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w Motivation €45

+ The weak mixing angle (sin®6y,) measurement
+ Fundamental parameter of Standard Model
+ Most precise results from LEP/SLD, differ by 3.2¢
<+ High precision measurements from hadron collider experiments are

| mpOI’tant LEP and SLD Average
0.23153+ 0.00016

Ap o 0.23099 + 0.00053
A(P) 8 0.23159 + 0.00041
A, (SLD) Ho- 0.23098 + 0.00026
AgP o 0.23221+ 0.00029
Ap° —e—  0.23220 + 0.00081
Qh ——e——  0.2324+0.0012

| | | | | |

0.228 0.23 0.232 0.234 0.236 0.238
sin’ 0!,
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w Drell-Yan Production @

+ Drell-Yan lepton pairs are produced at the Tevatron through

ppoZ)y - Ul

antiproton

'—

+ The weak mixing angle can be measured from the forward-
backward asymmetry of the polar angle distribution of these
Drell-Yan pairs

qq >y - Ul Born level il liais
/= J =13 - 2Q;sin?0
v = Or couplings Jv = T3 S Bw

f f _
—0 i — I
Ya (f|(gv + gAYS)Y”|f) a 3

+ Weak couplings altered by radiative corrections
+ Multiplicative factor of a few %

+ Gives effective sinzew coupling — Sinzefgff
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w Forward-Backward Asymmetry

y A e + Measure I'I* angular distribution in
; the Collins-Soper rest frame of the
e boson. Polar angle, 8%, of the ™ is
Pt defined relative to the direction of the
\ e incoming quark
5 p + Forward: cos6* > 0, Backward: cos6* < 0
2
+ dN/dQ <1+ cos“0" + A,cos0° a*—a- 3
+ All coefficients’ but A, vanish as Py — 0 App = ot +o- §A4

+ A, cos0*: parity violating, from
Interference of vector and axial vector currents

<+ Sensitive to sin?0y, through Z self-interference:
I3;(1 — 41Q,|sin®6y )15, (1 — 4|Q,|sin?6y ) 3415

'@ NLO QCD: dN/dQ =1 + cos?6* + Aop(1—3cos%6%)/2 + A sin20*cosp + A,(sin’0*cos2¢)/2 +
A3sin@*cosp + A,cos0* + Assin?0*sin2¢ + Agsin20*sing + A,sind*sing
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Measure Arg in bins of lepton pair invariant mass
Produce Monte Carlo Agg(M, sin?6y,) templates
Perform full corrections to data and simulation

Extract sin0y, by a y* comparison

between data and MC generated at
different values of sin?0y,

0.6

0.4}

ey University of Mississippi

_ [N D T DT A B L [ R
40 60 80 100 120 140 160 180 200

M (GeV/c?)

+ ZZ interference
+ Sensitive to sin?8,,
+ near Z-pole: Best statistics/precision,

minimal yZ interference

+ vZ interference
+ Independent of sin?6y,
< Zero at Z-pole
+ Dominates away from Z-pole and sensitive

to PDFs

+ Measure at the Z pole!
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+ Dimuons: 9.4 fb!
+ pr>20GeVic
+ | < 1.1 (277K events)

+ Dielectrons: 9.4 fb!
+ Central (C): 0.05<n|<1.05
+ End plug (P): 1.2<|n|<2.8
+ CC: E; > 25/15 GeV (227K events)
+ CP: E;>20 GeV (258K events)
+ PP: E;>25 GeV (80K evts cal only)

Muon
ing rCalorimeter Trigger
Deteclors / .

i

.......

Electronics

+ Dimuons: 8.6 fb!

v
v

pr> 15 GeV/c
ml; < 1.6, ]|, S 1.8 (481K events)

+ Dielectrons: 9.7 fb!

v

¢ ¢ ¢ 4

Central (CC): n| < 1.1

End (EC): 1.5<|n| <3.2

CC-CC: p; > 25 GeV/c (248K events)
CC-EC: p; > 25 GeV/c (241K events)
EC-EC: p; > 25 GeV/c (71K events)

B. Quinn
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CDF Measurements

0'53 CDF uu 9 fb™ 0.6 CDF Run II: ee 9 fb™
0 43_ + Data - —+ Data
E - RESBOS NLO EBA : — POWHEG-BOX NLO
0.3~ First/Last Bin: Underflows/Overflows 0.4— First/last bin:
C = underflow
- L overflow
0.2 L
= 0.2
=2 0.1_— . B
< < [
0 E*r[. o- J
-0.1 i
- 0.2
0.2 ¢
- Yol < 1.0 - |Veel < 1.7
-O-S}I | | | | -0'4|_ | | | | | | | |
80 85 90 95 100 60 70 80 90 100 110 120 130 140 150
M (GeV/c?) M (GeV/c?)

+ Corrections made to measured Agg prior to MC template comparison
+ angular-weighted event sums method [EPJ C 76, 321 (2010)]
+ matrix unfolding of detector and QED FSR smearing; residual bias correction of few %

+ Simulation: PYTHIA 6.2(CTEQ5L) @ PHOTOS 2.0 @ CDF detector simulation
+ Higher order QCD effect corrections applied to generated events
d Templates: POWHEG-BOX(NLO) @ NNPDF 3.0(NNLO) PDFs @ PYTHIA 6.4

N B Quinn DPF 8
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CDF Measurements =hE

\;L\Il_lf_l/;—/
2;_ cingafau 9 fb™ 0.6/ _Cl_%lzt:lun Il: ee 9 fb™" + A
- E - RESBOS NLO EBA : — POWHEG-BOX NLO
0.3~ First/Last Bin: Underflows/Overflows 0.4— First/last bin:
: N
0'25_ 0.2
a 0.1 a B
< F < [
oF _*jﬁrj o |
-0.13— i ‘I-rr
- 0.2
02 Yl < 1.0 t Veel < 1.7
-0-3?I||||I||||I||||I||||I|| -0'4_|_||||||||||||||||||||||||||||||||||||||||||||||
80 85 90 95 100 60 70 80 90 100 110 120 130 140 150
M (GeV/c?) M (GeV/c?)
sin?@) ¢ = 0.2315 + 0.0009 (stat) sin?@,; = 0.23248 + 0.00049 (stat)
+ 0.0002 (syst) + 0.00004 (syst)
+ 0.0004 (PDF) + 0.00019 (PDF)
=0.2315+0.0010 =0.23248 + 0.00053
PRD 89, 072005 (2014) PRD 93, 112016 (2016)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112016

WDO Electron Channel Measurement

D@ 9.7 b

04l x2d.o.f=1.1
: :A:
0.2
i —_—
—A—
o B ——
- —— -+ Data CC-EC

—~-PYTHIA CC-EC

|||||||||

+ Asymmetries for electrons separately fit to CC-CC, CC-EC, EC-EC templates
then best-fit values combined

+ Simulation: PYTHIA 6.323(CTEQ6L1), ALPGEN
+ Higher order QCD effect corrections applied to generated events

+ Templates: PYTHIA 6.323 with NNPDF 2.3(ee) NLO PDFs
+ Higher order QCD effect corrections applied to generated events

<+ Detector simulation included
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wDO Electron Channel Measurement

D@ 9.7 b

04l x2d.o.f=1.1

02—

—— -A-Data CC-EC

—~-PYTHIA CC-EC

|||||||||

sin?@¢; = 0.23147 + 0.00043 (stat)

+0.00008 (syst)
+0.00017 (PDF)

=0.23147 £ 0.00047

PRL 115, 041801 (2015)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.041801

B , D0 Muon Channel Measurement

+ Last of the four Tevatron full dataset measurements
+ DO ee: 0.00047 unc. (2015)
+ CDF ee: 0.00053 unc. (2016)
<+ CDF pp: 0.00100 unc. (2016)
+ DO pu: expected <0.00070 unc. (2017)

+ Biggest challenge: charge dependence

r AFB VS. Mass extremely sensmve to muon momentum charge dependence
' o ] w0 +t|_+++ .

g 1 :

_I_Jr :F :':='=_ m_Jr sgna é

e —data
e —sugnal MC

mean of dimuon mass (GeV)

mean of dimuon mass (GeV)

Data-MC
Data-MC
o
o
]

anti-muon eta muon eta
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WDO Muon Channel Measurement

+ Charge-eta-solenoid polarity dependent momentum calibration
+ Data and MC are separately calibrated to generator level
+ Calibrates dependence on muon charge and eta and the solenoid polarity

Peorr = a(q» n, S) * Pops

+ Calibration parameter Is determined by requiring consistent mean of M,
distribution (74 <M,, <110 GeV) in each charge-eta-solenoid polarity
category

"\ B. Quinn DPF 13
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F-)D0 Muon Channel Measurement

+ Charge-eta-solenoid polarity dependent momentum calibration

+ After calibration: Data/MC comparison consistent within stat uncertainty,
Residual difference considered as systematic (6s/s ~0.0001)

Data-MC Dimuon Mass Mean ( GeV/c? )

Data-MC Dimuon Mass Mean ( GeV/c? )

B. Quinn
y University of Mississippi

92 —_ 2 -
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2.9 D0 Muon Channel Measurement

Strategy and Other Systematics

+ Selected data
<+ 2 high pr muons (p; > 15 GeV), within || < 1.8
+ Events with both muons |4| > 1.6 excluded, same charge sign events excluded
+ 8.6 b (~481K events) of DO data
+ Dimuon mass range 74 - 110 GeV

+ Systematics
+ Muon momentum calibration
+ Efficiency measurement for muon ID and trigger

+ Background estimation (<1%) o o
+ Multi-jet (data driven) ol ks il NS o <A
+ W+jet, ttbar, Zzz and di-boson process (MC) | .- B vanettaall
+ Weak mixing angle extraction of im0z
+ observe A vs. mass distribution in data ++ sy =02372

4 B. Quinn DPF 15
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wDO Muon Channel Measurement

+ Systematics are well-controlled

Number of Events
o

=y
o
w

=y
o
N

DO Preliminary, 8.6 fb™!

—e— data
I SM backgrounds
QCD backgrounds

I signal MC

10
§ 1.05
oy
™ 0.95 B
2
» 085 :
= 80 90 100 110
8 dimuon mass (GeV/c?

Statistical uncertainty [0.00059
Systematic uncertainties
Momentum calibration [0.00002
Momentum resolution |0.00004
Background 0.00003
Efficiencies 0.00001
Total systematic 0.00005
PDF (NNPDF3.0)* 0.00024
Total 0.00064

= Quinn

University of Mississippi

August 2, 2017

110

"I:E - . a ‘ il 450
o5  AFB before ; 01575 AFB after IFI
[ calibration  + ifL o calibration - :*:_*_;i::i:'*'
oosf — _._-‘.::'.:i il o | —+—'+'+ R
C ; —g—+ ' - ++ i ‘ .
o "I_: + . —_t+ f . — signal MC
+ + _ | S N W N S S
-0.05 : [ : : [ = =i I D D D S
~ FE o b s b L L 75 80 85 90 95 100 105
dimuon mass (GeV)
DPF
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B , D0 Muon Channel Measurement

+ Final Result

sin?@,;; = 0.23016 + 0.00059 (stat)

+ 0.00006 (syst)
+ 0.00024 (PDF)
= 0.23016 + 0.00064

DONOTE 6500 (2017)

0.22

A’
A(P)
A, (SLD)
An’
A
QG

A (CDF), 9 fb”

<«— LEP and SLD Average
0.23153 + 0.0001

@ 0.23099 + 0.00053
. 0.23159 + 0.00041
L2 0.23098 +0.00026
! 0.23221 + 0.00029
—e—  0.23220 + 0.00081
—e— 0.2324 + 0.0012

- 0.23221 + 0.00046

Ag: (D@), 9.7 fb! o 0.23137 +0.00047

A:y (DD), 8.6 fb™ o 0.23016 + 0.00064

I | | | |
0.225 0.23 0.235 0.24

= 2 nl
sin eeﬁ

B. Quinn

DPF

ey University of Mississippi August 2, 2017
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/EW/E43/

D0 Measurements

=]
< [ D@97’ 4
04l x2d.o.f=1.1
: :A:
0.2
i ——
—A—
0 B —A—
- — A -4 Data CC-EC
02 . ~PYTHIA CC-EC
1 1 1 | I TR N RN TR NN TN T S | 1
80 90 100 110
M., (GeV)

—-—SIgna}MC
§in°0y, = 0.2255
— 8in°0y, = 0.2372

L i L L L L
100 110
dimuon mass (GeVic?)

+ Asymmetries for electrons separately fit to CC-CC, CC-EC, EC-EC templates

then best-fit values combined

+ Simulation: PYTHIA 6.323(CTEQ6L1), ALPGEN
+ Higher order QCD effect corrections applied to generated events

+ Templates: PYTHIA 6.323 with NNPDF 2.3(ee) 3.0(upn) NLO PDFs
+ Higher order QCD effect corrections applied to generated events

<+ Detector simulation included

o~ B. Quinn

g University of Mississippi
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D@ 9.7 b A
04 x¥d.of=1.1
L e
0.2+
: —p—
=l
o __ —A—
- =i --Data CC-EC
02 . ~PYTHIA CC-EC
[ 1 1 1 1 1 | I TR T TN TN N TR TR N 1
80 90 100 11|0
M., (GeV)

sin?0)¢; = 0.23147 + 0.00043 (stat)

+0.00008 (syst)
+0.00017 (PDF)

= 0.23147 + 0.00047
PRL 115, 041801 (2015)

—-—mgna{MC

§in’0,, = 0.2255

— 8in°0y, = 0.2372

L i L L L L
100 1
dimuon mass (GeVic?)

sin?@; = 0.23016 + 0.00059 (stat)

+ 0.00006 (syst)
+ 0.00024 (PDF)

= 0.23016 + 0.00064
DONOTE 6500 (2017)

0

" B.Quinn
g University of Mississippi
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.041801
https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/EW/E43/

w Weak Radiative Corrections @

+ PYTHIA template: single mixing angle for all fermions and
running a,,,

+ D0 ZGRAD+RESBOS corrected results: improved over PYTHIA

+ ZGRAD+RESBOS adjustment: improves accounting for differences of
fermion-dependent (u,d,l) effective mixing angles @ M,

+ CDF ZFITTER based results: improved even more
+ Complex-valued form-factors p and « for Born Z-couplings

> gy = [Prlar(1 — 4|Qf|rrsin6y) i = \[prlss
+ pr/ks: functions of fermion type, M7, sin?8y,; 1-4% corrections

+ Photon-propagator form factor (real part aka running o)

™S\ B. Quinn DPF 20
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% Standardizing for Combination @

+ Need common PDF and electroweak correction baselines for
consistency

+ NNPDF 3.0: Includes LHC data, improved implementation for PDFs and
ensembles

+ ZFITTER SM electroweak radiative corrections: Used by LEP-1 and SLD
for standard-model analysis at Z pole
+ CDF results already at baseline

+ DO standardization corrections

+ A(PDF), ee only: NNPDF v2.3 — v3.0 offset = —-0.00024+0.00004
+ Found by comparing v3.0 pseudodata with v2.3 templates

+ A(RadCor): + 0.00008 [ZGRAD+RESBOS (u,d effect)] +0.00014
[ZGRAD+RESBOS — ZFITTER offset] = +0.00022+0.00004

+ ee: ZGRAD+RESBOS already applied to published result, additional
—0.00010+0.00004 correction required: sin* Hﬁ,ff = 0.23137 = 0.00047

+ U full RadCor already applied to presented 0.23016 result

£ B, Quimn DPF 1
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w CDF and DO Combinations @25

+ CDF Combination

Systematic Uncertainties

Source sin? Hi‘?f'?t
Energy scale and resolution 40.00002
Backgrounds +0.00003
QCD scale +0.00006
NNPDF-3.0 PDF +0.00016

sin?0,;; = 0.23221 + 0.00043 (stat)

+ DO Combination

Systematic Uncertainties

Source sin? Hi?t
Energy/Momentum calibration +0.00001
Energy/Momentum smearing +0.00002
Background +0.00001
Charge misidentification +0.00002
Lepton identification £0.00005
Fiducial asymmetry 40.00001
Correction (PDF and ZFITTER) £0.00005
NNPDF 2.3/NNPDF 3.0 PDF +0.00019

sin?@'; = 0.23095 + 0.00035 (Stat)

+ 0.00007 (syst) + 0.00007 (syst)
+ 0.00016 (PDF) + 0.00019 (PDF)
=0.23221 + 0.00046 =0.23095 + 0.00040
A B. Quinn 22
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Tevatron Combination grs
+ Tevatron Combination LEP-Tand SLD: Z-pole & 13149:0.00016

LEP-1 and SLD: A’y
+ BLUE Method SLD: A
+ PDF uncertainty 100% correlated | |CVsuu1®" |
0.2287+0.0032

+ Other uncertainties uncorrelated ATLAS ee+uu 5" o o .
0.2308+0.0012

0~
0.232210.00029

& 0.23098+0.00026

1
LHCb p1p2 3 10 0.23142+0.00107
CDF put 9 b 0.2315+0.0010
. o
sin@,;; = 0.23148 + 0.00027 (stat) CDF ee 1o 6 23248:0.00053
1
+ 0.00005 (syst) CDF serin 9t 0.2322:0.00046
DO pup 9 fo ——
+ 0.00018 (PDF) HE S O 7 oreliminary 0.23016+0.00064
DO ee 10 fb
= 023148 + 000033 July 2017: preliminary _._0.23137i0.00047
DO eetuit 106 ~*7 0.23095:0.00040
+ Weight CDF/DO: 0.42/0.58 Tev oot oprape L

0
July 2017: preliminary 0.23148+0.00033

+ Combination y? probability 2.6% T O o T O A
0.226 0.228 0.23 0.232 0.234

.2 ~lept
sin® 0

"™ B, Quinn DPF
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w Inference of sin*0y,

+ On-shell renormalization + CDF
scheme (ZFITTER) sin2@,, = 0.22400 + 0.00041 (stat)
v sin%6y, =1 — M2, /M2 + 0.00019 (syst)
+ M, = 91.875 + 0.0021 GeV/c? = 0.22400 £ 0.00045
+ ZFITTER SM conversion
¥ sin?0,¢¢ = + DO
Re[i;(M2, sin?0y,)] sin?6y, sin?0y, = 0.22269 + 0.00034 (stat)
+ Input: M, = 173.2 + 0.9 GeV/c2, + 0.00021 (syst)
My =125 GeVic® = 0.22269 + 0.00040

+ Re[x] ~1.0371
+ 0.00008 uncertainty on sin?8y, from

form factor, x, + Tevatron Combination

sin®0y, = 0.22324 + 0.00026 (stat)
+ 0.00019 (syst)

= 0.22324 + 0.00033

2N B. Quinn DPF
gy University of Mississippi August 2, 2017
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w Inference of W Boson Mass

Indirect measurements

LEP-1and SLD (m,) -e= 80.363+0.020

80.328+0.024
80.396+0.021

— =

CDF ee+uu 9fo"! o

DO ee+uu 10 fb”
July 2017: preliminary

TeV combined: CDF+D_O._I 80.367+0.017

July 2017: preliminary

Direct measurements

TeV and LEP-2

ATLAS ev+uv 5 fb”
Submitted to EPJC

-~ 80.385+0.015
-~ 80.370+0.019

+ CDF

My, = 80.328 £ 0.021 (stat)
+ 0.010 (syst) GeV/c?

= 80.328 + 0.024

+ DO

My, = 80.396 + 0.017 (stat)
+ 0.011 (syst) GeV/c?

= 80.396 + 0.021

+ Tevatron Combination

| | | J | | My, = 80.367 £ 0.014 (stat)

80 80.1 80.2 80.3 80.4 80.5 80.6 +0.010 (syst) GeV/c?
W-boson mass (GeV/c?) =80.367 + 0.017

" B Quinn DPF 25
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w Summary o153

+ CDF and DO have measured sinzeleff from Drell-Yan lepton-

pair asymmetries
+ CDF electrons: PRD 93, 112016 (2016)

+ CDF muons: PRD 89, 072005 (2014)
+ DO electrons: PRL 115, 041801 (2015)
+ D0 muons: DONOTE 6500 (2017)

¥ sin?0,:; = 0.23016 + 0.00064

+ Produced Tevatron combination result
¥ sin®0,;; = 0.23148 + 0.00033

+ Using ZFITTER SM calculations, inferred W mass
¥ My, = 80.367 + 0.017 GeV/c?

+ Tevatron legacy result
+ TeV combination note: FERMILAB-CONF-17-201-E
+ https://tevewwq.fhal.qov/wz/sw2effl7/

"\ B. Quinn DPF 26
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.041801
https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/EW/E43/
https://tevewwg.fnal.gov/wz/sw2eff17/drafts/Fermilab_Conf_17_201_E.pdf
https://tevewwg.fnal.gov/wz/sw2eff17/drafts/Fermilab_Conf_17_201_E.pdf
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The Tevatron

+ Great thanks to
Accelerator Division |
for all the

luminosity!!
m Run Il Integrated Luminosity
20 [TTTTL]T,
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Fa
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