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Why

Fundamental parameter of interest per se

Also an input in electroweak fits. At O(aas):

- 2l
Sin“6 g

My =

[AC[SV + Ay + C;A? + ez Az 4+ co Ay + CQSAQS} MeV,

= sin2 0% — (A + d)A2 + dz Ay + dyAg + do, Ay,)

my

A= (175 Gev

My, = 80359.5

200
sin® 6 = 0.231

533

2
) -1

¢ = 520.5

Ay

dy =27.14

arXiv:1902.05142
arXiv:1803.01853

My

¢, = —67.7
d, = —1.62

Aa(ﬁ)

Aq

cz = 115000.
dz = 6550.

— —1 had(ﬁ'{%)
© 911876 GeV 0

0276
o = —5H03.

do = —96.7

?

_ o (M3)

0119

Cay, = —T71.6

do, = —4.05

A(LEP)
A (SLD)

- 2 lept
sin’e_" @)

sinzel:ﬂm(Tevt.)

—1, (2.4) e

H Global EW fit

-® Measurement

-3 -2 -1 0

© -0)/ o,

indirect

2 3

t



https://arxiv.org/abs/1902.05142
https://arxiv.org/abs/1803.01853

My Measurements

Compatibility tests & combination



Measurements until 2020
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The W boson mass in proton collisions

 The process at leading order, no width :
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The W boson mass in proton collisions

 Natural width :
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The W boson mass in proton collisions

Radiation in the initial state (QCD)

— non trivial transverse momentum distribution

u

v,

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

o

1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1
5000 10000 15000 20000

1 1 | 1 1 1 1
25000 30000
pY [MeV]



The W boson mass in proton collisions

Polarization
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The W boson mass in proton collisions

Radiation in the final state (QED)

- decays leptons lose a fraction of their energy
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The W boson mass in proton collisions
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Summary of physics effects

- all carry uncertainties to be quantified

— PDFs : boson rapidity (- acceptance); pr, polarisation (- distributions)
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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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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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Three slides on 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

3
* Detector response derived > T e R TIRR
. . (0] -  ATLAS —e— Calibrated data .
from first principles to O n — Corrected MC ]
for calorimeters g 2000~ Vs=13TeV,811b" Scale factor uncert. ]
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~0.05% for tracking detectors. £ - i
£ 15001 ]
. . > — ]
~0.01% is required here L - ]
1000 -
* mzis known to ~0.002%, 500:_ E
mJ/psi to ~ 10_6 i | | _

_ _ 80 82 84 86 88 90 92 94 965 98 100
- used for final adjustments m,, [GeV]



Three slides on calibration

* Leptons calibration from “perfectly known” resonances

Events per GeV

6mJ/psi /mJ/psi -~ 106
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Vector-boson production at the LHC

 The magic formula, true to all orders in QCD:

d’>o d’>o

dp,dp, dmdydp;

(1+C052 H)"'Zl- Ai<pT,Y)fi(0»¢>]

production decay

Boson kinematics : polarization

- Not implemented in this way in generators (which evaluate matrix elements and
PDFs) but useful to factor the different QCD modelling aspects, and describe
each component using the most appropriate tool



Transverse momentum distribution

* Initial state radiation involves large corrections, and is in part non-perturbative. W
events are only partly measured (neutrino!)

* Approach : adjust model parameters using Z events, which are close to W’s and can
be measured precisely; extrapolate to W production
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Transverse momentum distribution

Tevatron :

3<103

Z-based model tuning (Resbos); no extrapolation uncertainties,

but validation with W events
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Transverse momentum distribution

« ATLAS.: Z-based model tuning (Pythia) + Z - W extrapolation

— Corresponding uncertainties :
* Treatment of HQ mass and thresholds; HQ PDFs
 PDF assumed in the shower

Measurement precision ~0.5%
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Transverse momentum distribution

ATLAS : Z-based model tuning (Pythia) + Z -~ W extrapolation

- Addressed through synchronized
 variations of the c, b PDFs in the shower
e Variations of the HF quark masses (kinematic parameters in the shower)
e Shower PDF uncertainty...

W-boson charge w+ W~ Combined

Kinematic distribution pfr mr p% mr p% mr

omwy [MeV]
Fixed-order PDF uncertainty 13.1 149 120 142 80 8.7
AZ tune 30 34 30 34 30 34
Charm-quark mass 12 1.5 1.2 15 12 1.5
Parton shower up with heavy-flavour decorrelation 50 69 50 69 50 6.9
Parton shower PDF uncertainty 36 40 26 24 10 16
Angular coeflicients 58 53 58 53 58 53

Total 159 18.1 148 172 11.6 129




I~

crwf’c

Transverse momentum distribution

Z-based model tuning (Pythia) + Z -~ W extrapolation

ATLAS :
- Why Pythia?!
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Transverse momentum distribution

— 0.4
e
* LHCb < 03
- Zdata: pi?, ¢’ A5 E Lo
. ) ) 0.1 F 2<n<45 ‘
- simultaneous fits to myw and pr in E omy = TAMeV/c?

1 I 1 L 1 1 I 1 1 1 1

W events

- repeated for different models:

* Pythia, Herwig
* Powheg+Pythia, Herwig
* Dyturbo




Transverse momentum distribution

e LHCb
B Xz ~ 105/102 Parameter Value
— Decorrelation between pr“and pr\ Fraction of W+ — utv 0.5288 =+ 0.0006
addressed allowing for different Fraction of W~ — v 0.3508 + 0.0005

values of as in the parton shower

Fraction of hadron background 0.0146 + 0.0007
(clearly a knob)

* Imposing asV==as? gives a‘i, 1245 2 0.0004
o 0.1263 + 0.0003
oMw = +39 MeV fintr 1.57 + 0.14 GeV
X* ~ 130/102 Ag scaling 0.975 + 0.026

— supports more flexible model mw 80362 £ 23 MeV




Transverse momentum distribution

* Analytical resummation — now at approximate NALO+N4LL

DY Turbo DY Turba
g B 13 TeV, pp - W, 2/y* B _ 13 TeV, pp —» W, Zy*
glq B m/4 < Mo M, Q=< m; 1/2 < uR;’uF‘ uR;’Q‘ uF/Q <2 ,‘«_..’E B m/4 < oo B Q< m; 1/2 < uRqu‘ uREQ‘ uF/Q <2
b 1.05— b 1.05—
© - o] -
"% I EF
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2 2
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- Essentially removing any uncertainty in the W/Z pT distribution ratio, but....

- flavour-dependent intrinsic kT; heavy-quark mass effects; process-dependent
EWK effects... are not (yet) addressed (and are the things that matter for m\W)


https://arxiv.org/abs/2303.12781

At the end of the day...
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Events/ 0.5 GeV

Data / Pred.

At the end of the day...

* ATLAS
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PDF unc. 9 MeV; envelope 8 MeV (CT10, CT14, MMHT2014)
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At the end of the day...
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Events per GeV!
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PDF dependence
 Recent ATLAS update (ATLAS-CONF-2023-004)

Analysis now/ a profile-likelihood fit (joint constraints on mW and systematics
from the ps' and m+ distributions

— More detailed study of the PDF dependence of the result

-

N
PDF-Set p5[MeV]  mr[MeV] | combined [MeV ]
CT10 80355.6T125  80378.173;% 80355.87137
CT14 80358.0710  80388.8730% | 80358.47%
CT18 80360.171%3  80382.2333 80360.4+153 ‘
MMHT2014 | 80360.3"13) 80386.2*237 |  80361.07'37
MSHT20 80358.9*120  80379.4731% | 80356.3*3°
NNPDF3.1 | 80344.7*'3%  80354.3*2335 || 80345.0"'33 |
NNPDF4.0 | 80342.27153  80354.3*223 | ' 80342.9+153/

~17% improvement in uncertainty from
using a profile likelihood analysis

Large PDF dependence; eg NNPDF4.0
and CT18 differ by 18 MeV.

Estimated PDF uncertainties 3 - 9 MeV.
What to do??



PDF dependence

 Fundamental reason for the difference is not clear, but one can study the
Influence of the pre-fit uncertainties on the fit result.

* Considering CT18 (worst uncertainties) and NNPDF4.0 (smallest
uncertainties) as example :

| T T T T | T T T T | T T T | T T T T ‘ T T T T ‘ T T T T ‘ T
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Nominal PDF unc. _ . = Nominal PDF unc. o stiff |arger
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Scaled PDF unc. (x2) o Bk Scaled PDF unc. (x2) .
80345.9"53 MeV 80358.1227 MeV
Scaled PDF unc. (x3) o . Scaled PDFunc. (x3) ——o———
80347.6"%7 MeV 80363.9°222 Mev
Scaled PDF unc. (x4) ——— Scaled PDF unc. (x4)
80349.3"\ 75 MeV 80371.9°%0 5 MeV \ . \
Scaled PDF unc. (x5) —— [ Scaled PDF unc. (x5) ﬂeXIble Sma”er

| 80349.8"%C MeV | | | 80375.4%29 MeV | |

80250 80300 80350 80250 80300 80350 80400
m [MeV] my [MeV] ~convergence



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). Exclusive
tools are generally behind, in terms of perturbative accuracy

Recent developments of relevance for the measurement
- N3LO/ N®“LL QCD;
- mixed QCD/EW corrections : fixed-order results; difficult to exploit for now

The “dream tool” for this measurement would be a consistent interface between the exclusive MC
generators and state-of-the-art perturbative accuracy. Huge challenge, but ultimately fundamental
for this field.



myw combination

ATLAS Maarten Boonekamp, Jan Kretzschmar

CMS Simone Amoroso, Josh Bendavid, Martin Griinewald
LHCb Will Barter, Mika Vesterinen, Menglin Xu

CDF Chris Hays

DO Boris Tuchming, Chen Wang

Theory Alessandro Vicini

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHC-TEV-MWWG

arXiv:
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https://arxiv.org/abs/2308.09417

Measurements of mw

DO (4.3+1.1 fb-1) [Prys. Rev. D89 (2074) 012005] —
mW = 80375 + 1 -1 (Stat) + 20 (SyS) Mev Stat. uncertainty

Tevatron | combination
PRD 70 (2004) 092008

DO II
— 8 —
PRL 108 (2012) 151804

LEP combination \ ®

CDF (8.8 fb-1) [Science 376 (2022) 170]
mw = 804335 + 6.4 (stat) + 6.9 (sys)MeV  |amns

EPJC 78 (2018) 110

LHCb
—_— . —
JHEP 01 (2022) 036

ATLAS (4.6 fb1) [Eur. Phys. J. €78 (2018) 110] CDFI o

Science 376 (2022) 170

mw = 80370 + 7 (stat.) = 18 (sys.) MeV Electroweak Fi 1 Hallerct al) -

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

LHCDb (1.7 flo") uHEP 01 (2022) 036 80100 80200 80300 80400 80500
mw = 80354 + 23 (stat.) + 22 (sys.) MeV ny; [MeV]



Analysis strategy

* Measurements performed at different times, using different baseline PDFs and QCD
tools : “translate” existing result to common baseline

* Two-step procedure :
- correct to common PDF & QCD accuracy

— combination including correlations

mWCDF mWDO mWATLAS mWLHCb
CTEQG6M CTEQ6.6 CT10nnlo CT18/NNPDF/MSHT20
6mv%CDF émiDO 6r£ ATLAS LHED
\ Common basehne /
mW°°""°"“*“I ... and repeat, for different PDFs
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Measurement extrapolations

* Full procedure, decomposed into generator and PDF effects :

updated — ref . QCD PDF
m = | my + | Omy, + | dmy,
published Improved predictions, PDF extrapolation

_ for reference PDF
 Published measurements :

- CDF: Resbos1 (NLO) CTEQ6M (NLO), corrected post-hoc to NNPDF3.1
- DO: Resbos1 (NNLO) CTEQ6.6 (NLO)

- ATLAS: Powheg+Pythia; rapidy+spin corr. at NNLO CT10 (NNLO)

- LHCb: Powheg+Pythia; spin corr. at NNLO <NNPDF3.1,CT18,MSHT20> (NLO)

« Extrapolations (dmw) evaluated using generator-level reweightings and “emulation” of detector effects

PDF
- omy, PDF targets : APMB16, CT14, CT18, MMHT2014, MSHT20, NNPDF3.1, NNPDF4.0
- 5m3VCD Applies when generators or QCD improvements are beyond the quoted uncertainties.
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Measurement extrapolations

e Measurement emulation

- detector effects matter in the evaluation of
PDF uncertainties and extrapolations

- parameterised responses with ~2%
accuracy allow evaluating PDF corrections
with ~1 MeV precision

e Used for CDF, DO, ATLAS

- The LHCb measurement is “live” and rerun
on request for this project

T soczof dSmw ~ 3 MeV

BOGR0

EO_
H Generator level

£09 L L
o 10 20 ag 0 50

M, shifts under PDF variations m

T

ﬁ| 1 omy ~ 15 MeV

\[ WM W Wﬁ\/\/ fﬂﬂf\ft‘x

Eigensets

41



Emulation (CDF, DO, ATLAS)

Lepton & recoil resolutions from
published information

Event selections, fit ranges as in the
original measurements

Experiment Event requirements Fit ranges

CDF 30 < pir <55 GeV 32 < pf < 48 GeV
Ine|l < 1 32 < p1 < 48 GeV
30 < pp < 55 GeV 60 < mp < 100 GeV
65 < mT < 90 GeV
ur < 15 GeV

DO pT > 25 GeV 32 < p7 < 48 GeV
Ine| < 1.05 65 < mT < 90 GeV
pr > 25 GeV
mrp > 50 GeV
ur < 15 GeV

ATLAS pr > 30 GeV 32 < pip < 45 GeV
Ine| < 2.4 66 < mp <99 GeV
pr > 30 GeV
mT > 60 GeV
ur < 30 GeV

LHCb P > 24 GeV 28 < pl. < 52 GeV

22<n, <44
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Normalised entries / 0.5 GeV

Normalised entries / 0.5 GeV

Emulation (CDF, DO, ATLAS)

0.03__\\\\||||||||||||||\ \\\|||||||||‘||||“_— %0_022:|_|||||||||\|\\||\|| TTTT LA L L L LI L BB \\I_I: 30045;\\\||||\\‘|||| |||\‘\\II|I\\\_,

[ LHC-TeV MWWG —— CDF simulation ] S 02:_LHC TeV MWWG —— PMCS = G E LHC-TeV MWWG —— ATLAS simulation 1

C —— MWWG simulation ] [Te} TE —— MWWG simulation E © 0.04 - — MWWG simulation

: S gootes E g7 ¢ ;

0.021- - = 0.014F 3 £ 0.03 ¢ 3

c ] o 0.0125 = ©0.025 & E

0'015:_ _: E 0 012_ _E E ) £ B

u ] = 0.01F ] = 0.02F 3

C ] = C = = £ 1

0.01— — 5] 0008; E c0.015 | E

C J Z 0.006 — z E 3

0.005= . 0.004 3 0.01 3 §

T 1 0.0025 E 0.005 £ E

Covv el b b b b Ly = T I R N B W S NS B B oE e e e T =
Qo 65 70 75 B0 8 90 95 100 Q0" 5560 85 70 75 80 85 90 95 100 30 35 40 45 50 55 80
m; [GeV] my [GeV] Pl [GeV]

: T T T T I T T T T T I T T I T T T : % 0.04__| T T T | T T T ‘ T T T T T T T T T | LI N T T I__ %0.045 T | T T T ‘ T T T T T T T ‘ T T | T E

0.05—LHC-TeV MWWG — CDF simulation - 0] E LHC-TeV MWWG — PMCS E G} LHC-TeV MWWG —— ATLAS simulation ]

L —— MWWG simulation | g 0.035 —— MWWG simulation 3 g 0.04 —— MWWG simulation

0.04F 4 g ook = 0035 E

- ] B g E £ 0.03 3

C ] % 0.025 — G 3

0.03— — ° E 7 ©0.025 E

C ] 8 0025 3 % E

. 7 2 E E = 0.02 E

N ] E il = E ]

0.02: : ,g 0.015E : 50.015 E

c ] 0.012 E 0.01 3

0.01— 3 ] ' E

C . 0.005 = 0.005 3

:,,,, ] %....|‘...m...lu..l‘...l.‘. E oF e J
% 35 40 45 50 55 5 30 35 40 45 50 55 60 60 70 80 90 100 110 120

P [GeV] Pl [GeV] my [GeV]
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QCD/generator corrections

* Main correction : spin correlations in Resbos1, used in the Tevatron experiments

0.4 f

0.5}

0.3}
0.2}

0.1F

DYNNLO, O(ag)
----- DYNNLO, O(a2)
—— Resbos-C
--- Resbos-CP
- - Resbos2

LHC-TeV MWWG

co b b 1
15 20 25 3

0

35 40 45 50
P, [GeV]

Ratio

T T T T | T T T T

101 e -Tev Mwwa -
1,005 |
17¥
- Resbos-C -
r + AD 7
0.995r + A1 —]
B + A2 b
N +A3 ]
L + Ad _
0.99 + AD-A4 | | |

I Lo I L Lo I L I Lo I I Lo I I Lo
65 70 75 80 85 9
my [GeV]

Effect due to partial resummation of helicity cross sections in Resbosl

0

distributions become harder upon A0-A4 corrections — negative impact on measured value
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QCD/generator corrections

* Main correction : spin correlations in Resbos1, used in the Tevatron experiments

Coefficient mr P PT Coefficient mT T pr

Ao —6.3 —2.6 -9.1 Ao -9.8 —-7.3 —15.6
Ay 1.1 1.3 0.3 Ay 1.9 24 1.8

Ao -0.7 0.4 —3.2 As 3.0 3.3 —2.7
Az -2.1 —4.1 1.0 As -1.6 -2.9 0.4

Ay —-14 -3.3 —-1.6 Ay 0.2 -2.3 0.5

Ao — Ay -9.5 —8.4 —12.5 Ao — Ay —6.4 —6.9 —15.8
RESB0s2 -102+11 -76+12 —-11.8+14 REsBos2 78410 —-66=+1.1 —165+1.2
Difference —-0.7+t1.1 0.8+ 1.2 0.7+1.4 Difference —-14+1.0 0.3+1.1 —-0.7£1.2

CDF DO

- Effect due to partial resummation of helicity cross sections in Resbosl1

— Harder distributions upon A0-A4 corrections - negative impact on measured value 4



PDF extrapolations

 Measurements performed at different moments in time, using the PDF sets
available at the time

- Requires translation to a common reference before combining

- Sometimes significant effects :

PDF set D0 CDF ATLAS W' ATLAS W~ LHCb
CTEQ6 —14.6 0.0

CTEQ6.6 0.0 14.2

CT10 —-0.5 14.3 0.0 0.0

CT14 —8.7 5.2 -1.2 -5.8 1.1
CT18 -7.5 6.5 12.1 -2.3 —6.0
ABMP16 —-179 —24 e —22.5 -3.1 7.7
MMHT2014 —10.1 4.5 —26 9.9 —10.8
MSHT20 —12.9 2.5 —20.9 4.5 —2.0
NNPDF3.1 ~1.0 13.1 —14.1 -1.8 6.0
NNPDF4.0 6.2  20.1 —224 6.9 8.3

M- pT'



PDF extrapolations

e PDF uncertainties and correlations :

PDF set DO CDF ATLAS LHCbH
CTEQ6 — 141 - - fevaton
CTEQ6.6 15.1 - - -
CT10 - - 9.2 - e
CT14 13.8 124 11.4 10.8
CT18 14.9 13.4 10.0 12.2
ABMP16 4.5 3.9 4.0 3.0 ATLAS W
MMHT2014 8.8 7.7 8.8 8.0
MSHT20 9.4 85 7.8 6.8
NNPDF3.1 77 6.6 7.4 7.0 ATLAS W*
NNPDF4.0 8.6 7.7 5.3 4.1
ATLAS W~ ATLAS W' LHCb Tevatron
CT18

Sometime partial or negative correlations - stabilizes PDF effects on combinations?
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PDF extrapolations

e PDF uncertainties and correlations :

PDF set D0 CDF ATLAS LHCb
CTEQ6 — 141 - - Tevaen
CTEQ6.6 15.1 - - -
CT10 - - 9.2 - e
CT14 13.8 124 11.4 10.8
CT18 149 134 10.0 12.2
ABMP16 4.5 3.9 4.0 3.0 ATLAS W
MMHT2014 8.8 7.7 8.8 8.0
MSHT20 9.4 8.5 7.8 6.8
NNPDF3.1 7.7 6.6 7.4 7.0 ATLAS W~
NNPDF4.0 8.6 7.7 5.3 4.1
ATLAS W~ ATLAS W LHCb Tevatron
MSHT20

Sometime partial or negative correlations - stabilizes PDF effects on combinations?
Model dependence!! 48



PDF extrapolations

e PDF uncertainties and correlations :

PDF set D0 CDF ATLAS LHCbh
CTEQ6 141 - -
CTEQ6.6 15.1 - - -
CT10 - - 9.2 -
CT14 13.8 124 114 10.8
CT18 14.9 134 100 12.2
ABMP16 45 3.9 4.0 3.0
MMHT2014 88 7.7 8.8 8.0
MSHT20 9.4 85 7.8 6.8
NNPDF3.1 7.7 6.6 7.4 7.0
NNPDF4.0 86 7.7 5.3 4.1

Sometime partial or negative correlations -

Model dependence!!

Tevatron

LHCb

ATLAS W

ATLAS W" - -0.25 -0.41 0.38
1 1

ATLAS W' LHCb Tevatron

ATLAS W~

stabilizes PDF effects on combinations?

- -

- b

0.11

NNPDF4.0
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PDF extrapolations

e PDF uncertainties and correlations :

PDF set DO CDF ATLAS LHCb
CTEQ6 — 141 - - Tevater
CTEQ6.6 15.1 - - -
CT10 - - 9.2 - e
CT14 13.8 124 114 10.8
CT18 14.9 13.4 100  12.2
ABMP16 4.5 3.9 4.0 3.0 ATLAS W
MMHT2014 8.8 7.7 8.8 8.0
MSHT20 9.4 85 7.8 6.8
NNPDF3.1 7.7 6.6 7.4 7.0 ATLAS W
NNPDF4.0 86 7.7 5.3 4.1
ATLAS W* ATLAS W LHCb Tevatron
ABMP16

Sometime partial or negative correlations - stabilizes PDF effects on combinations?
Model dependence!! 50



Results

Tevatron
CDF (5 d.o.f) DO (4 d.o.f.) Tevatron Run 2 (1 d.o.f.)
PDF set mw b mw b mw OCPDF ' p(x?,n)
ABMP16 80417.3 £ 9.5 8.8 80355.4 4+ 20.9 6.6 80408.2 & 8.9 4.0 7.7 0.6%
CT14 80432.1 £ 15.5 7.7 80370.9 4+ 24.9 5.9 80424.0 +15.2 12.6 7.2 0.7%
CT18 80432.0 + 16.1 7.6 80372.0 + 25.5 5.9 80424.9 4+ 15.9 13.5 7.0 0.8%
MMHT2014 80425.7 +=11.6 7.0 30364.4 £+ 22.3 5.5 80417.4+£11.2 7.8 7.6 0.6%
MSHT20 80424.4 + 12.2 7.6 80362.3 & 22.5 6.1 804159+ 11.8 8.6 7.8 0.5%
NNPDF3.1 80433.3 +10.9 7.6 80372.7 £ 21.9 5.8 80425.0 £ 10.5 6.8 7.4 0.7%
NNPDF4.0 80441.8+11.6 7.2 30381.3 £ 22.2 5.7 80433.4 +11.2 7.8 7.4 0.7%
LHC
ATLAS (27 do) LHCD LHC (1 d.ol)

PDF set mw X mw X mw OPDF X p(x*.n)
ABMP16 80352.8 £ 16.1 31 80361.0 £ 30.4 — 80354.6 +14.2 2.9 0.1 75%
CT14 80363.1 +20.4 30 80354.4 4 32.2 — 80360.4 +16.4 6.5 0.0 100%
CT18 80374.5 +£20.3 30 80347.3 & 32.7 - 80366.5 & 16.6 6.3 0.5 48%
MMHT2014 80372.8 +18.6 30 80342.5 + 31.3 - 80364.4 & 15.4 5.1 0.6 44%
MSHT?20 80368.9 +17.9 45 80351.3 + 31.0 - 80364.3 +15.0 4.5 0.2 65%
NNPDF3.1 803584+ 17.6 29 80359.3 + 31.1 — 80358.6 +15.0 5.0 0.0 100%
NNPDF4.0 80353.5+16.6 35 80361.6 + 30.6 - 80355.4 +14.5 3.8 0.1 75%
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All

All except CDF

Results

All experiments (4 d.o.f.)

PDF set mw OPDF  X° p(xz, n)
ABMP16 80392.7+ 7.5 3.2 29  0.0008%
CT14 80393.0+109 7.1 16  0.3%
CT18 803946 +115 7.7 15 0.5%
MMHT2014 80398.0 9.2 5.8 17 0.2%
MSHT?20 80395.1 £9.3 5.8 16  0.3%
NNPDEF3.1 80403.0 £ 8.7 5.3 23 0.1%
NNPDF4.0 80403.1 £ 8.9 5.3 28  0.001%
All except CDF (3 d.o.f.)

PDF set mw opDF X2 p(xz, n)
ABMP16 80357.3+11.2 2.6 0.4 94%
CT14 80365.4 +£129 5.8 0.3 96%
CT18 80369.2 +13.3 6.2 0.5 92%
MMHT2014 80365.8 +12.1 4.7 0.8 85%
MSHT?20 80365.1 £12.0 4.4 0.4 94%
NNPDF3.1 80364.7 £11.9 4.5 0.4 94%
NNPDF4.0 80364.5 £11.6 3.9 1.2 75%
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Results

LHC-TeV MWWG

—8— ABMP16
—¥— MMHT2014
—4— NNPDF4.0

o CT14 —4— CT18
—%— MSHT20 —i— NNPDF3.1

DO

ATLAS

LHCb ./

CDF

+

80300

80350 80400
my, MeV]

80450
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Results

LHC-TeV MWWG

—o— ABMP16 —— CT14 —4— CT18
—— MMHT2014 —¥— MSHT20 —i— NNPDF3.1
—4— NNPFDF4.0 —=— N/A

LEP
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—_—
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——
——
———
——
—_—
LHC S
e
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—i—
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e
| | \ |
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o
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% —o— ABMP16 —n— CT14 —&— CT18
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E LHC ¥
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- = =
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Results

LHC-TeV MWWG

LHC-TeV MWWG

10
—8— ABMP16 —— CT14 —&— CTI8 E [—e— ABMP16 —— CT14 —A— CTI8
—¥— MMHT2014 —¥— MSHT20 —i— NNPDF3.1 L | —* MMHT2014 —¥— MSHT20 —i— NNPDF3.1
—4— NNPDF4.0 I | —#— NNPDF4.0
TE Excluding CDF ' Eo=g=ts
—— C
—_— L
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—_ -1
—— 10 =
—o— F
. —— —
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—_ g_ C == '
Excluding CDF L ™ - i
,7'—"—'% = 1 -3 =
R T 07E —
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Combination - summary

CT18 PDF sets used as baseline as it is most conservative, and given the observed PDF
dependence of the combination results

Full world average :
mw = 80394.6 + 11.5 MeV P(x?) = 0.5%

— Quoted for completeness, but discarded

- We consider that the discrepancy can not be explained by an under-estimation of quoted uncertainties; error
scaling does not apply

Average of all measurements except CDF :

mw = 80369.2 £ 13.3 MeV P(Xx?) =91%
- PDF envelope 5 MeV (12 MeV when including ABMP16), reduced to partial or negative correlations — good!

- An important positive result : DO, LHCb, ATLAS are all hadron-collider measurement, but experimental
conditions are a different as can be
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Measurement of the p+# distribution

Os extraction
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Measurement strategy

® Exploit the angular variables decomposition to perform a

simultaneous 2D pr-y measurement of £ Bileost,d) 1(1 _ 3c0s26)
® Unpolarised full-lepton phase space cross sections 2 ,
. P1(cos 8, ¢) sin 26 cos ¢
® Angular coefficients 1
P>(cos 8, ¢) 5 sin § cos 2¢
d*o ( 9 P3(cos b, ¢) sin @ cos ¢
14+cos“0+ > |Ailpr,y icos(),gb) 3 &
dprdy Z ( il ) P4(cos 8, ¢) cos
Ps(cos 8, ¢) sin® 0'sin 2¢
Pe(cos b, ¢) sin 260 sin ¢
e This is in practice a 4D measurement \ Pr(cost, ¢) sinfsin ¢
of the DY process in pr,y,c0s6,0
A
A—\\
(X SR o
55 ® Coefficients defined in
A ;
>7 the Collins-Soper frame
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Measurements

fExpected Yield b
Reco (p,%y%m?, cos8, ¢) bin Nana Cross section Bbelaéliground template
(43 z .
N2 (A,0,0) = Z L6, {t&, ZAZJ B)| "+ Z T3(3
=0 A
\ Truth (p.2y%m?) bin Angular coefficient Templated polynom:al 2

® Link detector-level observed cos6,¢ distributions to the MC
template of spherical harmonic polynomials

e Define a likelihood with 22528 (cos0,9,pr,y) bins

® Parameters of interests are the 8 Ai + 1 cross section in pr-y bins:
9 parameters in 176 bins — 1584 free parameters
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do/dp.. [pb/GeV]

T

107°
1™
10-—11

Results

Measurement and uncertainties

T T 'II'II['I]- .[ T ITI'I'III T T l'lfllffx 0| E.' I I D I | LI A | .I:Illlll'l IIII|IIII|IIII[:
ATLAS Preliminary & £  LATLAS Preliminary
[ | 04<|y! <0.8 {>< 10 :| g L pp — Z _
A 0B<|y|<1.2(x10%) n inti -1
o * %o, v 12<li<166109 B gl reRiiates 8TeV, 202" _|
=g ..\ O 16<ly|<2.0(x10% S A Data st E
.\.. O 20<lyl<24(x107) ® - & ]
d . > - MC stat ]
A Ceo 4 Zshlenapiny I - —a— Central electron 1
: ‘o O 28<|yl<3.6(x107) E 5 " MUD”
. R @ 10™E _4  Forward electron =
A F 4 Background =
A - —a&— PDFs 3
B pet] X
© 103 = = =
3 ©- E = =
= 4 C / 3
e - r ‘___‘__ — A -
o _ ol . 1
pp — Z © 104 - 4 & =
-1 A ik
8TeV,20.2fb a - l o 1 ] | i
1 1 | IIIII| | | IIIIIII2 | | 1 Illlll:3 1 1 0 0.5 1 1'5 2 2'5 3 3.5
10 10 GeV
b [GeY] Y,
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Ratio to data

—
ke

Comparison to predictions

Results

T 7T

I LB I LI I T T T

| ATLAS Preliminary

II||‘II||
pp — £

8 TeV, 20.2 fo

NNLO QCD + NLO EW _

PDF set Total )(2 / d.o.f. Xz p-value  Pull on luminosity
MSHT20aN"LO [60] 13/8 0.11 1.240.6
CT18A [61] 12/8 0.17 0.9+0.7
MSHT20 [62] 10/8 0.26 09+0.6
NNPDF4.0 [63] 30/8 0.0002 0.0+0.2
ABMP16 [64] 30/8 0.0002 1.8+0.4
HERAPDF2.0 [65] 22/8 0.005 —1.3+0.8
ATLASpdf21 [66] 20/8 0.01 -1.1+08

09— —e— Data @ CTi18A s

- m MSHT20 -

i B stat. @ syst. + NNPDF4.0 i

R stat. ® syst. @ lumi O ABMP16 i

i (] HERAPDF2.0
0.8 LEeh 898 | 1..8 fg‘.TITA.SP?'.m. i3

0 0.5 1 1.5 2 2.5 3 35

[yl

NNPDF4.0 2 driven by trends in the shape & small
uncertainties (relevant comparison : A vS mm)

E.g MSHT20 brought in ~perfect agreement with data
at the cost of only a 1o pull in the luminosity (one unit

in x°)
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as for from the p+# distribution

* Theoretical setup

- I\/lSHTZOaNSLO = 80
] 3 " pp—>Z,8TeV
— Perturbative accuracy up to aN4LL s I
= 60—
=) B _— — o B
i 13 TeV,pp = Z/y* = I1,p >25GeV, n| <25 L=
% 60 M4 < By 1o Q< My 12 i, 1 /Q, Q< 2 E -
=3 NLL+NLO resummed B
& iy o
_8 - B N'LL+N*LOa resummed
20}

arXiv:2303.12781 2{] [

ratio to N'LLa
l I

-% 1.2~
0 5 10 15 20 25qT [Ge\:?]o o 1_
— NP model characterized by a non- 0.8}—

perturbative Sudakov form-factor 2

_ _ m-?f
Sne(b) = exp |—g,(b) — gk (b) log 02
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as for from the p+# distribution

* Results from a simultaneous fit to as and the non-perturbative parameter g,
profiling experimental and PDF uncertainties

= 12551\

1250

1245

1240

- Alternative analysis performs a complete fit to HERA+ p+* data

— Other uncertainties are not profiled, and added in quadrature

T | T T T T I T T T T

ATLAS

| I L1 1 1 I

_______________

" Vs=8TeV,20.21"

- HERA+Z p
- | T

1

I 11

0117

1 1 I 1 1
0.118

T
0.119

NP
0.120

os(m.)

Experimental uncertainty +0.44
PDF uncertainty +0.51
Scale variation uncertainties +0.42
Matching to fixed order 0 —0.08
Non-perturbative model +0.12  —0.20
Flavour model +0.40 —-0.29
QED ISR +0.14
N*LL approximation +0.04
Total +0.91 —0.88

(x103®)
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N C
é 0.122

3
0.120

0.118
0.116
0.114
0.112
0.110
0.108

Stability tests :

as for from the p+# distribution

perturbative convergence; cut on Q2 of HERA data

- ATLAS 5 S 7 -
C Vs=8TeV,202f" T
= MSHT20 PDF E
O - Z pT ]
C Scale variations 7]
C 1 1 ]
NLL NNLL N3LL N*LLa

"-‘H
E
=

0.119
0.118

0.117

0.120

T l_l T | T T T T |
Ys=8TeV, 202"

HERA+Z p_




as for from the p+# distribution

« Stability tests : PDF dependence

NNLO MSHT20
NNLO NNPDF4.0
NNLO CT18A
NNLO HERAPDF2.0

aN’LO MSHT20

ATLAS

| |
-@ NNLO PDF profiling

-®- NNLO PDF fit
@ aN°LO PDF profiling

0.117

1
0.118

]
0.119

|
0.120

0.121

Full PDF envelope ~twice the total
measurement uncertainty, but driven
by CT18A (envelope still large when
removing this set)

The measurement relies on a tightly,
externally constrained gluon PDF.
CT18 is very flexible here as, g(x)
effects can not be disentangled
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Two slides on the weak mixing angle...

 In ATLAS, extracted from A, in the same data sample as just described :

LEP-1 and SLD: Z-pole
LEP-1 and SLD: Ay
SLD: A,

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS: eescHilL,
ATLAS: ee

ATLAS: 8 TeV

ATLAS Preliminary

—e——

—r—

——

0.231

in2n!
sin“@_,

0232

0.23152 + 0.00016
0.23221+ 0.00029
0.23098 + 0.00026
0.23148 + 0.00033

y | 0.23142 £ 0.00106

0.23101+ 0.00053
0.23080 + 0.00120
0.23119 £ 0.00049
0.23166 + 0.00043

0.23140 = 0.00036

CT10 CT14 | MMHTI14 | NNPDF31
sin? (ngr 0.23118 | 0.23141 | 0.23140 0.23146
Uncertainties in measurements
Total 39 37 36 38
Stat. 21 21 21 21
Syst. 32 31 29 31

0.23140 + 0.00021 (stat.) = 0.00024 (PDF) + 0.00016 (syst.),

PDF envelope 0.0028 — large, but driven by CT10. Outdated PDF sets in general...
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Two slides on the weak mixing angle...
* InCMS

T T T T T T
LEP + SLD —.— 0.23153 + 0.00016
0b I N . -

LEP + SLD: A, — o 0.23221 + 0.00029 CMS Weighted PDF 18.8 fb (8 TeV)

— ] y ' T ' T T T T T T T
SLD: A, —o—s 0.23098 + 0.00026 CT10 . '

T NNPDF3.0 (1000) : .

CDF ee+juy1 9.4 fb — e | 0.23221+0.00046

L | MMHT2014 .
DO ee+pp 9.7 fb” — 0.23095 + 0.00040 CT14 -
ATLAS ee+uy 4.8 o' . 0.23080 + 0.00120 NNPDF3.0(100) = @ ——— & ————

— — 0.229 0.23 0.231 0.232
LHCb pp 3 fb” . 0.23142 + 0.00106 .

R sin“e.,
CMS pp 18.8 0" — o 0.23125 + 0.00060
CMS ee 19.6fb" ! 0.23056 + 0.00086
CMS ee+uu — 0.23101 + 0.00053

| L 1 | i
0.23 0.231 0.232 0.233
sin%e’

eff

sin? 0% = 0.23101 + 0.00036 (stat) + 0.00018 (syst) + 0.00016 (theo) + 0.00031 (PDF’
PDF envelope ~0.0006 (MMHT2014 — NNPDF3.0) 7



Summary

 The PDF dependence of measurements of fundamental parameters is nowadays typically
comparable to the total measurement uncertainty (a fortiori the PDF uncertainty) — we
should improve

- Q :what is the significance of the difference between measurement results using the same data,
but different PDF sets?

- Disentangling effects of
« Different data sets
* Theory predictions
* Parametrisation
* Uncertainty treatment (tolerance or not?)

on the PDF central fits and uncertainties is absolutely fundamental.

* An effort in this direction exists in the LHC EWWG, and very interesting discussion happen
in this collaboration. Joint discussions would be extremely useful.



Back up
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QCD corrections

Reason :

- “inconsistent” resummation of helicity cross sections in Resbosl

 Resbosl : all terms present at leading order are resummed (unpolarized; A4). Others
left at fixed order

* Resbos2 : all terms resummed consistently

. ResBos? Res. Res. Res. Res.

A = o A i o (Tunpul_ a0 ” G-menl_
i — " - = - = = .

G'me{ul ARI—.SBDH (T.F'E]' G.Rm. (T.F'D' (TF'D'

i I unpol. I unpol.
Res. F.O.
AREEBDSE _ T _ 0;
! Res. F.O..°

unpol. unpol.



QCD corrections

e Reason:

- “inconsistent” resummation of helicity cross sections in Resbosl

 Resbosl : all terms present at leading order are resummed (unpolarized; A4). Others
left at fixed order

* Resbos2 : all terms resummed consistently

'a 2.5 [ T T T T | T T T T | T T T T il 'a 2.5 [ T T T T | T T T T ‘ T T T T il
3 I LHC-TeV MWWG Preliminary . 3 I LHC-TeV MWWG Preliminary .
E | S S G R N -
2 C ] 2 = 1 i Mo ]
< 15F 4 < 5B .
1= — A0 - 1 — A0 -
- Al ] e Al ]
os5-¢ e — 0.5 e —
TE - A3 - -+  ees A3 -
= . GHBS'(pT)IGFU'(pT) B ” o GHBS'(F)TVUF'O'(DT) B
0 L Col e ] 0 L T T S S T AT N R N IR P |

0 10 20 30 40 50 0 10 20 30 40 50

P, [GeV] P, [GeV]



 Comparisons between existing Drell-Yan data and “recent” NNLO PDFs

- CDF

Choice of target PDFs

— = 1.2
- 120 P —2Z; \E=1,95Tev;f|_=2,| ' Fa pp—=W —ev; |'§=1,96T9V:J.L= 14 e
T 100 e 1
g @0 0.8
i - 9908.3914
40 0.4 RERE
20 9901.2169 0.2
0
_pgf. — COF Data — ﬁ-";::'& 0.2E CDF Data — ﬁ::_rll_:a
+ & uncorrelated o s # & uncorrelated T 4
— NNPDF31 E
-40 5 total — CT18NNLO -0.4 5 total — g?r::;:o
-60 o - Theory + shill‘ts — ABMJPW | ~0.6F == - Theory + shifts — ABMP16
s 8 12F ' : .
o 1.2 7] E
S s e
0.8 o
E g o
Yz ly,!
Dataset CJ15nlo MMHT14 NNPDF31 CT1IBNNLO ABMFP16
CDF W asymmetry 2009 18/13 12/13 11/13 13/13 17 /13
Correlated y? 1.6 1.7 26 29 6.5
Log penalty y* -0.00 -0.00 -0.00 -0.00 -0.00
Total y? / dof < J9/13 14/13 13/13 16/13 23 =
1 p-value 0.11 0.37 0.43 0.25 0.04
Dataset CJ15nlo MMHT14 NNPDF31 CT18NNLO ABMFP16
CDF Z rapidity 2010 29/28 30/28 25/28 27/28 30/28
Correlated \* 1 0.99 1.7 0.49 0.69
Log penalty x -1.16 -0.63 -0.44 -0.60 -0.90
Total y* / dof 30/28 30/28 26/28 27/28 30/28
x° p-value 0.37 0.36 0.55 0.53 0.36

S.AmMoroso
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Choice of target PDFs

 Comparisons between existing Drell-Yan data and “recent” NNLO PDFs
- ATLAS

ﬁ 550: pp = W* Fs:?TeV:fL:q_ﬁb" _ S.Amoroso
- _ 4
s SRR
3 1612.03016 Dataset CJ15nlo MMHTI4  NNPDF31  CTIBNNLO ABMPI6
ATLAS low mass Z rapidity 2011 26/6 18/6 14/6 12/6 21/6
ATLAS peak CC Z rapidity 2011 52/12 21/12 12/12 16/12 24/12
ATLAS peak CF Z rapidity 2011 16/9 11/9 11/9 10/9 92/9
5 ATLAS high mass CC Z rapidity 2011 7.7/6 61/6 58/6 59 /6 6.1/6
b s LI ATLAS high mass CF Z rapidity 2011 4.6/ 6 55/6 47/6 48/6 45/6
so0f- — BT ATLAS W- lepton rapidity 2011 17/11 84/11 87/11 9.1/11 10/11
E T ANMGINNE et ATLAS W+ lepton rapidity 2011 16/11 11/11 11/11 10/11 13/11
|- 2 total ~—— CT18NNLO Correlated 32 118 50 31 40 50
ASO[--"“Theory $uhits. == ARMBIS . Log penalty ° -9.09 -3.32 -2.45 -3.66 -4.22
g 4 - ' <—Tol 7/ dof 247 | 61 127/ 61 95 / 61 104 / 61 LTI —
Fad 0.95F ——— X i ]-"'"ﬂllh-' 0.00 0.00 0.00 0.00 0.00
-§ -——__,_-\_/-f——-_//
£ o9k

— consider MMHT14, NNPDF3.1, CT18NNLO, ABMP16
— best overall description of the data by NNPDF3.1, CT18NNLO
— comparisons now extended to NNPDF4.0, MSHT20



Impact :

- decomposition

Ratio

10

Rat

QCD corrections

1015 ]
r LHC/TeV MWWG Preliminary b
1.01- -
1.005F -
1;_________,___ %
0.9955 — ciD;UHesbom é
r —— +A1 7
L — +A2 ]
099_* + A3 ]
L — +Ad ]
L —— +A0-Ad ‘ | ]

L T IR L Lo L L L L
0-98%5 70 75 80 85 90
my! [GeV]
1015————— 71— 77— T T T T T
 LHC/TeV MWWG Preliminary B
1.01F =
1.005— .
1;_._‘_‘_‘__:1_‘—_— =
0995:_ —_— C‘;D}:OHesbnm _:
T —— +A1 m
L — A2 m
L — +A4 a
T —— +A0-A4 | | | | 7

I T I T S Y A T Loi L Lo Lo
0'98% 34 36 48
P} [GeV]

Ratio

10

Rat

1.015

1.01

1.005

—_

LHC/TeV MWWG Preliminary

|

0995; : [i.DAI?]esbam
r — +Al
F —— +A2
0.99 +A3
F —— + A4
o AT
0-98%5 70 75 80 85 90
mY [GeV]
1.0157I T T | T T T ‘ T T ‘ T 17T ‘ T T T T T T T T T T \7
r LHC/TeV MWWG Preliminary b
1.01 -
1.005:— —:
1:___ﬁﬁ_ J
0995; : E.:.UAHUESDOS1 _:
r — +A1 7
L —— ;A2 a
0.99- + A3 ]
L —— + A4 -
E M ! ! ! ! ! .
0'983 4 36 38 40 42 44 46 48

p. [Gev] '8



Rapidity distribution and PDFs

mw ~ 80 GeV X12 = m/Vs e¥

MSHT20aN?LO, Q% =10 GeV?

Tevatron Vs~ 2TeV pp O0<y<2 xi»~102-10"
ATLAS Vs~7TeV pp 0<y<3 xi»~ 102 — 10"
LHCb Vs~13TeV pp y~4 X12 ~ 104 —10"

//ﬂ\\

104 103 102 10! 10°



Rapidity distribution and PDFs

MSHT20aN?LO, Q% =10 GeV?

mw ~ 80 GeV

Tevatron Vs~ 2TeV pp O<y<2
Vs~ 7TeV pp 0<y<3

ATLAS
LHCDb

Vs~13TeV pp

//ﬂ\\

y~4

X12 = m/Vs e¥

X12 ~ 102 -10"
X102~ 103 -101
X12 ~ 104 —-10"1




Rapidity distribution and PDFs

MSHT20aN?LO, Q% =10 GeV?

mw ~ 80 GeV

Tevatron Vs~ 2TeV pp

ATLAS Vs~ 7TeV pp

LHCD

Vs~13TeV pp

//ﬂ\\

O<y<2
O<y<3
y~4

X12 = m/Vs e¥

X12 ~ 102 - 10t
X12 ~ 102 - 101
X12 ~ 104 - 101




Emulation : DO

Cross-checks on physics variations

o

12———r————F—F——7+—+—77 12——mr————7————— ]
E LHC-TeV MWWG Preliminary 3 E LHC-TeV MWWG Preliminary e
1.0155 ] 1.015? -
1.015 E 1.01- E
1,005 E 1,005 jﬁﬂ
1= 3 | S— = =
0.995— = 0.995 —
0.99 = 0.9 =
c i £ —— PMCS, A0 rew. —

E B F —— Emulation, AQ rew. B
0.985F __ pucs, A0 row. 3 0.985F — pics. mi.s0 Mev 3
F— E‘mu\alinn,ﬁlxn rew. ‘ | | | | 4 F— Emu\allian, mW+50 ME‘V | | =
O'980 2 4 6 8 10 12 14 0'9%5 70 75 80 85 9
u; [GeV] my [GeV]

102 e 1.2 71—
E LHC-TeV MWWG Preliminary 3 E LHC-TeV MWWG Preliminary e
1.015 — 1.015 —
1.01 = 1.01- =
1.005 = 1.005— 3
15 = 1= —
0.9955 = 0.995— 3
0.99- 3 0.99- 3
F— PMCS,‘AU rew. B F— PMOS,‘AU rew. B
0.985 = — Fiits mwaso wey = 0.9855 — buice -5 wiv E
E —— Emulation, mW+50 MeV B E —— Emulation, mW+50 MeV E

[ T O [ I S IR Cov v b v b b b b b 1w
0'9%2 34 36 38 40 42 44 46 48 0'9%2 34 36 38 40 42 44 46

Pl [GeV] EF® [GeV]
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