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Goals of Snowmass Energy Frontier

V. Miralles Snowmass Energy Frontier: An Overview 2 / 23



Organisation and contributions

Topical Group Contributions

EF01: EW Physics: Higgs Boson properties and couplings 20
EF02: EW Physics: Higgs Boson as a portal to new physics 8
EF03: EW Physics: Heavy �avor and top quark physics 10
EF04: EW Physics: EW Precision Physics and constraining new physics 13
EF05: QCD and strong interactions: Precision QCD 2
EF06: QCD and strong interactions: Hadronic structure and forward QCD 8
EF07: QCD and strong interactions: Heavy Ions 3
EF08: BSM: Model speci�c explorations 13
EF09: BSM: More general explorations 26
EF10: BSM: Dark Matter at colliders 14
EF General 32

Total 149
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QCD and strong interactions



Introduction

Quantum Chormodynamics play a unique role in the SM

Many QCD e�ects are universal and their related uncertainties are
often a limiting factor in SM measurements

The strong coupling constant is the least well measured

The upcoming era will be a new golden age for QCD (HL-LHC,
Belle II, EIC, lattice QCD...)

PDFs and FFs will play a prominient role in future precision
experiments

Implementation of two- and three-loop computations of radiative
contributions would be requiered to exploit the future precision
experiments
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� Additional measurements of jet,
photon and top-quark cross-sections

� Test of pQCD, PDFs, FFs and αs

running

� Challenges on reconstruction
performance since the pileup increases

� Studies on jet substructure could
mitigate the impact of the pileup
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� Located at 617-682 m west of the
ATLAS IP would detect 106 ν at TeV

� Sensitive to the very forward
production of light hadrons and
charmed mesons

� Access the very low-x and the very
high-x regions of the colliding protons

� Acts as a neutrino-induced DIS
experiment with TeV neutrino beams
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� Precise measurements of hadron
structure electron-proton(nucleus) DIS
for
√
s = 20−140 GeV

� Probe unpolarised proton PDFs and
�avour composition for x > 0.1 for
scales of few GeV

� Phenomenological PDFs would be
great benchmarks for lattice QCD
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� The LO hadronic contribution to aµ

can be obtained from e+e−→ had.
� Belle II can resolve the discrepancy

between BABAR and KLOE

� Measurements of mulitdimensional
correlation of momenta and
polarisation of �nal-state hadrons will
increase our understanding of soft QCD
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron

Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� Neutral QCD initial state → precision
well beyond hadron colliders

� Able of studing pure samples of gluon
jets (e+e−→ HZ ), poorly modeled
and copiously produced at the LHC

� Improvement in understanding the b
showering and hadronisation
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� Physical reach for discoveries similar to
high-energy hadron colliders

� Similar advantages as e+e− colliders

� Final state more complicated

� Critical di�erence → large
beam-induced background (µ → eνν̄)
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron

Collider

Future Hadron Colliders

� The LHeC would extend DIS into the
TeV energy range

� A muon-hadron collider in existing
facilities could have an energy reach in
DIS similar to LHeC or FCC-eh

� A Muon-Ion Collider could succeed the
EIC in 2040
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Future Facilities

High-luminosity LHC

Forward Physics Facility

The Electron Ion Collider

The Belle II Experiment

Future Electron-Positron
Collider

Future Muon-Muon Collider

Future Lepton-Hadron Collider

Future Hadron Colliders

� Best opportunity to study a wide range
of precision measurements of pQCD
and non-pQCD

� Two major proposals → FCC-hh and
SPPC with

√
s = 100 TeV and 25 ab−1

� Breakthroughs in accelerator
technology, detector design, and
physics object reconstruction
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Measurements αs

World average
αs(MZ) = 0.1179±0.0009 (±0.8%)

Hadronic tau decay
αs(MZ) = 0.1178±0.0019 (±1.6%)

Quarkonia
αs(MZ) = 0.1181±0.037 (±3.3%)

DIS and PDFs �ts
αs(MZ) = 0.1162±0.0020 (±1.7%)

e+e−→ had. �nal states
αs(MZ) = 0.1171±0.0031 (±2.6%)

Hadron collider measurements
αs(MZ) = 0.1165±0.0028 (±2.4%)

Electroweak precision �ts
αs(MZ) = 0.1208±0.0028 (±2.3%)

Lattice-QCD
αs(MZ) = 0.1182±0.0008 (±0.7%)
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Measurements αs
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Parton Distribution Functions: State of the art
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Hadronisation and fragmentation functions: Future Facilities

To reach the new level of precision a better understanding of
hadronisation is required

Increasing the precision of the MCEG requires a model for correlated
production of multiple hadrons → Belle II becomes a level arm

EIC will provide a solid ground for phenomenological analysis to
obtain transverse-momentum dependent PDFs and FFs

Nonperturbative uncertainties from �nal-state hadronic e�ects can
be reduced with FCC-ee data
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Top-quark physics and heavy �avour

production



Introduction

V. Miralles Snowmass Energy Frontier: An Overview 10 / 23



Top-quark mass

A precision in the top-quark mass of 100 MeV corresponds to a
precision of W boson of about 1 MeV

The top-quark mass is not a physical parameter and depends on the
renormalisation scheme

Most NLO and NNLO calculations are only available in a particular
scheme

The on-shell condition has an intrinsic renormalon ambiguity of 110
to 250 MeV

The most precise measurements are done in the MC scheme

The relation with the mMC
t with other well de�ned schemes is not

known with high enough precision

Top-quark mass measurement in a well de�ned scheme rely on
measuring cross-sections that depend on the mass
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Top-quark mass: Measurements
Direct top-quark mass measurements at hadron colliders

Obtained from direct reconstruction of the top decay products

Top-quark mass measured in the Monte Carlo scheme (mMC
t )

Issues in the universality of the results between di�erent MCs

Di�culties in the interpretation in terms of well-de�ned mass
schemes

mMC
t and m

pole
t di�er by 500-200 MeV

Need further precision when HL-LHC measurements are available
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Top-quark mass: Measurements
Indirect top-quark mass measurements at hadron colliders

Obtained from measuring cross sections sensitive to the top mass

Methods usually rely on the total inclusive tt̄ production cross
section based on NNLO QCD calculations

Huge sensitivity on αs and the gluon PDFs which produce the
leading uncertainty

Using di�erential cross sections increases the sensitivy on the top
mass → Needs increasing the precision on the theoretical predictions

The tt̄ invaraint mass distribution is highly sensitive to the top mass
in the threshold region
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Top-quark mass: Measurements
Measurements at e+e− colliders

The methods developed at LHC can be used → cleaner hadronic
enviroment

Dependence on PDF is replaced by the one on the beam's luminosity
spectrum

Threshold scan method becomes extremely promising
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Top-quark production
At LHC the top-quark is predominantly produced in tt̄ pairs
The N3LO QCD corrections are not available yet but aN3LO
including third-order soft-gluon corrections from NNLL resumation
Single production provides an opportunity for direct studies of EW
properties of the top-quark
The sensitivity of the single top production to the CKM can be
enhanced measuring rations
At lepton colliders single top production is produced through
lepton-photon scattering (could be observed above 0.5 TeV)
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Top-quark production: pp→ tt̄X
The measurements at HL-LHC could only be beat by high-energy
lepton colliders and future hadron colliders

pp→ tt̄j : First steps towards NNLO QCD corrections for on-shell
production

pp→ tt̄γ: Challenging due to the decay t→Wbγ which generates
up to 50% of the signal. NNLO QCD necessary to exploit the
potential of the future data set

pp→ tt̄Z : Current measurements already at the accuracy of
theoretical predictions at NLO+NNLL

pp→ tt̄H: E�orts to extend the inclusive production to NNLO QCD
necessary for HL-LHC data

pp→ tt̄W : NNLO QCD corrections for the production part are
needed for the HL-LHC run

pp→ tt̄tt̄: Hard to imagine that NNLO QCD corrections necessary
to match the 10% accuracy of HL-LHC are available soon.
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SMEFT operators relevant for the top-quark
2-quark operators

Couplings of the t- and b-

quark to the Z

O3

ϕQ ≡
(
Q̄τ

I
γ

µQ

)(
ϕ

†i
←→
D I

µ ϕ

)
O1

ϕQ ≡
(
Q̄γ

µQ
)(

ϕ
†i
←→
D µ ϕ

)
Oϕt(b) ≡

(
t̄(b̄)γ

µ t(b)
)(

ϕ
†i
←→
D µ ϕ

)

EW dipole operators

OuW ≡
(
Q̄τ

I
σ

µν t

)(
εϕ
∗W I

µν

)
OtB ≡

(
Q̄σ

µν t
)(

εϕ
∗Bµν

)
Chromo-magnetic dipole op.

OtG ≡
(
Q̄σ

µνTAt

)(
εϕ
∗GA

µν

) t-quark yukawa

Otϕ ≡
(
Q̄t
)(

εϕ
∗

ϕ
†
ϕ

)
4-quark operators

Couplings of light quarks with t- and b-quarks

O8

tu O8

td O
1,8
Qq O8

Qu O8

Qd O
3,8
Qq O8

tq

2-quark 2-lepton operators

Couplings of light leptons with t- and b-quarks

Oeb Olb Oet Olt OeQ O
+
lQ

O−
lQ
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Observables from current colliders (LEP/SLC, Tevatron,
LHC run 1 & 2)

Here we show the observables included that have been measured in
the actual colliders

Process Observable
√
s

∫
L Experiment

pp→ tt̄ dσ/dmtt̄ (15+3 bins) 13 TeV 140 fb−1 CMS
pp→ tt̄ dAC/dmtt̄ (4+2 bins) 13 TeV 140 fb−1 ATLAS
pp→ tt̄Z dσ/dpZT (7 bins) 13 TeV 140 fb−1 ATLAS
pp→ tt̄γ dσ/dp

γ

T
(11 bins) 13 TeV 140 fb−1 ATLAS

pp→ tt̄H + tHq σ 13 TeV 140 fb−1 ATLAS
pp→ tZq σ 13 TeV 77.4 fb−1 CMS
pp→ tγq σ 13 TeV 36 fb−1 CMS
pp→ tt̄W σ 13 TeV 36 fb−1 CMS
pp→ tb̄ (s-ch) σ 8 TeV 20 fb−1 LHC
pp→ tW σ 8 TeV 20 fb−1 LHC
pp→ tq (t-ch) σ 8 TeV 20 fb−1 LHC
t→Wb F0, FL 8 TeV 20 fb−1 LHC
pp̄→ tb̄ (s-ch) σ 1.96 TeV 9.7 fb−1 Tevatron
e−e+→ bb̄ Rb , AbbFBLR ∼ 91 GeV 202.1 pb−1 LEP/SLD
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Current constraints vs expected HL-LHC constraints
Shadowed (solid) bars →marginalised from global (individual) �t

Ct CtW C t C(3)
Q
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td C1, 8
Qq C8

tq C3, 8
Qq C8

Qu C8
Qd

Operator Coefficients

10 2

10 1

100

101

102

95
%

 In
te

rv
al

 (T
eV

2 )

LHC Run 2 + Tevatron + LEP +HL-LHC S2

V. Miralles Snowmass Energy Frontier: An Overview 16 / 23



Measurements at e+e− colliders: bb̄ production

Machine Polarisation Energy Luminosity Observable

ILC
P(e+, e−):(−30%, +80%)

P(e+, e−):(+30%,−80%)

250 GeV 2 ab−1
σbb̄

Abb̄FB
500 GeV 4 ab−1

1 TeV 8 ab−1

CLIC
P(e+, e−):(0%, +80%)

P(e+, e−):(0%,−80%)

380 GeV 2 ab−1
σbb̄

Abb̄FB
1.5 TeV 2.5 ab−1

3 TeV 5 ab−1

CEPC/FCC-ee Unpolarised
Z-pole 57.5/150 ab−1

σbb̄

Abb̄FB
240 GeV 20/5 ab−1

360/365 GeV 1/1.5 ab−1

These observables set constraints on the EW precision observables
C+

ϕQ
= C 1

ϕQ +C 3
ϕQ and Cϕb

Also relevant for 2-quark 2-lepton operators C+
lQ
, Clb and Ceb

The higher-energy measurement are more relevant for the 2-quark
2-lepton operators
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Measurements at e+e− colliders: tt̄ production

Machine Polarisation Energy Luminosity Observable

ILC
P(e+, e−):(−30%, +80%)

P(e+, e−):(+30%,−80%)

500 GeV 4 ab−1 Optimal
Observables1 TeV 8 ab−1

CLIC
P(e+, e−):(0%, +80%)

P(e+, e−):(0%,−80%)

380 GeV 2 ab−1
Optimal

Observables
1.5 TeV 2.5 ab−1

3 TeV 5 ab−1

CEPC/FCC-ee Unpolarised
350 GeV 0.2 ab−1 Optimal

Observables365 GeV 1/1.5 ab−1

Optimal observables maximally exploit the information in the fully
di�erential e+e−→ tt̄→ bW+b̄W− distribution

These constrain the 2-fermion operators C−
ϕQ

, Cϕt , CtW and CtZ

Also the 2-quark 2-lepton operators C−
lQ
, Clt , Cet and CeQ

With these we eliminate blind directions in the C
(1)
ϕQ
−C (3)

ϕQ
plane

Two di�erent energies above the tt̄ threshold are needed to
constrain all the 2- and 4-fermion operators
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Measurements at e+e− colliders: tt̄H production

Machine Polarisation Energy Luminosity Observable

ILC
P(e+, e−):(−30%, +80%)

P(e+, e−):(+30%,−80%)

500/550 GeV 4 ab−1 Inclusive
cross section1 TeV 8 ab−1

CLIC
P(e+, e−):(0%, +80%)

P(e+, e−):(0%,−80%)
1.5 TeV 2.5 ab−1

Inclusive
cross section

Essential measurement in order to improve the limits on the
top-quark Yukawa

The e�ect of an ILC run at 550 GeV has been studied

At ILC550 the production cross section increases a factor of 3 w.r.t.
ILC500 improving the statistical sensitivity by more than a 50%

ILC550 and CLIC1500 have a similar sensitivity as HL-LHC

ILC1000 improves the expected HL-LHC sensitivity by a factor of two
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Expected constraints for di�erent e+e− operation energies

Ct CtW C t C(3)
Q
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Comparison of future colliders

Ct CtW C t C(3)
Q

C Q CtZ C b Ceb CeQ Clb C +
lQ Cet Clt ClQ
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Top-quark Yukawa coupling uncertainties

Values in % units LHC HL-LHC ILC500 ILC550 ILC1000 CLIC

δyt
Global �t 6.12 2.53 1.57 1.30 0.739 1.48
Indiv. �t 5.08 1.85 1.41 1.17 0.705 1.26

Since the sensitivity at ILC500 is worse than in HL-LHC there is no a
huge improvement for the individual constraint

For the global �t the improvement is relevant even for ILC500,
thanks to constraining the Yukawa with more than one observable

Increasing the energy by 50 GeV provides an important improvement
in the constraints thanks to the growth in the cross section

Similar results are found for CLIC

An improvement higher than a factor of 2.5 would be obtain at the
�nal stage of ILC w.r.t. the HL-LHC
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Summary
The potential of the future facilities to improve our knowledge of
QCD have been summarised

The EIC machine will be crutial in reducing the uncertainties on the
PDFs and a possible FPF could cover additinal regions

Many advancements on determining αs and the inclusion of higher
corrections is expected for the next decades

For the top-quark a better understainding of the relation of the MC
mass and the masses on well-de�ned schemes is needed

With a high-energy lepton collider a precise measurement in a
well-de�ned scheme would be possible

More QCD corrections should be included in the production
processes to guarantee that the theoretical error does not dominate
the total uncertainty in the HL-LHC

Lepton colliders working above the tt̄ threshold are needed to
signi�cantly reduce the error on the top-quark EW couplings

Signi�cant improvements for the limits on the top-quark yukawa are
found when operating above 550 GeV
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Thank you!


