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Scope of QFT

Particle physics deals
with the simplest
possible systems
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= The scope of questions
is severely narrow

= “More is different” -p. Anderson

= Abundance of “new
physics” lurking within
theories we “know”
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aptivated bv nonlinearitie
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Deceptively simple to write down...a million dollar
problem to solve




Captivated by

nonlinearities

Choi & Snowman (2011)
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Captivated by

nonlinearities

Choi & Snowman (2011)
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filling an atom
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Standard Model of Elementary Particles

interactions / force carriers
(bosons)

mass
charge
spin

LEPTONS

three generations of matter
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Matter from Molecule to Quark
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Most striking feature
of QCD is confinement

= Inherently a strongly coupled
(nonperturbative) phenomenon

= A 50+ year old problem
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The wild child of

the Standard Model
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‘The mysteries are more than just a
proliferation of ~’s



‘The mysteries are more than just a
proliferation of ~’s

How many new|particles have been
discovered at the LHC?
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In QCD, two like charges...
,-"I;f iﬁ

exotic bound states not
predicted by the quark model




Dominantly soft (~GeV) exchange
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Current state-of-the-art: Lattice MC

v" General nonperturbative

= T | method
| etet /chezsw
T v' Tremendously successful
—@—| = e.g. hadron spectroscopy
= crucial for experimental analyses

18
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Current state-of-the-art: Lattice MC

v" General nonperturbative

T T _ method
PEBEENS /Dqﬁe’LSW

v Tremendously successful

= e.g. hadron spectroscopy

L |' %j — —T —— = f D ¢ e ~F = crucial for experimental analyses

X Inherently Euclidean

e BB = No real time dynamics, e.g. scattering
; . E = “sign problem” — no chemical

= 9 { potential

- a8l “~ X No chiral fermions

= Can’t put the SM on the lattice!
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Current state-of-the-art: Lattice MC

v" General nonperturbative

T | | %, method
ik L3 /D¢ S 2%,
By %\%. v Tremendously successful

" Eal |

= e.g. hadron spectroscopy

[ T 17T —SE[¢]
| %T T.___ — f Dge = crucial for experimental analyses

gluon quark

X Inherently Euclidean

NEED OTHER APPROACHES TO = No real time dynamics, e.g: scattering
= “sign problem” — no chemical
COMPLEMENT THE LATTICE! potential

X No chiral fermions

= Can’t put the SM on the lattice!
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Will present another approach:
Hamiltonian truncation

H:Zat
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Pr= | s Will present another approach:
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«  Hamiltonian truncation
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Putting the quantum in QFT
QFT = QM on an infinite # of d.o.f.

cH
= States live in a Hilbert space — ¥)

= They obey Schrodinger eqn > H |Ya) = Eq |Ya)

= Operators act on states
T 0(,7), (] ~i
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the dumbest idea which might actually work

start from known system —
\‘
H=Hy+V

Hy |i) = E; |0)

Uuv

deform with some
relevant operator

IR " V = /dd_lx Or(x)
. . 1Q
(lHo + V1) gy,
compute matrix N

elements | result approximates true
“Hamiltonian Hiune. spectrum
truncation”



HT output
Py = > e lx)

xE€Huv

e.d.

P) = Cyua |luud) + -
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discrete basis

\J
putting theory
“in a box”




Example: anharmonic oscillator

1 1
Hy=-p?+-22 V=Xt
2 2
= perturbation theory doesn’t converge
(asymptotic series)
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Example: anharmonic oscillator

initial basis =~ | , 1 1
Yo Y Ho=-p*+ -2 V =M\z*
2 2
= perturbation theory doesn’t converge
(asymptotic series)

= discrete basis — simple harmonic oscillator

[ “ 1
o o), ), (2, Ho|n>=(n+—)|n>

2
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Example: anharmonic oscillator

initial basis =~ | , 1 1
Yo Y Ho=-p*+ -2 V =M\z*
2 2
= perturbation theory doesn’t converge
(asymptotic series)

= discrete basis — simple harmonic oscillator
AF =hw =1 1}t

) 1
o o), ), (2, Ho|n>=(n+—)|n>

2

= truncate: restrict to |n> with B, < Fpax
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Example: anharmonic oscillator

initial basis =~ | , 1 1
Yo Y Ho=-p*+ -2 V =M\z*
2 2
= perturbation theory doesn’t converge
(asymptotic series)

= discrete basis — simple harmonic oscillator

AE =hw=1 1} )
— 02 Holy = (nt ) )
= truncate: restrict to |n> with B, < Fpax
= construct truncated Hamiltonian H trunc:
A 4
(m|VIn) = 7 (ml(a +a¥) "|n)
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Example: anharmonic oscillator

initial basis =~ | , 1 1
Yo y Hy=-p?>+ -2 V =M\z*
2 2
= perturbation theory doesn’t converge
(asymptotic series)

= discrete basis — simple harmonic oscillator

AE =hw=1 1} )
— 02 Holy = (nt ) )
= truncate: restrict to |n> with B, < Fpax
= construct truncated Hamiltonian H trunc:
A 4
(m|VIn) = 7 (ml(a +a¥) "|n)

= diagonalize ”



Example: anharmonic oscillator

1 1
Hy = 5}72 + §$2 V = )\334
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Example: anharmonic oscillator

1 1
Ho = 5]92 + 53:2 V = Az*

= divide basis into even and odd |'n)
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Example: anharmonic oscillator

1 1
Hy = 5])2 + 53:2 V = \z*

= divide basis into even and odd |n)

1
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Example: anharmonic oscillator

1 1
Hy = 5])2 + 53:2 V = \z*
= divide basis into even and odd |n)
1

o

O N
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N——

<

|
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N\
Ew NI
NP §|oo
N—
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Example: anharmonic oscillator

Hy = %pz + %a:z V = \z*
= divide basis into even and odd |n)
=Emax:g = [0}, [2) Ho|n) = (”JF%) n)
o b
HO:(O §) V=)\(3 39)
2 V2 4

= diagonalize = eigenvalues: g + % == \/ 1+ g)\(ll)\ +4)
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Example: anharmonic oscillator
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Example: anharmonic oscillator
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Example: anharmonic oscillator
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Example: anharmonic oscillator
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cmer e HT output
L f o= ew

Te—nz—> xXE€Huv A
[ S
- ¥>Vacuum basis choice?

truncated sum
— convergence?

L/ not independent
questions
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Basis choice: Ko © Mo,
fighting the exponential

Quantum Hilbert spaces
grow exponentially

p(E) x exp (/BdE%)

= How to isolate the
relevant sector for %‘}Q’e\
B

desired physics?
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basis
choice?

Exact
diagonalization

TCSA —

e
LCT

/ Tensor

. . —_—
Hamiltonian networks
Truncation

‘ \

DLCQ

LCT: Lightcone Conformal Truncation

TCSA: Truncated Conformal Space Approach

DLCQ: Discretized Light-Cone Quantization
MPS: Matrix Product State
PEPS: Projected Entangled Pair States
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basis
choice?

Exact
diagonalization
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e

/ Tensor

. . —_—
Hamiltonian networks
Truncation

‘ \

DLCQ

LCT: Lightcone Conformal Truncation

TCSA: Truncated Conformal Space Approach

DLCQ: Discretized Light-Cone Quantization
MPS: Matrix Product State
PEPS: Projected Entangled Pair States
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basis Exact
diagonalization MPS/PEPS

choice? /

= organizing principle:
Tensor information content

/
TCSA — | Hamiltonian networks

Matrix Product State / PEPS

Trunca.tion Tensor Train
DLCQ ierarchical Tucker MERA
Partial waves (conformal basis) plane waves <§ % é é %

= organizing principle: Fig: tensornetwork.org
spacetime symmetry

LCT: Lightcone Conformal Truncation
x eoo o x TCSA: Truncated Conformal Space Approach
DLCQ: Discretized Light-Cone Quantization
MPS: Matrix Product State
N PEPS: Projected Entangled Pair States 29



Partial waves/phase space harmonics

F phase space measure

/ X / X see X / y

— $) = [ diis B F) B Bald)

——
Don’t treat independently— Y (p; ) ="wavefxn”
couple together and ask about %
the collection of particles Free Hilbert space = wavefunctions on)
phase space
EFT amplitude bases ] conformal basis
(see yesterday) . smart basis . O(P)) = /dw P2 0(z) |0)
ue 521 “r
N J ‘4 » DA
“spherical harmonics” o ey
on phase space

v e g3




- Exponential improvement over

HT works splendidly ind = 1+1

naive Fock basis

# states = p(AL.) = # partitions of the integer A,

« Laptop + Mathematica

0.6

©
)]

<
~
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Integrated 1 m(M,P(s))

o
-

2d ¢* sc‘attering a‘mplitude | |
O. Delouche, BH, M. Walters ongoing =
L ,/ <
’/
- /
P
’/ |
/’/
B Amax=20
P max
5 B Amax=30
D B Amax=40
B Feynman P.T
5 6 7 8 9 10

s/m

02d QCD, N; = 3 Anand et. al. 2111.00021

pr__0.100
0.010
0.001 2 3 4 5
Vs my
Solutions to the bound state wave function
1.4 A
1.2 A
1.0 A
0.8 -
=
0.6 -
0.4 ] )
S. Ricossa, QED2, Master’s Thesis
02 4 Supervisor: BH
—— m=1.0, M = 2.8 (numerical integration)
0.0 m=1.0, M = 2.9 (truncation)
0.0 02 0.4 0.6 0.8 10 31



¢" Integrated Spectral Density

d>2: Harder...but worth it . TS

— Requires “bigger” basis _ Elias Mir6, Hardy  »rindul "~
q 99 ®1"2003.08405 e

— Lots of relevant couplings in d = 2+1 a4
B 1 mm 5
At 5 yegb g—2F2, gAuJ"
ol
N=15=1/2; [d=1/2 ;. |
= lots of strong coupling! s i | 3 0
/(24m)
RN Fewe]_“ exact I“esu]_ts Correlators Ne:rCritical Coupling
= uncharted territory! - (O(z)0(0)) ~ 1/,2080  Ama=10
Universality Near Critical Coupling % b m
2.0 0.20 8 4
Amax=16 Amax=16 té m¢
1.5 / 0.15 g 0.001) data/free theory " (bé
g |
. ¢,5 . 051‘: Dl‘ - 0.05 050 5 1 5
05 . 0.05 = ¢ [-g i data/(1/x*%)
) . o8
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» i/ m 0.05 050 5 PR
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Criticality in low dimensions

Ising Model for Melt Ponds on Arctic Sea Ilce
Yi-Pint Ma, Ivan Sudakov, Courtenay Strong and Kenneth M. Golden

(a) TS

Figure 3. Comparison of real Arctic melt ponds with
metastable equilibria in our melt pond Ising model. 3a.
Ising model simulation. 3b. Real melt pond photo.
Figure 3a courtesy of Yiping Ma, 3b courtesy of Donald
Perovich.
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Criticality in low dimensions

»— —arctic sea ice

e e

described by the same critical
theory (Ising model)

lizard skin patterns < )

"
WAty S o o

UNIVERSALITY
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Critical Thinking

neuronal avalanches —

10° o Data
—e — Poisson assumption
10"
10?
10°
10*

e
10°

avalanche size S (number of spikes)

http://www.scholarpedia.org/article/Neuronal_avalanche

Signal travels efficiently

Background
noise

Signal travels efficiently

https://www.quantamagazine.org/brains-may-teetgf
near-their-tipping-point-20180614/



Truncation philosophy

3.0+ = 140 T
1 & A pp(PDG2010)  # STAR (prelim.) ® TOTEM
. | T 10| ¢ pp(PDG2010) @ ALICE ¢ LHCb ]
25 Two-Point Energy Correlator 1 ;Q\ 120| © Auger (+ Glauber) 4 ATLAS/ALFA & CMS .
| = 110 0iot fits by COMPETE ~
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N 15 =2
e N A ER ]
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S 10 5 50 -
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0.001 0.005 0010 0050 0.100 0500 1 o | . .
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\ V5 (Gev)

2) Learn to compute
T ¢ o @
(T{01(21)Ox(22) - -+ Ok(zi) }) with Hamiltonian

Oyor for A\/m =38

18 ! === Theory

—

0.5 /‘/
1

| — Truncation

2
D
° E§ z“ 0.4 ﬁil
N R
3) Apply truncation : s
N 03
9 B Amax=30
S 02 B Amax=40
g o
2 W Feynman P.T
S o1
7 0.0 ‘
= -1% 5 6 7 8 9 10
1 . 2
4 10 20 30 s/m

36



*(0(2)0(0)) = (0|0(@)|n) (n]O(y)[0)

n

H|n)y=FE,|n), Ox) = eiPwO(())e—z‘Px
things like

SPECTRAL INFO

. super cool!
2-POINT FUNCTIONS

TIME TO GO AFTER THE
FUNDAMENTAL OBSERVABLE @
IN RELATIVISTIC FIELD THEORY

37



10

10

10

The dream

| | I |
" u, d,s
3 loop pQCD

Naive quark model

P i ’
. g i .
! e * * * ..k * e O
i Inclusive: i
: ¢ KEDR ]
Sum of exclusive .
= * BES .
measurements
L \ | | . ! )
0.5 1 1.5 2 2.5
‘ T T T T T
I/ $(25) "
1160
v Mark-1
- Mark-I + LGW )
% Mark-II W | Yaas
e PLUTO - I ‘ ‘
7r Crystal Ball ‘|‘| "{‘.l &l
| * BES mﬂl ‘3‘ I%“ﬁi | f‘iﬁﬁi’f‘%
o KEDR \ 5& e ———
‘I | LAY T T
| _i”" it T ' -
‘ |I | H¢M‘ukm4 !
B N R RN ' ]
SBRRRIRER " f
I b ]
| — ‘| ! |
3 3.5 4 4.5
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Truncation output:

(approximate) spectrum & {Fj;, |1;)}, H [10;) = E; |1;)

N
= gives (approximate) resolution of identity: 1 ~ Z ;) (1]

1=1
Fundamental question:

GIVEN THE ENERGY EIGENSTATES,
HOW DO YOU COMPUTE THE S-MATRIX?

39



How to compute M from |¢)?
S, . = (L\a" \;Pt—> \ﬂ* = (P ot VTP D

PROBLEM: How are truncation states related to in/out-states?

Think finite volume e.g. R X S d—1

~

DISCRETIZING continuum = IR cutoff = finite “box”

Prevents formal identification
of asymptotic states 40



BH, Murayama, Riva, Thompson, Walters
arXiv:2209.14306 M fI"O n ‘w>

LSZ
scattering amplitude » correlation function

M(pi) ~ (O +m?) - (g + m?)(T cb(:cl)? (3322¢($32¢(fc4)>
U7

N
evaluate by inserting 1 Z [} (3]
i=1

the identity

D2 P3 p2-,

P1 P4 1

41



BH, Mura%?{mEaf) f){%v?z(”gl g)mlpgs;) n, Walters r lt O(N) model: repulsive interaction
e S U. S = no bound states
Im[M] for A\/m =8 Re[M] for \/m = 8

! - Exact result 9 === Exact result

— Truncation

O(N) model, N -
ind =2+1

| —— Truncation

Im[M]/m
Re[M]/m

2L
elastic region
(lattice can acce

&

3% r
0%
—3%

Residuals
Residuals

Clear appearance of Best convergence outside
threshold @ s = 4m? physical regime

At high-E, perturbative regime: Re(M) ~ \ = const, Im(M) ~ A? / S 49



Im([s]/m?

Mtrunc‘ - ’MthyH/’Mthy’ OoT A/m = 87 Amao( = 417imax =300

i " " complex s-plane

1071

« Can explore analytic
behavior

1072

1073

« Rapid convergence
throughout complex plane

10 20 30 40

-30 —20 —10

0
Re[s]/m?

BHNMurayapfa, Riva, Thompson, Walters
EP 05 (2023) 197 43




- Scattering goals s

(s = brawch cuts 1 s : /(&YD;:\‘E‘S
- LS
Truncchon e structure R

- Yt

~@emdet  J o
of peles ‘/

RESONMX S
ISB\ - S=wZ=inl?

S—wT4+im

\w Bound state scattering from
first principles

20 N N Ll

2 & pp(PDG2010)  # STAR (prelim) @ TOTEM
10 130 ¢ pp(PDG2010)  w ALICE & LHCb

10
5 120| o Auger (+ Glauber) « ATLAS/ALFA b CMS
Vs [GeV] .
= 110 ot fits by COMPETE
S oo (pre-LHC model RRP¢L2,)
- — - 0 fitby TOTEM
= ot

(11.84 — 1.617Ins +0.1359 In%s)

Forward scattering/
Regge physics :

o .’Umcl
i Z oz ~
gag
s 2 In -
20 "
-
10 [y i = s e T o : ]
0 1 1 1
10! 10? 10° 10* 10°

Ve (GeV) 44
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HT’s status in my brain

(simplified)

%
e
dgg0on

.o

.o

5 A 2
= = Al
/ Perturbative
Evolution



Truncation philosophy

1) Pick an observable

1= Z |1:) (s

ARR

(T{O1(x1)Os(22) - - - On(zk) })

2) Learn to compute
with Hamiltonian

3) Apply truncation

cl

22

Hadronic Physics

targeting hadronization

ean observables experimentally AND theoretically
= Energy Correlators

E(R) = lim r32 / dt n®To;(t, riv)
0

b r—00
. i ] '
v - + | Charged-Hadron EEC ] 25| Two-Point Energy Correlator -
qg; 107 o | $ CMS Open Data
O i ;
. E LI-E - Free Hadron | Transition Quarks/Gluons E 20 = LL
L] t
Q = I - T | = NLL
¢ . S 102 ¢ _l_.r-r"‘"w . S 15| } ] }
= R ¥ 2 5 5
: g WA E -l-++ * 1 5 10! <g(n1>g(n2)>
Q Z Al .I:f CMS 2011 Open Data o | A % _
o 10~ 3 .[.'I' AKS Jets, [ < 1.9 E I ] AKS Jets, || < 1.9
. : i -H' pi** € [500, 550) GeV LE 0% } { pr = 500-550 GeV
: Perturbative .l.'[' CHS, p¥C > 1 GeV H B t
. Evolution 10 Y RS — . %001 0.005 0.010 0.050 0.100 0500 1

103

102

10! 10°

Ry

Ry,



The challenge of gauge theory

Gauge fields describe spin-1 bosons Tang SVer,

Sepolarjz . pﬂr o
- Dynamical only for d = 2+1 \atzon I ) ‘J

€x (P
Gauge “symmetry” is really a REDUNDANCY

- Must ensure this redundancy is respected

Gauge Gauge Orbits
Fixing

47



The challenge of gauge theory

Gauge fields describe spin-1 bosons T

SV,
€rs epolanza
- Dynamical only for d = 2+1 thn ( )
p
Gauge “symmetry” is really a REDUNDANCY

- Must ensure this redundancy is respected

Gauge Gauge Orbits
Fixing

presumably doable, but
has yet to be carried out

)
\
A}

47




Go with the flow

H = Hj +V/\/ Uv
IR

48



Go with the flow
H=Hy+V UV

IR “fixed points”

™~___—  (CFTs)

QFT = the “flow” between fixed points

48



Go with the flow

H=Hy+V

“ﬁxed points”
(CFTs)

QFT = the “flow” between fixed points

multiple theories can flow to SAME IR fixed point
= UNIVERSALITY

48



|-

UNIVERSALITY
= what theories flow to QCD?

Image credit: K. Farnsworth

49



|

UNIVERSALITY
= what theories flow to @(?

/_\ QED3

sensible (and fascinating!)
starting point

Image credit: K. Farnsworth

49



QED3

= quantum induced linear confinement v V(r) = kr
= conformal window v
= real-world relevance v

QED3

50



= quantum induced linear confinement v V(r) = kr

Q E D 3 = conformal window v

= real-world relevance v

H , = free electrons and photon

V~eAJr Q\
Y

QED3

+: relevant (convergence under control)
+: gauge invariant (on-shell)

+: abelian

50



= quantum induced linear confinement v V(r) = kr

Q E D 3 = conformal window v

= real-world relevance v

H, = “solvable” N ;>>1 theory

H , = free electrons and photon @ V ~ mqq
V ~edA,JH Q\
A K
QED3
+: relevant (convergence under control) +: relevant (convergence under control)
+: gauge invariant (on-shell) +: gauge invariant
+: abelian

—: need to “solve” H
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= quantum induced linear confinement v V(r) = kr

Q E D 3 = conformal window v

= real-world relevance v

H, = “solvable” N ;>>1 theory

H , = free electrons and photon @ V ~mqq
V~eA,JH Q\
A K
QED3
+: relevant (convergence under control) +: relevant (convergence under control)
+: gauge invariant (on-shell) +: gauge invariant
+: abelian —: need to “solve” H,,

Many analogs to QCD4, can test both approaches! ;,



QED3 in

relevant for the lab

o = high-T,
superconductivity

= half-filled Landau level

emergent Dirac
fermions

emergent gauge

i / field \/

Flux Atachment ’ ety y -
_ “‘. - 4:_ . x .

Composite Particle Chern-Simons Particle -
Gauge Field




Approaching QCD

H, = “solvable” interacting UV
o) fixed point

H , = free quarks and gluons ,, e.g. Banks-Zaks, SU(3) N = 16
V~gA,Jh 4+ g A20A Q\ V ~ mqq
S N~
. QCD
—: marginal (convergence unknown) +: relevant (convergence under control)
—: not gauge invariant +: gauge invariant
+: familiar —: need to “solve” H,

QED3 paves the route to QCD4 52



Future directions: HT

d=1+1
resonances
BoOND - check against integrable systems
oA - complement S-matrix bootstrap
- %;. - ongoing with O. Delouche, M. Walters
ReESONANCE
S\= S=wZ-iwi” .
scattering
/ \
energy correlators
forward/Regge ) e e o
" hysics 4\
e pny }{ *_ (E(1)E (7o)
E - e-g. d)3 Or YUkawa os { } } { mv* 500-550 GeV
/Lu.u.\ iI’l d=2+]_ "‘huim' 0005 0,010 RLmu o e




Future directions: HT

Banks-Zaks = QCD

=> Banks-Zaks data (ongoin QED3
with Karateev, Kosmopoulos, concrete mysteries; tension between
Ricossa, Riembau, Riva, Walters methods; relevance to cond-mat

Two approaches:
1) Start from free theory
gauge 2) Start from interacting fixed point

. - ongoing with J. Thompson, M. Walters, ...
c. gluevall theor]_es going J p

N

b, baryon Q E D 2

(image: G. ‘t Hooft) —screening vs confinement
- ongoing with K. Farnsworth , S. Ricossa

gauge theoriesind = 1+1

PLENTY of projects, ranging from pheno, to formal, to numerical
= something for everyone! 54



THANK YOU!



THANK YOU!

59
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|-

UNIVERSALITY
= what theories flow to QCD?

Image credit: K. Farnsworth

49



Approaching QCD

QCD

50



Approaching QCD

H , = free quarks and gluons

V~gA,JHt+gA%0A

®

N

QCD

—: marginal (convergence unknown)

—: not gauge invariant

+: familiar

50



Approaching QCD

V~gA,JHt+gA%0A

= “solvable” interacting UV
fixed point

HO
H , = free quarks and gluons e.g. Banks-Zaks, SU3) N, =16
‘\ V ~ mqq
X N

—: marginal (convergence unknown)

—: not gauge invariant

+: familiar

QCD

+: gauge invariant

—: need to “solve” H,

+: relevant (convergence under control)

50



Approaching QCD

H, = “solvable” interacting UV
o) fixed point

H , = free quarks and gluons ,, e.g. Banks-Zaks, SU3) N, = 16
V~gA,Jh 4+ g A20A Q\ V ~ mgq
A K
. QCD
—: marginal (convergence unknown) +: relevant (convergence under control)
—: not gauge invariant +: gauge invariant
+: familiar —: need to “solve” H,

big bite! ... something more digestible? 50



= quantum induced linear confinement v V(r) = kr

Q E D 3 = conformal window v

= real-world relevance v

H, = “solvable” N ;>>1 theory

H , = free electrons and photon @ V ~mqq
V~eA,JH Q\
A K
QED3
+: relevant (convergence under control) +: relevant (convergence under control)
+: gauge invariant (on-shell) +: gauge invariant
+: abelian —: need to “solve” H,,

Many analogs to QCD4, can test both approaches! s,



Computational dream slides



IR

presumably doable,
has yet to be carried out

Uv




Electromagnetism in the plane

big bite! ... something more digestible?




Gauge
Theories

i
% |
4
t
|
|
/ E
/
|\ E
. ,v
.

&

SM/QCD ind = 3+1

o2l ]

If we want this

then we need % g

these ~__7

Truncation

1 10

Vs [GeV]

two possible approaches
H , = “solvable” interacting UV

H , = free quarks and gluons

V ~gA,JH e P fixed point
H , Uy \_{ e.g.Banks-Zaks, SU@3) N, = 16
gA O0A V ~ miq
L |
+: familiar IR +: relevant

—: marginal (d = 3+1)

—

—: not gauge invariant < QC

A

+: gauge invariant

\

7

—: need to “solve” H,

2
10

Both options present for QED3 !

= strongly coupled and confining

= perturbative fixed point N > 1

= real world relevance (QHE, high T )
\— _/

Y

ambitious project already underway,
but it needs a permanent home!



Normalized EEC

Gauge theories

QCD ind = 3+1
v' Confining (for small N )

Hadronic Physics
Confinement

Perturbative
Evolution

3.0

vt Two-Point Energy Correlator |
¢ CMS Open Data

20

=LL
= NLL

(E(N1)E(N2))

1 -~ - -
0.050 0.100 0.500

Ry

0.0 : i
0.001 0.005 0.010

AKS5 Jets, || < 1.9 |
pr = 500-550 GeV |

QEDInd =2+1
v' Confining (for small N)

Graphene honeycomb lattice
Unconventional QHE
from: arXiv:0706.3016

QHE in graphene
Zhang et. al., Nature 438, 201-205 (2005)

(b)
A

0.5+

R, (h/e?)
o

o

—— — p— 6
8 10.15 . @
4 <
| — — 10 . -0.10§ -5
1 = 84005 & ” -
120 40 60 80 2 — -4
Vy (V) | L By
|||z -a L
- \ L ‘:O’
4 10 6 [ 10
-2
26 22 18 14 __\—— ] 14 18 22 26
| ] RN
. | ; 1 \ L | L L I ; 0




targeting hadronization

clean observables experimentally AND theoretically
= Energy Correlators

N

E(R) = lim rd-2 / dt n*Toi(t, rv)
= e 0

: 10(] 3 SR — 7 3.0p
” : E F  Charged-Hadron EEC )s Two-Point Energy Correlator
% = 107" E ¢ CMS Open Data
] (eb) Q ; 3 20
E"‘ - E LI-E - Free Hadron | Transition Quarks/Gluons 5] = LL

L]

= i —— ) =N

= qs:'i S 102k _ﬂﬂ * S s } ! ] : N
= | i + 5 o~ 5
S C.a . g i -|-'|'+ " E 1o <g(n1)g(n2)>
= @) E I _I_'f' CMS 2011 Open Data . *} |
E O 10° ] .[-']'.I- AKS Jets, [ < 1.9 E ] AKS Jets, |n| < 1.9

. ; i -rl' Pt € (500,550 Gev 08 { { pr = 500-550 GeV

Perturbative .I.'[' CHS, pC > 1 GeV 4 { t
: Evolution l[)‘?(}i_‘ ——— 102 — ";I ——— "'1'00 %001 0.005 0.010 0.050 0.100 0500  1_

Ry, Ry



Transition slide for gauge theories. Can I somehow use energy correlators (if I can, reference back to the
“truncation philosophy”?

The main hurdles: gauge redundancy (how to regularize) and marginal coupling
Starting from H_0 an interacting fixed point

Two paths slide

QED3 (one or two slides)

Can I slip in the dancing gif somewhere? Maybe with LSZ?



HT output
Py = N e lx)

XEHuv
e.g.



Confinement as dual Meissner?

(Nambu, ‘t-Hooft, Mandelstam; Goddard, Nyuts, Olive; Witten, Osborne; Polyakov)

. « B 4 ] e response of
EM duality: ( ) Q , test charges
B’ Im?” exchanged
electric flux magnetic flux Is confinement in
screened confined QCD driven by
confined screened magnetic states

condensing?

22



Confinement as dual Meissner?

(Nambu, ‘t-Hooft, Mandelstam; Goddard, Nyuts, Olive; Witten, Osborne; Polyakov)

Such a mechanism is
EM duality: ( ) Q 5 operative in a number of
theories:
electric flux magnetic flux
screened confined ¢ QED3
confined  screened - 4d susy gauge theories
G < G e.q. Often exhibit

CG) = m(@ supwe sty Paticle o soliton

m(G) = C(é) SO(2N + 1) <+ Sp(2N)

23



Question

Can we make it our responsibility to make a
theory collider at the same time as building
the next collider(s)?

[in the spirit of brainstorming how to get the future we
want, I recommend taking a hard look at messaging]

10



Temperature T [MeV]

Observation/question

It appears (to me) that there is plenty of

“new physics”
(£ physics we don’t know how to describe)
being discovered at colliders

Why doesn’t this “count”?

| diffractive scattering (Pomeron),
QGPI = e T P E Ef 2 //,»’ i
hadronization (energy correlators), =t T

(green), Ging (blue) and i (red)  (mb)
B @ o o 5 2 B & B

10" 10? 10° 10t 10°
(X} o] V5 (GeV)



Reminder: two input ingredients

STATES = [¢), (d[ih) < oo

. J

Born level

(|H|)') < MATRIX ELEMENTS

= Ingredients recyclable for many dii

'ferent theories

45



Massless phase space .

= momentum conservation
= on-shell

L/

= Lorentz invariance )

1902.06754
constraints define a manifold in phase space

O(pi) - 0(py) x 81 (P — (P + -+ 1))
WSPIDOFS > 54 (Pa' ()\1;\'1 I An}\’n)@@)

.

51



Massless phase space .

1902.06754

= momentum conservation /constraints define a manifold in phase space
>

5(pT)---6(pa) x 6*(P* — (pf + -+ pit))

. . use spinors ~ ~
= Lorentz invariance ) S——usesp > 0* (Pad — (MM A”A”)aa)

= on-shell

Want a set of class
functions on the manifold

|—> generalized spherical harmonics

51



Massless phase space .

1902.06754

= momentum conservation /constraints define a manifold in phase space
>

0(pT) -~ 6(pn) x 6 (P* — (Pf +--- +phy))
wSplnors > &4 (Pa ()\15\'1 4o+ )\n}\'n)ad)

= on-shell

= Lorentz invariance ) & —

1 N Want a set of class
A= {)\ i _ ()\1 A ) functions on the manifold

1 N
A2t A L, generalized spherical harmonics
A= g \UT (AN = g.7U07) = P = A\ ~ —

U(N)
invariant!

ge SL(2,C), UeUN)>U1)Y

/ i), = / AAINTS (P — ANT)

51



050206747 t f ph
1902.06754 geOme Iy O p aSe SpaCe
L2 L
54(p_)\)\T) C.o.m.> Pad:<M 0>: ‘)\1‘ A1->;2
0 M - o e
No - A% ‘/\2‘
ue St
1—)*2: T2
~ geometry basically #
< i’=r> <> complex version of two
/o gaNs 7= 0 orthogonal spheres

52



BH, T. Melia
1902.06747
1902.06754

geometry of phase space

L2

54(p_)\)\T) C.o.m.’ Pad:<M 0)2 ‘M‘ Xl‘;;;

M NN R
ue 2Nt
1—)»2: T2 .
5 5 geometry basically #
— i"=r° <> complex version of two
v € 52N 7= 0 orthogonal spheres

G/g = U(N)/U(N —9) “Stiefel manifold” V5 (C")

Grassmannian C Stiefel G>(C") = U(N)/U(N —2) x U(2)

states © harmonics on phase space

4d : SU(27 2) X U(N) (math world: reductive dual

“conformal - helicity duality” 2d : SL(2,R) x O(N)

3d : Sp(4 R) X O(N) pairs/Howe duality/oscillator

representation)

oY




upshot on Stiefel harmonics

harmonics labeled by Young diagrams
(with at most two rows)

these dictate specific polynomials in the spinors

comments:
Construct states algebraically

e.d.
L= (1,5 13)) ~ F

1) each shape corresponds to operators
2) multiple operators belong to same shape

a) these involve particles with different
spin now apply U(N) lowering op:

3) these operators are conformal primaries L |l7 M) ~ |l7 u’) ~ 1; EFa

53



Observation

we have significant representation and
environment issues (to put it mildly, IMO)

physics, and theoretical physics in particular,
do not have a good reputation

what does this mean for our future?

58
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