — _ _

E E B NI 03\1 66\3/ :é:eca\i'" B

I PR N AN -_— ] [ O?w’ o Shrie S ek : z |

1F : 1o 8025 — O NN fitter st -

0 — ' ' | ' MO l l ' ' | ' ' ' | ' ' ' — _,'|" | ] | | | ] I ,}'/l ] I L"’li ||:E I I I | ] I I 1 | I |_
80.34 80.36 80.38 80.4 80.42 140 150 160 170 180 190

GeV

M,, [GeV] m, [GeV]
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Experimental determination(s) of Mw

» Summary shown as of last Tevatron combination Mass of the W Boson

* PRD 88, 052018 (2013) Measurement i M, [MeV]
- Since then, updated measurements from LHC
experi ments CDF 1988-1995 (107 pb™) = @ = 80432 = 79
« ATLAS: MW = 80370+19 MeV DO 1992-1995 (95 pb™) ® 80478 = 83
c EFPJ C 78 (201 8) 110 CDF 2002-2007 (2.2 fb) + 80387 + 19
° LHCb: MW — 80354132 I\/IeV DO 2002-2009 (5.3 fb™) + 80376 = 23
. JHEP 01 (2022) 036 Tevatron 2012 + 80387 = 16
- World Average (PDG 2020) - B e
. Mw = 80379+12 MeV World average + 80385 = 15
« 2012 CDF measurement made with ~25%
available data Y
» Goal: match world average precision with full 80200 80400 80600

dataset M, [MeV]
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Analysis Strategy



The Tevatron at Fermilab

» 1.96 TeV ppbar collider
» Highest energ';oi%gllider in the world
* First superconducting synchrotron ever built
» Typical inst. lumi.: 3x1032 cm-2s-1
* LHC (Run 2): ~2x1034 cm—2s-1
» Bunch spacing: 396 ns

 LHC: 25 ns

» Ceased operations Sep 30, 2011
« ~12 fb-1 delivered to CDF and DO

W mass measurement utilizes 8.8 fb-1 after
quality cuts

KIT Seminar, 5/3/22 7 Bo Jayatilaka



CDF Il (2001-2011)
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Muon drift chambers

Central hadronic calorimeter

1.4 Tesla Solenoid?

Central Outer Tracker
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Obtaining precision

- Start with clean, low-background events
* NO taus, no hadronic decays
» Lepton pr carries most information
* Precision achieved: 0.004%
» Hadronic recoil affects inference of neutrino energy
- Calibrate to ~0.2%
» Reduce impact by requiring pt(W) << Mw
* Need:
» Accurate theoretical model
* Including boson pt model and QED radiation -
 Tunable fast simulation
» Parameterized detector description for study of systematic effects
 Large data samples of well-measured states

Electron

kR

\w.';‘\: .._Neutrino

"\-\\\- -

Underlying event

,,f -

Hadronic recoil

Eq
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Measurement strategy (broadly speaking)

 Maximize internal constraints and cross-checks
* Why?
* Robustness: Constrain the same parameter multiple ways

* Precision: after demonstrating robustness, combine independent measurements

KIT Seminar, 5/3/22 10 Bo Jayatilaka



Measurement strategy (in practice)

e Perform COT alignment with cosmic ray data

» Calibrate track momentum scale using dimuon resonances (J/¢, Y).
« Cross-check with Z mass measurement and add as further

calibration point

- Calibrate calorimeter energy using E/p of W and Z decays
* Cross-check with Z mass measurement

- Calibrate hadronic recoil with Z decays to u, e
* Cross-check with W recoil distributions

* Perform fits to e/u pr1, v pr, and transverse mass
my = \/ 2p§ p1 —cos Ab,,)

»Binned maximum likelihood fit to templates from tuned simulation .

» Combine all six fits to yield final answer

0.01F

0.005F

%o 65 70 75 80 85 90 95 100
m; (GeV)
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Selecting W (and Z) bosons at CDF

Production at the

Tevatron domr
qq (valence

inated by
quarks)

=3

WV boson candidates:
1 lepton passing cuts
u| < 15 GeV
prv > 30 GeV
60 < mr < 100 GeV

KIT Seminar, 5/3/22

Z boson candidates:
2 lepton passing cuts
66 <my< 116 GeV

12

Select ev and uv
decays with high-pr
lepton trigger

Lepton candidates:
Electron E7>30 GeV

(track p>18 GeV)
or Muon p7>30 GeV

Analysis dataset: 8.8 fb-1

Candidate events:
W: 1811700 (e), 2424486 ()
Z: 66180 (e), 238534 (u)

Bo Jayatilaka



Theoretical Model



Event generation and boson pr

» Generator level simulation from RESBOS! ! !
* QCD effects, tunable parameters for non-perturbative :
regime (low-pr) W
* QED radiation simulated by PHOTOS?2 g
* FSR multiphoton simulation 7
\Y

'C Balazs and C-P Yuan, PRD 55, 5558 (1997)

it parameters In N hape
Paramete S | boson pr shap °P. Golonka and Z. Was, Eur. J. Phys. C 45, 97 (2006)
*_ow OT sensitive to g2 3G. Bozzi et al, Nucl. Phys. B 815, 174 (2009)

» Intermediate-high pr sensitive to as
» Tuning with £ data applied to Ws

» Uncertainty on perturbative calculation of ptW/pt< estimated
using DYQTS3
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Boson pr tuning and validation

X1 03 X1 03
> = > B ) ]
8 B Simulation Data 8 Simulation Data
= r u = 8914 MeV 1= 8912 = 14 MeV = i = 8940 MeV i = 8868 =26 MeV
= 20 o = 6688 MeV o = 6695 + 10 MeV I= o = 6751 MeV 0 =6715 =18 MeV
L%’ - A =1.09 A =1.09 = 0.01 L%’ — A =1.07 A =1.08 = 0.01
~ e Kk =0.52 Kk =0.53 + 0.01 K = 0.46 k = 0.51 = 0.02
i %2 | dof = 43 / 29 2 / dof = 26 / 29
10_ PKS=95%' i PKS=11°A’
| o
:._
O | | | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 0 10 20 30
p_(Z—uu) (GeV) p_(Z—ee) (GeV)
3 3
x10 x10
> 40F > -
()] ()]
& | S |
@ o |
o S 101
0 o |
00 _ i
) T — A n- —n"
¢, = tan sech i
g 2 2 20 2/ dof = 34/ 29 I
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AMw = 1.8 MeV

2 | dof = 28 / 29

i Ps = 99 % 5 Pyo =94 %
! ! ! ! | ! ! ! ! | ! | |
OO 0.1 0.2 . 0.3 OO 0.1 0.2 . 0.3
6, (Z—up) ¢,(Z—ee)

15

n
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QED radiation

» Extensive studies of QED effects using HORACE

Leading log approximation vs. exact single photon
calculation

» Multi-photon calculations
» Higher-order soft/virtual corrections
»ete- palr creation

*ISR/FSR interference -
* Dependence on electroweak parameters/scheme
- Detailed comparison of HORACE and PHOTOS
+Use PHOTOS in final model
» Total systematic uncertainty due to QED AMw = 2.7 MeV

0.2 :

0.1 F

1C.M. Carloni Calame, G. Montagna, O. Nicrosini and A. Vicini, JHEP 0710:7109 (2007)
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[Tracker Alignment



COT alignment with cosmic rays

hhhhhh
Radius = @ & S8 ® @ @ &

@@@@@@@
ﬁ'lﬁl\w@@#%

* COT consists of ~30k wires organized into
~2400 “cells”

» Accurate measure of wire positions crucial
for precision track pr

» Use in-situ cosmic ray data for alignment

Fit of COT hits on either side of vertex to
single helix

* A. Kotwal, H. Gerberich, C. Hays, NIM A
506, 110 (2003)
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ITracker alignment

asym rA¢(um)

Residuals: note
the scales!

Relative alignment
iImproves from
~50um to ~1um

asym rA¢(um)

KIT Seminar, 5/3/22

A. Kotwal and C. Hays NIM A 762 (2014) 85
200

Sefore alignment

60 80 100

SLO cell number(d)

1I After alignment
|
|
|

i' WWWW“MMNW“M HWMMWW’MWH*HHWNMMH{H

60

80 100

SLO cell number (¢)
19 Bo Jayatilaka
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[Tracker alignment consistency

1

Before.

.
- Fit separate helices to 2 f s S I N 0= 1032 2 iad
cosmic ray tracks Ny g
- Compare track parameters  § |~ W N
between two tracks ineach ° ™ - vooE o o 5
cosmic pair 2 , B —
. Compare residuals with ¢ S Sa218% 07 m § o = 5707 10 rad
nominal CDF alignment ~ § 3L
(before cosmic ray P }
alignment) and with cosmic =~ * e T e e
ray alignment Y,
£ 1 =-306+12 um s | n=8+1ps
g 0 c=4917+£8 um g 10 c =481+1 ps
) it 2 ) i 2

KIT Seminar, 5/3/22 20 Bo Jayatilaka



[Tracker alignment consistency

«10° Afte rl><1o3

> 20 ° :
. . - = -3+ 4 PeV"’ £ | p=0+2prad
- Fit separate helices to o=tgeze3pev’ |3 = 839:: 1urad
cosmic ray tracks B 2 r
- Compare track parameters & P I | T AL |
between two tracksineach ~ " S R ", b 5
cosmic pair | L e
_ _ S L w=-0.5%0.7 um s | 1w =5+10 prad
o COmpare reS|duaIS with % i 5 =309.6+0.5.m g o = 4327+ 7 urad
nominal CDF alignment il
(oefore cosmic ray : - :
alignment) and with cosmic =~ o o :
ray alignment o’
g . gn' - n=8t1ps
é E c=432+1ps
2 [ i |

Az, (cm) At (ns)
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Track Momentum Scale



Track momentum scale: J/

- Utilize large samples of yy resonances (J/V, Y, 2) to set overall scale
Size of J/P sample (~18M events) allows subsample fits

* Fit J/Y mass in bins of <1/p1(u)> and apply material scale calibration (2.6%) to remove
dependence

* Apply calibration from J/p to Y

_ x10° x10’
= ©
a =
Q-1.2 =
Q. )
- 0 . y2/dof = 106 / 108
* o LL
MRS 5_
1.4 yevaare
'16 | | | | | | l | l O ! Y | ! ! ! | !
0 02 _Gev/p!> 04 3 32 m.. (GeV)
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Track momentum scale: Y

Y sample

provides higher-pt sample

* Y's produced promptly: validation of beam-constraining (BC) procedure
* Perform fit with BC and non-BC tracks for consistency

*Combine J/P and Y scales and apply to Zs

40

events / 5 MeV

KIT Seminar, 5/3/22

x10°

s Ap/p = (-1380 =10__) ppm

XZ/dOf =82/70

| | | | | | | A |

beam-constrained tracks

23

events / 5 MeV

N
-

N
o

x10°

Ap/p = (-1371 £ 13 ) ppm

stat

2/dof = 52 / 70

| | | | | | | | Y

non-beam-constrained tracks
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Track momentum scale: systematic uncertainties

» Systematics as fractional ZO‘HCG J/¥ (ppm) T (ppm) Correlation (%)
. ED 1 1 100
uncertainty on momentum scale
y o Magnetic field non-uniformity 13 13 100
* In parts per million (ppm) Ionizing material correction 11 3 100
» Uncertainty on Y scale maps to ~2  Resolution model 10 1 100
MeV uncertainty on W or Z mass Background model 7 6 0
' : T ali ‘ 4
. Single largest source of uncertainty =0+ 2lignment correction ; 0
now Y mass world average! Irigger efficiency N X 1
' Fit range 2 1 100
- Other dominant uncertainties are  Ap/p step size 2 2 0
B-field nOn—uniformity, material World-average mass value 4 27 0
energy loss, and trigger efficiency Total systematic 29 34 16 ppm
Statistical NBC (BC) 2 13(10) 0
Total 29 36 16 ppm
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Muon Z mass measurement

* Perform independent measurement of Z mass using tuned momentum scale
* Fit central value kept blind during scale calibration

° MZ =911 92.016.4stati2.3p-sca|eis.1 QEDi1 alignment = 91192.0+7.5 MeV

 Excellent agreement with world average (91187.6+2.1 MeV)

x10°
20 —

2/dof = 33 / 30
sz = 29 %
Py = 88 %

10

Events / 0.5 GeV
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Final momentum scale

| | _ | - —— J/y—uu
* Add Z data as final calibration point for 1ol —— Y >up
momentum scale I # Zouu
+ AP/Prinal = (-1389 + 255yt) ppm 3| - combined
* Apply scale to W muons and E/p o‘; » +4
calibration s e AT
| g -1.4 e
*Results in AMw = 2 MeV ) T
G 02 04
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EM Calorimeter Scale



Simulation for electrons and photons

A. Kotwal and C. Hays NIM A 729 (2013) 25

* EM energy loss studied using detailed
GEANT4-based simulation

: : : -- 25 GeV

- Leakage into hadronic calorimeter °
: : : — 50 GeV

» Absorption into coil s R ’
500 | | 4 e, e 100 GeV

» Dependence on incident angle and Er

* Detailed bremsstrahlung modeling including
Landau-Pomeranchuk-Migdal (LPM)

suppression

* Sophisticated material map for tracker region

Ofdetector 0 001 002 0.03 0.04 0.05 0.06 0.07 0.08 009 0
electron leakage fraction

electrons / 0.002
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Energy scale calibration

» Calibrate EM calorimeter response using W and
Z E/p distributions

* Fit to peak to obtain scale (central value of 1
by construction)

* ASE = (43stat+30non-linearity=34x0+45coT) ppm

 Fit to tail to tune amount of radiative material

* Apply scale factor to material model
Sx0=1.049+0.002

- Systematic uncertainty AMw=6 MeV

KIT Seminar, 5/3/22 29

Events / 0.007

Events /0.17

&)
o

0.5

x10°

ASE =12 £ 43, ppm
v2/dof = 39/ 33
sz =21%

Pys =69 %

1.2

E/p (W—ev)

1.4 1.6

AS, .. =0.05 +0.16_,, %

Xz/dOf =3.1/2
PX2 -_— 20 %

1.2

14
E/p (W—>ev)

16
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=M scale non-linearity

*Fit E/p in bins of electron Er
» Parameterize non-linearity as Se = 1 + B log(E7/39 GeV)
* Tune using W and Z data and obtain 8 = (7.2+0.4stat)x10-3

AMw = 2 MeV
» Obtain flat response in Et after tuning
1.002
H w2/dof = 2.2 /5
1.001 P.=82%
1 — ; . . ; +
0.999:—
30 32 34 36 38 40 42 44 26 48
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E>/ GeV (W—ev)

1.002

1.0011

v2/dof = 9.3 / 4

PX2=5%

0.999

30

.35. L

40 45

T R R R R
50 95
E>/ GeV (Z—ee)
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clectron Z mass and final EM energy scale

 Perform independent measurement of Z mass using calibrated EM scale

° MZ = 91 1 94311 3.8stati6.5E/piz.3p-soaleis.1 QEDiO-SaIignment:91 194-311 5.8 MeV
 Excellent agreement with world average (91187.6+2.1 MeV)

- Combine E/p calibration with Mz to obtain final EM calibration

%10°

I v2/dof = 46 / 38
_ Ar P.=16%
T I P =93 % Final ASe=-14+72 ppm
0 3 | AMw = 5.8 MeV
E — 4
S 2
>
> i

B \% \%

ato-oretoereetore " [ ! | | | rereereetas to-owo ol

%o 80 90 100 110
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/ Mass Cross-checks using electrons

» Perform Z mass measurements (blinded) as

cross checks
* EM clusters vs track only

- Radiative (E/p >1.1)/non-radiative (E/

p<1.1)electron pairs

» Validates tracking model tuned with muons

as applied to electrons

» Validates radiative energy loss model

KIT Seminar, 5/3/22

32

Electrons

Calorimeter Track

E/p < 1.1 only

E/p>1.1

and F/p < 1.1 91201.1 4+ 21.5

E/p > 1.1 only

91190.9 =19.7 9121 2 22.4

01184.5 +=46.41 91 167.7 -

x10°
= L
% v2/dof = 62 / 58
=
S = 31 % +
SO S b
2 T Ps=95% "
O M
= it
0.5
B \% \%
0 i N .| | e
60 70 80 90 100

track m,, (GeV)
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L epton resolution

 Muons

* Track resolution determined by uncertainty on beamspot size (36+0.5 pm) and track hit
resolution (150+1 pm)

* Tuned using widths of Z and Y peaks
- Systematic uncertainty (muons) AMw = 0.3 MeV

* Electrons
* EM calorimeter resolution defined by sampling term and constant term
6/E = 12.6 %+/E/GeV @ «k

 Constant term tuned using E/p distribution K = (0.73+0.02stat) %
- Systematic uncertainty (electrons) AMw = 0.9 MeV
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Hadronic Recoll



Hadronic recoill: lepton removal

» Hadronic recoll u is vector sum of all calorimeter towers minus towers containing lepton

energy

* Some underlying event energy removed with “lepton towers”
» Estimate using rotated lepton removal windows

- Systematic uncertainty AMw =1 MeV

Electron channel W data:

Mean EM calorimeter deposition (MeV)

Tower An

3— 61 61 62 63 62 61 61
2— 62 61 62 69 64 62 61
1— 63 63 66 1227 90 64 63
O— 63 66 79 38534 176 68 64
61 61 62 17;\\\\\\\\67 61 61
61 61 61 63 62 61 61
60 61 61 61 61 1 61
I B e N,

Default towers removed
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Tower An

Muon channel W data:

Mean hadronic calorimeter deposition (MeV)

16

16

17

17

16

16

16

16

17

17

17

16

17

16

16

17

17

17

17

421

1367

81

16

17

18

19

16

16

17

17

17

16

17
I

16

16

17

17

16

16

17
I

Central lepton tower

35

2
Tower A¢

3
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Recoll model

» Parametrize recoil model and tune using data

* [wo components
1. Soft “spectator interaction” component
* Randomly oriented (~3 additional interactions per event)
* Model using minimum-bias data

2.Hard “jet” component
* Boson pt dependent response and resolution
* Tune by balancing boson pr and recoll In Z events

Hadronic recoil
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Calibrating recoill response

° ReCOiI Scale R:Umeas/Utrue

» Calibrate by balancing Z pragainst pr+u along n axis

AMw = 2 MeV
0.5
; |
s |
ki T
T 0 —$+t Pingr s #ii$:+ 1

2/ dof =14 /14

05—

0 10 20
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p_(Z—uu) (GeV)

Rrec
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i 2/ dof =14 /14
O I ! ! I ! ! ! !
0 10 20 30
p_(Z—uu) (GeV)
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Calibrating recoill resolution

* Recoll energy resolution
- Calibrate balancing Z pr against rms(pr+u)

* Dijet events contribute resolution term in € direction
*AMw = 1.8 MeV

7 7
< [ 2/ dof - < T .
D </ dof =18/ 14 :+: D | v</dof=12/14
O —4- S r
F 6 —~— ol
f - —~ i 6—
NQ_: | _¢ NQ_JJJ‘ |
o - e r i 4
— L — | 4
B P — i iiﬂ—
T S ——- T —
. 0 10 20 30
p_(Z—uu) (GeV) p_(Z—up) (GeV)
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Calibrating recoill resolution

%x10° x10°
B Simulation Data ?—S i Simulation Data
2 o u=1178 mrad  u=1174 + 2 mrad 2 u=367mrad u =367 +2mrad
% 5 o = 875 mrad o = 873 = 2 mrad 42 o=367mrad =364 +1mrad
_ _ 0 A =0.58 A =0.58 = 0.01 L%’ oL A =1.94 A=1.9 =0.01
* Recoil angular resolution  © | €208 x=079:00 €41 x=396.003
: +2 | dof = 55 / 44 - +2 | dof = 41/ 44
» Resolution of ¢ better Pre = 33% Pre = 66%
determined than ¢u - 8 GeV . 15 < p1Z < 23 Ge
, - PT1e< e I
- Tune difference as o N l
. 0 2 0 1
function of pt< A(UP2) (Z—up) A(UP?) (Z—>pn)
* Four bins of pt€ shown x10°
'c\a_ i Simulation Data % _ Simulation Data
S u = 666 mrad u =666 +3 mrad S u = 235 mrad u =234 +2 mrad
2 5 o = 657 mrad o = 656 = 2 mrad 2 o = 207 mrad o = 207 =1 mrad
g ) = 1.64 ) =1.64 = 0.01 o [ ) = 1.39 ) = 1.38 = 0.02
w - K =24 K = 2.41 + 0.02 L - K =1.63 k =1.56 = 0.04
i x*/ dof =30 /44 200 v2 / dof = 45 / 44
Ps =90 % i P.s = 90 % .
i 8 < p12 < 15 GeV I
| 23 < p1£ < 30 Ge
0 | | | ' | | . |
0 2 , % 0.5
Ap(u,-po) (£—>uw) Aq>(u,-p$) (Z—uu)
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Additional recoll tuning

Events / 0.5 GeV

x10°
- Simulation
i u = -6 MeV uw=2 +12 MeV
o = 4558 MeV o = 4548 + 9 MeV
B A=0 A =-0.01 = 0.01
Kk =1.05 Kk =1.08 = 0.01

x10°
= B
8 Simulation Data
LO B u =-19 MeV u=-14 + 13 MeV
< o = 4604 MeV o = 4598 = 9 MeV

. ngn . i) A =-0.05 A =-0.02 = 0.01
- Constrain additional recoll 5 10 o097 =103 - 0.01
: T
fluctuations " prZ < 8 Ge
» Recoill projected along and _
+2 | dof = 54 / 35
orthogonal to pt4 Prs = 5%
O% Y
. T (GeV)
3

> 10—
5 i Simulation Data
LO u =-20 MeV u=1=17 MeV
© [ o=5478MeV o = 5456 = 12 MeV
2 - A = -0.01 A =0.01 = 0.01
§ i k = 0.58 k = 0.56 = 0.02
LI

5_

»2 | dof = 36 / 35
Ps=74%

-18

P1£ <8 G

+2 | dof = 30/ 35
Ps = 84 %

Events / 0.5 GeV

-6
(GeV)

x10°
B Simulation
B u = -5 MeV u=24 =15 MeV
B o =4914 MeV 0=4934 + 11 MeV
B A=0 A ==-0.02 = 0.01
— k = 0.87 k =0.88 +0.02
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'8 < p12 < 80 GeV

2 | dof = 29 / 35
P.s = 9.3%

6 ,.
Rp. ™ +u, (GeV)
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Recoll model valigation

_ _ 108 muons
» Test recoil model with Ws = - O slectrons
W 5 Simulation Data 8 Simulation Data
® I N - u=-198 =4 MeV =-202 = 3 MeV - u=-291 + 4 MeV - .297
eventS NOt used asS |ﬂpUt %0.4— o = 4928 + 3 MeV ﬂk ::492712Mev % - 0=4906 = 3 MeV J._L :=489:’ izl:‘n"z\‘,’
to recoil model e 5 s g on o
L B k = 0.1 k =0.18 Lﬁ i k =0.1 k =0.19
* Much higher statistics than [ T
Z eventS x*/dof =18/14 »2/ dof = 53 / 14
i ) Pks =44 % - o
- Project recoil along and T
O | | | | | | | | | | | |
orthogonal to lepton directl i ° A R
9 P on U (W—uv) (GeV) U, (Weeg) (GeV)
- x10° 108
O ~ Simulation > ' '
5 o Data 8 Simulation Data
SOA_ w=1=2MeV w=11 =3 MeV o [ uw=1=x2MeV w=3 =4 MeV
fOr U < pTI _ % —0=53518 :03MeV o = 5398 =2 MeV E I o = 5434 + 3 MeV o = 5432 + 3 MeV
- G>) n _-= A=0 CIC) L=0 A\ =0
mr~2p7 + Uy, prva 2pT 20 <=-003 Tool <O < =-0.05
0.2 B
‘\ —lil.--(fecoil) I w2/ dof =24/14 - x2/dof =11/14
l ’ Prs = 8.3% i Ps =76 %
I o—— o+ . o 1
10 0 10 T | —T R
10
Uy (W—pv) (GeV) uj (W—ev) (GeV)
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PDFs and Backgrounds



FParton Distribution Functions

» PDFs affect acceptance of events (and thus W/Z line-shapes)
* NNPDF3.11 used as default NNLO PDFs
» Utilize 25 symmetric eigenvectors of NNPDF3.1 to determine systematic uncertainty
* AMw=3.9 MeV
« Compare central values to other NNLO PDF sets: CT18 and MMHT2014
» Agree to within 2.1 MeV
» Compare central values to NLO PDF sets: ABMP16, CJ15, MMHT2014
» Agree to within 3 MeV

'R.D.Ball et al, Eur. Phys. J. C 77, 663 (2017)
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Backgrounds

» Electroweak backgrounds (Z—/l, W —=1v)
» Modeled using custom simulation; validated with full GEANT-based CDF simulation
» Tune recoil model and lepton response
* QCD backgrounds (hadronic jets, meson decay-in-flight)
* Model using control regions in data
 Estimate rates by anti-selecting on lepton quality cuts
- Cosmic rays
» Estimated using custom tracking algorithm (reduced with >99% efficiency)
* Except Z—uu (lost forward muon), backgrounds are small
*Include all estimated background shapes in final templates
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Background estimates and impact

muons
Fraction SMy (MéV) electrons

sSource (%) myr fit  pr fit pr fit Fraction O My (MeV)

2]y = 7.37 = 0.10 6 (0.7) 3.6 (0.3) 0.1 (1.5) Source (%) mr fit  pT fit  pp fit

W — v 0.880 +0.004 0.1 (0.0) 0.1 (0.0) 0.1 (0.0)  Z/4* - ee  0.134+0.003 0.2 (0.3) 0.3 (0.0) 0.0 (0.6)

Hadronic jets 0.01 £0.04 0.1 (0.8) -0.6 (0.8) 2.4 (0.5) W — 1 0.94 + 0.01 6 (0.0) 0.6 (0.0) 0.6 (0.0)

Decays in flight 0.20 + 0.14 3(3.1) 1.3 (5.0) -5.2 (3.2) Hadronic jets 0.34 &+ 0.08 2 (1.2) 0.9 (6.5) 6.2 (—1.1)

Cosmic rays 0.01 = 0.01 3 (0.0) 0.5 (0.0) 0.3 (0.3) Total 1.41 £0.08 2.3 (1.2) 1.1 (6.5) 6.2 (1.3)

Total 3.47+£0.18 2.1 (3.3) 3.9 (5.1) 5.7 (3.6) normalization (shape)

normalization (shape)
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Results



A word on blinding

* During development of analysis, all fits blinded with random offset from [-50,50] MeV
- Common offset applied to all six mass fits
» Allows for comparison and cross-check
 During calibration of energy scales, separate offset applied to Z mass fits
» Common to all Z mass fits
* Blinding offsets kept in encrypted file during analysis

* Blinding offset removed only after analysis frozen
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Transverse mass fits

x10°
i XZ/dOf =50/48
> 50 — X2 = 37 %
o P =98 %
> i
o
P i
=
0
> i
LLI
\% Vv
O L | 1 1 | L 1 L 1 i I }
60 70 80 90 100
m. (GeV)
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x10°
i XZ/dOf =39/48
i P.s=76 %
20 —
- \V/
O | I I ; | I - ! . . I ! .
60 /70 80 90 100

m; (GeV)
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Charged lepton prfits

x10° x10°
: y2Idof = 82 / 62 40 - T y2ldof = 83 / 62
> i PX2=4% > I . | PX2=3°/°
2 40 P, = 89 % 5 | Pys =33 %
Q) KS = ° O KS — °
2 S
X o
2 < 20k
) 12 '
= o -
g :
LLI LLI B
\V \/
O | | L | | | | | | | | ﬁ—hm : ; M O I I == | ——t " N BT | | | | | | | sala
30 35 40 45 50 55 30 35 40 45 50 55
p. (GeV) p. (GeV)
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Neutrino pr fits

x10° x10°
i v2/dof = 63 / 62 : v2/dof = 69 / 62
- 40 — PX2=43% % . Px2=23%
S P =70% O P =96 %
O &
S S 20
2 20 £
© 2
i i1
O ; } | | | O T i : t } ) | | ! | | I \ 1 1 1
30 35 40 45 50 55 30 35 40 45 50 55
p¥ (GeV) p‘T’ (GeV)
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All W mass fits

Fit Fit result (MeV) X4/dof Electrons: m_ - 80429.1+13.4
W—ev (mT) 80429.1+1 O.33tati8.5syst 39/48 Electrons: pI @ 804114 + 15.9
W—ev (pr)  80411.4210.7sa11.8¢yt  83/62 ceotonsi ot 4 80426.3+ 18,6
W_>eV (pTV) 80426.3+1 4.5stati1 1 .7syst 69/62 MUORS: m o 80446.1+ 121
Wopv (mr)  80446.129. 27 et 50/48 aons: o | [

|
W—opuv (pr)  80428.2+9.66a+10.3syst  54/62 uons: |
Wouv (oY)  80428.9+13.1etatx10.6yst  79/62 |
Combined ® 80433.5+94
Combined 80433.5+£6.45tat+6.9syst 7.4/5 e

80100 80200 80300 80400 80500 80600 80700
W boson mass (MeV/c?)
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Combining fit results and cross-checks

Combination mr fit pr fit pr fit Value (MeV) x° /dof | Probability
Electrons Muons|Electrons Muons |Electrons Muons (%)
mr v v 80 439.0+9.8 |1.2 /1 28
DT v v 80 421.2+£11.9 (0.9 / 1 36
DT v v |80427.7+13.8 |0.0 /1 91
mr & pr v v v v 80 435.4+9.5 [4.8 /3 19
mr & pr v v v v |804379+9.7 (22 /3 53
e & P4 v v v v |80424.1+10.1 |1.1 /3 78
Electrons v v v 80 424.6 £13.2 |3.3 / 2 19
Muons v v v |80437.94+11.0 |3.6 / 2 17
All v v v v v v 180433.5+£94 |74 /5 20
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All systematic uncertainties

Source of systematic mr fit p5 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 1.8
Lepton energy resolution 0.9 0.3 -0.3 0.9 0.3 -0.3 0.9 0.3 -0.3
Recoil energy scale 1.8 1.8 1.8 3.5 3.5 3.5 0.7 0.7 0.7
Recoil energy resolution 1.8 1.8 1.8 3.6 3.6 3.6 5.2 5.2 5.2
Lepton wu,| efliciency 0.5 0.5 0 1.3 1.0 0 2.0 2.1 0
Lepton removal 1.0 1.7 0 0 0 0 2.0 3.4 0
Backgrounds 2.6 3.9 0 6.6 6.4 0 6.4 6.8 0
p% model 0.7 0.7 0.7 2.3 2.3 2.3 0.9 0.9 0.9
p7 /p% model 0.8 0.8 0.8 2.3 2.3 2.3 0.9 0.9 0.9
Parton distributions 3.9 3.9 3.9 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 2.7 2.7 2.7
Statistical 10.3 9.2 0 10.7 9.6 0 14.5 13.1 0
Total 13.5 11.8 5.8 16.0 14.1 7.9 18.8 17.1 7.4
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Combined uncertainties

Uncertainty
Source 8.8 fb-1 (MeV)
Lepton energy scale 3.0
Lepton energy resolution 1.2
Recoil energy scale 1.2
Recoil energy resolution 1.8
Lepton removal 1.2
Backgrounds 3.3
pT model 2.2
PDFs 3.9
QED radiation 2.7
Total systematics 6.9
W statistics 9.4
Total 9.4
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Combined uncertainties

Uncertainty Uncertainty
Source 8.8 fb-1 (MeV) 2.2 fb-1 (MeV)
Statistics limited Lepton energy scale
by control data Lepton energy resolution 2
Recoil energy scale 4
Recoil energy resolution 4
Lepton removal 1.2 2
Backgrounds 3.3 3
HpT model 2.2 \ 5 \
PDFs 3.9 10
QED radiation 2.7 4
Total systematics 6.9 15
W statistics 9.4 12
Total 9.4 19
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New experimental landscape

— Total uncertainty

Stat. uncertainty

LLEP combination | @
Phys. Rept. 532 (2013) 119

DO I SM Expectation (PDG):

PRL 108 (2012) 151804 Mw=80357 +4inputs+4theory MeV
ATLAS e

EPJC 78 (2018) 110
LHCb e CDF Measurement:

JHEP 01 (2022) 036 Mw=80433.516.4stati6.93yst MeV

CDF o
Science 376 (2022) 170

Electroweak Fit (J. Haller et al.) {
EPJC 78 (2018) 675

Electroweak Fit (J. de Blas et al.) @
arxiv:2112.07274

30100 30200 30300 30400 80500
my, [MeV]
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Updated miop VS Mw

8050 P | 1 1 1 | I T 1 | 1 1 1 | I 1 1 | I | 1 1 1
- Experimental unc. 68% CL x
-~ - - = LEP2/Tevatron Light supfrsymmetry i
| = This measurement N
80.45 |
;‘ = —

(),
9 L .
; = |
E — —
80.40 ,' \ .
’ ) |

L I | otry i
80.35 Heinemeyer, Hollik, Weiglein, Zeune ’20 |

I I | | | I I | | I I | | I I | | I I | | I I | | I

171 172 173 174 175 176 177 178
m, [GeV]
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Analysis Improvements vs. 2012

Method or technique impact section of paper
Detailed treatment of parton distribution functions +3.5 MeV IVA
Resolved beam-constraining bias in CDF' reconstruction +10 MeV VIC
Improved COT alignment and drift model [65] uniformity VI
Improved modeling of calorimeter tower resolution uniformity I11
Temporal uniformity calibration of CEM towers uniformity VII A
Lepton removal procedure corrected for luminosity uniformity VIII A
Higher-order calculation of QED radiation in J/¢ and YT decays accuracy VI A &B
Modeling kurtosis of hadronic recoil energy resolution accuracy VIIIB 2
Improved modeling of hadronic recoil angular resolution accuracy VIIIB 3
Modeling dijet contribution to recoil resolution accuracy VIIIB4
Explicit luminosity matching of pileup accuracy VIIIB5
Modeling kurtosis of pileup resolution accuracy VIIIB5
Theory model of p¥ /p% spectrum ratio accuracy IVB
Constraint from p}¥ data spectrum robustness VIIIB6
Cross-check of p% tuning robustness IVDB

» Updated PDFs and track reconstruction would shift 2012 result by +13.5 MeV
» 80387 MeV—80400.5 MeV

* Consistent with new result at ~1% level
KIT Seminar, 5/3/22 57

Bo Jayatilaka



Conclusion

» CDF has performed the most precise single measurement of the W boson mass
* Mw = 80433.5+9.4 MeV [Science 376, 170 (2022)]
» Utilizes the full Run Il dataset collected by CDF
* More precise than all previous measurements combined

» Measurement in significant tension with SM prediction of the W boson mass
* My = 80357+6 MeV
» Deviation of approximately 7o
* Further measurement and/or theoretical calculation will be needed
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Backup



Residual alignment corrections

» Some “weakly constrained modes” not corrected by cosmic alignment

» Study these using difference in <E/p> between e+ and e- events
» Apply correction to alianment based on this difference

. x10°
o 20+
-2'-)/ |
N\ & Py
Q
LL] -
V . 2
< *
O i . 1
20—

cot 0
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=M calorimeter spatial uniformity

* Apply tower-by-tower correction to flatten response in eta
* Response after tuning flat

1.002

LLI

%
1.001

0.999 —

I
0 1 2 3 4 5 6 V4
Tower number [=|9|] (W—ev)
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Fit residuals: mr

W—uv W—ev
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Fit residuals: charged lepton pr

W—spv W—ev

. 3 RO I Y O AL . * A s 4 1 1 T
4 - B SR 0 O 5 o o e R RO N N AP RN N A L Y A A A Y SN PR N (R D I I e N A > T \
R A D A DN A R A N A L N NF 1 W N T PR R N A I W I 3
b FCEERRE B £ EEEEH L 21 EXEE Bl ¥ B) I O U I B T T W Y RN R . o " % I 1 S O I
D-
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Fit residuals: neutrino pr

W—uv W—ev

L P & L 3 < + <
'Y s 2 1 b4
O 1 T R I O Y A I S EIEE R O PEF B PP PR B ¥ E S EEE PR SRR BPE Y St 1 AR PRV O R A AP O L B B L - P e B e g I N B O SRR [ R ) A R R N R S I e I e T r e PRI IR B O R R B P R I Y N A d4--4-1--T-
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Fit window variation: mr fits

gzo_ W — uv gzo_ W — ev
= | = | }
= i = i
D - } “““ <L - {
I TR L I NI S0 S
lower 0 T t O A S
i % % {. i
-20 — -20 -
ey ey oy ey
60 62 64 66 - 68 70 60 62 64 66 - 68 70
Start of m_ fit window (GeV) Start of m_ fit window (GeV)
gzo_ W%MV gzo_ W — ev
= | = |
= i = i
0 < | % """
upper ) I S b o) O S SRR B SR
+ | } t t } | ¢
20 | 20 |-
ooy T R N N T TN T NN T S SN NN T TN TR NN SR T T NN SR SR
84 86 88 90 92 94 96 84 86 88 90 92 94 96
End of m_ fit window (GeV) End of m_ fit window (GeV)
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Additional fit sulbsamples

Fit difference Muon channel Electron channel

My (f_l_)—MW (f_) — 7.8 = 18.5¢tat £ 12.7coT 14.7 + 21.3stat = 7.7ié§ (0.4 T 21-35tat)
My (qbg > O)—Mw(qbg < 0) 24.4 + 18.54¢at 9.9 + 21.3¢tat T 7.5iéi) (—0.8 T 21.381;3,1;)
Mz(run > 271100) — Mz (run < 271100) 0.2 £ 12.25¢at 03.2 == 29.95tat I 8.25:{;3 (—16.0 &= 29.95¢a1)
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