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Outline

 Past
- W-boson mass at 7 TeV : https://arxiv.org/abs/1701.07240

* [Future perfect

- Re-analysis / update of the former

* Future
- Status of mw combination project

- Ongoing measurements with new(er) data : talk by Zhibo Wu tomorrow
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Prediction of my In the SM - snapshot
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L’ a(0) ~ 1/137.. - a(mz) ~1/128.9
- talk by Chen Wang tomorrow



Prediction of my In the SM - snapshot

my [GeV]

Nowadays:

- Inputs: &my,~ 0.7 GeV
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- Output : my, = 80.356 +/- 0.008 GeV

- talk by Chen Wang tomorrow



The W boson mass in proton collisions

Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST

755

B EXPERIMENT

N W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

ne+)= -0.42

E.™ =26 GeV

M. =57 GeV




The W boson mass in proton collisions

Incomplete kinematics (missing neutrino!)

— no invariant mass

— rely on measured guantities, and exploit
momentum conservation in the transverse plane

Event representation :

Main signature :

single electron or muon

Recoil : sum of “everything else” reconstructed

—] Py
Pr J

in the calorimeters; a measure of p;w.z

Derived quantities :
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The W boson mass in proton collisions
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Physics corrections

— all carry uncertainties to be quantified!
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The W boson mass in proton collisions

* Detector effects, also with uncertainties :
- Lepton calibration and resolution;  Missing E+ resolution ~ 5 — 15 GeV

- Efficiencies and acceptance ~15% (with non-trivial kinematic dependence!)
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1/N dN/dp

The W boson mass in proton collisions

 Mass measurement : produce models (“templates”) of the final state
distributions for different mass hypotheses; compare to data
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W-boson production at the LHC

A proton-proton collider is the most challenging enviroment to measure m_, worse
compared to e+e- and proton-antiproton

proton antiproton proton proton
u u = W 5 (u
: ™ Negligible . ! "
d N - C ) =
h= uv le =

u
s

In pp collisions they are equally
distributed between positive and
negative helicity states

Further QCD complications ‘

In pp collisions W bosons are mostly
produced in the same helicity state

» Heavy-flavour-initiated processes
Large PDF-induced W-polarisation
uncertainty affecting the p_ lepton

distribution

» W+, W- and Z are produced by different
light flavour fractions

@ Larger gluon-induced W production

Larger Z samples, available for detector calibration given the precisely known Z
mass — most of the measurement is then the transfer from Z to W



Measurement overview

» Physics modelling

@ Calibration

@ Z-boson cross checks

* Background

» Combination

» Build the physics modelling by supplementing the
MC samples with higher-order corrections and
fits to DY ancillary measurements

» Use Z - Il events to calibrate the detector
response to the energy scales and resolutions of
the leptons and of the recoill

» Validate the physics modelling and the
calibration by extracting m_ from p_lepton and
m_in the Z sample

» Estimate and subtract the backgrounds in the W
sample

» Extractm in several categories and combine.

The categorisation validates the detector
calibration and physics modelling and improves
the accuracy



Physics modelling strategy

» We call physics modelling the theoretical prediction used to extract the W
mass from the observed distributions in data, and the way theory
uncertainties are addressed.

» The DY cross section can be reorganised by factorising the dynamic of the
boson production, and the kinematic of the boson decay:

h 7
[ (1+cos?0) + Z A; (pT, y)P;(COSD
i=0

Breit-Wigner “_ Parton Shw

NNLO pQCD <

» This factorization allows buliding a composite model, and using the most
appropriate or accurate model for each term.

» A fundamental aspect of the model is the use of ancillary DY measurement for
validation, and, when possible, to fit the free parameters of the model and
assess the uncertainties.

» Within the W-mass analysis, further validation of the model is provided by Z-
mass fits, W-boson control plots, and compatibility of m  categories



Physics modelling - pr

» The Pythia8 pT-ordered parton shower is
used as model for the p_ W

Data uncertainty ATLAS |
1.4f — PYTHIA8 4C
r PYTHIAS AZ

Prediction/Data

» The parameters of the model are fit to
the p_ Z measurement at 7 TeV (AZ tune)
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» The Pythia8 AZ tune describe the p.Z

data within 2% inclusively and in rapidity 100F
bins

1 1 ° 1,02E = g

» Pythia8 is .use.-d tq transfer from the p_ Z to § b o ot i
the p_ W distribution and to evaluate S 098E . 3

T 8 0 5 10 15 20 25 30

theory uncertainties on the W/Z p_ ratio Uy [GeV]
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Strong interaction effects

 Transverse momentum distribution
- Z-based model tuning (Pythia) + Z - W extrapolation uncertainties
* HQ mass treatment and PDFs

Measurement precision ~0.5%
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Summary of QCD uncertainties

W-boson charge w* W~ Combined
Kinematic distribution py  mr pL  mr  pL mp
omy [MeV]
Fixed-order PDF uncertainty 0 I 0 A R R
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 1.2 15 .2 L
Parton shower ug with heavy-flavour decorrelation 50 69 50 69 50 69
| Parton shower PDF uncertainty e 1 TR {2 — | 1.0 1.6
Angular coefficients 58 53 58 53 58 53
Total 159 18.1 148 17.2 11.6 129

» PDFs are the dominant uncertainty, followed by p_ W
uncertainty due to heavy-flavour-initiated production

» PDF uncertainties are partially anti-correlated
between W+ and W-, and significantly reduced by the
combination of these two categories. (CT10nnlo)

» p, W uncertainties are similar for m  extracted from p_
lepton and from m_




Lepton calibration

The Z boson mass is perfectly well know on this scale of precision, so can be
used to calibrate the absolute scale of the momentum measurements

X103'1"'["‘I"’]"'I"‘I‘"I"']"'I"
_ o - ATLAS —— Calibrated data .
Detector response derived O amnE . — Comected MC
. - 12 2000~ Vs=13TeV,81fb Scale factor uncert. ]
from first principles to ~ C 7 ee .
~0.5% for calorimeters, 2 1500 =
~0.05% for tracking detectors. ; .
1000 -
~0.01% is required here - -
500/ —
mz is known to ~0.002%, - .

80 82 84 86 88 90 92 94 965 98 100

_ —~ -6
Myjpsi t0 ~ 10 M, [GeV]

- used for final adjustments



Muon calibration

Muon identification using combined ID+MS tracks _ o 0 i
» a: radial bias (scale)

Momentum measurement from ID only _ _
e _ _ _ _ » 0. sagitta bias
— simplifies calibration, some loss in resolution

L : @ (3: resolution correction
Parameterisation of momentum corrections: B

orr lL+a(n, ¢)
MC MC
pf[‘ml =pr X 1+ Beurv(n) - G(O, 1) "Pr
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E m Ap~
-0.1 3 .
o45E +§f$eih§§ba| sagitta 3 @ Charge dependent corrections
F —¥ Combined 3

S5 S5 005 1 15 2z @ Scale and resolution corrections
" derived form Z - uu line shape, sagitta
Scale calibrated with 10 rel. unc. bias also from E/pin W - ev



Recoll calibration

The recoil u_is the vector sum of the transverse energy of all the
calorimeter clusters: u_is a measure of p. W

Calibration steps:
» Correct pile-up multiplicity in MC to
match the data

@ Correct for residual differences in the
ZET distribution

hadronic recoil

—_
ur

@ Derive scale and resolution corrections
from the p_balance in Z events

v E 1GeV]

S TR — S ——
® F ATLAS ]

«10° % TE \s=7TeV, 411" =

T oo o B oo S F—#Data E

% 120 o ! I I I. Data i I I =l EL 65 —#— Z—up (before corr.) =H=EE_6-E
Q)] r A TLAS 2t 1 i 5E- == Z-up (after corr.) | E

o 100 \s=7TeV. 41" — Z—p'p (before transf.) 2 = i
o = i ! Z—u*p- (after transf. ] af oy =
Bl Z-pp ) .

-~ - . . :
o 80 =] 3 =
o - 1 2f :
60— — E E

> - . E =
w & ] =T =
40__ —_ E 1 1 1 | 1 1 L 1 1 3
e | 5 10 15 20 25 30 35 40 45 50

20— = P! [GeV]

o ' S 0.2 e
1.05 : _%_ ]

;hj 1¢T1 o lr::T:H:H'HH |||I|| | TU4 o 0 —— r._:w::ﬁﬂ: T A
E 0.95% s P T -!-TT TT- L nl__g‘Q ; .:._'
= @ -0.4f : :
g 0 200 400 600 800 1000 1200 1400 B 535 35 353035 I5 35 %0



Events/ 0.5 GeV

Data / Pred.

 The ~good...

After all i1s said and done...
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Events/ 0.5 GeV

Data / Pred.

160
140
120
100

After all i1s said and done...

The ugly

— ATLAS - ieia
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= [] Background
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Internal compatibility
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ATLAS result

LSRN BLEL R LR T R
S ATLAS e e
DELPHI &
L3 L
OPAL 2
CDF ——
M =80369.5+ 18.5 MeV * gy -
Y, . — 5 ATLAS W' —eguis
) ® Measurement
ATLAS W @0 Stat. Uncertainty
ATLAS W — Full Uncertainty ——
ien b gy gy g pr I Uit ) e
80250 80300 80350 80400 80450 80500
m,, [MeV]

M,, = 80369.5 + 6.8 (stat) + 10.6 (exp.syst.) + 13.6 (model.syst.) MeV

The dominant uncertainty is due to the physics modelling

x?/dof
of Comb.

[MeV] | Unc. Unc. Unec. Unc. Unc. Unc. Unc. Unc. Unc.

Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total
categories

my-ph, W e | 80369.5 |[68][ 66 64 29 45| [83 55 92 |185| 2927

and the largest contributions are from QCD/PDF



A few comments

The W-boson mass measurement does typically not use state of the art theory... which sounds
unfortunate, for such an important test

- Bad reasons : tradition; sociology; disconnection from theory caused by the lengthy
experimental procedures, ....

- Better reasons : being based on detector-level distributions, the measurement requires a fully
exclusive description of the final state (QCD and QED showers, underlying event, ...). Such
tools are generally behind, in terms of perturbative accuracy

Recent developments of relevance for the measurement : N3LO / N3LL QCD; mixed QCD/EW
corrections, new PDFs.

- When not using this, we at least quote the corresponding uncertainties

The “dream tool” for this measurement would be a consistent interface between the exclusive MC
generators and state-of-the-art pertrbative accuracy. A huge challenge!



A few comments

The measurement is currently being re-analysed. Objectives :

Full review of old analysis by a new team; “resurrect” the analysis and maintain it alive
Improvement of a few (sub-leading) systematic uncertainties
Improved statistical methods

« Old : statistical-only template fit; uncertainties from pseudo-data with systematic variations
 New : profile likelihood fit — impacts uncertainties and central value

Modern PDF sets
e CT10 - CT14, CT18, MMHT2014, MSHT20, NNPDF3.1, NNPDF4.0

Measurement of I'w

- evaluate measurement stability under change of analysis procedures

— update our result to state-of-the-art PDF sets and re-evaluate model dependence



Combination of my measurements

DO (4.3+1.1 fbo1) [Phys. Rev. D89 (2014) 012005]
mw = 80375 + 11 (stat.) = 20 (sys.) MeV

CDF (8.8 fbo-1) [Science 376 (2022) 170]
mw = 80433.5 + 6.4 (stat.) = 6.9 (sys.) MeV

ATLAS (4.6 fb') [Eur. Phys. J. €78 (2018) 110]
mw = 80370 + 7 (stat.) + 18 (sys.) MeV

LHCb (1.7 fo-") yHEP 01 (2022) 036]
mw = 80354 + 23 (stat.) + 22 (sys.) MeV

—— Total uncertainty

Stat. uncertainty
Tevatron I combination
PRD 70 (2004) 092008

DOII
PRL 108 (2012) 151804

LEP combination

Phys. Rept. 532 (2013) 119
ATLAS

EPIC 78 (2018) 110

LHCb
JHEP 01 (2022) 036

CDFII
Science 376 (2022) 170
Electroweak Fit (J. Haller et al.)
EPJIC 78 (2018) 675
Electroweak Fit (J. de Blas et al.)
arXiv:2112.07274

80100 80200

80300 80400 80500
my, [MeV]



Objectives

3k Provide endorsed world average combination of hadron collider my results

» Establish a methodology to [Eur. Phys. J. €74 (2014) 3046]

H [y 80.5 T | T T T T e T T T T I

combine present and future measurements 3 - ea% and 5% L cortours [ -
g : W direct M,, and sinz{BLt} measi:rements :
E; L T fit wio M, sinz(ﬂ'?if} d Z widths meagurements J
. . 45 - fit wio M,,, sin®(6 ) and M, m?asuren}nts —
» Enable physics modelling updates 205 B twio My sin'e}y), MURAG WA fheasurements i
of past measurements (i.e. PDFs, pt™V) I : )
80.4 x -
; K - o
»  Properly correlate my and sin? 6" B ) d
eff L M,, =80379+ 0013 GeV |
measurements in EW fits 80.35 | -
F g e -

30-3 L I 1 1

0.231 0.2315 0.232
sin’(6,,)



Combination strategy

sk PDFs main source of correction and uncertainty correlations

2  Other sources very small (EW corrections) or mostly decorrelated (pr W/2)

new __ re CD PDF omEPF correction to reference PDF
m™ = m’ — 5meP — sm W
24 W W 14 cD
5m% correction to QCD modelling
published Improved PDF beyond quoted uncertainties
value predictions extrapolation
myCOF mwP0 MwATLAS

NNPDF31nlo CTEQ66 CT10nnlo

3k Correction applied in a two-step procedure: l l l

1. Correct all measurements to a common PDF/QCD SMwCDF SmyDo SMWATLAS

Target PDF

N/

mwcombi

2. Combine them properly including correlations



Measurement emulation

sk Oiriginal analyses and detector simulations
cannot be easily reproduced

2 Exception is LHCb for which the analysis will be rerun

2%k Use parametrized detector response,
following published information

Z Leptons : n- and pr-dependent energy/momentum scale
as well as resolution and efficiencies

7 Recoail response: include “lepton removal” effects,
dependence on boson pr and event activity

?  Reproduces published distributions at the % level
corresponding to ~1-2 MeV precision in §myQCD.PDF

3k Event selection and fit ranges from publications

W YT p——————————r————————r ey p———————
0: 0. 03 LHC-TeV MWWG Preliminary
v
£0. 025;’ ;
= }
@ I
2 002
s £/
g |
0.01]
0. 005
— COF 5 ulabe
" g - J

%0 55 60 65 70 75 80 85 90 95 100
my [GeV]



Event generators

3k Fully reproduced the event generation chain from the original measurements
DO: Resbos CP (NNLO+NNLL) generated with CTEQB66 (NLO)
CDF: Resbos C (NLO+NNLL) generated with CTEQ6M (NLO)
ATLAS: Powheg+Pythia8 (NLO+PS); yw + Ai at NNLO with CT10 (NNLO)

LHCb: Powheg+Pythia8 (NLO+PS); Ai at NNLO,
as PDF the average of NNPDF3.1,CT18,MSHT20 (NLO)

2k Variety of predictions used to validate the PDF shifts and estimate
the possible need of QCD correction to published mw

7 Powheg (NLO+PS), MINNLOPS (NNLO+PS), DYNNLO (NLO/NNLO F.O.)

2 In addition, updated integration grids from the Resbos authors (dubbed here
Resbos?2) at NLO+NNLL and NNLO+NNLL with improved treatment of spin

correlations [2205.02788]



Ratio to DO Resbos1

Lineshape
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2k Invariant mass distribution shows trends wrt modern generators

Ratio to CDF Resbos1

1.2

T ] T
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OI]1I|IIIIIII|I]iI|l||||[|l|[|i|[|1||

0.95
0.9
—— CDF Resbos1
0.85 —— Resbos2
—— Powheg
0 PR AT S W N T TR WY [N ST SN W T U W T NN M
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my, [GeV]

?  Visible cut of mw<150 GeV in the CDF Resbos sample, small bias on mw

2  Structures at low invariant masses (mw<50 GeV for DO, mw< 70 GeV for CDF)
and small overall slope through the full mass range, negligible impact on mw



Spin correlations in W-boson decay

2k The cross-section for the production of a spin-1 resonance can be expanded
to all-orders in QCD into an angular coefficients decomposition:

do  do
dQ  dmdprdy

1
[ (1+cos’f) + EAO(I —3cos”6) + Aj sin 26 cos ¢

1
+ 5A2 sin” 6 cos 2¢ + Az sin 6 cos ¢

+ Ascos @ + As sin® 0sin 2¢
+ Agsin20sin¢ + A7sinfsing |,

%k A4 the only term at LO QCD; Ase 7 start at O(ag) and remain small

2k Measured to high precision in Z events at the LHC [JHEP 08( 2016) 159, 2203.01602]
and well described by fixed-order calculations (known to O(ag’) [JHEP 11 (2017) 003))
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Spin correlations in W-boson decay
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sk Boson polarisation in legacy Resbos different from Resbosz and other codes

NNLO matching in Resbos
not fully differential
=» affects DO

Issue with Ai resummation,
=» affects CDF/DO

Only unpolarised and A4
resummed, leads to
differences from fixed-order Al

Differences visible comparing
to DYNNLO or MiINNLOPS

Motivates a correction of
Tevatron measurements to
a common QCD calculation



Spin correlations in W-boson decay

2k Impact of change in Ai to the new Resbos well-reproduced by reweighting Ao-4
2  Effect of up to 1% on detector-level distributions

2  Distributions become harder, mw in data expected to decrease

1.015¢ L L W S L L ]
N LHC/TeV MWWG Preliminary ]
1.01 =
1.005 J‘:Hj:FFF‘:r
0.9951 —
0.99:— —— DO Resbos1 _:
= + AD-A4 -

N BesbosZ i | I ]
0'98%2 34 36 38 40 42 44 46 48
P [GeV]

sk Change in the full phase-space Ai modifies the fiducial ptW/Z distribution

01015

Rati

1.01

1.005

l[llll[l[[]

if
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T

i |

LHCf’TeV MWWG Preliminary

1

0.995

0.99

=TIII[IT

—— CDF Resbos1
+ AD-Ad4
ResBos2

I

|

o.gag" =

2

34 36

38

Z Overestimate smw as measurements tune their ptv model to data

a0

42

a4

Z To gauge an uncertainty, change evaluated also constraining the pt" distribution

1 46 Il |
P, [GeV]



Impact of generator updates

e 5m$CD reweighing the DO Resbos-CP NNLO-+NNLL predictions
to the newer Resbos2 at NLO+NNLL

Correction 6m?,_,CD [MeV]
Z Nedgligible effect of pY -constrained No constraint
£ v { v
: Pt mr P Pt My Pr
CorreCtlng yW and Minv Invariant mass < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
i Ao 7.6 10.0 15.8 16.0 12.6 19.5
by Ao coefficient A 24 1.9 1.8 ES) -1.6 1.4
. A 3.0 2.6 29 42 3.0 23
?  Omy, about -10 MeV depending A 5o e o e g Iy
on distribution and ptW constraint A4 2.4 -0.1 0.5 0.1 -0.7 -1.0
Ay - Ay 7.6 7.0 16.0 14.1 9.1 18.9
? ~2 MeV uncertainty from Total 7.6 7.0 16.0 14.1 9.1 18.9
systematics on the emulation ResBos2 73+1.1 84+1.0 16.6+1.2 13.9+1.1 103+1.0 19.8+1.2

Non-closure -03+1.1 14+1.0 0.6+1.2 -0.2+1.1 1.2+1.0 09+1.2




Choice of PDF sets

%k Performed a benchmarking of PDF sets against
Tevatron and LHC cross-section measurements

2  Considering measurements of W and Z
cross-sections from Tevatron and LHC

2 Theory predictions at NNLO QCD x NLO EW

PDF set Chi2/ndf PDF set Chi2/ndf
Cteq66 231/126 CT18NNLO 163/126
CT10 179/126 CT18ANNLO 170/126
NNPDF31 200/126 MSHT20 270/126
NNPDF40 195/126 ABMP16 236/126

do/dy [pb]

Theory/Data

660
640
620
600
580
560
540
520
500
480

1.02f
k:
0.98

s —— NNPDF31

- —e— ATLAS Data h— ::‘Z?I_':‘;o
g . 6 uncorrelated — MSHT20

o o total — GCT18NNLO
- ===Theory + shifts —— ABMP16
— . . i F 1 L L i L 1

3% Modern NNLO PDFs provide the best description, no set gives a xz/ndf—J

% Decision on the final PDF will consider )(2 and uncertainty of the combination itself



Combination — status

* Analysis completed :
— Generator corrections and PDF extrapolations finalized for all experiments

- Results available for a variety of PDF sets : ABMP16, CT14, CT18, MMHT2014,
MSHT20, NNPDF3.1 and NNPDF4.0

* Important messages on the PDF dependence of the measurement

- Compatibility quantified for the full combination, and for relevant subsets of
measurements : LHC only; Tevatron only; “All — 1”

- Final recommendation ; ?

— currently under review by all collaborations



Conclusions

The W boson mass is arguably the most difficult measurement in HEP
- Partial event reconstruction, incomplete kinematics
- Calibrations
- Physics modelling

- Precision goal
First measurement ~2017, with 2011 data. Being updated
Next measurement will use low-pile-up data collected in 2017,2018.

Combination

- At present, it is difficult to quote a conclusive “world average”. The most precise measurement
Is also discrepant.

- Still important work : comparing LEP, Tevatron, LHC measurement results forces to look deep
into the modelling aspects, to “translate” the measurements into eachother, allowing
guantitative comparisons and better studies of model dependence
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