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The tree graphs that dominate ¢, ¢, scattering. Solid (dotted) lines
represent ¢, (¢,), and ‘crossed’ graphs are those with external lines
interchanged relative to those dlsplayed

The tree graphs that dominate the qb ({), scattering amplitude. Solid
(dotted) lines represent qu and qb, particles

A sampling of some leading perturbative contributions to the generating
functional Z[J} expressed using Eq. (2.11) as Feynman graphs. Solid
lines are propagators (A™!) and solid circles represent interactions that
appear in S,,. 1-Particle reducible and [Pl graphs are both shown as
examples at two loops and a disconnected graph is shown at four loops.
The graphs shown use only quartic and cubic interactions in S,

The Feynman rule for the vertex coming from the linear term, S,;,, in the
expansion of the action. The cross represents the sum 65/5¢? +J,

The tree graphs that dominate the (Byé até )2 (panel a) and the
(0 & 04 )? (panels b and c¢) effective interactions. Solid lines represent
X propagators, while dotted lines denote external & fields

One-loop graphs that contribute to the (6#56“5)2 interaction in the
Wilson and 1LPI actions using the interactions of Egs. (1.24) and (1.25).
Solid (dotted) lines represent x (and &) fields. Graphs involving wave-
function renormalizations of & are not included in this list

The tree and one-loop graphs that contribute to the (9,& 6¥¢ )? inter-
action in the 1LPI action, using Feynman rules built from the Wilson
action. All dotted lines represent & particles, and the ‘crossed’ versions
of (b) are not drawn explicitly

The graph describing the insertion of a single effective vertex with &
external lines and no internal lines

Graphs illustrating the two effects that occur when an internal line
is contracted to a point, depending on whether or not the propagator
connects distinct vertices (left two figures) or ties off a loop on a single
vertex (right two figures). In both cases, a double line represents the
differentiated propagator. The two options respectively correspond to
the terms [6Sy,int/ 0P (@)IOSw, i/ 0P( — p)] and %Sy, int/ 6O (@)OG( - p)
appearing in the Wilson—Polchinski relation, Eq. (3.25) of the text
One-loop graphs that contribute to the §,£0%¢ kinetic term in the
Wilson and 1LPI actions using the interactions of Egs. (3.43) and (3.44).
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A sketch of energy levels in the low-energy theory relative to the high-
energy scale, M, and the relative splitting, v, within a global ‘symmetry’
multiplet. Three cases are pictured: panel (a) unbroken symmetry (with
unsplit multiplets); panel (b) low-energy breaking (v < M) and panel
(c) high-energy breaking (with v 2 M). Symmetries are linearly realized
in cases (a) and (b) but not (¢). If spontaneously broken, symmetries
in case (c) are nonlinearly realized in the EFT below M. (If explicitly
broken in case (c¢) there is little sense in which the effective theory has
approximate symmetry at all)

The triangle graph that is responsible for anomalous symmetries (in
four spacetime dimensions). The dot represents the operator J* and the
external lines represent gauge bosons in the matrix element {gg|/*|Q).
where |Q) is the ground state

A sketch of the adiabatic time-evolution for the energy, E(?) (solid line),
of a nominally low-energy state and the energy, M(¢) (double line), for
a representative UV state. The left panel shows level crossing where
(modulo level repulsion) high- and low-energy states meet so the EFT
description fails. In the right panel high-energy states evolve past a
cutoff, A (dotted line), without level crossing (so EFT methods need
not fail)

The Feynman graph responsible for the decay 7 — ev;v; at leading
order in unitary gauge

The tree graph that generates the Fermi Lagrangian

The Feynman graph contributing the leading contribution to photon-
photon scattering in the effective theory for low-energy QED. The vertex

represents either of the two dimension-eight interactions discussed in the

text

The Feynman graph contributing the vacuum polarization. The circular

line denotes a virtual electron loop, while the wavy lines represent

external photon lines

The leading Feynman graphs in QED which generate the effective

four-photon operators in the low-energy theory. Straight (wavy) lines

represent electrons (photons)

Schematic of the energy scales and couplings responsible for the

hierarchy of interactions among gravitons, photons and neutrinos. Here
the ovals represent the collection of particles at a given energy that
experience renormalizable interactions with one another. Three such
circles are drawn, for energies at the electron mass, m,, the W-boson
mass, M,, and a hypothetical scale, M,, for whatever theory (perhaps
string theory) describes gravity at very high energies

Feynman graphs giving neutrino-photon interactions in the Standard
Model. Graph (a) (left panel): contributions that can be regarded as low-
energy renormalizations of the tree-level weak interaction. Graph (b)
(middle panel): contributions generating higher-dimension interactions
when integrating out the W. Graph (c) (right panel): contributions
obtained when integrating out the Z. Although not labelled explicitly,
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quarks can also contribute to the loop in panel (c). Similar graphs with
more photon legs contribute to neutrino/n-photon interactions

Feynman graphs giving neutrino/single-photon interactions within the
EFT below M,,. Graph (a) (left panel): loop corrections to the tree-level
Fermi interaction. Graph (b) (middle panel): loop corrections to tree-
level higher-dimension effective four-fermion/one-photon interactions.
Graph (c) (right panel): loop-generated higher-dimension effective two-
fermion/one-photon interactions. Similar graphs with more photon legs
describe multiple-photon interactions

Feynman graph showing how the light-by-light scattering box diagram
appears in the 2 — 3 peutrino-photon scattering problem. The dot
represents the tree-level Fermi coupling, though C and P invariance of
electromagnetic interactions imply only the vector part need be used
The Feynman graphs giving the dominant contributions to pion-pion
scattering in the low-energy pion EFT. The first graph uses a vertex
involving two derivatives while the second involves the pion mass, but
no derivatives

An example of UV physics that can generate the dimension-five lepton-
violating operator within SMEFT

Graphs contributing to the Higgs mass in the extended UV theory. Solid
(or dotted) lines represent S (or Higgs) fields. Graph (a) is the one-
loop graph through which a massive S particle contributes at the 1-loop
level; Graph (b) is the direct contribution of the effective coupling ¢;;
the effective ®'® coupling in the low-energy Wilsonian EFT. To these
are to be added all other contributions (not drawn) including one-loop
Standard-Model effects. What is important is that these other effects are
present in both the full theory and the low-energy EFT

A new graph that contributes to the shift in ¢, when the heavy fields are
integrated out in the supersymmetric UV model. Dotted lines represent
the scalar @ field, while a solid line here represents its superpartner
Y (rather than the heavy scalar S). The double line represents the
superpartner x of the heavy scalar S. All order-M? terms in this graph
precisely cancel those coming from the left-hand graph of Fig. 9.2 in the
supersymmetric limit (in which the masses and couplings in this graph
are related to those of Fig. 9.2)

Cartoon of how free string levels (labelled by N = 0,1,2, ... and spaced
by order M) are split at weak coupling into a ‘fine structure’ whose size
is either suppressed by a power of string coupling, g.M;, or a Kaluza—
Klein compactification scale

‘Ladder’ graphs describing multiple Coulomb interactions that are
unsuppressed at low energies. Solid (dashed) lines represent ® (4o),
propagators

The graphs used when matching the fermion-fermion-photon vertex
at one-loop order. Not shown explicitly are the counter-term graphs.
Graphs (b), (c) and (d) contribute wave-function renormalization con-
tributions, though gauge invariance ensures graph (d) need not be
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evaluated explicitly in a matching calculation, since fermion charge ¢,
does not get renormalized. Graphs (b) and (¢) do contribute nontrivially
through the fermion wave-function renormalization, 0Z, with graph (a)
contributing the rest
‘Ladder’ graphs describing multiple Coulomb interactions that are
unsuppressed at low energies. Solid lines represent electrons (¥ prop-
agators), double lines represent nuclei (® propagators) and dashed lines
represent Ay propagators
Graphs describing multiple interactions with an external Coulomb
potential, 4o(k) = Ze/k>. Solid lines represent W propagators while
dashed lines capped by an ‘X’ represent insertions of the external
Coulomb potential
The tree graphs whose matching determine d; and d, to O(«). All graphs
are evaluated for scattering nearly at threshold, with the ones on the left
evaluated in QED and the ones on the right in NRQED
Loop corrections to one-photon exchange graphs whose matching con-
tributes to d, and d, at O(a?). Dashed lines on the NRQED (i.¢. right-
hand) side represent ‘Coulomb’ Ay exchange
Diagrams whose matching contributes the two-photon annihilation con-
tributions (and imaginary parts) to d; and 4,
One-loop f-channel matching diagrams that contribute to d, and d.
to O(a?). Vertices and self-energy insertions marked with crosses
represent terms in NRQED that are subdominant in [/m. Dashed and
wavy lines on the right-hand (NRQED) side are, respectively, Coulomb
gauge Ap and A propagators. For brevity’s sake not all of the time-
orderings of the A propagator are explicitly drawn
The NRQED graphs contributing to the hyperfine structure at order ma™
(and order ma?). The fat vertex in graphs (a) and (b) represents c,., and
1s ¢, in graphs (c). The contact interaction in (d) involves d, and d,.
Plot of the kink solution, @(z)/v, as a function of x(z — z)
Sketch of the world-sheet swept out in spacetime by a one-dimensional
lump (i.e. a string) as time evolves. The world-sheet coordinates ¢ =
{t,0} label points on the world-sheet while y#(o®) describes the
embedding of the world-sheet into spacetime
The relative size of scales arising when setting near-source boundary
conditions to the source action: R represents an actual UV scale charac-
terizing the size of the source; a is a (much longer) size of the external
physical system; € is the radius between these two where boundary
conditions are imposed. The precise value of € is arbitrary, subject to
the condition R < € < a
Graph giving the leading Thomson scattering amplitude for photon
scattering by a heavy charged particle in the first-quantized formulation
Sketch of a real bulk-field profile produced by a localized source in the
UV theory (solid line) superimposed on the diverging profile obtained by
extrapolating towards the source from outside within the external PPEFT
(dotted line). Two radii, » = €, and » = €;, are shown where boundary
conditions are applied using the boundary action I,(€) in the external
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EFT. The e-dependence of I,(€) is defined to ensure that the external
profile approximates the fixed real profile, no matter what particular
value of € is chosen. This shows how the e-dependence of the effective
boundary couplings is designed to reproduce the r-dependence of the
real field profile as predicted by the bulk field equations

Plot of the RG flow predicted by Eq. (13.95) for A vs ln(e/€,) where
the RG-invariant scale €, is chosen to be the unique value of € for which
A either vanishes or diverges, depending on the RG-invariant sign 7, =
sign(A2 — 1)

The RG evolution predicted by Eq. (13.119) in the complex A /1C|
plane. The left (right) panel uses a real (imaginary) value for C. Arrows
(shading) show direction (speed) of flow as € increases. Figure taken
from [350]

RG flows predicted by (13.121) for Re A/& and Im A/& (where & = (C[)
for C real (left panel) and C imaginary (right panel). Each flow defines
an RG-invariant scale €, defined by Re i(e*) = 0, at which point Im
;\(e*) = iy, is a second RG-invariant label. €, is multiply defined when
C is imaginary. Figure taken from [350]

A cartoon illustrating how any given spin is parallel (antiparallel) to its
four nearest neighbours for ferromagnetic (antiferromagnetic) order in
two dimensions

Diagram of a superconducting annulus. Dashed line marks a path deep
within the annulus along which A = V¢ =0

A cartoon of energy levels with each line representing a state, whose
energy is portrayed by its vertical position. Dots indicate which levels
are populated to produce the ground state of a system of non-interacting
fermions. The arrow indicates the Fermi energy

A sketch illustrating the decomposition, p = k+1, of a momentum vector
into a part, k, on the Fermi surface plus a piece, I, perpendicular to it

A sketch illustrating the allowed final momenta for 2-body scattering on
a Fermi surface

A sketch of a cubic Fermi surface, illustrating two special configurations
with marginal scaling. In one the sum %(kl + k) lies on a planar part
of the Fermi surface. The other special configuration arises when two
regions of the Fermi surface (which in general need not be planar) are
related by a ‘nesting’ vector, n

Feynman graphs that renormalize the density operator i*(p)y(p’)
(represented by the cross) but only in the limit where p’ — p within the
effective theory of Fermi liquids. The four-point interaction is a marginal
two-body coupling, as described in the text

The Feynman graph giving the leading perturbative correction to the
marginal two-body interaction strength within the low-energy theory of
Fermi liquids

A typical electron-phonon interaction in which emission or absorption
of a phonon of momentum q = p’ — p causes a transition between two
low-energy electrons near the Fermi surface
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Traces of longitudinal (or Ohmic) resistivity (py.) and Hall resistivity
(pxy) vs applied magnetic field, with plateaux appearing in the Hall plot.
The Ohmic resistivity tends to zero for fields where the Hall resistivity
plateaus. Figure taken from [410]

Cartoon of semiclassical Landau motion in a magnetic field, showing
how orbits in the interior do not carry charge across a sample’s length
while surface orbits can if they bounce repeatedly off the sample’s edge.
Notice that the motion is chiral inasmuch as the circulation goes around
the sample in a specific direction. This is a specific mechanism for the
origin of surface currents in quantum Hall systems, as are required on
general grounds for the low-energy EFT by anomaly matching

A plot of neutrino mass eigenvalues, miz, (for two species of neutrinos)
as a function of radius, r, within the Sun (solid lines) as well as what
these masses would be in the absence of vacuum mixing: 6, = 0 (dashed
lines). The plot falls with 7 for electron neutrinos, since it is proportional
to the density 7, of electrons within the Sun. Resonance occurs where
the dotted lines cross. A neutrino evolving adiabatically through the
resonance follows a solid line and so completely converts from one
unmixed species to another. Nonadiabatic evolution has a probability
P, of jumping from one branch to the othcr when passing through the
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