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Dawn of a New Age
e 2008 Nobel Prize in Physics

"for the discovery of the mechanism of spontaneously broken symmetry in subatomic
physics"

e 2013 Nobel Prize in Physics

"for the theoretical discovery of a mechanism that contributes to our understanding of
the origin of mass of subatomic particles, and which recently was confirmed through
the discovery of the predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"
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Old and New Questions

e How to think of the vacuum as a “ground state of the weak nuclear
force” ?

 How are the mysteries associated with the Higgs field to be solved?
 What is the origin and nature of Dark Matter?
 What is the origin of the matter-antimatter asymmetry in the Universe?

 Why is Dark Energy so small but non-zero?
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A Century of Particle Physics

e Success # 1: discovery of 6 quarks and 6 leptons

e 12 fundamental fermions: matter particles (and their antimatter
counterparts) derived by combining quantum mechanics and special

relativity
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But the intriguing pattern
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A Century of Particle Physics

e Success # 2: principle of gauge invariance for predicting the nature of
fundamental forces

- matter particles (quarks and leptons) transform in curved internal spaces

- The equations of motion predict terms that describe particle interactions
with force fields

Gauge sector =iypy“D,y
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Weak Nuclear Decay

The force causing this
interaction is described
by particles making
transitions on a
“mathematical sphere”

n
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Quantum Ground State Breaks Gauge Symmetry

e Gauge Symmetry predicts all particles should be massless

e Solution: scalar Higgs field develops a ground state that violates the
symmetry and generates particle masses via Higgs interactions

e Phase transition — vacuum state possesses non-trivial quantum numbers

- Dynamical origin of this phase transition is not known
- Implies vacuum 1s a condensed, superconductor-like state
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Fundamental vs Parametric Physics

e Fundamental principles lead to

- Chiral fermions from irreducible representations of Lorentz group

« fermions as spin 2 representations of Lorentz group
* Fermi-Dirac statistics — Pauli Exclusion Principle
e why matter occupies volume

- Massless force mediators (gauge bosons) from gauge invariance

- Massive gauge bosons and fermions from spontaneous breaking of gauge
symmetry

e In comparison, the breaking of gauge symmetry by the Higgs is
parametrically induced

- No dynamic or underlying principle behind it in the Standard Model
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Why 1s Higgs Puzzling
1

Gauge sector L=iyy"D,y- EFWF w
particle spin
quark: u, d,... 1/2
lepton:e... 1/2
photon 1
WL 1
gluon 1
Higgs 0

h: a new kind of
elementary particle

Higgs sector
L= (hij"/_’i"/’jH + h.C.) - /1|H|4 + Mille =i
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Why 1s Higgs Puzzling
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Ad-hoc potential, similar to and motivated by Landau-Ginzburg theory of

superconductivity
Standard Model Higgs potential can be extrapolated to the high-energy of quantum

gravity without additional parameters
but no a-priori reason for a parameterization to respect this condition
10
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Why 1s the Higgs Boson so Light?

For the first time, we have additive corrections to parameters which are
quadratically divergent

The Higgs boson ought to be a very heavy particle, naturally

However, observed m << A
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Fine-tuning Problem of Higgs Boson Mass

e The large quantum corrections must be regulated by
some very high-energy physics such as energy
associated with quantum gravity, M~ 10" GeV

planc

Top quark loop

- Loop calculation gives Higgs boson mass

correction ~ M?
planck

e physical Higgs boson mass ~ 125 GeV

e Therefore need extreme “fine-tuning” of theoretical
parameters at high energy

- Conceptual weakness of Higgs theory as a
quantum theory
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Quantum Corrections to Higgs Self-Coupling

D\ | qb | 4 receives quantum corrections from Higgs and top-quark loops

(from Paul Steinhardt)
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Stability of Vacuum Ground State
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Higgs boson puzzles

* First fundamental (?) scalar field to be discovered

e Spontaneous symmetry breaking by development of a ground state
- But ground state is induced parametrically by ad-hoc Higgs potential, no
dynamics

e Parameters of Higgs potential are not stable under quantum corrections

- First time that the quantum correction to a particle mass is additive and
quadratically divergent

- Gauge boson masses are protected by gauge invariance

- Fermion masses are protected by chiral symmetry of massless fermions

e Single scalar Higgs field is a strange beast, compared to fermions and
gauge bosons

e Additional symmetries and/or dynamics strongly motivated by Higgs
discovery
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Dark Matter Particles
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Origin of Matter-Antimatter Asymmetry

"BTUB L1079 from BRN)
T~

POSSIBLE EXPLANATIONS..

= Baryogenesis at EW Scale N\ TROTABLE!

= ..

SAKHAROV CONDITIONS 7, diramica generatin
B Violation « Sphalerons

WV A Kuzmin, V. A. Rubakov, M. Shaposhnikov, Phys. Lett. B155 (1985) 36

C/CP Violation X not enough
Departure from Thermal Equilibrium X not enough
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Baryon Asymmetry and Higgs Phase Transition

( Ashutosh V. Kotwal, Michael J. Ramsey-Musolf, Jose Miguel No, Peter Winslow
Phys. Rev. D 94 (2016) 3, 035022; arXiv:1605.06123 )

1" Order: 2™ Order:
($) =0 = () = &(T) Discontinuous ($) =0 = (p) = $(T) Continuous
T T T T T T T T T T T
LARGER M,
]
V(o) 0
’ <
NEW BOSONS
. . | | I . . | l ! . | . )
0 0.2 0.4 06 IR} | 1.2 0 0,2 0.4 0,6 08 1
0
In the SM (m,_ = 125 GeV) EW Phase Transition Smooth CrossOver
K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev. Lett. 77 (18996) 2887
Beyond Standard Model Standard Model
needed to create matter excess cannot create matter excess

A. V. Kotwal, IUCAA Pune, 9 June 22 18



Why and How of the W Boson Mass Measurement

o Motivation for MW measurement

e Analysis Strategy

 Experimental Apparatus and Data Samples
e Analysis Techniques

e GEANT Detector Studies

e Custom Simulation and Fitting

e Studies and calibrations with data

e Results and Systematic Uncertainties

e Conclusions

citation: Science 376, 170 (April 7, 2022); DOI: 10.1126/science.abk1781
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Motivation for Precision Measurements

e The electroweak gauge sector of the standard model 1s
constrained by precisely known parameters

- Oy (M) =1/127.918(18)
- G =1.16637 (1) x 10> GeV-
- M, =91.1876 (21) GeV
- m,, = 172.89 (59) GeV
- M, =125.25 (17) GeV
« Before quantum corrections, these parameters related to My,
- My = oty / V2Gy sin? Oy,
« Where Uy, 1s the Weinberg mixing angle, defined by
cos Uy, = M,/M,,
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Motivation for Precision Measurements

e Quantum fluctuations due to heavy quark and Higgs loops and
(potentially) undiscovered particles

w w

Standard Model calculation : My? = p [My(tree)]> where
Ap = (p-1) ~M,,,* and Ap ~In M

* Since we know top quark and Higgs boson masses, comparing measured
and calculated values of W boson mass tells us about new particles “X”
beyond the Standard Model
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Motivation for Precision Measurements

 The mass of the W boson i1s tightly constrained by the symmetries of

the standard model, in conjunction with MtOp and MHiggs

- The Higgs boson was the last missing component of the model

- Following the observation of the Higgs boson, a measurement of the W-
boson mass provides a stringent test of the model

The W boson mass 1s presently constrained by SM global fits to a
relative precision of 0.01%

- provides a strong motivation to test the SM by measuring the mass to the
same level of precision

- SM expectation M =80,357+4  +4  MeV

inputs theory

- Inputs include Z- and Higgs boson and top-quark masses, EM coupling
and muon lifetime measurements
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Beyond-SM Moditfications to Expected M|

* Hypotheses to provide a deeper explanation of the Higgs field, its
potential and the Higgs boson, include

- Supersymmetry
- Compositeness
- New strong interactions

- Extended Higgs sector

e Hypothetical sources of particulate dark matter

 Additional fundamental forces

A. V. Kotwal, IUCAA Pune, 9 June 22
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Single Scalar Extension of Higgs Sector

Inclusion of an additional scalar particle with no SM charges, which
mixes with the Higgs boson

wE I ' | ' I S 40 ' I ; I ' | '
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D. Lopez-Val and T. Robens, Phys. Rev. D 90, 114018 (2014)
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1* Order Electroweak Phase Transition Induced by
Additional Higgs-like Particle

Nucleation of True Vacuum Bubbles
(in False Vacuum Sea)

qst )
1" Order:
/. 5. Langer, Ann. Phys. 54 (1969) 258
(d) =0 = (p) = &(T) Discontinuous S. R. Coleman, Phys. Rev. D 15 (1977) 2929
| f—p— . A. D. Linde, Nucl. Phys. B 216 (1983) 421

/.
Er

!

V(o)

{;, o o SUDDEN CHANGE IN HIGGS VEV

Satisfies crucial Sakharov condition
for creating excess matter in the Universe
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Contributions from Supersymmetric Particles

w w

* Quantum correction to W boson mass depends on mass splitting (Amz)
between supersymmetric quarks

« SUSY loops can contribute tens of MeV to M

- Even with significant exclusions from Large Hadron Collider

- Supersymmetric particle could constitute dark matter
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2012 Status of My, vs Mtop
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W Boson Production at the Tevatron

Quark T Gluons

Lepton

Electron

Antiquark

Quark-antiquark annihilation
dominates (80%)

Hadronic recoil

U
Lepton p carries most of /¥ mass

information, can be measured precisely (achieved 0.004%)

Initial state QCD radiation is O(10 GeV), measure as soft 'hadronic recoil' in
calorimeter (calibrated to ~0.2%)

dilutes W mass information, fortunately p (W) << M,
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Quadrant of Collider Detector at Fermilab (CDF)

Axial magnetic
field from

EM calorimeter ™o solenoid
provides precise  *°
g 30
electron energy |
measurement 1.5 —
. . &
COT provides o - L
. - - c = 2.0
recise lepton = g
b b - = cor 3
track momentum - - E L
measurement 0.5 ] - -~z
- o b=t = 3.0
--#- H
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5 LAYERS SILICON LAYERS Calorimeters measure

hadronic recoil particles

Select W and Z bosons with central (| n | <1 ) leptons
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Collider Detector at Fermilab (CDF)

A. V. Kotwal, IUCAA Pune, 9 June 22

Muon
detector

Central
hadronic
calorimeter

Central EM
calorimeter

Central
outer
tracker

(COT)
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W boson Production Event

electron

— hadronic
calorimeter
%
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Event Selection

Goal: Select events with high p leptons and small hadronic recoil activity

- to maximize W mass information content and minimize backgrounds

Inclusive lepton triggers: loose lepton track and muon stub / calorimeter
cluster requirements, with lepton p. > 18 GeV

- Kinematic efficiency of trigger ~100% for offline selection
Offline selection requirements:

- Electron cluster E. > 30 GeV, track p > 18 GeV
- Muon track p; > 30 GeV

- Loose 1dentification requirements to minimize selection bias

W boson event selection: one selected lepton, |u| <15 GeV & p(v) > 30 GeV

- Z boson event selection: two selected leptons

A. V. Kotwal, IUCAA Pune, 9 June 22
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W & Z Data Samples

Sample Candidates
W — electron 1811 700
Z — electrons 66 180
W — muon 2424 486
Z — muons 238 534

e Integrated Luminosity (collected between February 2002 — September 2011):

— Electron and muon channels: L = 8.8 fb-!

- Identical running conditions for both channels, guarantees cross-calibration

e Event selection gives fairly clean samples

- Mis-identification backgrounds ~ 0.5%

A. V. Kotwal, IUCAA Pune, 9 June 22
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Analysis Strategy
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Strategy

Maximize the number of internal constraints and cross-checks
Driven by three goals.:

1) Robustness: constrain the same parameters in as many different
ways as possible

2) Precision: combine independent measurements after showing
consistency

3) minimize bias: blinded measurements of M and M

A. V. Kotwal, IUCAA Pune, 9 June 22

36



Outline of Analysis
Energy scale measurements drive the W mass measurement

 Tracker Calibration

- alignment of the COT (2,520 cells; 30,240 sense wires) using cosmic rays

- Solenoid magnetic field and non-linear effects 1n tracker measured using
JAp—»uu and Y-—»uu mass fits

- Confirmed using Z —» uu mass fit

e EM Calorimeter Calibration

- COT momentum scale transferred to EM calorimeter using a fit to the peak
of the E/p spectrum, around E/p ~ 1

- Calorimeter energy scale confirmed using Z —» ee mass fit
e Tracker and EM Calorimeter resolutions

e Hadronic recoil modeling

— Characterized using pr-balance in Z —// events

A. V. Kotwal, IUCAA Pune, 9 June 22
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Drift Chamber (COT) Alignment

n;f" R137.998
ﬁ;f" ‘
COT endplate g,
geometry ¥
?:T \\
¥4
)\
- B\ bbb
2w oo o0
e kR EER R

A. V. Kotwal, IUCAA Pune, 9 June 22

)| Ficld st Y
|5=In51:l:

38



Internal Alignment of COT

e Use a clean sample of ~480k cosmic rays for cell-by-cell internal

alignment
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e Fit COT hits on both
sides simultaneously

to a single helix (AVK,
H. Gerberich and C. Hays,
NIMA 506, 110 (2003))

- Time of incidence 1s a
floated parameter in
this 'di-cosmic fit'
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Residuals of COT cells after alignment
(AVK & CH, NIM A 762 (2014) pp 85-99)

200
= - _ before alignment
- - -
g U [z » 2 m wiw Leeeenne kw8 it & g KB ilie sy wiw wie srnSow & wox % :'":"":._ """""""
£ i . L A A :
> - ) - o
w —

-200 * 2 2 2 2 2 2 2 2

0 20 40 60 80 100 120 140 160
SLO cell number ()
10

after alignment

e ———

o

sym rA¢ (M) g oqidual (microns)

n
AN
o

20 40 60 80 100 120 140 160
SLO cell number ((p)
Final relative alignment of cells ~1 wm (initial alignment ~50 wm)

A. V. Kotwal, IUCAA Pune, 9 June 22 40

o



Consistency check of COT alignment procedure
(AVK & CH, NIM 4 762 (2014) pp 85-99)

Fit separate
helices to
cosSmic ray
tracks

Compare track
parameters of
the two tracks:
a measure of
track parameter
bias
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Consistency check of COT alignment procedure
(AVK & CH, NIM A4 762 (2014) pp 85-99)
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Cross-check of COT alignment

e Cosmic ray alignment removes most deformation degrees of freedom, but
“weakly constrained modes” remain

* Final cross-check and correction to beam-constrained track curvature
based on difference of <E/p> for positrons vs electrons

* Smooth ad-hoc curvature corrections as a function of polar and azimuthal
angle: statistical errors => AM, = 1 MeV

q/p. (measured) = 20|~

c,tc glp +c (g/p.)

g T

¢ measures momentum scale | c =0

A <E/p>(e"-€7)
A4
&
o—
(¢
®

¢, includes energy loss 20
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Signal Simulation and Fitting

A. V. Kotwal, IUCAA Pune, 9 June 22
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Signal Simulation and Template Fitting

» All signals simulated using a Custom Monte Carlo

- Generate finely-spaced templates as a function of the fit variable

- perform binned maximum-likelihood fits to the data

e Custom fast Monte Carlo makes smooth, high statistics templates

- And provides analysis control over key components of the simulation
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85 90
Transverse Mass (GeV)
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« We will extract the W mass from six kinematic distributions: Transverse mass,
charged lepton p, and missing E using both electron and muon channels
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Generator-level Signal Simulation

[
\ PHOTOS

e Generator-level input for W & Z simulation provided by RESBOS
(C. Balazs & C.-P. Yuan, PRD56, 5558 (1997) and references therein), which

- Calculates triple-differential production cross section, and p-dependent
double-differential decay angular distribution

- calculates boson p spectrum reliably over the relevant p,. range: includes
tunable parameters in the non-perturbative regime at low p

e Multiple radiative photons generated according to PHOTOS
(P. Golonka and Z. Was, Eur. J. Phys. C 45, 97 (2006) and references therein)

A. V. Kotwal, IUCAA Pune, 9 June 22
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Validation of QED Calculations

e Extensive comparisons between PHOTOS and HORACE (C.M. Carloni
Calame, G. Montagna, O. Nicrosini and A. Vicini, JHEP 0710:109,2007) programs

e Comparing multi-photon final state radiation algorithms

 Including multi-photon radiation from all charged lines (HORACE),
and consistency with exact one-photon calculation

AVK & BJ, Adv. High Energy Phys. (2016) 1615081

0.025

0.6

0.021-
0.5

- PHOTOS 03
ad 3 HORACE
L 0.2
0.005:_
0.1
A m e ol—3 : I S— s

fog, (€
0910( “r’) Nphotons

Validations confirm systematic uncertainty due to QED radiation of 3 MeV
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Uncertainties in QED Calculations

e Extensive studies performed on uncertainties arising from

e leading logarithm approximation

e Multi-photon calculation

* higher order soft and virtual corrections

e Electron-positron pair creation (included at LO)

QED/QCD interference

e dependence on electroweak parameters/scheme

e Total systematic uncertainty due to QED radiation of 3 MeV on W mass

A. V. Kotwal, IUCAA Pune, 9 June 22

48



Constraining Boson p; Spectrum

o Fit the non-perturbative parameter g, and QCD coupling o, in

RESBOS to p(//) spectra:

Position of peak in boson p spectrum

depends on g,
x10°
> =
8 B Simulation Data
> - » u = 8914 MeV u =8912 = 14 MeV
€ 20— o = 6688 MeV o =6695 + 10 MeV
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Constraining Boson p; Spectrum

« NEW: Use azimuthal opening angle between leptons as a check of the
pr(/) spectrum modeling:

. T — Ag™ n~ —nt
¢, = tan ( 5 ) sech ( 5

Acceptance effect modeled in simulation

x10° x10°
5 40 3 | .
G | ol Fig. S2
2 | ®Data £ 4oL ®Data
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T o |
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¢n(Z—> up) <I>n(2—>ee)
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Outline of Analysis
Energy scale measurements drive the W mass measurement
e Tracker Calibration

- alignment of the COT (~2400 cells, ~30k sense wires) using cosmic rays

==Pp - COT momentum scale and tracker non-linearity constrained using
JAp—»uu and Y-—»uu mass fits

- Confirmed using Z —» uu mass fit

e EM Calorimeter Calibration

- COT momentum scale transferred to EM calorimeter using a fit to the peak
of the E/p spectrum, around E/p ~ 1

- Calorimeter energy scale confirmed using Z —» ee mass fit
e Tracker and EM Calorimeter resolutions

e Hadronic recoil modeling

— Characterized using pr-balance in Z —// events

A. V. Kotwal, IUCAA Pune, 9 June 22
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Custom Monte Carlo Detector St mulation

e A complete detector simulation of all quantities measured in the data
» First-principles simulation of tracking

- Tracks and photons propagated through a high-resolution 3-D lookup table of
material properties for silicon detector and COT

- At each material interaction, calculate

 Jonization energy loss according to detailed formulae and Landau
distribution

* Generate bremsstrahlung photons down to 0.4 MeV, using detailed cross
section and spectrum calculations

e Simulate photon conversion and Compton scattering
» Propagate bremsstrahlung photons and conversion electrons

e Simulate multiple Coulomb scattering, including non-Gaussian tail

- Deposit and smear hits on COT wires, perform full helix fit including
optional beam-constraint
A. V. Kotwal, IUCAA Pune, 9 June 22 52



Custom Monte Carlo Detector St mulation

e A complete detector simulation of all quantities measured in the data

e First-principles simulation of tracking

- Tracks and photons propagated through a high-resolution 3-D lookup table of
material properties for silicon detector and COT
/'W\ e»‘ev

cale”
¢ \/

A. V. Kotwal, IUCAA Pune, 9 June 22 53



3-D Material Map in Simulation

e Built from detailed construction-level knowledge of inner tracker: silicon
ladders, bulkheads, port-cards etc.

e Tuned based on studies of Radius 4.09-4.54 cm

inclusive photon
conversions

P

e Radiation lengths vs (¢,z) at

different radi1 shows
localized nature of material

0.01

distribution 1 nn _lo.005
I I l l I l III I
-qDEIII I-EDI | I-Ei:lI | I-4DI | I-EDI | Iﬂl | IEDI | I4D IEDI I1DD
z(em)

Include dependence on type of material via

< Z(cm) »

Landau-Pomeranchuk-Migdal suppression of soft bremsstrahlung

A. V. Kotwal, IUCAA Pune, 9 June 22
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Tracking Momentum Scale

A. V. Kotwal, IUCAA Pune, 9 June 22
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Tracking Momentum Scale

Set using JAp —»uu and Y uu resonance and Z —» U masses

- Extracted by fitting J/1p mass in bins of 1/p_(u), and extrapolating
momentum scale to zero curvature

- Jhp » uu mass independent of p(u) after 2.6% tuning of energy loss
J/¢P »uu mass fit (bin 8)

2 3
= 10
g > *
St J/ g . e Data
(@N e
1.2 ¥ MM N = Simulation
2 i [% -
& o | w2/dof = 106 / 108
e | t + i
o B 5
< + it + !
1.4 R e e Fig. S9
- Fig. 2 P
- 0 1
O 02 < GeV/p:> 04 3 32 muu (GeV)

A. V. Kotwal, IUCAA Pune, 9 June 22
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Tracking Momentum Scale

Y » uu resonance provides

- Momentum scale measurement at higher p

- Validation of beam-constaining procedure (upsilons are promptly produced)
- Cross-check of non-beam-constrained (NBC) and beam-constrained (BC) fits

x10°

N
o

- ®Data
— Simulation

events / 5 MeV

\®)
o

O 1

Ap/p = (-1371 = 138tat) ppm

v2/dof = 52 / 70

!
9.2

A. V. Kotwal, IUCAA Pune, 9 June 22

9.4

NBC Y-—»uu
mass fit
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Tracking Momentum Scale

Y » uu resonance provides

- Cross-check of non-beam-constrained (NBC) and beam-constrained

(BC) fits

- Consistent measurements after incorporating silicon detector passive

energy loss 1n extrapolator code of track reconstruction

x10°

- ®Data
— Simulation
40—

events / 5 MeV

20

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

+2/dof = 82 / 70

| |
0952

A. V. Kotwal, IUCAA Pune, 9 June 22

BC Y—»uu
mass fit
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Tracking Momentum Scale Systematics

Systematic uncertainties on momentum scale (parts per million)

Source J/v (ppm) T (ppm) Correlation (%)
QED 1 1 100
Magnetic field non-uniformity 13 13 100
Ionizing material correction 11 8 100
Resolution model 10 1 100
Backgro.und model | 7 6 0 Table S2
COT alignment correction 4 8 0
Trigger efficiency 18 9 100
Fit range 2 1 100
Ap/p step size 2 2 0
World-average mass value 4 27 0
Total systematic 29 34 16 ppm
Statistical NBC (BC) 2 13(10) 0
Total 29 36 16 ppm
AM = 2 MeV

W, 7

Uncertainty dominated by magnetic field non-uniformity, passive material
energy loss, low p_modeling and Y mass world average

A. V. Kotwal, IUCAA Pune, 9 June 22
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Z »uw Mass Cross-check & Combination

» Using the JAp and Y momentum scale, performed “blinded” measurement of
Z boson mass

- 7 mass consistent with PDG value (91188 MeV) (0.70 statistical)

- M _=911920+64 =£23 +31 *+1 MeV
Z stat momentum QED alignment
- x10°
o 20— 5
/dof = 33/ 30
g - ® Data . %
S | —— Simulation P.=29%
2t P.s =88 %
)
> -
L

—
o
!

Fig. 3

%o 80 0 100 110
M(up) (GeV) My, (GeV)
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Tracker Linearity Cross-check & Combination

» Final calibration using the J/ap, Y and Z bosons for calibration

e Combined momentum scale correction:

Ap/p = (-1389 £ 25, ) parts per million

-@-

=

2

g - —— Jy—uu
12 —*— Y—=uu

~ | —#- Z—uu

= =~ combined

Z B 3

B. | - A d + #' +

< _ ¢+
a4l ++ et ea

Fig. 2

-1 .6O

A. V. Kotwal, IUCAA Pune, 9 June 22
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EM Calorimeter Response

A. V. Kotwal, IUCAA Pune, 9 June 22
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Calorimeter Simulation for Electrons and Photons

e Distributions of lost energy calculated using detailed GEANT4 simulation

of calorimeter, tuned on data
- Leakage into hadronic
calorimeter
- Absorption 1n the coil
- Dependence on incident angle

and E

(AVK & CH, NIM A 729 (2013)
pp 25-35)

)
S

=
S

SRS I O O

05 GeV
100 GeV |

)=

II""3III|III|III|III|III|

Iogio(electron leakage fraction}

* Energy-dependent gain (non-linearity) parameterized and fit from data

e Energy resolution: fixed sampling term and tunable constant term

- Constant terms are fit from the width of E/p peak and Z »ee mass peak

A. V. Kotwal, IUCAA Pune, 9 June 22
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EM Calorimeter Scale

e E/ppeak from W-»ev decays provides measurements of EM calorimeter
scale and its (E-dependent) non-linearity

ASp= (43, .. £30 +34,, +45 )parts per million

sta Tracker

non-linearity

Setting S, to 1 using E/p calibration from combined W-—»¢ev and Z—»ee samples
x10°

AM = 6 MeV

S [ AS =12 = 43, ppm :
° v2/dof = 39/ 33 ® Data

*2 - sz =21% Simulation
()

T 50 - Py =69 %

Low tail used for tuning
calorimeter thickness

__—High tail of used for
tuning model of
radiative material

1 1 1 l 1 1 1 1 1 1 ]
1 1.2 1.4 1.6
ECAL / Ptrack E/p (W—ev) 64



Measurement of EM Calorimeter Non-linearity

o Perform E/p fit-based calibration in bins of electron E

 GEANT-motivated parameterization of non-linear response:

S =1+ P log(E/39 GeV)
« Tune on W and Z data: § =(7.2+0.4 ) x 10
=> AMy, = 2 MeV

1.002 1.002
ww i ww i
- x2/dof =2.2/5 0w r v3/dof=9.3/4
1.001 B sz =82 9% 1.001 - sz =509,
I
I . +| 1 |
i e
B ® W data : B
0.999 I Fig. S15 0.999 i ® / data
B | l 11 1 l | - l 11 | l L1 1 l 11 | l | l 11 1 l | C | 1 1 1 l l 1 1 | I 1 1 l l I 1 l 1 l | l l l
30 32 34 36 38 40 42 44 46 48 30 35 40 45 50 55
E7 / GeV (W—ev) E7/GeV (Z—>gSe)



EM Calorimeter Uniformity

e Checking uniformity of energy scale in bins of electron pseudo-
rapidity

1.002
oL ® W data
1.001{~

e
0.999 - Fig. S13

n I lIl I lllllllllllllllllllllllll

o
—
N

3 4 5 6 7
Tower number [=I9]] (W—evV)

A. V. Kotwal, IUCAA Pune, 9 June 22



Z —+»ee Mass Cross-check and Combination

e Performed “blind” measurement of Z mass using E/p-based calibration

- Consistent with PDG value (91188 MeV) within 0.50 (statistical)
- M =91194.3+13.8 *6.5 +2.3 +3.1  *+0.8 MeV
Z stat QED

calorimeter momentum alignment

Combine E/p-based calibration with Z—»ee mass for maximum precision
x10°

v2/dof = 46 / 38 AMW = 5.8 MeV
sz — 16 %
Ps =93 %

B ® Data
— = Simulation

Events / 0.5 GeV
N

l ASg =-14 £ 72 ppm

Fig. 3
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Z —ee Mass Cross-check using Electron Tracks

separately for radiative/non-radiative pairs

- Consistent with PDG value

x10°
> |
o) 2/dof = 62 /58
o 17 Caqe |
S - sz — 31 /O +
2 T P =95 %
S H
L

o

Fig. S16

I >

} + + t | 1 } t ! | t
O60 70 80

Track M(ee) ( GeV)

790 100

track m,, (GeV)

Performed “blind” measurement of Z mass using electron tracks,

Checks tracking for electrons vs muons, and model of radiative energy loss

® Data
— Simulation

(E/p) <11 &
(E/p),> 1.1
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Z—ee Mass Cross-check using Electrons

e Performed “blind” measurement of Z mass using electron clusters and
tracks, separately for radiative/non-radiative pairs

- Consistent with PDG value

e Checks tracking for electrons vs muons, and model of radiative energy loss

Electrons Calorimeter Track

FE/p < 1.1 only 91190.9 £19.7 91215.2422.4

E/p>11and E/p<1.1 91201.1 £21.5 91259.9 + 39.0

E/p > 1.1 only 91184.5 +46.4 91167.7 +109.9
Table S4

A. V. Kotwal, IUCAA Pune, 9 June 22 69



Lepton Resolutions
e Tracking resolution parameterized in the custom simulation by
- Radius-dependent drift chamber hit resolution o, ~ (150 + 1 ) um
- Beamspot size 0,= (36.0 £0.5 ) um

- Tuned on the widths of the Z »uu (beam-constrained) and Y- —»uu (both beam
constrained and non-beam constrained) mass peaks

=> AM,;, = 0.3 MeV (muons)

e Electron cluster resolution parameterized in the custom simulation by
- 12.6% / \/ET (sampling term)

- constant term k = (0.73 £ 0.02,,.) %

- Tuned on the widths of the E/p peak and the Z-—»ee peak (selecting radiative
electrons)

=> AM,, = 0.9 MeV (electrons)

A. V. Kotwal, IUCAA Pune, 9 June 22 70
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Hadronic Recoil Model
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Constraining the Hadronic Recoil Model

Exploit similarity in production /{/

and decay of W and Z bosons

Detector response model for
hadronic recoil tuned using
pr-balance in Z— /] events

Transverse momentum of Hadronic recoil (u) calculated as 2-vector-
sum over calorimeter towers

A. V. Kotwal, IUCAA Pune, 9 June 22 72



Hadronic Recoil Simulation

Recoil momentum 2-vector u has
e a soft 'spectator interaction' component, randomly oriented
- Modeled using minimum-bias data with tunable magnitude

« A hard 'jetty' component, directed opposite the boson p
- P, -dependent response and resolution parameterizations

- Hadronic response R = u / u, . parameterized as a logarithmically

reconstructed
increasing function of boson p motivated by Z boson data

| _._—.— me | ——0—
_._=0==°=+=.= +f.=—o—++
0.5 :F_._ 0.5 ==

—e— —e—

. .

i x?/dof=14/14 + v2/dof=7.4/14

i ® Data i :

i — |Simulation" Fig. S22
1 1 1 1 I 1 1 1 1 l 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1

OO 10 20 30 OO 10 20

30
pL(Z—1u) (GeV) p,(Z—ee) (GeV)



Tuning Recoil Response Model with Z events

Project the vector sum of p(//) and u on a set of orthogonal axes defined
by boson p_

Mean and rms of projections as a function of p(//) provide
information on hadronic model parameters

FIG. S3: (left) Sketches of typical transverse vectors associated to quantities reconstructed in a W-boson event, with
the recoil hadron momentum (u7) separated into axes parallel () and perpendicular (u, ) to the charged lepton.
(right) Illustration of the n and & axes in Z boson events.

A. V. Kotwal, IUCAA Pune, 9 June 22 74



Tuning Recoil Response Model with Z events

Project the vector sum of p(//) and u on a set of orthogonal axes defined

by boson p_

Mean and rms of projections as a function of p(//) provide

information on hadronic model narameters

o
o

o

p,-balance R pﬁ +u, (GeV)

® Data
— Simulation

| T
¢*++++i$ii$¥¥ #

2/ dof=14/14

» Mean

O
o

o

Fig. $23

10

20

30
p_(Z—uw) (GeV)

Hadronic model parameters
tuned by minimizing 2
between data and simulation

AM, =

- 2 MeV
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Tuning Recoil Resolution Model with Z events

At low p(2), pr-balance constrains hadronic resolution due to underlying event

| Z
U P;
> ¥2/dof =18/14 P i
T o
= | ——
- B S > 4
S5 6 4+
+ —~ / u
N oL = /
m B ‘ =.=+ ///
~ B —— /
© 5 —— J/
e - —e— /
S |
E Y T / ® Data
o e / Fig. S24 —  Simulati
7 B S/ g. 1mulation
Qﬁ 4 ] ] | | | 1 1 // 1 | 1 1
0 10 / 20 30
Vi p_(Z—uu) (GeV)

At high p(2), pT-baiance constrains jet resolution

A. V. Kotwal, IUCAA Pune, 9 June 22 76



Tuning Recoil Resolution Model with Z events

NEW: model of boson + dijet events

~

0(Rp§2+u§)(GeV)
()]

Resolution of pp-balance perpendicular to boson p_

«2/dof =12/14

—4—
PUsEa e
5 -
=.=i ®
Fig. S27
| 1 1 | 1 1 1 1
% 10 20

30
p_(Z—uu) (GeV)

Z

Py

AMW =1.8 MeV

® Data
=— Simulation

As a function of p(Z), dijet event fraction varies between 0.4 % & 1.2 %

A. V. Kotwal, IUCAA Pune, 9 June 22
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Events / 0.07

Events /0.07

x10°

Tuning Recoil Resolution Model with Z events
Model of p_-dependent collimation of jet(s) recoiling against boson

Simulation Data
u =1178 mrad u=1174 + 2 mrad
o =875 mrad o =873 + 2 mrad
A =0.58 » =0.58 = 0.01
k =-0.8 k =-0.79 = 0.01

+2 | dof = 55 / 44
Pys=33%

2
AG(U,P?) (Z—>u)

Simulation

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

Data

u =666 +3 mrad
o =656 +2 mrad
A =1.64 = 0.01
K = 2.41 +0.02

2/ dof = 30 / 44
Pys = 90 %

Ap(u,-p%) (Z—up)

>_<1()3

B Simulation Data
o R w=1212mrad  u=1221 + 5 mrad
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§ A = 0.52 A =0.51 + 0.01
L K =-0.88 Kk =-0.9 +0.03
1
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P |
W u Fig. S26
]
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u AG(u,-p?) (Z—ee)
x10°
B Simulation Data
o R u = 686 mrad u =685 = 5 mrad
~~
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0
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Events /0.5 GeV

Events / 0.5 GeV

1

0

10

)

Tuning Recoil Resolution Model with Z events
NEW: Fine-tuning model for resolution along p_(Z) axis

x10°
i Simulation Data
B u =-19 MeV u=-14 =+ 13 MeV
o = 4604 MeV o =4598 + 9 MeV
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Events /0.5 GeV

Events /0.5 GeV

10
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)

Tuning Recoil Resolution Model with Z events

x10°

- Simulation Data

B u =-6 MeV u=2 =12 MeV
o = 4558 MeV o =4548 + 9 MeV

B A=0 A =-0.01 = 0.01

| k = 1.05 k =1.08 = 0.01

2/ dof = 30/ 35

18

Pys =84 %
1 1 1 I
8 6 6 ..
Rp. ™ +u, (GeV)
x10°
B Simulation Data
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B A=0 A =-0.02 = 0.01
- Kk =0.87 kK = 0.88 = 0.02
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PKS = 9-3 °/o
1 1 1 I
8 -6

NEW: Fine-tuning model for resolution perpendicular to p_(Z) axis
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Events / 2 GeV

Events / 2 GeV

u(recoil)

Testing Hadronic Recoil Model with 7 boson events +— X
x10° x10°
= . .
B Simulation Data 8 i Simulation Data
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Additional Constraint on p_(W) Model with 7 boson events

« NEW: In addition to the p_(Z) data constrain on the boson p_ spectrum,
the ratio of the p (W) / p_(Z) spectra is also constrained from the p_(W) data

e DyqT : triple-differential cross section calculation at NNLO-QCD used to
model scale variation of ratio
e p(W) data is used as constraint on ratio model

e correlation with hadronic recoil model is taken into account

Events / GeV

x10° .o 0°
B Simulation Data 8 - Simulation Data
B M=633215Mev M=6334i2Mev ; I~ !_L=6344 15MeVu=6338 + 3 MeV
0=3563 +1MeV o =3568 =2 MeV E02_ 0=3569 +1MeV o=3568 =2 MeV
i A= 0.47 A= 0.47 o Vel ) = 0.46 )= 0.47
Kk =-0.63 K = -0.62 H i Kk =-0.64 k =-0.61
0.2 I
0.1—
- x2/dof=18/14 B x2/ dof =26 /14
Ps=15% Flg. 832 : Py s=18%
0 | ] 1 1 ] 1 ] 1 1 | | 1 1 | O 1 1 1 1 | 1 1 1 1 | | 1 1 1
0 5 10 15 0 5 10 15

U (W—nv) (GeV)
pr(W), muon channel » Data
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A. V. Kotwal, IUCAA Pune, 9 June 22 )
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W Mass Fits

83



Blind Analysis Technique

 All W and Z mass fit results were blinded with a random [-50,50] MeV
offset hidden in the likelihood fitter

* Blinding offset removed after the analysis was declared frozen

e Technique allows to study all aspects of data while keeping Z boson
mass and W boson mass result unknown within £50 MeV

A. V. Kotwal, IUCAA Pune, 9 June 22
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W Transverse Mass Fits




W Charged Lepton p_ Fits




W Neutrino p_ Fits




Summary of W Mass Fits

Distribution ~ W-boson mass (MeV) x> /dof
mr(e, V) 80 429.1 + 10.3stat = 8.5syst  39/48
pr(e) 80 411.4 4 10.7star + 11.85yst  83/62
pr(e) 80 426.3 4 14.55¢at £ 11.75yst  69/62
mr(u, V) 80 446.1 £ 9.25¢at + 7.3syst 50/48
por (1) 80 428.2 4 9.64¢at + 10.35yst  82/62
pr () 80 428.9 4+ 13.15tat = 10.95yst  63/62
combination &0 433.5 4+ 6.44tat 0.9syst 7.4/5
Table 1

Consistency between two channels and three kinematic fits

A. V. Kotwal, IUCAA Pune, 9 June 22
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Combinations of Fit Results

Combination mr fit pY fit pp fit Value (MeV) x? /dof | Probability
Electrons Muons|Electrons Muons|Electrons Muons (%)
mr v v 80439.0+9.8 |1.2 /1 28
pfip v v 80 421.2+11.9 |09 / 1 36
o v v |80427.7+13.8 0.0 /1 91
mr & ph v v v v 80 435.44+9.5 [4.8 / 3 19
mr & pr v v v v |8043794+9.7 (2.2 /3 53
Pl & o4 v v v /o |804241410.1 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 |80433.54+9.4 (74/5 20
Table S9

« Combined electrons (3 fits): My, = 80424.6 £ 13.2 MeV,

P(x2) = 19%

« Combined muons (3 fits): My, = 80437.9 = 11.0 MeV, P(x?) = 17%

» All combined (6 fits): M, = 80433.5 = 9.4 MeV, P(x?) = 20%

A. V. Kotwal, IUCAA Pune, 9 June 22
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Previous CDF Result (2.2 fb™)
Transverse Mass Fit Uncertainties (MeV)

electrons MUons common

W statistics 19 16 0
Lepton energy scale 10 7 J
Lepton resolution 4 1 0
Recoil energy scale S J d
Recoil energy resolution 7 7 7
Selection bias 0 0 0
Lepton removal 3 2 2
Backgrounds 4 3 0
pT(W) model 3 3 3
Parton dist. Functions 10 10 10
QED rad. Corrections 4 4 4
Total systematic 18 16 15
Total 20 23

Systematic uncertainties shown in green: statistics-limited by control data samples

A. V. Kotwal, IUCAA Pune, 9 June 22



New CDF Result (8.8 fb™)
Transverse Mass Fit Uncertainties (MeV)

electrons MUONS common

W statistics 10.3 9.2 0

Lepton energy scale J.8 2.1 1.8
Lepton resolution 0.9 0.3 -0.3
Recoil energy scale 1.8 1.8 1.8
Recoil energy resolution 1.8 1.8 1.8
Selection bias 0.5 0.5 0

Lepton removal 1 1.7 0

Backgrounds 2.6 39 0

pT(Z) & pT(W) model 1.1 1.1 1.1
Parton dist. Functions 39 39 3.9
QED rad. Corrections 2.7 2.7 2.7
Total systematic 8.7 7.4 5.8
Total 13.5 11.8 5.8

A. V. Kotwal, IUCAA Pune, 9 June 22
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Understanding Tevatron-LHC correlations and combination with ATLAS in progress
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W Boson Mass Measurements from Different Experiments

SM
DO | 80478 + 83 o
CDF | 80432 + 79 ®
DELPHI 80336 + 67 ®
L3 80270 + 55 ®
OPAL 80415 + 52 ®
ALEPH 80440 + 51 ®
DO Il 80376 + 23 —Q—
ATLAS 80370 = 19 -0
Fig. 5
CDF Il 80433 + 9 “On
IIlIIIIllllIlllllllllllllllllllll
79900 80000 80100 80200 80300 80400 80500

SM expectation: M = 80,357 + 4

W boson mass (MeV/c?)

~+4  (PDG 2020)

inputs theory

LHCb measurement : M. =80,354 +23 +10 +17 + 9O  [UHEP 2022, 36 (2022)]
W stat exp theory PDF

A. V. Kotwal, IUCAA Pune, 9 June 22

03



Detecting New Physics through Precision Measurements

* Willis Lamb (Nobel Prize 1955) measured the difference between
energies of S and °P, states of hydrogen atom

- 4 micro electron volts difference compared to few electron volts
binding energy

- States should be degenerate in energy according to tree-level
calculation

e Harbinger of vacuum fluctuations to be calculated by Feynman
diagrams containing quantum fluctuations

- Modern quantum field theory of electrodynamics followed ( Nobel
Prize 1965 for Schwinger, Feynman, Tomonaga)

P
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Epilogue
Citations 1in 7 weeks since publication (April 8, 2022): 126

CDF W mass

Total number: 62°

2HDM: 14

2204.03693/03767/04834/04688/06485/05085/05269/05303
2204.05975/09001/05728/08406/08390/10338

SMEFT & EW data global fit: 13

2204.04805/05260/05284/05267/05992/05965/05965/08546
SMEFT & 2204.08440/10130/04191/05283/04204
EW data global fit Triplet Higgs: 8

2204.05031/05760/07144/07511/07844/08266/10274/10315

U(1)x gauge

Vector-like 2204.04286/04356/04202/05285/06541/07138
symmetry

fermion U(1)y gauge symmetry: 6
2204.07100/08067/09487/09024/09585/10156

Vector-like fermion: 6

Triplet 2204.07022/07411/08568/09477/09671/05024

Higgs Others Others: 9 (Non-unitarity, leptoquark, singlet scalar, ...)

2204.04559/04672/04770/04514/05302/06327/03996/05942/0903 1

Also related to
) _ . dark matter, neutrino masses/seesaw, flavor violation,
Preprints as of April 25th are counted. muon g-2, flavor anomalies, gravitational waves, ...

A. V. Kotwal, [IUCAA Pune, 9 June 22
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Summary

 The W boson mass is a very interesting parameter to measure with
Increasing precision

 New CDF result 1s twice as precise as previous measurements:

- M, =80433.5+64,, £69_  MeV

stat syst

=80433.5 + 9.4 MeV

» Ditfference from SM expectation of M = 80,357 + 6 MeV

- significance of 7.0c

- suggests the possibility of extensions to the SM

Thank you for your attention !

A. V. Kotwal, IUCAA Pune, 9 June 22
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Parton Distribution Functions and Backgrounds

A. V. Kotwal, IUCAA Pune, 9 June 22
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Parton Distribution Functions

« Affect W boson kinematic line-shapes through acceptance cuts

e We use NNPDF3.1 as the default NNLO PDFs
e Use ensemble of 25 'uncertainty' PDFs => 3.9 MeV

- Represent variations of eigenvectors in the PDF parameter space

- compute 0My, contribution from each error PDF

e (Central values from NNLO PDF sets CT18, MMHT2014 and
NNPDEF3.1 agree within 2.1 MeV of their midpoint

e As an additional check, central values from NLO PDF sets ABMP16,
CJ15, MMHT2014 and NNPDEF3.1 agree within 3 MeV of their
midpoint

e Missing higher-order QCD effects estimated to be 0.4 MeV

- varying the factorization and renormalization scales

- comparing two event generators with different resummation and
non-perturbative schemes.

A. V. Kotwal, IUCAA Pune, 9 June 22 08



Backgrounds in the /¥ boson sample

e / — [l events with only one reconstructed leptons:
e cfficiency and calorimeter response mapped using control samples of
Z — [[ data, and modeled in the custom simulation
* background estimates validated using a full GEANT-based CDF detector simulation
 the only large background 1s Z — pp with geometrical acceptance loss of forward
muons

e W — tuv — /vUv background estimated using custom simulation

e QCD jet background estimated using control samples of data, anti-
selected on lepton quality requirements

* Pion and kaon decays-in-flight to mis-reconstructed muons
e Estimated using control samples of data, anti-selected on muon track-quality
requirements

e Cosmic ray muons estimated using a dedicated track-finding algorithm

A. V. Kotwal, IUCAA Pune, 9 June 22 99



Backgrounds in the /' boson sample
Muon channel

Fraction S Mw (MeV)
Source (%) mr fit  ph fit pr fit
Z/v* = up 7374010 1.6 (0.7) 3.6 (0.3) 0.1 (1.5)
W — v 0.880 & 0.004 0.1 (0.0) 0.1 (0.0) 0.1 (0.0)

Hadronic jets 0.01 =20.04 0.1 (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)
Cosmic rays 0.01 £0.01 0.3 (0.0) 0.5 (0.0) 0.3 (0.3)
Total 847+ 0.18 2.1 (3.3) 3.9 (5.1) 5.7 (3.6)

Electron channel

Fraction O My (MeV)
Source (%) mr it  p3 it ph fit
Z/7v* — ee  0.134+0.003 0.2 (0.3) 0.3 (0.0) 0.0 (0.6)
W — v 0.94+0.01 0.6 (0.0) 0.6 (0.0) 0.6 (0.0)
Hadronic jets 0.34 +0.08 2.2 (1.2) 0.9 (6.5) 6.2 (—1.1)
Total 1.41+0.08 2.3 (1.2) 1.1 (6.5) 6.2 (1.3)

Backgrounds are small (except Z »uu with a forward muon)

A. V. Kotwal, IUCAA Pune, 9 June 22 100
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W Mass Fit Window Variation, p_(v) Fit

g’/zo— W — v + T
_— e
<
0‘{* """ gt ; + """"""""""""
-20 —
I | PR | | | |
30 31 32 33 34 35
Start of p¥ fit window (GeV)
gzo— W=
F oo
<
ob g P S T

20 —

L ! L PR R R S L Lo
45 46 47 48 49 50 51
End of p; fit window (GeV)

>
2
=
<

>
20

-20

Fig. S41

A M,, (MeV)

20

-20

w
—
ol
N}
w
(&)

L PR R N B R S ! L L
47 48 49 50 51
End of p; fit window (GeV)



Radiative Corrections to W Boson Mass

All these corrections can be combined into relations among physical observables, e.g.:

. 5 |1 1 2\2 max
miy, =my | =+ \/1 - (1+Ar)

A7 ' ' (.‘2
Ar can be parametrized in terms of two Ar = Aa(mz) — 5 Ap + Arrem
S

universal corrections and a remainder: |

The leading corrections depend quadratically on 771+ but only logarithmically on7:m :

- Uzz(0)  ILww(0) _ 3a my - my
msy, Miy T C s“m3, miy

-9 9 2 9

011557 E.' : <5
W | R, — A
o i S Ap , 0 sin“ f.g ~ R Ap

.'1__1’_}.’ - L - .
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Parameters of Electro-Weak Interactions

At tree level, all of the observables can be expressed in terms of three parameters
of the SM Lagrangian: v. g, ¢' or, equivalently, v, e, s = sin by (also ¢ = cos fyy)

e? ] 1 ev e . 5
— . — — . Iy = - mwy = ——.
A 24/ 202 Vv 2sc V25

Seff — 5

Y

Radiative corrections to the relations between physical observables and Lagrangian params:

, 292 ,
my = 5 2.2 + Ilzz(m7)
v VWV Y+ v AN Y
2.2
. e“v
1M %1 = 5 o2 -T- HU-'-’ W (',i' n % J H‘L-"L-—( QZ)
a8
; 1 _ [Ty w (0) .
(—TF — 1 — 5 ( + OVB
2+/202 miy

7



Radiative Corrections to Electromagnetic Coupling

2 23 _ ~ _ N
€ . . Hﬂ-ﬂ- ( £ € € €
a = 14+ lim — 'é‘? ) W + >\/\O\/\<
am *->0 ¢ e’ y et e’ et
) HF}?

this one is tricky: the hadronic contribution to I, (0) cannot be computed perturbatively

. Onad(¢?)
We can however trade it for another experimental observable: Rhad(ff ) = . l+ d(({jé)
To+e— 47,
2 ~ :
e | I, (mz) 8}
almz) = 1 — =
(mz) A [ " my ] 1 — Aa(my)

Aa(mz) = Aag(mz) + Aagep(mz) + Acx}({?d(m 7)

calculable
2 o0 2V,1.,2
5 m R ad € de L ) : :
Aol (mg) = ——Z / - f‘;" ) L — 0.02758 % 0.00035
3T Jam2 q° (% —m7%)

(This hadronic contribution is one of the biggest sources of uncertainty in EW studies)



New CDF Result (8.8 fb™)
All Fit Uncertainties (MeV)

Source of systematic mp fit ph fit pp 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 3.9 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 u,| efficiency 0.5 0.5 0 1.3 1.0 0 2.6 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
py /pZ 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
Table S8

A. V. Kotwal, IUCAA Pune, 9 June 22
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Previous CDF Result (2.2 fb'l)
Combined Fit Systematic Uncertainties

Source Uncertainty (MeV)
Lepton Energy Scale 7
Lepton Energy Resolution 2
Recoil Energy Scale 4
Recoil Energy Resolution 4
wy efficiency ()
Lepton Removal 2
Backgrounds 3
pr(W) model 5
Parton Distributions 10
QED radiation 4
W boson statistics 12
Total 19

A. V. Kotwal, IUCAA Pune, 9 June 22 108



New CDF Result (8.8 fb™)
Combined Fit Systematic Uncertainties

Source Uncertainty (MeV)
Lepton energy scale 3.0

Lepton energy resolution 1.2

Recoil energy scale 1.2

Recoil energy resolution 1.8

Lepton efficiency 0.4

Lepton removal 1.2
Backgrounds 3.3

p% model 1.8

py /p% model 1.3

Parton distributions 3.9 Table 2
QED radiation 2.7

W boson statistics 6.4

Total 9.4

A. V. Kotwal, IUCAA Pune, 9 June 22 109



Constraining the Hadronic Recoil Model

Exploit similarity in production /{/

and decay of W and Z bosons

Detector response model for
hadronic recoil tuned using
pr-balance in Z— =/ events

Transverse momentum of Hadronic recoil (u#) calculated as 2-vector-
sum over calorimeter towers

A. V. Kotwal, IUCAA Pune, 9 June 22 110



 We remove the calorimeter towers containing  Lepton towers

Tower An

Lepton Tower Removal

(excluded from
recoil)

lepton energy from the hadronic recoil
calculation

- Lost underlying event energy 1s measured in U

¢-rotated windows in W boson data

Recoil

AM, = 1 MeV
Electron Electromagnetic E; (MeV) FlgS. S17 & S18 Muon Electromagnetic E, (MeV)

=y
3— 61 61 62 63 62 61 61 < 3 60 60 60 61 60 60 60

o
2— 62 61 62 69 64 62 61 E 2— 59 59 60 62 61 59 59
1— 63 63 66 1227 90 64 63 1— 61 61 62 82 66 61 61
0— 63 66 79 38534 176 68 64 0— 6t 61 63 378 70 62 61
A 61 61 62 178 67 61 61 A— 59 60 61 67 62 60 60
22— 61 61 61 63 62 61 61 22— 59 59 60 61 61 60 59
-3— 60 61 61 61 61 61 61 3— 60 60 60 61 61 60 60
| | | | | | | | | | | | | |
-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Tower A¢ Tower Ad
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Lepton Tower Removal
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Improvements over 2012 Analysis (Table S1 of Paper)

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 VIT A
Lepton removal procedure corrected for luminosity uniformity VIIT A
Higher-order calculation of QED radiation in J/% and Y decays accuracy VI A& B
Modeling kurtosis of hadronic recoil energy resolution accuracy VIIIB 2
Improved modeling of hadronic recoil angular resolution accuracy VIIIB3
Modeling dijet contribution to recoil resolution accuracy VIII B4
Explicit luminosity matching of pileup accuracy VIIIB 5
Modeling kurtosis of pileup resolution accuracy VIIIB5
Theory model of py /p% spectrum ratio accuracy IVB
Constraint from py data spectrum robustness VIIIB 6
Cross-check of p# tuning robustness IVB
Table S1

Quantified shifts in 2012 result due to updates in PDF and track reconstruction

A. V. Kotwal, IUCAA Pune, 9 June 22
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Improvements over 2012 Analysis

» The statistical precision of the measurement from the four times larger sample
is improved by almost a factor of 2

 To achieve a commensurate reduction in systematic uncertainties, a number of
analysis improvements have been incorporated

e These improvements are based on using cosmic-ray and collider data in ways
not employed previously to improve

- the COT alignment and drift model and the uniformity of the EM
calorimeter response

- the accuracy and robustness of the detector response and resolution
model in the simulation

- theoretical mputs to the analysis have been updated

e Upon incorporating the improved understanding of PDFs and track
reconstruction, our previous measurement 1s increased by 13.5 MeV to
80,400.5 MeV

- consistency of the latter with the new measurement is at the percent
probability level

A. V. Kotwal, IUCAA Pune, 9 June 22 114



Updates to 2012 Result (2.2 fb™)
e Shift from CTEQ6 to NNPDF3.1 PDF used for central value = +3.5 MeV

 Inthe 2.2 fb" analysis, an additional systematic uncertainty was quoted to
cover an inconsistency between the NBC and BC Y — pu mass fits.

e In this analysis we resolve the inconsistency caused by the beam-constraining
procedure, eliminating the additional systematic uncertainty and increasing the
measured M value by = 10 MeV.

e The beam-constraining procedure in the CDF track reconstruction software
extrapolates the tracks found in the COT inward to the transverse position of
the beamline. This extrapolation can and should take into account the energy
loss in the material inside the inner radius of the COT (the beampipe, the
silicon vertex detector and its services) to infer and update the track parameters
at the beam position before applying the beam constraint.

e This update had been deactivated in the reconstruction software used for the
previous analysis. By activating this updating feature of the extrapolator, the
flaw in the BC Y — pp mass 1s corrected, which changes the momentum scale
derived from it.

A. V. Kotwal, IUCAA Pune, 9 June 22 115



Q&A
Q: Measurement of the W boson mass as a function of running period.

A: Historically, the analysis has been designed as an inclusive analysis. In its
current form, measuring the W mass for subsamples of the data requires repeating
almost the entire data analysis for each subsample.

For this analysis we invested two years in completely redoing the alignment of the
COT, making substantial improvements in both the procedures and the alignment
quality metrics, and including dependence on running period (NIM A 762, (2014)).

Compared to the previous analysis, we also invested in improving the uniformity
and stability of the EM calorimeter by performing an E/p-based calibration for
individual ¢-wedges as a function of running period.

However, many aspects of the analysis, including all calibrations related to the
hadronic calorimeter and all the backgrounds, cannot yet be performed for subsamples
of the data, other than by brute-force repetition. The latter would be a tedious and
multi-year process. We plan on improving the functionality of the analysis to handle
subsamples, which also improves our understanding of the fundamentals.
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Subsample Fit Stability

TABLE S10: Differences (in MeV) between W-mass p4-fit results and Z-mass fit results obtained from subsamples
of our data with equal statistics. For the spatial and time dependence of the electron channel fit result, we show the
dependence with (without) the corresponding cluster energy calibration using the subsample E/p fit.

Fit difference Muon channel Electron channel

My (€F)—Mw (£7) —7.8 + 18.54tat £ 12.7coT 14.7 + 21.3qtat + 7.75/2 (0.4 £ 21.34tat)
Mw (¢¢ > 0)—Mw (¢¢ < 0) 24.4 + 18.5etat 9.9 + 21.3¢tat £ 7.55/P (—0.8 £ 21.34tat)
Mz(run > 271100) — Mz (run < 271100) 5.2 4 12.24¢a¢ 63.2 & 29.95a¢ £ 8.25P (—16.0 £ 29.94a¢)

Y »uu mass fit — stability w.r.t. time and instantaneous luminosity

Table S2. The BC T — pu sample is divided into two equal size sub-samples to check the stability of the momentum
scale versus time and versus instantaneous luminosity. The momentum scales are consistent within the statistical

uncertainty; the difference between the later and earlier datasets is (épﬂ)later — (épﬂ)earher = (23 4+ 224¢5¢) ppm and the

difference between the higher and lower instantaneous-luminosity datasets is (%’Z)higher - (épi’z)lower = (22+22¢at) ppm
(the later dataset has a higher average instantaneous luminosity).
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Description of Analysis Changes since 2012 (Table S1 of Paper)

* The use of a single ““constant term" for the EM calorimeter resolution

is improved in this analysis by making the constant term a linear function

of the absolute value of pseudorapidity. This modification takes into account
the observed degradation of the EM calorimeter resolution with pseudorapidity

* The measured width of the Z-ee peak is found to be consistent with
this resolution mode. In the past, there was an inconsistency which had to
be resolved by introducing another resolution parameter with an additional
systematic uncertainty.

* Uniformity of the COT calibration is significantly enhanced by an alignment
of the COT wire-positions using cosmic-ray data. A number of improvements
were incorporated in the latest (separately published) alignment procedure
compared to the procedure presented in the previous analysis

* Residual biases that were not resolved in the previous iteration of the alignment
were eliminated in this iteration.
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Description of Analysis Changes since 2012 (Table S1 of Paper)

* A temporal uniformity calibration of the EM calorimeter is introduced in this
analysis. The calorimeter response in each longitudinal tower is studied as
functions of experiment operational time, and the time-dependence is

corrected for.
* In the previous analysis the time dependence of the EM response was not

studied or corrected for, beyond the standard uniformity calibration applied
globally within CDF.

* The procedure of tuning the recoil angular smearing model on the
distributions of the azimuthal angle difference between the recoil vector and

the dilepton p_ vector in Z-11 datais a new feature that incorporates

additional information from the data compared to the previous analysis.
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Description of Analysis Changes since 2012 (Table S1 of Paper)

* The procedure of tuning the kurtosis of the recoil energy resolution
on the distributions of p_-balance in the Z - [ | data is a new feature that

incorporates additional information compared to the previous analysis.
* Higher moments of the recoil resolution (beyond the first two moments)

were not considered in past analyses
* This enhancement of the analysis is incorporated independently for the

parallel and the perpendicular components of the recoil.

* As another refinement to the previous analysis, which only considered the
first two moments of the fluctuations of energy flow from multiple interactions,
we also examine the skewness and excess kurtosis of the fluctuations as

functions of \/ZET

* To better model the resolution function arising from multiple interactions,
we include these measurements as functions of \/ZET in the simulation
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Description of Analysis Changes since 2012 (Table S1 of Paper)

* The fluctuations in the energy flow from spectator parton interactions and
additional proton-antiproton collisions contribute to the recoil resolution.
These fluctuations are measured from zero-bias data; the luminosity profile
of these data must be matched to the triggered data
* In the past, this matching was performed " "by hand", and a single

distribution was used for both the electron and muon channels

* The new procedure for matching the luminosity profiles uses a 2D histogram
look-up technique which performs the matching by construction, separately
for each channel

* This automated procedure is more robust than the by hand" matching
of the previous analysis

« Confirmed by comparing the data and simulated distributions of \/ZET for

the W and Z boson data in each channel. This comparison was not shown
In the previous analysis
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Description of Analysis Changes since 2012 (Table S1 of Paper)

« The use of a theoretical calculation of the pTW/ pTZ spectrum ratio to study

its QCD scale variation is a new feature of this analysis compared to the
previous analysis.
* We use the DYQT program for this purpose.

« The constraint from the pTW data spectrum is another new feature that

incorporates additional information compared to the previous analysis.
o In the past, only the pTZ data spectrum was used to constrain the

production model. In the new analysis we use both spectra.

* Comparisons between the recoil distributions of the W- and Z-boson data
and simulation were shown in the past, but the shapes were not compared,
only the first two moments were compared.

* In this analysis we quantify the quality of the shape comparisons and we

also compare the values of the first four moments.
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M, from the 2012 Subset of Data using the 2022 Analysis

* The 2022 analysis has been performed for the full dataset and most of the
iInputs are data-driven (other than PDFs & electroweak radiative corrections)

* All data-driven inputs need to be re-derived for 2012 subset of data.
This requires repeating the entire analysis except for the J/p - uu and the
Y — uu analysis

* More useful to split the dataset into subsets of equal integrated luminosity
and repeat on each subset independently

* Our priority has consistently been to improve the analysis, rather than

retracing previous analyses, since the latter is unlikely to yield useful or
actionable knowledge
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Reduction of systematic uncertainty to 6.9 MeV from 15 MeV

* The lepton and recoil energy scale and resolution uncertainties are
data-driven and expected to scale by statistics.

* The elimination of the inconsistency between the beam-constrained and
non-beam-constrained Y — uu analysis mass fits removed the
additional uncertainty.

* The recoil response and resolution model now extracts more information
from the data than in the 2012 analysis

* The uncertainties due to lepton efficiency and lepton removal are data-driven.
* The improvement in the modeling of the EM calorimeter resolution
eliminated an additional source of uncertainty in the 2012 analysis

* The uncertainties due to backgrounds, though data-driven, contain
contributions obtained from comparing different methods of background
determination - not expected to reduce with statistics

A. V. Kotwal, IUCAA Pune, 9 June 22 124



Reduction of systematic uncertainty to 6.9 MeV from 15 MeV

* The systematic uncertainty due to PDFs is reduced by switching from the
CTEQG set to the much newer NNPDF3.1 set and using the mathematically
well-defined " ‘replica” method of obtaining uncertainties from the latter set.

« The constraint on the boson p_ spectrum from the pTZ data are expected
to scale with statistics. The additional constraint from the pTW data was
not applied in the 2012 analysis and further reduces the current uncertainty
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The Future of the MW Measurement

* The experiments at the LHC have collected and are collecting a lot of data.
* While W bosons are produced slightly differently at the LHC (pp collider)
than the Tevatron (pp collider), the LHC experiments have the opportunity
to make this measurement.

* If built, a new electron-positron collider can also measure the W boson mass
very precisely.

* The LHC as well as smaller, specialized experiments are sensitive to the

kinds of new particles and interactions that can influence the W boson mass.
* If there is new physics which could explain the tension of our result with the
SM expectation, this new physics could show up directly in these experiments.

* CDF has analyzed and published on the full dataset. We have incorporated a
lot of new ideas in this round of analysis. If we get more ideas, we will pursue
them systematically.
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