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Motivation of the measurement

In the electroweak sector of the SM, the W mass is defined by:

2 W W
In the on-shell scheme: my, (1 - '"_‘,") =% (1+An) iy N
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Ar reflects loop corrections and depends on m? and Inmy W w
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~ The relation between Mw, m;, and My, provides stringent test of the SM

| and is sensitive to new Physics
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Status of the measurements

Higgs mass

Phys. Rev. Lett. 114, 191803

Top mass

ATLAS and CMS

—e— Total
LHC Run 1
ATLAS H—yy ——
CMS H—yy =

ATLAS H—ZZ -4l

CMS H—ZZ —4l

Stat. 1 Syst.

Total  Stat. Syst.
126.02 + 0.51 (£ 0.43 £ 0.27) GeV

124.70 £ 0.34 (+ 0.31+ 0.15) GeV
124.51+0.52 ( £ 0.52 £ 0.04) GeV

125.59 +0.45 (£ 0.42 £ 0.17) GeV

ATLAS+CMS yy I-—EI—-I 125.07 + 0.29 (+0.25 + 0.14) GeV
ATLAS+CMS 4 I—I‘E—I 125.15 + 0.40 (+ 0.37 + 0.15) GeV
ATLAS+CMS yy+4l a——a) 125.09 + 0.24 ( +0.21 £ 0.11) GeV
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Mass of the W Boson

Measurement

M,, [MeV]

CDF 1988-1995 (107 pb™) '——-——.—' 80432 = 79
DO 1992-1995 (95 pb™) ———@—— 80478 =83
CDF 2002-2007 (2.2 fb™) —0- 80387 + 19
DO 2002-2009 (5.3 fo') —.— 80376 + 23
Tevatron 2012 -’- 80387 + 16
LEP + 80376 + 33
World average -‘- 80385 + 15

80400
M,, [MeV]

80200

80600

ATLAS+CMS Preliminary LHC top WG my, summary, fs=7-8TeV Aug 2016
-------- World Comb. Mar 2014, [7]

stat

total uncertainty total stat

M, = 173.34 £ 0.76 (0.36 + 0.67) GeV ey otal (stat £ sys) £ e
ATLAS, I+jets (*) ———t 172.31+1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) =t 173.09 + 1.63 (0.64 £ 1.50) 7TeV [2]
CMS, l+jets = 173.49 + 1.06 (0.43 + 0.97) 7TeV [3]
CMS, dilepton —tt 172.50 £ 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets —— 173.49 + 1.41 (0.69 + 1.23) 7 TeV [5]
LHC comb. (Sep 2013) = 173.29 +0.95 (0.35 + 0.88) 7TeV [6]
World comb. (Mar 2014) H> 173.34 £ 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, I+jets H—e—t 172.33 £1.27 (0.75 £ 1.02) 7TeV [8]
ATLAS, dilepton —t—— 173.79 + 1.41 (0.54 + 1.30) 7 TeV [8]
ATLAS, all jets FH—a—] 175.1£ 1.8 (1.4+£1.2) 7 TeV [9]
ATLAS, single top ] 172.2+ 21 (0.7 2.0) 8 TeV [10]
ATLAS, dilepton H=H 172.99 £ 0.85 (0.41+ 0.74) 8 TeV [11]
ATLAS, all jets = 173.80+1.15 (0.55 + 1.01) 8TeV [12]
ATLAS comb. (f:gzgl‘f H>H 172.84 +0.70 (0.34 + 0.61) 748 TeV [11]
CMS, l+jets HeH 172.35+0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton ot 172.82+1.23 (0.19+ 1.22) 8 TeV [13]
CMS, all jets e 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top H—— 172.60 £ 1.22 (0.77 £ 0.95) 8 TeV [14]
CMS comb. (Sep 2015) H 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [13]
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shown below the line
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Tevatron results

CDF experiment: DO experiment:
Phys. Rev. Lett.108 (2012) 151803 Phys. Rev. Lett. 108 (2012) 151804
electron/muon channels electron channel
2.2 b1 integrated luminosity 4.3 fb-1 integrated luminosity
mw= 80387+/12(stat)+/-15(syst) MeV | mw= 80375+/11(stat)+/-20(syst) MeV |
AMw (MeV)
Source Uncertainty (MeV) Source mr pr Pr
Electron energy calibration 16 17 16
Lepton energy scale and resolution 7 Electron resolution model 2 2 3
. § . Electron shower modeling 4 6 7
Recoil energy scale and resolution 6 Electron energy loss model 4 1 4
Lepton removal 2 Hadronic recoil model 5 6 14
Backgrounds 3 Electron efficiencies 1 3 5
- Backgrounds 2 2 2
7 (W) model = Experimental subtotal 18 20 24
Parton distributions lOI M
QED radiation 4 QED : 5 9
.. Boson pr 2 5 2
W-boson statistics 12 Production subtotal 13 14 17
Total 19 Total 22 24 29

| My = 30 387+ 16 MeV]
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Tevatron vs LHC

proton-antiprotons collisions Vs=1.96 TeV proton-protons collisions Vs=7 TeV

,}tﬁiﬂwf =

ez o e

- higher pile-up environment: difficult hadronic recoil calibration, worse resolution

- W+/W- production is asymmetric —> charge-dependent analysis

- The sea-quark PDFs play a larger role at the LHC (25% of the W-boson
production is induced by at least one second generation quark s or c).

- The valence-sea difference as well as the amount of sea quarks with u and d

5



Valence vs sea quarks

MSTW 2008 NNLO PDFs (68% C.L.)
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The uncertainty in u and d valence and sea PDF —> an
uncertainty in helicity axis of the W —> on pt' spectrum

Strange quark pdf uncertainty —> uncertainty on
the relative fraction of charm-initiated W boson
production —> uncertainty on pt(W)

The amount of charm initiated W production will
also alter the balance between valence quark
and sea quark —> W polarisation —> prt'
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Measurement of the W-boson mass in pp collisions at 4/s = 7 TeV with the
ATLAS detector
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ATLAS detector

Inner detector (|n|< 2.5, B=2T)
Tracking, vertexing, dE/dx, e/x ID

» Si pixels, Si strips, Trans. Rad. det.

> 0o/p; ~3.8x10-4p(GeV)20.015

4 Magnets Superconducting

- 1 Central solenoid (B=2T)

- 3 Air core Toroids (B=0.5T in
the barrel, B=1T in the EC)

f

EM Calorimeter (|n|<3.2)
ely ID trigger measurement
» Pb-Lar accordion

> 0/E ~ 10%/NE(GeV)e1%

25m

Hadron Calorimeter (|n|<5)

Trigger and meas. of jet/Emiss

» Fel/scintillator (central), Cu/W-LAr (fwd)
> o/E ~ 50%/NE(GeV)o3%

§

Muon spectrometer (|n| < 2.7)
Trigger & meas. of muon

» CSC+TGC+RPC+MDT

» 0/p; <10 % up to 1 TeV

e MDD “F‘-
Ly

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets

LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker



Samples used for the analysis
Data Run | in 2011

180 _l 1T I T 1T | T T TT | T TT I T 1T | ||||||||||||||| I_
- ATLAS Online Luminosity -
160E- [ \s=8TeV, [Ldt=208 ", qu>=207 ]
1401 | \S=7TeV, [Ldt=521f" <u> = 9.1 [
120F " - — =

centre-of-mass energy: 7 TeV
4.6 fb-1 for the electron channel

4.1 fb-! for the muon channel
(part of the data discarded due to timing
problem in the resistive plate chambers)
bunch spacing: 50 ns

Recorded Luminosity [pb '1/0.1]

45
Simu |ati0n MC SampleS: Mean Number of Interactions per Crossing

Single boson production: Powheg+Pythia8 (NLO QCD+PS tune
AZNLQO), QED FSR using PHOTOS

Herwig and MC@NLO for EW and top backgrounds

Pile-up simulated using Pythia

Description of passive material based on final ATLAS Run | calibration
results



Selection cuts

Lepton selections:
- muons isolated (track-based) letal<2.4

electrons isolated (track+calorimeter-based) tight identified O<letal<1.2,
1.8<letal<2.4

Kinematic requirements: pt>30 GeV, mt>60 GeV, MET>30 GeV and
recoil(ut)<30 GeV

~6M/8M observed in the electron/muon channel

In¢| range 0-0.8 0.8-1.4 1.4-2.0 2.0-2.4 Inclusive

W+ —puTr 1283332 1063131 1377773 885582 4609818
W= —=pu v 1001592 769 876 916163 547329 3234960

In¢| range 0-0.6 0.6-1.2 1.8-2.4 Inclusive

W+ —wetr 1233960 1207136 956620 3397716
W= s e v 969 170 908 327 610028 2487525
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Variables and categories

Recoil reconstructed from the vector sum of the
momenta of all clusters measured in the calorimeters.

-,

In W, Z events -ut provides an estimate of the boson pr

Sensitive final state distributions: pt!, mt, pt™ss (not used due to its poor resolution)

p%m“ = (pT + uT mr = \/ 2prm‘“(1 cos A¢)

Categories for the measurement:

Decay channel W — ev W — uv
Kinematic distributions P&, m P&, mr
Charge categories W+, W= W+, W=

In¢| categories [0,0.6], [0.6,1.2], [1.8,2.4] [0,0.8], [0.8,1.4], [1.4,2.0], [2.0, 2.4]

11



Analysis strategy

Template fit approach: compute the pt' and mr distributions for different
assumed values of mMW —> chi2 minimisation gives the best fit template (fitting
ranges: 32<pr <45 GeV, 66<m1<99 GeV).

Predictions for different mw values are obtained by reweighting the boson invariant
mass distribution according to the BW parameterisation.

do m>
oC

dm — (m? —m2)? + m*I' /m?,

A blinding offset was applied throughout the measurement and removed when
consistent results were found.

0.1

> e L L L L L L AL L B e > L T T ] -
T .09~ ATLAS Simulation £ Nominal = € 0.12— ATLAS Simulation B Nominal 3
g 0.08E- 1s=7 TeV, pp— W*+X —— Amy=50 MeV _3 P 0 1:_ 1s=7 TeV, pp— W+X — Amy=50 MeV ]
° 0075 ~ Amy=+50 MeV—] 3 - — Amy=+50 MeV J
L 0.06E —= L 0.08 =
< E E © - =
£ 0058 E £ 008 ]
o 0.04 — L ]
pd 3 pa - ]
0.03 = 0.04F -
.02 — C ]
0.0 3 0.02— —
e E  1.01E - I — —
2 e e 2 AP ——
a 099;_ ....................................................................... e - a 0992_ ______________________________________________________________________________________________________________________________________________ _;
= 30 32 34 36 38 40 42 44 46 48 50 > 60 65 70 75 80 85 90 95 100




Analysis strategy

Benefit from the fully reconstructed mass (and
kinematics in the transverse plane) in Z-boson sample to
validate the analysis and to provide significant
experimental and theoretical constraints.

Lepton momentum corrections derived exploiting the precisely measured
value of mzat LEP

The recoil response is calibrated using the expected momentum balance
with pt!l in Z events and tested using the mr observable

Ancillary measurements on Z data are used to validate the physics
modelling corrections

The whole analysis is checked by performing a measurement of the Z-
boson mass and comparing to the LEP value using:

mu (closure test of the calibration procedure)
pT' to test the ptl-dependence of the corrections and the modelling of
the Z pt and of the relative fractions of the Z-boson helicity states.
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Muon Calibration & Efficiency

S [rrrT rprrrrprrTTrTTT]

S _ _ S F ATLAS ]

Muon identified using combined ID+MS S 0155 |s=7TeV, 4.1 10" €
tracks, momentum measurement from ID only. *© 0.1 w_ Tr
005t . Vs, . it =

Calibration factors for ID-only muons derived oF Qﬁ’ ¥ “&54 Hﬁb *_#jé
from Z—>uu and sagitia bias charge- _0_053* * ¥ ﬁ E
dependent corrections from Z—>uu and E/p oib E
C E/p method .

of W—>ev. Eur.Phys.J.C 74 (2014) 3130 _0.15F —* Z—hu + global sagitta E
g —— Combined g

345 i 05 0 05 1 15 2

n

PYC™ = pYOX[1+aG. )] X |1+ B () - GO, 1) - pY©] |
pata 8 Arias T T2 Hosanaiction ]

pflrata corr 1...1._...,‘ = S 1.01E\1s=7TeV, 4.1 1" —A— Trigger —
I+ q- ()(’] (b) [) a % N Isolation ]

$ 1.0051 . | -

9 ;f--.--..k-_:kr .......... T

Muon trigger/id/iso efficiency corrections data/ - i -
MC evaluated in bins of pt!, eta and charge. c O E
Domina.nt uncertainty is the statistical 2 0.99;— . - —
uncertainty of the Z sample. 0.985 E
202530 35 40 45 50 55 60
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Muon Calibration & Efficiency

x10°
> :"'l"'|"'|"'|"'|"' '|"'|"'|"': AL L L e D LR LR L LR BB
3 oo ATLAS eDaa 3 S MO ATIAS oma
< g \s=7TeV, 4.1 fio! E]B;I:;:t)und g ; 120 \s =7 TeV, 4.1 o’ Wz p =
S 50000~ = 2 100E []Background ]
—~ - - c C -
% 400005— —E L 80;— _;
5 300005 E 60L -
20000;— —; 40
10000~ = 20
, , 5 e
© O B rreeressreserese e = (0] 1.05 E_ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" _E
(O] ~ F —— - 7
D’h. 1 '|'+++++'|"-|-'+'+++++++++""'4-0-+"_"++""H~.|.+++++++++++H+++:E E 1;-_'_ ------------- - _'_'_:_
; ] O _z ..(E 0.95 ;_ ............... o S S e e =
S 80 82 84 8 8 90 92 94 96 98 100 S -2 -15 -1 05 0 05 1 15 2
m, [GeV] N
|ne| range [0.0,0.8] [0.8,1.4] [1.4,2.0] [2.0,2.4] Combined
Kinematic distribution pgr mr pgT mr pfr mr pf} mr pf} mr
dmw [MeV]
Momentum scale 8.9 9.3 14.2 156 274 29.2 111.0 1154 84 8.8
Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 1.0 1.2
Sagitta bias 0.7 0.8 1.7 1.7 3.1 3.1 4.5 4.3 0.6 0.6
Reconstruction and
isolation efficiencies 4.0 3.6 5.1 3.7 4.7 3.5 6.4 5.5 2.7 2.2
Trigger efficiency 5.6 5.0 7.1 50 11.8 9.1 12.1 9.9 4.1 3.2

Total 114 114 169 17.0 304 310 112.0 116.1 |9.8 9.7|
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Electron Calibration & Efficiency
Calibration for electrons closely follows the Run | calibration paper Eur.Phys.J.C 74 (2014) 3071

1
simulation training of 3 5 Z —)ee
—d  MC-based resolution  fep
efly calibration smearing
EM MC-based calibrated
cluster ely energy ely
energy calibration energy
4
data longitudinal ) . Zee
layer inter- unilormily scale —>
N corrections S
calibration calibration

6 Jip-ee Z3lly
data-driven scale validation

Exclude bin 1.2<letal<1.82 for the W mass measurement as the amount of passive
material in front of the calorimeter and its uncertainty are largest in this region.

Azimuthal correction from <E/p> vs phi

Electron efficiency corrections en fonction de eta et pr Eur.Phys.J.C 74 (2014) 2941
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Electron Calibration & Efficiency

30000
20000
10000

10000

5000

> :' LA L L B LR BB L I R r rrrJ1rrrr1rr ': (\! 1' L LA L L DL L L L L L L DL L B L B 'E
8 30000 ATLAS -8-Data Y - S 80000 = ATLAS =
5 = 1s=7TeV, 461" Elg;fgfo 3 @ 70000 s =7 TeV, 4.6 fb” T Background =

: — u T C u -
S 25000 ] £ 60000 =
- . - 3
€ 20000 — LW 50000 —
c - = 3
2 15000 = 40000 E
t 0 = =

'8 1.05 :1.' ...... Ll et e, et e e s} e _z 8 L0 S _z
D\t 1 :¥H++++++++++'H'+++++H‘+**F++H+H++++++-I-++++HEEF CI- | i L B i e s _:;
@ 0.95 s + ................................................................................................................. i B £ L i 5
B 80 82 84 86 88 90 92 94 96 98 100 5 2 45 -1 05 0 05 1 15 2
m, [GeV] n
|n¢| range [0.0,0.6] (0.6, 1.2] [1.82,2.4] Combined
Kinematic distribution pfr mr pfr mr pfr mr pf} mr
dmw [MeV]
Energy scale 10.4 10.3 10.8 10.1 16.1 17.1 81 8.0
Energy resolution 50 6.0 73 6.7 104 155 3.5 5.5
Energy linearity 22 42 58 89 86 106 34 55
Energy tails 23 33 23 33 23 33 23 33
Reconstruction efficiency 10.5 8.8 9.9 7.8 14.5 11.0 7.2 6.0
Identification efficiency 104 7.7 117 88 16.7 121 7.3 56
Trigger and isolation efficiencies 0.2 0.5 03 0.5 20 22 08 0.9
Charge mismeasurement 0.2 0.2 02 0.2 1.5 1.5 0.1 0.1
Total 19.0 147235 21.1 19.4 30.7 30.5 | 14.2 14.3




Recoil Calibration

hadronic recoil

ﬁ
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Recoil Calibration

> 120X10'3' r— 7T T T
. . . 8 1005— ATLAS 1 ; gji*w (before transf.) _E
A set of corrections is derived: Q OF 1s=7TeV.41T  pmy ew (aftertanst) 7
@ 80 =
o C ]
°>J 60— —]
. . . .. . . . . (NN - -
- equalise pile-up multiplicity distribution in data a0 =
and MC 20 =
- equalise SumET-u for W+W-,Z in data and MC . -
- apply residual recoil energy scale and resolution o sty J[|
. . . . . —  0.95 _,.........T:*;;;_,_._,a_..f .......................... | HT
corrections using ptbalance in Z events (in bins S 200 400 600 800 1000 1200 7400
of pt and SumE~-u) ° * E, [GeV]

The corrections are derived in pile-up bins, <u>, 2.5-6.5, 6.5-9.5 and 9.5-16.0

L £ 008 ATLAS Simulation  verTev, o

A closure test of the applicability of Z-based S oot powheng:Nl.: f on e E
corrections to W production is performed using 008 —H Powheg +Pythia (o rew) =
. = 0. 05:_—Y— Powheg + Pythia 8 (p rew, u_ corr.) 3
Powheg+Herwig6 samples. - - e . e
z 004 ¥ T E

The particle-level pt(W) distribution in 002k o s
Powheg+Pythia8 is reweighted to o0t =
Powheg+Herwigb L — 3
2, 1'0515_--1 rhva 4~ -2 X-x-I-X<Y -x:X-’x*bx--x v—v_q:

< % £ & & 2 s vleialaloaioteialololeliaiot

s 0% 5 10 15 50 55 50

£ u, [GeV]
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Events / 2 GeV

Data / Pred.

Recoil Calibration

140X103||||||| """" T > 103||| """" NLELELEL B B B B
- e Data = o 140 e Data -
120 ATLAS ’ —— Z—p*p- (before corr.) — © 120:_ ATLAS p —— Z—u*p- (before corr.) 7
C \s=7TeV,4.11b B Z—u'w - AN - \s=7TeV,4.11b _ -
- uwu (after corr.) 3 — = B Z—utu (aftercorr.) S
100:— = © 100 —
_ - C - ]
80F ER =
601 4 Y eos =
40F- = 40F- =
20[— = 201 E
osHE TR e B osB LT
005 et e 3 —  0.95F
50 40 30 20 10 0 10 20 30 40 50 i 50 40 30
uf +p! [GeV] =
W-boson charge W W= Combined
Kinematic distribution pf} mr pgT mr p%‘ mT
dmw [MeV]
(1) scale factor 02 10 02 1.0 02 1.0
Y ET correction 09 122 1.1 102 1.0 11.2
Residual corrections (statistics) 20 27 20 27 20 27
Residual corrections (interpolation) 14 31 14 31 14 3.1

Residual corrections (Z — W extrapolation) 0.2 5.8 02 43 0.2 5.1

Total 26 142 2.7 11.8 ﬂ 2.6 13.0|
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Physics modelling
No available single generator to describe all the physics modelling
Start from the Powheg+Pythia8 and apply corrections. Use

ancillary measurements of Drell-Yan processes to validate (and
tune) the model and assess systematic uncertainties.

| Electroweak corrections

N / - QED FSR and ISR

- Physics modelling corrections

- missing higher order effects
| \ - FSR pair production
PDF
QCD

ﬂ QCD correctiorq

s b
- % A . pT distribution

::o/\/v\,%/\r\/\/\.< - polgc;{fation
. / \ rapidity




EW corrections

QED effects: FSR (dominant correction) included in the simulation with
PHOTOS, negligible uncertainty. QED ISR included through Pythia8
parton shower.

NLO EW effects: taken as uncertainties, pure weak corrections
evaluated in the presence of QCD corrections, estimated using
Winhac. ISR-FSR interference.

FSR lepton pair production estimated and added as an uncertainty.
Formally higher order correction but a significant additional source of
energy loss.

Decay channel W — ev W — uv
Kinematic distribution pL mr pL mr
omw [MeV]
FSR (real) <0.1 <01 <0.1 <0.1
Pure weak and IFI corrections 3.3 2.5 3.5 2.5
FSR (pair production) 3.6 0.8 4.4 0.8

49 26 56 26 |




QCD corrections

The Drell-Yan cross-section can be decomposed by factorising the dynamic
of the boson production and the kinematic of the boson decay. An

approximate decomposition is given by:
- 7
- ) ) (1 + cos> 0) + Z A;(pr1,y)Pi(cos 6, ¢)
) ’ i=0
Breit-Wigner ; Parton ShoW

NNLO pQCD -

The do/dm is modelled with a BW parametrisation (+ EW corrections)

The do/dy and the Ai coefficients are modelled with fixed order pQCD at NNLO
The do/dpr is modelled with parton shower (tried analytic resummation)
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Rapidity distribution

The rapidity distribution is modelled with NNLO predictions and the CT10nnlo
PDF set. PDF choice validated on the observed weaker suppression of the
strange quark in the W,Z cross-section data as published in arXiv:1612.03016

do/dn| [pb]

730p T 3 a 200 .
~ooE ATLAS E S g ATLAS E
- \s=7TeV, 461" ] > S \s=7TeV, 461" .
650§_pp+W +X _E % 160:_pp—>Z+X _:
600====== = S 140 =
550 —% 120%— ==, =
500F- = 1001~ == =
= = C == ]
450 = 80 -
= - C == ]
350 —— Data (W") —_— e 4oj—+ Dat == 4
- —— Data (W") = C ata ]
S00F" s Predlctlon (CT10nnIo) E 20 g Prediction (CT10nnlo) >
Cooa 1o Ll Ll Ll Ll IS . ool b by b b by b by s b bya s T a3

250 2 04 06 08 1 12141618 2 2254 0 02040608 1 12141618 2 22204
| Y,

Satisfactory agreement between the theoretical prediction and the
measurements is observed: x2/dof = 45/34.
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Angular coefficients

The Ai coefficients are modelled with fixed order pQCD at NNLO.
The predictions (DYNNLO) are validated by comparison to the Ai measurements
in 8 TeV Z-boson data JHEP08(2016)159

<o 1.2_ L L T T T T T ] <C\l 1.2_ L T T [ T T T
- ATLAS —4— Data 1 - ATLAS —4— Data
1-\s=8TeV,20.3fo"  [EE DYNNLO (CT10nnlo) 1-\s=8TeV,20.3fo"  [EE DYNNLO (CT10nnlo)
- pp—Z+X - - pp—Z+X
0.8 0.8/
0.6 — 0.6
0.4 — 0.4 —
0.2 . 0.2 —
0”‘I I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | ] Ol.' 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | ]
0 20 40 60 80 100 0 20 40 60 80 100
pl [GeV] pl [GeV]

Uncertainties on Ai modelling: experimental uncertainty of the measurement and
observed discrepancy for A2 coefficient

W-boson charge W+ W= Combined
Kinematic distribution p§ mr p% mr p% mr

Angular coefficients 5.897 53 58 53 58 53




Transverse momentum

PyTHIAS
Parton shower MC Pythia 8 tuned to the 7 TeV data AZ Tune Name AZ
tune (better description in rapidity bins then the AZNLO Primordial by [GeV] 171+ 0.03
tune of Powheg+Pythia) JHEP09(2014)145 ISR oy (mz) 0.1237 = 0.0002
ISR cut-off [GeV] 0.59 +0.08
The agreement between data and Pythia AZ is better \2. /dof 45.4/32
than 1% for pt<40 GeV
; 0 082;;'4'7I-II_;4HSI A —|+I—I i:)lal’[ia IIIIIIIII g Dlata urllcertlainltyI o | | IAITLIAIS] I:
0,070 1s=7TeV, 4.7 ib" —»— Pythia 8 4C Tun S 1 4 —— PYTHIAB 4C —
pp—Z+X —— Pythia 8 AZ Tun }g T[] PyTHIAS AZ ]
S__) i

L II|IIII|IIII|IIII|IIII|IIII|ICPIImIII|I

0.035 0.9 o
0.02E% N ]
0.01;— 0.8~ @:7Tev;JLdt:4.7fb" ]
T T N T T T R N L TR R TR SR S T

0 5 10 15 20 25 30 35 40 1 10 10°

Pl [GeV] Pr[GeV]

The accuracy of Z data is propagated and considered as an uncertainty

W-boson charge W+ W= Combined
Kinematic distribution 1)1[- mr p% mr p%: mr
AZ tune 30 .. 34 30 34 30 34
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Transverse momentum

Resummed predictions (DYRES, ResBos, CuTe) and Powheg MiINLO+Pythia8
were tried but they predict harder W prspectrum for a given prt(Z) spectrum.

truth-level reco-level

N 1.2¢ N 10417717 g
£ E ATLAS Simulation = - ATLAS Simulation .
6" 1155 1527 TeV, pp— WX, pp—s Z+X 2 1.03[ 5=7TeV, pp—oWiX .
1.1 = B Pythia 8 AZ ]
' o - —— Powheg + Pythia 8 AZNLO s
1.05 S 1.02— DYRES RN —
= L -=-- Powheg MiNLO + Pythia 8 T 4
1 = C | ]

- < 101 - -

0.95F - .

[ === Pythia 8 AZ JE -

09 DyRes 1.0 i - -
0.85F — Resbos C -

- — CuTe 099__ ]

_I 111 I | I | | 111 I | I | I 111 1 I | I | I | I | I | | 11 1 I 11 1 | 11 1 I 11 1 | 11 1 I - | 11 1 I 11 1 | 11 1 I 11 1
08y ~5""90 15 20 25 30 35 40 30 32 34 36 38 40 42 44 46 48 50
P [GeV] p. [GeV]

The effect on mw of using the “formally” more accurate predictions has a
significant impact on the W-mass value of the order of 50-100 MeV
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Transverse momentum

The uy(l) distribution is very sensitive to the underlying pt(W) distribution
—> used to provide a data-driven validation of the accuracy of our
Pythia8 AZ model and to compare to the other calculations

1.03

—
—

)

.'CE : T T T I T T T T I T T T T I T T T T I T T : _'CE B T T T T | T T T T I T | T T T T I T T T T l
< - ATLAS W* = uv ] 8 - ATLA W* — .
e 1.025 | p —¢— Data = e 1080 . S p —¢— Data ]
S 1 02E Is=7TeV,4.11b === Pythia 8 AZ 4 g °F 's=7TeV,4110 e Pythia 8 AZ g
o Yer — = ) = -
a - DYRES 3 8 e — — DYRES ]
1.015F Powheg MiNLO + Pythia8 4 & 1.06[_| | Powheg MiNLO + Pythia 8]

- - - — .

1,005 . i

0.995= = 1
0.99F E
0.086F el 1] 0.98
0 5 10 15 20 25 30 S S S |
o 1Bl u"' [GeV]

The NNLL resummed predictions and Powheg+MiNLO are strongly
disfavoured by the data and the PS MC are in a good agreement tested using
Pythia8 , Herwig7 and Powheg+Pythia8
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Transverse momentum uncertainties

Z—>W extrapolation: heavy quark masses (varying m¢ by +0.5 GeV and my by
+0.8 GeV), factorisation scale variations in the QCD ISR (separately for light
and heavy-quark induced production),

Relative variations of the pt(W) and pt(Z) are considered.
~ 1.03
©

ATLAS Simulation
(s=7 TeV, pp— W*+X, pp— Z+X

~

=

- : ©1.02
'Higher-order QCD expected to be larg I_y-I .
|correlated between W and Z produced |
by light quarks but a certain degree of 1
decorrelation is expected from heavy-
flavour induced production.

0.99

0.98 — Pythia 8 AZ Light quarks—»W,Z — ct—Z
bb—Z —cd,cs>W — Total
L1 1 1 | L1 1 1 | 11 1 1 | 11 1 1 I 11 1 1 | | I L1 1 | | | N -
09% "5 70 15 20 25 30 35 40
P [GeV]
W-boson charge W+ W~ Combined
Kinematic distribution p% mr p% mr p% mr
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5

Parton shower ug with heavy-flavour decorrelation 50 69 50 69 5.0 6.9
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PDF uncertainties

PDF variations (25 error eigenvectors) of CT10nnlo are applied simultaneously to
the boson rapidity, Ai, and pr distributions.

2 0.012prr e e
£ | ATLAS Simulation ]
Only relative variations of the pt(W) and 3 0-01_ V=7 TeV, Powheg + Pythia 8, W* E
p7(Z) induced by PDFs are considered. 50008 CT10, full -
- B — CT10, pi-constrained ]
0.006 -
Consider largest deviation of pt(W)/pt(Z) for 0004k - R
the parton shower PDF variation: CTEQ6L1 - i
LO (nominal) to CT14lo, MMHT2014lo and M E .
NNPDF2.3lo %5 10 1520 25 30 35 40 45 50
o
W-boson charge W+ W= Combined
Kinematic distribution p% mr p% mr p% mt
Fixed-order PDF uncertainty 13.1 149 120 142 8.0 8.7
Parton shower PDF uncertainty 36 40 26 24 1.0 1.6

The PDF uncertainties very similar between pt and mr but strongly anti-correlated

between W+ and W-. Envelope taken from CT14 and MMHT2014~3.8 MeV.
32



Summary of physics modelling uncertainties

| 1
W-boson charge W+ W= " Combined
Kinematic distribution pL mr pL  mr pL  mr
dmw [MeV] |
Fixed-order PDF uncertainty 13.1 149 120 14.2 | 80 8.7
. A7 tune 30 34 30 34} 3.0 34
EQCD‘ Charm-quark mass 12 15 12 15| 12 1.5
‘ Parton shower pup with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 | 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coefficients 58 53 58 53 | 58 5.3
Total 159 18.1 148 17.2 {11.6 12.9
Decay channel W — ev W — uv
Kinematic distribution Pt mr p& mr
‘_ , omw [MeV]
g EW ! FSR (real) <01 <01 <01 <0.
Pure weak and IFI corrections 3.3 2.5 3.5 2.5
FSR (pair production) 3.6 0.8 4.4 0.8
Total 4.9 2.6 5.6 2.6

The PDF uncertainties are the dominant followed by pt(W) uncertainty due
to the heavy-flavour initiated production.
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Validation and results



Cross checks with Z events

Z tranverse momentum and rapidity distributions in e, mu channels

e e L e > LN =
& 20000F- ATLAS ‘e Data = © 450005~ ATLAS -e-Data =
O 18000 | . Z-e'e = O o 4 AN
= s = 1 | 3 40000E- 1s=7TeV, 4.1 b =
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— L ' T L I— 40000 (T Trrrrryrrrrryrrrrr e T T T T T T T e T T T T T
S 25000/ ATLAS e S = ATLAS -8-Data E
~ E \s=7TeV,4.6fb" W Z-ee . ~ 85000F \s _ 7 TeV. 4.1 fb" AT =
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GCJ 20000 — —] S o E
> - . 5} 25000E- =
15000 — 20000 =
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c ] 10000 -
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Good agreement is obser”vedéSError bars are statistics only.



Cross checks with Z events

> 70000 T T T T I
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Tranverse momentum and transverse mass distributions in e, mu channels
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Cross checks with Z events

n e m, (Fit
pIT’ Zoee ATLAS @ . Stzat. Uncertainty
Vs=7TeV, 4.1-46fb" — Full Uncertainty
| 7 e w=u m, (LEP Comb.)
Pr e B ® +T:ull Uncertainty
p'T, Z— I'l o
my, Z— e*e” ®
My, Z— W ®
my, Z— I'T ®
1 l 1 1 1 I 1 1 1 I 1 L 1 I 1 1 L I 1 1 1 I 1 1 1 I 1
91120 91140 91160 91180 91200 91220 91240
m, [MeV]
Lepton charge A I ; Combined
Distribution s mr s mr | s mr
Amyz [MeV] 37 |
Z — ee 13+314+10 —-934+£38+15 —-20+£31+10 44+38+15 | —3+214+£10 —45£27+15
Z — up 1+224+4 8 —-35+£28413 —-36+22+ 8 —-14+27+13 [—17+14+ 8 —-18+£19+13}
Combined 5+184+ 6 —-58+23+£12 —-31+18+ 6 1+224+12 |—124+124+ 6 —294+16+12

Results are consistent with the combined LEP value of mz
within experimental uncertainties



Backgrounds in W

Electroweak and top-quark backgrounds are

determined from simulation

Multijet background is determined using data-driven

techniques:

- define background-dominated fit regions with
relaxed cuts of the event selection
- template fits in these regions to 3 observables:

pr™iss, mt and pri/mr

- control regions are obtained by inverting the

lepton isolation requirements

W — pv
Category | W—osrwv Z—pup Z—717 Top Dibosons Multijet
W* 0.0 < In] < 0.8 1.04 2.83 0.12 0.16 0.08 0.72
Wt 08 < In] < 1.4 1.01 4.44 0.11 0.12 0.07 0.57
Wt 14 < In] < 2.0 0.99 6.78 0.11 0.07 0.06 0.51
W* 20 < In] < 2.4 1.00 8.50 0.10 0.04 0.05 0.50
W¥ all 5 bins 1.01 5.41 0.11 0.10 0.06 0.58
W all  bins 0.99 4.80 0.10 0.09 0.06 0.51
W™ all 5 bins 1.04 6.28 0.14 0.12 0.08 0.68
W — ev
Category | W—ormw Z—ee Z—77 Top Dibosons Multijet
W* 0.0 < |n| < 0.6 1.02 3.34 0.13 0.15 0.08 0.59
Wt 0.6 < In] < 1.2 1.00 3.48 0.12 0.13 0.08 0.76
Wt 18< In| < 2.4 0.97 3.23 0.11 0.05 0.05 1.74
W all 5 bins 1.00 3.37 0.12 0.12 0.07 1.00
W all  bins 0.98 2.92 0.10 0.11 0.06 0.84
W™ all n bins 1.04 3.98 0.14 0.13 0.08 1.21

J

>
3
| _ — Fit result
§ \s =7 TeV, 4.1 fb” —
[ [ Multijets
= tt + single top
[}
>
L
E 1 05; ........................................................................................................... + 1’1 ...... l ............ + =
© 1 R T aidiad i 5 S PSS R ...-o-o«p. --------------------------------------
b 1+
(DU 0.95H 4 R R e R ++ .......................... 3
0 10 20 30 40 50 60 70 80 90 100
pmiss [GeV]
Kinematic distribution mr
Decay channel W —ev W — pv W — ev W — uv
W-boson charge w+t w- wt w- Wt W~ Wt W~
dmw [MeV]
W — tv (fraction, shape) 0.1 0.1 01 02 01 02 01 03
Z — ee (fraction, shape) 3.3 4.8 - - 43 64 - -
Z — pp (fraction, shape) = = 3.5 45 - - 43 5.2
Z — 77 (fraction, shape) 0.1 0.1 01 02 01 02 01 0.3
WW, ,WZ, ZZ (fraction) 0.1 0.1 0.1 0.1 0.4 0.4 0.3 0.4
Top (fraction) 01 01 01 01 03 03 03 03
Multijet (fraction) 3.2 3.6 1.8 24 8.1 8.6 3.7 4.6
Multijet (shape) S 31 16 15 86 80 25 24
Total 6.0 6.8 4.3 5.3 12,6 134 6.2 7.4
~ — — ~
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Summary of different corrections

After all corrections are applied, consistent results are achieved between
different channels, observables, categories, charges and only after results were

unblinded.
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W control distributions: eta, pT
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W mass-sensitive distributions: pt' and mr
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Consistency of the results

The consistency of the results was checked in the different categories but also in different

pileup, ur and uy bins

= 8000 s Ap, (W) @Stat. Unc =000 s Ap,W) DSt Unc
S 80650 Vp (W) —Total Unc. S 80650 Vp (W) —Total Unc.
= E Vs=7TeV,4.6fb" Am (W) [Stat. Unc. = EVs=7TeV, 4.1fb" A M (W) [Stat. Unc.
E§80600:— . , ¥ m (W) —Total Unc. EESOGOO: | | V¥ m(W") —Total Unc.
805500V &V | | — Comb Fit [JTotal Unc. 80550 W 1Y i — Comb Fit [JTotal Une.
80500 5 i 5 80500 | | ;
80450E- | | | 80450;— * | | + |
80400F- | ? - + 804005 * ? * 1 + ?

" | } | ! : — R 1 | - || .
80350;—+ ++ . + . . # 803505—+ : + + : ALy
80300F- | + + | | 80300F ; ; |
80250 | | | 80250 5 5 i
80200° : l ! 80200E ! : |

0.0<n|<0.6  0.6<[n|<1.2 1.8<[n|<2.4 0.0<i|<0.8 0.8<M|<1.4 1.4<|<2.0 2.0<[n|<2.4

Category Category
e 0 L MM B o = o e s
pl, W Ty ATLAS | = Stat. Uncertainty
WP | Vs=7TeV,4146f" ——e— " = m (LFJEﬁec;t:r:éy)
me, W= T s Stat. Uncertainty
m;, W—Tlv PS Full Uncertainty
My, W= Fv o—
= e .
mpyWooev | _TToooe o ...
P, W uty °
m,Weoswv | TIIio- e .
me-pl, Wi Iy ——
m; pl,W_—>|V — .
me-pl, W= Fv | RPN M B PP | |

80280 80300 80320 80340 80360 80380 80400 80420 80440 80460
m,, [MeV]
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Results mwy = 80369.5 £ 6.8 MeV (stat.) + 10.6 MeV (exp. syst.) = 13.6 MeV (mod. syst.)
= 80369.5 + 18.5 MeV,
Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EWK PDF Total | x?/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.
mr-ph, W, e-pu | 80369.5 | 6.8 66 64 29 45 83 55 92 185 | 2927
mwy+ — my- = —29 + 28 MeV
I | ;‘ B L N
ATLAS ® my [0) - ATLAS ~— m,, =80.370 £ 0.019 GeV 1
== Stat. Uncertainty 9 80'5:_ B m =172.84 £0.70 GeV _:
— Full Uncertainty EE - . m, = 125.09 +0.24 GeV 1
80.45— # 68/95% CL of m,, and m, —
LEP Comb. @-5037633 MeV B -7
Tevatron Comb. @-80387+16 MeV 80.4 __ __
LEP+Tevatron @-50385:15 MeV 80.35F -
ATLAS @ i B MY 8030 & s 68/95% CL of Electroweak’
- Fit w/o m,, and m, 7
Electroweak Fit 80356+8 MeV - (Eur. Phys. J. C 74 (2014) 3046)
| |. | I 80.25—— Lo L
80320 80340 80360 80380 80400 80420 165 170 175 180 185
my, [MeV] m, [GeV]

The result is consistent with the SM expectation, compatible with the world average
and competitive in precision to the currené;%y leading measurements by CDF and DO



Conclusion

The first LHC measurement of mW = 80370+/-19 MeV is public now arXiv:
1701.07240v1 after many years of effort in the ATLAS collaboration.

The central value is consistent with the SM prediction and with the current world
average value.

80370+19 MeV

G




Perspectives

The uncertainty is dominated by theoretical modelling uncertainties, therefore
more worK in this direction is required and a fully consistent model within one
simulation tool is needed

Number of theoretical papers

200t

Not yet the same picture
as for the 750 GeV excess :)

H of papers
S @
S 9

)]
o

21/12/15 04/01/16 18/01/16 01/02/16
Date

More data are available with the 8 and 13 TeV datasets which can be used to
improve the analysis and to further constrain the PDFs. Experimentally, with
the increase of the statistics in Z sample, most of the calibration uncertainties
can be reduced. While more work is needed (already started) on the recoil
with the increasing pileup.



