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W mass at LHC
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How! to measure the W mass

miss (1 — cos Ag)

> Use leptonic decay e/u channels i
> Sensitive variables to W mass: p(e/u), m;, pt(MET):
Jacobian edge provides the mass of W




How! to measure the W mass

90 100 110 120

» m;method: > pr(l) method:
* Insensitive to p(W) » Sensitive to p(W): PDF, PS,UE
* Reconstruction of p;(v) « Sensitive to W helicity (+1,-1,0)
sensitive to hadronic response (different from Tevatron)

and multiple interactions



Measurement Overview

precise charged lepton measurement
Y, isthe key
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(h.““u__;\!eulrinu
Recoil measurement allows T .

inference of neutrino E; \

> Use Z (-->ee,uu) to derive “physics model” for recoil and lepton
calibration

> Validate the physics model by extracting m, from p(l) and m;

> Extract m,in several categories and combine



flavour decomposition of W cross sections

100

% of total o (W'+W)

Pr(W)

pr(l)

ATL-PHYS-PUB-2014-015

CuTe NLO+NNLL ' CuTe NLO+NNLL
pp — W* :

— Vi
— Vs
v
Ve

_Vcb

Vs (TeV)

Heavy-flavor-initiated processes play a larger role (25%):

5% at Tevatron, especially due to strange sea PDF
Different rapidity dist. for W*, W- (larger gluon-quark contribution too)
Hard to extrapolate to W from p;(Z) data

Tevatron: mostly one polarization +1 for W+, -1 W-,
but at LHC, (+1,-1,0) for W+
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Event sample at ATLAS

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

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

||||||||
1

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

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

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

W+ — Ty 1283332 1063131 1377773 885582 4609818
W= —=u v 1001592 769876 016163 547329 3234960

CDF ATLAS LHCDb

|7¢| range 0-0.6 0.6-1.2 1.8-2.4 Inclusive
W+ ety 1233960 1207136 956 620 3397716
W= —e v 969170 908 327 610028 2487 525
PN
W samples at ATLAS 7Tev \  8Tev 13 TeV

(W-ev,uv): ~4.5 fh ~20.3 fbt ~30 fbt
15x10° 80x10° 190x10°



Electron Calibration

Electron energy measurement from the EM calorimeter

CorMor scale and resolution are derived from the Z events:
phi ent corrections are important for MET

Validations using J/Psi—>ee, Z>eey (~0.05%)

Eur.Phys.J.C 74 (2014) 3071

Electrons, n|<0.6 +Jly —ee
#7Z > ee

Calibration uncertainty

Ine| range Combined
P— ——tee Kinematic distribution ps  mr

omy [MeV]

(o7 TeV, [ Lot 47" Energy scale 8.1 8.0

10 20 30 40 50 60 70 80 90 100 Energy resolution 3.5 3.5
Energy linearity 34 55

Energy tails 23 33

Reconstruction efficiency 72 6.0

Identification efficiency 73 56

Trigger and isolation efficiencies 0.8 0.9

Charge mismeasurement 0.1 0.1

Total 142 143

{5=8 TeV, f Ldt = 20.3 b

2 -15 1 05 0 05 1 15 2
n




Muon Calibration

> Muon identified from combined ID+MS tracks, but momentum
measurment from ID only simplifies calibration

> Calibration factors from ID-only muons from Z->uu and sagitta bias from
Z->uu and E/p of W(+ -)éev (~0.05%)

T
— ATLAS +Data
C Vs=13TeV, 2.71b" —MC
Syst. uncert.

PP = pYCX 1+ a0, 8)] X |1+ Beun () - GO, 1) - pY€]

data
data,corr  _ P T

T ~ 1+q-6.¢) - i’

lIIIIlIIIlIIIl'

[17¢] range [0.0,0.8] [0.8,1.4] [1.4,2.0] [2.0,2.4] Combined

Kinematic distribution Py omr ph omr o pL omr Py mr  py mr

omy [MeV]
Momentum scale 89 93 142 156 274 292 111.0 1154 84 88

“F Jp—uu

[7¢| range Combined
Kinematic distribution pr mr

- Reconstruction é (5m‘ v [l\[eV]

—&— Trigger

lsolation Momentum scale 8.4 8.8

Momentum resolution . 1.2

Sagitta bias 0.6 0.6
- Reconstruction and

gggg_ 004108 s 006120005 isolation efficiencies 2.7 22

0.096F- ~#-08dh<1 4 dope= 0045 £009 : ; Trigger efficiency 4.1 3.2

0.995— -%- 20<h1<24, dope =0.103 £ 0065 - TP ]
[ R R - =
0016 0018 002 0022 0024 0026 0.028 Tota-l 9.8 9.7
1/<p,(1)>[GeV'] .
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Recoll Calibration

> Vector sum of the all cluster momenta—>a measure of p{(W)

> Calibpscale and resolution corrections from the p; balance in Z
even

ATLAS ATLAS
\s=7TeV,4.1fb"

S \s=7TeV, 4.1’
—4— Data —-Data
—#- Z—puu (before corr.) =

—i~ Z-uu (before corr.)
—4— Z—pu (after corr.) / —4— Z—uu (after corr.)

_ N W A O N

40 45 50
Pl [GeV]

25 30 35 40 45 50
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15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50

® Data

. W-boson charge Combined
—— Z—-pu'u (before corr.) . i R . . ¢
[ Z-u'u- (after corr.) Kinematic distribution PT mr

omy [MeV]
() scale factor 0.2 1.0
LE7 correction 1.0
Residual corrections (statistics) 2.0 2.7
Residual corrections (interpolation) 1.4 3.1
Residual corrections (Z — W extrapolation) 0.2 5.1

\s=7TeV, 4.1 fb"

Events / 2 GeV

Data / Pred.

40 50

uZ +pl [GeV] Total 2.6




Physics modelling

> W, Z samples are generated by Powheg + Pythia 8.
> Eac*eweighted to include the higher-order QCD and EWK

cor S, as well as the fit results to match kinematic distributions

» EWK corrections:
QED I/FSR and missing higher order

» QCD corrections:
p+(W), W polarisation and rapidity

N 7
m) ’1 (1 + cos? ) +ZA,'(]?T,)’)P:'(0039»¢)
i=0

Parton Shower

> Ihe Z cross section is reorganized by factorizing the dynamics of the
boson production and kinematic of the boson decay

> Use this model to fit the free parameters of the model using Z events

12



Rapidity:and angular coefficients

> The rapidity dist. and Ai coefficients modelled with NNLO predictions and
the Cm PDF: validated by 8 TeV Z data

> Ther ity dist. is very sensitive to PDF. (the CT10nnlo PDF is consistent
with the unsuppressed strange quark PDF.

700 ATLAS + Data ATLAS + Data
\1s=7TeV,4.6fb" 5 DYNNLO (CT10nnlo) 1s=8TeV,20.3fb" = DYNNLO (CT10nnlo)
pp—-W X pp—Z+X

oy
=
E—
kS
3

350F- - Data (W)
—+ Data (W)
300E" = Prediction (CT10nnlo)

25002040608 1 12141618 2 2.2 24 80 100 100

| p! [GeV] Pl [GeV]

> Good agreement »> An observed discrepancy for A,

W-boson charge Combined
Kinematic distribution ~ p§  mr

Angular coeflicients 58 53

13



Z transverse momentum

> Paw MC Pythia 8 tuned to the p{(Z) data — AZ tune
> Be o for py(Z) <40 GeV

ATLAS
\s=7TeV, 471"

E== pata uncertainty
— PYTHIA8 4C

T[] pymHiRe Az

Prediction/Data

Tune Name AZ

Primordial k1 [GeV] 1.71£0.03
ISR o™ (nz) 0.1237 + 0.0002
ISR cut-off [GeV] 0.59 +0.08

2, /dof 45.4/32

» Pythia 8 is used to transfer T
W -boson ch:
from the p,(Z) to the p,(W) Kine(:lblz?i: dcilzﬁjbution (;?mblr:::
dist. and to evaluate the theory T
uncertainty on the W/Z p; ratio A7Z tune 30 34

14



W transverse momentum

> The Pythia 8 AZ tune is used to extrapolate to W, considering relative
variations of the W and Z p; distributions

> The Pythia 8 predictions are softer than the NNLL resummed predictions
(DYRES,Resbos, CuTE) for a give Z p; distribution

> But the resummed predictions disfavored by the data, and the Pythiais in
a good agreement: the extrapolation works!

truth-level

—4— Data

-1 .
1.3 \s=7TeV, pp—Z+X, 4.7 fb =% Pythia 8 AZ Tungl
1.0F-1s=7TeV, pp->W+X, 30 pb?!

ATLAS Simulation
Vs=7 TeV, pp— W+X, pp— Z+X

ATLAS Simulation
Vs =7TeV, ppoWi X
Pythia 8 AZ
—— Powheg + Pythia 8 AZNLO
DYRES

- - - Powheg MINLO + Pythia 8

N
<
©
©
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== Pythia 8 AZ
—— DyRes 1.0
—— Resbos

30 32 34 36 38 40 42 44 46 48 50
P, [GeV]

» Current precision of the data (~3%) and broad bin size (~8 GeV) limitin
reducing syst. uncertainty

» Measurements with ~ 5 GeV bin size with ~1% precision will be useful



W pruncertainties

> Prwh heavy flavor quarks makes a difference between W and 2

> Bu er QCD effects are mostly correlated between W and Z
produced by light quarks

ATLAS Simulation
Vs=7 TeV, pp— W +X, pp— Z+X

--- LO PDF W* — Total W*
LO PDF W — Total W

W-boson charge Combined
Kinematic distribution p{; mr

Charm-quark mass 1.2 1.5
Parton shower pup with heavy-flavour decorrelation 5.0 6.9
Parton shower PDF uncertainty 1.0 1.6




PDE uncertainties

PDI‘W series of CT10nnlo are applied simultaneously to the

bos , Al, and p; distributions

Only relative variations of the pT(W) and pT(Z) induced by the PDFs are
considered as the PDF uncertainty

ATLAS Simulation
Vs=7 TeV, Powheg + Pythia 8, W*

CT10, full
— CT10, pZ-constrained

Rel. uncertainty

» PDF uncertainties are anti-
correlated between W+ and W-

W-boson charge Combined
Kinematic distribution ¢ : mr  pt my

Fixed-order PDF uncertainty 13.1 149 120 142 8.0 87 17



Summany. of: physics modelling
W-boson charge Wt Em

Kinematic distribution p:  mr pr  mT

5mw’ [MeV]

| Fixed-order PDF uncertainty 8.0 8.7

| A7 tune 3. . 3. 3.0 34
QCD Charm-quark mass . : .. : 1.2 1.5
Parton shower pup with heavy-flavour decorrelation . . . 5.0 6.9

Parton shower PDF uncertainty . 4. . y: 1.0 1.6

Angular coeflicients : ¥ . - 58 5.3

Total 1.6

» PDF uncertainties is the dominant followed by pT(W) uncertainty
due to the heavy-flavor initiated production

ISR using Pythia8,
and FSR using Photos

Decay channel
Kinematic distribution

' omw [MeV]
EW| FSR (real) <01 <01 <01 <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

Total 4.9 2.6 5.6 2.6
QED emission of pairs : formally of higher order, but a significant additional
source of momentum loss




Backgrounds

> EW kgds are estimated by using MC
> Mu gds is done using data-driven techniques

ATLAS —— Data

\s=7TeV, 4.1 1" —/ w_ieﬁldn+ EW

[ Multijets
tt + single top

Events / 2 GeV

Kinematic distribution Pr mr
Decay channel W = ev W = uv W = ev W — uv
W-boson charge wt o ow-owtoweowtoowe wt W

dmw [MeV]
W — 7v (fraction, shape) 0.1 0.1 . 0.2 0.1 . 0.1
Z — ee (fraction, shape) 3.3 48 - 4.3 6. -
Z — pp (fraction, shape) — - 3.5 4.5 - —~ 4.3
Z — 77 (fraction, shape) 0.1 0.1 . 0.2 0.1 .- 0.1
WW WZ, ZZ (fraction) 0.1 0.1 . 0.1 04
Top (fraction) 0.1 01 0. . 0.3

Multijet (fraction) 3.2 36 8 2 8.1

\ 3.1
10 20 30 40 50 60 70 80 90 100

p$iss [G eV]
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Events/ 0.5 GeV

Data / Pred.

Events/ GeV

Data / Pred.

Wiprand m+ distributions

ATLAS

\s=7TeV, 4.1 fb’

34

x10°
ATLAS

\s=7TeV, 46"

-@- Data
WW'- ptv
[] Background
x2/dof = 20/39

44 46 48 50

P! [GeV]

-@- Data
WmWoe'y
[] Background
x2/dof = 54/59

110 120
m; [GeV]

Events/ GeV

Data / Pred.

Events/ 0.5 GeV

Data / Pred.

\s=7TeV, 4.1’

\s=7TeV,4.6fb!

-@- Data
WW-uv
[] Background
x2/dof = 29/39

44 46 48 50
P! [GeV]

-@- Data
EW-—eV
[]Background
x2/dof = 55/59

10 120
m [GeV]

Fitting ranges:
32<pr <45 GeV,
66<mr<99 GeV

20



Summary of corrections

> Aftg’rections are applied, consistent results are
ob

21



leston Z Mass using one lepton

ATLAS
Vs=7TeV,4.1-46fb"

91120 91140 91160 91180 91200

® m;, (Fit)
= Stat. Uncertainty
—— Full Uncertainty
== m; (LEP Comb.)
+ Full Uncertainty

91220 91240

m, [MeV]

Lepton charge

Distribution j mr Py

Amy [MeV]
Z — ee
Z — pp
Combined

13£31+£10
1+22+ 8
5+£18+ 6

-93+38+15
-35+28+13
—-58+23+12

-20+31+10
-36+22+ 8
-31+18+ 6

4+38+15
-1+£27+13
1+£22+12

Combined
mry Pr mr

-3+£21+10
-17+14+ 8

-45+27+ 15
—18+19+13

-29+16+12

-12+12+ 6

> Results are consistent with the combined LEP values within

uncertainties

» m;method slightly lower due to recoil modeling?



Consistency Checks

> Res re checked in different categories, but also in
dif up and u; bins

Ap (W) [JStat. Unc. Ap.(W') [JStat. Unc.
ATLAS v p:(W ) —Total Unc. ATLAS ¥p, (W) —Total Unc.

\s=7TeV, 46" A m(W')  []Stat. Unc. Vs=7TeV, 4.1’ A m(W") [JStat. Unc.

¥ m (W) =Total Unc. , . v m (W) ) —Total Unc.

J

Lty

0.0<Ir]1|<0.8 0.8<m'|<1.4 1.4<|n||<2.0 2.0<h‘|'|<2.4
0.0<n|<0.6 0.6<m|<1.2 Category

23



Channel

mr-Fit

W* = v, Ipl < 0.8

W 5w, 08 <y <14
WH s 1d <y <20
W s> u,20<p <24
W= — uv.Inl <08

W uw08<p<14
W s 14 <y <20
W w20<p <24
W* s evnl < 0.6

W* s en06<|p<12
Wt senl,8<ip<24
W~ s evinl <06

W™ ser06<p<12
W™ servl8<|pl<24
pr-Fit

W* = uv.Ipl < 0.8

W 5w, 08 <y <14
Wt s 1d <y <20
W s> u,20< g <24
W= — uv.Inl <08

W u08<pl<14
W s 1ld<|p <20
W5 w20<|p <24
W* = enlnl < 0.6

W* s en06<|p<12
W senl,8<pl<24
W~ s evinl <06

W~ =serv06<p<12
W™ serl8<|pl<24

80352.9
80381.5
80352.4
80415.8
80297.5
80423.8

80336.5
80345.8
80344.7
80351.0
80309.8
80413.4

Elec.

Recoil

> W pT(l):
lepton calib. (15~35 MeV)

24



W mass combination

Combined Value | Stat Elec. Recoil Bckg. QCD Total | y?/dof
categories [MeV] | Unc. . Unc. Unc. Unc. Unc . . Unc. | of Comb.

my, W+, e-p 80370.0 | 123 . 6.7 14.5 9.7 94 : 9 309 2/6
my, W~ e-p 80381.1 | 139 . 6.6 1.8 102 97 : 2 305 7/6
my, W*, e-u 80375.7 | 9.6 " 55 13.0 83 96 : 2 251 11/13

803520 [ 96 . 84 25 52 83 ) S 235 5/6
803834 [ 10.8 . 8.1 25 6.1 8.1 ) S 236 10/6
803694 [ 7.2 . 6.7 25 46 83 ) . 18.7 19/13

80364.6
80345.4
80359.4
80349.8

80382.3
80381.5
80364.1
80398.6
80382.0

13.5 . 144 132 128 95 : 30.8 8/5

117 0 160 38 74 83 5 7 274| 15
12.9 0 151 39 85 84 4 4 276| 85 > Lepton & pT(l),

90 00 147 33 61 83 51 90 29| 111 mT(W) correlated:

101 107 00 25 39 84 60 107 214| 77 :
130 116 00 130 60 96 34 112 212| 37 lepton effect is

114 4 00 40 47 88 5. 6 212| sa reduced
12 o 0 00 41 57 84 5 8 274| 37
00 37 43 86 5. 9 210 1015 :
m—r—p}. ‘ 80352.7 82 31 55 84 -5 6 24| 713 » PDF anti-corr.

mr-po, W~ e;l 80383.6 7.8 33 6.6 83 . . 234 15/13 for W+ and W-
mr-p5. W=, e ..,,|80369.5| 6.8 6 64 29 45 83 5 2 185| 2927

| 80347.2 | 9.9 . 14.8 2.6 57 82 ) 23.1 4/5
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ATLAS W mass results

Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EWK PDF Total | x?2/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. § of Comb.
Cmr-ph, WE e-u | 80369.5 | 6.8 6.6 6.4 2.9 4.5 83 55 92 185 29/27

80369.5 + 6.8 MeV (stat.) + 10.6 MeV (exp. syst.) £ 13.6 MeV(mod. syst.)
- 80369.5 + 18.5 MeV,

R

— Total uncertainty

Stat. uncertainty

LEP combination
Phys. Rept. 532 (2013) 119

DOII
PRL 108 (2012) 151804

ATLAS
EPJC 78 (2018) 110

LHCb
JHEP 01 (2022) 036

CDFII
Science 376 (2022) 170

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

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




Comparison with CDF

Modeling

PHOTOS+HORACE PHOTOS Pythia+PHOTOS+Herwig . . .
o |rorsrona]_mows_ o] Gneortaintios (i MoV)

| ceoF | ATLAS | LHob
 sttistical | 64 | 68 | 23
Lepton energy/ . .
Levtoneneray/ | 5 ()16 (e) | (07 () | 7 ()
PR | 4 | 7T | 9
Model (excl.

et | a5 | e | v
s | ea | s | aa
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W boson helicity

pp - W*'; Vs =7 TeV

—— Spin correlations
No spin correlations

#4: No spin correlations
W A = +1 symmetric
{lIl} Spin correlations
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Elavor decomposition

flavour decomposition of W cross sections flavour decomposition of Z’ cross sections
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