W-boson mass and width

Status and perspectives
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Published results

* LEP
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myw = 80.376 £ 0.025(stat.) £ 0.022(syst.) GeV

Source Systematic Uncertainty in MeV
on My on 'y
qqfre | qqqq | Combined
ISR/FSR 8 5 T 6
Hadronisation 13 19 14 40
Detector effects 10 8 9 23
LEP energy 9 9 9 5
Colour reconnection — 35 8 27
Bose-Einstein Correlations — 7 2 3
Other 3 10 3 12
Total systematic 21 44 22 55
Statistical 30 40 25 63
Statistical in absence of systematics 30 31 22 48
Total 36 59 34 83




Published results

My

Tevatron — DO ~1.68M W - ev candidate events

340000:@) DO, 4.3 fb” _Ra e AMy (MeV)
& 30000 ot <57 /a0 Source my Py By
I - Electron energy calibration 16 17 16
§20000_— Electron resolution model 2 2 3
w Z R Electron shower modeling 4 6 7
- il Electron energy loss model 4 4 4
10000:_ Hadronic recoil model 5} 6 14
0 Electron efficiencies 1 3 )
2 ’ Backgrounds 2 2 2
] H RN A T |{ i Experimental subtotal 18 20 24
St ) X o =
50 60 70 80 90 100 QED 7 7 9
m; (GeV) Boson pr 2 5) 2
Production subtotal 13 14 17
= 80.3754 0.011 (stat.) = 0.020 (syst.) GeV Total 22 24 29

= 80.375 1 0.023 GeV.




Published results

Events / 0.5 GeV

Data / Pred.

LHC — ATLAS 7 TeV

x10°
T T :;.
ATLAS -o- Data é’
{s=7TeV, 411" W= wtv
, [ | H 0
[] Background o
y2/dof = 20/39 _—
b
c
@
0
ge)
i
o
S
[1y]
O

~15M W - ev, uv candidates

1 1
ATLAS -e- Data
\s=7TeV,4.11" W= v
[]Background
y?/dof = 29/39

mT—pg, W+, e-u | 80352.7 8.9 6.6 8.2 3.1
mT-pg, W™, e-u | 80383.6 | 9.7 7.2 7.8 3.3

5.5 84 54 146 234 7/13
6.6 83 53 136 234 15/13

mr-ph. W=, e | 80369.5 | 6.8 6.6 6.4 2.9

45 83 55 92 185| 2927




Published results

* LHC -LHCb 13 TeV
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my = 80354 & 23stat £ 10exp &= 17theory = IpDF MeV.

Muon ¢g/pt [1/GeV]

~2.4M W - uv candidates

Source Size [MeV]
Parton distribution functions 9
Theory (excl. PDFs) total 17
Transverse momentum model 11
Angular coefficients 10
QED FSR model 7
Additional electroweak corrections 5
Experimental total 10
Momentum scale and resolution modelling 7
Muon ID, trigger and tracking efficiency 6
Isolation efficiency 4
QCD background 2
Statistical 23
Total 32




Published results

e Tevatron — CDF
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Table 2. Uncertainties on the combined
My, result.

Pes =98 %

Events / 0.5 GeV

50 70 80 90
m; (GeV)

My = 80,433.5+ 9.4 MeV

Source

Uncertainty (MeV)

Lepton energy scale

Lepton energy resolution

Recoil energy scale

Recoil energy resolution 1.
Lepton efflCIeﬂC}’

Lepton removal

Backgrounds

pZ model

pt/pfmodel
Parton dlstrlbutlons

QED radlatlon

W boson statistics

Total
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'12IIIIIIIIIIIIIIII
04
12
33
18
13
39
AT
94



Published results

* Overall picture

DO (4.3+1.1 fo-1) [Phys. Rev. D89 (2014) 012005] E——
mw = 80375 + 11 (stat.) + 20 (sys.) MeV Stat. uncertainty

Tevatron I combination
PRD 70 (2004) 092008

DO I ) N ..
CDF (8.8 fb1) [Science 376 (2022) 170 L 2
combpinatron ®

Phys. Rept. 532 (2013) 119

mw = 80433.5 + 6.4 (stat.) + 6.9 (sys.) MeV ATLAS

EPJIC 78 (2018) 110

LHCb \ PY
JHEP 01 (2022) 036

ATLAS (4.6 fb) [Eur Phys. J. €78 (2018) 110] CDFII .

Science 376 (2022) 170

mw = 80370 + 7 (stat.) £ 18 (sys.) MeV B s oo -

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

LHCDb (1.7 fb-1) wHEP 01 (2022) 036) 80100 80200 80300 20400 80500
mw = 80354 + 23 (stat.) + 22 (sys.) MeV my, [MeV]




Modelling : 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 preciselv: extrapolate to W production

u Ve u
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Modelling : transverse momentum distribution

Tevatron :

Z-based model tuning (Resbos)

no extrapolation uncertainties, but validation with W events

Simulation

L = 8914 MeV
G = 6688 MeV
A =1.09
K = 0.52

Data

L =8912 =14 MeV
c =6695 =10 MeV
A=1.09 £0.01
Kk = 0.53 +0.01
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Modelling : transverse momentum distribution

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

Corresponding uncertainties : HQ mass treatment in showers/resummation and PDFs

Measurement precision ~0.5%
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Modelling : transverse momentum distribution

* LHCb

Z data : pr?, ¢

simultaneous fits to mw and pr*/ in
W events

repeated for different models :

[c/keV]

dN

R—1[1077

Data config. i X% dmw [MeV] a? a¥ Ajz scaling

POWHEGPyTHIA 64.8 34.2 — 0.1246 £ 0.0002 0.1245 £+ 0.0003 0.979 £ 0.029
HERWIG 71.9 600.4 1.6 0.1206 £ 0.0002 0.1218 +0.0003 1.001 £ 0.029
POWHEGHERWIG 64.0 118.6 2.7 0.1206 +=0.0002 0.1226 £+ 0.0003 0.991 + 0.029
PyTHia, CTOOMCS 71.0 215.8 —2.4 0.1239 £0.0002 0.1243 = 0.0003 0.983 4+ 0.029
PyTHiA, NNPDF31 66.9 156.2 —10.4 0.1225 £ 0.0002 0.1223 £ 0.0003 0.967 + 0.029
DYTUurEBO 83.0 428.5 4.3 0.1305+0.0001 0.1321 £ 0.0003 0.982 + 0.028

L=6MH"1
2<np<45b
Omy = T-4MeV/c®
L l




Modelling : spin correlations

Resbos extensively used at the Tevatron ; LHC analyses correct their respective MCs

to fixed-order calculations

- Undershoot of e.g Ao in Resbos yields softer mr and p+' distributions — mw

biased upwards ( ~10 MeV effect)
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Modelling : spin correlations

* Angular coefficients — why disfavour Resbos1?
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Modelling : PDFs

 Experiments use the state of the art of their time, and gradually realize the impact of
PDF choices on their measurements

DO, CDF (2013): CTEQ®6.1, CTEQ6.6
ATLAS (2017) : CT10 (cross checks with CT14, MMHT2014, ~4 MeV)
LHCb (2022) : <NNPDF31, CT18, MSHT20>

mw = 80362 £ 23sar T lI:]i*?flll == lTlth'_‘: + 9ppr MeV.,
my = 80350 L 23star * l[]m” == lTlth'_‘: + 12ppr MeV,
my = 80351 & 23444 = 10exp = 1Tiheory = TPDF MeV,

Later updated use 6-7 PDF sets : up to ~20 MeV effects

14



Modelling : QED / EW corrections

Baseline fits still based on pure QED FSR. Uncertainties estimated to ~6-7 MeV:.

Normalised Entries

Ratio

QED radiation calculation

Higher-order effects: y* - Il spitting, EW corrections
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Combination

 Measurements performed at different times, using different baseline PDFs and QCD
tools : existing result extrapolated to a common baseline

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

— combination including correlations

mWCDF mWDO mWATLAS mWLHCb
CTEQ6M CTEQG6.6 CT10nnlo CT18/NNPDF/MSHT20
6m£CDF 6mi DO 6]’£ ATLAS mWiLHCb

\ Common basellne /

mw‘3°""°"“*“I ... and repeat, for different PDFs 16



Combination

* Full procedure, decomposed into generator and PDF effects :

updated —_— ref . QCD PDF
my, = | my + | Omy, + | O0my
published Improved predictions, PDF extrapolation

for reference PDF

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

5 PDF

m,,~ :APMB16, CT14, CT18, MMHT2014, MSHT20, NNPDF3.1, NNPDF4.0

- omJ™” essentially covers for improvements in the spin correlations

17



Combination

 PDF extrapolations

- Large effects on separate
experiments

— Opposite trend stabilize
combination

LHC-TeV MWWG

—8— ABMP16 —n— CT14 —&— CT18
—¥— MMHT2014 —— MSHT20 —i— NNPDF3.1
—— NNPDF4.0
—_—
DO S B
¥ 1
e
—a—
—_
. PO
ATLAS v
—
—————
&
LHCb =
+
——
——
CDF v *
—_—
——
——ep—
| | | |
80300 80350 80400 80450

my, [MeV]
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Combination

e PDF uncertainties and correlations :

PDF set DO CDF ATLAS LHCbD
CTEQG6 — 141 - - Tevatron
CTEQ6.6 15.1 - - -
CT10 - - 9.2 -
CT14 13.8  12.4 114 108 e
CT18 14.9  13.4 10.0  12.2
ABMP16 45 3.9 4.0 3.0 e
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 ATLAS W*
NNPDF4.0 86 7.7 5.3 4.1

ATLAS W~ ATLAS W' LHCb Tevatron

CT18

Sometime partial or negative correlations - stabilizes PDF effects on combinations 19
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Results

LHC-TeV MWWG

LHC-TeV MWWG
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Combination results

All experiments

All except CDF

All experiments (4 d.o.f.)

PDF set my oppr X- p(x°.n)
ABMP16 80392.7+£7.5 3.2 29  0.0008%
CT14 80393.0+ 109 7.1 16 0.3%
CT18 803946 +11.5 7.7 15 0.5%
MMHT2014 80398.0+9.2 5.8 17 0.2%
MSHT20 80395.14+9.3 5.8 16  0.3%
NNPDF3.1  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 26 0.4 94%
CT14 80365.4 +12.9 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%
MSHT20 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%

21



Combination results

« (CT18 PDF set 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 not considered a meaningful number

- We consider 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(x?) = 91%
- PDF envelope 5 MeV (12 MeV when including ABMP16)

- This average and the published CDF result considered on equal footing but incompatible

22



Updates
 ATLAS : re-analysis of 7 TeV data

 Three purposes
- Update and extend study of PDF dependence of mw
- Measurement of W-boson width

- Improved statistical method

... everything else unchanged (or almost)



Updates

 ATLAS : re-analysis of 7 TeV data

e Likelihood :
L(m|0,a) =]] Poisson (m;|v;(0, @ H Gauss(a|a,)
] L J
\ 1 J l
| _ Pf)iSSOH likelihood for each  Constraint terms for the nuisance
* m;: Observed data per bin bin parameters: ~ Systematics ~ are
* 6:POI(my) assumed to be  Gaussian
« a: NP for systematics distributed.
 d: Global observable for
nuisance parameter. - o om
« v, : Total prediction per bin mmp 7 (9 a) =& x 5"+ Zg x ( — S )]

+ 3 a, x (85— Siem)

+ B 4+ 3" ay x (B;; - B;;m) :
b



Updates
« ATLAS : re-analysis of 7 TeV data
e Sensitivity to the width :

©w O T 12 - S I B B B | L ] j2l D12 1 1T L L L S L —
= ATLAS Simulation &= Nominal ] = - ATLAS Simulation = Nominal -
= + Am,=+60 MeV = ll + Am,=+60 MeV _7]
2 0.1 Vs=7 TeV, pp— W*+X —Am—60MeV 3 2 01 Vs=7 TeV, pp— W +X aAm—6OMeV 3
c ~--AT y=+200 MeV ] c  0.08 -+ AT, =+200 MeV ]
2 ---AT =200 MeV 2 - -+ AT, =-200 MeV ]
3 3 3 0.06 3
L — L — —
- 0 04 =
= 0.02F —
g 1.01 g 1.01
- -
— —
I R T T S T @
0,90 e =
32 34 36 38 40 42 44 46 48 50 65 70 75 80 85 30 95 100
ps [GeV] mr [GeV]

— NB : extending to m1<150 GeV gives a factor ~2 more sensitivity, but we
lacked a sufficient model for systematics in this region



Updates

 ATLAS

e Results

Overview of m, measurements

re-analysis of 7 TeV data

DD [Run 2]1
Phys. Rev. Lett. 108 (2012)
m,, - BOATE = 23 MV

151804

CDF {Run 2)
Science 376 (2022) G5BT
- B0434 2 9 MV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m, - 80370 £ I'El\='f

ATLAS 2024

My ~ BIIET 16 eV

ATLAS !
f‘ 7TeV, 4.6 t_b‘

® Measurement
DStat. Unc.
B Total Unc.
I sM Prediction

e =
- mEm

]
80300

|
80400

m,, [MeV]

Eur. Phye_ J. G 47 (2006) 309
:"-ELU-I.' T3 Mal

Eur. Phys. J. C 47 (2006) 300

7 (2006) 309

fiys. 19
Do

Phys. Rev. Lett. 103 (2003) 231602
Iy = 2028 £ 72 MaV

CDF

Phys eanuoz:: 0718

2 72 Mab

Qverview of I, measurements

ATLAS
s=7TeV, 461"

-
-
|
: " .
@ Measurement
[ stat. Une. -
_.Tota1 L S
[ sM Prediction §
i i

i
1500



Updates

ATLAS : re-analysis of 7 TeV data

Results :

w [MeV]

— 2300

2200

2100

I

ATLAS

fs=7TeV, 461"

| | |
A Bestfit p=-0.30

¥ SM prediction

95% CL

X (80355, 2088)

|
80320

|
80340

| | |
80360 80380 80400
m,, [MeV]



Updates

* PDFs

[
ATLAS

|
ATLAS

. - oY ) =

(s=7TeV, 4.6/4.11b p;iﬂt \s=7TeV, 4.6/4.1fb mi fit
e e
s — i ¥
Gppr X 1 N -t Oppr X1 ——
‘= ATLASpdf21 . ‘& ATLASpdf21 ' ==
& MSHT20 = & MSHT20 L L
Frolid Oppr X 2 e Fie Oppr X 2 — r
-+ CT18A - = -+ CT18A = ;
= NNPDF3.1 - ~= NNPDF3.1 | |

-« NNPDF4.0 e -« NNPDF4.0 '
Oppr X 3 e Gppe X 3 =+ :
— o .
| I ? i L | i
-100 -50 0 -100 -50 0
Amy, [MeV] Amy,, [MeV]

- Note re. profiling

* the primary aim of PL fits is to make models more flexible, enabling them to detect
miscalibrations or underestimated uncertainties. However, fitting models can not go
without constraining the parameters...

* Including tolerance in the (PDF) nuisance parameters would prevent the fit from
constraining the corresponding uncertainties, but also rigidify the model again

« Studying the dependence of results on pre-fit uncertainties seems like a better way to go



Prospects
e LHCb

(Miguel Ramos Pernas, Orsay,

Analysis strategy for the full Run 2 result

my = 80354 10, i@hwy

Include 2017 + 2018 data
community

New strategies/tools [ Inputs from the theory J

The overall strategy remains the same as for the 2016 analysis:

23

e  (Calibration using J/wy, Y(1S) and Z decays: e
Target sensitivity:
o  Dedicated alignment and momentum scaling

un 2
o  Momentum smearing and selection efficiencies stat. " 14 MeV
e Reweighting the simulation at generator level in 5 dimensions gf::;ll? ~ 20 MeV

e Template fit to the muon transverse momentum using a Beeston-Barlow
method in the minimization



Prospects

* Low-pile-up data in ATLAS : compared to 7 TeV, the loss in statistics (/7) is
good part compensated by the sensitivity per event (x3)

« 1 fb?! of such data would be an extremely good investment in this respect
% §1iTLAS ....................... %’ - :10 —— Dalta. low p 3
E? 1405_ \s =7 TeV, 4.1 b’ g 100~ ﬁ:%ﬁ'ev 338 pb” E%;’j:lﬁj‘:ae =
@ 120:— []1Background % " = it 2l Ebrd;guet =
S 100 — y%/dof = 48/59 ke - = Diboson .
i f— 60[— =

- :
;_ 205 —f
C . ]

F T ]1;::::_’{:1::":' T o s
% ool +h++++++ ++‘“*+ i, ++*‘J'+J"r+ J‘* {“’rJrJfJfPL — il } ;:
© 0.98F - - - i e
g 60 ?0 80 90 100 110 120

my [GeV]



Prospects
* CMS




Prospects

Combination : methodological developments to properly correlate « offset »
measurements and profile-likelihood fit results

- Using post-fit covariance :

First discussions and tests

in this direction

— Using properly decomposed PL fit uncertainties (arxiv:2307.04007)
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Progress and limitations

* Analytical resummation — now at approximate N4ALO+N4LL

2303.12781
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] -
"% e [

1 1
MNLL+NLO resummed NLL+NLO resummed
P NNLL+NNLO resummed 0.95 P NNLL+NNLO resummed

N’LL+N’LO resummed
B N'LL+N'LOa resummed
T I S TN N N AN T S TR NN NN T N S

N’LL+N’LO resummed
B N'LL+N'LOa resummed
T T WA TR N TN N SN TN N NN T SO S N SO T N | |

et
. w0
()
T T rrrT]

ratio to N*LLa
(]
©
:ulii
ratio to N*LLa
(]
w0
@O .
]

5 10 15 20 25 30
q, [GeV]

(&)

10 15 20 25 30

- 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 matter for mW)


https://arxiv.org/abs/2303.12781

Progress and limitations
* Electroweak corrections : NLO EW / FSR only (ATLAS perspective)

Used Winhac in the past ; PowhegEW as second generator would be an
extremely useful cross check

Aim : use NLO EW as baseline, and residual scheme dependence as systematic
(currently consider full NLO/FSR effect as systematic)

However, differences seem unnaturally large so far :
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Summary and conclusions

* Current measurement uncertainties range from ~10 to ~30 MeV.
 Combining compatible measurements yields dmw = 13 MeV
e Limitations :
- pr¥4distribution : huge progress, but still not much on the p+"/p+*
- PDF dependence and PDF uncertainties... how to address this quantitatively ?

- Electroweak corrections : many results on EW and mixed QCDXEW corrections,
but limited MC implementations

* Prospects : next generation of measurements hopefully reaches ~10-20 MeV
precision, maybe better combined.

Real progress, or instead highlighting limitations in the modelling ?
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