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The importance of the Z precision measurements

[arXiv:2211.07665]
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Studying processes with the Z boson

[JHEP 01 (2022) 036], [LHCB-PAPER-2021-024]
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ATLAS, CMS and LHCb
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provide almost a 4rt coverage

Similar working environment:
proton-proton, same energy, ...

Interesting constraints on the physics
modelling can be put combining the
information from all of them (e.g. PDF
uncertainties)
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ATLAS, CMS and LHCb
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Both ATLAS and CMS cover the central pseudorapidity
region in a more hermetic environment

(¢]

Measurements of the hadronic recoil are possible with high
precision (big implications in e.g. the measurement of the W
transverse momentum)

Electron modes can be studied in detail with the information
from the ECAL

The high pile-up can cause problems for some precision
measurements, but dedicated runs are prepared for these

In LHCD the high pseudorapidity region is covered

(e]

Access to low and high Bjorken-x regions of the phase-space

Provides valuable information for the physics modelling in the
low transverse momentum region

Complements the other detectors at the LHC

Lower pile-up, but events are more populated in the high
pseudorapidity range
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The LHC combination: close to a 41t detector

e Having three experiments with complementary coverage has big implications in
the modelling and specially in the Parton Distribution Functions (PDFs)

o  Central Bjorken-x for ATLAS and CMS compared to low/high for LHCb
e  Overall it provides useful information of the quark content of the proton:
o  Instandalone Z processes we test quark /anti-quark interactions

o With associated production we can directly test gluon and single-quark PDFs (e.g.
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Kinematic coverage

NNPDF, [CERN-TH-2017-077]
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Angular coefficients

e The angular cross-section of bosons (S=1) can be expressed as a function of 9 harmonic spherics, with
their accompanying coefficients A,

e All the A, are highly sensitive to next-to-leading order corrections, in such a way that all of them are close
to zero at LO except for A, (related to the weak mixing angle)

do 9 . @
m 3 cos 9) +A1 S1n 20008¢+
+A3 sin 0 cos ¢ @ 0s 0 + As sin” sm2¢ + Agsin 260 sin ¢ % A7 sin 6 sin ¢

o (1 + cos? §) + in? f cos 2¢

Condenses information on the A,=A, at LO for quark-antiquark
parity violation in weak and gluon-quark processes
interactions (Lam-Tung relation)
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Angular coefficients

The analysis is similar to that of a cross-section measurement but:

e The cross-section is studied as a function of the decay angles as well as transverse momentum and rapidity

e  More coarse binning is needed to optimize the sensitivity Pythia @ LO gives a poor

description of the coefficients

PRL 129 (2022) 091801
[EPIC 84 (2024) 315] [ 9 (2022) 091801]
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Angular coefficients

The angular coefficients have now been studied by the three
experiments at different energies:

o ATLAS @ 8 TeV [EPIC 84 (2024) 315]

e CMS @ 8 TeV [PLB 750 (2015) 154]
e LHCDb @13 TeV [PRL 129 (2022) 091801]

Useful information can be extracted to study calculations at N(N)LO
e In general, the angular coefficients are well predicted at fixed order
o  The only exception is A, which is highly affected by the PDFs

e Overall, it is an interesting area to study spin-momentum correlations of
the proton, specially through the Lam-Tung relation
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The weak mixing angle

: s
Collins-Soper frame
. . . ¢ }31 P 132 (/5
e Itis an useful quantity to test the custodial symmetry of the L
Standard Model / 3

e Measuring the weak-mixing angle can be seen as an indirect
measurement of the W boson mass: The definition of “forward” and “backward” is

. 92 m? more ambiguous due to the difference between
sin“Oy =1 — —
W — m2, quark and hadron level information

e The treatment of A, deserves a special attention, since condenses

information about the vector and axial-vector couplings of the Z _ A of—0op o(cos 8 >0)—o(cos 8 <0)
fb — -

boson ofto, ~ o(cos@*>0)+o(cos §*<0)
e It becomes interesting to perform singular measurements that dcfl)ZG* x 1+ cos2 0* + % Agp, cos 0
maximize the sensitivity to the weak mixing angle (e.g. dilepton
mass) 2(p/ p; —py p)) .
cos 0* = —~ _Z ;2 f L s1gn(pz7u7)
e The measurement is more challenging at the LHC compared to “\/ e P00
LEP, since it condenses information on the proton polarization 1

+= _ _
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The weak mixing angle

e The measurement of the weak mixing angle at the LHC is highly
dependent on the interplay between proton-level and quark-level
quantities (especially in the definition of the z axis)

e These effects are reduced in the forward region (LHCb), where the
dilution between proton and parton level is reduced

o Ahigh-x parton (typically a valence quark) interacts with a low-x
parton (typically a sea anti-quark)

o  Enhanced sensitivity at ATLAS and CMS in the HL-LHC era due to the
extended coverage in the forward direction

o CMS used the forward calorimeters in its new measurement!
[CMS-PAS-SMP-22-010]

e Mitigating the effect of the PDF uncertainties becomes crucial through
e.g. profiling

[ATL-PHYS-PUB-2018-037]
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The weak mixing angle

Direct

Indirect

Measurements

Determinations

Total uncertainty

Statistical uncertainty

SLD, Al

PRL 86 (2001) 1162
LEP combination, A%

Phys. Rept. 427 (2606) 257
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 preliminary
CMS-PAS-SMP-22-010

0.00027 coming from PDFs!

e New measurement by CMS with 13 TeV data!

———>| sin? 6P (CMS @ 13TeV) = 0.23157 i@o@

e ATLAS and LHCbD still need to process the data collected
at 13 TeV

e The HL-LHC has a big potential to drastically improve
the accuracy

o Improved detectors in the forward region

o  x10 more luminosity

Electroweak Fit (J. Halleret al.)
EPJC 78 (2018) 675

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

|

0.228 0.23

0.232

.2 Alept
sin” 6,

e Beating the LEP experiments is possible in the future

sin? P (LEP) = 0.23221 + 0.00029

sin? 01P* (Tevatron) = 0.23148 + 0.00033
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Z invisible width

[Phys.Rept.427:257-454.2006]

=
= 2v
e The study of the invisible Z boson width has been important historically to "o
=]
determine the number of light neutrino families interacting through weak g 30 ALEPH
neutral currents - DELPHI
L3
e For extracting the invisible width in a hadron collider, we need to compare il OPAL
the neutrino production to a known, well controlled, process like I
¢ averag«le) mea_suremer(llts,
_ o O'(Z‘I—JetS)B(Z—)VIj) — | €error bars increase
I(Z = wvp) = o(Z+jets)B(Z—L0) I'(Z — 0) [ Dyfacter 0
10
e The measurement relies on having a hermetic detector and a precise i
measurement of the hadronic recoil, and therefore the missing transverse
ener i
gy 0 1 1 1

86 88 90 92 94

o  To measure the recoil with high precision, the measurement must be E_ [GeV]
cm

restricted to values of the boson and jet transverse momentum higher than

~100 Gev Much easier to do in an electron-positron

collider via an energy scan
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Z invisible width

[PLB 842 (2023) 137563]
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Conclusions

The different experiments at the LHC offer a wide variety of ways of checking the consistency of the
Standard Model with an unprecedented level of precision:

e Fundamental parameters, via model-dependent measurements

e Differential unfolded distributions, for which having more data and adopting new calibration techniques becomes crucial to
reduce the experimental uncertainties

The study of Z bosons at the LHC constitutes a very important area to understand the Standard Model and
redefine its boundaries

e  We can efficiently validate procedures through different channels: electrons/muons, transverse momentum/recoil...
e It allows to understand backgrounds and the detector response in searches for physics beyond the standard model

e Has anice interplay with W boson precision measurements (see the next talk by Marco Cipriani)

Many important measurements to come in the near future, and a very promising scenario awaits with
HL-LHC, where beating LEP is possible in measurements like the weak mixing angle!
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Calibrations using quarkonia

e The challenging part is to control with high accuracy the
detector aspects
o Momentum scaling (momentum)
o  Corrections to the resolution (momentum)
o  Efficiencies (transverse momentum in mass measurements)

e Corrections are typically applied as a function of n and ¢ to
account for detector biases in bins of the transverse momentum

e Benefit from new quarkonia mass measurements e.g. Y(1S) [Phys.
Lett. B839 (2023), 137766] (reduction of the uncertainty by a factor of two)

JHEP 01 (2022) 036
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Calibrations using quarkonia
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[LHCb-CONF-2016-005]

Overview of the dimuon samples (@ LHCD)
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https://cds.cern.ch/record/2200233

Upsilon resonances for calibration

[PRL 121, 092002 (2018)]

[ATLAS-CONF-2022-023]
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The strong coupling constant
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Dependency of the weak mixing angle
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Modelling the Z transverse momentum

cross section [pb]
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