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W mass: history

SM expectation (PDG2020)

PDG2022 WA (excl. CDF2022)
ALEPH el 30.440 £ 0.051
DELPHI n— 80.336+ 0.067

L3 B m—— 80.270£ 0.055

Science My = 80,357 + 6 MeV

DO | 80478 = 83 . T’

CDF | 80432 =+ 79 & (54K)

DELPHI 80336 + 67 ®

L3 80270 = 55 ®

OPAL 80415 + 52 o——(12k)

ALEPH 80440 = 51 ®

DO Il 80376 = 23 —e— (22V)

ATLAS 80370 = 19 -~  (137M)

CDF II 80433 = 9 *  (4.4M)
e e

W boson mass (MeV/c?)

7o from SM

My = 80,433.5 + 9.4 MeV

OPAL _._._ 80.415+ 0.052

LEP2 — 80.376 = 0.033
e xPidof = 49141

CDF - 80.389+0.019 | (1.1M)

DO -.— 80.383+ 0.023

Tevatron im 80.387+ 0.016
e xPldof = 4216

ATLAS -- 80.370+ 0.019

LHCb + 80.354+ 0.032

LHC - 80.366+ 0.017

| Cidof= 0201

World Avg - 80.377+ 0.012

CDF 2022 ® 80433500094 | (4.4M)

S TR O

302 302 3.20 from WA

* +46 MeV from prev. CDF

« +74 MeV(3.00) from ATLAS
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W mass: PDG2022

W mass (2022) 80.377 = 0.012 GeV

CDF2022% A A EFIME T HI40MeVKELE S
X2INDF~1[ZI[I B EERD A ENSZ2FITT INE

CDF2022[3HiMEFTEIZANTULVELY

JREAAN
New "scale-factored" world average of mW Mreferencesld RN L3 TT,
(1) G. Wilson's talk at ECFA Higgs Factory seminars:
Precision physics in the e+e- -> WW region, June 10 2022:
https://indico.cern.ch/event/1163667/
(2) S. Heinemeyer's talk at IDT-WG3-Phys Open Meeting on mW , 12 May
2022:

httne'//Iananda linaarenllidar narn/aviant/ORE 7/

A EEDFER

Scale=1

/R LHCb

-+ ALEPH

80.1

80.2 80.3 80.4

805 806 [GeV]
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CDF Experiment 254 -

Runl Run2

Fermilab Tevatron (1.8—1.96 TeV pp Collider)

70km west of Chicago

Brief History W’{"’ﬁ@%@ -
1980: US-Japan-Italy Collab.
1985 October: 15t collision
1988 W paper?

1994: evidence of top

&
1995: discovery of top (w/ DO) %\\eﬁ§
2006: Bc, Ac discovery v
(2009 LHC first collision) N

2011: Tevatron shutdown
2012: W paper (1/4 of Run2 data)
2022: most precise W mass *

"1 3 Nations 18 Institutes 191 Authors
214 Nations 73 Institutes 381 Authors
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0" W mass measurement: key points

\
onct . o j/ Lepton (e/u) nlomentum/energy, Il E
(1) 1R 2315 Z Dcalibration

x” /Nw\q’ ©
W q e Neutrino momentum [& “missing” B7 &L
L I THETES
W + AR OMHRAGER R LRFESLL
| RNt "z ¢ pNTURBWHIF LS DS (Sjets) D
— i (Jets) y Y In hadron collider EEE’CF]F]*L%)
p —
(2) —KUYUZBLDET (jet)ZBIET S
— QCD A mzEFY 5
W-massBIEICALLNIAMH* 5 =psing (Physics modelling)
« Charged Lepton (=e/u) transverse momentum
« Neutrino transverse momentum M2 =m? + fm.2 +2(Er1Ery — b1y - Dry2)

* Transverse mass (no z components used) with B2 =m?® + (pp)’

for M1 = mo = 0

*\FOEZE2R Tldneutrino p, ZBIE TEALY \/ ( / N _,.x-*)
- z M, — ‘Y — Do
EOIZ. AEEEZETETEGL T 2\ PPt — Pr - Pr

— sz PPy (1 — cos 012)
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More about transverse mass

. l ] w - 2 488 A =2
pt = (My,/2) sin 0 " [ Pr DT ITEVEREZEERITS Ccon
| | , Pr W W
20t My pr OMEER DT /MW MDFEE PRO
L r pZI/ P (=recoil QCD activity)Z &1 5% E CcoN
- M, DFH p¥ ANSWEHET pr modeling~
10t \\ S 5 =
“ v DIRFHEEZ/NSTEDS (?|< 15 GeV CDF
05 | ut < 30GeV atLas
T CDF2022 TOXEMED 5 i
pry [GeV] My /2 . x10° - . >_<1€|°
do  do . dcost  do X 2py \ 1 E I ﬁf' . Zz’:m::uo’ 48 g - / E'LFILL
dp:  dcos® dpr  dcosd Mw \/m Ph I \\ Pfi;f’ ° ok
2 t 5 |/ ks =98 % gL .
i | 7 _ i £y
ll 1,
My = \/2 P&PT (l — COS {':J']g)

% M,, ZJacobian peak&LTH T S
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“Advantage” of W mass measurement with CDF

Tevatron: proton-antiproton collider@1.96TeV,8.8/fb, 2.4/1.8x10° Ws (p/e)
LHC: proton-proton collider@7TeV, (ATLAS) 4.6/fb, 7.8/5.9x10° Ws (u/e)

v LHC: £ mEmENAKRELY

| M S I e  ———————— A x10° 200
200 ATLAS =& Dals

- 2 _ . +
“80E. 5=7 TeV, 4.1 fo" W v m y2ldof =50/ 48 UA2: 80.84+x0.86 GeVAz

U
160 [] Background - Jﬁf ;] P.=37%
I _ IL& Pys =98 %

[¢2]
o

140 idof = 57/59
120
100

80 ATLAS

60

40 Y
m / ._ #
............. = i, o, f

1 DB T Qe e s w1 iz
1{]1?, ........................................... +.. _1_-|- i’{ i T | 4 60 70 80 90 100

Events /| GeV

UA2
\Vs=630Ge

100 -

Events per 2 GeV

Events / 0.5 GeV
g g
O
O
T
e

! m; (GeV) mr (GeV)

s
S 1
G0 T0 B0 a0 100 110 120

m; [GeV]
v/ LHC: transverse activitym &Ly 3 M, distribution [F &Y “dilute”
v LHC: longitudinal activity® &S Ly v W IXKYBTAIZEFREET S
v LHC: RU4+—Y DPDFAEHENKEL P p7V,V’QCD activity DA FEEAKEL

Data / Pred.
=
@
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Signal shape and template fitting

W-massiRIEICHLSNE 5%
. Charged Lepton transverse momentum X (e, ) = 6 {E®D 57 by CDF
« <Neutrino transverse momentums> = 4 [ D534 by ATLAS(v prlEfEH7ELY)

 Transverse mass _ _ _
Simulation modelling

M ZEZATHMEIIal—h 5 PDF: NNPDF3.1,CT10,.. /CT10,CT14,.. - NNLO
> WEECBLEHTBATHS M, o= ,
\
| Monte Carlo template PHOTOS
> - . . . . . =
2| CDF P 8 mpATLAS, ., = 3
@ ! L ] m |:2|Ea-:_kgmund _:
H MaSS‘flt § (Eldof = 57/59 E
30000 region : 81GeV | 3
. — 3 _

—— 6590 3 q v

vl"‘ ez = x - “ .o 0 - . .
VI oLl COF: ~80% colison NLO Powheg+Pythia8

g w S oggt AT AR R of valence quarks
9% 55 60 65 70 75 80 85 90 ‘:5\*1*« E DB%D 70 80 50 00 110 120 ATLAS: 0%

Transverse Mass (GeV) my; [GeV]
 CDF:RESBOS/DY(QT+PHOTOS (Mparameters %
Z W QdatanfmzRALTRET S
E 3 :Lepton (e, p) energy scales/acceptance/efficiency

et BE, F~ - 7 * ATLAS: (NLO) Powh Pythia8 AR
= RIEBEEEAEARY ERIERT S ettt sttt e

= Simulation parameters = dataffZ L Ttune (parameters [ Z % W data%} %% UV TR E)



EERIRAFYIEZOER2022] R 8.31

Lepton coverage

)
pseudorapidity 7 = —In [tan (E)]

P PP B S i i S

AT TSI

Steel
[ Hadron Calorimeter
Bl M ShowerMax

/’\ B EM Calorimeter
N [] Central Outer Tracker
Solenoid
B
_n0 ISL Si detector
gy SV X-1I

Spectrome

[(MS)

ATLAS [L8IAN fEIE T, L {Oh
DEFRENSLLHEE B/ ER

€: 7l < 2.4 (exclude 1.2 < || < 1.82
u: Ml < 2.4 \p+Ms TRIE=> ID FIT TEHE

)

Barrel toroid coil

10m

ete
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(1) CDF charged lepton E&p measurement

(a) Muon momentum p,=0.3Bp (b) Electron energy(+direction)
Rmax~130cm - \ REL-EEFERXT—ILpZ AT

J

gy T
COT (drift wire chamber) 1-3 E/p matching TEZ%calibrate -
9ok v/ 1-1 Wire positions EFIEMEICEYVERBLOTLY:
g v' Precise B filed map Simulationz AWV CE/pR iz BH
%, 4 _ | (le-_5T_) - | MEESM f'-S—T//ﬂ
,?j \ Scattering/radiation * | calorimeteri& M — k4
LT L v Precise material map «/ F|EFIIxTBHEFTDORIK HayA—2t )L
ol e T e 58 AnxAe
2 i T Electron radiation: =0.1x15°
St PHOTOS/HORAGE
EXHEIFIY YEENDRE |
S
~~—= Event selection:
Central leptons* |n|<1 o Inl < 2.4 1.2 <n| < 1.82
*Use only well measurable COT nl < 2.4
= 30 < pT < bb GeV pl. > 30 GeV
30 < pr. < 55 GeV pRss > 30 GeV

Q>r'-l>
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(1) ATLAS charged lepton E&p measurement

(a) Muon momentum (b) Electron energy(+direction)
Rmax~100cm

B=2T cell EDIEE [Emip%o
MCY2al—23y

(R = 1082 mm

P energy sumin

ANXA@ =0.075%0.175
(in central)

TRT

\_R = 554 m

(R =514 mm

R =443 mm
SCT

.

R =371 mm
LR =299 mm

R=1225mm il
Pixels {R = 88.5mm F_F—F_ﬂ__1:f:' )
R =50.5mm

R=0mm

FHRPIYETHE—HILAEELI-0BbIC. Z EEEALTRE

Event selection:

Smaller sytematics

Central leptons* |n|<1 e |nl < 2.4 (exclude 1.2 < |n| < 1.82) 7’

30 < pL < 55 GeV ph > 30 GeV
30 < p¥, < 55 GeV P > 30 GeV

b gl < 2.4 ID+MS TRE=>ID I TiEE)=E

.

Q>r‘-i>
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Residuals of COT cells after alignment

XTTTS 0D ATT d mrrA sAn A o Rl a¥aty

after alignment

25~

T sl Previous W-mass: 2um......... ...
=) 10 FErmaEsrEsEsEsEsEEEEEssssssEsssEEEEssssssmsssmEsmsmssErss .

% o 'ww#ﬁk+mﬂ+wﬁﬁhmw.“ww*w&w&'
S - [ ———

v 15

L AL L L —L 1L L
40 =] B0 100 120 140 160

SLO cell number ((p)

after alignment

|

sym ra¢ (pm) Residu

iy
=)

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

o

Previous W-mass(2012): 2-5um

COT iz @@ k

ERCER: L

=E—p®D Al

Impact point
resolution

dg (um)

t
++
;
t

After
Before ]
alignment

Curvature

resolution E
E—
o
)
/\0)%/9%

25 1.1 CDE COT alignment

150

0|

b

171693 Run: 139787 Esen%{ﬂfb\l
e

K

135323 r/.:‘ M
=

X117

e P—

e — o —— — B e

—&—

——

—

R T,

1

4
azimuth ¢,
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o
\

Muon momentum scale

v Use J/y, Y for scale calibration

v' Use Z mass for scale

calibration

Nnepr-»

RERIE?

m(J/p) data
m(J/yp) _SM

=-1 .2%0

BEBEIE A —I)UIENBEEIZZTRE R A

slope = -0.031+0.023
slope = -0.043 + 0.033
slope = 0.086 = 0.041
slope = 0.103 £ 0.085

Ave.(W)

IIIIIIlI.|IIIJ|IlIJ|IIJI|lIJ I.IJ.III.IJILIJIILIJIlI.lIIlIIIl

PR [T S S SN TN T AT S N N N SO SO T NN SO S WO N W'
0.018 0.02 0.022 0.024 0.026 0.028
1/ <p_()> [GeV]

A HETETHEEDLFIRE.
- CDF Il 2022 —— Jhy—up i
20—50ppm in |n|<2
1.2 = Youn 400-700ppm in [n[>2
~ i -4 combined
=~ L o] LI L B
s B TS /. T o 1005 ATLAS
4 WROAE I T T e T 1.004F s=7TeV,4.1 b
I oM,,= 3.3 MeV inc. syst. 1003 -~ _, it
1.002F
. [Bo/p=C1393 5 26)pem wf
18 0.2 0.4 L ——
previous CDF 112012 <GeV/p. > 2\ 0.999F
-0.001 -
o ’ : 0.998F
a I CDF"de"z’Z'b, Aplp =(-1.284 = 0.024 ) x10° Myy:+ 8-_8Me_v by 0 gg?;—
Ir i e e AR L new calibration PENE" —m- 0.0<n<0.38,
R 0.996F - 0.8<mi<14,
o0 - 1.4<n|<2.0,
T 0.995F -¥- 2.0<pn<2.4,
d
0015 -3
-00015P —e— J/y—>uu data (stat. only) Iaplp = (-1 '284 x 0'024513‘9 X 10 0.016
| ¥— Y-—->uu data (stat. only) . - —
I OM,, = 7 MeV inc. syst.
——— combined A p/p (stat. ® syst.) for W—uv events 2OM= 1_*1'-’_%0)
-0.002; et =L T EF=EDH

<1/p)> (GeV™)

5M,, = 9.7 MeV
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Source J/Y T Correlation

8. 1.4]
QED 1 1 100 % [1.4,2.0]
Magnetic field non-uniformity 13 13 B-filed 100 [2.0,2.4]
[onizing material correction 11 8 material 100 In¢| range [0.0,0.8] &OW
Resolution model 10 1 100 Kinematic distribution p% my  pL my
Background model 7 6 0 5 MeV
COT alignment correction 1 8 0 ,,;:zo[me‘:ltl]lm — 890 093 84 88
. . % Low oT : ; ; ;
';Tlgg-er C‘m“e"c} 128 f m"ming igg Momentum resolution 1.8 20 1.0 1.2
't range Sagitta bias 0.7 08 06 06
Ap/p step size - g 0 Reconstruction and
World-average mass value 4 27 0 isolation efficiencies 40 36 27 22
Total systematic 29 PPM 34 PP™ 16 ppm Trigger efficiency 56 50 41 32
Statistical NBC (BC) 2 13(10) 0 Total 114 114 98 97
Total 29 PPM 36 PPM 16 ppm
/
oM, = 9.7 MeV
was (2012 paper) — W
A 7 MoV AM,, 7= 3.3 MeV
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1 3 CDF Electron energy calibration)

N Wi o

;//"N M,=911943+138_
=5 Y [ sta
p x10°
B
- AS; =12 £43_,, ppm
i v2/dof = 39 / 33
N~ = — ) >
S 2=21% 3
o 50— PKS =69 % 10
o | e
2 g
T 3
L L
| FitIZ ALV $EE
] ! | ! ! | | ! | !

0 ! 1 1.2 14 1.6
calorimeterE& ElpW—ev)  miriHSENYES
NDIE (radiation) D 1E

WEE Sxo =1.049 + 0.002
AM,,= 0.4 MeV AM,,= 2.7 MeV

Cross-check on Z-pole
(analysis unblinded after E/p study completed)

+23 +3.1,,+0.8 MeV

momentum alignment

+6.5

calorimeter —

x10°

y?/dof = 46 / 38
P.=16%
Pis =93 %

Calor. E (6.5MeV)
4 QED rad. (3.1MeV) 1‘1
. Ap (2.3MeV) rr X
| COT (0.8MeV) [ LL

a [
S A

. n .
m,. (GeV)

Consistent with PDG: 91188 MeV
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| E - 1-3 Electron energy calibration (2

Track only M_(ee): blinded measurement

x10°
>
S 1" v2/dof = 62 / 58
M(ee) using Calorimeter 3 P.=31% v
M(ee) using Track 2 Pis=95% Fig. S16
(i%Et;(_ﬁ B = y?/dof = 46/ 38 = +
- “ ) l
Elp DHEZENEEELFERLN 7 |
= E/p modelinghNZ Y A e
%o 80 ) 9(‘0Gev) 00 0 80 90 100
e '\ Track M(ee) ( GeV) track m,, (GeV)
Electrons \ Calorimeter Track
E/p < 1.1 only 91190.9 + 19.7 91215.2 + 22.4
More E/p>11and E/p<1.1 91201.1 +21.5 91259.9 + 39.0
radiative E/p > 1.1 only 91184.5 +46.4 91167.7 = 109.9

Calorimeter scale factor(E/p+Z calibration) =-14+72 ppm | AM,,= 5.8 MeV
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Electron energy scale : ATLAS

TFEM = 94 ppm (n TE)
E/p1‘3¢IE0)cp1Z€7?t Ii (n<1 2)

ne»r-

_ _ _ CDF:72ppm
« E/p calibrations using Z—ee

E/p \Z‘E(WODT—’SI&MC)

E/p1i3eIE0)cp1i‘€75Z Ii (1 8<r]<2 4)

o ] @ 1.0080 | o 1.0060— | |
S 5000 ATLAS Data 2010 \F =7 TeV der 40 pb1 3 S - ATLAS 1 8 - ATLAS ]
% - 0<n<1.37 i > 1-004_ {s=7 TeV, 4.6 b’ 1 3 1.004— % {3=7 TeV, 4.6 fb"
@ | | b4 - — L - -
5 Eyus 21029 3 S 10020 31§ 100 % -
- P, =1027 ] o F i 31 o T + + i
3000 Oy = 0.046 ] = C 4 i 1 =2 B i
C Oy =0042 ] © T ST 4 -~ & s T
X ] 2 C . i 1 & - {, i +‘
2000 —e— Data - . i i ] C + i
B — Fit ] 0.998F — 0998 + } + .
B CJw—evMC ] - Woev +Zoee 7] - W—ev+Z—ee ]
1000f - . - - 1
. i 0.996— 4 <E/p> Data/Pred., <12 7 0.996~ J <Ep> DataPred. 18<p<2.4 7
Obesae - :|....|....|....|....|....|....|: :|...|...|....|....|........|:
0.8 1 1.2 1.4 1.6 1.8 2 2.2 0_994_3 5 1 0 y 5 3 0.994_3 ) 7 0 1 5 3
E/p ¢ [rad] ¢ [rad]
¢l range [0.0,0.6] [0.6,1.2] [1.82.2.4] Combined
: e p P ; P _ _
Kinematic distribution py Mt py Mt py Mt py Mt W/Z difference= pT difference:
omw [MeV] L E W ok ~ —_
«— 5
Eneray scale 104 103 108 101 161 17.1 <81 8.0 tILREIRIE. I_ﬁ'lthE, T AR
Energy resolution 50 60 73 67 104 155 35 55 30 120 ppm depending on n:54 ppm in ave.
Energy linearity 22 42 58 89 86 106 34 55 ;L:A
Energy tails 23 33 23 33 23 33 2333
Reconstruction efficiency 10.5 8.8 99 78 145 110/ 72 6.0 Energy Scale = 81/80 Mev on rnW
Identification efficiency 104 77 117 88 167 121713 5.6 Reconstruction/ld efficiencies £ & 5 H K=0Y
Trigger and isolation efficiencies 0.2 05 03 05 20 22 08 09
Charge mismeasurement 02 02 02 02 1.5 1.5 01 0.1 = 6-7 MeV each
Total 9.0 17.5 21.1 194 307 305 142 143 AM,,= 14.2 MeV CDF:5.8MeV
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M. validation (CDF/CDF-Il = ATLAS) A
Z T
L
A
3
PDG 91.187.6 £ 2.1 MeV ATLAS [EPDG M, ZRIEIZ{EMH
= reconstruct M, as in M,, reconstruction
Science (2022 CDF-II) (2012 CDF-II) QCD FEMLEOIRAT—IL AR
e plr’ et A TLAS % . gtzaiF B:u:ertainty
91210 T A= +6 MeV (e) A= +42 4 MeV (e) fs=7TeV, 4.1-46 " —Fu\ltlg;egain;y
91205 +4 MeV (u) -7.6 MeV (n) Lty —— | TZF(un Uﬂc:rtn;iﬁiy
91200 pLZ=IT —_——
91195 e |\ ..~ | . mmmmmmemmmommmmmeeeoeoe e A= -13 MeV (pT)
® . m, €% ’ -30 MeV (mT)
91190 + 91200
91185 o190 l M, Z= I ¢
91180
91180 1 170 l
m,, Z- .
91175 91160 N N T e
° e M PDG ¢ ° e u PDG 9120 91140  of160 91180 91200 91220 91240
m, [MeV]

M, agrees PDG better in 2022 analysis (EEHRIZ T RIS, thiE
I’JK‘J: SHETRYIZ & ULNDY), ILMIE SL:
R DEREHF CDF [& M, ~5 MeV I2EZH
ATLAS [ M, ~20 MeV F2EED
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| (2) QCD activities -neutrino

(0) PDF: NNPDF3.1 Iy f~|

Pt =P sin(f)n

— : ~ — v —t =
g pr e u = X; F;sin(6;)n; Dr=—pp— U
_ - UDEIE I TR ENNBE
| .. Simulation: RESBOS
, e o NLO QCD + NNLL resummation
e : 2
NLO perturbative P
aly log?" (_M]; )
N 1%
f@‘(\ : I >4:,,: as p—0, no longer converges
g Jets Vv = resummation required
x10 — — LO NLO NNLO NNNLO .....
of T e oo reie o = 1+ asL®+o0iL*+a3L%+--- Leading Log (LL)
p . T +asL+o2L3 4+ alL%+--- Next to LL(NLL)
10J ‘LL‘ Pys =95 % —+ agLQ -+ 02L4 + .- (NNLL)
_. Dﬂta . **m*‘.\., 0 — > ~
| CHEE e RESBOSD/\SA—ARIE Z Dp;: BELY @) M oEETENIZKR D S: CDF
0 10

20 Z-vun) @V} (LL & some leading effects Z#H1ELT=3{EFTHE : ATLAS)
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(2-1) Tune RESBOS parameters

recoil D/INSTERICIEEL.

@ Z— events ZHL = tuning

% — N N
(u <15GeV  EFY LI DREEELITFS
\S
x10°  x10° NCO M
> > 40 12022 % “and®
3 | Simulation Data C: new ! o@e“mg
~ - - u = 8914 MeV u =8912 + 14 MeV ~ r ep\o“\
€ 20 ’L o = 6688 MeV o = 6695 + 10 MeV = _ g‘a al :
:>j - A=1.09 »=1.09 +0.01 = Simulation
- ) x =0.52 x = 0.53 = 0.01 i
S .
g .- 72/ dof =43 /29 201~ x*/dof =34/29
| & | ( ,
108 § ’L7 Pys =95 % ’ Pes =99 %
J e
o le i
- Dﬂtﬂ ' mﬁfensitive to Q[
Simulation g
- | | %_.\. 0 | I . | | | | | | |
% 10 0 0.1 0.2 0.3

20 30
P, (Z—uw) (GeV)

FUvsoFErs AM,, = 1.8 MeV

i FROaE &

* n = A¢€€ 77—
, = tan ( 5 > sech < 5

rir)
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RESBOS tuning — detall

Brock-Landry-Nadolsky-Yuan form
{Ep; spectrumD B MEIRET S/ \TA—4

Sudakov factor

g l Vs ] 1005
D = | g1 — g2 108 — (193 10
91 — g2 50, | ~ 9198 -

Q,:=1.6GeV cutoff

parton-parton energy-
squared

Interacting partons

¥ S

proton-antiproton
energy-squared

J1,95,03: %Eﬁ%_ggﬁﬁb\—Ci*fE
(DY with fixed target/Tevatron exper.)

new

Global fit values
Z * Z\ S
Parameter |BLNY fit Z—ll p*and ¢*, FDLRE
. PV and pZ B DELZFE

& ['uf (global fit®error £0.3 #&1>)
& 08 +Aag (p?>5GeV DL HIZFHET )
{9 -0.60

5M,,=0.5, 2.2, 0.5 MeV for mr, pf., and pY.

Events / GeV

} , :impact parameter between
)

Events / GeV

T 1§

x10°

Data
1L = 8868 + 26 MeV
o=6715 +18 MeV
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(2-1a) hadron activity verification

RESBOS parameter#tunef& [, M 53 & D —EZ 1R

Eﬁﬁﬁﬁ

Mo Wor /
f 5

M
Py
P, R: 9T recoil hadronic activity Z#&H TES
Py HIFTIEAEWUET R ILF—PR R SD)
= Z—>U FZRT.p; &KFEELT ratioz T4
n: backtopz NG/ £
¢. parallel to pz
u > L{HETETLS
R¢ i 2 g & e
e e Data _ *+++
Gar s —  Simulation 0.5 e
e
I x2/ dof = 14/ 14 + 12 dof =7.4/14
’ - ureconstructed utrue i Fig. S22
% 0 20 30 % 0 20 30

P (Z=uu) (GeV)

p.(Z—ee) (GeV)
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(2-1b) hadron activity verification

Z

M Wi Combans X

~
-

nA RO

4 M
events ~T Ny ,
pT 8 o x¢/dof=18/14 i
R% Nk L Trecoil% 5Ll o ~ = [ _+
e ' % T < i
Pr B o~ I @0?’,_»8\'— T @,ﬁ%&
. S o« [ & _— Wl
n: back to pz [ : S ¢ & o
¢ parallel to pz T I © 5% ==
= L —.
u (e E P ——
2 i.:—.—
0.5 §-
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1---._.-r'_ f
f - AE % - w2/ dof =12 /14
BoE _+_ == > O r
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E‘ G N ® Data
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- | | e
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o o\

!

Z events T
Py
o Pz
Pr
n: backto pz sé
¢ parallel to pz
u
x10°
= B
8 Simulation Data
Yo} B u =-19 MeV -9, u=-14 = 13 MeV
e o = 4604 MeV ‘ o = 4598 = 9 MeV
g .= -0.05 W »=-0.02 = 0.01
o 10 Kk =0.97 " k = 1.03 =+ 0.01
L 14 ‘e
n 5 "" Tf
I J"* «2 | dof = 54 / 35 ’LL
P g : Pys = 5? % ‘1.;
O 1 1 1 1 1
-18 -6 - 18
Rp . (GeV)
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(2-1c) hadron activity verification

15 LR DY (previous page)f=1T THL, &R
D —BEskewness (EE) LKL

Plots are for Z—pup

x10°
8 Simulation Data
u=-6 MeV e nu=2 =12 MeV
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i - |
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0 0. 0000 | 1 ) ] [ *e000o0f
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M Wi Combans X

Hadronic activity
perpendicular to

« DyqT (NNLL-QCD) T p+(W)/p(Z2) D:ELNEET ILIE: . T charged lepton
Ur(W) BEU i) DI TNTA—EERDD e i u|
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W mass extraction

EE I vMEHIE Wmass2012& LT

FIC CTHRLEERHEISH/NSETEIE

INVDT TR (FHERER) DEIE
M e
Z — UV decays

One £ escape

W — 1v decays
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" Events /0.5 GeV
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Eas ] Previous CDF Il publication
Distribution W boson mass (MeV) y2/dof PRL108, 151803 (2012)
miey) 80,4291 +103, +8590  39/48 Poonon e A0
prle) B0ALLA10 7y =118y 83/62 Soaos o s o
pie) 804263 +14 50 +11 75q  60/62 80431 < 250 + 22
mwy) 8044614005y +7 30y 50/48 80379 = 16, = 16,0
o) 80428210650 +103ys  80/62 80348 = 18,4, * 18,
R 804289+ 1314y +1090q  63/62 80406 = 22,00 = 20,
Combination 80,433.5 £ 6.4t = 6.9yt 7.4/5 80 38712, + 15

Moot
o o™ P aeMev

80380

80460
AN
cOF
80440 NeWw
80420 % + é\ Q

v My, OREBIEEY—HITEoR B [oe

vV UTORIEEDEMAKREL oo

cf. +8.8 MeV from mom. calibration ..,
. electron mbon combined

80300

0 1 2 3 4 5 6 7 8
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Uncertal N1V vs previous CDF-II
Source Uncertainty (MeV) Previous CDF || p-ublic’:[ation

_epton energy scale 30 PRL108, 151803 (2012)
__epton energy resolutmn 12

Recoil energy scale 12
' Lepton energy scale and resolution 7

_QECOII energy I’ESO|UtIOﬂ 1 8 Recoil energy scale and resolution
Lepton effu:lency 0.4 Lepton removal
Lepton removal 1.2 Backgrounds
e an e sae e e tas et e taeae T, IUT(W) mﬂdel
Backgrounds 3 3 Parton distributions 1
,D model VECBOS 1 8 QED radiation
S W-boson statistics 12
Parton d|str|but|0n5 3 9
QED rad|at|0n 27
PDF: 10= 3.9 MeV
W bogon gtat|gt|cg 6 4 Lepton scale: 7= 3.2 MeV

Recoil: 6= 2.2 MeV
TOtal 9 4 Total: 19= 9.4 MeV

Source Uncertainty (MeV)

W b O

= O Ln
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@ Lepton rapidity & & angular
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W production simulation model

(hard W/Z process) (parton shower/hadronization/underlying)
Base: NLO Powheg+Pythia8(W/AZNLO tune?*)
BRIEICUTOERHEEZT 5!

do

dp, dp>

Breit-Wigner

t

dprdy

Powheg+Pythia
m, pT, y are of di-lepton system

okl

do(pr, J) dcr(y)) ‘ [dcr(y)

dy

[mass] [rapidity] [angular coefficients] [pT]

re

L

NNLO pQCD

/

Parton Shower

7
(1 +cos”6) + > Ai(pr.y)P;(cos b, f;s)}
! i=0)

DYNNLO simulation & CT10(nnlo) PDFCETJLAE:

PE

Ao ~ Ay ?a_’—Z events’&ﬁﬁl,\'(,km

I
- ATLAS —+— Data .
1—15=28TeV, 20.3 fbo" B DYNNLO [CT10nnlo) —
I pp—Z+X

0.8 ]
0.6 =F=;
D4 ;ﬁ’f 3

[ e
D"T.-‘ T | I 1 | I 1 | L ]
0 20 40 60 80 100
ol [GeV]

ds/din| [pb]

W —lepton®
pseudo-rapidity
57 % CHRELE

(Unpolarized Xsec) x [pol effect(e,cp)J]

do 3 do
dp%dydnrdcosﬂdé

lﬁﬂdp%dydm

<+

+

As sin @sin 2¢+ Ag sin26sin¢ + A7 sinfsin ).

- —+ Dala (W)

3001 e Prediction (CTmnnID]

?50_“.,..,. R R IS
- ATLAS =

700
- \s=7TeV. 46 W+ -
250 :_pp—>wr+}: E
smn====== =
550 —
500~ E
AR E- =
4EE=="—'=_ W- ]
:_ —= . _:
350F—«— Dala (W) - =
=

25()0'02&40608 1 12141618 E 2224

m

= —  x[(1+cos*f)+Ag %(1 —3cos2 )

. l . .
Ay s1n28c05¢+A2gs1n28c052¢+A3 sinfcos¢ + Ay cost

=>A5LU% (Xlow pTT
FEFRTED

@ rapidity 2 DA E
(PDF A% ECHI) = 8 MeV
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2
L -1 7
i do do(m) || do(pr,y) (d-:r(y)) do(y) 2
s —— = I +cos™6) + A;(pT.y)P;(cos 6,
dp1dps [ dm dprdy dy dy ( ) ;‘ (Pr. P ?) Parton shower vs.

Powheg+Pythia (AZ tune) analytic resummation

(CDF-1I)
@ pT distribution —

Pythia8 parton shower MC (LO matrix element+reweighting for 15t parton shower ~ NLO generator+NLL resummation)
e ZpT DEANSBLLTDINGA—FERE: = Pythia8 AZ tune (4C: ALICE/ATLAS charged multiplicity data

— ﬁi%parton dDpT aritl ACTEDLHEWREMIELAZIC incorporated 2010
. -1
— ay(My) ZREL QCD ISR Rug(pr) = ( 1 do-w(PT))( I dffz(PT))
, wiz(pT) = : '
— ISR infrared cutoff / Tw dpr o7 dpr
oA TR T g T
C = 4. . - ) iz= , Pp—L A, S — .
=% 00TE gy o T i g Az Tune (E 3=7TeV.ppwex 30ps"  —— Pytiag AZTune3  W/Z cross section L.
3 0o 3 1.1 3 ZR<EHTES, fFIC
S 0.05E = S —— E W
= 0.04F = 0.9 3 Pr < 30 GeV,
0.035 = 0.8 e =
0.02F = 0.7 * —
0.01F- = 0.6 -
Eu ] | L1 L1110 I I I A A 111 I DE" 1 ] | T T N T T T N T | ] — N
: 1|1].51E e === a— = s 1|13_ij ; = ﬁ @ pT HHDATEMN
S s S, S —— ] = . x ] =6 MeV
E DQ‘EI'E —.h—_*_ E| E 0 QEI'E — E
a: Dgt . I'.'II_. Dg't — = |

=L
]

i 1 1 1 1 1 1 1 j - 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60
pT(2) Py lGeV 2

[
@
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PT(W) — predictions with other sets pl]?iﬂﬁ > 30.GeV

Pt(W) 2z L \{DH D generators TENZ L Ddefault parametersz ALV TELES

=lepton pT &mT %% Pythia8 AZ tuneZH#ELL THE ur < %D GEV

SE VARSI HENVEEZ Iy MEEELT W masszakH b mt > 60 GeV
E1-"3'4_"'|"'|"_'|"'_|"'|"'|"'|"'|"'|"'_ 521-"34_ BEN L LA LA ELRLELLE B
. - ATLAS Simulation ] - - ATLAS *?ﬂmulatmn 5
T 1 3k fs=7TeV, pp—Wex TuneF & ] 8 1. 03[ (5=7TeV, ppsWsx B
E [ Pythia 8 AZ / _ = B Pythia 8 AZ i
- - —— Powheg + Pythia 3 AZNLO T - - —— Powheg + Pythia 8 AZNLO 5
c 1.02F D'YRes = c 102+ DYRes —
% [ --- Powheg MiNLO + Pythia 8 Lo ] -% _  --- Powheg MiNLO + Pythia 8 ]
|- R L_! ] = " ]
< 101k . -4 = 101 )
i I__: ] B _I__I"I-:
'1_L — Tt I.-a' —: '1:2"-.-- L L mmpmmscDTtTT _—:
z = : 5
D.‘Eil."il'_— — 0.99- —

[N I T T I T T T A T A A O O AR A AN [N T T N T N T T N A T T A T T N T O O N A A O OO
31] 32 34 36 38 40 42 44 46 48 50 60 69 70 75 80 85 g0 95 100

p. [GeV] m; [GeV]
3245 Gev < 66-99 GeV

INGA—RFTHFTE Dgenerator(Pythia 8 AZ)ZAWTRELIZEDIED T, EDEWVIFAEHICE TG
= Recoil QCD modelingl=& 15 E &L TEE: PDF uncertainty is dominant
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Recoil hadronic activity

« pile-up BERE MC I[TAN, T—2E—HT HEK5. ZE; ##IE— ZE* ZpT
o Z>UU BRODIEHIZEDIKIIRT—ILERERETIE

uT
. N —
g EE_'T‘: ZE:‘T _J|HT| / \I‘Dileup event
5 s e =
g 100— p — Z—p*u (before transf.) 7 .
N - \s= 7 TeV,4.11b B Z-uu (after transf.) QCDUp tol3MeV
— 80__ _]
"g - . W-boson charge w W~ Combined
L% 60:_ = Kinematic distribution pfr mr p% mr p% mr
40— = Smy [MeV]
20:_ E (u) scale factor 02 10 02 10 02 1.0
N - LE7 correction 09 122 1.1 102 1.0 11.2
< , , , , : : , Residual corrections (statistics) 20 27 20 27 20 2.7
@ 105 R B T Y ‘l """ {14 Residual corrections (interpolation) 14 31 14 31 14 3.1
T ettt Uik HiH P ‘ S S '
& 0.05F - *~,.#.....ﬁ“*H+HH+++H+HH‘{]lH Hﬂ”l Residual corrections (Z — W extrapolation) 0.2 58 02 43 02 3.1
m L L N L 5 ! L
,:DU 0 200 400 600 800 1000 1200 1400 Total 26 142 27 118 26 13.0

T E*; [GeV]
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W mass CDF-ll vs ATLAS

o ™

»
Mot L amev

A

0 1 2 3 4 5 6 7

80 433.5+6.44,+ 6.9, MeV

M(u) —M(e) ~ 12MeV

M(—)—M(+)~ 8(u)/-15(e)MeV

é nev coF

+P eN- coF N

combined

8

exp

model

80 370+ 7+ 11, + 14

syst

MeV

+ +
pll_,W—>Iv

A PL WS Ty

pll_, W= Fv

T T T T

mp-p', W= Fv

ATLAS

e m,, (Partial Comnb.)
=1 Stat. Uncertainty

o
_ 1 — Full Uncertainty
Vs=7TeV,41-46f" —— ~— — m,, (Full Comb.)
o Stat. Uncertainty
P Full Uncertainty
_____________________ . e e —
B CDF e-Pt
@
_______________________ - R REEEEEEEEEEEES
_______________________ ——  _______
—
——— CDF combined
————

AP B B
80280 80300 80320 80

M(u) — M(e) ~ 30MeV
M(—) — M(+)~20MeV

M(CDF) —M(ATLAS)~ 73 MeV

340 80360 80380 80400 80420 80440 80460

my, [MeV]




HEAE S RAFYEZOERE2022) & 8.31

Uncertal nty
| “PDF QEFEEMNCDI0OFTRECM L
AM,,: 10MeV=3.9MeV

NNPDF3.1 (NNLO) as default
“‘uncertainty” of PDF => 3.9 MeV

fthad PDF sets (NNLO)

CT18
MMHT2014 BIlMEIZ2.1 MeVLLTF
NNPDF3.1 T

fhd PDF sets (NLO) - as a check

ABMP16

CJ15 FIlME(E3 MeVLELT
MMHT2014 T—H

NNPDF3.1

ZELTULVELERDQCD effects ~ 0.4 MeV
e varying factorization/renormalization scales

« changing resummation/non-perturvative schema

in PDF 3.9MeV vs 9.2MeV Y.

ATLAS publication EPJ C78(2018) 110

use CT10 (NNLO) as default
“‘uncertainty” of PDF
=> 14 MeV for W* /13 MeV for W-

Total light-quark sea PDF is well constrained by DIS data
But u to d (s)-quark decomposition is less precisely known

PDFAEEICEEm: 7. W & W- TRBE

PDF AEMHIEW* & W- DFIZEELS &F D

=> 7.4 MeV
#th > PDF sets (NNLO)
CT14
MMHT201 => 3.8 MeV

ZELTLENEXRDQCD effects => small

Overall PDF uncertainty: 9.2 MeV
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Un certain ty VS ATLAS  AtLAs publication EPJ C78(2018) 110

Source Uncertainty (MeV
Lepton energy scale 30 G6i64
Lepton energy resolution 1.2
Recollenergy scale 12
Recoil energy resolution 1.8
Lepton efficency 04
oo o T —
Béﬁkéfdﬁﬁdé ............................................... SEE
pZmodeI18 ...... 83
PL/PT.MOGEl | 13 ..
Parton distributions 39 92
GED vadiiion S5
IV boson statistics 64 68
e T
ATLAS
uncertainty

N\
'T\ ‘ombined Value | Stat. Muon Elec. Recoil Bckg. QCD EW/ PDF\Total */dof
,L\ ategories IMeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc{ Unc. WUnc. | of Comb.
S
mT-p{T', W* e | 803695 | 68 66 64 29 45 S| 92
. NS
Neutrino transverse
momentum PYTHIA8 parameters tunlng
distribution not used => QCD uncertainty
EWK uncertainty
Decay channel W — ev W — uv
Kinematic distribution pr' mr pf;, mr
5mw [MﬂV]
FSR (real) <01 <01 <01 <0.1
A(LO-NLG)}—  Pure weak and IFI corrections 3.3 2.5 3.5 2.5
FSR (pair production) 3.6 0.8 4o 0.8

Material _~*
understanding Total 4.9 2.6 5.6 2.6

2D NEERTKELELIIPDF, QCD modeling,

lepton energy scale, EWK "\ N,

T Material / pp collider
Z stat. understanding
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Number of W/Z events

oB is about 10:1 for W:Z

Sample Candidates
W — electron 1 811 700
Z. — electrons 66 180
W — muon 2 424 486
Z — muons 238 534
TABLE VIII. Effect of selection cuts. e_Gha\’\\'\e\
W events Z events
Criterion after cut after cut
Initial sample 108455 19527
Z vertex requirement 101103 16724
Fiducial requirements 74475 9493
Tracks through all CTC superlayers 71877 8613
E$>25GeV 67007 6687
E7>25GeV 55960 N/A
|u|<2() GeV 46910 N/A
P5>15GeV 45962 5257
N iracks 10 the electron towers=1 43219 1670
M, yoe<1 GeV 43198 N/A
Not a Z candidate 42588 N/A
Opposite sign N/A 1652

Mass fit region 30115

1559

Nepr-<>»

In¢| range 0-0.8

0.8-14 1.4-2.0 2.0-24 Inclusive

W+ — uty 1283332
W~ — v 1001592

1063131 1377773 885582 4609818
769 876 916163 547329 3234960

In¢| range 0-0.6 0.6-1.2 1.8-2.4 Inclusive
W* - e'v 1233960 1207136 956620 3397716
W~ - e v 969 170 908 327 610028 2487525

W events 5.88 X 106 electron channel

Z events

Table from 2001 W-mass
measurement PRD (D64.052001).
In electron channel, Ntrk=1
requirement is critical for Z—ee

events

7.84x10% muon channel

0.58 x 106 electron channel
1.23x 105 muon channel
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CDF: Effect of mass fit window

>
w
S20- Bl
=
= L
i o
[ § ----- &ﬁ% ------------------------
SEE N TR T
-20 —
R R | PR T SR SN AN ST SN T T AT S S
60 62 64 66 68 70
Start of m_ fit window (GeV)
> T
= L
7R Rt [ S
0 [ B S B S B

PR R PRI "
90 92 94
End of m_ fit window (GeV)

96

Error bar: expected from
statistics variation wrt nomial

Deviation from = 0 is within expectation

.— Overall mass error 9 MeV

S
L w e
é.)’zo — ev
- | i
= .
Q [r———— B
Y R
O/ g4 7377%
-20 —
' 1 L | L T R N
60 62 64 66 68 70
Start of m_ fit window (GeV)
%20_ W%ev
>
= e
- |
I S T ot T
: l SR
20 —
! P PR IS R T AT SR TR NN SR S SN S S’
84 86 88 90 92 94 96

End of m_ fit window (GeV)



EERIRAFYIEZOER2022] R 8.31

CDF: Sub-sample/time dependence

TABLE S10: Differences (in MeV) between W-mass pgw—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

Mw (£T)—=Mw (£7) —T7.8 £ 18.5stat = 12.7coT 14.7 4+ 21 .35¢ae + 7.75{1’ (0.4 + 21.3s¢at)
Mw (¢¢ > 0)—Mw (¢¢ < 0) 24.4 4 18.5s¢at 0.9 4 21.35¢a¢ + 7.55F (—0.8 £ 21.3.40¢)
Mz (run > 271100) — Mz (run < 271100) 5.2+ 12.2:¢a¢ 63.2 £ 29.9.¢.¢ + 82?{/;3 (—16.0 £ 29.94¢a¢)

with (w/0) subsample/time
dependent E/p calibration

Momentum scale from Y—up

(B2 ater — (B2 )eartier = (23 % 2241a¢) PPN

Time p

Luminosity (%E )hightzrr — ( éﬂ )l{)wer — (22 i Qgstat) ppin
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Discussion

CDF Il Improvements from previous publication

statistics: 4-fold increase (uncertainty: 12=6.4MeV)

systematics (uncertainty: 15=6.9MeV) 0
» lepton scale uncertainty from 7=3.0MeV (unc. associated to NBC/BC is understood and removed)
» Theoretical model improvement: RESBOS (angular smearing, kurtosis of recoil energy),

0 PDF (AM=10=>3.4MeV) =
*  DYqT for p;*/ p;# difference lepton energy scale: +10 MeV
* .... (data driven calibration: improve with L) _4AAD MeV o PDF. +3.5MeV
previous CDF II 80,389+19 MeV D= contributions from others not breakdown-able

More robust analysis than previous
+3.00

SM expectation: My = 80,357+ 6MeV +7.00 ATLAS value: 80 37019 MeV

new value My = 80.433.5+ 9.4 MeV
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RESBOS uncertaint

2205.02788 [hep-ph]
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Best Fit: My = 80, 386 MeV

Resum. Pert.

CDF: NNLL(+NLO)
available: N3LL(+NNLO)

@ Tune pT(Z) simulation data a la CDF

Ratic b BELL+NMLO

<t 0.025
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Best Fit: My, = 80, 388 MeV

prif) [GeV]

Mass Shift [MeV]
Observable | REsB0s2 | +Detector Effect+FSR
mr 1.5+ 05 02+18+1.0
pr(f) | 3.1+21 43+27+13
pr(v) | 45+21 3.0 £ 3.4+ 22

@ extract W mass for “available” higher order sim data

L a4 a6 43
privh [Gev]

Best Fit: My, = 80, 389 MeV

Red=simulated ratio CDF/REBOS2
Blue=stat uncertainty of CDF data

Shits are consistent with 0 MeV and up to 10 MeV in worst case
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My, VS M

top
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178

vs SM

(3) Science (2022) , My = 80,433.5+ 9.4 MeV (2) PDG2020

M,y [GeV]

ATLAS measurement lowered
LEP2/TeV M,, by 6 MeV
uncertainty 15 —-12 MeV
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Summary

Personal view

« New W-mass measurement by CDF-II provides most precise value of
My = 80,433.5+ 9.4 MeV

* The value is 70 heavier than the SM expectation, 3.20 heavier than the latest
world average (PDG2022)

« The deviation should be explained by new physics (e.g. MSSM, 2HDM,...)
« Coordinated understanding of the LHC and CDF-II is preferred

« The result should be examined by other experiments
— LHC experiments with large sample of W’s (precision limited?)
— New e*e collider



