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Outline

Tests of the electroweak theory

Very basics of electroweak phenomenology in the gauge sector
(fundamental relations and quantum corrections)

The W-boson mass
- General ideas, issues, results/prospects
Consistency of the Standard Model?

— Before that : consistency between experiments?

— Not discussed : which new physics, if not?



Elementary particles

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
[fermions) [bosons)

gluon

photon

o

W
N
o
<L
=
o

electron Z boson

SCALAR BOSONS

electron muon
neutrino neutrino neutrino

GAUGE BOSONS

VECTOR BOSONS

LEPTONS

W boson




Elementary particles




Elementary particles




Tests of the electroweak theory

Higgs boson
properties

Electroweak ™ >  Gauge interactions
precision observables at high energy



Events/2.5 GeV

Tests of the electroweak theory
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Tests of the electroweak theory

T
Vs =27 TeV
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Gauge interactions
at high energy



M,, [GeV]

Tests of the electroweak theory
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Tests of the electroweak theory
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Electroweak predictions in leading order

* The electroweak gauge sector of the SM is constrained by three precisely
known parameters :

- The electromagnetic coupling constant : o =1/137035999206(11)
- The muon decay constant : G, =1.1663787(6) GeV~=
- The Z boson mass mz = 91.1876(21) GeV

« The W boson mass is given by

2

2 Mgz

1+ [1-4=<
\/ \/ZG‘umé




Quantum corrections . my

* Higher-order corrections, predominantly the boson self-energies, modify the
leading-order relations to

m, 1
m;:f 1+\/1—4 LU

V2G,my 1-Ar

) 3G, m ] m2,) ‘m ) s
Ar = Aa — tan’6,Ap = ~0.059 — WY bot? 6, —| It 2 |
82 7 nty, m2~ 6

L' «(0) ~ 1/137.. - a(m,) ~ 1/128.9
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Quantum corrections . my
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Quantum corrections . my
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- Inputs: &m;~ 2 MeV (LEP); omy, ~ 200 MeV;, ~40 GeV < my < 1TeV

-~ Output : 160 GeV <m,,, < 190 GeV (before the top quark discovery!)



Quantum corrections . my
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Nowadays: Miop [GeV]
- Inputs: &my,~ 0.7 GeV dmy < 0.2 GeV
- Output : my, = 80.356 +/- 0.008 GeV



Prediction of my In the SM — a snapshot
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Measurements until 2020
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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 :

ur = Z ET,,' 5

W —/{v

—Miss

Pr

- (5t +in)

mr = JZ})%p%‘i“(l —cosAg)

(a)




The W boson mass in proton collisions

 The process at leading order, no width :

Oud—t+y = § 3

4
4 X I |Veal® (Gpmfv 2
/2

) d(m? — m3,)

Unpolarized differential cross section (spin 1) :

d(‘} 7 P
% x 1+ cos?6 |
| oS | d5

mw .
ph = — Sin 0

///

- the “Jacobian peak”



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
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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

c
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The W boson mass in proton collisions

 Summary of physics effects

— 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!)

- 0.01E|...|....|.... 3 & 0-015'"'|""|""|""|""""""""""""E
g 0.009 — Generator level = g 0.009 — Generator level =
E 0.0082— ---- Resolution _z ; 0.0082— ---- Resolution _z
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0.001F S~ = 0.0015 -
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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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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

: 10°
 Detector response derived > T
: L - ATLAS —— Calibrated data —
from first principles to O n . — Corrected MC ]
~0.5% for calorimeters g 2000~ Vs=13TeV,81fb Scale factor uncert. ]
’ ! — - Z—ee ]
~0.05% for tracking detectors. % 1500 -
> N —
~ 0/ | I I} L ]
0.01% is required here 1000[- -
* mzis known to ~0.002%, 500F- E
mJ/psi tO -~ 10_6 e | | N

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



Three slides on calibration

e Leptons calibration from “perfectly known” resonances

Events per GeV

6mJ/psi /mJ/psi -~ 106

3
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Three slides on calibration

* Recoil response & resolution calibrated
using over-constrained kinematics in Z
events

Z—- 0

b)

Events / 2 GeV

Data / Pred.

Events/ 2 GeV

Data / Pred.
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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 ‘9)"'21- Ai<pT,Y)fi(H»¢>]

ion R\
production | decay _S“\\)\)

Bo
Sop ;.
n /(/nemat.

- 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



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




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




Events / GeV

20
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Transverse momentum distribution

Tevatron :

Z-based model tuning (Resbos); no extrapolation

but validation with W events

Simulation Data
I = 8914 MeV L =8912 +14 MeV
c = 6688 MeV ¢ =6695 + 10 MeV
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Transverse momentum distribution

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

Corresponding uncertainties :

* HQ mass treatment in showers and resummation

* HQ PDFs

Measurement precision ~0.5%

1E — 7 @ & 1040 7 & TTTer]

10"
102

10
10°
10°
107
10°®

JHEP 09 (2014) 145

am
am
H7>ee y2/dof = 12.3/ 25 @
4 Z—>pup Inclusive
7 @
ATLAS \s=7 Tev;j Ldt=4.7 fo
1 | 1 L 1 L ) . i I S | L L L L { - . . |
1 10 102

1/G - do/dp,_[GeV"

=
o
N
T T

.
o
o))
I Gl

0.04]
0.03

0.021

0.01

0.05

CuTe NLO+NNLL 2 - CuTe NL
pp — Z 0] 0.07

—uu

—dd

—SS

—cC

~— bb

ol

10 20 30

I BRI T T T N T T N T T O M A
40 50 0 10 20 30

L1

O+NNLL

pZ [GeV]

| 1 L 1
40 50
P [GeV]



Transverse momentum distribution

B
e LHCb : < 03
|

- Zdata A50%E 6w
0.1 F 2<n<45 ‘
— simultaneous fits to mW and pTW E oy :7,41\,1|ev/(_,z |
in W events o

- repeated for different theoretical
models




After all Is said and done...

* CDF, DO
%102 Science 376 (2022) 6589, 170-176
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Events/ 0.5 GeV

Data / Pred.
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After all i1s said and done...
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Data/fit

After all Is said and done...
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Experimental situation

Last measurements:

- D0 2013
- mw=380375 + 11 (stat.) + 11 (exp.) = 10 (theory) £ 10 (PDF)

- ATLAS 2017
mw = 80370 £ 7 (stat.) + 11 (exp.) £ 10 (theory) £ 9 (PDF)

- LHCb 2021
mw = 80354 £ 23 (stat.) + 10 (exp.) = 17 (theory) £ 9 (PDF)

- CDF 2022
mw = 80433 £ 6.4 (stat.) = 4.5 (exp.) £ 3.5 (theory) = 3.9 (PDF)
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Experimental compatibility? Combination? (preview)

* 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
CTEQ6M® CTEQG6.6 CT10nnlo CT18/NNPDF/MSHT20
5N, °0F SM\P° S ATLAS SIMuHe
\ Common basehne /
mw"°mbi“e“I ... and repeat, for different PDFs 48



LEF

LHCb

ATLAS W-

ATLAS W+

PDF correlations

Non-trivial PDF correlations, with significant PDF model dependence!

CT18 MSHT20

LEP
Tevalron
LHCb
ATLAS W-

ATLAS W
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PDF dependence of individual measurements

—o— ABMP16
—8— MMHT2014
—@— NNPDF40

—e— CT14
—®— MSHT20

—-e-CT18
—o— NNPDF31

DO

ATLAS

CDF

80250 80300 80350 80400 80450 80500
my, [MeV]

TeVatron Summary Value Exp. PDF y?/N Probability
ABMPI16 80413.3 £ 9.1 82 40 87/2 0.0130
CT14 804264 + 153 87 12,6 86/2 0.0135
CTI18 804275+ 16.0 85 13.6 83/2 0.0160
MMHT2014 804193+ 113 82 78 8.6/2 0.0136
MSHT20 804153+11.9 82 86 87/2 0.0130
NNPDF31 804269+ 106 82 68 83/2 0.0159
NNPDF40 804352+ 114 82 7.8 80/2 0.0181
LHC Summary Value Exp. PDF y?/N Probability
ABMPI16 80349.0+142 139 29 02/1 0.6377
CT14 803559 +163 150 65 00/1 0.9760
CTi18 80362.5+16.6 153 63 03/1 0.6055
MMHT2014 80360.6 + 154 145 51 04/1 0.5246
MSHT20 80363.1 +15.0 143 45 02/1 0.6843
NNPDF31 80358.0 + 150 141 50 0.0/1 0.9430
NNPDF40 80356.8 + 144 139 38 00/1 0.8392
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Compatibility & combination

= [e_ABMPIG ——CT14 e CTi8

| —e— MMHT2014 —® MSHT20 —o— NNPDF31

[ | —@— NNPDF40

g_ Excluding CDF gl

i &

g_ Excluding others :H;i:

: ]

B g

= g

B —a—p—

| =

= —a=—

- .
1 | I I | | I I | | | T | '-'—'I_'I 11 | I |
80250 80300 80350 80400 80450 80500

my, [MeV]

CTI18 Value Significance

ATLAS - Rest -38.1 +-23.2 1.6

CDF - Rest 67.6 £17.3 3.9

DO - Rest -239 +-238 1.0

LEP - Rest -20.5 +-35.2 0.6

LHCb - Rest -54.0 £-35.3 1.5
All-CDF Summary Value Exp. PDF y?/N Probability
ABMPI16 803553+ 11.2 109 26 18/4 0.7732
CT14 80362.6 +12.9 11.5 58 12/4 0.8841
CT18 803669 + 13.3| 11.8 62 12/4 0.8818
MMHT2014 80363.9+12.1 112 47 15/4 0.8310
MSHT20 80364.2 +12.0 11.1 44 12/4 0.8824
NNPDF31 803649 +11.9 11.0 45 15/4 0.8280
NNPDF40 80366.0 +11.6 109 39 21/4 0.7103

51



Conclusions

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

- Calibrations

- Physics modelling

- Precision goal
— SO mistakes can be made..

At present, it is difficult to quote a conclusive “world average”. The most precise
measurement is also the most discrepant, and will likely stay forever

Perspectives :

- Ultimate goals of ATLAS, CMS, LHCb ~10 MeV each, with different experimental
conditions and methods

- News expected for the summer conferences, fingers crossed!
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