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Theory Frontier

 GOALS:

• Articulate the role/vibrancy/importance of theory within HEP, both 

in relation to projects and on its own right


• Highlight important developments over the past and exciting new 

directions/opportunities over the next decade


• Theory cross-cutting - every frontier has (as usual) own theory 

representation, TF should help facilitate theory related activities in 

and across other frontiers
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Topical Group Topical Group co-Conveners
TF01 String theory, quantum gravity, black holes Daniel Harlow Shamit Kachru Juan Maldacena
TF02 Effective field theory techniques Patrick Draper Ira Rothstein
TF03 CFT and formal QFT David Poland Leonardo Rastelli
TF04 Scattering amplitudes Zvi Bern Jaroslav Trnka
TF05 Lattice gauge theory Zohreh Davoudi Taku Izubuchi Ethan Neil
TF06 Theory techniques for precision physics Radja Boughezal Zoltan Ligeti
TF07 Collider phenomenology Fabio Maltoni Shufang Su Jesse Thaler
TF08 BSM model building Patrick Fox Graham Kribs Hitoshi Murayama
TF09 Astro-particle physics and cosmology Dan Green Joshua Ruderman Ben Safdi Jessie Shelton
TF10 Quantum information science Simon Catterall Roni Harnik Veronika Hubeny
TF11 Theory of Neutrino Physics André de Gouvêa Irina Mocioiu Saori Pastore Louis Strigari
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TF: Events

• TF Conference at KITP February 2022 - hybrid with ~ 100 in person

participants


• 4 days of dedicated TF parallel session talks at CSS


• Cross frontier sessions with EF, CF, CompF, RPF


• Participated in EF, RPF conferences, large participation in CPM fall 
2020 



White papers

• 138 White papers submitted to TF out of total 510 (second most 

after EF 150)


• Official numbers per topical group:


• Actual numbers higher 

TF 16
TF01 9
TF02 6
TF03 11
TF04 3
TF05 9
TF06 8
TF07 32
TF08 11
TF09 18
TF10 6
TF11 9



One central development in quantum gravity — with implications for field theory and 
general quantum systems — has been the derivation of powerful bounds on 

the transfer of information.

Question:  How quickly do black holes scramble information at their horizon?

Question:  How does the “butterfly effect” manifest itself in thermal quantum systems?

To answer the second question, study correlation functions measuring the effect 
of slightly changing insertion times of operators.  You can think 

of this as slightly changing initial conditions and comparing results.

C(t) ⇠ e2�Lt

Bound : �L  2⇡T

4-pt correlator measuring 
butterfly effect

related by  
holography

The bound has been loosely proved for large N quantum systems.  It is conjectured 
that systems which saturate the bound are dual to Einstein gravity theories.  This 

provides a sharp criterion for which quantum systems “emerge” gravity.

Maldacena, 
Shenker, 
Stanford 
2015;…..

TF01  
Daniel Harlow, 
Shamit Kachru, 
Juan Maldacena 

conveners



Theory ⟺ EFT ⟺ Observation
•Development of new EFTs and applications


• interactions of dark matter with nuclei, annihilation rates, …


• cosmological parameter measurement from LSS data, bounds on nongaussianities, …


• understanding exotic states of condensed matter systems


• gravitational wave spectra from binary inspirals


• precision collider probes of BSM physics via SMEFT

•How do fundamental principles sculpt the space of physical EFTs?

• impact of coupling to quantum gravity: lessons from string theory, holography, semiclassical gravity


• powerful constraints from unitarity, analyticity, causality


• naturalness as a pragmatic guide to BSM model building  
& experiment


Applied EFT research plays a vital role across many experimental programs.  
Formal EFT research provides new tools for attacking some of the deepest questions in HEP.  

TF02  
Patrick Draper and Ira Rothstein conveners



• What is QFT and where are its boundaries? 

• Traditionally, QFT = theory of quantized fields w/ explicit Lagrangian


• More general framework needed to capture rich structures — many axiomatic approaches


• New strategies for charting theory space 

• Many bootstrap programs (CFT/S-Matrix/String/…): observables w/ consistency conditions


• Key role of symmetry principles — many generalizations of the idea of symmetry


• Progress in classification of SCFTs using both algebraic and geometric methods


• Many deep connections 

• Quantum gravity, especially via holography


• Increasing role of information theory (entanglement properties of QFT)


• Mathematics

TF03: CFT and formal QFT

David Poland and Leonardo Rastelli



1 

 

TF04:&Sca*ering&Amplitudes&
Mo:va:ons&

•  Develop&new&efficient&methods&to&calculate&sca*ering&amplitudes.&
•  &Apply&to&important&physical&problems,&&e.g.&collider&physics,&gravita:onal&wave&physics.&
•  &Use&the&SEmatrix&as&probe&to&study&new&structures&in&quantum&field&theory.&

1.&&&Computa:onal&Challenges&for&Mul:ELoop&Collider&Phenomenology&&&&&&&
&&&&&&&&&&&&&&&Cordero,&von&Manteuffel&and&Neumann&

2.  Func:ons&Beyond&Mul:ple&Polylogarithms&for&Precision&Collider&Physics&
&&&&&&&&&&&&&&&&&&&&Bourjaily,&Broedel,&Duhr,&Frellesvig,&,&Chaubey,Hidding,&.&Marzucca,&&McLeod,&&Spadlin,&Tancredi,&Vergu,&Volk,&
&&&&&&&&&&&&&&&&&&&&&Volovich,&von&Hippel,&Weinzierl,&Wilhelm,&&Zhang&

3.&&&Solving&Sca*ering&in&N&=&4&SuperEYangEMills&Theory&
&&&&&&&&&&&&&&&&&&ArkaniEHamed,&&Basso,&&Dixon,&McLeod,&&Spradlin,&Trnka,&Volovich.&

4.  The&Double&Copy&and&its&Applica:ons&&&&Adamo,&Carrasco,&&CarrilloEGonzalez,&Chiodaroli,&&Elvan,&&
&&&&&&&&&&&&&&&&&&&&&Johansson,&O'Connell,&Roiban,&&Schlo*erer&

5.  Gravita:onal&Waves&and&Sca*ering&Amplitudes&&&&&&Buonanno,&Khalil,&O'Connell,&Roiban,&&Solon,&Zeng&

&White&Papers:&

Zvi Bern and Jaroslav Trnka conveners



TF04:&Sca*ering&Amplitudes&

6.&&SMEFT&at&the&LHC&and&Beyond&&&&&&&&&&&&&&&&&&&Shepherd 

7.&&String&Perturba:on&Theory&&&&&&&&&&&&&&&&&&&&&&&&&Berkovits,&D'Hoker,&&Green,&&Johansson,&&Schlo*erer 
8.&&&UV&Constraints&on&IR&Physics&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&de Rham,  . Kundu,  Reece,  Tolley,  Zhou 

9.&&&SEmatrix&Bootstrap&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&Kruczenski,  Penedones, van Rees 

10.&The&Deepest&Problem:&Some&Perspec:ves&on&Quantum&Gravity&         Giddings 

11.&The&Cosmological&Bootstrap&&&&&&&&&&&&&&&&&&&&&&&&&&&Baumann,  Green,  Joyce,  Pajer, Pimentel, Sleight,  Taronna. 

Scattering amplitudes is a thriving subfield of particle theory, with many directions&



TF05 - Lattice Gauge Theory

LA
TT

IC
E

 G
A

U
G

E
 T

H
E

O
R

Y

EF EF
Hadron 

structure and 
spectroscopy 

14 LoI 
Computation 

and algorithms 
8 LoI

NF
v-Nucleus 
scattering 

7 LoI

CompF

RF

TF

Hamiltonian 
simulation and 
sign problem 

5 LoI

BSM with LGT 
Composite 

Higgs 
6 LoI

Light and heavy 
flavor physics  

12 LoI

Fundamental 
Symmetries 

7 LoI

LA
TT

IC
E

 G
A

U
G

E
 T

H
E

O
R

Y

EF EF
Hadron 

structure and 
spectroscopy 

14 LoI 
Computation 

and algorithms 
8 LoI

NF
v-Nucleus 
scattering 

7 LoI

CompF

RF

TF

Hamiltonian 
simulation and 
sign problem 

5 LoI

BSM with LGT 
Composite 

Higgs 
6 LoI

Light and heavy 
flavor physics  

12 LoI

Fundamental 
Symmetries 

7 LoI

TF

RPF

EF
NF

Hadron 
structure and 
spectroscopy

Light and 
heavy flavor 

physics

BSM, 
composite 
Higgs and 

dark matter

Neutrino-
nucleus 

scattering

Fundamental 
symmetries

Computation 
and algorithms

Quantum 
simulation

CompF

Neutrino-nucleus cross sections

⌫ ?

Hadronic Vacuum Polarization (HVP) – Data & Status

Leading non-perturbative hadronic contributions ahad
µ can be obtained in terms of

R�(s) ⌘ �(0)(e+e� ! �⇤ ! hadrons)/4⇡↵2

3s data via Dispersion Relation (DR):

ahad
µ =

✓↵mµ
3⇡

◆2 ✓
E2

cutZ

4m2
⇡

ds
Rdata
� (s) K̂(s)

s2 +

1Z

E2
cut

ds
RpQCD
� (s) K̂(s)

s2

◆

Data: NSK, KLOE, BaBar, BES3, CLEOc
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contribution error2

l Experimental error implies theoretical uncertainty!
l Low energy contributions enhanced: ⇠ 75% come from region 4m2

⇡ < m2
⇡⇡ < M2

�

ahad(1)
µ = (686.99 ± 4.21)[687.19 ± 3.48] 10�10

e+e�–data based [incl. ⌧]

F. Jegerlehner muonHVPws@KEK, Tsukuba, Japan, February 12-14, 2018 2

Parton distribution functions

Credit: Z. Meziani

New strategies in computing and simulation, e.g., 
machine learning and quantum computing

towardsdatascience.comhttps://builtin.com

Hadronic contributions to muon g-2

Credit: 
C. Lehner

• Precision lattice QCD is an 
essential input for disentangling 
electroweak or BSM physics in 
experiments with hadrons - e.g. 
muon (g-2)


• Lattice calculations as a 
“numerical laboratory” push the 
boundaries of our knowledge of 
strongly-coupled physics - e.g. 
holography tests in N=4 SYM


• Lattice theorists also drive 
advances in computation: new 
algorithms and methods for 
extreme-scale computing, as 
well developing tools in 
emerging areas - e.g. machine 
learning, quantum computing 

See plenary talks by A. Kronfeld and Z. Davoudi (Mon afternoon), parallel session (Thu morning)

Zohreh Davoudi, Taku Izubuchi and Ethan Neil  conveners

https://indico.fnal.gov/event/22303/contributions/245265/
https://indico.fnal.gov/event/22303/contributions/245266/


• Establishing the SM at the 1% level will require 
extending the precision QCD frontier to the N3LO 
level. 

• All-orders understanding of QCD through 
advances in resummation is important for the 
high-luminosity era at the LHC  and future 
colliders. 

• Parton showers play a central role in the planning 
and interpretation of HEP experiments, and must 
continue to advance toward a more accurate 
representation of QCD.

 TF06 : Theory Techniques For  Precision Physics

Precision calculations enable the stringent tests of the Standard Model needed to interpret experimental 
data and search for new physics. They constitute an essential component of the theory infrastructure 
underpinning the success of HEP experimental program.

Important future directions highlighted by community contributions

• Study of the SMEFT beyond dimension-6 is 
needed to understand how such higher order 
e!ects impact the interpretation of current and 
future data. 

• Future "avor physics measurements have the 
potential to probe energy scales far beyond 
those directly accessible; fully realizing this 
potential relies upon precise theory 
calculations. 

Conveners: R. Boughezal, Z. Ligeti



TF07: Collider phenomenology
Fabio Maltoni

Shufang Su

Jesse Thaler 

2 Theory of Collider Phenomena

7.1 The Role of Collider Phenomenology31

At a fundamental level, all theoretical predictions for collider physics boil down to computing cross sections.32

In schematic form, a cross section can be written as33

�obs '
1

2E2
CM

1X

n=2

Z
d�n |MAB!12...n|2fobs(�n). (7.1)

This formula contains a number of ingredients:34

• Beam information: The center of mass collision energy ECM and beam types A and B. For the high35

luminosity LHC (HL-LHC), ECM = 14 TeV and the beams are both protons. A variety of di↵erent36

beam types are being considered for future colliders (Sec. 7.7).37

• Sum over final-state multiplicity: Since there is always a quantum probability to emit an arbitrarily38

soft particle, one has to account for the complete sum over n for cross sections to be well-defined. In39

the case that final-state particles are stable, the sum starts at n = 2.40

• Integration over phase space: Even though particle detectors have finite acceptance, theoretical41

calculations are based on integration over the full Lorentz-invariant n-body phase space �n. Monte42

Carlo event generators (Sec. 7.4) are a ubiquitous strategy to perform this integration as it automati-43

cally allows to obtain a fully flexible physics simulation of the scattering process.44

• Scattering amplitude: The quantum scattering amplitude MAB!12...n is a complex object that45

cannot usually be computed from first principles, though in many cases one can factorize the squared-46

amplitude |MAB!12...n|2 into a product of perturbative and non-perturbative terms. In principle,47

this amplitude could be derived from the SM Lagrangian or come from novel scenarios beyond the SM48

(Sec. 7.6). In practice, non-perturbative inputs are obtained directly from data or by ab initio quantum49

field calculations, such as those performed on the lattice, while the perturbative parts are organised50

in terms of a power expansion in the couplings. In either case, the ability to perform calculations51

(Sec. 7.3) is the key to making predictions whose final accuracy is set by the experimental needs.52

• Observable: The function fobs determines which regions of phase space contribute to a cross section.53

The goal is to pick observables that can be predicted accurately in theory and measured as accurately54

in experiment, while probing the desired physics of interest (Sec. 7.2).55

Finally, once one has computed a (fully di↵erential) cross section, there is the key question of:56

• Interpretation: How does one compare theoretical calculations of �obs to experimental cross section57

measurements and thereby draw conclusions about the structure of the universe? There are various58

interpretation tools (Sec. 7.5) depending on one’s physics goals.59

The field of collider phenomenology is aimed at linking theoretical models to experimental measurements60

and vice versa, by innovating each element of Eq. (7.1) to form a bridge between the two communities. Two61

recent developments have blurred the lines between theory and experiment, leading to exciting conversations62

across subfields:63

• The rise of deep learning: Artificial intelligence and machine learning (AI/ML) have shown great64

promise to maximize the discovery potential of collider experiments. While one can use AI/ML to65

improve theoretical predictions and experimental protocols separately, some of the most powerful66

advances involve data-driven approaches where theoretical and experimental insights both play a role.67

Community Planning Exercise: Snowmass 2021

beam

sum over final-state multiplicity
integrate over 
phase space scattering amplitude

observable
interpretation

• deep learning
• public collider data

Calculations
• Precision of EW/H/top physics 
• Precision calculations for LC
• Resummation techniques
• Study of elusive signatures
• Extracting SM parameters
• EW radiation

Event Generators
• Multi-purpose or ML based event generators
• Extending applicability/reducing uncertainties
• Computational challenge

Interpretation Tools
• Anomaly detection
• Effective field theory
• Data and analysis preservationSearch Strategies

• Cascade decay signatures
• Dark sectors/Low mass scalars ….

Physics at Future Colliders 
(EF)

Observables
• Kinematic features
• ML-based observables
• Jet substructures
• Multi-point energy correlators
• Optimal transport
• Quantum algorithms
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Figure 1: Model Building’s connections to other facets of the Snowmass process.

rather than O(1), which might be viewed as the generic expectation. These include the108

famous electroweak hierarchy problem (m2
h
/M2

Pl ⌧ 1); the cosmological constant problem109

(⇢⇤/M4
Pl ⌧ 1); the strong CP problem (✓ ⌧ 1); and the flavor problem (yf ⌧ 1, or more110

broadly, the peculiar structure of fermion masses and mixings).111

The scope of ideas to address the hiearchy puzzles has grown substantially. This in-112

cludes such well-known scenarios as low-scale supersymmetry, composite Higgs, and extra113

dimensions as standard frameworks for BSM physics (for a recent review [34]). However,114

the lack of evidence for new states at the LHC has widened the playing field to new ideas,115

such as neutral naturalness, that may be able to address part of the hierarchy problem116

while avoiding the substantial constraints from experiment. These various proposals are117

discussed in turn below. Moreover, models that solve the naturalness problems of the Stan-118

dard Model often have one or more dark matter candidates, having the potential to solve119

multiple problems within one framework. In this section, we focus on the naturalness, while120

in Sec. 3, we discuss dark matter models and mechanisms.121

2.1 Supersymmetry122

Supersymmetry is perhaps the best known solution to the electroweak hierarchy problem,123

and proceeds by making the mass of a scalar proportional to that of a fermion, which is itself124

protected by chiral symmetry. This symmetry must be softly broken in order to be consistent125

4

TF08 BSM Model Building:  Selected Highlights

• Neutral Naturalness

    -   Higgs naturalness through a new symmetry which relates the SM quarks to 

         colorless partners, where the SM Higgs boson  often acquires new, or exotic, 

         decay modes; and signals from the confining group in the hidden sector can include 

         displaced decays back into the SM, leading to striking signatures at current and 

         upcoming colliders.  

• Dark Sector Creativity

    -  New interaction mechanisms including freeze-in, cannibalism, atomic, asymmetric, inelastic, …

    -  Emphasis on dark matter model building that naturally spans a broader range of possible dark matter mass,

       including ultralight (axion) dark matter, light dark matter, and very heavy strongly-coupled dark matter.


•  Testable Baryogenesis

    - New (low scale) baryogenesis models that can produce new signals accessible at ongoing collider experiments, 

      allowing for a multi-prong search for new physics. 

•  Experimental Anomalies

    - Muon g-2; lepton flavor universality violation in charged current (b -> clv) and neutral current (b -> sll), …

Selected developments in BSM model building in the past decade motivated by:

Conveners:  Patrick Fox, Graham Kribs, Hitoshi Murayama

BSM model building transforms the “why?” questions of the SM and beyond into “how?” answers.



Galaxies and transients emitting in optical 
wavelengths and spatially resolved.

Galaxies and gas emission at redder 
wavelengths and spatially dense.

Hot dense state. Detectable relics include 
CMB, gravitational waves and neutrinos.
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TF09: Astroparticle Physics and Cosmology

• New experiments probe wide range of dark matter models

• theory leading explosion of new techniques 

• Novel astrophysical searches for dark matter 

• theory leading to new measurements across the EM spectrum

• gravitational waves emerging a new testbed for light dark matter 

• Progress in Large Scale Structure Data Analysis

• new analyses, competitive / complementary to the CMB, have been 

made possible by theoretical insights

• same techniques will be essential for next generation surveys


• Cosmology and fundamental physics intertwined 

• interplay between bootstrap, EFT and cosmological observables

• exciting directions connecting quantum information and the physics 

of de Sitter space / inflation

Exciting directions building to the next decade:

Conveners:  Daniel Green, Ben Safdi, Jessie Shelton, Josh Ruderman

Astroparticle physics and cosmology is where theory, observations, and experiments unite!



TF10: QIS for HEP

• 38 LOIs. 6 white papers with TF10 as primary (additional cross lists with Comp/
TF05/TF01) Draft summary: 14+10 pages. 11

•

X • X
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--U2,
•

--U2,
--V 0,

•
--(UV )0,
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--V 2,

•
--(UV )2,

FIG. 6. Classical-inspired quantum circuits for D4 inversion
(top) and multiplication (bottom). The least-significant qubits
are shown on the top. For the multiplication circuit, the target
register is in the bottom three qubits.

Appendix A: Implementation of a D4-register

The group D4 of isometries of the square is treated as
a subgroup of U(2) generated by the matrices

A
i 0
0 ≠i

B
and

A
0 1
1 0

B
. (A1)

The first matrix represents a fi

2 rotation, and the second
represents reflection.

The D4 register is implemented with three qubits. The
state |abcÍ corresponds to the matrix

CA
0 1
1 0

BDa CA
i 0
0 ≠i

BD2b+c

. (A2)

Thus, the two least-significant bits specify an amount of
rotation, to be followed by a flip if the most-significant bit
is 1. This establishes the isomorphism needed between
CD4 and the three-qubit Hilbert space on a quantum
computer.

It remains to describe the inversion, multiplication,
trace, and Fourier transform circuits. The inversion
and multiplication circuits are both equivalent to clas-
sical circuits (as they consist exclusively of controlled-
not gates), and are shown in Fig. (6). The trace cir-
cuit is a three-qubit controlled phase gate, defined by
UTr(◊) |000Í = e

≠2i◊ and UTr(◊) |010Í = e
2i◊ (with all

other states picking up no phase).
Finally, the Quantum Fourier Transform which diago-

nalizes the D4 momentum operator is given by

F =

Q
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(A3)

Rather than attempt to determine a quantum circuit
by hand (although general methods do exist [85–87]), we
perform a classical simulated annealing search to find a
short circuit that implements exactly this unitary within
the qiskit gate set using Hadamard, CNOT, and fi

8 -gates
(T ). The circuit found is shown in Fig. (7). The annealing
algorithm will be detailed in a future work. Since the size
of F does not scale with volume, this method does not
su�er from an exponentially large physical Hilbert space.

• H •
• H T • H T T H

• T
†

T
† H T

†

FIG. 7. Quantum circuit implementing the Fourier transform
on a D4 register. The least-significant qubits are on the top.
Here, H and T are the Hadamard gate and fi

8 gate, respectively.

After being diagonalized by the Fourier transform, the
kinetic gate corresponds simply to a phase gate on the
most-significant qubit, along with a phase gate on the
state |000Í:

FUK(◊)F †
|abcÍ = e

i◊1‰a=b=c=0e
i◊2a

|abcÍ . (A4)

The constants ◊1 and ◊2 are coupling-dependent. For — =
0.8, the coupling used in this paper, we have ◊1 ¥ 1.263
and ◊2 ¥ 0.409.

Appendix B: Positive-Definiteness of the Transfer
Matrix

Here we provide a proof that the kinetic part TK

of the transfer matrix for a discrete gauge theory is
positive-definite to define a Hamiltonian, a fact used
in Sec. IV. Unlike prior proofs, we are concerned with
positive-definiteness on H, not just HP .

TK is the tensor product of single-link operators

TK =
p

ÈijÍ

T
(1)
K

(i, j), (B1)

and is therefore positive-definite as long as T
(1)
K

is. The
single-link transfer matrix is defined by

Èg̃| T
(1)
K

|gÍ = e
— Re Tr[fl†(g̃)fl(g)], (B2)

where g, g̃ are the elements of G, fl is a faithful representa-
tion, and — is the inverse coupling. Therefore, our proof
need only establish that T

(1)
K

is positive definite.
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Conveners: Simon Cattarell, Veronika Hubeny, Roni Harnik

Highlight: Quantum Simulation :
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The Theory Frontier Report1

Executive Summary

Theory is essential to the field of particle physics, producing transformative science both in1

connection to projects and in its own right. It is central to the motivation, analysis, and2

interpretation of experiments; lays the foundations for future experiments; and advances3

our understanding of Nature in regimes that experiments cannot (yet) reach. Theory4

underlies our understanding of the most basic building blocks of Nature, unifying the fron-5

tiers of particle physics and connecting them to gravity, cosmology, astrophysics, nuclear6

physics, condensed matter physics, and mathematics. Theory extends the boundaries of our7

knowledge of Nature, incorporates new perspectives (such as quantum information), and8

develops new techniques relevant to experiment. Theory is responsive, pinpointing novel9

directions based on recent experimental data, proposing future experiments, and developing10

the precision tools necessary to interpret them, all with the aim of maximizing experimental11

impact. Theorists play a leading role in disseminating new ideas to a wider public and serve12

as role models for aspiring young scientists.13

The theory community is vibrant. Together, fundamental theory, computational theory, and14

phenomenology form a balanced and interconnected scientific ecosystem closely aligned with15

experiment. The past decade has witnessed significant advances across the many facets of the16

field, with immense promise in the years to come. In fundamental theory, new perturbative17

and non-perturbative techniques (ranging from the double copy structure of scattering18

amplitudes to the advent of diverse bootstrap methods) have vastly expanded our knowledge19

of quantum field theory, in tandem with complementary advances in lattice field theory20

quantifying non-perturbative properties in theories of interest. A deeper understanding21

of holography and insights from quantum information have breathed new life into the22

longstanding quest for a complete theory of quantum gravity. New e↵ective field theories have23

facilitated applications of QFT to high-energy scattering, Higgs physics, large-scale structure,24

inflation, dark matter detection, and gravitational waves. In phenomenology, the search for25

physics beyond the Standard Model has broadened considerably with the advent of novel26

concepts like neutral naturalness or cosmological selection of the electroweak vacuum. Dark27

matter theory is undergoing a renaissance with the exploration of the full range of allowed28

dark matter masses, numerous portals to dark sectors, and novel interaction mechanisms.29

Advances in dark matter phenomenology have gone hand in hand with new proposals for30

dark matter experiments leveraging quantum sensing, often envisioned and implemented by31

theorists. The discovery of gravitational waves has catalyzed rapid progress in precision32

calculations via scattering amplitudes and inspired the use of gravitational waves to study33

particle physics inaccessible via planned colliders. Cross-fertilization between fundamental34

theory, computational theory, and phenomenology has led to significant advances in precision35

collider physics essential for the LHC. Precision flavor physics has been the cradle of many of36

our most powerful e↵ective field theory tools including heavy quark e↵ective theory and soft-37

collinear e↵ective theory. Taking advantage of the large amount of experimental data, they38
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are now enabling advanced theoretical analyses to obtain constraints on promising BSM39

candidate theories, maximizing the discovery potential of the experiments. An explosion40

of theoretical activity in collider phenomenology has led to many new collider observables41

including many forms of jet substructure and the emerging field of multi-point correlators,42

employing widespread innovations in computational theory to leverage machine learning43

and artificial intelligence. A theory-driven, coordinated program combining nuclear e↵ective44

theory, lattice QCD, perturbative QCD, and event generation to quantify the multi-scale45

nuclear cross sections at the needed precision level has been launched, that will allow46

us to unlock the full potential of the present and future neutrino physics program. In47

computational theory, lattice QCD has become a powerful tool for precision physics, yielding48

precise SM predictions that reveal surprising new tensions in quark flavor physics and for49

the muon g � 2. The scope of lattice QCD is undergoing a rapid expansion, promising to50

provide quantitative access in the coming decade to important new observables. Innovations51

in the theory of ML developed to accelerate lattice field theory computations may have52

transformational impact on the field. Recent dedicated e↵orts to develop the methods and53

theoretical foundations for quantum simulations of quantum field theories relevant to high54

energy theory are already yielding intriguing results on currently available hardware, with55

great promise in the decades to come. The US theory community has played a leading role in56

all of these endeavors, and will sustain its position of international leadership with continued57

support.58

0.1 Introduction59

The profound value of theoretical physics is perhaps most apparent in the twin scientific60

revolutions of the 20th century: relativity and quantum mechanics. At the time of their61

formulation, neither was thought to have any practical consequences; a century later, they62

form the foundation of modern technology. Theory lays the groundwork for experiments and63

technologies of the future. But its value should not be measured exclusively by its potential64

for future application. Theory addresses our essential human curiosity to understand nature65

at the deepest level, encompassing not only the actual laws of nature but also the conceivable66

ones.67

This report summarizes the recent progress and promising future directions in theoretical68

high-energy physics identified within the Theory Frontier of the 2021 Snowmass Process.69

The goal of the Theory Frontier is to articulate the recent advances and future opportunities70

in all aspects of theory relevant to HEP, including particle theory, fundamental theory,71

cosmological and astro-particle theory, and quantum information science. To this end, the72

Theory Frontier is comprised of eleven interwoven topical groups spanning string theory,73

quantum gravity, and black holes (TF01); e↵ective field theory techniques (TF02); conformal74

field theory and formal quantum field theory (TF03); scattering amplitutes (TF04); lattice75
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The Theory Frontier Report  
Executive Summary

Theory is:

• Producing transformational science


• Central to the motivation, analysis, and 3 interpretation of 
experiments 


• Lays the foundations for future experiments


• Advances our understanding of Nature in regimes that 
experiments cannot (yet) reach

- Projects

- Own right



Theory:

• Unifies the frontiers of particle physics


• Connects to gravity, cosmology, astrophysics, nuclear 
physics, condensed matter physics, and mathematics


• Extends the boundaries of our knowledge, incorporates 
new perspectives such as QI


• Responsive: • Proposing new directions based on data

• Proposing/leading new experiments

• Developing new analysis tools



Theory: • Fundamental theory

• Phenomenolgy

• Computational theory

• form a balanced and interconnected scientific 
ecosystem closely aligned with 6 experiment



Fundamental 
Theory 

Phenomenology 

Computational 
Theory

TF01: String theory, quantum gravity, black holes 

TF02: Effective field theory techniques 

TF03: CFT and formal QFT 
 
TF04: Scattering amplitudes 

TF05: Lattice gauge theory 

TF06: Theory techniques for precision physics 

TF07: Collider phenomenology 

TF08: BSM model building 

TF09: Astro-particle physics and cosmology 

TF10: Quantum information science 

TF11: Theory of neutrino physics
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Highlights from last decade 
 Fundamental theory

• New perturbative and non-perturbative techniques (ranging 
from the double copy structure of scattering amplitudes to the 
advent of diverse bootstrap methods) have vastly expanded 
our knowledge of quantum field theory

• A deeper understanding22 of holography and insights from 
quantum information have breathed new life into the 23 

longstanding quest for a complete theory of quantum gravity



• New effective field theories have  facilitated applications of 
QFT to high-energy scattering, Higgs physics, large-scale 
structure, inflation, dark matter detection, and gravitational 
waves

• Search for  physics beyond the Standard Model has 
broadened considerably with the advent of novel concepts 
like neutral naturalness or cosmological selection of the 
electroweak vacuum

 Fundamental theory

Phenomenology



• Dark matter theory is undergoing a renaissance with the 
exploration of the full range of allowed DM masses, 
numerous portals to dark sectors, and novel interaction 
mechanisms. Advances in dark matter phenomenology have 
gone hand in hand with new proposals for dark matter 
experiments leveraging quantum sensing, often envisioned 
and implemented by theorists.

• The discovery of gravitational waves has catalyzed rapid 
progress in precision calculations via scattering amplitudes 
and inspired the use of gravitational waves to study particle 
physics inaccessible via planned colliders.

Phenomenology



• In precision collider theory the calculation of cross sections 
to the NNLO and beyond in QCD has now become possible, 
unlocking the door to unprecedented tests of the SM.

• Precision flavor physics has been the cradle of many of our 
most powerful effective field theory tools including HQET, 
SCET, now enabling advanced theoretical analyses to obtain 
constraints on promising BSM candidate theories.

• Collider phenomenology has led to many new collider 
observables including many forms of jet substructure and the 
emerging field of multi-point correlators,  and is employing 
widespread innovations in computational theory to leverage 
machine learning and artificial intelligence.

Phenomenology



• Neutrino physics program for multi-scale nuclear cross 
sections at the needed precision level  that will allow us to 
unlock the full potential of the present and future neutrino 
experiments. 

• Lattice QCD has become a powerful tool for precision 
physics, yielding precise SM predictions that reveal surprising 
new tensions in quark flavor physics and for the muon g-2. 

Phenomenology

Computational theory



• Efforts to develop the methods and theoretical foundations 
for quantum simulations of quantum field theories relevant to 
high energy theory are already yielding intriguing results on 
currently available hardware, with great promise in the 
decades to come.

Computational theory



Nathaniel Craig 
Csaba Csaki 
Aida El-Khadra

A statement of support of the essential role of theory similar to (and at least 
as strong as) the European Strategy.  
Theory is an essential component of particle physics, both in relation to 
Projects and in its own right.  

Research should be included in P5 alongside projects: 
Ideally P5 will recommend maintaining a balanced program of Projects and 
Research, both are essential to the health of the field. 


