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Studying the standard model of particle physics
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with single and multi-boson production at the LHC
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1933: Fermi 4-point interaction describing 3 decay

The W and Z bosons: carriers of the weak force
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= Nuclear decay and charged/neutral current rates give an estimate of the W and Z masses




Studying the W and Z bosons at colliders
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- Colliders allow us to initiate the interaction and
directly produce the W and Z bosons
- Need a guark-antiquark pair
- Nobel Prize winning suggestion: produce ano
accelerate anti-protons

= \V and Z bosons observed directly in
1982-83 by UA1 and UA2 at the CERN SppS
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Measuring parameters of the SM with the W and Z bosons @

El Global EW fit

- A high energy proton is a rich source of antiquarks

- Measurement [€] fitter ..k
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- The LHC is a W and Z boson factory
- Excellent detectors! Percent-level reconstruction of charged leptons

Production rates measured at the percent level
Probe fundamental params. of the SM
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Measuring the mass of the Z boson at the LHC

-/ boson decays to two muons (or two electrons) which can be

accurately reconstructeo
- M IS Lorentz invariant: t

neoretically straightforwaro

- But huge experimental ¢

nallenge 1o reach LEP precision
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First measurement from LHCb: ~10 MeV unc.

Events/GeV
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El Global EW fit

Bl |nhdirect determination
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mz measurement at LHCDb — @
- First LHC mz measurement
- Not directly competitive with LEP but —

. . | BN Tracking
- Major experimental accomplisnment m— ECAL
- Statistical uncertainty dominant m—Muon
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https://arxiv.org/abs/2505.15582
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& V NO dlrectly reconstructed
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https://cds.cern.ch/record/2909335

The W boson mass measurement

Bl Global EW fit @

B [hdirect determination

- Rely on observable(s) sensitive to mw built from well-measured objects ,*,’l ',‘"f,a,j","f{';jﬁ'ﬁ ) .!lf!".t?.r
My L '

- x10°_ _ 1e8fo" (13 TeV)
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Escapes detection
=Missing transverse momentum
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- Mass is equally divided between py and v

- Inrest frame, pv ~ pt ~ mw/2 .
- Inlab frame, smeared by pW pea"ks
= [<nowledge of VW momentum required )
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Focus on direction transverse to proton beams
" " " " " " " ~ ILL
Kenneth Long initial momentum in the transverse direction is ~0 g




mw measurement at a glance
16.8 fo-' (13 TeV)
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nned maximum likelihood fit; test consistency of data with different my hypotheses
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Mmw measurements: last step of extensive precision physics programs

@

% Mz measurement from myy, Y mz measurement from pr+ % mw measurement

Kenneth Long

ONE DOES NOT SIMPLY M

.

EASURE THE W MASS
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https://arxiv.org/abs/2412.13872

- LHCDb (32 MeV unc.)

The LHC mw measurements

13 TeV, ptvchannel only; 2.4 M events
- Forward muons

o7H calibration with low-mass resonances

(. Y)

- ATLAS (15.9 MeV unc.)
Published 2017, updated in 2024
7 TeV, mr+prt (e+y, 3 nbins); 14 M ev. CDF 80433.5 + 9.4
Driven by prt channel (~90%)

o1t calibration with Z boson
- CMS (9.9 MeV unc.)

13 TeV, ptv (48 n categories): 115 M ev. This work
OTH calibration with low mass resonances
"V predictions

NO direct tuning of t
- Predictions at NS
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CMS

my in MeV

Electroweak fit
PRD 110 (2024) 030001 Il 803536

LEP combination 80376 + 33
Phys. Rep. 532 (2013) 119

DO 80375 + 23
PRL 108 (2012) 151804

Science 376 (2022) 6589

LHCb 80354 + 32
JHEP 01 (2022) 036

ATLAS 80366.5 + 15.9
EPJC 84 (2024) 1309

CMS 80360.2 + 9.9

NNLO cong

rained IN-sity

80300 80350 80400
mw (MeV)

80450
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https://arxiv.org/abs/2109.01113
http://www.apple.com/uk
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-002/

W boson measurements with low pileup

Integrated luminosity vs time for LS with PU=1,2 or 5

- Large number of pp collisions per bunch crossing

Overall time efficiency 70.62 % (cryo, vdM excluded)
significantly complicate estimation of neutrino momentum 0001 e ety 2078 91
- Special “low pileup” data collection periods in 2017 and 2018 | == tearsroscion o ens e vt 1
- Best 13 leV measurements of W boson kinematics and  :
production rate in this dataset
- New, dedicated ~1 month of data collection
= |arge, pure data set for future precision studies R ARy
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https://arxiv.org/abs/2502.09403
https://arxiv.org/abs/2408.03744

The forward-backward asymmetry and weak mixing angle measurement @

- Drell-Yan angular properties, non-zero Ars arise from
different Z/y* vector/axial couplings, interference
- 38iING%x = Kr(1 - M2w/m22)
- Modification impacts Arg, angular distributions

- OrF and og defined in terms of the guark direction

= ot exactly knowable in LHC collisions
Kenneth Long
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- In general, the valence guarks have higher momentum
- Rapidity sign is a proxy for the valence guark direction
13




CMS and LHCDb sin26%.# results

Results extracted from simulated templates with variations
Of siN?Gtex variations
CMS: both reconstructed-level and on unfolded Ars Phys. Rept. 427 2006) 25
- Approaching LEP and SLD sensitivity E‘EEC —

0,b
A

Total uncertainty

Statistical uncertainty

LEP and SLD combination

FB @
0,1

Agg ®

P, °

A, (SLD) .

138 fb™' (2016-2018, 13 TeV)

CT18X
CT18A
CT18Z
CT18
MSHT20
NNPDF40
NNPDF31

Kenneth Long

&
________________________________________________ . e Al

—_— -+ A%, (no-prof)

Afg CT18Z

) 0.234
Sin O,

sin? 0y = 0 23157 + 0.0003j]

Direct

Indirect

Measurements

Determinations

ATLAS 7 TeV

JHEP 09 (2015) 049

LHCb 7 and 8 TeV
JHEP 11 (2015) 190

Tevatron combination
PRD 97 (2018) 112007

CMS 8 TeV
EPJC 78 (2018) 701

ATLAS 8 TeV preliminary
ATLAS-CONF-2018-037

CMS 13 TeV
arXiv:2408.07622

LHCb 13 TeV
LHCB-PAPER-2024-028

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

Electroweak Fit (J. de Blas et al.)
PRD 106 (2022) 033003

0.229 0.23

0.232 0.233

. 2l
sin Heff

Phys. Lett. B 866 (2025) 139526

LHCb: 0.23147 + 0.00050 (0.00023 theory, 0.0044 stat)

JHEP 12 (2024) 026
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Future prospects

o | ] e CMS Phase-2 Simulation Preliminary | - 14TeV
- SM precision result with most to gain from HL-LHC upgrade s l A
- Still statistically limiteo o N——
- CMS and ATLAS extend forward coverage “ e S
10 — 10
- LHCb able to cope with more data - -
- ml < 2.4 Ml <2.8 T
- Benefits from simultaneous extraction of results/constraints on PDF | s 0 cosamea :
i —e— NNPDF3.0 constrained —&— NNPDF3.0 constrained )
L1 trigger primitives @40 MHz 1 110 182 1(1,3 |
PF selaction, 750 kHZ output Ly (F07)
Tracker: HLT output @7.5 kHz
FEMESON RGEEE, D) (LAY New BE/FE electronics
?;.J(Sce: Ea:em":awl I ECAL: reduced temperature
Coveragewplo |71 | = 3.8 HCAL: partially new scintillator
New electronics
Extended coverage GEM/RPC
1.S<|n|<24
Muon tagging at higher »
Radiation hardness
Timing Information
Coverage |5 < || <3.0
Precision timing for PU mitigation
Barrel: Crystals+SiPM
Endcap: Low gain avalanche diodes
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Cataloguing the standard model with the LHC

- What particles are produced in pp collisions, how often, and with what properties”
- Huge LHC data sets (e.9., years of proton collisions)

- A good “problem” to have!

- How differential can you go”?

- How many bosons/jets/top quarks/Higgs..."”

200 . . . . . . . . . CMS Preliminary March 2026
CMS 2010, 7 TeV, 45.0 99‘1 1014;9 v ma 13.6TeV (L<171fb71) |
m— 2011,7 TeV, 6.1 fb = el mm 13Tev (L<138fo-) T
—~ m— 2012, 8 TeV, 23.3 fb™’ o 10% a1 8 TeV (L< 1960
— -1 o e < . -
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= 150l 2016, 13 TeV, 41.6 fb | o 107%% 'avg? ve 7 TeV (L <5M™)
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*UZ‘) m— 2018, 13 TeV, 67.9 fb™’ C 10%t o v ot ee o1 2.76 TeV (L<231nb") -
e m— 2022, 13.6 TeV, 41.5 fb™ 2 Y5 oo 95% CL limit at
E === 2023,13.6 TeV, 32.7 fb! S 10° a vhte 2., so 7 43 Tev (L<1381b7)
= = 7024,13.6 TeV, 122.2 fb_1 5 % a ory - Z Theory prediction
— 100} 2025, 13.6 TeV, 125.7 fg _ 7)) 104* t W 5 Ay I Wy v®
8 m— 2026, 13.6 TeV, 33.1fb N teanan o] 2 ¥ @A veFw @ VWV i
= @ 103k o & . 8"V o o
4V B Yo wH B @ xAeKB W2
5) 2 Ay “w Bgla oA i= Z
o CC) 109 VBF Z wwz iz L= ? ww
= = wzz fy tH ty - - Zyy
= I | © 101 2z A B °520a o
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IE -8 1_ tZq é Wy WWVY\‘Z.Y e
al WEW 2y g
10-1
e . 50
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Date Z v Wz VBF H Vv Wy WW & wvy VWV
7z Zy
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Standard Model Production Cross Section Measurements

Status: June 2024

| e |
_Q OAQ total (x2) ..
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Exploring the EW sector of the SM with diboson production

CMS

- Massive vector bosons have quartic and triple self-couplings
due to non-Abelian electroweak theory
- Multilboson production probes these couplings

(pp/pp = WW) (pb)
o

- HIggs boson decay to boson pairs Is a critical search and ol A |
measurement channe w o ' A NILD G0 x NLO BV (MATRLX)
1 b : S TN S | o X |
- A “standard candle” analysis " v vt |
- Sensitive to effects higher-order calculations Y + T
- WW showed need for improved calculations after .. g 4 f j ?
q -~ Y " 0 " s 1T
the LHC start 24681012f(ﬂ;)4
g VA - 8 e e e | Ixaxlis/ogarilthrr]iclforl m, > 225 GeV - ——Tr—— T
3 10? ?Elﬁés'rev 139 fb™ = Dt — R = 600i ATLAS ¢ Data
(%) > | ’ — oM , ... B I {s=13TeV,1401b" mzz
Z N e oun - spin 1 V: polarisation § °%f p-zz -4 mzz
- o o = * . L . . -Fi Znlr
H(*) Z ¢ _ (Spln VS. momentum) 400¢ gcc))ztdiéss-of-Fit: p-value = 0.28 B Interf.
- . . : B Non-prompt
. : |mport.ant IN 300_. Othe?s. P
5 ’ production and o) 7/ Uncertainty
: decay 200}
Y 2 Y I 100; =
3 | JHEP 07 (2021) 005 = J——ees S
: — I g 11 | \
P S __ 2 o4 7%,
[ . . L . . . R 8 0.8 . ’ . . . N . : L
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https://link.springer.com/article/10.1007/JHEP07(2021)005

@

Probing EW symmetry breaking with vector boson scattering

- Without the Higgs boson, VV scattering rate is proportional to 4w, w, - w,wy) o (—s — ¢ - 3; .
scattering energy in perturbation theory (e.9., not weak!)
- With a light Higgs boson, expected scaling restored H g :&
- Major argument in favour of finding “something” at the LHC M
- The Higgs exists, but VBS remains a probe of EWSB . o(VV — VV), no Higgs
s the SM Higgs boson solely responsible for unitarization’?
1_
L\ WHW~ — ZZ //;/‘//U
).5 | W TWt > WHwt /;///
v
).2 — T~ WHW— — WHWw-
0 IOIOO 20100 3000
V5 (GeV]
81V 2

| 2 <
M,

|

Weak interactions at very high energies: The role of the Higgs-boson mass

— A 2~ 2)2
a5 =M. (1 TeV/c?)

Benjamin W. Lee,* C. Quigg,' and H. B. Thacker
Fermi National Accelerator Laboratory,* Batavia, Illinois 60510

g
Non-VBS background (Received 20 Aprd 1977 9
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Evolution of VBS measurements
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
https://arxiv.org/abs/2605.15396

Polarised vector boson scattering results and future prospects

- Longitudinal polarised proportion is only 10% of total VBS production
- First analyses with sensitivity recently published
Major target for the HL-LHC

| | | 1 I | |
- ATLAS+CMS
" Projections ESPPU 2026
| S2

N
T

95% CL limit on production rate of

oy w €Xpected significance [o]
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O 180F 18 13 ToV, 140" pavenow B e W W, set at 0.45 fb (0.70 fb exp.) _
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GC) 140 Post-Fit Non-prompt Conversions ] § 905 A;_TLAS p ¢ Di’tar. - WEWEU EW ol |
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- L7 - 70F SR:DNN._  bin2 N WZQCD W WZEW
100 w17 = 60 - Post-Fit Non-prompt Conversions
80:— = . 505 Other prompt Tot. Uncert.
3 0 ATLAS: Neural network to ;
0L ¢ separate into spin c@mponents :
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https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
https://arxiv.org/abs/2009.09429

Summary and outlook
- The LHC was designed as a discovery machine

- No major discovery since the Higgs boson...
- but huge progress In experimental technigues
- Better measurements than thought possible
- And still plenty of room to improve

- In the near (and not so near) future, LHC has a major
role to play in precise studies of the standard

model

- Enormous gata set will come with increased
challenges:

experimenta

- high-pileu

0, detecto

- Offset by detector u
advancements

Kenneth Long

" aging

ogrades, reconstruction

FCC-ee vs. LHC:

f nature The standard model is not dead’ \

)\
2\

| &y Elzabetn Gonex ultra-precise particle measurement i
| ﬂ
|
v thl‘l“S physncnsts |
L_‘_‘”—’—* — ———————— = ——_—— __
CMS Preliminary
o 0-234 ™ 68% and 95% confidence level by[Hagfit
C\CID [ CMS, CMS-PAS-SMP-23-002
- — [ZX CcMS, CMS-SMP-22-010
N —  68%, 95%, 99% credibility regions
— [MII0 de Blas et al,
0233 |— Phys. Rev. Lett. 129 (2022) 27
0.232 —
0.231 =
| I | | | | |
80.25 80.3 80.4 80.45
m,, (GeV)

SM expectation
0SiN20ef: 310 & 3 x106

oMmw:

9.9 - 0.25 MeV
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What do we do at the LHG? @

Particles are brought to collision Particles are produced
N Partons interact /N
, N ~ / Events from
P I~ ~ Events detected other processes
N — Ny
| [ 0O =— 5
:\ f £ dt * A * 6
P \" Fraction of events
\ within detector
\ - S, Reconstruction
~ We are interested in this e
We control this We measure this in efficiency
(protons) time our detectors

—
- Interactions driven by guantum mechanics

- Many, many things can happen when protons interact
- Impossible to predict which one, exactly, will happen in one collision
- Measure rate of occurrence over many collisions

- The LHC collides protons again and again and again

- Look for more or more rare process, or make better measurements of more commaon Process
Kenneth Long 24




LHC experiments for electroweak measurements

| 1 | | 1 1 1 1
Om m 2m im 4m 5m 6m /m
Key:
Muon ATLAS
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon
\ CMS
G '
N/ . .
Q’IIII | B Tracking
B ECAL
Silicon
Tracker - HCAL LHCb
i B Muon
' Electromagnetic z
_ )I”“ Calorimeter g‘ v
5 -5 -4 -3 -2 -] () ] 2 3 | N
Hadron Superconducting e
Calorimeter Solenoid 2‘5 f ,
Iron return yoke interspersed g
Transverse slice with Muon chambers ail o'
through CMS U barrel New Small Wheel (NSW) barrel toroid masnet
muon chambers muon chambers &
LHCb Detector Elect ”
Weight: 5,600 tonnes ecC r:omagne IC — _
Height: 10 m Calorimeter
ength: 20 m
RICH"1
endcap
muon chambers inner detectors

Vertex
Locator

endcap toroid

magnet
endcap calorimeters
Trackin g RICH2 Muon barrel electromagnetic calorimeter
Station . .
, : solenoid magnet
D|p0|e Trackin Hadr(_)nlc Stations @AT L AS barrel hadronic calorimeter
Magnet 9 Calorimeter ' EXPERIMENT
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Every LHC measurement is a test of the standard model

13.1 fb" (13 TeV, 2016)

- Relationship pbetween experimental and theoretical collider physics IS = 10T oo
multifaceted S "’"’E Podanay —5
- Comple ely theory independent measurements i R E—
Theory guides interpretation n 12? - B,
- I\/Iimmally theory dependent: e.g., estimation of backgrounds e 2
- Theory-dependent conversion/extrapolation of from direct -
observation to indirect observable F | |
P | 1 :ﬁu' invariant mas;?ger
LHC CO||ISIOHS 8 Event reconstruction S ——
AR 000 Wown ] § W EiSTov st L L
DR IR
e w w w7 pTg[OGgV"’? ;Ogﬁ%‘%—éﬁéﬁmﬁﬁm +_
Eur. Phys. J. C 85 (202 5) 729 -’ . sopTlgée&;o
Kenneth Long : h Detector simulation Property measurements e.g., mw
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https://arxiv.org/abs/2502.09403

Measuring properties of a heavy unstable particles

- Heavy particles like the W and Z
DOSON are very short lived

Half-life (t) = 1/l ~ 1025 s

P4

4 P1 P3 .

- Measuring their properties (e.g.,

oroducts
- Electrons and muons most
easlly detected/measureo

- Look for a "resonance” vs. energy

Kenneth Long

L3

L+ - + -
ee —=>ee(y)
— 44° <0 <136°

O 1990-92
1993
1994
1995

Mass) means measuring their decay

ratio

0.95F

-
4
Il = = ----'-
-

e

88 90
Vs [GeV]

Energy of collision
or total energy of
decay products

“Width” of resonance
[z =2.496 MeV

Mass of the resonance
mz =91 188 MeV
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Measurement of the strong coupling constant with Z bosons

- pt4 naturally sensitive to as
- Very well measured!

O(aN)
- ... but theoretically challenging
- ATLAS measurement has world-best precision
T - Additional as from
- Theoretical unc. has been hotly debated o ; S
. igher-order vertices
= At the state-of-the-art of theory and experiment
| | | |
ATLAS @ Hadron Colliders
- - 1 ATLAS -@- Category Averages PDG 2022
= 80
(?B ~ pp = Z, \s=8TeV _é 1 1 0.4<lyi<08 _ -@- Lattice Average FLAG 2021
S i = 1 pp—=>Z -@- World Average PDG 2022
= 60— : ] Vs=8TeV,20.2fb" ~®-ATLAS Zp_8TeV
1‘3 i o e Data ATLAS ATEEC ° 0.1185+ 0.0021
S+ o , CMS jets ° 0.1170+0.0019
40— goo- 7™ Post-fit H1 jets o 0.1147 + 0.0025
i 2 PDF unc. HERA jets —§— 0.1178+ 0.0026
o0 -, / ~ PDF ® Theory unc. CMS ttinclusive ® 0.1145+ 0.0034
o (m ) =0.118 - = ag (m) = 0.002 Tevatron+LHC tt inclusive -F 0.1177 £ 0.0034
(M) =0.128 CDF Zp_ —o— 0.1191+0.0015
A Tevatron+LHC W, Zinclusive | | S 0.1188+0.0016__
2 1.2pF=-._ _ t decays and low Q2 t 0.1178+ 0.0019
e [ el ——— o QQ bound states 0.1181+ 0.0037
T T PDF fits o 0.1162+ 0.0020
0.8——" - | | o i e'e jets and shapes o 0.1171+0.0031
0 5 10 15 o Electoweakfit | | f=—@—— 0.1208:+0.0028 _
P, [GeV] Lattice ____________ | ________1 L 0.1184+0.0008__
/" Worldaverage _ _ _____f ________ ¢ _________ 0.1179+0.0009
arxiv:2309.12986 ATLAS 2 58 TV * 61183 5 0006
| ! l !
' 4 0.115 0.120 0.125 0.130
Submitted to Nature Physics ()

Kenneth Long 28



https://arxiv.org/abs/2309.12986

Muon momentum calibration: CMS and ATLAS procedure @
13.1 b (13 TeV, 2016)

. . . 1011 E . rigger paths
*Callbratefm data.us/lng a > F cms Primary Tiago o
- Mass known precisely 8 0 - ) S
C = s
= Requires robust extrapolation g - ¢ P ,‘;wmassdoub,emuonmack
L|J 108 = Y | double muon inclusive
ACross momentum scales =
= y4
10°- Secondar “\aliHat:
- s y Validation
107 0T~ M/2: ~5 — ~45 GeV/
10*
) ) ) : | | | | | | I | | | | | | | | I | | I
Parameterize by small differences in 1 10 102
- B-field u*u” invariant mass [GeV]

- Alignment

- Energy loss (material)
ATLAS: corrections derived from the Z boson
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Muon momentum calibration: LHCb procedure @

% Calibrate in data using a Scale terms Resolution terms
known reference: J/{

- Mass known precisely p > (l+a+— P + 5p+)(1 + aR,0)(1 + biRZO'ZP )p

= Regulres robust extrapolation p—
ACross momentum scales ~A ~M ~e

e

[—
an
~

LHéb' - J/w(1S) S N ‘prompt-like sample
Vs =13TeV
N

[—
o
@)

P(2S) Y(1S) \ (1) > 1GeV, p(p) > 20 GeV

Y§/2( §) 0wty

Secondary Primary

[
)
N

[
)
oy

Validation

Candidates / a|m(up)|/ 2

10° 10° 10°
Phys. Rev. Lett. 120 (2018) 061801 m(pp) | MeV |
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Calibration parameters

Parameterized corrections derived from known resonances
- CMS: x2 minimization to extract n-binned per-muon parameters
- LHCDb: 2D binned corrections to alignment with "pseudomass’

Sagitta (S) <
ptT = gBR = gBL2/8S

+
M* 2p pT = (1 —cos8)
\ Pr

PRD 91 (2015) 072002

LHCb, 2016 magnet-up JINST 19 (2024) P03:§)10
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CMS “results” and prospects @

- Extract mz from binned likelihood fit to my, in bins of signed n¢ of most forward muon
- Intended to validate experimental mput o mw

mz—mQDG_—ZZ—-48 MeV = —2.2 +

— _—

- Not (yet) an mdependent measurement of mz  x10¢ 16.8fo™! (13 TeV)
> lepr T T
- Stability of result (calibration) validated across n+ L ol CMS + Data :
1 o [ Postfit . ZiyT - py
| | 16.8 fb | (13 TeV) 2 gl xenr=25.1/25 _:
Both np < O CMS .. —o— i ] Lﬁ : (b =45%) k
Preliminary 5
One f]p <O - e— - _ :
— Measurement |
Both n* > O Calib. unc. e - _
— Stat. unc.
Inclusivel- x?/ndf=2.6/2 - 4:* = — 8 1.011 — mz+4 8MeV Model unc -
p=28°/o i &
| | | © 1.00 M ++£ F ............ —
-40 -20 0 CDtS P
Amz (MeV) 60 ' 100 110 120

. . . . . . m GeV
- Improve resolution calibration, Y-based calibration, perform blinded analy8|s i (GeV)
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Theoretical description of W and Z boson production at the LHC

- Measurement requires percent-level control of predictions

- Predictions for W and Z production combine complex calculations with many sources of uncertainty

PDF

QCD
EW

QED 2

- PDF determines quark flavour and momentum
- Non-perturbative motion of quarks important

at low ptV

- Resum soft gluons for low/intermediate region

- pQCD accurate at high ptV

- Electroweak corrections small, but relevant

Kenneth Long
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W and Z boson production at the LHC

- ptt Is not Lorentz invariant = sensitive to W production

@

y produced with some momentum transverse to the beam direction (prV)
rectly measurable w/high precision at LHC
- pr¥ due to radiation of gluons from colliding quarks
- Many similarities (but some important differences) between W
and Z prOdUCtiOn "T_‘ ;_I-_.I | I I| | [ [ T I| [ | | IE
T ATLAS :
-+ L . 3,102 V5 =13TeV, 338 pb~1 —
5 ' ATLAS % F -
O, 10-2 V5=13TeV, 338 pb~" _ D 03 N
& =3 -
E 1073 & — E - n
e - — 104 W™ = (v —
T _ E: gﬁ; - - —¢— Data =
- i Sherpa2.2.1 : 10-5 I Sherpa2.2.1 N
10-5 =~ Sherpa2.2.11 - = —+— Sherpa2.2.11 =
+ - MOPyInias PP E ~ —— MG+Pythia8 FxFx -
el f — e —6 | .
9 65 : """"" - E ( i l R B | B -
8 ' —— = | 1.1 & —]
= 1 - e — -
Qoos = |  — HF TR it T s l 3 1.05 = E
0.92 | | | =1 = ] e 1 ; + | | i
085~ I1 I1|01 I1Io2 — % 0.95 i— —i
f pZ [GeV] i: 0.9 i_ - é
+ .o O(QN) : 085 L L 1 1| |.;O|1 —t=
U Y pY [GeV]

Precision, resolution of ptW not sufficient for my measurement
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W and Z boson production at the LHC @

- ptt Is not Lorentz invariant = sensitive to W production

- Motion transverse to the beam direction (ptW)
- prW not directly measurable w/high precision at LHC
= Rely on theoretical predictions to describe ptW
- Validate with measurements of Z boson production

Z production W production

<105 168fb 1 (13 TeV <105 168fb (13 TeV) «107_ 168fb 1(13 TeV)
> L L B A B N > U L N ] >1.2 L D T
8 °r CcMS Prefit \' Data : 2 | CMS ¢ Data e ZIV* = pp 2 CMS }  Data -
= 52_ L ~-= MiNNLOps - o °F Srefi --= MiINNLOps W Other 7 5 1_0— Preliminary--- MiNNLOps B Nonprompt —
S . Z/yF o pp s b ' S | WS pv EWEs Ty
Lﬁ 4 : Bl Other Lﬁ Lﬁ 0.8~ -___Z!_Y_* - PP/TT Bl Rare ]

: 0.6 s

. : I )
o S L O
o o 1.0 R e s R
~ ~
o = o i ] s ]
8 09 I Fixed-order+matching ths 09l Fixed-order+mat¢hing CS-Nonpert. 8 Fixed-order+matching CS-Nonpert. ]
L Resum. TNP I Resum. TNP Nonpert. Resum. TNP Nonpert.
1 | | l I | L L L | | L L | | L l | L i L | | I L | | L | | | | | | L | | | | | | | | | | | | | | | | | | L L I L 1 L L I L 1 L L I | L | L I | | | | I | | | | I ]
0 10 20 30 30 35 40 45 50 55 60 30 35 40 45 50 55
p¥ (GeV) pt (GeV)

Uncertainties, corrections can be
Kenneth Long much larger than mw variation! 35




