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1. Introduction

As the successor of the LEP e+e− collider at CERN, the LHC was orig-

inally conceived mainly as a discovery machine, not as much to perform

precision Standard Model measurements. However, this notion has been

challenged throughout Run 1 and Run 2, not just by the forward preci-

sion experiment LHCb, but also by a variety of percent- and permille-level

measurements by ATLAS and CMS. Even though large data sets will be

available at the end of Run 3 in 2025, the High-Luminosity phase of the

LHC (HL-LHC) from 2029 is expected to bring further significant improve-

ments to these measurements. Prospects for this program are discussed in

detail in the “Yellow Report on the Physics at the HL-LHC, and Perspec-

tives for the HE-LHC”1 and in the more recent “Snowmass White Paper

Contribution: Physics with the Phase-2 ATLAS and CMS Detectors”2 and

“Future physics potential of LHCb”3 and we will give a synthesis of this in

the following sections.

The obvious implication of the HL-LHC operation will be the larger

data set available. The total integrated luminosity is expected to exceed

what will be available by the end of Run 3 by a factor 10, reaching a total

of 3–4 ab−1 for the ATLAS and CMS experiments and at least 300 fb−1

for LHCb. This will directly lead to improvements for measurements that

are statistically limited.

This is an open access article published by World Scientific Publishing Company. It is
distributed under the terms of the Creative Commons Attribution 4.0 (CC BY) License.
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A huge program of upgrades to the detectors and their data acquisition

systems is required to fully exploit the increased luminosity delivered by

the HL-LHC machine as is explained in this book. The high-intensity oper-

ation will come with a significant increase of the number of simultaneous pp

interactions per bunch crossing (generally referred to as pile-up) up to 200.

All detector systems will have to be more granular and precise, additional

features such as timing measurements will be implemented, and the trigger

systems need to be more capable to select the interesting collision events.

Key examples of these upgrades are the inner tracking systems of ATLAS

and CMS that will have higher performance and extend into the forward

region |η| < 4 (as opposed to |η| < 2.5 now) and a more efficient full-

software trigger for the first upgrade of LHCb. After further developments

in the reconstruction algorithms, the significant increase in data volumes

will also allow for a better understanding of experimental systematic un-

certainties. To avoid theoretical uncertainties becoming dominant effects

in measurements, the tools, calculations and supporting measurements will

need continuous effort.

In the following sections we will first describe our expectations for the

measurements of global SM parameters, then discuss the electroweak pro-

duction of multiboson final states and precise differential cross section mea-

surements with top quarks, jets and photons, before closing with some ex-

amples from quark flavour physics.

2. The SM parameters and global Electroweak fit

Even though the number of free parameters is often brought up as a limi-

tation, the SM is a highly predictive theory and relations between param-

eters such as the masses and couplings are well known. The discovery of

the Higgs boson and its precise mass measurement delivered the final in-

put needed to overconstrain the global Electroweak fit. Exploiting the SM

relations, parameters can be determined indirectly and compared to direct

measurements. Any deviations observed in these comparisons will indicate

the presence of new physics.

While not (yet) providing a similar diversity of EW precision observables

as LEP, the masses of the W boson, mW , and the top quark, mt, as well as

the effective mixing parameter sin2 θlepteff are those where the LHC already

surpasses e+e− results or can be expected to do so. An update of the global

fit of the EW precision observables was performed in Ref. 1 with the HEPFit

package. The experimental constraints using the current and the expected
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Fig. 1. Comparison of the indirect constraints on MW and mt with the current exper-
imental measurements and the expected improvements at the HL-LHC (left). The same

in the MW and sin2 θlepteff plane (right).1

future HL-LHC data are shown in Fig. 1 for the relation between mW and

mt (left) as well as mW and sin2 θlepteff (right). The expected precision of

the HL-LHC measurements will improve the constraints significantly and

would potentially increase existing tensions between indirect and direct

measurements. As also highlighted by the recent mW measurement by

CDF,4 these measurements are able to challenge the SM and are among

the main goals of the HL-LHC scientific program.

The measurement of the W -boson mass at the LHC is performed

via leptonic decays to electrons or muons and the major challenge is to
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Fig. 2. Left. PDF uncertainty on the W -boson mass mW measurement using different

PDF sets.5 Right. Total uncertainty on top quark mass (mt) obtained with different
measurement methods and their projections to the HL-LHC.6
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overcome missing information due to the decay neutrino only visible as

missing transverse momentum.5 Previous measurements by ATLAS7 and

LHCb8 have proved this to be possible. In fact it would appear that the

requirements for this measurement — a modest sample collected at low-

intensity running — are in disagreement with the HL-LHC conditions.

However, the measurement can exploit the increased detector acceptance

and the improved detectors. In special, low pile-up conditions with two

collisions per bunch crossing on average, about 2 × 106 W boson events

can be collected per week of operation. The extended detector accep-

tance helps to reduce the impact from parton distribution functions (PDFs)

that are usually among the largest uncertainties in the measurement. The

expected statistical and PDF uncertainties are summarised in Fig. 2(left)

for different PDF sets. While the CT10 and CT14 PDF sets are found

to give about 8 MeV uncertainty, the MMHT2014 set gives about 5 MeV.

All three projected HL-LHC PDF sets with anticipated additional LHC

data constraints9 give uncertainties that are slightly lower than 4 MeV. A

qualitatively different level would be reached by incorporating additional

DIS data from the LHeC10 that would halve the PDF uncertainty to about

2 MeV. Depending on the available PDF knowledge, one can expect to

reach 7 MeV uncertainty or lower at the HL-LHC.

The most precise top-quark mass measurements at the LHC stem from

the so-called “direct measurements” that reconstruct information from the

top-quark decay products. The typical uncertainty with these methods

is of the order of 500 MeV, with a recent CMS measurement reaching

380 MeV.11 These uncertainties are dominated by the theoretical modelling

and, specifically, non-perturbative QCD effects. It is thus of interest to

employ a variety of alternative methods that do not rely on jet observables6

and thus have different sensitivities to the top quark production and decay

mechanisms. Instead of using the full b-jet information, one may choose

final states where a b-hadron has fragmented into a J/ψ meson that decays

to µ+µ−. The comparison of extrapolated uncertainties on the top quark

mass measurements using different methods is presented in Fig. 2(right).

While the “J/ψ” approach is currently significantly less precise than other

methods, more data and improved systematic uncertainties are expected

to bring it to the region of 500 MeV. Together with other methods this is

expected to lead to a measurement of the top mass with an accuracy of a

few hundred MeV at the HL-LHC.

The presence of both vector and axial-vector couplings of electroweak

bosons to fermions leads to a forward-backward asymmetry AFB in the
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production of Drell–Yan lepton pairs that can be used to extract the effec-

tive weak mixing angle that is (at tree level) directly related to the ratio

of the W and Z boson masses. First competitive measurements by AT-

LAS, CMS and LHCb12–14 have been performed with Run 1 data. As this

measurement is purely based on selecting a di-electron or di-muon pair,

it will directly benefit from the large HL-LHC dataset, as well as the ex-

tended rapidity coverage of the central detectors.15,16 Figure 3(left) shows

an example of the AFB distributions for CMS in bins of dimuon mass and

rapidity for different energies and pseudorapidity acceptances. In symmet-

ric pp collisions, AFB is generated from the valence quark contributions.

Extending the pseudorapidity acceptance increases the coverage for larger

parton x-values in the production and reduces both the statistical and PDF

uncertainties. As shown in Fig. 3(right), the PDF uncertainty restricts the

precision of the measurement already for less than 100 fb−1. Exploiting

the PDF-dependence of the AFB with dilepton rapidity and mass, one may

constrain this PDF uncertainty, which hence decreases depending on the

amount of data. One can expect a total uncertainty of about 12·10−5, about

a factor of two better than the current hadron collider combination. Sim-

ilar conclusions have been drawn for a future measurement with LHCb.17

Additional constraints from LHeC data have the potential to reduce this

dominating PDF uncertainty by up to a factor of five.
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Fig. 3. Left. Forward-backward asymmetry distribution, AFB , in dimuon events.
Right. Projected statistical, nominal PDF and constrained PDF uncertainties for
|η| < 2.4 and 2.8 acceptance selections for the muons.15

3. Multiboson production

The production of pairs of heavy bosons V = W or Z has been an impor-

tant topic of study to establish the presence of triple-gauge interactions as

predicted by the SM. The frontier has now moved to the topic of purely
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electroweak diboson production V V jj. This process class was proposed a

long time ago18,19 as being sensitive to the nature of mass generation as well

as quartic-gauge interactions. It is characterised by a very low cross section

and will only be conclusively investigated with data samples available at

the HL-LHC. The total EW V V jj production may proceed in different po-

larization states where each boson can be longitudinally (L) or transversely

(T) polarized, leading to a total of three possibilities: LL, TL, TT. The

LL component directly probes the unitarization mechanism of the vector

boson scattering amplitude production through the Higgs boson.

Establishing the EW V V jj production at a hadron collider over the

“strong production” mechanism is already non-trivial as it requires the

presence of two vector bosons in the central part of the detector and two

jets separated by a large rapidity gap with reduced hadronic activity. The

observation was already reported using LHC Run 2 data, starting with the

golden same-charge W±W± channel and later, also for the channels with

more background, WZ and ZZ. With the increased luminosity of the HL-

LHC one can expect to measure the EW V V jj cross sections with a few

percent uncertainty as shown in Fig. 4(left).20 For the W±W± channel the

uncertainty at 3000 fb−1 is expected to reach 5%, while for WZ and ZZ

10% may be reached.

Figure 4(right) demonstrates the expected significance of the LL mea-

surement as a function of integrated luminosity.20 When using the WW

rest frame, the sensitivity of the measurement is expected to reach > 5σ

beyond 4000 fb−1 such that a solid observation is expected when CMS

and ATLAS will combine their results. The sensitivity of the ZZ LL
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measurement will be much lower. The study of triboson final states such as

WWW ,WWZ,WZZ has also just barely passed the observation threshold

with Run 2 data and will be only fully explored at the HL-LHC.21

4. Differential cross sections measurements

In this section, we discuss a few examples of differential measurements

that will be significantly improved in the HL-LHC phase because the data

will allow an increase in precision, a reduction of the bin sizes in the bulk

phase space, and the exploration of new phase space at higher energy or

momentum.

4.1. Measurements with top-quark pairs

The differential tt̄ cross-section measurements will improve at the HL-LHC

because the enormous amount of data is expected to reduce dominant un-

certainties related to jets. The extended η-coverage will allow fine-binned

measurements at high rapidity.22 The HL-LHC data recorded by LHCb

will permit high precision measurements of asymmetries in tt̄ production

at large rapidities.

Double-differential cross-sections will be used to constrain PDF. As

shown in Fig. 5(left), the uncertainties of the medium and high x gluon

distribution are expected to reduce drastically when new tt̄ data are added

to the current NNPDF3.1 fit. The improvement reaches up to a factor of

10 at x = 0.5, the edge of the kinematic reach. Nevertheless, improving

PDF uncertainties with pp data will remain difficult even at the HL-LHC.

As hinted before, this can be resolved through high-luminosity ep data de-

livered concurrently by the LHeC as discussed in this book in Chapter 20,

“Resolving the Dynamics of Partons in Protons and Nuclei”.

Another example can be found by studying the kinematic properties of

a top-quark pair production in association with a photon (tt̄γ) that probes

the electroweak tγ coupling, provides important constrains for effective field

theory and information about tt̄ spin correlation and production charge

asymmetry.23 Deviations in the transverse momentum spectrum of the

photon from the SM prediction could point to new physics through anoma-

lous dipole moments of the top quark. Figure 5(right) illustrates how such

analyses will evolve at the HL-LHC: the statistical uncertainties in all bins

of the differential distribution decrease significantly and additional bins at

high pT can be added, compared to published analyses with partial Run 2
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data. Also, the precise study of rare top-quark processes, such as four-top-

quark production, is expected to become feasible at the HL-LHC.24,25
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4.2. Inclusive jet and photon measurements

Inclusive jet production at a hadron collider is the QCD process that probes

the highest accessible scales and has been used to constrain PDFs at highest

x and extract the running of the strong coupling at high scales. At the HL-

LHC, the accessible dijet mass range will reach up to 10 TeV, close to the

kinematic limit and the highest ever reached value at colliders.26,27 A simi-

lar case can be made for inclusive photon production where small measure-

ment uncertainties will be reached up to many TeV. Figure 6 demonstrates

how the PDF uncertainties may improve after including dijet and inclusive

photon measurements into PDF fits when assuming further improvements

in theory uncertainties.

5. Quark flavour physics

In the SM there are three families of fermions, distinguished by their

flavour. The fermion mass hierarchy is governed by Yukawa interactions

with the Higgs field. The mis-alignment between the mass and weak-

interaction eigenstates of the quarks is characterised by the Cabibbo-

Kobayashi-Maskawa (CKM) matrix, with its four degrees of freedom

corresponding to three angles and one phase, which is the only source of

CP -violation in the SM. The six quark masses and four mixing parameters

are free parameters of the SM and an open question is: Whether there is a

deeper explanation for the hierarchical pattern in their values. The study

of quark flavour changing transitions may reveal amplitudes involving new

fields with a different flavour patterns.

While previously the field of quark flavour physics was determined al-

most entirely by e+e− collision data collected at the Υ(4S) resonance, the

first decade of the LHC has changed the landscape. The cross-section for

beauty hadron production at the LHC is roughly five orders of magnitude

larger at about 1 mb. Furthermore, beauty hadrons are produced inclu-

sively, meaning all conceivable meson, baryon, or exotic bound states are

available. Charmed hadrons are produced at an even higher rate. The

LHCb experiment has demonstrated emphatically that high precision stud-

ies of beauty and charm hadrons is possible at the LHC with its unique

instrumentation in the forward pseudorapidity range of 2 < η < 5. The

ATLAS and CMS experiments have contributed studies of beauty hadron

decays particularly with decays into dimuon final states that are more easily

triggered.
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5.1. The unitarity triangle

The search for BSM physics in quark flavour requires the precise determi-

nation of the free CKM parameters of the SM using processes unlikely to be

influenced by BSM physics, because they are dominated by tree-level am-

plitudes in the SM. Deviations are then searched for in processes that occur

at loop-level in the SM. Six of the unitarity conditions of the CKM matrix

can be represented by triangles. The triangle representing the condition

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 is usually referred to as the unitary triangle

(UT). Figure 7 shows the projected constraints on the UT with data from

the LHCb Upgrade II. The length of the left hand side of the triangle is

determined from tree-level semileptonic decays of beauty hadrons via b→ c

and b → u transitions. LHCb can contribute, in particular, with decays of

a wide range of beauty hadrons, having already demonstrated first observa-

tions of Vub decays with Bs mesons28 and Λb baryons.29 LHCb Upgrade II

will allow unprecedented precision on these rare decays and further permit

studies of similar decays of Bc mesons, which are currently beyond reach.

The slope of the left hand side of the triangle corresponds to the phase

γ = arg
[
VudV

∗
ub

VcdV ∗
cb

]
, which can be determined via the family of B → DK

decays. These decays are mediated via tree-level b → u and b → c transi-

tions and the interference between the corresponding amplitudes causes CP

asymmetries that depend on γ. The CP asymmetries also depend on the

relative magnitudes and phases of the amplitudes but these can be simulta-

neously determined from the data. A recent combination of measurements

of CP observables in such decays from LHCb resulted in a determination of

γ = (63.8+3.5
−3.7)

◦.30 These measurements are extremely clean since most ex-

perimental systematic uncertainties cancel very effectively. However, these

decays are to fully hadronic final states, for which the trigger efficiency is

a limitation of the current experiment. With the full LHCb Upgrade II

dataset a determination of γ will be made possible, with a precision of

around 0.3◦. With the apex of the UT fixed by measurements of |Vub|/|Vcb|
and γ via tree-level decays, the slope and length of the side proportional to

VtdV
∗
tb can be determined with loop processes that are extremely sensitive

to BSM physics.

5.2. Exotic hadrons

The first decade of the LHC has already rewritten the textbooks on bound

quark states, following a proliferation of states that are indicative of QQ̄qq̄
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Fig. 7. A projection of the constraints on the Unitarity Triangle with 300 fb−1 of data
from the LHCb Upgrade II.31
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Fig. 8. Left: Argand diagram of the Z(4430)− amplitude (AZ(4430)− ) in bins of

m2
ψ(2S)π− from a fit to the B0 → ψ(2S)K+π− decays. The black and blue points

correspond to Run I data and LHCb Upgrade II projections, respectively.31 Right: Cur-

rent and projected constraints on charm indirect CP -violation parameters are delineated
by the blue and red contours, respectively.31

quark content; the discovery of J/ψp structures with cc̄uud quark con-

tent by LHCb in 2015;32 the discovery of a doubly charmed tetraquark by

LHCb in 2021.33 The existence of such states has been anticipated since

the birth of the quark model in the 1960s but a complete understanding

of their dynamics requires far more experimental studies. Figure 8(left)

illustrates how the characteristic resonance pattern in the Argand diagram

of the Z(4430)− state could be resolved with LHCb Upgrade II dataset. A

particularly interesting area that is beyond the reach of current experiments
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is the search for the doubly heavy baryons Ξbc and Ωbc, whose production

rates are predicted to be roughly an order of magnitude lower than that of

Bc mesons. The HL-LHC data offer exciting prospects for their discovery.

5.3. Charm

A rich set of measurements and discoveries in the charm sector has been

an unexpected legacy of the first decade of the LHC. This includes LHCb’s

first observations of D−D oscillations in 201234 and CP -violation in charm

decays in 2019.35 CP -violation in charm systems is expected to be small

in the SM at a rate of O(10−4) or less, but can easily be enhanced by BSM

physics. The study of indirect CP -violation, characterised by the param-

eters ϕ and |q/p|, remains currently out of reach. However, a dramatic

improvement from the HL-LHC data is expected, as shown in Fig. 8(right).

This is because the measurements proceed through asymmetry observables

in which uncertainties cancel to a large degree and the sensitivity is limited

almost entirely by data statistics.

6. Conclusions

Without attempting to summarise all topics discussed in the preceding

sections, it is clear that the scope to test the SM through precision mea-

surements with HL-LHC data is very significant. The questions addressed

are of fundamental nature, such as the structure and symmetries of the SM

interactions, the mechanism for mass generation, the role of flavour, and

the study of the strong interaction from lowest to highest scales.
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