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Anomalies and the Standard Model of Particle Physics
Nakarin Lohitsiri

This dissertation aims to study quantum anomalies and some other aspects of the Standard
Model of Particle physics. In any quantum gauge field theory, anomalies place a very
restrictive condition on the matter content and the dynamics. The former is due to the
cancellation of gauge anomalies while ’t Hooft anomaly matching constraints produce the
latter. As the Standard Model, which is our most fundamental and most accurate description
of particle physics, is constructed as a gauge field theory, it is also subject to these anomalies.
Here we explore subtleties in anomalies that could arise from the Standard Model and also
use them to provide a consistency check as we explore its phase diagram.

We start by reexamining local anomaly cancellation in the Standard Model. It has long
been known that the requirement that all gauge anomalies and the mixed gauge-gravitational
anomaly cancel lead to the quantisation of hypercharge and essentially give the unique
hypercharge assignment to the fermion content of the theory. However, if we take the view
that hypercharge must be quantised from the outset, then it is enough to prove that the
fermions have the Nature-assigned hypercharges using the cancellation of gauge anomalies
alone. This remarkable result is made more astounding by the fact that Fermat’s Last Theorem
plays a crucial role in completing the proof.

We then move on to search for subtler global anomalies in the Standard Model and
beyond from the modern viewpoint of cobordism theory, where a global anomaly can be
computed as a homomorphism from a bordism group of manifolds equipped with appropriate
spin and gauge bundle structure to a circle group. Since the gauge interaction depends on the
gauge group G only through its Lie algebra, there are many possibilities for the gauge group
of a gauge theory as long as the global structure is consistent with the matter content. In the
Standard Model, the options for the gauge group G are U (1) x SU(2) x SU(3), U (2) x SU (3),
SU(2) xU(3),orU(2) x SU(3)/Z3. We compute the fifth spin-bordism group of manifolds
equipped with these G-bundle structures Qgp in (BG) and show that it is at most Z,. Therefore,
the global anomaly that can appear in the Standard Model is a mod 2 anomaly which can
be identified with the well-known Witten anomaly in the gauge group SU(2). We repeat the
bordism group calculation for some beyond the Standard Model gauge groups and obtain
a similar result: there is a mod 2 anomaly whenever there is an SU(2) factor in the gauge
group.

A curious fact from these bordism calculations is that the bordism group is trivial when
U(2) appears in lieu of SU(2). Driven by this curiosity, we investigate further and find that
there is an interplay between the local and the global anomaly. The condition for the gauge
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anomaly cancellation on the SU (2)-representations of the fermions coupled to a gauge theory
is the same whether the gauge group is SU(2) or U(2). However, the condition comes from
the cancellation of the global Witten anomaly in the former case while it arises from the
mixed anomaly cancellation between the U (1) sector and SU(2) sector in the latter case.
We investigate further to see whether we can give the same interpretation to the new SU(2)
anomaly of Wang, Wen, and Witten when we place a U(2) gauge theory on a non-spin
manifold. We find that even though the requirement that the mixed gauge and the mixed
gauge-gravitational anomalies cancel automatically cancel the new SU (2) anomaly, it cannot
be thought of as arising from the local anomalies. The reason is essentially because the
transformation that induces the new SU(2) anomaly involves a non-trivial diffeomorphism
on the underlying manifold. Mathematically, we can compute the bordism group and still see
a factor of Z, associated with this new global SU(2) anomaly.

Finally, we turn our attention towards the Standard Model itself, leaving anomalies as a
tool we occasionally use to provide a consistency check on the IR dynamics. We apply the
philosophy that one can get information and intuition on a theory by studying a collection of
theories in the parameter space to the Standard Model. In these variations of the Standard
Model, we deviate the Yukawa couplings from the actual values so that they are insensitive
to the generations of fermions. We then vary the relative strength between the strong nuclear
force and the weak nuclear force and see what happens. The results are surprising. No
phase transition seems to be present when there is only one generation of fermions. More
remarkably, the leptons seem to smoothly mutate into quarks as we slowly dial the relative
strength between the weak and the strong gauge group. When more than one generations of
fermions are present, however, the global symmetry group on either end of the phase diagram

is not a subgroup of the other, and a first-order phase transition is expected to occur.
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Chapter 1
Introduction

Quantum Field Theory is a basis for much of modern physics. The most fundamental and
accurate theory of particle physics to date, the Standard Model, is formulated as a quantum
field theory. Many-body phenomena in condensed matter physics can often be phrased in
this way, too. However, apart from free field theories, it is almost impossible to solve a
quantum field theory exactly. In a few cases, it is possible to use perturbation theory to extract
relevant quantities as a power series in small parameters of the theory, as done in quantum
electrodynamics to predict the magnetic dipole moment of the electron to high precision. In
most other cases where the interaction is strong, there is no small parameter anywhere in
sight, leading to the break down of perturbation theory. In such strongly coupled quantum
field theories, one has to rely on other methods to probe the dynamics and understand the
behaviour of the systems.

One such powerful tool goes by the name of anomalies. From a modern point of view,
an anomaly in its purest form is an obstruction to gauging a global symmetry. However, the
subject is so rich and multi-faceted that a simple description like this does not do enough
justice to it. There are also a lot of subtleties involved and connections to other areas
of physics where quantum field theory is applicable, such as condensed matter physics.
Examples include global anomalies in d dimensions and symmetry-protect topological (SPT)
phases in d + 1 dimensions. Most importantly, its robustness under RG flow makes it a
suitable means for probing low energy dynamics of a system once its UV description, which
is often much more straightforward to describe due to its weakly interacting nature, is given.

In this introduction, we will explore anomalies from different points of view through
some representative examples and how to use them to explore the deep IR dynamics of
strongly coupled quantum field theories. In the end, I will give a brief overview of how my

work fits into the picture.



2 Introduction

1.1 What are anomalies?

Consider a quantum field theory given by the action S[¢] where ¢ are a collection of fields.
We say that G is a classical symmetry of the system if S[g- ¢] = —S[¢] forall g € G. If G is
a Lie group, then Noether’s Theorem tells us that there exists a conserved current for each
generator t“ of G, where a = 1,2,.... rank G. More precisely, there exist a set of current
vector fields j*# such that

duj* =0, (1.1)

whenever the equations of motion are satisfied. Since G is a symmetry, the action is invariant
under an infinitesimal transformation g = (1+1i€%“) (no sum) for a constant £ . Therefore,

if € are taken to be spacetime-dependent €* = £“(x), the variation of the action is

Slg- 9] — S[¢] = / dx j1H 99 (x) = — / d*xdy oM e (x), (12)

But when the equations of motion are satisfied, the action is stationary under any variation of
the field. Hence the current is conserved as claimed.
G 1s a symmetry of the quantum theory if both the exponentiated action and the path

integral measure inside the path integral

z= [ ldg] exp(~S[o)) (1.3

is invariant under G. The conservation laws d, j** = 0 must now be interpreted as an operator
equation; the correlation function of d,, j** (x) with any number of operators &;(x;) at other

points x; # x must vanish:
<8uj“”(x)Hﬁ,-(xi)> =0. (1.4)

This is known as Ward’s identity, which is the quantum version of Noether’s theorem.
Promoting a system with symmetry group G to a gauge theory with gauge group G is
a two-step process: (a) one first makes the symmetry transformation local and couple a
classical background gauge field A to the theory so that the current remains conserved, and
(b) one then make the field A dynamical by integrating over the space of gauge field A modulo
gauge transformations. The first step can also be done without difficulties through minimal
coupling. However, there is a possibility that the effective action is not invariant under gauge
transformations in the presence of the background field. This proves to be an obstruction
to carry out procedure (b) successfully. This obstruction is what we called an anomaly.
If, however, G is already a gauge group with a dynamical gauge field, the existence of an
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anomaly signifies the breakdown of gauge invariance which renders the theory inconsistent.
The former situation is commonly known as an 't Hooft anomaly while the latter goes by the

name of a gauge anomaly.

1.1.1 Perturbative anomaly
Chiral anomaly

It is perhaps most transparent to derive the gauge and ’t Hooft
7 anomalies starting from the first known example of anomalies,
0 which has a slightly different interpretation from what is stated
earlier: it is the failure of a classical symmetry to remain the
symmetry of the system at the quantum level. This happens in
quantum electrodynamics coupled to a massless Dirac fermion.
At the classical level there is a U (1) global symmetry, called the chiral U (1) symmetry, which
rotates the phases of the left-handed and right-handed components of the fermion by the
same amount but in the opposite direction. However, the chiral U (1) symmetry does not
remain a symmetry in the quantum theory. Through calculation of the pion decay 7° — yy
at one-loop in perturbation theory from the triangle diagrams of the form shown above, Bell
and Jackiw discovered that the current associated with the chiral symmetry is not conserved
[34], a result independently found by Adler through his investigation on Ward identities of
axial vectors in quantum electrodynamics [3]. Subsequently, Adler and Bardeen performed a
careful analysis to all order in perturbation theory and showed that the violation of chiral
symmetry is one-loop exact [4]. It has since been known simply as the anomaly. If one
needs to be more specific, one can refer to the anomaly as the Adler—Bell-Jackiw (ABJ)
anomaly after its discoverers, or the chiral anomaly after the explicitly broken symmetry. One
must not confuse the anomaly, where the chiral symmetry is explicitly broken by quantum
fluctuations, with the spontaneous breakdown of global symmetry, where the symmetry is a
genuine symmetry of the path integral, but does not leave the vacuum invariant, leading to
degenerate vacua.
The system of a massless Dirac fermion ¥ coupled to a dynamical U(1) gauge field A

has the action
Sy = / X Tipw, (1.5)

where the Dirac operator is defined by i) = iy*(dy, —iAy). It is easy to see that, apart from
enjoying the U(1) gauge invariance, the action is invariant under another U (1) symmetry,
denoted by U(1)4:

U(l)y: ¥ Pty (1.6)
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with a 27-periodic parameter &. Since it rotates the two chiral components of the Dirac
fermion in opposite directions, it is usually called the chiral or axial symmetry. By Noether’s
theorem there exists an associated conserved Noether current, denoted by jﬁf.

In path integral formalism, the chiral anomaly arises because the path integral measure is
not invariant under the chiral symmetry even though the exponentiated action is, as shown by
Fujikawa in [68, 69]. The first step we need to take is to carefully define the path integral
measure. Let {¢),} be an orthonormal basis for the Dirac operator:

B0y = A, / %6500 = S, (1.7)

Note that the eigenvalues 4, are real because the Dirac operator i) is Hermitian. If the Dirac

fermion W is expanded in terms of the orthonormal basis as

‘P:Zan%, @:Zl_?nd;m (1.8)
n
where a,, b, are Grasmann variables, then the fermionic path integral measure can be defined
(at least formally) by
[dW][d¥] = [ [ dbnday, (1.9)
n

and the path integral becomes

/ [dP][dP]e ¥ = [ dbuda,eXnP* =TT An. (1.10)
n n

The formal infinite product [, A, can be thought of as the determinant of the Dirac operator.
Of course one still needs to regulate it to obtain finite results.
Under the infinitesimal chiral transformation ¥ — (1 +ia(x)y5)¥, the Grassmann vari-

ables a,, b, transform as
st ([t i)
m
by b, =Y by (/d4x¢;l(1+iy5a)¢n). (1.11)
From this we can deduce that the path integral measure transforms as

[1dbdc, = J T Jdbadcn, (1.12)
n n
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where the Jacobian J is given by

N
logJ = (—2i) lim )’ /d“x(p,jawpn (1.13)

N—seo =
To regulate this, we suppress contributions from high frequency modes. Construct a
cut-off smooth function f : [0,00) — [0, 1] such that f(s) = 1 for s < 1 — £/2 and vanishes

for s > 1+ €/2 where € is a small positive number. Then the regulated version of logJ can
be written as

log/ = (~2i) lim Z/d“x(p,jﬁysf(;) (1.14)
= (20 Jim 3 [a*xolpr () 0 (115)

This can be succinctly rewritten as

2
logJ = (~2i) lim Tr [aysf (—¢—>] . (1.16)

M?2
After inserting a complete set of plane wave solutions and a lengthy calculation, we obtain
log/ = = / d*ra(x) VPO Fyy Fo. (1.17)

and the fermion path integral measure turns out to be non-invariant under a local U(1)4

transformation:
[d¥][dW] — [dP][d¥] exp (@ / d*x o (x) s“VP"FwFpG) . (1.18)

Hence, through a modification of the Ward identity, 8# jﬁ does not vanish. Instead, it satisfies

Oujhy = 167r2 (1.19)

where we must take this equation as an operator statement. Since the gauge field is dynamical
and must be integrated over in the full path integral, we cannot turn it off and the right-hand
side of (1.19) is generically non-vanishing. Therefore, U(1)4 should not be considered a

symmetry of the quantum theory.
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A similar anomaly also arises when the gauge group G is non-abelian:

: i
Oy = —1e2 " whuFpo. (1.20)

This result can be derived in exact the same way. However, there is an alternative approach
that shows the relationship between anomalies and topology of the gauge field in a more
transparent way. Note that to any mode ¢,, of the Dirac operator I} with eigenvalue A, there
is a corresponding mode ¢_,, := 50, with the opposite eigenvalue —A,,. If A, is non-zero, the
two modes are orthogonal and the summand [ d*x 0. ¥50, in (1.14) vanishes. We are therefore
concerned only with the zero modes of the Dirac operator. Since 5 anticommutes with the
Dirac operator, one can choose the zero mode to be either left-handed or right-handed:

iD‘P*,n = 07 YS(P*,H = _q)*,n? (121)
Doy, =0, V501 n=+0s 5. (1.22)

Then the Jacobian in (1.14) becomes
J=exp(2i(ny —n_)), (1.23)

where n; —n_ is difference between the numbers of the right-handed and the left-handed
zero modes called the (analytical) index of the Dirac operator ilp. The Atiyah—Singer index
theorem states that the analytical index of the Dirac operator can be calculated in terms of a
topological quantity built from the field strength:

1
3272

ind(i) =

/ d*xe"VP tr Fyy o, (1.24)

from which we obtain the nonconservation of the axial current as stated in (1.20).

Gauge anomaly

From the ABJ anomaly we can deduce the purest type of anomalies, which occurs in a chiral
gauge theory where the gauge field couples to the left-handed component of the fermions
differently from the right-handed ones. This can be done by considering the previous example
of a massless Dirac fermion with gauge field ay /2 coupled to the axial U(1), in addition to
the gauge field A, which we set to be —a,, /2. The action now becomes

S:/d4x {Wi(a—iyi)%(l—Ys)‘I’JrWiJ%(HYS)‘P (1.25)
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with the desired effect that the gauge field a; only couples to the left-handed component
Y = %(1 — %)W of the Dirac fermion . The corresponding gauge transformation is given
by

ay > dy = ay+oua(x), ypyp=e*Wy, (1.26)

Using the Jacobian (1.17), the path integral after yg is decoupled transforms under this gauge

transformation as
/ [dy][dygle v — / [dr][dy;]exp (32;;2 / d*xetvPop (X)fuvfpa) e v, (1.27)

implying that the gauge current is not conserved and the theory violates gauge invariance.
This is unacceptable. Violation of classical gauge invariance at the quantum level like this
is referred to as a gauge anomaly and must be cancelled at all cost for the theory to be
consistent.

Even though a U (1) chiral gauge theory with one left-handed (or right-handed) Weyl
fermion has a gauge anomaly, we can construct a U(1) chiral gauge theory with more
complicated matter content such that the total anomaly vanishes. First note that we can
always pair a left-handed and a right-handed Weyl fermions of the same charge ¢ and give
them a mass through the Dirac mass term. Since there is no gauge anomaly associated with
a Dirac fermion, the gauge anomaly for U (1) must depends only on the index ¢, of the
representation g which is the difference between the number of left-handed Weyl fermions
and the right-handed fermions of the same representation g. It is straightforward to show that
for an arbitrary fermion content with index ¢, for charge g, the nonconservation equation

becomes

. o/
ot = —Wguv’mfuvfpm (1.28)

where the anomaly coefficient < is given by

d =Y Ly, (1.29)
q<Z

The indices ¢(g) must satisfy «# = 0, known as the cubic anomaly cancellation condition.
ncWrite this in two steps: with the basic rep and general rep.

Chiral gauge anomalies also arise in a non-abelian gauge theory. If the fermion matter
content consists of a left-handed Weyl fermions in the representation r of the gauge group G,

the nonconservation of the gauge current is given by

, i
I j*H = —Wd“bc(r)s“"p“ fovfsor (1.30)
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where the totally symmetric rank 3 tensor d**¢(r) of the representation r defined by the trace
1
de(r) = Etrr(t“{tb,tc}) (1.31)

over the representation r. The tensor d*°°(r) in a general representation r is related to the ten-
sor d*’¢ := d“¢(F) in the fundamental representation F through d?(r) = A(r)d“*¢, where
the coefficient of proportionality A(r) is simply called the anomaly of the representation r.
When the theory has an arbitrary fermion content, with index ¢(r) for each representation
r, the tensor d“*¢(r) in the current nonconservation (1.30) is replaced by .o7d*’° where the

anomaly coefficient .o is given
o =Y {(r)A(r). (1.32)
r

The result for the gauge anomaly in U (1) given by the formula (1.29) can be obtained from
this by realising that the generator of the charge ¢ representation is just g.

It is worth pointing out that the tensor d“*(r) vanishes when the representation r is either
real or pseudoreal. These are representations that are equivalent to its complex conjugate;
the generators ¢ of a real or pseudoreal representation r satisfy

(i) = See s (1.33)

Plugging this condition into the definition of d**°(r) we obtain d*¢(r) = —d®°(r). Simple
Lie groups that have only real or pseudoreal representations are SO(2n+ 1) with n > 1
(including SU (2) which has the same Lie algrebra as SO(3)), SO(4n) with n > 2, Sp(n)
with n > 3, and the exceptional groups G», Fy, E7,Eg [100, 101]. Additionally, the groups
SO(4n+2) with n > 2 and Eg have d**°(r) = 0 for all representations r even though they
admit complex representations [76]. Hence, the non-abelian gauge anomaly arises only
when the gauge group G is a special unitary group SU (n), n > 2 which are actually of most

relevance to particle physics.

’t Hooft anomaly

Consider a chiral gauge theory with a gauge group G whose gauge field is denoted by a. If
we take a to be not dynamical, it does not have quantum fluctuations and the theory can be
interpreted as having a global symmetry group G with a classical background gauge field a.
The theory now make sense mathematically even when there is an anomaly in G because
the anomaly vanishes when the background gauge field is turned off, which is now allowed

because it is not integrated over in the path integral and is a free parameter that we can set by
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hand. This type of anomalies goes by the name of an 't Hooft anomaly. It does not render the
theory inconsistent but should be interpreted as an obstruction to gauging a global symmetry.
Since it is invariant under the RG flow, it is a powerful tool used to probe the dynamics of
strongly coupled quantum field theories, as will be described in Section 1.2.

Mixed anomaly

Oftentimes, the symmetry group of our theory can be written as a product G = G| x G, (or
more precisely, when its Lie algebra g is a direct sum g; & gp). If the fermions are in the
representation r = (ry,r;) of the symmetry group, then one can derive more constraints on
the rank-3 symmetric tensor that determines the anomaly.

Let indices from the start of the Greek alphabet label generators of G and indices from
the start of the Latin alphabet label generators of G;,. Then a generator of G can either be of

the form tfi @1, or 1y, ® tf.’2. One can then show that

dZP(r) = dim(ry) &P (ry), (1.34)

d@(r) = dim(r;) d@*(ry), (1.35)
1

d&c(r) = try, 1“ C(r2)§5bc, (1.36)

dP(r) = try, t“C(rl)%SM, (1.37)

where the Dynkin index C(r) of a representation r is defined by
tre 1917 = C(r) trp1%t°. (1.38)

Here we use the conventional normalisation trg(t%?) = §%° /2 for the fundamental repre-

sentation F. The violation of the G; gauge current conservation (1.30) can be expanded

as
: i i b
OujH = — 5 dim(ra)d P (02) e PO o — s (1ne, 1) C(ra)e* PO B
1
— W (tr,-z ta) SuvaFﬁvF;G. (139)

The nonconservation of j** can be written out in a similar manner. The first term in the
expansion can be interpreted as anomalies purely in G, because the violation of the G;
current conservation is given purely in terms of the G field strength itself. The remaining
terms constitute what we call the mixed anomalies where the conservation of the current in

one factor is violated with the non-vanishing gauge field from the other factor. Note that
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mixed anomalies can only occur when either or both of the group factors contain U(1). In
practical calculation it is easier to compute pure and mixed anomalies separately.

As an example, consider a gauge theory with G = SU (n) x U(1) as a gauge group and a
left-handed Weyl fermion transforming in the representation r,. In addition to the anomaly

in SU (n), one also has

.q°> dim(r)

: qC(r)
8“]5(1) =1 32772

uvpo -
& F,UVFPG 164752

eMVPOFd FY (1.40)

po>
where Fyy, Fj, are U(1) and SU (n) gauge fields. Therefore, if the whole G is gauged and
the fermion content is generalised so that it can be described by a set of indices {/(g,r)} for

each representation r,, all the anomalies cancel when the following conditions are satisfied:

Ay(1) = Zﬁ(q,r) dim(r)q’
%U(n) = Zf(q,l‘)A(I‘)
Dnixed = ZE(% l’) qC(I’)

0
0 (1.41)
0.

If one takes the existence of gauge anomalies from a chiral fermion as fundamental, then
the ABJ anomaly is properly interpreted as a mixed anomaly. In our original example we
have a Dirac fermion W which can be decomposed into one left-handed and one right-handed
Weyl fermions, denoted by w7, and yg. The symmetry group is G = U(1)y x U(1)4 where
U(1)y is the gauge group and U(1), is a global symmetry group (at least at the classical
level). The charges of the fermions are given by

It is easy to see that the gauge anomaly coefficient <4, vanishes. There is an "t Hooft
anomaly in U(1)4 because 274 # 0 so it cannot be promoted to a gauge symmetry. But most

importantly, there is a mixed anomaly

An =Y Uqv.qa)qagy =1-(+1) - (+1)> +(=1)- (=1) - (+1)* =2, (1.42)

which means the axial current is not conserved even when we turn off the background gauge
field for U(1)4. Therefore U(1),4 is not an actual symmetry of the theory at the quantum

level.
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Since there are many guises of anomalies depending on whether the symmetry group is
gauged or not, it can be overwhelming reading about one after another in a long sequence.
To aid the reader, here we provide a summary of consequences for each type of anomalies
we have discussed so far. Suppose the symmetry group of a theory is a product between
the gauge group and the global symmetry group, with currents j** and j**. Here the Latin
indices belongs to the gauge group generators and the Greek indices belong to the global
symmetry group generators. Then the anomalies that we have discussed so far lead to one of
the following three consequences.

1. Gauge anomaly:

4abe

i D —igs 5 PR Foo. (1.43)
If this anomaly is present, we have a breakdown of gauge invariance which cannot
be compromised. Therefore, the net gauge anomaly must vanish for a theory to be
mathematically consistent. The relevant triangle diagrams which reproduces this
anomaly couple to the gauge currents at all corner as shown schematically right below.
Note that we include the triangle diagram here only as a mnemonic for the symmetric

tensor d*¢ where each index corresponds to each vertex of the diagram.

gauge
gauge
gauge
2. ’t Hooft anomaly:
. doBY
Oujo* > —1W8“VPGFvaFPYG. (1.44)

If this anomaly is present, the global symmetry F' cannot be gauged, but it is still a good
symmetry at the quantum level when the background field is turned off. The relevant
triangle diagrams have global currents at the three corners as shown schematically
below.

global
global

global
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3.

gauge

ABJ anomaly, or simply anomaly:

G 5 4 gnvooph e 1.45
L D 13271:28 wlpe- (1.45)

This is an anomaly in the earliest sense. The global current j** is never conserved
because the gauge field strength fluctuates due to quantum effects and cannot be turned
off. The classical global symmetry group therefore ceases to be a symmetry at the

quantum level. The triangle diagrams reproducing this type of anomalies have the form

gauge
global

gauge

The same triangle diagrams also contribute to another term in the violation of the gauge
current j** in the form

Ctre®
djt O —i

8[JVPGFQVFOC

S aFo (1.46)

which suggests that gauge invariance is broken when the gauge field for F is turned on,
providing a kind of ’t Hooft anomalies. However, this is redundant because the global
symmetry group that would have this 't Hooft anomaly is not existent thanks to the

ABJ anomaly from the same triangle diagrams.

There is also another possibility that we have not dis-
global  cussed before which corresponds to the triangle diagrams shown
schematically on the left. This gives rise to the nonconservation

global  Of the gauge current of the form

daocﬁ

5 € PR N . (1.47)

dj* O —i

When this anomaly is present, the symmetry group F' is a good symmetry if the background

field is turned off, provided the global symmetry is not broken by the ABJ anomaly. However,

it is not an "t Hooft anomaly in the usual sense; we cannot even couple a background field to

the global symmetry without breaking gauge invariance.



1.1 What are anomalies? 13

Gravitational anomaly

One can also study quantum field theories on a non-trivial spacetime manifold. When the
matter content contains Weyl fermions, general covariance could be spoiled, preventing
us from making the metric dynamical. This is usually referred to as the gravitational
anomaly [8, 151]. Although pure gravitational anomalies are present only when the spacetime
dimension is 2 mod 4, there can be a mixed gauge-gravitational anomaly if the fermions
are also coupled to a U(1) symmetry [54, 56]. In the simplest case with only a systems of a
signle left-handed Weyl fermion with a U (1) global symmetry, the nonconservation is given
by

i1
384722

So U(1) is not even a symmetry when we couple the theory to nontrivial gravity background.

e P RuvocR 5" . (1.48)

In flat space it is a good global symmetry but we are forbidden from gauging it because of the
presence of an 't Hooft anomaly. Therefore, a U(1) gauge theory with n left-handed Weyl
fermions charged ¢1,¢>,...,q, under the U(1) gauge group is well-defined as a quantum
gauge theory on general gravitational background when both the U (1) gauge anomaly and

the mixed U (1)-gravity anomaly vanish:

n n
Ya=Ya=o0. (1.49)
i=1

i=1

1.1.2 Global anomalies

As has been shown in Section 1.1.1, anomalies arise because one encounters obstruction to
defining the path integral det (1D) consistently as a function over the space of gauge fields
modulo gauge transformations. What we have seen so far are local obstructions that can
be detected in perturbation theory. These obstructions can be global, that is, they appear
from the global structure of the guage group and cannot be detected perturbatively. For
example, an SU (2) gauge theory with one chiral fermion in the fundamental representation
is mathematically inconsistent just like in a theory with gauge group SU(N) for N greater

than 2, despite the vanishing rank 3 invariant tensor 4.



14 Introduction

Consider a chiral fermion coupled to a gauge group G whose gauge field is denoted by a.

The Euclidean partition function is given by
ot L wY 4 i

Since a gauge transformation g : R* — G goes to the trivial transformation as |x| — oo, it
can also be thought as a map from S$*, the 4-sphere which is a one-point compactification of
R*, to G. Maps g : S* — G are classified by the fourth homotopy group 7;(G). When the
gauge group G is SU(2), its fourth homotopy group is non-trivial (74(SU (2)) = Z,), so there
exists a gauge transformation U (x) which is not homotopically connected to the identity and
cannot be reached by successive infinitesimal gauge transformations. Witten found that if
the fermion is in the fundamental representation of SU(2), then the partial partition function

flips sign under such a nontrivial gauge transformation [149]
Z[dY] = —Z]a], (1.51)

where aV = U™'aU —iU~'dU is the gauge field after being gauged-transformed by U.
Therefore, the full partition function vanishes and all correlation functions are ill-defined.
This gives rise to an anomaly which does not show up at any order in perturbation theory.
Again, the anomaly arises from failure to define the fermion path integral consistently for all
gauge field configurations.

It is more instructive to define a path integral for Weyl fermions starting from a path
integral for a Dirac fermion. Let ¥ be a Dirac fermion transforming in the doublet of the

gauge group SU (2) with the gauge field ay,. Then the fermion path integral is

Ziiracla] = / (4] [dW) exp (— / d4x¢up[a]\p), (1.52)

where the Dirac operator twisted with the gauge field ay, is ipla] = iy*(dy —iay ). Defining
the measure as before, the path integral is then given by the formal product of all eigenvalues.
Moreover, note that since the Dirac operator is hermitian and anti-commute with s, the
eigenvalues come in pairs of positive and negative real numbers 4, with n € Z*. To fix
the convention we order the eigenvalues by A; < A, < .... Therefore, we can define the path

integral (at least formally) as

Zpiracla] = ] As- (1.53)

n>1
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Now since our system of Weyl fermion in the doublet of SU(2) is precisely half of the
Dirac fermion system (by throwing out the right-handed components, for example). So we
might think that we can define the path integral Zseyi[a] as (Zpirac[a])!/?, that is, as product
of the positive eigenvalues

Zweyla] = [ ] 2, (1.54)

n>1
without loss of generality. However, it turns out that there is no canonical prescription to pick
the sign of the square root consistently for all gauge field configurations.

As we vary ay adiabatically into ag, the eigenvalues flow and
rearrange in such a way that the last set of eigenvalues are exactly
the same as in the beginning. It is possible that the flow of a positive
eigenvalue crosses zero an odd number of times, that is, the mode
associated with this positive eigenvalue in the beginning under i3|a]
but now have negative eigenvalue under i)[aV] as the figure on the
right illustrates. The partition function changes sign if there are an
odd number of positive modes that behave like this. Indeed, this is the

case, as we demonstrate momentarily.

rQ

We realise the adiabatic variation of the gauge field configuration
as follows. Construct a 5-dimensional cylinder $* x R with 7 € R

parametrising the flow. We embed our 4-dimensional gauge field in the 5-dimensional gauge

U
U

t — oo, respectively. This construction is usually called the mapping torus because we can

field A;, i =1,...,5, such that A; always vanishes and A, = a, or Ay =aj; ast — —o or
identify the gauge field configuration at both ends through the gauge transformation U and
define it on a 5-torus S* x § constructed from $* x R by identifying T = — with T = co. The
number of zero-crossing of the eigenvalues can be computed in terms of the number of zero
modes modulo 2 (called the mod-2 index) of a five-dimensional Dirac operator, viz., solutions

to the Dirac equation
PP =4 (9, —iA) ¥ =0. (1.55)

Since A; varies very slowly in 7, we can solve this via adiabatic approximation. If
we write ¥ = F(7)¢%(x*) where ¢*(x*) is an instantaneous mode of the 4-dimensional
Dirac operator y*Ip with eigenvalue A(7), then the Dirac equation lD(S)‘P = 0 becomes
dF /dt = —A(7)F(7) in this approximation. The solution is simply

F(7) = F(0) exp (—/Ords),(s)), (1.56)
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which is normalisable only when A (o) > 0 and A (—e0) < 0. The number of zero modes of
D(S) is then given by the number of eigenvalues of i) that flow from negative to positive. BY
symmetry, this is also the number of eigenvalues of i) that flows from positive to negative.
So there is a one-to-one correspondence between the number of eigenvalue zero-crossings
and the number of zero modes of E(S) in the adiabatic approximation. When corrections are
included, the statement remains true only modulo 2.

The reason that only the number of zero modes modulo 2 is a topological invariant is as
follows. The 5-dimensional Dirac operator D(S) is real and antisymmetric, so its eigenvalues
are either zero or come in pairs of complex conjugate imaginary numbers. Therefore, as we
vary the gauge field the nonzero eigenvalues can vanish only in pairs.

The mod 2 version of the Atiyah—Singer index theorem tells us that the mod-2 index of
the Dirac operator ¢(5) is 1 mod 2. Therefore, there is an odd number of zero-crossings and
the fermion path integral Zyeyi[a] changes sign, giving rise to a Z, non-perturbative anomaly
usually called the Witten anomaly.

However, the mapping torus argument presented above is not sufficient to take subtler
global anomalies into account. Recent developments in condensed matter physics, especially
the connection between symmetry-protected topological (SPT) phases in the bulk and global
anomalies of the boundary theory show that one needs a method more refined than the
mapping torus to take the role played by interactions into account. This is provided by the
Dai-Freed theorem [51] and classification of SPT phases by cobordism [91]. In this language,
when the perturbative anomaly vanishes, the global anomaly is given by a homomorphism
from a bordism group Qg" (BG), a certain mathematical object calculated from the underlying
manifold structure H and gauge group G, to the phase U (1). This theme will be explored in
Chapter 3.

1.2 Dynamical Constraints from Anomalies

One can utilise the presence of anomalies in the global symmetry group of a quantum field
theory to put strong constraints on the low energy effective description of the system. Known
as 't Hooft anomaly matching [130], this technique is particularly powerful when the quantum
field theory under consideration is strongly coupled since we have very little control of the
dynamics.

Consider a strongly coupled gauge theory with gauge group G, and global symmetry
group G at high energy. It is possible that there is an anomaly %7, in Gr when we couple it
to a background gauge field. This is the obstruction to gauging the symmetry, viz. to making

the gauge field dynamical. This obstruction would be removed if one were to add auxiliary
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chiral massless fermions coupled only to Gyy in such a way that the anomaly contributed by
these spectator fermions were exactly —.c7yy. Let us now go along the RG flow to the low
energy limit and ask what is the fate of the symmetry Gyy.

Since we can make the gauge coupling for G arbitrarily small such that it does not affect
the dynamics of the original strongly coupled sector, the most obvious choice for the effective
theory in the IR is a G gauge theory with the same spectator fermions. There must be new
massless bound states charged under Gr emerging from the original degrees of freedom so
that there is no gauge anomaly in Gr.

It is possible that one ends up unable to construct massless bound states that give a
matching anomaly. If this is the case, then the assumption that Gr is the gauge group in the
low energy theory might not be correct. In fact, Gr can be spontaneously broken.

One could also have a gapped, though non-trivial, system saturating the anomaly in the
IR. This comes in the form of a TQFT, though it appears to be much rarer for this to happen
compared to the previous two possibilities. For instance, [S0] shows that in a certain class
of theories, a TQFT with a particular anomaly does not exist if certain conditions are not
satisfied.

1.2.1 Chiral symmetry breaking vs massless baryons

One of the clearest examples goes back to "t Hooft’s original work in 1979. In [130], he
studied low energy effective theory of QCD and used anomaly matching to rule out the
massless baryon phase and show that there the global symmetry is spontaneously broken by
the quark condensate.

In Nature, the up, the down, and the strange quarks, are so much lighter than the rest.
Therefore it is a good idea to study a model where the three quark states are almost degenerate
with an approximate flavour symmetry transforming them into one another. This is QCD
with gauge group SU(3) and 3 massless quarks. The global symmetry at the classical level
is clearly U(3)r, x U(3)g, which transform the left-handed and right-handed components
separately. However, the axial U(1) symmetry has an anomaly as described earlier. So the

global anomaly at the quantum level is simply
Guy =SU(3), xSU(3)g xU(1)y. (1.57)
In general when there are n quarks, the global symmetry is given by

GUV:SU(H)LXSU(I’L>R><U(1)V. (158)
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As mentioned in a general discussion above, the simplest way to saturate the ’t Hooft
anomalies is through massless bound states in the IR without any symmetry breaking. In the
current problem the relevant fermionic bound states are baryons which are gauge invariant
combinations of three quarks. Let us first analyse this scenario.

In the UV, there are three left-handed quarks (these are three colour components) each in
the n representation of SU (n);, and also three right-handed quarks in the n representation
of SU (n)g, each with charge +1 under U (1)y. Therefore, the pure SU (n); anomaly and the
mixed [SU(n).)?> — U(1) anomaly are given by

(1.59)

Since there can be no massless particles charged under global symmetry with helicity
greater than % due to the Weinberg-Witten theorem [147], the only contributions to the
anomalies are from the spin-1/2 representation, which comes in two chiralities. As the
left-handed quarks are in the fundamental representation of SU (n); and the right-handed
quarks are in the fundamental of SU (n)g, so naively the representations of SU (n)r, x SU (n)g
that are left-handed must contain an odd number of left-handed quarks:

L

I
Lin L WeRE @R [ oo
L

However, these representations can be dressed with gluons, which shift the helicity by +1,
and we cannot be certain whether each species of the representaions listed above is left-
handed or right-handed. To be on the safe side, we allow this possibility by using indices, the
numbers of left-handed representaions minus the number of right-handed representations,
to label these representations. As one can gap away a pair of left-handed and right-handed
fermions through the Dirac mass term, a certain representation must contribute to the anomaly
only through its index which is invariant under the gapping process. Let us call the indices
0y, 0y, U3, U4, and /s, respectively, for the 5 representations above.

There are more representations of SU (n);, x SU (n)g consisting of 4 quarks. They can be

obtained by parity transformation, swapping left-handedness and right-handedness:

R
RIRIR] E, mez,  ®eH KR e
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with indices —¢1, —{5, —{3, —{4, —5, respectively, assuming that parity is not spontaneously
broken.

Let us first work out the pure SU (n);, anomaly in the infrared. This is given by

oAk = 0,4 (T + oA () 145 [dim (@) A ()  dim () A (z12)]

Ly |dim ([&) A () — dim (@) A ([H) | +¢54 (HE)

! (n(n+7)03 +n(n—"1)ls) + l5(n> —9).

L Dt 6)t + (=3 (n—6)ts) 5
(1.62)

2

Similarly, the mixed anomaly is given by

mixed
AR
3

— 0,C () + £2C () 3 [dim (&IE) C ()  dim (&) € ()]

A [dim ()C() —dim()C( ] +€5C(§ L\)

(n(n+3)t3+n(n—3)ly) 4 £5(n* —3).
(1.63)

= S (+3) (420 + (n-3)(n—2)0)

| =

When 7 is a multiple of three, say n = 3 p, the mixed anomaly matching conditions read

l==((p+1D)(p+2)ti+(p—1)(p—2)) — 37]) (Bp+T7)t3+(3p—"T)ls)

+9(p* — 1)ts, (1.64)

N \O

which is impossible to satisfied because the right-hand side is an integral multiple of three.
More constraints are needed when # is not a multiple of three. These can be supplied
from the persistent mass condition: if an elementary fermion gets any mass, then there
should be no unbroken chiral symmetry preventing bound states containing this fermion
from becoming massive [114]. In the present situation, the composite fermions containing
the massive quark now transform in either the totally symmetric representation [LIZ] or the
totally antisymmetric representation [z] (and their parity conjugates) under the new chiral
symmetry SU (n— 1) x SU(n—1)g x U(1). Since a mass term can only form from a pair of
left-handed and right-handed with the same quantum numbers, we need the indices of both

representations to vanish in order to satisfy the persistent mass condition:

K():€1—€3+€5:O, (1.65)
([H) =t—ti+ 145 =0. (1.66)
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Solving these two new conditions together with the anomaly matching equations, szllﬁ = %&V
and sziﬁnxed = %{}{}“d, one obtains
1

1
li=h=0 f=l=—3+3 (5=—3+2, (1.67)

with ¢ still undetermined. However, it is impossible to choose ¢ such that all indices are
integer-valued. Hence the anomalies cannot be saturated by massless baryons when n > 2.

Therefore, when n > 2, one or more assumptions leading to the massless baryons scenario
must be incorrect. Indeed, to end up with the massless baryons phase in the IR we have to
assume that the global symmetry is not broken spontaneously; this process is not forbidden
by any means and is a valid possibility.

The anomaly matching consideration reveals that the phase where the global symmetry
remains unbroken in the IR is unattainable, since there is no way to match the 't Hooft
anomaly in the UV with any massless bound states. Therefore, it must be spontaneously
broken. The mechanism is provided by the quark condensation where the strong interaction
binds the quarks and anti-quarks together. The condensate develops a vacuum expectation
value (VEV) when the energy is well below the spontaneously generated energy scale Aqcp,

(i) ~ Adep i, (1.68)

which spontaneously breaks the global symmetry SU(n); x SU(n)g x U(1) down to its
diagonal SU (n)giag x U(1). There are no massless baryons as the quarks become massive
through the condensate. The anomaly matching for the resulting global symmetry is satisfied:
there is an equal number of left-handed quark and right-handed quarks coupled to the diagonal
SU (n)giag global symmetry group in the UV.

Things are dramatically different, however, when n = 2. Due to the shortness of the SU (2)
representations, the left-handed bound state representations comprising of three quarks are

the following three representations,

LILL.  [LeRIEL (L&) (169)

only, with corresponding indices ¢, ¢, /3 (with similar representations and indices for their
parity conjugates). The anomaly matching conditions and the persistent mass condition

become

2001 — 90y + 15 =3, (1.70)
100y =50+ 13 =1, (1.71)
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by —ly+03=0 (1.72)

with the integral solution ¢ = ¢, = 0, /3 = 1. Therefore, the 't Hooft anomaly matching
constraints are not powerful enough to rule out the existence of the massless baryon phase
when there are only 2 Dirac fermions. However, it is believed that the spontaneous chiral
symmetry breaking scenario is more likely to occur based on evidence from lattice simulations
(for instance, [60]).

1.2.2 Recent Developments

In recent years, more creative use of anomalies in constraining the dynamics of strongly
coupled field theory has emerged. One particular work which seems to re-ignite interest
in this sub-field is [71] by Gaiotto, Kapustin, Komargodski, and Seiberg. They make use
of anomalies between time-reversal symmetry and higher-form symmetries to study the
phase space of pure Yang-Mills with gauge group SU (N) at finite temperature. More works
in the same direction exploiting anomalies between discrete 1-form global symmetries,
whose charged operators are line operators instead of local operators, and ordinary global
symmetries to analyse the phase diagrams of Yang-Mills theory with matter content include
[14,5, 11, 110, 12, 13].

Constraints from anomalies are also found to be of use in other aspects of QCD. For
instance, even though ’t Hooft’s original anomaly matching argument could not rule out
the massless baryon phase in QCD when there are 2 generations of quarks, but one can use
techniques of gauging higher-form symmetries to obtain a more refined 't Hooft anomaly
matching condition (by taking discrete groups and quotients into account) and rule out the
massless baryon phase in certain SU (N) chiral gauge theories when N is even [39, 36, 38,
37]. Another example involves QCD at finite density [89, 87, 70], which is relevant in
astrophysical studies such as the composition of neutron stars.

1.3 Outline

Hopefully, the discussion above should make it clear that the understanding of anomalies
is essential in the study of quantum field theory, especially for strongly interacting theories
where we have few handles on its dynamics. One can roughly divide the study of anomalies
in quantum field theory into two stages. The first stage is to determine an anomaly in a given

gauge theory and analyse its properties. The next stage is to analyse different phases of the
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theory and use the derived anomaly to constrain these phases. My work in this dissertation
contains both of these stages.

Chapter 2 introduces the Standard Model of particle physics. Since it is a chiral gauge
theory, various gauge and gravitational anomalies must cancel. We describe the intricacy of
this cancellation and how it fixes the hypercharges of the Standard Model fermions. The
Chapter concludes with a new perspective on anomaly cancellation in the Standard Model.
Here I demonstrate how powerful the constraints can be. Assuming only the hypercharge
quantisation, I show that the hypercharge assignment of the Standard Model fermions can be
obtained solely from the gauge anomaly cancellation with a little help from Fermat’s Last
Theorem.

Having dealt with the perturbative anomaly cancellation, we need to worry about the
global anomaly. In Chapter 3, I study the possibility of global anomalies in a variety of
beyond Standard Model gauge theories through cobordism. The Standard Model Lagrangian
is sensitive only to the Lie algebra g = su(3) @ su(2) @ u(1) of many possibilities of the
gauge group G, while the matter content is consistent with four choices of the gauge group
with this Lie algebra: G = G/T" where G = SU(3) x SU(2) x U(1) and T € {1,Z,,73,7¢}.
If the matter content is fixed, we can fit the theory with the gauge group G/Zg in a grand
unified theory with gauge group SU(5) and show that there is no global anomaly. However,
for beyond the Standard Model model-building, this type of global anomaly analysis is
unsatisfactory because it does not allow us to alter the matter content of the theory. Therefore,
it is necessary to determine whether a theory with a given gauge group can have a global
anomaly regardless of the matter content. I use the Atiyah-Hirzebruch spectral sequence to
calculate the bordism group Qgpm (BG) and show that there are no other global anomalies
to worry about apart from the expected Z, anomaly whenever the factor SU(2) is present. I
then extend the calculation to other gauge groups beyond the four choices of the Standard
Model that are of interest to phenomenology.

In Chapter 4, I explore the interplay between local and global anomalies in U(2) gauge
theory. The fact that an SU(2) gauge theory with a single fermion in the fundamental
representation of the gauge group has a Z, anomaly is also reflected by the fifth spin-bordism
group Qgp "™(BSU(2)) = Z,. Therefore, in model building, there must be an even number of
Weyl fermions if the gauge group contains the SU(2) factor. When one similarly calculates
the fifth spin-bordism group when the gauge group is U(2) one finds that it vanishes, which
suggests that there is no global anomaly. However, in practice application, one still requires
an even number of Weyl fermions which are in the fundamental of the SU (2) part of the gauge
group. I show that the requirement is correct, but it comes from perturbative cancellation of
the mixed [SU(2)?] x U (1) anomaly rather than the global anomaly associated with SU(2).
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One can also study a similar system with fermions on a non-spin manifold like CIP? using the
spin-U (2) structure. It is found that Q?pin_U(z) = 73, which should be the analogue of the
new SU (2) anomaly discovered by Wang, Wen, and Witten [143]. Surprisingly, requiring that
the mixed anomaly between U (1) and SU(2) factors and the mixed U (1)-gravity anomaly
vanish is enough to ensure that this new SU(2) anomaly cannot arise. The reason that the
bordism group is non-trivial is because the transformation giving rise to the new anomaly
involves a diffeomorphism of the underlying manifold and cannot be undone with a pure
U(1) gauge transformation.

In Chapter 5, I combine constraints from anomaly cancellation and other non-perturbative
methods to study the quantum phase structure in variations of the Standard Model when
the strengths of the strong and weak interactions are varied. The variations of the Standard
Model studied in this chapter are all flavour-symmetric: there is no mixing between the
fermions of different generations. I find that when there is only one generation of fermions
present, there is no evidence of a phase transition as the relative strength between the strong
and the weak interactions, given by the ratio of the SU (3)-generated scale Agyong and the
SU (2)-generated scale Ayeak, is varied. The spontaneous symmetry breaking patterns are the
same on both sides of the phase diagram and the degrees of freedom in the IR have the same
quantum numbers, even though they descend from different fermions in the UV. For example,
in a variation with the hypercharge U (1) factor in the gauge group, the symmetry group in
the IR is a product of a U(1) gauge group and a U(1) global symmetry group (which can
be identified with the usual U(1) electromagnetism and the B — L symmetry in the regime
when Aggrong > Ayeak)- The gapless fermionic degrees of freedom on one side comes from
the left-handed neutrino, while it comes from a component of the right-handed down quarks
on the other side of the phase diagram. However, it is impossible to distinguish them because
they have identical quantum numbers under the IR symmetry group. On the other hand, the
symmetry breaking patterns are different on both sides of the phase diagram when there is
more than one generation of fermions. Therefore, there must be a (possibly first order) phase
transition somewhere when the strong interaction and the weak interaction have roughly the
same strength.

Finally, Chapter 6 brings the thesis to its conclusion. A few interesting questions that
arise from various lines of investigation in this dissertation are discussed to provide a basis

for further research in the future.






Chapter 2

Anomaly Cancellation in the Standard
Model

Apart from being rich in interesting mathematical structures such as fibre bundles, strongly
coupled gauge theory has a very important place in theoretical physics as the essential part of
the Standard Model of particle physics. This model, which represented our most up-to-date
understanding of the fundamental building blocks of the universe is described using the
language of strongly interacting field theory. In particular, it is a Yang-Mills theory with a
tightly constrained matter content. In this Chapter, we will review the basics of the Standard
Model, how the fermion matter content cancel all possible gauge anomalies (including the
mixed gauge-gravitational anomaly). Finally, we will show that the hypercharge assignments

of the fermions is essentially the only possible choice if we impose hypercharge quantisation.

2.1 The Standard Model of Particle Physics

The Standard Model is a gauge theory with gauge group G = SU(3) x SU(2) x U(1)y
(in fact, the only thing we need here is that the Lie algebra of G is a direct sum g =
su(3) ®su(2) @u(l). Subtleties involving the global structure of the possible gauge groups
with the same Lie algebra g given the fermion matter content of the Standard Model will be
dealt with in Chapter 3 when we discuss global anomalies in the Standard Model). Note that
the U (1) gauge group appearing in G is not the same as the electromagnetic U(1) that we
see in low energy. To distinguish it it is customary to call it the hypercharge U(1), denoted
by the subscript Y. We also call the quantum number of a field charged under U(1)y by the
name hypercharge, denoted by Y.
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The matter content of the Standard Model consists of three generations of fermions and a
SU(2) doublet of scalar fields. Each generation of fermions contains the left-handed quarks
g, the left-handed leptons /7, the right-handed quarks u} and d%, the right-handed electron
ek, and the right-handed neutrino Vj. The index i running from 1 to 3 labels the generation.

Each generation transforms under the gauge group as follows

qL 3 0 2 +1/6
I 1 . 2 12
UgR 3 : 1 : —|-2/3
dg | 3 ' 1 1-1/3
eR 1 1 0 -

The doublet of scalar fields ¢, called the Higgs field, transforms in the representation
(1,2) 4 /2 of the gauge group. It is coupled to the fermion sector through the Yukawa

Lagrangian:
Lyuk = Yaijq] O+ Yuij <CI}JT . ¢T> uh+Yoijl} ek +hec., (2.1)

with the Yukawa coupling matrices Yy, Y, and Y., mixing fermions from different generations
together.
The Higgs field acquires a vacuum expectation value below a certain energy scale, which

1 {0
(9) = 7 (V) (2.2)

without loss of generality. It triggers the Higgs mechanism [16, 61, 88, 82], breaking the

we can put in the form

electroweak gauge group from SU(2) x U(1)y down to a U(1) subgroup which is identified
with the gauge group of electromagnetism. Three gauge bosons, called the W*-bosons and
the Z%-boson, become massive. The Yukawa term becomes the mass term for the fermions,
with mass matrices given by M = vY for each Yukawa matrix Y; the masses for the fermions
can be obtained as eigenvalues of these matrices. However, it turns out that the mass matrices
M; =vY; and M,, = vY,, in the quark sectors cannot be simultaneously diagonalised, so
the quarks cannot be put in the mass basis. This complication leads to the violation of
CP symmetry in the Standard Model [43, 94, 90], in addition to complete breaking of any
non-abelian continuous global symmetry that rotate one generation into another.

Since the weak interaction only couples to left-handed quarks and leptons, the Standard

Model is a chiral gauge theory. Therefore, there is a possibility for gauge anomaly. We will
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now make sure that this does not happen and the theory does not break gauge invariance due
to anomaly.

First, consider the strong gauge group SU(3). Since there is an equal number of left-
handed and right-handed fermions in the fundamental representation, they can be paired and
given a mass. So the gauge factor SU(3) does not suffer from anomaly. Alternatively, when
all the fermions are considered as left-handed (the original left-handed quarks and leptons

together with the charge conjugated u,%, d,%, and e,%), they transform under the representation
Ryy3=2-3el)a2-3a1), (2.3)

which is a real representation. Hence, d“b"(RSU(3)) vanishes and there is no anomaly. There
is no pure gauge anomaly in the SU(2) factor, either. Since the fermions in the Standard
Model only transform in the trivial and the fundamental representations of the weak gauge
group SU (2),which are real and pseudoreal representations, there is no perturbative anomaly
in SU(2). The theory is also free of global anomaly because the number of the fundamental
representation is even: three from the left-handed quarks and one from the left-handed
leptons. We now only have to deal with the cubic anomaly in U(1)y and the mixed anomalies
[SU(2)]?-U(1)y and [SU(3)]?>-U(1)y. It can be shown by direct computation that these
anomalies perfectly cancel:

3 3 3 3
oy = [6(%) +2-<—%> ]— [3(%) +3-(—%> +(—1)3] =0, (24
sy =3 (+1/6) +(—1/2) =0, (2.5)
Hsy3)=[2-(+1/6)] = [(+2/3) +(=1/3)] =0. (2.6)

The theory admits a non-anomalous global U(1) symmetry, under which the quarks
g ,uk, db have charge +1/3 while the leptons /!, ek, v have charge —1. This is known
as the B — L symmetry because it counts the number of baryons minus the number of
leptons. The B — LL symmetry is free from any ’t Hooft anomaly (including the mixed gauge-
gravitational anomaly) only when the right-handed neutrinos are included even though the

gauge anomaly cancellation does not require them because they are gauge neutral.

2.2 Hypercharge Quantisation and Fermat’s Last Theorem

The delicate cancellation of gauge and mixed gauge-gravitational anomalies reveals the

Standard Model to be a wonderfully elegant jigsaw, each piece interlocking perfectly with
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the others [41, 76, 79]. One could ask: is there another way to put the pieces together? In
particular, are there other assignments of hypercharge that would also result in a consistent
theory?

There are different ways of posing this question. For example, we could take the gauge
group of the Standard Model to be,

G=RxSU(2) x SU(3)

Here the unfamiliar factor of R reflects the fact that we do not impose any quantisation
condition on the hypercharge. We take a single generation of fermions, sitting in the usual

representations of the non-Abelian part of the gauge group, but with arbitrary hypercharges,
qL - (273)6]7 lL : (271)17 UR . (173)1/!7 dR : (173)d7 €R: (171>x

The resulting quantum field theory is consistent only if the hypercharges {q,/,u,d,x}, each
of which is a real number, are constrained to obey three anomaly conditions. Two of these are
linear, arising from the vanishing of the mixed anomalies between Abelian and non-Abelian
gauge groups

2g—u—d=0 and 3¢g+[=0 (1)

The third is a cubic equation arising from the Abelian triangle anomaly,
6¢°+21° —3u® —3d° —x* =0 )

There are an infinite number of solutions to these equations with hypercharges valued in R.
In particular, there are an infinite number of solutions with x/q irrational. This means that if
we do not impose quantisation of charge then the gauge anomaly constraints do not impose it
for us.

In addition, we could quite reasonably ask that the Standard Model can be consistently
coupled to gravity. This gives a further linear constraint, arising from the mixed gauge-

gravitational anomaly [54, 56, 8],
6g+2l—-3(u+d)—x=0 (3)

It is well known that there are two solutions to these anomaly equations, [Alvarez-Gaume,
75, 102, 146]. The first solution is somewhat trivial,

g=l=x=0 and u=—d 4)
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The second is, up to an overall rescaling, the charge assignment seen in Nature,
x=2l=-3(u+d)=—-6q and u—d = +6q ®)

Both solutions result in a quantised hypercharge, in the sense that the ratios of all charges are
rational. This means that the joint requirements of gauge and gravitational consistency imply
charge quantisation, even though this wasn’t imposed from the outset.

In this Section, we show the converse: charge quantisation, together with vanishing gauge
anomalies, is sufficient to ensure cancellation of the gravitational anomaly. To this end, we

take the gauge group of the Standard Model to be (omitting possible discrete quotients)
G=U(1)xSU(2)xSU(3)

with the U (1) factor normalised so that all charges are integers. We now wish to find integer
solutions to the gauge anomaly conditions (1) and (2). Such Diophantine equations are, in
general, hard to solve. Recently, a number of methods have been developed to find integer
solutions to the anomaly constraints in different quantum field theories [32, 104, 47, 137,
117, 6, 46]. For the Standard Model, with a single generation, it turns out that there is a
remarkably quick way to find all solutions.

We will show that there are precisely two integer solutions to (1) and (2), namely (4) and
(5). Each of these solutions automatically satisfies the mixed gauge-gravitational anomaly
condition (3). In other words, insisting on a U(1) gauge group, rather than R, is sufficient to
ensure consistency with gravity.

This statement is a little surprising. It is certainly not true that general chiral gauge
theories with a U (1) factor can be coupled to gravity. Indeed, the first consistent 4d chiral
gauge theory was constructed by Ramanujan from his hospital bed in Putney and suffers a
mixed gauge-gravitational anomaly'.

To prove the claim, note that the first equation in (1) tells us that the sum of hypercharges
u+d is even. Therefore the difference is also even and we can write u —d = 2y. Using the

second equation in (1) to set [ = —3g, the remaining cubic equation (2) becomes
X+ 18¢y° +54¢° =0 (6)

Our goal is to find integer solutions to this equation. There is the trivial solution with

x = g = 0; this corresponds to (4). Any further solution necessarily has ¢ # 0. Because (6) is

11729 = 13 + 123 = 93 4+ 10. Ramanujan also constructed a two parameter family of integer solutions to
x3 433 4273 = w3, This is described on page 158 of [137]
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a homogeneous polynomial we may, without loss of generality, rescale to set ¢ = 1 and look

for rational solutions to the curve
X 4+18°+54=0 x,yeQ (7)

This is a rather special elliptic curve. To see this, we introduce two new coordinates v,w € Q,

defined by
6 3(v—w)
T vtw

X=—
vV+w

This reveals the elliptic curve (7) to be the Fermat curve
V4w =1 (8)

Any non-trivial rational solution to this equation would imply a non-trivial integer solution to
the equation v +w? = 723, There are none [62]. The trivial solutions to (8) are v=1,w =0
and v = 0,w = 1. These reproduce the hypercharge assignments (5) of the Standard Model.

We could also repeat the story above with a right-handed neutrino. With a Majorana
mass, the right-handed neutrino is forbidden from carrying hypercharge and the results above
are unchanged. In the absence of a Majorana mass, things are not so pretty. We ascribe
hypercharge Vv to the right-handed neutrino. With gauge group R, it is simple to check that
the combined gauge and gravitational anomalies no longer impose quantisation of charges.

If, instead, we insist on gauge group U (1) then equation (8) is replaced by the Fermat surface
Vewd =1

where v = 6t /(v+ w). Now there are many non-trivial rational solutions, including the taxi-
cab numbers. However, in this case cancellation of the mixed gauge-gravitational anomaly
occurs only for the trivial solutions in which two of the numbers coincide. These solutions
are given as a 2-parameter family of rational linear combination by the Standard Model
hypercharge and B — L.



Chapter 3

Global anomalies in the Standard
Model(s) and Beyond

3.1 Introduction

The Standard Model (SM) has been tremendously successful in explaining all the data
collected from collider physics experiments such as at the LHC, with the gauge, flavour,
and Higgs sectors having been tested at the per mille, per cent, and ten per cent levels
respectively [131]. However, despite its successes, there are a number of unsolved problems
in the SM. Some of these are experimental or observational in origin, such as the inability
to account for the dark matter and dark energy that are observed by astrophysicists and
cosmologists, while other problems appear to be more theoretical or aesthetic, such as the
inability to describe physics beyond the Planck scale, and the (two) hierarchy problems
associated with the two super-renormalisable operators in the SM lagrangian. It is clear that
in order to offer a complete description of Nature, one must go beyond the Standard Model
(BSM). In order to be a consistent quantum field theory, any BSM theory that we construct
(as well as the SM itself) must not suffer from any anomalies associated with its gauge group.

In fact, before we consider going beyond the SM, it is important to emphasise that there
is not even an unique SM, but many possible Standard Models, all of which are consistent
with the same experimental data. The experimentally-observed SM gauge bosons and their
interactions, together with the representations of the SM fermion fields, tell us that the Lie
algebra of the SM gauge group is su(3) @ su(2) @ u(1). The four gauge groups

G
= M Gsm =SU(3) xSU(2) xU(1), Tw2Z, ne{l,2,3,6}, @G.1)

G
r,’
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all share this Lie algebra and have representations corresponding to the SM fermions,! and
any one of these may be the gauge group of the SM.? Thus, in addition to the various
deficiencies in the SM that necessitate its extension, there is also an ambiguity in the SM.
The potential physical distinctions between the four options in Eq. (3.1) were studied
recently in Ref. [136], and amount to different periodicities of the 6 angle associated with the
hypercharge factor, and different spectra of Wilson lines in the theory. Perhaps unsurprisingly,
all of these effects have a topological flavour.

Another possible distinction, which is also topological in origin but which was not
discussed in Ref. [136], is that some of these options might not in fact be consistent after
closer inspection, in the sense that they might suffer from anomalies. Of course, since
the four groups in Eq. (3.1) share the same Lie algebra the conditions for local anomaly
cancellation will be the same, and thus all these SMs are free of local anomalies, as is well
known. However, this does not rule out the possibility of more subtle global anomalies in the
SMs associated with the topology of the gauge group, analogous to (but much more general
in scope than) the SU(2) anomaly discovered by Witten [149], which might render some
of the SM variants recorded in Eq. (3.1) inconsistent. Our first goal in this Chapter is to
investigate the possible global anomalies for each choice of discrete quotient in (3.1), for
arbitrary fermion content.

To do so, we exploit the relation that arises in the absence of local gauge anomalies
between the potential anomaly of the partition function (which arises in the phase) of a chiral
gauge theory and the exponentiated 1n-invariant [23] (which is a regularized sum of positive
eigenvalues minus negative eigenvalues) associated to an extension of the Dirac operator to a
five-manifold that bounds spacetime. This relation, which was first suggested in Ref. [151],
follows from a set of mathematical results due to Dai and Freed [51], which we briefly review
in §4.5 (for a more detailed discussion, see [153—155]). To wit, one may show (via a vast
generalisation of Witten’s original ‘mapping torus’ argument [149]) that if exp27win =1 on
all closed five-manifolds that are equipped with a spin structure and a map to BG,? then there
will be no anomalies on spacetimes which bound (in the sense that the requisite spin and
gauge structures can be extended). Since exp27in is invariant under bordism in the case
that local anomalies vanish, this is guaranteed to be the case when the group Q?pin (BG) (of

I'The embeddings of the discrete subgroups I',, in Gsy are given by Eq. (3.30).

2Indeed, even this is far from an exhaustive list. What is true is that the connected component of the SM
gauge group G is one of the four possibilities given in Eq. (3.1).

3To see why BG is relevant, note that a gauge field is defined by a connection on a principal G-bundle
over a spacetime manifold ¥, and every such bundle corresponds to a map ¥ — BG; for global anomalies, the
connection plays no role, and we have a one-to-one correspondence between G-bundles (without connection)
and homotopy classes of maps ¥ — BG.



3.1 Introduction 33

equivalence classes under bordism of five-manifolds equipped with a spin structure and a
map to BG) vanishes.*

In this Chapter we begin by applying this criterion for global anomaly cancellation to the
four versions of the SM given by Eq. (3.1). The computations we report in this Chapter build
upon those of Ref. [74], which used the Atiyah-Hirzebruch spectral sequence to compute
chgg (BG) for a number of simple gauge groups G including SU (n), PSU (n), USp(2k), and
SO(n), as well as for U(1). From there it was argued in Ref. [74] that there are no global
anomalies in the SMs, by exploiting the (perhaps fortuitous) fact that the particular fermion
content of the SM can be embedded in an anomaly-free grand unified theory (GUT) with
G = SU(5) (which breaks down to Gsy /T as we go below the GUT scale). Alternative
derivations of this result can be found in Refs. [64, 141]. It turns out that this guarantees that
all 4 versions of the SM in Eq. (3.1) are anomaly-free for the SM fermion content, or any
other fermion representations that form representations of SU(5).

We analyse the global anomalies in theories with one of the SM gauge groups by
computing each Qgpin (BG) for the four gauge groups listed in Eq. (3.1) directly. At least
in 3 out of the 4 cases (those in which n € {1,2,3}), we can do this by first noting that the
gauge group can be written as a product (for example, Gsy /T2 Z U (2) x SU(3)). Next, we
extend the methods of Ref. [74] to treat gauge groups which are products, by exploiting the
fact that B(G x H) = BG x BH.,> and using a Kiinneth formula in (co)homology. The 4th
case, in which G = Ggy/I'g, succumbs to a slightly more sophisticated attack, which we
describe in §3.4.5.

Our results for the four possible connected SM gauge groups can be applied, unlike those
of Ref. [74], to any BSM theories with one of the SM gauge groups but with different fermion
content (that do not necessarily fit inside any GUT with a simple gauge group). While one
might have expected, given the much more general nature of the anomaly cancellation
condition imposed, more constraints to appear beyond those required to cancel the familiar
SU(2) global anomaly discovered by Witten, one finds that in fact that the opposite happens:
in some cases there are actually fewer constraints, due to a subtle interplay between global
and local anomalies, which we describe in §3.4.6. This is related to the more mundane fact
that for the gauge groups featuring quotients by I',. there are non-trivial constraints on the
hypercharges of fermions depending on their representation. We give these constraints in
§3.4.1.

We then turn our attention to global anomalies in a number of well-motivated BSM
theories, which we analyse using the same bordism-based criteria. We demonstrate our

“In fact, there are reasons to believe that the vanishing of Qgpin (BG) is sufficient for the vanishing of global
anomalies not only on spacetimes that bound, but also on those that do not — we discuss this at the end of §4.5.
>Similar ideas were used in the context of classifying higher-symmetry-protected topological phases [138].
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methods in a wide variety of BSM examples, in the hope that readers can adapt the methods
to analyse their own favourite models. In particular, we consider theories in which the SM
gauge group is extended by products with arbitrary U(1) factors, as well as a number of
GUTs including Pati-Salam models and trinification models.

One might a priori expect all bets to be off when one goes beyond the SM, and that the
possibility of Qgpin (BG) being non-trivial might provide a variety of extra constraints on the
fermion content of BSM models for the cancellation of new global anomalies. Interestingly,
we will find that this is largely not the case. In all the four-dimensional examples we con-
sidered, we find that Qgpin (BG) detects no new anomalies beyond the Z,-valued anomalies
associated with SU(2) (or more generally Sp(r)) factors in the gauge group. While we
essentially arrive at a large collection of ‘null results’, we hope that the absence of any
potential new anomalies in all of our examples will at least provide some assurance for the
more conscientious BSM model-builders, who worry that their models might suffer from
secret global anomalies.

We remark that in spacetime dimensions lower (or indeed higher) than four there are,
however, potentially lots of new anomalies in theories with these gauge groups. We catalogue
the relevant bordism groups in lower dimensions for the gauge groups we consider alongside
the results of importance to the (B)SM case, in case they might be of interest to others (for
example, in the condensed matter community). For ease of reference, all our bordism group
results are collated across Tables 3.1, 3.3, and 3.4.

The outline of the rest of this Chapter is as follows. In §4.5 we review the so-called
‘Dai—Freed theorem’, and the arguments that underlie the bordism-based criterion for global
anomalies that we use. In §3.3 we review the algebraic machinery of spectral sequences
which we use to compute the bordism groups of interest to us. We then summarise and
interpret our computations pertaining to global anomalies in the SMs in §3.4. In §3.5, we
generalise the SM results to a 2-parameter family of theories that contains the SM, with gauge
group SU(N) x Sp(M) x U (1) for N, M € Z. We present the details of our computations for
BSM theories in §3.6. Finally, we find that there are no global anomalies in a BSM theory
in which the SM fermions are defined using a spin, structure, allowing also for arbitrary
additional fermion content, by showing that szin” (BG) = 0 for each choice of G in Eq. (3.1).
Such a theory can be defined on all orientable four-manifolds (not only those that are spin),
but requires an additional U (1) symmetry be gauged such as B — L.

Note added: Ref. [139], which appeared after the paper [52] on which this Chapter is
based was put on the ArXiv, confirms some of the bordism group calculations in this Chapter
using the Adams spectral sequence.
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3.2 Bordism and global anomalies

Both the local gauge anomalies first discovered by Adler, Bell, and Jackiw (ABJ) [3, 34]
and the global anomalies first discovered by Witten [149] may arise in chiral gauge theories
due to subtleties in defining the Dirac operator. To see how, and to motivate the more
general bordism-based criterion for anomaly cancellation that we employ, it is helpful to first
review some basic facts about chiral fermions, for which we largely follow the discussion in
Ref. [153]. Other helpful references for this discussion are Refs. [154—156] (written with
physicists in mind) and the original mathematical paper by Dai and Freed on which much of
the discussion rests [51].

Firstly, we recall that defining a chiral gauge theory requires that any spacetime manifold

be equipped with certain geometric structures. The important structures for our purposes are
* A form of spin structure to define fermions,
* A principal G-bundle to define gauge fields,

* A Dirac operator which couples fermions to gauge fields, whose determinant is a
well-defined function on the background data if the theory is to be non-anomalous.

We work in four spacetime dimensions from the beginning, since that is the case of relevance
to the particle physics applications we are interested in; however, all the material we review
in this Section generalises straightforwardly to other numbers of dimensions. We always
assume spacetime is euclideanised, and thus consider spacetime to be a smooth, compact,
four-manifold X. At times it will be helpful to suppose X is equipped with a (riemannian)
metric, but this shall not be especially important to our arguments.

In most of this Chapter, we assume that spacetime is orientable and that fermions are
defined using an honest spin structure. It is possible, however, that fermions may be defined
on an orientable spacetime using ‘weaker’ structures if there are gauge symmetries present,
as is typically the case in particle physics. For example, the presence of a U(1) gauge
symmetry allows one to define fermions using only a spin. structure; note that all orientable
four-manifolds are spin., but not all orientable four-manifolds are spin. In §3.7, we consider
this possibility. In the presence of a larger gauge symmetry, such as SU(2), one could get
away with only a spin-SU (2) structure to define fermions [143], and so on. A new kind of
global anomaly has been recently discovered by Wang, Wen, and Witten [143] for an SU(2)
gauge theory formulated on all manifolds admitting such a spin-SU (2) structure. They show
that such a theory is anomalous if there is an odd number of fermion multiplets in spin
4r +3/2 representations of SU(2) (where r € Z). Of course, the more familiar SU(2) global

anomaly arises when the theory is defined on all spin manifolds, in which case there is an
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anomaly when n; —ng = 1 mod 2, where ny, (ng) is the number of left-handed (right-handed)
SU(2) doublets [149]. In a time-reversal symmetric theory,® one could consider defining
the theory also on unorientable spacetimes, in which case a form of pin structure could be
used to define fermions. We describe how fermions can be defined using these various ‘spin
structures’ in Appendix 3.A for reference; we also invite the reader to consult Appendix A of
Ref. [153]. Throughout the main body of this Chapter, however, we assume that spacetime is
orientable and equipped with a spin structure.

Defining gauge fields for some gauge group G requires the existence of a principal
G-bundle over X. As we wrote before, the classifying space BG of the Lie group G has
the property that the homotopy classes of maps from a space X to BG are in one-to-one
correspondence with the set of (isomorphism classes of) principal G bundles over M.” Thus,
we consider orientable spacetimes X equipped with a map f : ¥ — BG, in addition to a spin
structure. We moreover insist that a gauge theory be defined on all manifolds admitting these
structures, leading to a very broad notion of whether there is an ‘anomaly’ in the theory.
Ultimately, these requirements are necessary to guarantee that the theory be consistent with

locality.

3.2.1 Fermionic partition functions

One may define fermions and gauge fields on four-manifolds equipped with the given
geometric structures. In a renormalisable four-dimensional chiral gauge theory, one couples
the two via the lagrangian Wil)y, where i is an hermitian Dirac operator. We are now in a
position to see how both the local and global anomalies can emerge in such a gauge theory.

The heart of the trouble in both kinds of anomaly lies in performing the functional
integration over fermions. The result is a partition function Zy[A], which we consider to be a
function of the background gauge field and also any other background fields or data such as

a metric on spacetime.® Formally, Z[A] is defined to be

ZylA] = / Dy e T IV e i, (3.2)

®We note that the SM is not time-reversal symmetric, since CP is explicitly broken by the phases appearing
in the CKM and PMNS matrices, and in theory also by a non-zero QCD 6 angle. Thus, in this Chapter we only
consider theories with one of the SM gauge groups to be defined on orientable spacetimes.

"The classifying space BG is the quotient of a weakly contractible space EG by a proper free action of G.
Any principal G-bundle over M is the pullback bundle f*EG along a map f : M — BG.

8Sometimes, we use ‘A’ to denote the background gauge field, while at others time we use ‘A’ to collectively
denote all the background fields/data. Which of the two meanings is implied in a given instance ought to be
clear from the context.
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the determinant of the Dirac operator,” assumed to be appropriately regularized. The partition
function Zy[A] of a non-anomalous quantum field theory is a kosher C-valued function on
the space of background data. For the case of coupling to background gauge fields, this
means that Zy [A] must be a well-defined function on the space of connections on principal
G-bundles modulo gauge transformations.

If this is not the case, G-invariance is anomalous, and since it is a gauge symmetry,
the theory is not well-defined. This viewpoint sets the traditional ideas of local and global
gauge anomalies in a more general context: in the case of a local anomaly, one has that
Zy|A] # Zyy|A8] even for a gauge transformation A — A$ with g infinitesimally close to the
identity; for the original SU(2) global anomaly [149], one finds Zy[A] = —Zy[AY] where
the group element U (x) corresponds to a gauge transformation in the non-trivial class of
m4(SU(2)). The partition ‘function’ of an anomalous theory is thus at best a section of a
complex line bundle over the space of background data, called the determinant line bundle.
Moreover, the modulus |Zl,,| of the partition function cannot suffer from anomalies, and
the anomaly must come purely from the phase of Zy,. To see why, note that for any set of
chiral fermions y, one can define a conjugate set  that transforms as the complex conjugate
of y under all symmetries, and with an action that is the complex conjugate of the action
for y. Thus, the functional integration over V¥ yields precisely Zy,, the complex conjugate
of (3.2). Hence, for the combined system, the partition functon is ZyZy = |ZI,,|2. But
given the complex conjugate set of fermions one can always write down mass terms for
the set of fermions y, for which a Pauli-Villars regulator (which respects the symmetries
of the lagrangian) is always available. Hence |Zy|?, and thus |Zy,|, cannot suffer from any
anomalies.

With this realisation, one might first try to simply define the fermionic partition function
to be equal to its modulus, and so construct an anomaly-free theory by fiatz. But the modulus
|Zy/| on its own is not a smooth function of the background data A, just as |w| is not a smooth
function of the real or imaginary parts of a complex number w. The partition function must,
however, depend smoothly on the background data, which includes gauge fields and metrics,
otherwise correlation functions involving the stress-energy tensor and/or currents coupled to
the gauge field would not be well-defined. Thus, one cannot evade anomalies in such a way,
and one must instead consider carefully when Zy, is well-defined, and when it is not.

A set of mathematical results due to Dai and Freed [51] allow one to construct a candidate

partition function, which is necessarily smooth on the space of background data, with which

“More generally, Zy[A] will be the Pfaffian of the Dirac operator. We essentially ignore this subtlety for the
purpose of this discussion, by assuming fermions to be complex or pseudo-real.
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to properly analyse anomalies. For brevity’s sake, we refer collectively to these results as the

Dai—Freed theorem. For an account written with physicists in mind, see Ref. [156].

Fig. 3.1 The results of Dai and Freed give a prescription for writing down a fermionic
partition function Z,, when spacetime X is the boundary of a five-manifold X.

The Dai—Freed theorem implies that a putative partition function Zy[A] that is smooth
in A can always be defined when the four-dimensional spacetime X is the boundary of a
five-manifold X, viz. £ = dX (as depicted in Fig. 3.1), to which the theory (and thus the spin
structure and map to BG) must be extended. The five-manifold X must approach a ‘cylinder’
(—170,0] x X near the boundary X, where the local coordinate T € (—1, 0] parametrises the
fifth dimension. Moreover, the Dirac operator is extended to define a five-dimensional
Dirac operator on X which we denote by ipy, which near the boundary takes the form
iy = iy’(9d; + i), where iIp is the original Dirac operator on X.!°

Schematically, the Dai—Freed definition of the putative partition function is then

ZylA] = |Zy|exp (—27ri/XIO(F)> exp (—2minx), (3.3)

where we have split the phase into two distinct contributions, which we will define shortly.
Importantly, Dai and Freed showed that this construction varies smoothly with the background
data.

The two contributions to the phase, as separated out in Eq. (3.3), correspond loosely to
local and global anomalies. The first contribution to the phase of (3.3) is easier to understand.
It is the integral of the anomaly polynomial IO(F ) over the extended five-manifold X, which

is a polynomial in the curvature F' of the connection A defined such that

, (3.4)

di’(F) = A(R) tr exp (%> 6

10§ pecial boundary conditions must be chosen to ensure that the operator ilfy is hermitian throughout X.
These are often referred to as ‘(generalised) APS boundary conditions’, and we will not discuss them further,
but rather refer the reader to e.g. Refs. [153, 156], in addition to the original papers of Atiyah, Patodi, and
Singer [23-25].
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where A(R) is the A genus (sometimes referred to as the ‘Dirac genus’), with R the Riemann
tensor. The bar and subscript ‘6’ indicates that one should take only the six-form terms on
the right-hand-side. This contribution to the phase is not necessarily invariant even under
infinitesimal gauge transformations. Rather, its variation can be computed using Eq. (3.4),
and requiring that this variation vanish after being integrated reproduces the familiar formulae
for the cancellation of local anomalies (including gravitational and mixed gauge-gravitational
anomalies). This type of anomaly is sometimes referred to as the perturbative anomaly,
because one can derive it perturbatively by expanding the path integral around the zero
background fields in flat spacetime.

The second contribution comes from the fermions on X, which one can think of as a
kind of regulator for the system on X. The n-invariant is defined as the following sum over
eigenvalues A of the Dirac operator iDy

Ny = % (Z sign(A) —{—Dimker(ilﬁ;ﬁ) , (3.5)

A0

which must of course be regularized.!! This n-invariant was introduced by Atiyah, Patodi,
and Singer (APS) in their generalisation of the Atiyah—Singer index theorem to manifolds
with boundary [23-25]. It shall be useful in what follows to recall that the n-invariant
possesses an important ‘gluing’ property, as follows: if two manifolds with boundary Y; and
Y, are glued along a common boundary to give a manifold Y; UY5, then the exponentiated
n-invariant factorizes, i.e.

exXp (275“7Y1 UYz) = exXp (27””1/1 ) eXp (zninYz) ) (3.6)

as illustrated in Fig. 3.2.

3.2.2 Global anomalies and the n-invariant

In order for (3.3) to describe an intrinsically four-dimensional theory on X, this putative
definition for the fermionic partition function must be independent of the choice of five-
manifold X and the extension to X of whatever structures are necessary to define the theory
on X. Any dependence on X invariably leads to ambiguities and inconsistencies with locality
and/or smoothness in the four-dimensional theory. Such inconsistencies are precisely what
we call “anomalies”.

"For example, in the original APS index theorem the sum over eigenvalues was regularized by replacing
Y 0s8ign(A) with limg_, Y5 29 sign(4)|A|~*, which converges for large Re s, from which one can analytically
continue to s = 0 without encountering any poles.
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=Y
\ Sy

Fig. 3.2 Gluing of two manifolds Y; and Y, with a shared boundary component X, under
which the exponentiated 1-invariant factorizes.

It is worth mentioning here that, if the condition for anomaly cancellation is not satisfied,
we can no longer use Eq. (3.3) as the partition function for our theory on the four-manifold
Y. Nonetheless, even in this context (3.3) remains a useful equation, because it precisely
quantifies the anomalies in terms of anomaly inflow. Heuristically speaking, it tells us that
we can make sense of an anomalous fermionic theory if it arises as a boundary degree of
freedom of another theory in one dimension higher, where the anomalies at the boundary
are precisely cancelled by the contribution from the bulk. This is captured solely by the
N-invariant when there is no local anomaly, justifying our moniker of ‘global’ anomalies.
This fact lies at the heart of our current understanding of topological insulators in condensed
matter physics.

Let us return to our search for a criterion for anomaly-freedom. The putative partition
function (3.3) is independent of the choice of five-manifold X if and only if

exp (—2ming) = exp (27ti/_IO(F)) , (3.7)
X

for all closed five-manifolds X. To see this, consider a duplicate of our fermionic theory on
Y. but extended to a different five-manifold X’. Let —X’ denote this five-manifold with its
orientation reversed. It is then possible to glue the original system defined on (X,X) to that
on (—X’,—X) along the mutual four-boundary X. The result is a fermionic theory on a closed
five-manifold X = X U (—X’), as illustrated in Fig. 3.3. Since the two systems have the same
fermionic theory on X, the moduli of the path integrals cancel, and the path integral of the
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by b3

Fig. 3.3 Gluing of two manifolds X and X’ with a shared boundary X into a closed manifold
X=XU(=X').

combined system is the pure phase

Zg = Z‘ = exp (—27i(nx — Ny')) exp <27ri (/X —/X) IO(F)) . (3.8)

Using the linearity property of integrals, together with the above gluing property for the

7M-invariant, we can rewrite the fermionic partition function on the closed five-manifold X as

Zy = exp(—2minyg ) exp (—27ri/_ IO(F)> ,
b

which is trivial if and only if the condition (3.7) is satisfied. The triviality of Z; for any
closed five-manifold X implies that Zy = Zy for any pair of five-manifolds which share the
same boundary theory X.

Thus, in the absence of local anomalies, i.e. when IO(F ) = 0, any residual global
anomalies necessarily vanish, and the partition function describes an intrinsically four-
dimensional theory, when exp (—27inyg ) = 1 for all closed five-manifolds X (that admit a
spin structure and a map to BG). Witten’s mapping torus argument [149], by which the
original SU (2) global anomaly was first detected (for a fixed spacetime & = $%), is equivalent
to insisting that exp (—27ing) = 1 on X = S! x §*.
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Moreover, when local anomalies cancel, such that O(F ) =0, it follows from the APS
index theorem that exp(27in) is a bordism invariant.'> By ‘bordism’ we mean (unless
explicitly stated otherwise) the equivalence relation on compact p-manifolds equipped
with a spin structure and a map to BG such that two manifolds are deemed equivalent if
their disjoint union is the boundary of some compact (p + 1)-manifold with the structures
extended appropriately. By ‘bordism invariant’, we mean a well-defined homomorphism
on the equivalence classes under bordism (or just bordism classes), which form an abelian
group Q"™ (BG). This means that exp(27in) = 1 on any five-manifold that is null-bordant.
Hence, when I°(F) = 0 the n-invariant defines a homomorphism from the fifth spin bordism

group to the phase of the partition function, or, in other words
exp(27in) € Hom (Qgpi“(BG),U(1)> . (3.9)

The group Hom (Qgpin(BG), U(1)) clearly vanishes if Qgpin (BG) = 0. The vanishing of
Qgpm (BG) is in fact not only sufficient but also necessary for vanishing of Hom (Qgpm (BG),U(1)),
at least when Qgpm (BG) is a finitely generated abelian group (as is the case for all the exam-

ples we examine here), which means it can be written as
QP (BG) 2L X Lpy X ... X Lo, (3.10)

To see that this is the case, note that for each summand there exist non-trivial maps to U(1) —
for example, one can send n € Z,, to exp(2xin/p), or can send k € Z to exp(mik). Thus, as
long as Qgpin (BG) # 0, the set of homomorphisms from the 5th spin bordism group to U (1)
is non-empty.
The exponentiated 1n-invariant is necessarily trivial when Qgpm (BG) vanishes. Thus, if
local anomalies cancel and if
QP"(BG) =0, (3.11)

then Eq. (3.7) implies there is a well-defined fermionic partition function which is inde-
pendent of the choice of five-manifold X, and thus defines a sensible local quantum field
theory.

In summary, the following precise statement, which follows from the Dai—Freed theorem,

forms the basis of what follows:

The path integral for a d-dimensional gauge theory with gauge group G with
arbitrary matter content can be consistently formulated on null-bordant space-

12This fact was first used in the physics literature to analyse global anomalies in string theories [150].
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time manifolds of dimension d using the Dai—Freed prescription if 1 = 0 and
QP (BG) = 0.

Two caveats are warranted here. Firstly, we still don’t have a definition for spacetimes X
that are not null-bordant. Such spacetimes appear regardless of the gauge group,'? being
generated by a K3 surface [120]. In general, locality forces such spacetimes to appear in the
theory, and so one needs a general prescription for the fermionic partition function evaluated
on spacetimes in non-trivial bordism classes, which goes beyond the original Dai—Freed
theorem.

The second caveat is that, even if the Dai—Freed prescription cannot be made to work,
it is still possible that some other suitable definition of the path integral might be found in
cases where the condition (3.11) is violated.

In fact, recent developments in the mathematical field of topological field theory give
hints that these two caveats can safely be struck out. Those developments suggest that an
anomalous theory should be viewed as a special case of a relative field theory [67], namely a
natural transformation between an extended field theory in one higher spacetime dimension
(defined as a functor from some higher bordism category to some linear category) to the trivial
extended field theory also in one dimension higher. Thus, part of the data of an anomalous
field theory is a non-anomalous, non-trivial quantum field theory in one dimension higher. If
there are no such theories, then there can be no anomalies.

The putative theory in one dimension higher is, in many cases (but see Refs. [67, 103]),
both topological and invertible, meaning that it can be described by a classical topological
action. It turns out that such actions can be classified by some Abelian group A corresponding
to some (generalized) differential cohomology theory. The group is characterised by an
exact sequence of Abelian groups B — A — C, where C corresponds here to the local
anomaly and B to the global anomaly. In the case of ordinary differential cohomology (in
which we have not bordism classes of manifolds with spin, but rather homology classes
corresponding to smooth singular simplices), the group B is just the group H>(BG;U(1)) =
Hom(Hs(BG),U (1)) and so it is tempting to conjecture that the corresponding group here is
indeed Hom(Qgpin(BG), U(1)). Moreover, in the ordinary differential cohomology case, the
exact sequence B — A — C extends to a short exact sequence 0 -+ B —+ A — C — 0, so that
A =0iff. B=C = 0. If the same is true here, then we have a complete characterisation of
the anomaly cancellation conditions, whose global part is Hom(Q?p i (BG),U(1)) =0.

3Furthermore, in the presence of a non-abelian gauge symmetry, for example in the case G = SU(3), there
exist additional spacetime manifolds that do not bound spin five-manifolds (to which the map to BG extends),
generated by a manifold with instanton number one [155].
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Indeed it is believed that [65, 155], as long as the object Z; defined by (3.8) equals one
for all closed five-manifolds X, a prescription for the partition function on non-nullbordant
spacetimes can be given, that is consistent with the principles of unitarity and locality and
free of anomalies, by assigning an arbitrary theta angle to each generator of Qip in(BG).
There is no quantum field theory principle that can be used to fix the arbitrary theta angles,
which correspond to an element in Hom(Qf{pin (BG),U(1)), because any such element equals
a partition function for an invertible topological field theory (in four dimensions) to which
the theory may be consistently coupled. In the context of string theory these statements
are well-known, with the assignment of theta angles sometimes referred to as “setting the

quantum integrand” [152, 66].

3.3 Methodology

It remains to explain how we actually compute a bordism group of the form Q?pin (BG), for a
specific G. As is so often the case in algebraic topology, one is faced with a calculation that
is seemingly impossible, no matter how simple the choice of G, but which turns out to be
possible for almost any G, provided one knows enough tricks. The main tricks in the case at
hand are the Atiyah-Hirzebruch spectral sequence [22] (see Refs. [84, 99] for introductions
to spectral sequences) and the use of cohomology operations (see Ref. [44]). We follow,
essentially verbatim, the method set out in Ref. [74], but we feel it might be helpful to readers
to give a more pedestrian description, as follows.

Spectral sequences are an important calculational tool in algebraic topology. So, what
is a spectral sequence? In essence, a spectral sequence is a collection of abelian groups
E}, , indexed by three non-negative integers r, p, and g, together with a collection of group
homomorphisms between them. Perhaps more appealingly, one can picture a spectral
sequence to be a ‘book’ consisting of (infinitely) many pages, labelled by a ‘page number’ r,
with a two-dimensional array of abelian groups E, , on each page. There are maps (called
‘boundary maps’ or ‘differentials’) between the groups within a given page of the form'*

-
such that dyrgir

dI’;vq :E;;vq _>E;_V7Q+r_l7 1 Od[’;aqzo’ (3'12)
which endows the groups Ej, , on the corresponding ‘diagonals’ of a given page with the
structure of a chain complex. The first few pages are illustrated schematically in Fig. 3.4.

Moreover, one passes from one page to the next by ‘taking the homology’ with respect to the

14Note that we are here describing the homological version of a spectral sequence, which shall also be the
kind we employ in our bordism computations. There is an analogous cohomological version, in which the
boundary maps go in the opposite directions.
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differentials, specifically
Elt = ker(dy ) /im(d),, . .01). (3.13)

As we keep ‘turning the pages’ in this way, the abelian group appearing in any given (p,q)
position will eventually stabilise (because there are only a finite number of differentials
going ‘in’ and ‘out’ for any (p,q)). It is conventional to refer to the ‘last page’, after which
all entries of the AHSS have stabilised, as E’,. Important topological information will be

contained in this last page.
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Fig. 3.4 Schematic illustration of a spectral sequence

For example, the Serre spectral sequence can be used to compute the (co)homology
groups of a topological space X appearing as the total space in a fibration F — X — B, from
the (co)homology of the two spaces F and B, where we take B to be simply connected. For
the Serre spectral sequence, we can in fact ignore the first page, and begin at the second
page, whose entries are given by the peculiar formula Elz,,q = H,(B;H,(F;A)); in words,
the homology groups of the base space with coefficients valued in the homology groups
of the fibre (for some coefficient group A). We then proceed to turn the pages using the
differentials (3.12), until we get to the last page at which all the entries have stabilised.
Then the nth homology group of the total space X can be pieced together for each n, using
H,(X;A) =D, E},_p, in others words, by taking the direct sum of all the groups on the nth
diagonal of the last page of the Serre spectral sequence. !

The Atiyah-Hirzebruch spectral sequence (AHSS) is a generalisation of the Serre spec-
tral sequence just described, in which ordinary (co)homology is replaced by generalised
(co)homology. The bordism groups Q?pin(BG) that we want to compute to classify global

SThis is in fact a simplification, and only holds when the coefficient group A is a field. Otherwise, a
non-trivial group extension problem must be solved.
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anomalies are examples of generalised homology groups, and so the AHSS provides an

appropriate tool for our computation, if we can fit BG into a useful fibration
F — BG — B. (3.14)

Given such a fibration, the AHSS is then constructed in a similar fashion to the Serre spectral
sequence. We begin at the second page, whose entries are now the homology groups

E; = Hy(B;: Q5P (F)). (3.15)
If the singular homology groups H,(B;Z) are free (i.e. do not contain torsion) then this

simplifies to
E2, = Hy(B;QP"(F)) = H,(B:Z) ® Q5P (F). (3.16)

If this is not the case, then the universal coefficient theorem (in homology) must be used
to calculate (3.15). This second page comes equipped with differentials as specified in Eq.
(3.12), and if the differentials are known we can turn to the next page. If we are able to
continue turning pages until all the entries with p +¢g = 5 are stabilised, then we can use
these entries to extract Qgp in (BG). Analogous to the example of the Serre spectral sequence,
it shall be the case in all the examples we consider that Qgpin (BG) shall simply be the direct
sum of the entries E;’, with p+g =15 16
The simplest fibration involving BG, which we shall employ most frequently, is the trivial
one in which BG is fibred over itself, such that the fibre is a point which we denote by pt, i.e.
we consider
pt — BG — BG. (3.17)

In this case, computing the elements (3.16) of the second page of the AHSS requires two
ingredients: (i) the singular homology groups of the classifying space, H,(BG;Z), and (ii)
the bordism groups (preserving the spin structure) equipped with maps to a point; in other

words, simply the equivalence classes (under bordism) of spin five-manifolds. Fortunately

16While there is a straightforward condition telling us when this is the case for the Serre sequence - namely,
when the coefficient group A is a field - there is (as far as we are aware) no similarly straightforward condition
pertaining to the AHSS and our bordism calculations. Rather, one must refer to the definition of the spectral
sequence in terms of filtrations of the bordism groups we are trying to compute, using which the answer can
often be extracted unambiguously from the last page. In particular, this was the case in all the examples we
present in the sequel.
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for us, these bordism groups are well known in low dimensions [15]:

n 0 1 2 34567 8 9 10

. (3.18)
O (p) |Z ZJ2 Zy 0 Z 0 0 0 Z2 (Z2)? (Zy)?

The other ingredients we need are the homology groups of the classifying space of any
gauge group G we want to consider. As we have advertised above, we will consider many
examples where G is a product and our strategy here will be to build up the homology groups
of such groups from the homology groups of their factors. We shall make frequent use of the
fact that

B(GxH)=BG x BH, (3.19)

which follows from the definition of the classifying space of a group (see, for example,
Chapter 16, §5 of [98]). Thence, we shall use the Kiinneth theorem to compute the homology
of the product space BG x BH with coefficients in Z. In the absence of torsion,!” this is
simply

H,(BGxBH;Z)= @ Hu(BG:;Z)® H,(BH;Z). (3.21)

m+n=p

The classifying spaces (and their homology rings) for some elementary groups are well-
known; for example, BU (1) = CP*, with

- Z when p=0mod 2,
H,(BU(1) =CP™;Z) = (3.22)
0 otherwise,

and BSU (2) = HP*, with

- Z when p=0mod 4,
H,(BSU(2) =HP";Z) = (3.23)
0 otherwise.

While the homology groups for these two examples are known in all degrees, it is often
enough for our purposes to know the groups H,(BG;Z) in sufficiently low dimensions; for

171f there is torsion, the correct statement of the Kiinneth theorem is that there is a short exact sequence

0— P Hw(BG;Z)®H,(BH;Z) — H,(BG x BH:Z) — @ Tor (Ha(8G:2), Ha(BH:Z)) — 0,  (3.20)
m+n=p m+n=p—1

and that this sequence splits (although not canonically).
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instance, the result
H,,(BSU(n);Z) ={Z,0,0,0,Z,...} (3.24)

(for n > 1) shall be useful for our consideration of gauge theories relevant to particle physics.
Unfortunately for our purposes, results are usually quoted for cohomology groups of
classifying spaces, not least because of their starring role in the theory of characteristic

classes. But one can obtain the homology groups using some universal coefficient theorem.

Turning the pages

We have now proposed how to obtain all the ingredients with which to write down the
second page of the AHSS associated with the fibration (3.17); but we do not yet know how
to turn to the next page of the AHSS, which requires knowledge of the differential maps
introduced in Eq. (3.12). One thing we know for certain is that the differentials are group
homomorphisms, and in many cases this shall turn out to be enough to deduce the image
and/or kernel of many differentials unambiguously; for example, we make frequent use of
the fact that Hom(Z,,Z) = 0. Similarly, for any pair of finite integers n and m, we may use
the fact that Hom(Zy, Zm) = Zgca(nm)-

However, simple algebraic arguments like this will seldom be enough to determine all
the differentials in the AHSS. Fortunately, we can make use of the fact that some of the
differentials on the second page E} , are known for the case of the spin bordism groups P,

In particular, we have that the differential
dy o Hy(B:Qg™") — Hy 2 (B; Q™) (3.25)

is the composition of the (homology) dual of the Steenrod square and followed by reduction
modulo 2 [133, 134], and that the differential

d2 ) Hy(Bi Q™) — H, o (B;Q57™) (3.26)

is the dual of the Steenrod square [133, 134]. The Steenrod square, Sq, is an operation
on mod 2 cohomology classes, Sq° : H"(X;Z,) — H""?(X;Z,), whose particular action
on the generators of H" are known for the classifying spaces of Lie groups, thanks to
Borel and Serre [40]. We will make regular use of their results in what follows. We
note here for future reference that Sq° is an example of more general Steenrod squares,

Sq* : H"(X;Z,) — H""(X;Z,) which are operations on mod 2 cohomology rings satisfying
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the following properties

1) Sq(x) =x,

2) Sqf(x) =0 if k> deg(x),

3)  Sqiee(x) = xUx,

4) Sq*(xUy)= Y Sq'(x)USq/(y) (Cartan’s formula) (3.27)
i+j=k

Moreover, the Steenrod squares, being natural transformations of cohomology functors,
have the property that they commute with the map f*: H*(Y;Z,) — H*(X;Z;) induced on
cohomology by a map f : X — Y. Thus we have f*Sq’{/ = Sq’)‘(f*.

By virtue of this naturality, the Steenrod squares’ action on H*(BG| x BG»;Z;), which
we denote by Sq’; for clarity, are fully determined by their action on H*(BG;Z;) and
H*(BG,;Z,), denoted by Sqlf and Sqé. To see this, consider a projection 7; : BG| X BG, —
BG;, with i = 1,2. Let ¢; € H*(BG;;Z5) be a generator. By naturality we have Sq*, (7*¢;) =
7r*(Sqf~C ¢;). But since 7 c; is naturally identified with ¢; through the Kiinneth theorem for
cohomology, this gets simplified to

Sqt ¢; =S¢k . (3.28)

With help from Cartan’s formula (3.27), the Steenrod squares’ action on any generator of
H*(BG| x BG3;Z,) can be subsequently worked out.

3.4 Global anomalies in the Standard Model(s)

Now that we have laid the groundwork and described the computational tools we use to
identify potential global anomalies, we are ready to report our computations. We begin with
a gauge theory of indisputable importance to particle physics phenomenology, namely the
Standard Model(s). Our results for the SM gauge groups are summarised in Table 3.1.

The Standard Model (SM) of particle physics is a four-dimensional gauge theory, with

gauge group

_ Gsm

G
r,’

Gsm=SU(3)xSUQ2)xU(1), T'y=Z, ne{l,2,3,6}. (3.29)
Here, the Z¢ quotient in the case of I'¢ is generated by the element

£ = (w,n,¢*™/%) € Ggu, (3.30)
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where o is the generator of the Z3 centre of SU(3) (with @® =1 € SU(3)), and 7 is the
generator of the Z, centre of SU(2) (with n? = 1 € SU(2)). The I'; quotient in (3.29) is
generated by £2, and the I', quotient by £3. The fermion content of the SM consists of
quarks and leptons, which are chiral fermions transforming in the following representations
of G

QN<372)1/67 UCN(gvl)—Z/Tﬁ DCN(§71)1/37 LN<172)—1/27 ECN(]-vl)l;

where here all the fields indicated are left-handed.

We compute the fifth bordism group (preserving spin structure) for all four groups listed
in Eq. (3.29), and so identify potential global anomalies in these theories. Recall that in
Refs. [74, 64], it was argued that there are no global anomalies in the SM with any of these
four gauge groups, by fitting all four possibilities inside an SU (5) GUT which is easily shown
to be anomaly-free (since the computation of the bordism group for SU (n) is straightforward).
What we shall prove is a more general result, since it shall apply to gauge theories with one
of these four gauge groups, but with arbitrary fermion content. Thus, the results we find
shall apply immediately to any BSM theories in which the gauge group is that of the SM, but

in which there are additional chiral fermion fields.

3.4.1 Hypercharge constraints

Before we start computing bordism groups, it is important to point out that if we extend the
SM by adding extra fermions, one must make sure that such fermions transform in bona fide
representations of whichever gauge group from Eq. (3.29) is being considered. In the cases
where G = Gsy /T, with n € {2,3,6} there are constraints on the possible hypercharges
fermions can take, depending on their representation under the SU(3) x SU (2) factor of Ggy.
Since the derivations of these constraints involve a digression into representation theory, we
relegate them to Appendix 3.D. In this Section we simply record what these constraints are —
specifically, see Eqns (3.33, 3.36, 3.38). (Needless to say, the SM fermion representations

satisfy these constraints.)

The I'; quotient case

Given the Z, quotient in the case G = Ggy /T is generated by &3, where & is given in Eq.
(3.30), we can write this particular quotient of the SM gauge group as

SU(2)xU(1)
Lo

Gsm _

~ SU(3) x U(2). (3.31)
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In addition to its use in deriving the hypercharge constraints, writing the gauge group in
this way (i.e. as a product) is crucial to our strategy for computing its bordism groups, in
§3.4.3. Focussing on the U (2) = (SU(2) x U(1)) /(Z,) factor of G, a representation of U (2)
corresponds to a representation of SU(2) x U(1), which in this subsection we denote by
(j,q) where j denotes the isospin-j representation of SU(2) (which has dimension 2 + 1)
and ¢ € Z is the integer-normalised U (1) charge, with some restrictions imposed.

To see how these constraints arise, let us first consider a field y transforming in the
representation (%,q), i.e. in the fundamental representation of SU(2), since this is the
simplest case. This means that ¥ — Y’ = exp (ig0) o - ¥ under the action of the U(2) group
element corresponding to (¢,expif) € SU(2) x U(1). For this to be a kosher representation
of U(2), one must identify the action of (1,expix) and (—1, 1), which gives us the constraint
expigm = —1. Therefore, any SU (2) doublet must have hypercharge

g=1mod 2, (3.32)

i.e. an odd integer.18 This is the case in the SM, where the doublet representations Q and
L carry hypercharges 1 and —3 respectively, using an integer normalisation in which the
smallest charge (that belonging to Q) is set to one.

If one wishes to add additional electroweak doublets, choosing the gauge group (3.31),
one must ensure they too have odd hypercharges.

If one adds additional BSM fields transforming in larger representations of SU(2), there
are similar constraints on their hypercharges if they are to embed in representations of U(2).

To wit, for a field transforming in the (j,q) representation, the hypercharge must satisfy
g =2jmod 2. (3.33)

In other words, the charge must be even for all integer isospin representations (including,
of course, any SU (2) singlets), and odd for all half-integer isospin representations. For the
proof of this general statement, we refer the reader to Appendix 3.D.

18Similar restrictions on U (1) charges appear in the context of defining fermions on manifolds that are not
necessarily spin, by using the U(1) gauge symmetry to define a spin, structure. In that context, such charge
restrictions depend on the representations of fermions under the Lorentz group, and are thus referred to as
‘spin-charge relations’ [122]. We consider these spin-charge relations more in §3.7.
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The I'; quotient case

Given the Z3 quotient in the case G = Gsy/I'3 is generated by the element 52, we can write
this variant of the SM gauge group in the more useful form
GSM SU(3)XU(1)

Sl A x SU(2) 2 U(3) x SU(2), (3.34)

In this case, we obtain hypercharge constraints on any fields transforming non-trivially under
SU(3), by requiring that they embed in representations of U(3).

Consider the simplest case of a field y transforming in the fundamental triplet repre-
sentation of SU(3) (a.k.a. a quark) and with charge ¢ under U(1). Under the action of
exp(igf)g € U(3), for some g € SU(3), we have that y — y' = exp(ig6)g- y. To be a bona
fide representation of U (3) means that (exp?™/3,13) and (1, @ = €*/313) are identified in
SU(3) x U(1), giving the constraint ¢?7%/3 = ¢2%/3 Hence, any colour triplet must have
hypercharge

g =1 mod 3. (3.35)

The SM quark fields Q, U, and D have hypercharges +1, +4, and —2 respectively, all of
which are indeed equal to 1 mod 3.

One might consider adding fermions in other representations of SU(3), and for each
representation there is a corresponding hypercharge constraint. Irreducible representations of
SU(3) correspond to Young diagrams with two rows, and so can be labelled by a pair integers
(A1,42) corresponding to the number of boxes in each of the two rows, with 1} > 4, > 0.
In Appendix 3.D, we prove that the hypercharge g of a field transforming in the (4;,4;)

representation of SU (3) must satisfy
g = (A1 +42) mod 3, (3.36)

if the gauge group is U(3) x SU(2). Note in particular that any colour singlets must have
charge g € 3Z, as is the case for the SM leptons.

The I' quotient case

Finally, we discuss the case with gauge group G = Ggsy/T'g. Consider a field in an arbitrary
representation of this gauge group, corresponding to the (4;,A;) representation of SU(3),
the isospin-j representation of SU(2), and with U(1) charge ¢g. The hypercharge constraint
is that

g=2jmod2=(A;+4;) mod 3 (3.37)
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(see Appendix 3.D). For example, for a field with j = 1/2 and (41,4,) = (1,0), i.e. cor-
responding to the bifundamental representation of SU(3) x SU(2), this constraint reduces
to

g =1 mod 6. (3.38)

The only SM fermion transforming in the bifundamental representation of SU(3) x SU(2) is
the left-handed quark doublet Q, and sure enough the charge of Q is one.

Having established these constraints on the hypercharges of fermion fields for these four
versions of the SM gauge group, we now turn to our main concern, which is to compute the
bordism groups of BG for each of the four possible gauge groups G, which detect potential

global anomalies theories with these gauge groups. We begin with the simplest case.

o
342 Q™ (BGgy)

For the simplest case where G = Ggy = SU(3) x SU(2) x U(1) with a regular spin struc-
ture, we use the AHSS associated with the fibration (3.17) to compute the bordism groups
So.
Q25 (BGswm).
To begin, we have that

B[SU(3) x SU(2) x U(1)] = BSU(3) x BSU(2) x BU(1). (3.39)

Together with the Kiinneth formula in cohomology, this means that the cohomology ring of
BGgy is generated by the Chern classes associated with each factor of the gauge group,

H*®*(BGsm;Z) = 7 [x,c’z,cz,cﬂ , (3.40)

where x € H? (BGsy;Z) indicates the first Chern class associated with the U(1) factor,
¢y € H*(BGsy; Z) indicates the second Chern class of SU(2), and ¢, € H* (BGsy; Z) and
c3 € H® (BGsm;Z) indicate the second and third Chern classes respectively of the SU(3)

factor. We thus have the following low dimension cohomology groups

(3.41)
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with all cohomology groups in odd degrees vanishing. Because of this, and because these

groups are all torsion-free, there is a (non-canonical) isomorphism
Hy (BGswm: Z) = H* (BGsw: Z) , (3.42)

yielding the homology groups that we need to populate the entries of the second page of the
AHSS relevant for computing the bordism groups Q" (BGsp) up to d = 5, since we know
that

E; = Hy(BGsm; Q" (pt)) = H,(BGsm; Z) © Q7™ (pt), (3.43)

where the bordism groups of a point Qgpin (pt) are as listed in Eq. (3.18). The entries of the

second page are shown in Fig. 3.5.

E? page
6 0 0 0 0
) 0 0 0 0
4 Z A 73 74
3 0 0 0 0

Fig. 3.5 The E? page of the Atiyah-Hirzebruch spectral sequence for G = Ggy. We see that
there is only a single entry relevant to the computation of Qgpm (BGsm ), with a map () going
in and a map (f3) going out.
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Since the action of the Steenrod square on the generators of H*(BSU (n);Z,), which are

the universal Chern classes, is given by the formula [74]

Sq* (ci) = (i— 1) cit1

the Steenrod square action on each of the generators of the cohomology ring (3.40) is then

given by
Sq*(x) =%,
Sq?(ch) =0,
qz( 2) (3.44)
Sq7(c2) = c3,
qu(c3) =0,
where x? is a shorthand notation for x Ux, the cup product of cohomology classes. This

follows from the third line of Eq. (3.27) and naturality of the Steenrod squares, as discussed
at the end of §3.3. We see from Fig. 3.5 that there is only a single entry on the diagonal
p+q =5 which is thus relevant to the computation of szin(BGSM), and that is Ez%,l' We
need to compute what this stabilises to, so we begin by turning to the third page, which
requires us to compute the differentials labelled 8 and ¥ in Fig. 3.5.

Using the Steenrod squares (3.44), together with Egs. (3.26) and the fact that Q?p in (pt) =
Qgpin (pt) = Z,, we have that the differential labelled f in Fig. 3.5 is the dual of the Steenrod

square
Sq? : H? (BGswm; Zy) — H* (BGswis Z)
) (3.45)
X x°.
Let us denote the generators of E 4%,1 = Z% as x~2, cz, and ¢, which are dual to the generators
x?, ch, c2 € H* (BGswm; Z2) by the Kronecker pairing (denoted (-, -)) between homology and

cohomology. Then we see that

(sachx) = (&5,2%) =0, (3.46)

—

where Sq° denotes the dual Steenrod square. Hence, the kernel of 8 is ker B = Z2, generated

by ¢} and ¢5.
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The differential labelled y in Fig. 3.5 is the composition of the dual Steenrod square and
the reduction mod 2:

Q2
y: 74 m42, 74 ST, 3 (3.47)

where the relevant Steenrod square is

Sq* : H* (BGsm; Z2) — H® (BGswi; Z»)
x% — 2x° = Omod 2,
(3.48)
¢y — 0,

Cy — C3,

where to deduce x> — 2x> we have used Cartan’s formula (3.27) and the fact that Sq' (x) =0

as H? is trivial. Again using the Kronecker pairing, we deduce that Sq° kills );3 ¢, U,

c/’z\U/x, and sends c3 to ¢;. Therefore imy = Zj;, generated only by ¢;. We can then take the
homology with respect to the differentials B and ¥ to turn the page of the AHSS and deduce

the (4, 1) element of the third page,

kerB _ 73
E3 = > _= 7. 3.49
Y17 my C Z, 2 (349)

Since the entries in every odd column vanish, there are no non-trivial differentials on the
third page, and so we can turn to the fourth page with Ef;q = Efw for all (p,q).

On the fourth page the only differential relevant to computing Qgpin (BGsy) is d* Eil —
E&S, which is a homomorphism from Z, to Z and is thus trivial. So the (4, 1) entry stabilises
to EX! = 7Z,. Since this is the only non-zero element on the p + ¢ = 5 diagonal it follows
that

Q" (BGsm) =2 Zs, (3.50)

where we can identify the potential global anomaly in this theory with the Witten anomaly
associated to the SU(2) factor.

To see that this must be the case, consider a theory with gauge group Gsy and a single
fermion transforming as a doublet under SU(2) and a singlet under both SU(3) and hyper-
charge. Using the Dai—Freed prescription for the fermionic partition function one obtains an
anomalous theory because exp27in) = —1 on §* x S!. This must therefore correspond to the
non-trivial class in Qgpin (BGsm)-
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We can continue to compute the bordism groups of BGsy in lower degrees in a similar

fashion. From Fig. 3.5 we can immediately read off
Q" (BGsm) 27, and Q"™ (BGsy) = 7o, (3.51)
and it is straightforward to show that
Q" (BGsm) =2 7 % Zs. (3.52)

Next, to compute Qgpm (BGsm), we need the differential

o
o 73 ™92 (7,03 30, 7, (3.53)

as well as the map d%_l : Zp — 7. The dual Steenrod square is precisely the same as for

the map 3, which maps x2 — X, and the other generators to zero, so we have that ima = Z,.
Then, we do not need to compute the map d% | to deduce that its kernel must be Z,, because
we know that ima C kera’% |- Hence, taking the homology, we deduce that £5°, = 0. All

elements on the p 4+ g = 3 diagonal thus stabilise to zero and we have that
Q" (BGsy) = 0. (3.54)

To compute Qipin (BGsm ), we know from above that the map f3 into E%J has image imf =~ Z,,
generated by the element X € H(BGswm; Z;). The map out of E2272 is to zero and so its kernel
is Z,; turning to the next page, this element therefore stabilises at Z, /Z, = 0. More care is
required to deduce ker a, as follows. We have that CN’2 and ¢; certainly map to zero, where note
that the elements ):2, c~/2, and ¢ are here valued in integral homology (rather than in homology
with coefficients in Z,). Thus, while );é e H* (BGsm;Z) maps to the non-zero element
X € H? (BGsy; 7)), the element 222 € H (BGswm; Z) maps to zero in H? (BGsm; Zy ). Hence,
the map « has a kernel ker o = Z3 (which may look strange given its image is non-zero),
and so we deduce Ej, = Z3. Given also that Ey4 = Z, we compute

Q" (BGsy) = 74, (3.55)

thus concluding our computation of the bordism groups ngg (BGsym ) for the SM gauge
group without a quotient. This result, along with others, is summarized in Table 3.1.
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Spm(BG)
0 1 2 3 4 5
U(1) x U(2)><SU( ) 7 7y 7x 7o 0 z* 7y
(U(1)xSUQ)xSU(3))/Ty | Z 7, 7 x 7o 0 z* 0
(U()xSUQ)xSUB3))/T3 | Z 7y 7 x 7o 0 A Zy
(U xSUQR)xSU3))/Ts | Z 7y e(Z3,7Zx73) O e(Z3,e(Z3,7Z*%) 0

Table 3.1 Summary of results from our bordism computations for the four possible SM gauge
groups. We tabulate the bordism groups in degrees zero through five.

Spin
343 QP"(B(Gsm/In))
We now turn to compute the bordism groups for the variants of the SM involving quotients
of Ggv by discrete subgroups of its center, as listed in Eq. (3.1). Recall from §3.4.1 that

Gsm o SU(3) x U(2). (3.56)
I,

Hence B(Gsm/T2) = BU(2) x BSU(3) using (3.19). This is useful, because the cohomology
ring of the classifying space of the groups U (n) is well-known.

Using the usual fibration pt — B(Gsm/I'2) — B(Gsm/T), the second page of the
AHSS is given by E; = H, (BU (2) x BSU(3); Q5™ (pt)), as shown in figure 3.6. Recall
that the relevant cohomology rings are

I

H* (BSU(3);Z)

Zles,es] (3.57)
H* (BU(2):Z) =7

[}, 3]

I

where ¢;, ¢} are the ith Chern classes (which are cohomology classes in degree 2i) for SU(3)
and U (2), respectively. Thus, we have the integral cohomology groups

H’ (B(Gswm/T2);Z) £ Z,

H?(B(Gsm/T2):Z) =7, generated by ¢}, 3.58)
H*(B(Gsm/T2):Z) = 73, generated by ¢, ¢, c2, .
H® (B(Gsm/T2);Z) = Z*,  generated by ¢, ¢, cjca, cs.
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E? page
6 0 0 0 0
) 0 0 0 0
4 Z / Z3 VA
3 0 0 0 0
2 | Z, Zo (\ﬁzg 74
1 Zs Zg‘,\\\\a Z%ng
0 | z Z g 74
0 1 2 3 4 ) 6

Fig. 3.6 The E? page of the Atiyah-Hirzebruch spectral sequence for G = U(2) x SU(3),
with differentials relevant to the computation of the fourth and fifth bordism groups labelled.

Again, because these are torsion-free and the cohomology groups all vanish in odd degrees,

we deduce from these the integral homology groups,
Hoi (B(Gsm/T2):Z) =2 H* (B(Gsm /T2): 7). (3.59)

Thus far, this appears superficially identical to the case of no discrete quotient considered
above, and indeed the second page of the AHSS is populated by the same groups; however,
the action of the Steenrod squares is subtly different, meaning the action of the differentials
(and, specifically, the maps «, B, and ) is not necessarily the same as above. It turns out that
an important difference shall be in the map y. In particular, since the action of the Steenrod
square on the generators ¢; of H*(BU (n);Z,) = Zs|[c1, . .., cp| is given by [40]

qu(ci) =ciUc+ (i — 1>Ci+1, (3.60)
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we have that its action on the generators of the cohomology ring of B(U(2) x SU(3)) is

Sq*(c}) = ¢,

Sq*(ch) = Uch, »
2 . ( . )

Sq (Cz) = C3

Sq%(e3) = 0.

Notice the second line in particular, to be contrasted with the second line in Eq. (3.44). As
before, this follows from naturality of the Steenrod square.
The differentials relevant to the calculation of Qipm (B(Gsm/T?)) and Qgpm (B(Gsm/T?))

are again given by

a=Sq’ep,
B =S¢, (3.62)
y=Sq’op,

where p denotes reduction modulo 2. Since Sq* : H? — H* maps ) — c’lz, we see that both
o, B map c’l2 — ¢} and others to zero. Moreover, ot maps 2c’12 to zero. So we have, using

similar arguments as before, that
kera = 7%, imo =7,  kerf=(Z,)? imB=7Z,, (3.63)

which is as it was in the previous case.
We now turn to the map 7. The relevant Steenrod square is here

Sq? : H* (B(Gsm/T); Zo) — H® (B(Gsm/T); Zo)
¢ = 2¢% =0mod 2,
(3.64)
c’z — c'l Uc’z,
Cy — C3,

—_——

where the third line should be contrasted with that in Eq. (3.48). So ¥ maps ¢} Uc) — cﬁ72 and
C3 — ¢, while mapping other generators to zero. This gives imy = (Z,)?. Then

E},=—— =0, (3.65)

to be contrasted with the non-zero result in Eq. (3.49). Thus, this entry stabilises, and there

are no non-zero entries on the diagonal p +¢g = 5 of the last page of this AHSS. Hence, we
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deduce
Q" (B(Gsm/T2)) =0, (3.66)

and thus that this version of the SM has no global anomalies, no matter what the fermion
content. One can compute the bordism groups in lower degrees using the same methods as
in the previous example, and one finds no other differences in the results, which are again
recorded in Table 3.1.

We thus arrive at a seemingly curious result; there are no global anomalies in this version
of the SM, for arbitrary fermion content. The reader might wonder what has happened
to the Witten anomaly, and the condition that there must be an even number of SU(2)
doublets in the theory. We discuss the resolution to this puzzle (which also occurs in the
case G = Gsvm/Tg) in §3.4.6. For now, it might be useful to remark on what goes wrong
with the argument of the previous Section, in which we considered a theory with a single
fermion in the spin—% representation of SU(2) (and a singlet under both SU(3) and U(1)), and
claimed exp27in = —1 # 1 on ' x §*. We cannot use such an argument when G = Gsy /T,
because the hypercharge constraints presented in §3.4.1 mean there is no such representation
of the gauge group, because any SU(2) doublet fermion must have odd (and thus non-
zero) hypercharge. We must then take care to ensure that /ocal anomalies associated with

hypercharge cancel, before we turn to the global anomalies. We return to this issue in §3.4.6.

344 OP"™(B(Ggy/T3))

Our approach for tackling this variant of the SM is qualitatively very similar to that employed
for the Z; quotient in the previous Subsection. Recall from §3.4.1 that the gauge group here

may written as
Gsm
I3

One may tackle this variant of the SM using the same methods employed for the Z, quotient

~ U(3) x SU(2). (3.67)

in the previous Subsection. Thus, to avoid repetition, we relegate the calculations for this

gauge group to Appendix 3.C. The upshot is that we find
Q" (B(Gswi/T3)) = L, (3.68)

corresponding to the Witten anomaly associated with the SU (2) factor in (3.67). The lower-
degree bordism groups are tabulated in Table 3.1.

For this gauge group, an alternative fibration exists which we can also use to compute the
bordism groups, based on the Puppe sequence. Reassuringly, using this other fibration yields

the same bordism groups, and we include the details of both methods in Appendix 3.C. We
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will need to employ such a Puppe-induced fibration shortly in §3.4.5 to compute the bordism
groups of B(Gswm/T').

345 Q™ (B(Gsm/Ts))

The Z¢ quotient in the case G = Ggy /T is generated by the element & given by (3.30), and
there is no straightforward way to write the group Gsy/I's as a product, as we did in the
previous two cases. This means a direct attempt to use the AHSS to compute the bordism
groups of Ggny /T seems unlikely to work, given we do not know how the differentials on
the second page act.

Instead, we consider the following fibration!®

73 — U(2) x SU(3) — Gsm/T. (3.69)

This induces the fibration B(Z3) — B(U(2) x SU(3)) — B(Gsm/Ts), which turns into the
following, more useful, fibration after we invoke the Puppe sequence (we here follow a

similar strategy to that used in Ref. [80]):
B(U(2) xSU(3)) — B(Gsm/T's) — K (Z3,2), (3.70)

where K (Z3,2) = B(B(Z3)) is an Eilenberg-Maclane space.
The second page of the AHSS associated with this fibration is given by

E2, =H, (K(Zg,Z) Q5P (B(U(2) x SU(3)))> . (3.71)

While this may look like a rather unwieldy expression, note that the bordism groups
Qgp ™(B(U(2) x SU(3))) are precisely those that we have already computed in our study of
global anomalies for the case G = Ggy /I, as recorded in the second line of Table 3.1. These
groups only feature factors of Z and Z,, and the homology groups of the Eilenberg-Maclane

19We note, to avoid confusion, that there also exists a fibration of the group U (2) x SU (3) over U(2) x PSU (3)
(which cannot be the gauge group of the Standard Model because PSU (3) does not admit a triplet representation)
with the same homotopy fibre. While this fibration would be written using the same notation as (3.69), the
maps are, of course, different.
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space K(Z3,2) valued in Z and Z, are [42]

i 01 2 3 4 5

Hi(K(Z3,2),Z) | Z 0 Z3 0 Z3 O (3.72)

Hi(K(Zg,,z);Zz) Z2 0 0 0 0 O

We can thence compute all the entries (3.71) in the second page of the AHSS. These are
shown in Fig. 3.7.

E? page

5 0 0 0 0
4 Z* Z3 Z3 0
3 0 0 0 0
2 | ZxZy Zs Zs 0
1 Zo 0 0 0
0 Z Zs Zs 0

0 1 2 3 4 )

Fig. 3.7 The second page of the Atiyah-Hirzebruch spectral sequence corresponding to the

fibration (3.70). The entries relevant to the computation of Qgpin (BGsm/T¢) are highlighted,
all of which vanish already on the second page.

Somewhat fortunately (for the sake of being able to perform the computation), all the
entries on the p + g = 5 diagonal relevant for the computation of Qg’pin (BGsm/T¢) vanish
already on the second page. This is just as well, because for this fibration we do not know
any formulae for the action of the differentials (with which to turn to the next page) in terms

).20

of Steenrod squares (or indeed any other operation on (co)homology).©” We thus conclude

20Note that the similar-looking fibration Z, — U(3) x SU(2) — Gsm/T's does not yield such simplifica-
tions, and so cannot be used to compute the relevant bordism group because there are unknown differentials on
the second page. This is roughly because the homology of K(Z,,2) is ‘more complicated’ than that of K(Z3,2).



64 Global anomalies in the Standard Model(s) and Beyond

that .
Q" (B(Gsm/Ts)) = 0. (3.73)

Since all relevant homomorphisms are trivial, all entries E,, ; with p + ¢ < 5 stabilise on
the second page. We can then compute the remaining bordism groups with degree lower
than 5 without ambiguities apart from Qgpin (B(Gsm/T6)) and szin (B(Gsm/T¢)) due to
non-splitting extensions. They are given by

Q3P (B(Gsm/Te)) = e(Z3,Z x L),

Q"™ (B(Gsm/T6)) = e(Z3,e(Z3,Z°)). (3.74)

The notation ¢(A, B) denotes a group extension of A by B, that is, a group that fits into the
following short exact sequence

0—B—¢(A,B)— A —0. (3.75)

We tabulate our results in Table 3.1.

Note added: since this article appeared in preprint form, the Adams spectral sequence
has been used to resolve the ambiguities we found (using the AHSS) in Eq. (3.74) [139]. It
was therein found that

QP (B(Gsm/T)) = Z x Zy. (3.76)

Comparing with our result (3.74), this corresponds to the non-trivial extension
0—ZXZy—7Z XLy — Lz —0, 3.77)

where the first map is multiplication by 3 on the first factor and the identity on the second. In
Ref. [139] it was also found that

Q5P™(B(Gsm/Ts)) 2 24, (3.78)

also corresponding to a non-trivial solution to the extension problem (3.74).

3.4.6 Interplay between global and local anomalies

It is interesting that there are no possible global anomalies in the cases with quotients by Z,
and Zg, whereas in the case of a quotient by Zs (or the case with no quotient at all) there is a
Z, global anomaly which we have identified with the familiar Witten anomaly associated
with the SU (2) factor.
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This might at first appear puzzling. We know that cancellation of the Witten anomaly
in an SU(2) gauge theory, and in the SM, requires n; —ng = 0 mod 2 if there are ny, (ng)
left-handed (right-handed) fermions in SU(2) doublets. More generally, the Witten anomaly
receives contributions from any fermions in SU(2) representations with isospin 2r +1/2,
r € Z. Does the fact that we have computed that there are no such conditions for global
anomaly cancellation in two variants of the SM mean that in these cases we can dispense with
Witten’s condition, and consider extensions of the SM with odd numbers of SU(2) doublets?
The answer is no, due to a subtle interplay between global and local anomaly cancellation,
which we now describe.

The key point is that taking discrete quotients of Gsy changes the set of representations
that fermions can carry, since every fermion must be in a bona fide representation of the
group G. This leads to constraints on the possible hypercharges for fermions transforming
as electroweak doublets. As we derived in §3.4.1, when we quotient Ggy by Z, or Zg, any
field transforming in the (j,q) representation of the SU(2) x U(1) factor must satisfy the
isospin-charge relation

g =72jmod 2. (3.79)

Of course, one is free to perform an overall rescaling of all the U(1) charges in the theory,
so the precise statement is that there must exist a normalisation of the U(1) gauge coupling
such that the charge constraints (3.79) are possible. We assume such a normalisation for the
U(1) charges in the following.?!

Now consider the cancellation of local anomalies. Suppose we have N; fermions trans-
forming in the SU(2) representation with isospin j, and that these have charges denoted
{qg.a)}, where a = 1,...N;, and qga) = 2jmod 2. We assume that all fermions have left-
handed chirality. The SU(2)? x U(1) anomaly coefficient is then proportional to

N;
Y)Y 4" =0, (3.80)
j a=1

where the sum over j is over the different values of isospin, and 7'(j) denotes the Dynkin
index (defined such that Tr (t;‘tj?) = 1T(j) 8, where {9} denotes a basis for su(2) in the
isospin— j representation), which is given by the formula

T(j)=3iG+ D)+ 1), G.81)

2INote that the local anomaly cancellation equations are homogeneous polynomials in rational charges, and
thus are properly defined on a projective rational variety; thus, we are free to fix an overall normalisation as we
wish.
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This formula implies that 7'(j) is odd when j = 2r+1/2, r € Z, and is even otherwise.
When the anomaly condition (4.16) is reduced mod 2, only the contributions to (4.16)

from isospins 2r + 1/2 remain, since it is only these irreps for which both 7'(j) and the
(a)

charges g are necessarily odd. We thus obtain

Y Nj=0mod2. (3.82)
j€2Z+1/2

In other words, in the theories with gauge groups Gsy /I or Gsy/Ts, the total number of
fermions transforming in isospin 2r + 1 /2 representations must be even, in order for the local
SU(2)? x U(1) anomaly to cancel — even though there is no global anomaly in either of these
cases. This is equivalent to the condition, in the SU(2) x U(1) case, that the usual Witten
anomaly vanishes. This anomaly interplay will be explored more deeply in Chapter 4.

3.5 A generalisation of the SM

The Standard Model with gauge group Gsv = SU(3) x SU(2) x U(1) is the starting point of
a 2-parameter family of anomaly-free chiral gauge theories [137, 96]. The gauge group for
this family of generalised Standard Model theories is

Gosm = SU(N) x Sp(M)x U(1), N >2andodd, M > 1 (3.83)

It will be shown in Chapter 5 that theories in this family have the same phase structure as the
Standard Model when one varies the relative strength between the strong force and the weak
force. It is also not far-fetched to assume that this family of theories exhibits similar features
in the infrared. This generalisation subjects the Standard Model to the framework of large-N
expansion, which could potentially be used to analyse the dynamics of this family of chiral
gauge theories perturbatively in a more controlled fashion.

The left-handed doublets of fermions that couple to the weak force in the Standard Model
now become 2M-tuplets in the fundamental representation of Sp(M). Since there are N + 1
chiral fermions in the fundamental representation of Sp(M), we need N to be odd to cancel
the Z, global anomaly. In order to have sufficient number of chiral fermions to cancel the
local anomalies, the right-handed fermions must proliferate, and we end up with M copies
each of right-handed electrons E, right-handed down quarks D, right-handed up quarks
Ug, and right-handed neutrinos N, with ¢ = 1,..., M. There are also M copies of the Higgs
field, Hy. The matter content of this generalised theory and its representations under the
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gauge group Ggsym 18 given in full in Table 3.2. The simplest case with M =1 and N =3
gives the Standard Model.

u() Sp(M) | SU(N)
Q +1 2M N
L —N 2M 1
DS || Qa—1)N—1 1 N
Ug | —Qa—1)N—1 1 N
E¢ 20N 1 1
NS || —(Qa—2)N 1 1
Hyg (2a—1)N 2M 1

Table 3.2 Matter content in the generalised Standard Model. In this table, the boldface
characters denote the dimensions of the respective representations, with 2M denoting the
fundamental representation of Sp(M) and N denoting the fundamental of SU (N).

The hypercharges given in Table 3.2 are chosen so that the theory is free of local
anomalies, and the theory is moreover free of Witten anomalies associated with the Sp(M)
factor. It is natural to ask whether this generalisation is really consistent for every (N, M)
by considering our more general criterion for global anomalies, detected by Q?p in (BGgsm)-
Fortunately, we do not need to repeat our calculation of the spin bordism group for this new
gauge group as it is the same as the calculation in §3.4.2. To see this, first recall that the

relevant entries on the second page of the AHSS are given by
E2, = Hy(BSU(N) x BSp(M) x BU(1); 25" (pu))

with p + ¢ < 6. The Kiinneth theorem for homology then tells us that these entries depend
only on H,(BSp(M)) and H,(BSU(N)) with r < 6. But note that the homology groups in
low dimensions of BSp(M) and BSU (N) are given by,

H,(BSp(M);Z) = {Z,0,0,0,Z,0,0,...},
H,(BSU(N):Z) = {Z,0,0,0,Z,0,Z,...}.

which are the same as those of SU(2) and SU (3), respectively. Therefore, the relevant entries
on the second page of the AHSS are still given by Fig. 3.5. Moreover, the action of the
Steenrod square on the generators of lowest degrees of the cohohomology rings of BSp(M)
and BSU (N) are the same as in the Standard Model case, giving rise to the same relevant
differentials in Fig. 3.5. The calculation given in §3.4.2 then goes through unaltered. We
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then have that
Q" (BGasm) = Zs (3.84)

implying that there is no additional global anomaly except the usual Witten anomaly associ-

ated with the Sp(M) factor of the gauge group (for any choice of M).

oo
Q™" (BG)

G 0 1 2 3 4 5

SUN)xSp(M)xU(1),N>2|Z Z, ZxZy, 0 Z* 7,

Table 3.3 The bordism groups pertaining to a generalisation of the SM gauge group.

3.6 Global anomalies in BSM theories

In this Section, we show how to extend these methods to compute whether there are any
potential global anomalies in BSM theories, by considering various popular examples. Firstly,
we consider extensions of the SM by an arbitrary product of gauged U (1) symmetries (such
as in theories featuring heavy Z’ gauge bosons). We then turn to a number of grand unified

theories, namely the Pati-Salam model and two trinification models.

3.6.1 Multiple Z’ extensions of the SM

We consider a four-dimensional gauge theory with gauge group
Gn=U(1)"xSU(2) xSU(3), m>72, (3.85)

corresponding to an extension of the (usual) SM gauge group by arbitrary U (1) factors, with
a priori arbitrary fermion content. The corresponding Z’ bosons in such a theory have been
posited to address many phenomenological questions — for a review, see e.g. Ref. [95]. We
will compute whether there are potential global anomalies in such a BSM theory.

The cohomology ring for BG,, is

H* (BGu; Z) = L [x1,...,.%m,ch,c2,¢3] (3.86)

where x; is the first Chern class associated with the kth U (1) factor, and the remaining Chern

classes are defined as in Eq. (3.40). In particular, we have the following low-dimensional
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cohomology groups

H°(BG,;Z) = Z,

H* (BG,;Z) =7,

H*(BG;Z) 27", m = (3.87)

HO (BG:Z) 27", m"

2
(m;r )—|—2m+1,

with all cohomology groups in odd degrees vanishing, which of course coincides with the

SM case when m = 1. Again, these groups are isomorphic to the corresponding groups in

homology, with which we can deduce the entries Equ of the AHSS, which are shown in

Fig. 3.8.

We task ourselves here with the computation of Q3P (BG,,), which measures the potential

global anomalies in the four-dimensional gauge theory we are interested in from the point

of view of BSM. The relevant entries of the AHSS, lying on the p + g = 5 diagonal, are

highlighted in Fig. 3.8. To turn to the third (and thence fourth) page, we thus need to compute
the differentials here labelled o and f3.

E? page

0 0 0
" v A

0 0 0
Z?ng’ zy"
Zy v "’

S

zn z AL

E* page

) 0
4 Z
3 0
2 Zo
1 Zo
0 Z
0 1

Fig. 3.8 The E? and E* pages of the Atiyah-Hirzebruch spectral sequence for G = G, =
U(1)" x SU(2) x SU(3) with all elements and differentials relevant to the calculation of

QP" highlighted.
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This is again similar to the case of the SM considered above. The map f is the dual to
the Steenrod square
Sq* : H? (BGyp; Zy) — H* (BG 3 Zs)

X r—>xl~2,

(3.88)

so the kernel of 3 is spanned by ¢3, cﬁ72 and ;Jx/j with i < j. Hence ker 8 = (Zz)%m(’"_l)“.

To calculate imear, where o = Sq° o p, we first look at the corresponding Steenrod square

Sq? : H*(BG; Zy) — H® (BG 3 Zs)
x? — 2x? =0 mod 2,
XiXj > X7 4 X5, (3.89)
Cy — C3,
ch 0.

Thus the image of Sq?, and also of ¢, is spanned by ¢, and xixj, for i < j. Thus imer =
(Z3) smm=1)+1, Taking the quotient then yields

E}\=Ej, =7, (3.90)

On the E4 page (see Fig. 3.8) the only relevant differential must be trivial as it is a homomor-
phism from Z, to Z, so the (4, 1) entry stabilises to Ey’| = Z and it follows that

QP" (B(U(1)" x SU(2) x SU(3))) = Zs, (3.91)

where we can again identify the potential global anomaly in this theory with the Witten
anomaly associated to the SU(2) factor. Thus we find that there are no potential new global
anomalies associated with extending the usual SM gauge group by an arbitrary torus, and
indeed by arbitrary fermion content coupled to such a gauge group. There have been a
number of recent studies [59, 6, 46] attempting to classify the space of U(1) extensions of
the SM that are free of local anomalies; here, we show that all such models are automatically
free also of global anomalies, provided of course that there is no Witten anomaly associated
with SU(2). It is also straightforward to calculate the lower-degree bordism groups for this
example, which we simply tabulate in the first line of Table 3.4. We find that the additional
U (1) factors do indeed affect the bordism groups in lower degrees, in particular in degrees
two and four.
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QP"(BG)

G 0 1 2 3 4 5
UY"xSUQ)xSUB3) |Z Z, Z"xZ, 0 Z3mm+) 7,
SU4)xSUQR)LxSUR)r | Z Z 7y 0 A 73
SUB)exSUB) L xSUB)r | Z 7o 7y 0 Z4 0
SU(3)¢ x SU SU

Bex ZQLX O 7 7, Zox7: 0 ZrorZixZs 0

3

Table 3.4 Summary of results from our bordism computations of relevance to BSM physics.
The first row corresponds to theories with multiple Z’ bosons, the second row to a Pati-Salam
model, and the last two rows to trinification models.

3.6.2 Pati-Salam models

Here we consider the simplest incarnation (for our purposes) of the Pati-Salam model, in
which the SM gauge group is embedded in the larger group

PS = SU(2), x SU(2)g x SU(4). (3.92)
The cohomology ring for B(PS) is
H*®*(B(PS);Z) = Z [C%,C2,62,63,C4} (3.93)

where cé/ R denote the second Chern classes of the SU ()& factors, and ci denotes the ith
Chern class of SU(4). A notable difference between this example and all those considered
previously is that the second homology group is here vanishing. This only serves to simplify
the computation of the AHSS, and so we choose to omit the details for brevity. The upshot is
that we find

Q™ (B(PS)) = Zy x 7. (3.94)

We identify the two Z;-valued global anomalies with the Witten anomalies associated with
each SU(2) factor in the Pati-Salam group, a result that follows straightforwardly from
Witten’s original arguments. We quote the remaining results of our calculations for all
bordism groups Q21 (B(PS)) in Table 3.4.

We note in pass_ing that there are variants on the Pati-Salam gauge group that involve
various discrete factors, which complicate the computation of the bordism groups. For
example, left-right symmetric models have been proposed in which G = PS X Z,, and there
are also models featuring a quotient by a Z, subgroup. Unfortunately, neither of the bordism
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computations for these gauge groups succumb to attack using the simple fibrations considered

in this Chapter.

3.6.3 Trinification models

In trinification models of grand unification[77], the underlying gauge group is either

SU(3)C X SU(3)L X SU(3)R
Zs ’

G=SUB)cxSU3)LxSU(3)g or G= (3.95)
where the Z3 quotient is the diagonal subgroup of the (Z3)? centre symmetry. In both cases,
the SM quarks are packaged into representations (3,1,3) and (3,3,1), with the leptons
transforming in the (1,3,3). The model also contains multiple Higgs fields transforming in
the (1,3,3) representation (each of which contains three SM-like Higgs doublets), needed to
break the gauge symmetry down to a SM subgroup; the first option in (3.95) is broken down
to Gsm/I», while the second is broken to Gsy/I's. Like Pati-Salam models, trinification
models are attractive in part because all the gauge, Yukawa, and quartic couplings in the
lagrangian can be run to arbitrarily high energies without hitting any Landau poles, thereby
exhibiting ‘total asymptotic freedom’ [106].

No quotient

To find out whether there are potential global anomalies when the gauge group is SU(3)3, we
compute szm (BS U (3)3). Since the method is very similar to that used in previous Sections,

we will only quote the results here to avoid repetition. We find

i 01 2 3 4 5

QPNBSU(3)) | Z 7y 7y O Z* 0.

Since Qgpin (BSU(3)?) =0, the trinification models based on this gauge group are free of
any global anomalies, regardless of the fermion content.
Z3 quotient

Now let us consider the option involving a permutation symmetry among the three SU (3)
factors, i.e. where G = SU(3)?/Z3. We have the fibration Z3 — SU(3)? — G, which we can
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E? page

) 0 0 0 0
4 74 Z3 73 0
3 0 0 0 0
2 Lo 0 0 0
1 Lo 0 0 0
0 A L3 Ls 0

0 1 2 3 4 )

Fig. 3.9 The E? page of the Atiyah-Hirzebruch spectral sequence for trinification models
featuring a Z3 quotient of the gauge group.

use the Puppe sequence to turn into the following fibration
BSU(3) — BG — B*Z3 = K(Z3,2). (3.96)

Using this fibration, we can now form the AHSS to find Qgpin (BG). The second page, as we

have seen so many times, is given by
E2, = H, (K(Z3,2), 05" (BSU(3)%))

which can be constructed using the results for QS

pir (BSU(3)?)), which were already calcu-
lated in this Subsection. It is displayed in Fig. 3.9. One can see immediately that all entries

with p 4+ g = 5 stabilise already at this page. We can again conclude that

Qgpi“ (B (SU(3)C X SUZ:%)L X SU(3)R)) _o.

The other entries with p 4 g < 5 also stabilise on this page because all relevant homomor-

phisms are trivial. The spin bordism groups of lower degrees can be calculated uniquely
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apart from Q" which involves non-splitting group extensions. It is given by

sttpin (B (SU(3)C X SUZ<33)L X SU(3)R))

I

e(Z3, 7). (3.97)

The full results are given in Table 3.4.

3.7 (B)SM theories with spin, structures

Part of the motivation for the bordism-based criterion for anomaly cancellation that we have
used in this Chapter is the desire to define the SM (or our favourite BSM extension) on
arbitrary four-manifolds, or at least within some suitable class of four-manifolds. Such a
requirement can be motivated by locality, and is certainly a requirement in a quantum theory
of gravity in which the geometry (and thus topology) of spacetime cannot be held fixed.

In order to define fermions, one needs to equip spacetime with a spin structure, or a
variant thereof with which to stitch together locally-valued spinor fields into globally-defined
ones. It is well known that not all orientable four-manifolds admit a spin structure (with
CP? being a well-known example of an orientable four-manifold that is not spin). The
obstruction to being spin is measured by the second Stiefel-Whitney class which takes values
in H>(X;Z,). While H?(X;Z,) = 0 for all orientable manifolds in dimension three or fewer,
it does not vanish for all four manifolds. One might therefore ask whether the SM and related
theories we have explored in this Chapter can be defined on all orientable four-manifolds, by
not assuming the presence of a spin structure. We invite the reader to consult Appendix 3.A,
in which we provide more details regarding the definitions of spin structures and the like.

As we noted in §4.5, in the presence of a U(1) gauge symmetry it becomes possible to
define spinors using only a spin, structure on spacetime. The transition functions on a spin,
bundle over an oriented four-manifold ¥ are valued in the group Spin.(4), which can be
defined by the short exact sequence

0— U(1)4 — Spin,(4) — SO(4) — 0, (3.98)

where U (1), denotes a gauged symmetry. Since all orientable four-manifolds admit a spin,
structure (the obstruction here being in the third Stiefel-Whitney class), one can in principal
try to define a four-dimensional gauge theory on all orientable four manifolds by using a
spin, structure. These observations were first made back in 1977 [85], motivated by the
authors’ desire to define a theory of quantum gravity on all orientable spacetimes.
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In order to define all fermions using a spin, structure, for a particular non-abelian
gauge theory (such as one of the SMs), requires there exists a U(1) subgroup of the gauge
symmetry, here denoted by U (1)4, such that all fermions in the theory transform in bona fide
representations of the group (3.98). Using similar arguments to those given in §3.4.1, this
results in constraints on the allowed U (1) charges of fermions, which here depend on their
spin. We begin our discussion by recapping what these ‘spin-charge relations’ are, which
was recently discussed (in the context of defining similar theories on spin. manifolds) in
Ref. [122].

3.7.1 Spin-charge relations

To derive the spin-charge relations, we require that the SM fermions transform in bona fide
representations of both Spin_.(4) and G, where G is one of the four SM gauge groups listed
in Eq. (3.1). It is here helpful to write

Spinc(4) ~ Spln(4) X U(I)A ~ SU(Z)L X SU(Z)R X U(I)A

2L L ’

(3.99)

A Weyl fermion transforms in the (,0) or (0,3) representation of the SU(2), x SU(2)g
factor. So, when considering Weyl fermions we may restrict our attention to a subgroup of
Spin,.(4) isomorphic to
SUR2)xU(1)a
L

Thus, by the same argument we used in §3.4.1, one deduces that there exists a normalisation

~U(2). (3.100)

of charges such that all Weyl fermion have odd charges under U (1),, in order to define the
theory using this spin, structure.

The question then is, is there any U(1)4 subgroup of G in which all the SM fermions
have odd charges? It turns out the answer is no. To see why, consider U (1), to be generated
by

X =aY + bl +cT; +dTy, (3.101)

where Y is the generator of hypercharge,
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is the Cartan generator of (electroweak) SU (2),

1 0 O 1 0 O
T3 = 0 -1 0 and Tg = 0 1 0
0O 0 O 0 0 -2

are the Cartan generators of SU(3) (in a non-standard normalisation which is convenient for
our purposes). Eq. (3.101) defines a general U(1), subgroup of G. %2

We then need to decompose all the SM fermion fields into eigenstates of (3.101). To
wit, consider the left-handed doublet of quarks, Q. This needs both an SU(2) index (which
we denote by an upper Greek index a € {1,2}) and an SU (3) index (which we denote by a
lower Latin index i € {1,2,3}). In this notation, Q; denotes 2 x 3 = 6 Weyl fermions. We
thus denote the SM fermion content by the fields {Qf, L%, U;, D;, E}, which number fifteen
in total.

The charges of all the SM fields under the generator (3.101) are then

Field Charge
ol la+b+c+d
0} la—b+c+d
0 la+tb—c+d
Q% a—b—c+d
ol | a+b-2d

Q} | a—b-2d
L! —3a+b
- _3Zj:b (3.102)

U, 4da+c+d
U, da—c+d
Uz 4a—2d
Dy —2a+c+d
Dy, | —2a—c+d
D3 —2a—2d
E —b6a

22Different inclusions of U(1) in the non-abelian factors are related to our choice simply by a change of
basis.
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There are no rational values for a, b, ¢, and d such that all the charges in this table are
odd numbers. To see why, note firstly that the oddness of the charge of e requires that
a = (2n+1)/2. But then there is no value of d such that both d3 and u3 have odd charge.
We hereby see the restrictiveness of the spin-charge relations: there is in fact no U(1)
gauge symmetry in the SM which one can use to define the theory using a spin,. structure. This
fact was pointed out in Ref. [74]. Hence, given only the gauge symmetries and the fermion

content of the SM, one cannot define it on all four-manifolds using a spin, structure.??

3.7.2 Gauging B—L

One can instead define a theory on all orientable four-manifolds in which the SM gauge
group is extended by an additional U(1) gauge symmetry for which the spin-charge relations
are satisfied, such as gauging B — L,* where B is baryon number and L is lepton number.
Under U(1)p_y all the SM fermions have odd charges (either —1 or 3), and so this gauge
symmetry can be used to define a spin. structure [74].

Of course, B— L is free of local ABJ-type anomalies. Here we consider global anomalies
in SMxU (1) theories defined on all spin, manifolds, such as gauged B — L, by computing
the bordism groups Q?p in (BG), for the SM gauge groups listed in Eq. (3.1). These bordism
groups can be computed using the AHSS associated to a fibration of the form F — BG — B.
For example, given the ‘trivial’ fibration pt - BG — BG, the second page of the AHSS is
now

E2, = Hy(B; Q"™ (F)), (3.103)

where the bordism groups of spin. g-manifolds equipped with maps to a point are [28]

g 0123456 7 8 9 10

; (3.104)
QP (pt)|Z 0 Z 0720 7> 0 Z* 0 Z*

23 Note that it may still be possible to define the SM consistently on all four-manifolds, but using an even
weaker structure than spin.. For example, one may use a spin—SU (2) structure, or a spin—H structure in
general where H is any subgroup of G. We do not consider such possibilities here.

24We note that, in this setup, the vector field A u that couples to B — L is not technically an abelian gauge
field, since its field strength will not satisfy the Dirac quantisation condition (the corresponding Chern class is
only half-integral). Thus, it is not technically correct to describe such a theory as a theory with gauge symmetry
Gsm x U(1). Rather, the vector field A u defines a spin, connection on X.
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Interestingly, these groups do not feature any torsion, and moreover they vanish in all odd
degrees, at least up to Qgpm" (pt). It then follows immediately that

QP (BGgp) = Q7™ (BGspm/T2) = QoM™ (BGsm/T3) =0 foralloddd <9,
(3.105)
because non-zero entries in EIZ,, 4 can only appear when p + ¢ is even (since H), (BG;Z) also
vanishes in all odd degrees for these gauge groups). In particular, these groups vanish in
degree d = 5, so there are no possibilities of global anomalies in any of these theories.
The case where G = Ggp /T is only slightly less straightforward. We may as before
proceed via the Puppe sequence to deduce the fibration

B(U(2) xSU(3)) — B(Gsm/T's) — K(Z3,2), (3.106)
and write down the corresponding AHSS, from which one immediately sees that
Soi
Q"™ (BGsm/T6) =0, (3.107)

so again such a theory is automatically free of global anomalies. These conclusions hold

when the SM fermion content is extended arbitrarily.

Appendix 3.A Spin structures and the like

In this Appendix, we consider fermions defined on a p-dimensional smooth spacetime
manifold X7. Fermions are usually defined to be spinors on X”. Defining spinors requires a
spin structure on spacetime. To explain what a spin structure is, we first assume that X7 is
orientable. A spinor is then a section of a so-called spinor bundle over X7, whose structure
group is the group Spin(p), the double cover of SO(p) (which is the structure group of the
tangent bundle). What this means is that two locally-valid descriptions of a spinor field, ¥
(defined on an open set Uy, of £¥) and lP[g (defined on U [5), are related by Wy = Ty, B ‘Pﬁ, for
some matrix Ty € Spin(p) defined on the double-overlap Uy UUp = Uy 25 In order to be
able to define spinors globally, we must be able to piece together locally-valid descriptions
on open sets {Uy } consistently. This requires a set of Spin(p)-valued transition functions
defined on every double overlap Uy g, which moreover satisfy a consistency condition on
triple overlaps, viz. Tog - Tgy - Tya = 1 0n Uggy. A consistent set of {Taﬁ} is called a spin
structure on X7.

25The spin-valued matrices Typ are moreover obtained by lifting the transition functions from the tangent
bundle, which are valued in the (orientation-preserving) structure group SO(p).
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Not every Riemannian manifold admits such a collection of Spin(p)-valued transition
functions that satisfy the consistency condition. An orientable manifold admits a spin
structure, which can be used to define spinors, if and only if both the first and second Stiefel-
Whitney classes (which take values in H'(XP;Z,) and H?(XP;Z,) respectively) vanish. If
this is the case, X7 is called a spin manifold. For example, all orientable manifolds in
dimension p < 3 are spin; whereas four-manifolds are not, necessarily. The Spin(p)-valued
T, B then define transition functions on a vector bundle S — X7, called a spinor bundle, of
which a fermion field is a section.

This is not the only way to define a geometric object which behaves as a fermion. If
spacetime is non-orientable, alternative structures (called pin structures) may still be used
to define an analogue of the spinor,”® and hence to define fermions. The idea here is very
similar to defining spinors in the case that ¥” was orientable, except that now the transition
functions of the tangent bundle are valued in O(p), rather than SO(p), because they need
not preserve orientation. Consequently, the structure group of the ‘pinor’ bundle is a double
cover of O(p), which is called a Pin(p) group. But now there is not just one such double
cover of O(p), but two possible choices called Pin™ and Pin~, as follows. One may choose
a spatial reflection R to satisfy R? = 1 when acting on spinors, which defines the double
cover Pin™, or choose R? = —1, which defines the double cover Pin~. A pin structure is
then defined in a similar way to a spin structure; the O(p)-valued transition functions of the
tangent bundle are lifted to (say) Pin™-valued functions, which must satisfy a consistency
relation on triple overlaps. A non-orientable manifold that admits a (say) pin™ structure is,
not surprisingly, called a pin™ manifold. Again, there are topological obstructions (involving
Stiefel-Whitney classes) to defining such pin structures, which are different for pin™ and
pin~ structures. Notably, every non-orientable 2-manifold and 3-manifold admits a pin™
structure, but not necessarily a pin™ structure.?’

In both the orientable and non-orientable cases, one may in fact still define fermions
using weaker structures on X7, provided there are additional gauge symmetries acting on the
fermions. For example, a manifold that is not spin may nonetheless admit a spin, structure,
which is defined analogously to a spin structure, but where the transition functions can be
valued in the Spin_(p) group rather than Spin(p). The group Spin,(p) can be defined by the
short exact sequence 0 — U (1) — Spin.(p) — SO(p) — 0; in an intuitive sense, this “allows”
the transition functions to vary by a (local) U(1)-valued phase, which can be used to “stitch
together” transition functions where a spin structure might not be possible. If a fermion is
acted upon by a U(1) gauge symmetry, then it is invariant under such local U (1) rephasings,

2%Tn the unorientable case, the fermion might better be called a ‘pinor’.
?TFor example, the manifold RP? admits only pin~ structures.
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and so will be well-defined using only the spin. structure. The obstruction to a manifold
admitting a spin, structure now lies in its third Stiefel-Whitney class valued in Z (rather
than Z,). Importantly, all orientable manifolds in dimension p < 4 are spin..® Analogously
defined pin, structures may be used to define fermions on non-orientable spacetimes with a
U(1) gauge symmetry.

Appendix 3.B  Computation of He(K(Z3,2),7Z)

In Ref. [74], a theorem from Ref. [108] was used to show that the homology groups
Hi(K(Z3,2);Z) are given by where C is an abelian group of exponent less than or equal to 6,

i 01 2 3 4 5 6
H' (K(Z3,2);Z) |Z 0 Zz 0 Zz 0 CxZo

Table 3.5 Integral homology groups of K(Z3,2)

i.e., the degree of any element in C does not exceed 6. This means that, a priori, it has the

form
C= I X I x I < 7l x 7 (3.108)

with h; > 0. We will use the Serre spectral sequence to show that C must be of the form
C =173, n > 0. (3.109)

Recall that for a fibration F — X — B, the (p,q) entry on the second page of the Serre

spectral sequence is given by [83]
E;  =H,(B:H,(F)), (3.110)

where we use the shorthand notation H,(F) = H,(F;Z,). The spectral sequence converges
to He(X), that is, the homology groups of X is determined from the last page of the spectral
sequence by?’

n
H,(X)=PE;, , (3.111)
p=0

Z8Even ‘weaker’ structures have been used to define fermions on general spacetimes in the quantum gravity
literature, using the idea of spin-G structures for various Lie groups G [27, 26]. The use of spin-SU (2) structures,
for an SU (2) gauge theory, has recently been used to derive a new kind of global anomaly [143].

2To be precise, we need to phrase this in terms of filtrations, and solve extension problems to determine the
homology groups. However, since the spectral sequence we are interested in converges to 0 for p+¢q > 0, as
we shall see momentarily, it follows that all extensions split.
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Just like in [74], we consider the fibration
K (Z3,1) — * — K (Z3,2) (3.112)

where « is a contractible space. The second page of the Serre spectral sequence is given in
figure 3.10.

E? page
6 | 0 O 0 0 0
5 | z/3 7/3 Z)3 7/3 73
4| 0 O 0 0 0
3 | z/3 Z/3 Z)3 Z/3 73
2 | 0 0, 0 0 0
1 | z/3 7/3 Z/\B\ Z/3 Z/3
0 | z Z/3 0 Z/3 0 Oxz/9
o 1 2 3 4 5 6

Fig. 3.10 The E, page of the Serre spectral sequence for the fibration (3.112)

Since H;(x) = 0 for i > 0, any entry in the Serre spectral sequence apart from E( o must
stabilise to 0. In particular, the entry Eg o must stabilise to 0. Since the differential é acts
trivially on Z,, Z4, and Zs, these factors would be present in Eg‘: o unless hy = hy = hs = 0.

We can also see that g = 0 by a similar argument. Suppose that g # 0. Let dg be a
homomorphism from Zg¢ to Z3. There are three choices depending on where it sends the
element 1. The first choice is d(1) = 0, which is the trivial homomorphism, in which case
the kernel is Zg. The second choice and third choice are sending 1 to 1 or 2, both of which
result in the same kernel: ker 9 = Z,. In subsequent pages, the homomorphisms from the
(6,0) entry go into either 0 or Z3, and can never result in a trivial kernel. Therefore, Eg‘:o #0,
which is a contradiction. Hence hg = 0. This is enough for our purpose: we have determined
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that
He(K(Z3,2);Z) = 75 X Zo, n>0. (3.113)

Appendix 3.C Two derivations of the fifth spin-bordism group
of

In this Appendix we give the details of the computation of the spin bordism groups of the
SM quotient by Z3. We present two methods, associated with two different fibrations.

Method 1

Firstly, we use the AHSS associated to the fibration
pt—U3) xSU(2) - U(3) xSU(2), (3.114)

for which the second page of the AHSS is given by El% g =Hp(B(U(3) xSU (2));Qgpin (pt)).
The relevant cohomology rings are

H*® (BU(3);Z) =Z]cy,c2,c3]

(3.115)
H* (BSU(2);Z) ~7Z|c})

where ¢;, ¢} are the ith Chern classes for BU (3) and BSU (2), respectively. From this, together
with the Kiinneth formula in cohomology, we find that H?(B(Gsy/T'3)) is generated by
c1, H*(B(Gsm/T3)) by c%,cz,c’z, and H®(B(Gsm/T3)) by c?,clc’z,clcz,cg, and again the
absence of torsion means these cohomology groups are isomorphic to the corresponding
groups in homology.

We again form the AHSS associated to the trivial fibration over a point. The entries on
the second page of the AHSS are identical to those of the previous two cases, albeit with
different action of the differentials, so we choose not to reproduce the diagram for a third
time. Again, the difference to the previous cases shall enter in the action of the differential
labelled 7.

The differentials relevant to the calculation of Qipin (B(Gsm/T3)) and Qgpin (B(Gsm/T3))
may be labelled precisely as in Eq. (3.62) above. Since Sq? : H> — H* maps cy = c%, we
see that both o, B maps c% +— ¢1 and others to zero, and moreover ¢ maps ZC% to zero as
before. So we again have ker o 73, imo = 7, ker f = 72, and imf = 7Z,.
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We turn to the action of y. The relevant Steenrod square is here

qu . H4 (B(GSM/F3);Zz) — H6 (B(GSM/F3);Z2)
¢ —2¢i =0mod 2,
(3.116)
ch 0,

cy— c1cr+c3.

So ¥y maps ¢¢; — ¢; and ¢3 — ¢, while mapping other generators to zero. This gives

imy = Z,, and hence

E} =—— =17, (3.117)

and this entry stabilises. This is the only non-vanishing entry on the p 4+ ¢ = 5 diagonal, and
so we find
QP (B(Gsm/T3)) = Zo. (3.118)

Since the discrete Z3 quotient is here embedded ‘orthogonally’ to the SU(2) factor in G,
we feel safe in suggesting that this Z, captures the Witten anomaly coming from the SU(2)
factor. As for the previous example, the lower-degree bordism groups are unchanged (see
Table 3.1).

Method 2

We provide here an alternative proof that Q?pin (B(Gsm/T'3)) = Z; using an alternative
fibration,
Z3 — Gsm — Gsm/Ts. (3.119)

After we apply the Puppe sequence, this fibration turns into
BGSM — B(GSM/Fg,) — K(Z3,2) (3120)

Using the results for the homology groups of K(Z3,2) up to degree 6 given in Appendix 3.B,
we can work out the E? page of the Atiyah-Hirzebruch spectral sequence, given in Figure
3.11. Moreover, we can deduce that the differential d in the E°© page must be trivial, since it
is a homomorphism from a product of Z,, factors with m odd to Z,. All the entries E, ;, with

p+¢q =5 now stabilise, and we can read off the spin bordism group as
Q" (B(Gswi/T3)) = L, (3.121)

as claimed.
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E? page ES page
5 Ty o 0 0 0 5 Zo
'\
4 | 74 Z3 Zi 0 4
3 0 0 0 0 3 p
2 ZX L Z3 Zs 0 2
1 | Z 0 0 0 1
0 Z Zs Zs 0\ ) \Z;‘ XZy () VAU
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Fig. 3.11 The E? and E® pages of the Atiyah-Hirzebruch spectral sequence for G = Gy /T3
from the fibration (3.120).

Appendix 3.D Decomposing U (n) irreducible representa-

tions

The purpose of this Appendix is to decompose an irreducible representation of U(n) =
%ﬁ(l) in terms of the U(1) charge and SU (n) irreducible representation using character
theory, from which we extract the charge constraints presented in §3.4.1.

Let G be a group and V a d-dimensional representation of G. An element g € G is
represented by a d x d matrix Ry (g). The character of g in the representation V, denoted by

xv(g), is defined by
1

~ dimV

(We use the normalised character where we have yy (e) = 1 for all finite irreducible represen-

v (g) Tr Ry (g). (3.122)

tation V.) From this definition, it is easy to see that the character of g is a class function, that

is, it only depends on the conjugacy class of g

av(g) = xv(hgh™),  foranyhe G (3.123)
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We now specialise to the case G = U (n). Since any unitary matrix can be diagonalised

by a unitary matrix, any element g € U(n) is conjugate to a diagonal matrix of the forms
g~ dlag (Z17Z27"'7Zn)7 |Zi|:1’ (3124)

Therefore, a U (n) character can be thought of as a function xg sy C, where T" is the
maximal torus of U (n).
Characters of irreducible representations of U (n) are given by a certain type of symmetric

functions called Schur’s functions. Let A = (4,45, ...,4,) be an array of integers satisfying
M>Ah>...>A. (3.125)

Note that if A,, > 0 this is the partition A of the non-negative integer |[A| =A; +... 4+ A4,. In
fact, we can write A in terms of an integer m and a bona fide partition g = (U1,..., Uy—1),
with y; € Z and

My > Mo > o> Uy >0, (3.126)

by writing A; = m+ y; fori=1,...,n—1 and A, = m. We denote this decomposition by
A = (m)"+ pu. pu can be represented by a Young diagram consisting of |¢t| boxes in total,

with m; boxes in the i row. We now define Schur’s function in n variables z = (z1, ..., z,)
by
A+n—1 A+n—1
ZlH—n . an-l-n
Ar+n—2 Ar+n—2
le—i-n . an—i-n
Zf*’ R
s;.(2) = - (3.127)
n—1 n—1
Zl DAY Zn
2 22
7 2

The irreducible characters X‘I,J (n) (z) of U(n) are precisely the Schur functions s (z) [135].
One gets a similar result for the irreducible characters of § € SU (n). Since detg = 1, it is
conjugate to the diagonal matrix of the form

g~ diag (yi,y207 ' ¥355 e Yn1 Dy 00 ) (3.128)
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Any irreducible representation of SU (n) can be labelled by a partition y, and the associated

character is given by

SU _ -
A RICTI =sp1y207 1Y v ) (3.129)
where y;, i = 1,...,n— 1 parametrises the maximal torus 7! of SU (n).

A U (n) irreducible representation labelled by A = (m)" + i can be written uniquely in
terms of the SU (n) irreducible representation V(A ) and the U(1) charge g(A) as follows.

(V(4),4(4)) = (s, nm+ |p]). (3.130)

To see this, we first write g € U(n) in terms of a U (1) element ¢ and an element § € SU (n)
as g = €. Then the coordinates z of 7" is given in terms of 6 and the coordinates y of
Tnflby

0

] 10 —1 17} —1 0. —1
z=e%z1, n=€"My[, ., —1=€"Yn1Y, 9 w=e"y ;. (3.131)

In the representation (q,V), g is represented by /4Ry (g). This can be phrased in terms of

characters as

__ iq6

) ey vz0) = 9

CITRE (3.132)

By direct substitution of (3.131) into (3.127), it is easy to show that

W

55, (2) = pl(nm+|u)é

Sp (yl,yzyl_l,...,y;_ll), (3.133)
whence our claim that (V,q) = (@, nm+ |p|) follows.

Therefore, for an irreducible representation (i,q) of SU(n) x U(1) to be a bona fide
irreducible representation of U (n), we need ¢ to be equal to the number of boxes in g modulo
n.

This result can be applied to a more complicated scenario. As an example, we consider the
group G = Gsy /I’ which can be realised as G = (U(3) x U(2)) /U(1), where we identify
the overall U(1) factor in U(3) with the one in U(2). Our result (3.130) tells us that, for a
representation (V, i, q) of SU(3) x SU(2) x U(1) to be a bona fide representation of G, we
must have

qg=|p| mod2, and g =|v| mod 3. (3.134)



Chapter 4

Anomaly interplay in U (2) gauge
theories

4.1 Introduction

An SU(2) chiral gauge theory in four dimensions suffers from a non-perturbative global
anomaly when there is an odd number of fermion multiplets in isospin 2r + 1/2 represen-
tations, for r € Z>¢ [149]. Such a theory is anomalous because the (Euclidean) partition
function changes sign under an SU(2) gauge transformation that corresponds to the non-
trivial element in 74 (SU(2)) = Z,. Equivalently, the anomaly can be seen from a constant
gauge transformation by the central element —1 € SU(2), in the background of a single
instanton, as we review in §4.2.

One might be forgiven for guessing that a U (2) chiral gauge theory suffers from a similar
global anomaly, given that 74(U(2)) = Z, also, and given that U(2) is locally equivalent to
SU(2) x U(1) which has a global anomaly associated with the SU(2) factor. It turns out that
this is not the case. A quick way of reaching this conclusion is to recall that global anomalies
are detected by the exponentiated n-invariant [151, 511, which becomes a bordism invariant

when perturbative anomalies vanish. Because the spin-bordism group
Soi
Q""(BU(2)) =0 (4.1)

(which can be straightforwardly adapted from calculations in [52, 139]), the exponentiated
7n-invariant must be trivial on all closed spin five-manifolds equipped with a U(2) gauge

'Here we refer to the n-invariant of an extension of the Dirac operator ilp to a five-manifold that bounds
spacetime. The n-invariant of a Dirac operator is a regularized sum of its positive eigenvalues minus its negative
eigenvalues, as introduced by Atiyah, Patodi, and Singer [25].
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bundle, which means that there can be no global anomalies in the 4d U(2) gauge theory
when perturbative anomalies cancel. In contrast szin (BSU (2)) = Z,, which allows for a
possible global anomaly in the SU (2) theory.

In this Chapter, our first goal is to explain why there is no global anomaly in a U (2) gauge
theory, defined with a choice of spin structure. This is the subject of §4.3. The argument is

simple enough to summarise in this Introduction. Recall firstly that U (2) may be written as

SU@2) xU(1)

4.2)
where the Z, quotient is generated by the central element (—1,e®) € SU(2) x U(1). As for
the SU(2) case, one could make a constant gauge transformation by the element (—1,1) €
SU(2) x U(1) in the background of a single instanton, and might thus be tempted to reach
the same conclusion that there can be a global anomaly. However, this gauge transformation
is equivalently described by the element (1,¢'") € SU(2) x U(1). Thus, the anomalous
transformation is in fact a local U(1) transformation, and we can compute the variation of
the fermionic partition function using the appropriate counterterms in the effective action.
The non-invariance of the path integral measure (when there is an odd number of multiplets
with isospin 2r+ 1/2) arises simply because there is a mixed triangle anomaly.

We show explicitly that the (perturbative) mixed triangle anomaly can vanish only if there
is an even number of multiplets with isospin 2r + 1/2, by reducing the anomaly cancellation
condition modulo 2.2 Note that this is only true when the global structure of the gauge
group is strictly U(2). The argument does not follow for the (locally isomorphic) gauge
group SU(2) x U(1), even though the formula for the perturbative anomaly is the same,
because not every representation of SU(2) x U (1) corresponds to a representation of U(2).
Having realised that the apparently global SU(2) anomaly is manifest in U(2) rather as a
local anomaly, we may conclude from (4.1) that there can be no other new global anomalies
in a U(2) theory (defined with a spin structure).

Understanding the absence of global anomalies in a U (2) gauge theory, but nonetheless
the necessity of the condition on isospin 2r + 1/2 multiplets, is of some phenomenological
interest, because U(2) could be the gauge group for the electroweak theory [136]. For
example, anomaly cancellation in such a theory provides constraints on the electroweak
quantum numbers of field content in the context of going beyond the Standard Model.

We then turn to the more subtle case of a U(2) gauge theory defined without a spin or

spin, structure, and perform a similar analysis relating to the ‘new SU (2) (global) anomaly’

’In §4.5 we arrive at the same conclusion by directly computing the n-invariant using the Atiyah—Patodi—
Singer (APS) index theorem [25].
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that afflicts an SU (2) gauge theory that is similarly defined without a spin structure [143].
Recall that fields in such a theory are instead defined using a spin-SU (2) structure, which
requires that all fermions (bosons) have half-integer (integer) isospin. The SU(2) theory is
anomalous if there is an odd number of fermion multiplets with isospin 4r+3 /2, for r € Z>.
The partition function for such a theory, defined on certain manifolds that are not spin (in
particular, on CP?), changes sign under the combined action of a diffeomorphism ¢ and an
SU(2) gauge transformation W. This is the new SU(2) anomaly, which we shall recap in
§4.2.

The second goal of this Chapter is to understand what happens to the new SU (2) anomaly
in the analogous situation in which the gauge group is enlarged from SU(2) to U (2). If the
field content is such that all fermions (bosons) have half-integer (integer) isospins and odd
(even) U(1) charges, then the U(2) gauge theory can be defined without a spin structure,
using this time a spin-U (2) structure to parallel transport fields. Again, one might expect
that a global anomaly should afflict such a theory, corresponding to the new SU(2) anomaly;
and again, this turns out not to be the case, as we show in §4.4.

The new SU(2) anomaly enjoys a similar but subtly different fate to the old one. This
time, because of the crucial role played by the diffeomorphism ¢ in deriving the new SU (2)
anomaly, we find that the anomalous combination of ¢ and W cannot be replaced by a
local U(2) gauge transformation, as was the case for the ‘old” SU(2) anomaly. However,
the anomalous combined action of ¢ and W has the same effect on the fermionic partition
function as a local U(2) gauge transformation with determinant —1. This gives rise to a local
anomaly, that is a combination of the mixed triangle anomaly (corresponding to a Feynman
diagram with two external SU(2) currents and one U(1) current) with the gauge-gravity
anomaly for the U(1) current. By considering this particular combination of perturbative
anomalies reduced modulo 4, we find that the U (2) gauge theory defined using a spin-U(2)
structure can only be anomaly-free when there is an even number of fermion multiplets with
isospin 4r+3/2.

It is important to stress that, in the U(2) theory, this condition on isospin 4r + 3/2
multiplets must be satisfied simply for perturbative anomalies to cancel; thus, unlike the new
SU(2) anomaly, this condition persists even if we choose to restrict our attention to spin
manifolds.

In §4.2 we review the pair of global anomalies in SU(2) gauge theory. In §4.3 we
discuss the U (2) theory defined using a spin structure, before turning to the case without spin
structure in §4.4. Finally, in §4.5 we interpret our results in terms of cobordism invariants.
We thence explain why there are no other global anomalies in the U (2) theory defined using

a spin-U (2) structure.
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4.2 Review of the SU(2) global anomalies

The old anomaly

We first review the global anomaly that occurs for an SU(2) gauge theory defined on a
four-manifold M (which we take to be Euclidean) using a spin structure [149]. Consider a
single fermion transforming in the isospin- j representation, coupled to a background SU(2)
gauge field with curvature F'. Let ny (n_) denote the number of fermion modes with positive
(negative) chirality (i.e. eigenvalue under 7°). The Atiyah—Singer index theorem tells us that

1

ny—n_=——s
+ 8?2

| TEAF ==T() pi(F), (43)

where p) (F) € Z is the first Pontryagin number (or instanton number), and
N 2., :
T(j)=3/G+1(2j+1) (4.4)

is the Dynkin index defined via Tr(t?t?) = 1T(j)8. Here {19} denotes a basis for the
isospin- j representation of su(2). Because n —n_ is congruent to n4 +n_ = .#j modulo 2,

the total number of fermion zero modes satisfies
N =T(j) pi(F)  (mod2). 4.5)

If .4} is odd, then the partition function will change sign under the action of (—1)f, where F
is the fermion number. But since (—1)¥ is equivalent to applying a gauge transformation by
the central element —1 € SU(2), this implies that SU(2) is anomalous in such a scenario.
Only fermions with isospin j = 2r+ 1/2 can contribute to this anomaly, and only in
backgrounds with odd instanton number, because it is only for these values of j that the
Dynkin index (4.4) is odd. Thus, the anomaly vanishes if and only if the following holds
Condition 1: There is an even number of fermions transforming in repre-

4.6
sentations with isospin 2r+ 1/2, for r € L. (4.6)

This is the familiar SU(2) anomaly discovered by Witten [149].
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The new anomaly

Suppose now that there is no spin structure available, and that fermions are instead defined
using a weaker spin-SU (2) structure.® The transition functions for a spin-SU (2) bundle are

valued in the group
__ Spin(4) x SU(2)

Spingy (2)(4) = Z : 4.7)

where the Z, quotient is generated by the central element —1 of SU(2) paired with the

element (—1)f € Spin(4). All fields must transform in representations of this group, which
requires that all fermions have half-integer isospin, and all bosons have integer isospin. Such
a theory can be defined on all orientable four-manifolds, including those that are not spin
such as CP?.4

In the simpler case that we discussed above, we saw how the usual SU(2) anomaly could

be seen from the action of (—1)% on the path integral measure, since (—1)

is equivalent to
an SU (2) gauge transformation by —1 € SU(2). The new SU(2) anomaly is more subtle, and
cannot be seen from a pure gauge transformation. Rather, the new SU(2) anomaly is the non-
invariance of the path integral under a transformation ¢ which is a combined diffeomorphism
@ of M (for certain non-spin manifolds M) with an SU(2) gauge transformation W.

To see this anomaly one may take M to be CP?, and ¢ : z; — Z; to act by complex
conjugation on the homogeneous complex coordinates {z;} of CP?. A spin-SU (2) connection
A may be defined by embedding a spin, connection a in su(2), viz. A = 6>a, where 67 is
the diagonal Pauli matrix. The spin, connection a obeys the following quantisation condition

[ ;l_; - % [wa(T)  (mod 1), 4.8)
for any closed oriented 2-manifold S C M, where w,(TM) is the second Stiefel-Whitney
class, which is such that 2a defines a properly-normalised U (1) gauge field. In particular,
choose a spin, connection a such that

da 1

3The idea of using such ‘spin-G’ structures, for various Lie groups G (going beyond the case where
G = U(1)), was introduced in Refs. [26, 27].

“It was first observed that a fermionic theory can be defined on CP?, using a spin, structure, in Ref. [85].
Indeed, every orientable four-manifold admits a spin, structure — but one must assume that M is equipped with
a spin-SU (2) structure, and not a spin, structure, in order to see the new SU(2) anomaly.
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for some CP' C CP?. Such a spin, connection reverses sign under the diffeomorphism ¢.
The spin-SU (2) connection A, however, is invariant under the combined action of ¢ with any
SU (2) gauge transformation W which also flips its sign, such as W = ((1) _0] )

An anomaly in the transformation ¢ has to arise from the path integral over the fermion
zero modes. On CP? the number of zero modes ¥} equals the index of the Dirac operator
J; (they are not only congruent modulo 2 as before).” For a single fermion multiplet in the
isospin-j representation coupled to the background spin-SU (2) connection A defined above,
the Atiyah—Singer index theorem implies the index is [143]

1
Jj:,/l/j:ﬂ(4j2—l)(2j—l—3). (4.10)

The zero modes come in pairs with eigenvalues +1 and —1 under ¢. Hence, the fermionic
partition function Z[A] transforms under the action of ¢ by

ZiA] & (— 19274, @.11)

The index J; is even for all half-integer values of j, but is congruent to 2 mod 4 only when
j=4r+3/2for r € Z>o. For all other half-integer values of j, the index J; is divisible by 4.
Hence, the partition function is invariant under ¢, and the theory is non-anomalous, if and
only if the following condition holds:

Condition 2: there is an even number of fermions transforming in repre-

4.12
sentations with isospin 4r+3/2, for r € Z>o. (+12)

This is the new SU (2) anomaly recently discovered by Wang, Wen, and Witten [143].

4.3 U(2) gauge theory with a spin structure

We now turn to U(2) gauge theory. We begin with the simpler case of a U(2) gauge theory
defined with a spin structure, for which the vanishing of the bordism group (4.1) implies there
are no global anomalies. We will here give a physical explanation of this fact, previously
noted in Refs. [52, 139], which demonstrates the subtle interplay between local and global
anomalies in U(2).

The representation theory of U(2) plays a crucial role in the arguments used in this
Chapter. Recall that an irreducible representation of U (2) = (SU(2) x U(1))/Z, is labelled
an irreducible representation of SU (2), itself labelled by an isospin j, together with a U(1)

>This is because on CP? the Dirac operator only has zero modes of one chirality.
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charge ¢, subject to a restriction relating g and j. Namely, g and j must satisfy the following
‘isospin-charge relation’®
g=2j (mod?2), (4.13)

in convenient units where both gauge couplings are set to one.

Consider a theory with a single fermion with isospin j and charge g (satisfying (4.13)),
coupled to a background U (2) gauge field with curvature F and defined on S*. Recall that
the usual SU(2) anomaly occurs when the fermionic partition function changes sign under
the gauge transformation by —1 € SU(2). Embedding SU(2) C U(2), this global SU(2)
transformation is equivalent to a U (1) gauge transformation by e, which is a local gauge
transformation.

The variation of the partition function Z[A] under a potentially anomalous U (1) gauge
transformation can be computed using the appropriate counterterms in the effective action
(see e.g. [113]). For a U (1) transformation by angle 6, we have that

iq0
Z[A] — Z[A]exp [_;q? /S ST EAF A+ gravitational piece @.14)

= Z[A]exp[—igO T(j) p1(F) + gravitational piece],

where the gravitational piece is proportional to the integral of Tr R A R which vanishes for $*.
Setting 6 = 7 and the instanton number p; (F) = 1, this reduces to

Z[A] = (=1)7TWz[A]. (4.15)

We see that the path integral is invariant under this transformation if and only if ¢7'(j) is
even.

Recall that the Dynkin index 7'(j) is only odd for isospins j € 2Z~o + 1/2. The isospin-
charge relation (4.13) means that ¢ is also odd for these representations. Hence, there is
necessarily an anomaly if there is an odd number of fermions in multiplets with isospin
2r+ 1/2; in other words, precisely when condition (4.6) is violated. Thus, we find that
the SU(2) global anomaly manifests itself rather as a perturbative anomaly when SU(2) is
embedded in U(2). There are no global anomalies in the U(2) theory.

Indeed, one can directly derive that condition (4.6) must hold for a U(2) gauge theory
by considering the equations for perturbative anomaly cancellation. Suppose that we have

N; fermions transforming in isospin- j representations of U(2), with charges {¢; ¢ }, Where

®We note in passing that this isospin-charge relation (4.13) is satisfied by all the SM fermion fields, where
U (1) corresponds to hypercharge. Hence the electroweak gauge symmetry could be either SU(2) x U(1) or
U(2).
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o =1,...Nj. We assume without loss of generality that all fermions have left-handed
chirality. The mixed triangle anomaly (that is, the triangle anomaly involving two SU(2)

gauge bosons and one U(1) gauge boson) is proportional to
Nj
Hnix =Y. T(j) Y, 4j,a =0, (4.16)
Jj a=1

The fact that 7'(j) is odd only for j € 2Z~( + 1/2, together with the isospin-charge relation,

means that reducing mod 2 immediately yields

1=0 (mod?2), (4.17)
JE2Z+1/2

and hence that condition (4.6) must be satisfied to avoid a perturbative mixed anomaly. It is
possible to give a unified discussion of the perturbative and non-perturbative anomalies in

this theory by computing the 1n-invariant explicitly. We give such an account in §4.5.

4.4 U(2) gauge theory without a spin structure

We now turn to the case where a spin structure is not available. Instead, we can use a spin-
U (2) structure to parallel transport fields, provided that all fields transform in representations

of the group
Spin(4) x U(2)
Zy '

The Z, quotient is generated by the product of the element (—1)" € Spin(4) with the central
element —1 € U(2). Recalling also the effects of the Z; quotient within U (2), we have the

following constraints on the allowed representations:

fermion <— j€ (2Z+1)/2 <+— g odd, (4.19)
boson +— JEZ —rqeven, |

where (g, j) label the U (2) representations as before.
In the analogous SU (2) theory, the new SU(2) anomaly is associated with a transforma-
tion @ that is a combined diffeomorphism ¢ plus gauge transformation W, as we reviewed in

§4.2. Recall that @ acts on the partition function as

z[A] & (—1)372z[a). (4.20)
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Let us first analyse the behaviour of the U(2) theory under this same transformation. To that
end, again take M to be CP?, and as in §4.2 define @ to be the combination of the complex
conjugation diffeomorphism ¢ : z; — z; with the U(2) gauge transformation W = ((]) _01 )
Moreover, we define a spin-U(2) connection A = ¢3a, where a is the spin. connection
satisfying Egs. (4.8, 4.9), which is invariant under .

The diffeomorphism ¢ (on its own) is such that ¢?> = —1 when acting on fermions.
More specifically, ¢ can be thought of as a certain spatial rotation through an angle 7,

corresponding (in certain coordinates) to the following transformation on a 2-component

Vs (’ Ol.) Va, 4.21)

where the index labels Lorentz SU (2) indices of the spin-1/2 fermion. Because the matrix

Weyl fermion y:

appearing in (4.21) is not proportional to the identity, this diffeomorphism cannot therefore
be subsumed by the U (1) phase degree of freedom in U(2). Thus, as in the SU(2) case, the
transformation @ is necessarily not equivalent to a pure U(2) gauge transformation. Since ¢
is inequivalent to a local gauge transformation, in contrast to the situation in §4.3, we might
suspect that this new SU(2) global anomaly will stick around in the U (2) theory.

However, what we can do instead is construct a local U(2) gauge transformation whose
action on the fermionic partition function Z[A] is identical to (4.20). Consequently, cancel-
lation of perturbative anomalies shall guarantee that the suspected global anomaly in fact
vanishes. To wit, consider a gauge transformation by

- e® 0
W)= 0 i eU(2), 0 ¢ nZ, (4.22)

i.e. by a pure U (1) phase. Note that det W # 1 for 8 ¢ 7, so that there is no corresponding
gauge transformation in SU(2) by design. Let us now compute the transformation of Z[A]
under W (@), for a single fermion multiplet with isospin-j and charge g coupled to the spin-
U (2) connection A. This time the gravitational contribution will be non-vanishing because
CP? has non-zero signature. Taking into account the contributions from both the mixed
gauge anomaly and the gauge-gravity anomaly, the shift in the Euclidean partition function,

for now on a general four-manifold M with metric g, is
Z[A] — Z[A]exp (—Sgauge — Sgrav) » (4.23)

where 0
! EUV g4
Seage = ~ 704 /MTf FuvFRYd’x, (4.24)
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in which the trace is only over the SU(2) gauge indices (we here choose to keep Lorentz
indices explicit for clarity), and

0 Tr(Q
Serv =~ T3 a4 / RuvocR*VO /g d*x, (4.25)

where Q is the generator of the U(1) factor in U(2), and the trace sums over all 2j + 1
components of the isospin-j representation. Recall that F*V = %S“V"TFM and R*VOT =
%S“V‘)‘ﬁ R, ﬁ‘”, where R,y are the components of the Riemann tensor.

We can relate both these integrals to characteristic classes of bundles over M, taking
care with the various normalisation factors. Noting that ¢ = ¢ /2 are the generators of the
SU (2) factor of U (2), the choice A = 63a implies that Ef, = 28% f,y, where f = da is the
curvature of the spin, connection a. We can thus reduce (4.24) to an integral over the spin,

connection,

Syuuge = — 49 ( ) / FuvFVd*x = —’qe / FAS. (4.26)

472

The normalisation (4.9) of the spin. connection determines its first Pontryagin class in terms

A f 1
3 / - (4.27)

Since o = 1 for CP? we have that, when M = CPz,

of the signature ¢ of M, viz.

Scauge = _ITU)Q' (4.28)

For the gravitational contribution, we use the fact that
Tr R /\ R
T / RuvocR*VOT/gd*x = 3 / = p1[M] =30 (M), (4.29)

and that Tr(Q) = (2j 4 1)q to deduce that

i0
Sgravity =+ 3 (2J + 1) (430)

when M = CP?.
The partition function therefore shifts by

2> Zidlesp |-y (T0) - 5254 1) . @31)
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Using the expression (4.4) for the Dynkin index, we find that the factor in square brackets
is nothing but —i6J ;q, where J; is the same index from (4.10) that detected the new SU (2)
anomaly. Therefore, setting 8 = 7 /2 gives

Z[A] 2 (—1)%927[A]. (4.32)

Recalling that all fermions in this theory have half-integral isospin j and odd charge ¢, and
that 7(j) = 2 (mod 4) only when j € 4Z + 3/2, we see that there is a perturbative U(2)
anomaly when there is an odd number of fermion multiplets with isospin j € 4Z>o+3/2; in
other words, precisely when condition (4.12) is violated.

Another way to see that the U (2) gauge transformation by W (7 /2) has the same action
on the path integral as the action @ of the diffeomorphism ¢ plus SU (2) gauge transformation
W is to consider the composition @(7/2) = ¢ - W (7/2) of these two transformations. In
other words, consider the combined action on Z[A] of the diffeomorphism ¢ plus a U(2)
gauge transformation by W(x/2)-W = iW. The argument proceeds almost exactly as the
argument for the new SU (2) anomaly, as summarised in §4.2; the only difference is that now
the fermion zero modes transform in pairs under ¢(7/2) with eigenvalues +i and —i (rather
than +1 and —1) whose product is now +1 (rather than —1 as before). Thus, since there is
an even number of zero modes, the action of ¢ - W (7/2) is always non-anomalous, and so
each of ¢ and W (7 /2) must contribute the same mod 2 anomaly.

As we saw in §4.3 for the old SU(2) anomaly, we can again deduce the necessity of
condition (4.12) directly from the equations for perturbative anomaly cancellation. This time,
however, we also need to use the cancellation of the gauge-gravity anomaly,

Nj
gy =Y (2j+1) Y. qj.a =0. (4.33)
a=1

J

If we take a particular linear combination of local anomaly equations, viz. %[(4.16)-% (4.33)],
we obtain

Y 3)Yd4j«=0. (4.34)
o

Jj half integer

Reducing this equation modulo 4, and using the properties of J; noted above, we immediately
obtain
Y 1=0 (mod2), (4.35)
J=4r+3/2
recovering the condition (4.12) that, in the SU(2) case, is required to cancel the new SU(2)

anomaly.
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4.4.1 Interpretation of the U(2) anomalies

We have now seen how both conditions (4.6) and (4.12), for the cancellation of the old and
new SU (2) anomalies, do not correspond to global anomalies when SU (2) is embedded as a
subgroup of U(2). The arguments used for the two anomalies were, however, qualitatively
different. In the case of the old SU(2) anomaly, for a theory defined using a spin structure,
the global transformation in SU (2) corresponds to a local transformation in U (2), for which
there is an associated perturbative anomaly if there are an odd number of multiplets with
isospin j € 2Z>¢+1/2.

For the new SU(2) anomaly, however, the mixed diffeomorphism plus gauge transfor-
mation is not equivalent to a local transformation in U(2). It nonetheless transpires to be
equivalent to a local transformation in U (2) at the level of its action on the fermionic partition
function. In this sense, the condition (4.12) emerges somewhat coincidentally from perturba-
tive anomaly cancellation in the U (2) theory, which should be thought of as ‘trivialising’ the
new SU (2) global anomaly; for the old SU(2) anomaly, the correct interpretation is rather
that there is no global anomaly at all in U (2).

As a result, the condition (4.12) enjoys a different ‘status’ in the SU(2) theory versus
the U(2) theory. It is important to recall that the new SU(2) anomaly is no barrier to the
consistency of an SU(2) gauge theory when formulated only on spin manifolds.” In contrast,
the constraint (4.35) on the U(2) theory is required by U(2) gauge invariance, and so its
violation, like the violation of the original Witten anomaly, would render the U(2) theory

inconsistent (even on spin manifolds).

4.4.2 Disentangling the anomaly interplay

It is possible to make rigorous the claim that the condition (4.12) emerges only coincidentally
in the U (2) theory without spin structure. In fact, in this Section we show that, at least at the
level of effective field theory, the perturbative anomaly may be cancelled to leave behind a
theory with the ‘new’ type of global anomaly, thereby disentangling the anomaly interplay
described above.

For instance, if one interprets the U(2) gauge theory described in Section 4.4 as an

effective field theory of the light excitations that is valid only up to some momentum

"In fact, the new SU(2) anomaly is not an insurmountable barrier to consistency on non-spin manifolds
either; in this case, one can couple to a topological quantum field theory (tQFT), in the same 4d bulk, which has
the same anomaly theory (specifically, this anomaly theory has 5-form lagrangian given by the product wows of
Stiefel-Whitney classes), and thereby cancel the Z,-valued global anomaly. This kind of anomaly cancellation
mechanism was introduced as a ‘topological Green—Schwartz mechanism’ in [73]. Note that the tQFT to which
we couple has no propagating degrees of freedom that would alter the phenomenology of the theory.



4.4 U(2) gauge theory without a spin structure 99

cutoff scale A, then Wess—Zumino (WZ) terms may be included in the lagrangian which
cancel anomalies in the low-energy theory.® If we consider again a general spectrum with
N; fermions transforming with isospin-j and with charges {¢g; ¢ }, then let us modify the
effective lagrangian by adding the pair of WZ terms [113, 148, 8]

idmix

L = L+ Lz, Lz = W¢Fﬁ\,ﬁ““" +

i%rav

Wﬂ’\/@?uvmﬁwm, (4.36)

where @ (x) is a dimensionless (circle-valued) pseudoscalar field which enjoys a shift symme-
try under the U(1) factor in U(2), viz. ¢(x) — ¢(x)+ 6 for g = /%, and is a singlet under
the SU(2) part. These WZ terms conveniently encode the effects of integrating out a “mirror-
ing” set of heavy chiral fermions, which transform in the same set of U(2) representations
but with opposite chirality. '

One can check explicitly that under any U (2) gauge transformation, including generic
U (1) transformations of the form (4.22), the effective lagrangian is now invariant; the shifts
of the WZ terms precisely cancel the shift in the effective action due to the non-invariance
of the path integral measure for the chiral fermions, as is the purpose of the construction.
However, gauge invariance comes at a price, which is that the full U (2) symmetry is no longer
linearly-realised. To see this, note that invariance under local U (1) gauge transformations
o (x) = ¢(x) + 0(x), for a smooth function 0(x), requires that the pseudoscalar ¢ should
have a kinetic term of the Stueckelberg form, that is

LD %]d(}) —b|?, (4.37)

where b is the U(1) component of the spin-U(2) connection, which transforms as b —
b+d6.!! Thus, the component b becomes massive, meaning that at low-energies only a
subgroup SU(2) C U(2) is linearly-realised.

Interestingly, adding WZ terms to the effective lagrangian is not guaranteed to cancel the
more subtle global anomalies. In the presence of the WZ terms (4.36), one may now consider

fermion content which violates condition (4.12) without violating perturbative anomaly

8The mechanism we describe here for cancelling anomalies at low-energies might also be referred to as a
‘Green—Schwartz mechanism’ [78], a terminology that stems from a famous application to cancelling mixed
anomalies in string theory.

9We remark that these WZ terms are well-defined even though ¢ is circle-valued; under the ‘large gauge
transformation’ @ (x) — ¢ (x) + 2, the phase of the exponentiated action shifts by an integer multiple of 27
and so the path integral is unchanged, for any orientable 4-manifold M and for any fermion content.

10We might imagine that heavy masses could arise from Yukawa-like interactions with a Higgs field. However,
the precise construction of a suitable Yukawa sector is not immediately obvious, and we do not venture the
details of a UV completion here.

" ocally, b behaves like a U (1) gauge field.
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cancellation. For such a theory, we should reconsider its behaviour under the combined
diffeomorphism plus gauge transformation, denoted @, that led to the new SU(2) anomaly
on M = CP?.

How do the pair of WZ terms transform under ¢? Recall that @ is the combination of a
complex conjugation diffeomorphism ¢ with a U(2) gauge transformation by W = ((1) Bl )
The spin-U(2) connection A = 6>a defined earlier in this Section, which should now be

interpreted as a spin-SU (2) connection due to the massive U (1) component b decoupling, is

Tr RAR
812

a topological invariant [105], is invariant under the diffeomorphism ¢ and hence invariant

invariant under @, and hence so is the field strength F. The Pontryagin class

being

under ¢. Finally, given ¢ is locally equivalent to a spatial rotation (in four dimensions), and
given also that ¢ is an SU (2)-singlet, the pseudoscalar ¢ is invariant under . So both WZ
terms in (4.36) are invariant under the action of @.

We already know how the partition function varies under ¢ due to the chiral fermion
contribution, which is precisely the variation given in Eq. (4.11). Hence, we conclude
that if condition (4.12) is violated, in other words if there is an odd number of fermions
with isospins j € 4Z>¢ + 3/2, then the effective field theory, which is free of perturbative
anomalies by virtue of the effective WZ term, does indeed suffer from a Z,-valued global
anomaly in @. Up to the effects of the WZ terms, we have arrived at precisely the SU(2)
theory defined with spin-SU (2) structure that was introduced by Wang, Wen, and Witten to
illustrate the new SU(2) anomaly [143].

In this way, one can in fact disentangle the effects of perturbative anomalies in the U (2)
gauge theory with spin-U (2) structure, and isolate an effective theory that suffers from the
new SU(2) anomaly at low energies. But it is important to emphasize that this can only
be achieved by including WZ terms (or something similar), which enriches the dynamics
of the theory — for instance, in the gauge we have chosen one must include the effects of
a pseudoscalar field ¢. The global anomaly that remains would then have precisely the
same physical interpretation as the new SU (2) anomaly; it presents a barrier to defining the
theory on non-spin manifolds such as CP?, at least in the absence of couplings to topological
degrees of freedom. This fact that the new SU(2) anomaly, unlike the old one, is in a sense
still there in U(2), may also be understood from the perspective of cobordism, as we explain
in §4.5.2. We remark that a similar trick cannot be performed to restore the old SU(2) global
anomaly in the U (2) theory.

It is worth spelling out the fact that, as is the case for the new SU(2) anomaly, this
residual global anomaly can always be cancelled by coupling to a tQFT (and considerations
of cobordism in §4.5.2 reveal that there can be no further global anomalies). Unlike the WZ

term, such topological degrees of freedom would not alter the dynamics of the theory, but
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would rather embue the theory with topological order in the deep infrared. We postpone such
considerations for future work.

One might distil the various ideas at play in this Section into the following statement:

it is possible to write down a consistent U (2) theory of a single isospin-3/2
fermion, that can be defined on non-spin manifolds using a spin-U (2)
structure, if one includes a pair of WZ terms to cancel the perturbative

anomalies, and couples to a tQFT to cancel the residual global anomaly.

4.5 Cobordism and the absence of U(2) global anomalies

Finally, we discuss the connection between our results and cobordism invariants in five
dimensions. Such considerations will also enable us to conclude that there are no further
anomalies in the U(2) gauge theories we have considered, defined either with or without a
spin structure.

4.5.1 Case I: with a spin structure

For an SU(2) gauge theory defined on a four-manifold M equipped with spin structure, the
original SU (2) anomaly is detected by the bordism group

Q"™ (BSU(2)) = Zy. (4.38)

There is a corresponding cobordism invariant, namely the n-invariant, which reduces in this
case to a 5d mod 2 index because the fermions are in real representations. Let .7} /, denote
this 5d mod 2 index for a single fermion with isospin-1/2. For anomalous fermion content,
712 is non-vanishing on the mapping torus M x S' [149, 143].

When SU(2) is embedded in U(2), a fermion with isospin-1/2 is necessarily in a non-
trivial representation of U(1) by (4.13), and thus in a complex representation. Hence, the
n-invariant no longer reduces to a mod 2 index in this case. But this does not matter in the

end, because one may calculate the bordism group directly to find that [139, 52]
QP"(BU(2)) = 0. (4.39)

Hence, in the case that perturbative anomalies vanish and the n-invariant becomes a cobor-
dism invariant, there are no cobordism invariants and thus the n-invariant must be trivial. We

therefore deduce that there are no global anomalies in this theory. This is consistent with our
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explicit calculation in §4.2, which realised the potentially anomalous global SU(2) gauge
transformation to be equivalent to a local U(2) gauge transformation.

These statements can be seen from a slightly different perspective. The exponentiated
N-invariant captures both the global and perturbatives anomalies [153, 156, 155]. In the
current case, this can be seen quite explicitly. The vanishing of the fifth bordism group of
BU (2) means that any closed spin five-manifold X equipped with a U(2)-bundle structure
is a boundary of a six-manifold ¥ with the U(2) and spin structures extended appropriately.
The direct relationship between the n-invariant on such a five-manifold and the anomaly
polynomial Iq is then fixed by the Atiyah—Patodi—Singer (APS) index theorem [25]

ind (i) = /Y Is—1x. (4.40)

Whenever the perturbative anomaly vanishes, exp(—2miny) becomes trivial on all closed
spin five-manifolds and so there can be no additional anomaly.

On the other hand, when the perturbative anomaly doesn’t vanish, we can use (4.40)
to compute the n-invariant explicitly, from the anomaly polynomial /. We may choose
the closed five-manifold X to be the mapping torus X = M x S'. This is the boundary of
a six-manifold ¥ = M x D? to which the U(2) bundle may be extended, where D? is a
hemisphere (topologically a disc) whose equator coincides with the original S!. Note that,
importantly, this cannot be done in general for SU(2), or indeed for SU(2) x U(1), bundles.
To see this, let A denote an SU(2) gauge field on M with instanton number one and let U (x)
denote a gauge transformation in the non-trivial class of 74 (SU(2)). Recall that a 5d gauge
field on the mapping torus X = M x S! of the form Ay = (1 — ¢ /27m)A + (¢ /27m)AY, where
¢ parametrises the S!, cannot be extended to any bounding six-manifold. However, if such
an SU(2) configuration is embedded in U(2), we may consider a connection A =a+ Ay
extended to Y = M x D?, where Ay is the SU(2) connection written above (supported only
on the boundary X = 9dY), and a is a U(1) gauge field supported only on the D? factor. In
particular, take a to be the connection for a Dirac monopole with twice the smallest unit of
charge placed at the centre of the hemisphere. Because a ~ d¢ on the equator, A is gauge
equivalent to Ay on the boundary X = dY.

We then have that

, (4.41)
6

/ Io— 1 AZ) T (ﬁ)
== rexp| —
MxD? 672 MxS2 P 21

where we have expressed the anomaly polynomial explicitly in terms of the A-genus (some-

times called the ‘Dirac genus’) and the U (2) gauge field .%. This can be expanded out to
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give

1 1 Z 1 7\’
Is = = —p1(Z)Tr — +=Tr | — 4.42
/sz6 2 Juxs [24p1( )Tt r<27r> ] (342

where p;(Z) is the first Pontryagin class of the tangent bundle. Now, [, p1(#) is a multiple
of 48 when the (orientable) four-manifold M is spin, due to a signature theorem of Rochlin,
so we can ignore the contribution to exp(—2miny) coming from the first term in Eq. (4.42)
and focus only on the second term. For a fermion with charge ¢ under the U(1) part and
isospin-j under the SU (2) part of the gauge group U(2), we can write the U(2) gauge field
7 in terms of the U(1) gauge field f and the SU(2) gauge field F = F“{ as

F = fqlaji1 +F. (4.43)

To see the anomaly, we can choose .% such that f has unit magnetic flux through 2 and F is

a one-instanton on M, whence we obtain

1 f 1 1
Is==-q| = | — TrFAF=—qT(j 444
/szﬂ 6 2q/522ﬂ/Mg,rz r 54T (j), (4.44)

and thereby conclude that exp(—2miny) = (—1)47 /), Recall that any fermion with isospin
J € 2Z>0+ 1/2 necessarily has odd charge g. We thus arrive at the same physical outcome
as in the usual SU(2) global anomaly, only that it is now the perturbative anomaly that

contributes to the n-invariant (as we saw already in §4.3).

4.5.2 Case II: without a spin structure

Recall that for the SU(2) gauge theory defined without spin structure the corresponding
bordism group is [65, 81, 138]

SpinxSU (2)

Qs P =7y xZs. (4.45)

A possible basis is given by .7} ; and .93 5, the 5d mod 2 indices associated with a single
fermion with isospin-1/2 or 3 /2 respectively [143]. The former corresponds to the old SU (2)
anomaly, and the latter corresponds to the new one.

Now consider the case of a U(2) gauge theory formulated without a spin structure, but

rather using a spin-U (2) structure, as was the subject of §4.4. In Appendix 4.A we calculate
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using the Adams spectral sequence that

SpinxU(2)

Qs 2 =17 (4.46)

What is the interpretation of this 5d mod 2 cobordism invariant? And does it signify a
possible new global anomaly that we have so far missed?

Fermions in either the isospin-1/2 or 3/2 representations must have odd and thus non-
vanishing charge under U(1). Thus, it is not clear how to relate the n-invariant for this
theory to a mod 2 index such as .# /, or .3 5. Moreover, unlike in §4.5.1, we cannot use the
APS index theorem to compute the n-invariant for an arbitrary closed five-manifold with
spin-U (2) structure, because Eq. (4.46) implies that not all such manifolds are bordant to
zero. Fortunately, we may follow Ref. [143] in identifying a mod 2 cobordism invariant dual
to the generator of (4.46) to be

J(Y) = /Y wa(TY w3 (TY), (4.47)

where Y is a closed 5-manifold, and w,3(TY) are Stiefel-Whitney classes. The crucial
point is that J(Y) is a mod 2 cobordism invariant of 5-manifolds with no further structure
defined. Indeed, the fact that the new SU (2) anomaly can be cancelled by the topological
Green—Schwartz mechanism, as noted in footnote 7 above, follows essentially from this fact.
Hence, J(Y) is automatically a cobordism invariant of 5-manifolds with spin-U (2) structure,

albeit one that can only be detected on non-spin 5 manifolds. For example,
CP* x §!
7 (—X> —1, (4.48)

and thus the Dold manifold (CP? x §')/Z, is a suitable generator for the bordism group
(4.46). Here the Z, acts as complex conjugation on CP?, and is the antipodal map on S'.
Because J(Y) vanishes trivially on spin manifolds, it does not appear in either (4.38) or
(4.39).

In Ref. [143], the cobordism invariant J(Y) was identified, for any five-manifold with
spin-SU (2) structure, with the mod 2 index %3, and thus with the new SU(2) anomaly,
since the Dold manifold corresponds precisely to the action of the diffeomorphism plus
gauge transformation ¢ on CP2. Since the action of ¢ on the corresponding U (2) theory is
equivalent, at the level of the partition function, to a local U (2) transformation as described
in §4.4, the potential global anomaly corresponding to this cobordism invariant necessarily

vanishes by perturbative anomaly cancellation. That said, as we saw in §4.4.2, by including
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WZ terms to cancel the perturbative anomalies in the low energy effective theory, it is possible
to reveal a low-energy theory which does indeed suffer from this ‘new U (2) anomaly’, which
corresponds to the Z, in (4.46). Since there are no other independent cobordism invariants,
we conclude that there are no other possible global anomalies in the U(2) gauge theory

defined using a spin-U (2) structure.

Appendix 4.A Spin-U(2) bordism

SpinxU(2)
In this section we calculate the bordism group €2 “2

(pt), using the Adams spectral
sequence. For a guide to using the Adams sequence to compute bordism groups, we
recommend Ref. [33].

To make the presentation clearer, we will write U, and SO,, for U (n) and SO(n), as well
as H*(X) for H*(X;Z,), in the rest of this Appendix.

When there is no odd-torsion involved, the bordism group QC (pt) can be evaluated via

the Adams spectral sequence
Extyy (H*(MTG), Zo) = QF (pt), (4.49)

where o is the Steenrod algebra and MT G is the Madsen—Tillmann spectrum defined in
terms of the Thom spectrum by MT G = Thom(BG, —V ), with V a stable bundle of virtual
dimension O pulled back from the tautological stable bundle over BO by BG — BO. In our
case, MT G can be written as

MTG = MSpin A X, (4.50)

with X a Thom spectrum to be determined. For  —s < 8, this simplifies the Adams spectral
sequence above to
Ext}y (H*(X6),Z2) = QF ,(pt), 4.51)

by the Anderson-Brown-Peterson theorem. Here .o7; denotes the subalgebra of .o/ generated
by the Steenrod operations Sq' and Sq?.

Calculation of X;

We will now show that the Thom spectrum Xg when G = (Spin x U,)/Z, is given by
X =X MSO3 AMU;. We follow the calculation of related examples in Refs. [138, 139],
whose method was based on Ref. [65].
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The fibration Zy; — G — SO x SO3 x U] gives rise to the following fibration sequence

of classifying spaces

f?f/mf” wo +W/ +W//
( ) RN

BG BSO x BSO3 x BUj (Z5,2), (4.52)

where wy € H?(BSO),w), € H*(BSO5), and w/y € H?(BU)) are the second Stiefel-Whitney
classes for BSO, BSO3, and BUj, respectively. The fibration sequence (4.52) arises as a
Puppe sequence, so the composite map

wao f+who fl+whof":BG— K(Z,,2)

is null-homotopic. Moreover, since these classes are valued modulo 2, this is equivalent
to saying that the map wy o f is homotopy equivalent to w) o f' + w4 o f”. Therefore, the
following diagram

I Bsos x BU,

BG
lf lw’z—i-w’z’ (4.53)
BSO —2— K(Z,2)

is a homotopy pullback square, which we also use to define the map V : BG i) BSO — BO.

Equivalently, BG fits into the homotopy pullback

BG — 5 BSpin

[ |¢ (4.54)
BSO x BSO3 x BU; —— BSO —2 K(Z,,2)

where w» o g is null-homotopic and 4 is to be determined. This can be seen by finding
a suitable map 4, as follows. Since BG fits into the homotopy pullback (4.53), we can
think of its element as a triplet of vector bundles (V,V3,V,) € BSO x BSO3 x BU|, such that
wa(V) = wa(V3) +wy(Va). We take the map & from BG to BSO to be

(V,V3,Va) =V + V34V, =5, (4.55)

which sends three bundles into a stable SO-bundle of virtual dimension 0. Using the Whitney
product formula, the second Stiefel-Whitney class of the virtual bundle V 4+ V3 4V, — 5 is
given by

Wz(V+V3 +V2—5> :WQ(V)+W2(V3)—|—W2(V2) =0 (4.56)
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where we obtain the last equality using the pullback square (4.53). Therefore, the stable
SO-bundle V 4 V3 4V, — 5 can be lifted to a stable spin bundle, denoted by W, establishing
the existence of a homotopy pullback (4.54).

Therefore, the map —V : BG — BSO is homotopy equivalent to the map —W +V3+V, —5
from BSpin x BSO3 x BU, into BSO, giving rise to the identification of the Thom spectrum
MTG = Thom(BG;—V) with

Thom(BSpin x BSO3 x BU; —W + V3 +V, —5) = £ MSpin AMSO3 AMU;.  (4.57)

<7/1-module structure of H*(X;) and Adams spectral sequence

We will now work out the .7 -module structure of the spectrum X. Recall that
H*(BSO3) = Zy[wh,wh] and H*®(BU) = Zy[w)], (4.58)

where w),w/ are the Stiefel-Whitney classes, with w/) being the first Chern class modulo 2,
which coincides with the second Stiefel-Whitney class. By the Thom isomorphism, we have
the identifications

H*(MSO3) = Zy[wh,wh]{U} and H®*(MU;) = Zy[w5]{V}, (4.59)

where the Thom classes U and V are in H>(MSO5) and H?(MU} ) respectively. The Kiinneth
theorem for the cohomology ring of a Thom space implies that

H*(Z73MSO3 NL72MU,) 2 X H®*(MSO3) ® H*(MU))
> ¥ 7370 [wh,wh, wh{UV}. (4.60)

Using the relations between Thom classes, the Steenrod squares, and the Stiefel-Whitney
classes, we find that the .27 -module structure of H*(X) up to degree 5 can be expressed as the
cell diagram shown in Fig. 4.1, with the corresponding Adams chart for Extfél (H*(Xg),Z)
shown in Fig. 4.2. In the Adams chart, each dot corresponds to a Z, generator. A line joining
two generators @ and o | of the same ¢ — s but with As = 1 means that the generator o | is
given by o1 = hoo, where hy is the generator of Extz (Z,75). In the range of our interest
(t —s < 6), the entries are too sparse and all the differentials are trivial, apart from a possible
non-trivial differential d, from the entry (s,r —s) = (0,5) to the entries (s, —s) = (r,4).
However, using the fact that d, commutes with A, it can be shown that these differentials
are trivial, too. Therefore, the Adams spectral sequence collapses already at the £, page for
t—s<6.
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Finally, the rule for extracting the bordism groups can be roughly summarised as follows:
an hg-tower containing m dots gives a factor of Z%', and an infinite /ho-tower gives a factor of
Z. With this rule, the bordism groups of degree lower than six can be read off from the chart
in Fig. 4.2 to be

=7, Q=0 Q=7 Q=0 Q=7 (4.61)
and, crucially for us,
QSG =7s. (4.62)

Il
wow3zUV

w’z/z uv w’22 uv

W’Z'UV

uv

Fig. 4.1 The .27 -module structure for Z,[w}, w5, w5]{UV}, up to degree ten.
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Fig. 4.2 The E; page of the Adams spectral sequence (4.51), from which one can read off the

SpinxU(2)
. 7
bordism groups Q,_5>  (pt).







Chapter 5

If the weak were strong and the strong
were weak

5.1 Introduction

There are two energy scales in the Standard Model. In combination with a handful of
dimensionless couplings and some simple, yet intricate, dynamics, these give birth to the
wondrous diversity of scales, spanning many orders of magnitude, that emerge in nuclear
physics, atomic physics and condensed matter physics.

The two scales are the Higgs expectation value v, and the scale Aguong, usually called

Aocp, at which the strong force lives up to its name. They take values
va 250 GeV and Aggong =~ 250 MeV

There is also a third, counterfactual scale in the Standard Model, which doesn’t play any role
in our world. This is the infra-red scale at which the weak force would become strong if
other effects didn’t first intervene. It is a rather academic exercise to specify this scale but if
we were to ignore electroweak symmetry breaking and run the SU(2) beta function down,

assuming a single massless generation, it is given by!

Aweak =3 X 1073 eV

Obviously, if the Higgs mechanism turns off then all three generations become massless, together with
any further generations that lie beyond our current reach. This slows the running of the beta functions.
With three massless generations, and the dimensionless couplings fixed to their values at 80 GeV, we have
Astrong ~ 40 MeV and Ayeax ~# 2 x 10715 eV.
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The purpose of this Chapter is to understand the phase structure and possible quantum phase
transitions of the theory as the three scales, v, Agrong and Ayeak, vary.

The question of what happens if the Higgs mechanism is turned off, and the strong force
dominates, has been well studied. This situation occurs in the regime,

VK Ayeak K Astrong (5.1)

It was pointed out long ago that the chiral condensate of QCD transforms under electroweak
symmetry. This means that the pions act as a substitute for the Higgs boson, giving a mass of
order fr to the W- and Z-bosons, an observation that motivated the subsequent development
of technicolor models [145, 129]. The phenomenology of this regime was described in [119]
and, in more detail, by Quigg and Shrock [115].
In this Chapter, we are interested in what happens as we vary the couplings, to interpolate
from (5.1) to the regime
LSS Astrong < Ayeak (5.2)

The pattern of chiral symmetry breaking in this regime was mentioned briefly in [115] and
explored further in [127] and will be reviewed in some detail below. First the weak force
with SU(2) gauge group confines, with a particular pattern of chiral symmetry breaking.
This condensate breaks the strong gauge group, SU(3) — SU(2), which itself subsequently
confines, breaking chiral symmetry yet further. The resulting physics shares some similarities
with the early work of Abbott and Farhi [2, 1, 45], exploring the possibility that the SU(2)
weak force is actually confining, rather than spontaneously broken.

Our goal is to understand the spectrum of massless fermions and Goldstone bosons of
the Standard Model, and a closely related chiral gauge theory, in the two regimes (5.1) and
(5.2). Our primary motivation for undertaking this work is simple: we thought it was a fun
question. More generally, this Chapter sits within a larger programme aimed at understanding
the dynamics of chiral gauge theories. Early work on this topic is summarised in the review
article [29]. Since then, a number of articles have studied the dynamics and phase structure
of large classes of chiral gauge theories [17, 18, 20, 126, 125, 124, 39, 118, 36, 10]. A
number of proposals have been made for lattice regularisations of chiral gauge theories
[58, 111, 140, 142, 141].

Summary of Results

As we vary the coupling constants of the theory, to interpolate from regime (5.1) to regime

(5.2), the physics depends strongly on the number of generations, which we denote as Ny.
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Perhaps the biggest surprise arises when we have just a single generation, Ny = 1. In
this case, the massless fermion spectrum is comprised of a single, left-handed neutrino in
the regime (5.1), a fact that is familiar from our world?. In contrast, in regime (5.2) the
massless fermion spectrum contains a single colour component of the right-handed down
quark. Furthermore, the unbroken symmetries are identical in the two regimes. In particular,
the massless down quark that emerges when the weak force dominates is neutral under
electromagnetism, a fact that can be understood by noting that the U (1) electromagnetic
subgroup twists within the SU(2) x SU(3) gauge group as we vary the ratio Aggong/ Aweak-
These facts suggest that the two regimes sit in the same phase, and the neutrino morphs
smoothly into the down quark?.

With Ny > 2 generations, there is a similar story: in regime (5.1), one finds massless
left-handed leptons, while in regime (5.2) there are massless, neutral right-handed quarks.
This time, however, the symmetry breaking structure in the two regimes differs, ensuring that
there is a phase transition between the two. The exact structure of the symmetry breaking
depends on the fields and couplings that are present, and we consider a number of variations
of the Standard Model, both with and without hypercharge and Yukawa couplings.

In Section 5.3, we introduce a novel chiral gauge theory, based on the gauge group

G=U(1)y x Sp(r) x SU(N)

When coupled to specific fermion and scalar fields, this can be thought of as a two parameter
extension of the Standard Model. We again explore the phase structure as the relative
couplings of the two non-Abelian gauge groups are varied and find a pattern analogous to
that of the Standard Model.

Finally, we include two extended Appendices which describe a number of features of
vacuum alignment, the dynamical process that determines the vacuum structure of theories
with chiral symmetry breaking and multiple gauge groups [107, 112]. This, it turns out, is

important in order to understand the structure of chiral symmetry breaking in regime (5.2).

2This statement holds in the absence of a right-handed neutrino. However, as we describe in the bulk of the
paper, the essential physics remains unchanged by the addition of a right-handed neutrino.

3This conclusion is based only on the breaking pattern of the continuous global symmetries. It may well be
that more subtle symmetries, such as the higher form symmetries described in [71, 72] give a finer classification
of the phases. These ideas were applied to bi-fundamental, but non-chiral, gauge theories in [132, 92]. We hope
to return to this question in the future
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Note Added

As we started to write the paper [96] that this Chapter is based on, we became aware of the
[35] by Berger, Long and Turner which asks essentially the same questions, motivated by

early universe baryogenesis. Our results largely agree where there is overlap.

5.2 Variations on the Standard Model

We start by discussing a simple chiral gauge theory with gauge group
G=SU(2) xSU(3)

We stick to convention and refer to SU(2) as the weak force and SU (3) as the strong force.
However, we will be interested both in situations where these names are appropriate, and
also in situations where the weak is strong and the strong is weak. We will encounter a large
number of different groups below, both gauge and global; where there is a possibility of
confusion, we will refer to the gauge groups as SU (2)yeak and SU (3)strong.

We couple four Weyl fermions to G: these are the left-handed quarks ¢z, left-handed
leptons /7, and right-handed quarks gg = (dg,ug). At this stage, we include neither the
right-handed electron, nor right-handed neutrino since both are singlets under G. These will
be introduced in Sections 5.2.2 and 5.3 respectively.

We start by considering just a single generation of fermions; we then turn to multiple

generations in Section 5.2.1. The non-anomalous global symmetry is
F=SUQ)rxU(l)y (5.3)

where here, and elsewhere, we ignore discrete factors. Here U(1)y is the familiar B — L
symmetry of the Standard Model. The transformations of the various fermions under the

gauge and global symmetries are summarised as

G F
SU2) 1 SUB3) | SUR)g + U(1)y
qL 2 | 3 1 +1
I 2 1 1 -3
qRr 1 1 3 2 ro+1
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Both baryon and lepton number are anomalous, meaning that these quantum numbers are not
individually conserved in the quantum theory. We will see a dramatic illustration of this fact
as we adiabatically vary the coupling constants.

There are ’t Hooft anomalies for both U(1);, and SU(2)g [130]. (The latter is a Z
anomaly [149].) This ensures that either these symmetries are spontaneously broken in the
infra-red, or there are massless fermions. We will find that the anomalies are saturated in the
infra-red by massless fermions, albeit with different microscopic representatives playing the
role in different regimes.

Both gauge group factors are asymptotically free. This means that the gauge couplings
become large in the infra-red where, left to the their own devices, they result in two dynam-
ically generated scales. We refer to the scales for SU(2) and SU(3) as Ayeak and Agyrong
respectively. We have little understanding of the dynamics when Aggong & Ayeak. However,
in the two 1imits Agrong => Aweak and Ayeak > Asgrong, Some simple intuition about confine-
ment and chiral symmetry breaking is enough to understand what happens. We will then try

to match the two regimes.

Astrong > Aweak

The limit where the strong force dominates is well studied [145, 129, 119, 115]. The strong
dynamics results in a quark condensate which takes the form

3 .o
<qziqu> ~ Astrong6ij i,j=1,2

If we ignore the weak force, then this is a condensate in two-flavour QCD. The SU (2),, x
SU(2)g flavour symmetry is spontaneously broken to the diagonal subgroup SU(2)giag.
resulting in three Goldstone bosons.

Turning on the weak force, we identify SU(2); with the SU(2)yeak C G gauge group.
The condensate acts as a Higgs field, completely breaking the SU(2) gauge group. All three
of the would-be Goldstone bosons are eaten, giving mass to the W-bosons. This mass is of
order fr, the pion decay constant.

A global symmetry survives, formed from a diagonal combination SU (2)giag C SU (2)weak X
SU (2)g, and the infra-red global symmetry takes the same form as the ultra-violet symmetry
(5.3),

Fyrong = SU (2)diag X U(1)y

The quark bound states are all massive and form representations of Fyyong. Meanwhile, the

leptons /; remain massless, transforming as
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H SU(2)diag ; U(I)V
I | 2 -3

These massless leptons saturate the ’t Hooft anomalies of the global symmetry. In the UV, the
fields ¢7,/;, and gr are in the representations 3-2,1,2_1, and 3- 2,1 of SU(2)giae X U(1)v,
respectively. In particular, the left-handed and the right-handed quarks are in the same
representation so their contributions to the anomalies cancel each other out. Therefore, the
only fields that contribute nontrivially to the anomalies in the UV are the leptons and we see

that the anomalies must match.

Aweak > Astrong

When the weak force dominates, we expect a condensate of left-handed fermions to form.

There are four such left-handed fermions, each a doublet of SU (2)yeax. We write these as

Yin = (QL,17QL,2761L,3JL) m= 1327374 (54)

The condensate takes the general form

(EapVEWE) ~ A carcdimn (5.5)

where o, B = 1,2 are SU (2)weax indices, and J,,, is a 4 X 4 anti-symmetric matrix.

If we ignore the strong force, then the SU(2) gauge theory enjoys an SU(4) global
symmetry, under which y transforms in the 4. The condensate breaks* this to Sp(2),
resulting in dimSU (4) —dimSp(2) = 15— 10 = 5 Goldstone bosons.

Now we turn the strong force back on, and see the effect of the condensate (5.5). This was
discussed previously in [127]. It turns out that the choice of J,,,, does not affect the physics
in this case. (This statement no longer holds when we discuss multiple generations; we will
discuss this in more detail in Section 5.2.1 and in much more detail in the Appendices.) For

any choice of J,,;,;, the condensate (5.5) includes a quark-bilinear of the form

(qra-qrp) ~ AeaEabcO° (5.6)

where a,b,c = 1,2,3 are SU(3)srong indices and we’ve now suppressed the SU(2)yeak index

structure which remains as in (5.5). For any choice of ¢, the condensate acts as Higgs field

“We use the convention Sp(1) = SU(2).
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for the strong force, breaking
SU(3)strong — SU(2)str0ng

All 5 of the would-be Goldstone bosons described above are eaten by the now-massive
gluons.

Without loss of generality, we choose 6¢ = (0,0, 1), so that the condensate (5.6) involves
only the g, with a = 1,2 coloured quarks. We denote the remaining quark as §; = gr3. It
forms a condensate with the lepton

(Qr-11) ~ AQea (5.7)
where the anti-symmetry of (5.5) is assured because the condensate is symmetrised over both
spinor and weak indices, leaving the Grassmann nature of the fermions to do its job.

Both condensates (5.6) and (5.7) would appear to break the U(1)y symmetry of the
original theory; they have charges 42 and —2 respectively. However, it is straightforward
to find a global U (1) symmetry that survives by locking U(1)y with a suitable SU (3 )strong
gauge transformation. If we denote the generator of U(1)y as Qy, then the generator of the

surviving global symmetry is defined as

QV — QV+diag(_17_l7+2)strong (58)

At this point, the left-handed quarks ¢g;, and leptons /; have become gapped. We’re left just
with the right-handed quarks gg, which now transform under the unbroken SU (2)str0ng gauge

group. Under the combined symmetry breaking
SU (3)strong X SU(2)r x U(1)y — SU(2)strong X SU(2)r x U(1)y
the right-handed quarks decompose as
gr: (3,2)11 — (2,2)0® (1,2) 43 (5.9)

Now we let SU (2)strong flow to the infra-red where it too confines. The (2,2)o quarks above
will form a condensate

3 A
(qRraiqR bj> ~ Astrongsabc O-Cgij

Here 6¢ specifies the direction in SU(3) colour space determined by the weak condensate
(5.6). Importantly this new condensate breaks neither SU(2)g nor U(1)y. We’re left with the
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infra-red symmetry which, once again, is unchanged in form from the ultra-violet (5.3),
Fyeak = SU(2)R X U(I)V

There is a single massless fermion transforming under Fy,x; this is the right-handed quark

gr that transforms in the (1,2) 3 representation in the decomposition (5.9), or

| SUQR)r  U(1)y
I 2 ' +3

4r
Once again this saturates the ’t Hooft anomalies. There is an odd number of doublets coupling

to SU (2)g both in the IR (§r) and the UV (3 doublets of gg) so Witten’s Z; anomaly matches.
The perturbative anomalies in the IR are given by

Since the UV fields transform under SU (2)g x U(1)y, as

qL . 2(2-10@1+3)
lLZ 2-1_3
qr - 2'20@2+37

the UV perterbative anomalies are

Ul ey =2(+3)° +2(-3)° —2(+3)° = -54,
[SUR)RPPxU(1)p: vy =3,

which clearly match the IR anomalies. Note, in particular, that the U(1) charge +3 (as
opposed to —3 seen when Agyong > Ayeak) 18 compensated by the fact that we have a
massless right-handed fermion, rather than left-handed. We see that the massless lepton /7, in
the regime Agtrong > Aweak has transmuted into a massless right-handed quark in the regime
Astrong <K Aweak- This provides a striking example of the lack of individual baryon and lepton
number conservation in the theory. However, this transmutation occurs without violating the
B — L symmetry, a feat which is made possible by the twisting (5.8) which means that the
infra-red gauge-invariant down quark gr carries a different B — L quantum number from its

gauge-dependent microscopic parent.
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No Phase Transition?

For a single generation, the global symmetry group of the theory remains unbroken both
when Agrong > Aweak and when Ayea > Agsyrong. While it is true that the UV symmetry
group is locked with different gauge symmetries in each case, there is no gauge invariant
way to distinguish them. This suggests that there is no phase transition as we vary the ratio
Astrong /Aweak, and the massless lepton transforms smoothly into the massless quark.

This picture resonates with an old story. Recall that QCD with two flavours is one of the
few cases where the ’t Hooft anomalies can be saturated by massless baryons [130]. There
is a complementary way of viewing this [116, 55, 31], in which a (g;.qr) condensate forms,
Higgses SU (3)strong — SU (2)strong, and leaving behind a massless quark. The fact that there
is no phase transition between the Higgs and confining phases means that the massless baryon
can be viewed as a continuously connected to this massless quark.

Ultimately, the physics described in the above paragraph is thought not to occur for QCD.
However, it does occur in the regime Ayeak > Astrong, Where the (grgr) quark condensate
(5.6) is encouraged by the SU (2)ycax force rather than SU (3)swong. This suggests that as we
head into the regime Aggong & Aweak, it may be appropriate to better think of the massless
quark gr as a massless baryon. Indeed, the baryon B ~ gy - g1 - qg has the same quantum
numbers as the massless fermion. This means that, starting from the regime Aggrong => Aweaks
the massless lepton can mix with the baryon, and ultimately emerge in the other regime

Aweak > Astrong as a massless quark.

5.2.1 Multiple Generations

We now repeat the analysis of the previous section, but with Ny generations of fermions.
The gauge group remains G = SU(2) x SU(3), but the global symmetry group is now (again

omitting discrete factors)
F:SU(Nf)L/XSU(Nf)LXSU(ZNf)RXU(l)V (5.10)

The quantum numbers of the fermions are

G F
SU(2) 1 SU3) | SUNs)p 1+ SU(Ns) 1 SURNs)g 1+ U(1)y
qL 2 | 3 1 Ny | 1 L+l
I 2 1 Ny 1 1 -3
qr r 3 1 | 1 2Ny 0+
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There are now numerous 't Hooft anomalies for F'. This time we will see that some of these
symmetries are broken, with the 't Hooft anomalies in the surviving symmetries saturated by
massless fermions.

Both SU(2)weak and SU (3)swong Temain asymptotically free for Ny < 5. (This bound
comes from the weak force; the strong force remains asymptotically free up to Ny =8
generations.)

For suitably large Ny, the individual gauge theories sit in a conformal window while, for
suitably low Ny, they undergo chiral symmetry breaking. The lower end of the conformal
window is not well understood, but it is thought that it sits around 8 Dirac fermions for SU (3)
[19] and around 6 Dirac fermions for SU(2) [93, 86, 9].

We analyse the theory in the regime in which both gauge groups undergo chiral symmetry
breaking. This means that our analysis is restricted to Ny = 2 and, possibly, Ny = 3 which is
a marginal case for SU (2)yeak-

Astrong > AWeak

Once again, the limit where the strong force dominates is well understood. The usual QCD
condensate forms,
(9i9R5) ~ MdrongZij  i-J = 1,2Ny (5.11)

with a moduli space parameterised by X;;. If we ignore the weak force, then this condensate
breaks the SU(2Ny)1, x SU(2Ny)gr — SU(2Nf)diag flavour symmetry in the usual fashion,
resulting in 4N} — 1 Goldstone bosons.

We now turn on the SU (2)weax gauge coupling. Often in such situations, different points
on the moduli space give rise to different symmetry breaking patterns and one must work
harder to determine which of the original possible vacua becomes the true vacuum [107, 112].
We will see a number of examples of this shortly. However, in the present situation this issue
does not arise. Instead, each point in the moduli space breaks the SU (2)yeax gauge symmetry
completely.

The condensate (5.11) breaks the global symmetry group (5.10) to

Fstrong = SU(Nf)L/ X SU(z)diag X SU(Nf)diag X U(l)v (5.12)

where SU (Ny)diag C SU(Ny)r % SU(2Ny)g and, as in the previous section, SU(2)giag C
SU (2)weak x SU(2Ny)g. This results in a moduli space of Goldstone modes,

SU(Ny)L x SU(2Ny)r
SU(Z) X SU(Nf)diag

//strong = (5- 13)
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There are dim .#ong = 4(N]% — 1) Goldstone bosons. Note that this is three fewer than the
counting before we turned on SU (2)yeax; these three were sacrificed on the altar of the Higgs
mechanism.

As in the previous section, the leptons remain massless. They transform under the

surviving symmetry group Fyyong as

H SU(Nf)L/ | SU(Q)diag | SU(Nf)diag | U(l)y
‘ |

I ‘ Nf 2 j 1 j -3

It is simple to check that these massless leptons saturate the 't Hooft anomalies of the
surviving global symmetry Fiyong. In the UV, the fields transform under Fyyong as

gr: 3(1,2,Ny)41
lL . (Nf,2,1),3
qr : 3(1727Nf)+1-

Note that the left-handed and the right-handed quarks have the same representation. There-
fore, their contributions to the anomaly cancel. We are left with the left-handed leptons and

the anomalies trivially match.

Ayeax > Astrong

When the weak force dominates, we again expect a condensate of left-handed fermions to
form. We write the collection of SU (2)yeak doublets as y,,;, with m = 1,2,3,4 labelling the
quarks and leptons as in (5.4), and i = 1, ..., Ny, the flavour index. The condensate takes the

general form
<1I/mi : lI/n]> ~ Aa/eakjmi,nj (514)

where we have suppressed the SU(2)yeax indices and J_m,-,n jis a 4Ny X 4Ny anti-symmetric
matrix.

If we ignore the strong force, then the SU(2)ycax gauge theory has an SU(4Ny) global
symmetry which is broken by the condensate to Sp(2Ny), resulting in an intermediate moduli

space
SU(4Ny)

Mo = Sp(2Ny)

This is parameterised by 8N]2c — 2Ny — 1 Goldstone modes. The question that we want to

answer is: what becomes of these modes when we turn on SU (3)strong?
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This time there is a slightly involved calculation to do. Different choices of Jy,; »j give
different symmetry breaking patterns for SU (3 )syong and a different mass spectrum for the
resulting gauge bosons. For example, if the condensate forms in a flavour-diagonal fashion,
with J_mm j = Jun;j, then it breaks the strong gauge group to

SU(3)str0ng — SU<2)strong (5~15)

which is the same symmetry breaking pattern that we saw in the Ny = 1 case. Such a
condensate also breaks the global symmetry (5.10) to

F=SO(Ns)xSUQNs)g xU(1)p (5.16)

where SO(N;) C SU(Ny)p x SU(Ns) and U(1)p € U(1)y X SU(3)srong as in (5.8).

Alternatively, a condensate J_m,-’n ;j which is off-diagonal in the flavour basis will break the
SU (3)swong gauge group completely and further break F [127]. (We provide a number of
specific examples in Appendix 5.B.2.) The question that we must ask is: what is the preferred
choice of breaking?

The tools to answer this question were introduced long ago by Peskin [107] and Preskill
[112]. They showed how introducing a second gauge group induces a potential on the moduli
space My. The true ground state of the system is determined by the minimum of this potential.
We review this mechanism in some detail in Appendix 5.A. Furthermore in Appendix 5.B.1
we show that the flavour-diagonal condensate, with symmetry breaking (5.15) and (5.16)
is a local, stable minimum of the potential. Although we have been unable to prove, in
generality, that there are not other local minima, we argue that generically one expects all
other condensates to exhibit tachyonic modes and, in Appendix 5.B.2, we show this explicitly
for a number of putative vacua with different symmetry breaking patterns. The upshot is that
the flavour-diagonal symmetry breaking pattern (5.15) and (5.16) appears to be dynamically
preferred.

With the global symmetry F defined in (5.10) broken to £ in (5.16), the moduli space of
ground states arising from the weak dynamics, is

, SU(Ny) % SU(Ny)L

weak — SO(Nf) (5.17)

Correspondingly, there are dim .7, = %N} + %N '+ — 2 Goldstone bosons. Note that, for

Ny > 1, the difference between dim.# and dim'//lv’veak is greater than the 5 Goldstone

bosons eaten by the Higgs mechanism (5.15). This reflects the existence of a potential
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on ./, induced by gauge symmetry SU (3 )sirong. We compute the masses of the resulting
pseudo-Goldstone bosons in Appendix 5.B.1.

We're still left with the dynamics of the unbroken SU (Z)Strong gauge symmetry to contend
with. Under the residual symmetry SU(2)swrong X SU (2Ny)g x U(1)y, the remaining quarks
qr decompose as

qr: (3,2Nf)+1 — (Z,ZNf)() &b (1,2Nf)+3 (5.18)

When SU (2)swrong confines, the quarks in the (2,2Ny)o representation condense, further
breaking the SU (2Ny)g global symmetry to Sp(Ny)g. The final surviving global symmetry is

Fweak:SO(Nf) XSp(Nf)RXU(l)V (5.19)

and Goldstone bosons parameterise the space

SU(Ny)v x SU(Ny)L  SU(2Ny)
SO(Ny) Sp(Ny)

//weak = (5 -20)

As in the previous section, the massless fermion is now identified with g, corresponding to

the (1,2N), 3 representation in (5.18). This transformation properties of this fermion are

| SO(Ny) |« Sp(Np)g + U(1)y
qRH 1 ' 2Ny ' 43

Again, the fermion §g saturates the surviving 't Hooft anomalies. More explicitly, the

anomalies in the IR consist of a Witten anomaly in Sp(Ny) and the perturbative anomalies

U oyt = —2Np(+3) = —54Ny,
[SP(NARP xU(1)g : s eq = =3, (5.21)

and no anomaly involving SO(Ny). On the other hand, since the UV fields transform under

Fyeax 1n the following representations

gr: 4Ny, 1)o@ 2(Np,1)43
lL : Z(Nf7 1)_3
qr - 2(172Nf>0@(172Nf>+3
There is no pure anomaly in SO(N f) because the vector representation is a real representation

and can always be given a mass term. The mixed [SO(Ny)]? x U(1) anomaly contributions

from ¢, and /;, cancel each other. There is a Witten anomaly in Sp(Ny) because there are 3
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multiplets of gg in the fundamental representation of Sp(Ny). The remaining perturbative

anomalies are given by

U] @)V =2-Np-(=3)° = —54Ny,
[SPINARPP xU(1)g 1 Aporveq = —3. (5.22)
Note that in the UV, the nontrivial contribution to ﬂy V' comes from the left-handed leptons
while the contribution to Jafrg;]ed comes from the right-handed quarks.

In contrast to the case with Ny = 1, the symmetry breaking pattern (5.12) and (5.19)
differs in the two regimes, meaning that there is certainly a quantum phase transition as we
vary the relative strengths of Aggong and Ayeak. It is natural to ask the order of this phase
transition.

Sadly, the symmetry breaking structure gives little guidance. Note that neither of the
surviving symmetry groups, Fyyong and Fyeak, is a subgroup of the other, reflecting the fact
that the order parameters associated to the two phases are different. Most phase transitions
in Nature that exhibit this property are first order; indeed, this “sub-group criterion" is
sometimes stated to be a clear indication of a first order phase transition. However, there is
nothing that guarantees that this has to be the case. The two phases could be reached by two
second order phase transitions, with an intermediate phase in between. This intermediate
phase must have a global symmetry group that contains both Fyea and Fyyong as subgroups,
for example the UV global symmetry F'.

It is also possible that the transition proceeds through a single, continuous phase transition.
In Landau theory, this requires tuning to a multi-critical point. However, more exotic phase
transitions, in which a gauge symmetry emerges and no fine tuning is needed, are also
possible [123]. Needless to say, it would be interesting to better understand the nature of the

transition.

5.2.2 Adding Hypercharge and Yukawa Couplings

We now extend our study by including U (1)y hypercharge and Yukawa couplings. The gauge
group is
G=U(l)y xSU(2) xSU(3)

To ensure cancellation of anomalies, we must now also include a right-handed electron eg
in our theory. We further include a single Higgs field, ¢. We will omit the right-handed

neutrino for now, but revisit this in Section 5.3.
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We include Ny generations of fermions, coupled to the Higgs through the Yukawa
couplings
Lok = Aa ) P dri+ Au(q) ;- 0T uri + Ao} 10 eri (5.23)

Here the flavour index i = 1,...,Ny is summed over so that, in contrast to the Standard
Model, there is an independent SU (Ny) flavour symmetry for quarks and leptons, as well as
the B — L symmetry that we denote as U (1)y

F:SU(Nf)q XSU(Nf)l XU(I)V (5.24)

The representations of the fields under G and F' are shown in the table.

G F
U(l)y 1 SU2)  SU(3) | SUNy), + SU(Ns); + U(1)y
| +1 | 2 | 3 N, 1 +1
L -3 ' 2 ' 1 1 Ny -3
dg -2 1 ! 3 Nf \ 1 41
ug | +4 1 | 3 N, 1 4l
er | -6 ' 1 ! 1 1 ' Ny ! -3
¢ +3 02 1 1 ! 1 0

Because we haven’t included a right-handed neutrino, the SU (Ny); x U(1)y symmetries have
various 't Hooft anomalies, all of which arise from the leptons. The contribution to the ’t
Hooft anomalies from quarks vanish.

We are interested in this theory in the regime

v < Ayeak; Astrong

where the Higgs expectation value, v, is much smaller than all other scales so that the
dynamics is dominated by the gauge interactions. We now repeat the analysis of previous
sections. As before, we assume that Ny is sufficiently small so that both gauge groups
undergo chiral symmetry breaking; Ny = 2 appears to surely be safe; Ny = 3 is unclear.

Astrong > Ayeak

When the strong force dominates, a condensate (5.11) forms as before. In terms of the up
and down quarks, this reads

3 3
<qzlide> ~ Astrongaij and <qz2i”Rj )~ Astrong5ij
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where the 1,2 labels on gy, are SU (2)yeax indices. As in the Standard Model, this condensate
breaks
U(I)Y X SU(z)Weak - U(I)Q

where the generator of U (1) is related to the generator of U(1)y by

1 1.
0= 6Y+§d1ag(l,—l)weak

This, of course, is the usual symmetry breaking pattern of electroweak down to electromag-
netism.
As the theory no longer has a chiral symmetry, the full global symmetry (5.24) survives
in the infra-red
Fyrong = SU(Ny)g x SU(Ns); x U(1)y

Because the full symmetry group survives, there are no Goldstone bosons. There are, however,
light pion modes. These are the usual massless Goldstone bosons arising from the chiral
symmetry breaking of QCD, which get a mass through the Yukawa couplings. (Even in the
absence of a Higgs vev, the pions get a mass through mixing with ¢.) Some aspects of these
pions, as well as the associated baryons, were discussed in [115].

The leptons /1 and eg remain unaffected by the gauge dynamics. They are distinguished
by their charges under U(1)g; the left-handed lepton splits into e; with charge O = —1
and vz with charge Q = 0. Meanwhile, the right-handed electron eg has charge Q = —1.
The electron pair gets a mass through the Yukawa coupling, while the left-handed neutrino

remains massless, transforming as

| U)o | SUN/)g  SUNs) ULy
vl o [ 1 T Ny o -3

This saturates the ’t Hooft anomalies of F'.

Aweak > Astrong

When the weak force dominates, the condensate (5.14) forms. When we subsequently turn
on both SU (3)swrong and U (1)y gauge groups, we must again determine the correct vacuum.

One might be tempted to think that since U(1)y is free in the infra-red, it does not affect
the vacuum state described in the previous section. This, it turns out, is correct but it takes a
calculation to show it. Indeed, in [112], Preskill gave examples of chiral symmetry breaking

where a subsequent gauging of a U(1) subgroup changes the vacuum structure when the
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U (1) coupling constant becomes sufficiently strong. In Appendix 5.B.3 we show that this
doesn’t happen in the present case.

The upshot of this argument is that the condensate (5.14) that minimises the potential
remains unchanged by U(1)y. The quarks once again condense in a flavour-diagonal basis,
asin (5.6), to

(GLaiqLbj) ~ NyearEabc0 S (5.25)

with a,b,c =1,2,3 colour indices and i, j = 1,... Ny flavour indices. The remaining conden-

sate pairs the §r; = 0%qr 4 quark with the leptons as in (5.7)
(QrilL;) ~ A3 i (5.26)
The condensate breaks the global symmetry F in (5.24) to
Fyeak = SO(Ny) x U(1)y (5.27)

where SO(Ny) C SU(Ny)q4 x SU(Ny); and, as previously, U(1)y C U(1)y x SU (3)strong-
The two condensates break the remaining gauge group to

SU (3)strong X U(1)y = SU(2)strong X U(1)5 (5.28)

We have seen the breaking to SU (2)swong previously. To see that a U(1) survives, note that
both of the condensates (5.25) and (5.26) carry U(1)y charge +2. If we pick 6 = (0,0, 1)
in the condensate (5.25), then we can construct the unbroken gauge generator

A1 1

strong

The surviving SU(2)swrong gauge symmetry is coupled to the right-handed quarks. Under the
breaking
SU (3)strong X U(1)y x U(1)y — SU(2)strong X U(l)f2 xU(1)y

the right-handed fermions decompose as

dr: 31241 — 2[_%.,0] S 1jo,43)
UR: 3441 — 2[+%,O] S 1)1,49

93 1[—6,—3] — 1[_17_3]
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The fermions that transform as doublets under SU (2)srong condense and become gapped as
the gauge group becomes strong. The resulting condensate does not further break Fye,x from
(5.27). This means that, in contrast to the regime Agyrong > Aweak, there is now a moduli

space of Goldstone
SU(Ny)q x SU(Ny )i

SO(Ny)

Myeak =

We’re left with three gapless Weyl fermions, which were singlets under SU (2)strong. TWo of
these, arising from ug and eg, carry equal and opposite U(1), x U(1)y charge. Although
these are not coupled directly through the Yukawa coupling (5.23), there is nothing to prohibit
this pair becoming gapped as they interact with the scalar field. This leaves dp, the neutral

component of the down quark, as the surviving massless fermion. It transforms as

| U(M)g | SOWNy)  U(1)y
de 0 | Ny | 43

It is noticeable that in the UV theory, the quarks did not appear to play any role in the
computation of 't Hooft anomalies. Yet, by the time we flow to the infra-red, the sole
remaining fermion is a quark and saturates the surviving 't Hooft anomalies of Fiyeak-

Note that in both Aggrong > Aweak and Ayeak > Astrong regimes, there is a surviving U (1)
gauge symmetry that we may identify with electromagnetism, and a surviving U(1) global
symmetry that we may identify with B — L. These symmetries are twisted with different
gauge symmetries in the two regimes, but this does not impede us from identifying them.
This conclusion differs from [115] were it is claimed that both electromagnetic and B — L
symmetries are broken in the Ayeak > Astrong regime.

The addition of hypercharge and Yukawa couplings does not change the conclusions of
our earlier sections. If we have Ny = 1 generation of fermions, then it seems plausible that
the transition between the two regimes proceeds without a phase transition. Meanwhile, for
Ny > 2, a phase transition must occur.

However, in contrast to the situation in Section 5.2.1, there is a fairly simple symmetry
breaking pattern between the two regimes, with SU (Ny), x SU (Ny);, which survives when the
strong force dominates, breaking to SO(Ny)giag When the weak force dominates, suggesting
that a mean-field description of the phase transition in terms of Landau theory may be

appropriate.
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5.3 A Novel Chiral Gauge Theory

In this section, we extend our analysis to a chiral gauge theory with gauge group
G=U(l)y xSp(r) x SU(N)

Anomaly considerations, to be described below, mean that we must take N odd. For the
simplest values of » = 1 and N = 3 this gauge group coincides with that of the Standard
Model.

The chiral fermion content is a natural extension of that of the Standard Model: we take
left-handed fermions ¢;, and [, to transform under Sp(r), while the right-handed fermions
are singlets under Sp(r). One key difference is that we must take r copies of each of the
right-handed fermions, including r copies of the right-handed neutrinos vg. We introduce
an index o = 1,...,r to distinguish these fields. For later convenience, we also introduce
r distinct Higgs fields ¢ at this time too. The full set of fermions and scalars and their

transformations is given by

U(l)y ' Sp(r) 1 SU(N)
qL +1 . 2r | N
Ir —N c2r 1
dro | —Ra—1)N+1 1 N
URq +(2(X—1>N+1 1 N
€Ra —20N 11
VRa Qa-2)N ' 1 ' 1
O a—-1)N 1 2r ' 1
with ¢ = 1,...,r. Itis straightforward to show that, with these charge assignments, all gauge

anomalies vanish. The mixed anomalies, as well as the mixed gauge-gravitational anomaly,

[Sp(M]> xU(l)y: N-(+1)+1-(=N) =0,
[SUN)?xU(1)y: 2 i —2o—1)+1)N+(2oc—1)N+1)] =0,

a=1

[grav]® x U(1)y : —Z{N (200 —1)N+1+ (2 — )N+ 1] —2aN + (20 —2)N}

+{2rN-(+1)+2r-(-N)} =0



130 If the weak were strong and the strong were weak

can be easily seen to cancel. Only the other hand, the cubic hypercharge anomaly is more
complicated:
-

Ay ={2rN- (1) +2r-(-N)*} = ¥ {N(1— 2= 1)N)’ =N(1 + (2a—1)N)*}

o=1

— Z N {(2a-2)*+(—2a)’}, (5.29)
a=1

but it can also be shown to vanish using the sum of cubes formula. The Z; anomaly of Sp(r)
is vanishing only for N odd. Notice that the first right-handed neutrino is decoupled from the
gauge fields, as in the Standard Model, but the other r — 1 carry U(1)y charge.

The U(1)y charge assignments also allow us to construct Yukawa interactions. For a

single generation, we have

Prak = a4 Sadra + M (q) - 00 ke + A I} Oura + Ay (1] - 01) VRer (5.30)

Here (qz -¢") denotes the Sp(r) singlet that one can construct from these two fields. (This is
analogous to the SU(2) singlet constructed using &,.)

The generalisation of the Standard Model with SU (3) gauge group replaced by SU(N) is
fairly well explored. (See, for example, [128].) The generalisation with SU(2) replaced by
Sp(r), with the anomaly-free charge assignments shown in the table above, appears to be
novel. We note the possibility that such a theory with gauge group U(1) x Sp(r) x SU(3)
may describe our world, with the additional Higgs fields ¢y, @ = 2,...,r, breaking Sp(r) to
SU(2) at some high scale. Moreover, this two parameter extension of the Standard Model
may lend itself to a large r, large N expansion; we leave this possibility to future work. (A
large N expansion of certain chiral gauge theories was previously proposed in [57, 21].)

We will adopt the convention of the Standard Model and refer to the Sp(r) gauge group as
weak and the SU (N) gauge group as strong. As in the previous section, we will be interested
in the phase diagram of the theory, with the two asymptotic regimes in which one of the
gauge groups dominates over the other. We will study different variants of this problem, both

with and without hypercharge interactions and Yukawa couplings.

Beta Functions

We will discuss the chiral theory coupled to Ny generations of fermions and focus on situations
where both gauge groups are asymptotically free . The SU(N) gauge group is coupled to

2rNy Dirac fermions, each in the fundamental representation, and is asymptotically free
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provided
1IN > 4rNy

Meanwhile, the Sp(r) factor is coupled to Ny(N + 1) Weyl fermions, each in the pseudo-real
fundamental representation. If we ignore the Higgs fields for now, Sp(r) is asymptotically
free provided

11(r+1)> (N+1)Ny

For Ny > 6, at least one of the gauge groups is infra-red free. In contrast, for any Ny <5,
there are always choices of N and r for which both gauge groups become strongly coupled in
the infra-red. This conclusion persists in the presence of Higgs fields.

As before, our analysis will rely on chiral symmetry breaking in the regime where one or
the other gauge group becomes strongly coupled. This takes place for suitably low Ny, below
the conformal window. The lower-edge of the conformal window is not well established.
The SU(N) gauge factor has 2rNy Dirac fermions in the fundamental representation, and
undergoes chiral symmetry breaking for

2rNy < C,N

for some C, which is expected to sit somewhere around 3 to 4. Meanwhile the Sp(r) gauge
factor has Ny(N + 1) Weyl fermions in the pseudo-real fundamental representation, and is

expected to undergo chiral symmetry breaking when
Ni(N+1) <Cu(r+1)

where C, is around 6 to 8. (See, for example, [63].) For Ny < 2 there are an infinite number
of choices of N and r for which chiral symmetry breaking occurs, while for Ny = 4 it seems
likely there are none. The situation for Ny = 3 is, in all cases, more murky.

53.1 Sp(r) x SU(N)

We start by neglecting the U(1)y factor and focussing only on the gauge group
G =Sp(r) x SU(N)

Because the right-handed electrons eg and neutrinos Vg are singlets under the non-Abelian
part of the gauge group, we may ignore them for the purpose of this discussion. We will
also discard the Higgs field for now, focussing only on the fermions. As in the case of the
Standard Model, here we will find the richest symmetry breaking patterns, unconstrained by
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hypercharge assignments and Yukawa couplings. We will then reintroduce both of these in
Section 5.3.2
With Ny generations of fermions, the global, non-anomalous, symmetry group is

FZSU(Nf)L/XSU(Nf)LXSU(ZVNf)RXU(l)V (5.31)

Under the gauge and global symmetry groups, the fermions transform as

G F
Sp(r) 1 SUN) | SU(Ns)p + SUNg)L + SUQ2rNg)g 1+ U(1)y
qL 2r I N 1 I Nf I 1 I +1
Lo 2r ' 1 Ny 1 1 . —N
qr 1 N 1 ! 1 j ZI‘Nf ! +1

with gg = (ug,dR), the two right-handed quarks now undistinguished by hypercharge. There
are numerous 't Hooft anomalies between the various subgroups of F.

Astrong > AWeak

When the SU (N )strong force dominates, the usual quark condensate (5.11) forms and the
quarks become gapped, leaving behind a number Goldstone bosons.

If we ignore the Sp(r) weak force, the theory has a SU(2rNy) x SU(2rNy)r x U(1)y
global symmetry, broken by the condensate to SU(2rNy)giag X U (1)v. Gauging Sp(r)weak-
means that the global symmetry F in (5.31) breaks to

Fstrong = SU(Nf)L/ X Sp(r)diag X SU<Nf)diag X U(l)v

Here Sp(7)diag C SP(r)weak X SU (2rNy)diag arises from a simultaneous gauge transformation
and surviving SU (2rNy)giag rotation. This ensures that the Sp(r) gauge symmetry is fully
broken, with only this “weak-flavour-locked" global symmetry surviving. The remaining
SU (Ny)diag is the centraliser of Sp(r) in SU (2rNf) diag-

The Goldstone bosons therefore parameterise the moduli space

SU(Ns)L x SU(2rNy)r

% =
strong Sp(’”) x SU (Nf)diag

There are dim . Ayong = 4r2N]% —2r2 —r—1 of them.
With the Sp(r)weax gauge group fully Higgsed, the left-handed leptons remain massless.

They transform under Fyong as
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| SUWNg) 1 Sp(r)diag 1 SU(Nf)diag + U(1)y
L| N ' 2r 1 . —N

These saturate the "t Hooft anomaly of Fyyong. Again this is because the left- and the right-
handed quarks in UV have the same representation (1,2r,N¢) | under Fyong S0 they don’t
contribute to the anomaly.

Ayeax > Astrong

When the Sp(7)weak force dominates, the (N 4 1)N left-handed fermions condense. Collec-
tively, we refer to these as y,,;, with m = 1,..., (N + 1) labelling the quarks and leptons in a

single generation, and i = 1,..., N the flavour index. The condensate takes the form

(Wi W) ~ A euicImin (5.32)

with Wi - Wyj a Sp(r)weak singlet. (The gauge group indices are contracted using the Sp(r)
invariant anti-symmetric tensor) and fmi’n j an anti-symmetric matrix.

Once again, we must determine the choice of fmi’n ; that minimizes the potential induced
by gauging the SU (N )swong group. This is a fairly involved calculation and is presented
in Appendix 5.B.4, where we show that the flavour-diagonal condensate is again a (local)
minimum of the potential, with no tachyonic modes. This means that the dynamically

preferred vacuum condensate breaks the gauge group to
SU(N)stwong — SP((N —1)/2)strong (5.33)
generalising the earlier result (5.15). At the same time, the global symmetry F' is broken to
F=SO(Ny) x SU(2rNp)r x U(1)y (5.34)

where SO(Ny) C SU(Ny)py x SU(Ny)pand U(1)y C U(1)y X SU(N )sgong is defined in anal-
ogy with (5.8).

We’re still left with the right-handed quarks gg, which are now coupled to the surviving
S p(% (N + 1)) gauge group. Under the symmetry breaking

SU(N)strong X U(1)y = Sp((N —1)/2)strong x U(1)y
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these right-handed quarks decompose as
gr: Ny = (N=1)o@ 1y (5.35)

As S p(%(N — 1) becomes strong and confines, those quarks transforming in the N — 1 repre-

sentation condense. This further breaks the flavour symmetry group to
Fyeak :SO(Nf) XSp(I’Nf)R X U(l){/ (5.36)

The final result is that we have a moduli space of vacua,

SU(Ny) x SU(Ny) _ SU(2rNy)
SO(Ny) Sp(rNy)

Myeak =
generalising our earlier result (5.20). Meanwhile, the singlet fermions in (5.35) remain
massless, transforming under Fyeqx as

| SOWNy)  Sp(rNp)r  U(1)g
gr| 1 ' 2Ny ' 4N

The fermion content can be shown to saturate the 't Hooft anomalies in the same way
demonstrated explicitly at the end of Section 5.2.1. For a single generation of fermions,
Ny =1, we again see that the infra-red global symmetry in the two regimes coincides:
both are Sp(r) x U(1). This now differs from the UV symmetry (5.31), meaning that there
are Goldstone bosons even in this case. Nonetheless, it appears plausible that there is no
phase transition for Ny = 1 as we vary the gauge coupling constants. As in Section 5.2, the
left-handed lepton in one regime transmutes into a right-handed quark in the other.

For Ny > 2, the symmetry breaking patterns on either side differ and there must be a
phase transition as we vary between them. Once again, neither of the symmetries Fyong and
Fyeak, defined in (5.34) and (5.36), are subgroups of the other.

5.3.2 Adding Hypercharge and Yukawa Couplings

Finally we discuss the theory introduced at the beginning of this section, replete with U(1)y
coupling and flavour-diagonal Yukawa interactions (5.30). The gauge symmetry is

G=U(1)y x Sp(r) x SU(N)
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and the global symmetry is
F =SU(Nf)gxSU(Ny) xU(1)y (5.37)

where the matter fields transform as

G F

U(l)y 1 8p(r) 1 SUN) | SU(Ng)g 1 SUNp) 1 U(1)y
qL +1 . 2r | N Ny | 1 L+l
I —N 21 1 | Ny ! —N
dro | —2a—1)N+1 1 N Npo 1 -+l
URq, +<2(X—1)N+1 | 1 | N Nf | 1 o +1
eRa —2aN 11 1 |, Ny |, —N
VRa Qa-2)y ' 1 ' 1 1 ' Ny | =N
O Ra-1)N 1 2r 1+ 1 1 ! 1 0

This time, the presence of the right-handed neutrinos ensure that the global symmetries F
suffer no 't Hooft anomalies. The arguments of the previous section allow us to quickly

determine the symmetry breaking pattern in the two regimes.

Astrong > Aweak

When the strong force dominates, the full UV symmetry (5.37) survives. There are no
Goldstone bosons. Although the leptons remain massless after the gauge interactions become
strong, they interact with the Higgs fields and, indirectly, with the mesons and there is nothing
to prevent them gaining a mass, suppressed by the Yukawa coupling. For generic values of

the Yukawa couplings, we therefore expect the fermions to be gapped.

Aweak > Astrong

When the weak force dominates, the condensate (5.14) forms. A computation of the correct
vacuum alignment can be found in Appendix 5.B.4, which shows that the ground state

preserves the global symmetry
Fyeak = SO(Ny) x U(1)y

with SO(Ny) C SU(Ny)diag C SU(Ny)4 X< SU(Ny);. The condensate also breaks the SU (N )sgrong
gauge group as in (5.33). As the surviving subgroup of SU (N )song confines, the resulting

condensate does not further break the global symmetry Fy¢,x. Once again, no symmetry
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principle ensures massless fermions and, generically, none are expected to survive. Instead,

the gapless modes are supplied by the Goldstone bosons which parameterise

SU(Ny)q % SU(Ny);

(5.38)

The story is, by now, familiar. There is no evidence of a phase transition in the symmetry
breaking pattern when Ny = 1. Such a phase transition must occur for Ny > 2 although
now the symmetry breaking pattern suggests that such a phase transition can be captured by
a mean field Landau-Ginzburg description. It would surely be interesting to gain a better

understanding of the nature of the phase transition, both here and in other examples.

Appendix 5.A Vacuum Alignment

When a gauge theory spontaneously breaks chiral symmetry, the resulting Goldstone bosons
parameterise a moduli space of vacua .#. If this theory is subsequently coupled to a second
gauge group, which becomes strong at a lower scale, then much of the the vacuum moduli
space . is lifted. The preferred ground state is chosen dynamically in a process known as
vacuum alignment.

The physics of vacuum alignment was explained in two beautiful papers by Peskin [107]
and Preskill [112]. In this appendix, we review the results of these papers. In Appendix
5.B, we then apply these results to understand the ground states in situations of interest in
Sections 5.2 and 5.3.

We consider a general gauge theory with gauge group as
G=G1 xGy

with the convention that the gauge group G; will always run to strong coupling before G,

meaning that the dynamically generated scales are ordered as
Al > Ay

We couple our gauge theory to fermions. The full theory will have a global symmetry group
that we denote as . However, if we first turn off the second gauge group G, by setting
its coupling to zero, the global symmetry group of remaining theory, with only G, will be

larger: we denote this global symmetry group as K.
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We are interested in situation where the confinement of G; and subsequent condensation

of fermion bilinears breaks this global symmetry to a smaller subgroup
K—H

The are three basic symmetry breaking patterns, suggested by the maximally attractive
channel hypothesis, that can arise with a single gauge group G [107]. Only two of them will
be needed in the bulk of the paper, but we list all three for completeness:

e If there are n massless Dirac fermions in a complex representation of G|, we have
the global symmetry K = SU (n) x SU (n)g, with the two factors acting on left- and
right-handed Weyl fermions which we denote as y; and yg. The condensate takes the

general form
(WriWL)) ~ AT (URUL)ij

with i,j=1,...,n and Uy /g € SU(N)/g- The subgroup H = SU(n)giag leaves the
condensate untouched, meaning that we have the familiar QCD-like breaking pattern

SU(n)L x SU(n)g — SU (n)

This form of condensate arises in the bulk of the paper when the SU (N) gauge group,
with N > 3, first becomes strong.

* If there are 2n Weyl fermions in a pseudo-real representation of G then we have
a global symmetry K = SU(2n). The condensate forms through the invariant anti-
symmetric tensor, €% Tt takes the general form

) 0 1
<8“bl[/ail//bj> NA? (UTJU)ij with J = ( 10 )

Here U € SU(2n) and J is the 2n x 2n anti-symmetric matrix given in block form

above. The resulting symmetry breaking pattern is
SU(2n) — Sp(n)

This form of the condensate arises in the bulk of the paper when the gauge group Sp(r)
or SU(2) becomes strong.

* If there are 2n Weyl fermions in a real representation of G1, then the global symmetry

is again K = SU (2n). This time the condensate forms through the invariant symmetry
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tensor of the reperesentation, d’. It takes the general form

0 1
<dabl//m'l[/bj> NA% (UTDU)ij with D = ( L0 )

Again, U € SU(2n) and D is a 2n x 2n symmetric matrix given in block form above.
Now, the symmetry breaking pattern is

SU(2n) — O(2n)

This form of the condensate does not play a direct role in this Chapter although, as we
show in Section 5.2.1, we have a similar symmetry breaking pattern when first Sp(r)

and subsequently SU (N) becomes strong.

Each of the symmetry breaking patterns described above results in a vacuum moduli space
My=K/H

Each point of . corresponds to a different orientation of H C K.

5.A.1 A Potential Over the Moduli Space

We now turn on the coupling for the second gauge group G, C K. The global symmetry
of the theory is reduced to F. Correspondingly, the symmetry breaking pattern K — H is
reduced. Different orientations of H in K descend to different symmetry breaking patterns,
each of the form

GyxF —GxF (5.39)

The question we need to address is: what symmetry breaking pattern is preferred? This is the
question of vacuum alignment.

As explained in [107, 112], the choice of vacuum is determined dynamically. To see why
this is the case note that, after gauging G, there are three different fates for the would-be
Goldstone modes in .#. Some will be charged under G»; these act as Higgs bosons, breaking
G, to the smaller group G C G, and are eaten by the Higgs mechanism. Other scalars in ./
are not eaten, but are no longer protected by symmetry constraints; they will gain a mass, as
we explain more fully below, and are referred to as pseudo-Goldstone bosons. Finally, some
scalars remain exactly massless; these are Goldstone modes of the full theory, whose moduli

space includes the factor

M CFJF
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Note that this need not be the full moduli space because when the surviving gauge group
G becomes strong, it too may break some chiral symmetry, resulting in further Goldstone
bosons.

We now describe how the potential is generated over .#, following [107, 112]. The
minimum determines the locus of ground states in .#( and, correspondingly, the surviving

symmetries G and F in (5.39). The potential is generated by the coupling
8L =Y A%
(04
with oo = 1,...,dim G,. The current is given by
Ji = ignGhy

where G* are the generators of G».

At one-loop, exchange of the W-bosons gives rise to a potential on the moduli space. A
point Q € . corresponds to a putative vacuum state |€2). The energy of this state is given
by

2
V(Q) = —2A" (x) (@ (x)(0) |2) (5.40)

This correlation function, and those below, are time-ordered. Here g; is the gauge coupling
associated to the gauge group G, and the gauge propagator Ay (x) is defined in the usual
way by

(QIA%(x)AD(0) Q) = —iF*P Ay (x)

It will prove to be useful to change perspective, somewhat analogous to the shift from an
active to passive viewpoint. To this end, we fix a reference vacuum state |0). A general

ground state |Q) is given by the unitary action
Q) =U10)

with U € K/H. (Strictly speaking, U is a unitary representation of K acting on the Hilbert
space.) We now parameterise the point in .#, by U € K/H. We define the rotated currents,

I8 =ipUtG*Uy (5.41)

In this notation, the potential (5.40) becomes

2
V(U) = =2 (x) (0] 7(x) £(0)]0) (5.42)
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In the vacuum |0), there is a particular embedding of the unbroken subgroup H C K. We
introduce the following notation for the generators of the Lie algebra of K and its sub-

algebras’
e Let7", m=1,...,dimK, denote the generators of K
e Let H*, a=1,...,dimH, denote the generators of H C K.
e LetX!,i=1,...,dimK — dimH, denote the generators of K/H.

Any generator, T of K, can be decomposed into components projected along the two sub-
algebras H and X = K/H. We write the projection along H as Ty and the projection along X
as Ty, so we have

T =Ty +Tx :=Tr(TH*) H* + Tr(TX")X'

with T2 = Tr(TH®) the projection along H and T} = Tr(TX') the projection along X. Imple-

menting a decomposition of this kind for the current (5.41), we have
S =Tr(U'G*UH") 7, + Tre(UTG*UX") 7%,

with 7, = iyy,H*y the currents that lie in the unbroken H# C K and I p =X iy
the currents that lie in the broken K /H. Substituting this decomposition into the potential
(5.42), we have three terms: /ﬁ, /)? and ¢y _Zx. The cross-term Zy _#Zx vanishes. The
other two terms also simplify. In particular, using the fact that K/H is a symmetric space, we

have
(O Z3u(x)_73,(0)|0) = Tr (X'X7) (0] Fxu(x)_Zxv |0)

where _Zx denotes any choice of normalised generator, e.g. Zx = /}} the exact choice
doesn’t matter precisely because it’s a symmetric space. We use a similar convention for
_Zn. The potential (5.42) can then be written as

2
V(U) = =2 (@) ¥ [Tr (UG U); (0] S (x) v 0)]0)

+ Tr (UTGUU)} (0] Fxu(x) Fxv(0)[0) (5.43)

We can further simplify this using

Tr (G*)? = Tr (UTG*U)? = Tr (UTG*U)x + (UTGU)y)?
= Tr (UTG*U)3 + Tr (UTG*U),

>To avoid an explosion of notation, we denote the Lie group and Lie algebra by the same letter.
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Both terms in the potential (5.43) can then be written in terms of Tr (U'G*U )§ giving

f t o
= E Tr 44
V(U) = Vo—l-2 ir (UTGYU)% (5.44)
where Vj is independent of U. Here we’ve introduced f7, the characteristic energy scale

associated to chiral symmetry breaking, defined in the usual manner as

O Zxy [77) = ifzpud”
The mass scale M? in (5.44) is given in terms of broken and unbroken current by

M2 = A () (0] i) Fv(0) — Fxu(x) Fxv(0)[0) (5.45)

- f?
Importantly, M? can be shown to be positive [107, 112]. We postpone the derivation of this
result to Appendix 5.A.2 below.
The expression for the potential (5.44) has a particularly elegant interpretation: the group

theoretic factor is simply the sum of the G, gauge boson masses,

Z Tr (UTGU)% ~ Z (gauge boson mass)*
04

We see that, with M? > 0, the minimum of the potential V (U) occurs when the gauge group
is broken the least, in the sense that the sum of the gauge boson masses is smallest.

In practice, life is simplest if we are able to pick the reference state |0) to be a local
minimum. For this to be the case, the generators G* of G, C K must obey a number of
properties. To see this, we parameterise the vacua in the neighbourhood of |0) by

U(p) = exp(ipiX')
To leading order in p, the potential (5.44) then reads

2 2M2
V(p) =vp+ 212

DI Y (T (G +ipi Tr (GF (G X))+

(04
For p = 0 to be an extremum of V, we need

8V<

T 0)~ Y TrG%[G*,X'], ZTrGX[GH, 1= ZTrX’ [G%,G¥]=0
1 [



142 If the weak were strong and the strong were weak

where the second equality follows from the fact that, for K/H a symmetric space, [H,H| ~ iH
and [H,X] ~ iX, and [X,X] ~ iT. The third equality is of course the cyclic property of trace.
We learn that the reference vacuum |0) is a stationary point of V provided that

(G, G%] =0 foreach o (no sum) (5.46)

Next we must ensure that |0) is a local minimum, as opposed to a maximum or saddle
point. For this, we must compute the Hessian of V. In a mass-diagonal basis for the broken

generators X', one can show that the mass eigenstates are given by

y [ Tr [G%,[G%,X]]X — Tr [G%,[G%,X]|X (5.47)

(04

This combination will show up regularly in what follows; we denote it as

Y 6x (G*) (5.48)

We see that we have a local minimum only if m% > 0 for each of the pseudo-Goldstone
bosons X. In contrast, if there is any direction with m% < 0 then there is a tachyonic mode
which destabilises the would-be vacuum.

In fact, life is not quite as simple as we have described. We will encounter a number of
situations in which the leading order result (5.47) gives mg( = 0 for some pseudo-Goldstone
boson X, even though there is no symmetry protecting the mass. In this case, we must work

harder and look to the second-order terms.

5.A.2 Second Order Corrections to the Potential

To compute the second order corrections to the masses of pseudo-Goldstone bosons, we need
a little bit of non-perturbative information. Fortunately, this information is available in the
form of sum rules, first derived by Weinberg [144]. Moreover, this machinery is precisely
what’s required to prove that M?, defined in (5.45), is positive definite. We now review this,
following [107, 112].

The spectral function py(s), corresponding to the unbroken currents ¢y is defined by

= 4 —je~iPx v
O A4 W 7o) = [ as [ (jn’;p,,(s) ’ (nuv_p“_g)

p?—s+ie p
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For the broken currents ¢y, the corresponding spectral function px has an extra term,

0L AW A0 = [Tas [ S oo (1= 28— st

s+1€

Importantly, the spectral functions obey a number of sum rules [144],

| ds(puts) = px(s)) =0
7S onls) = px(9) = 12 (549

The mass M2 can be written in terms of the two spectral functions (see, for example, [112])
as

3 %}
M= g [ as 08 (pi(s) —px()

where sq 1s a regularisation scale. To simplify this further, we must assume that the spectral

functions are dominated by the lowest lying mesons, and are correspondingly approximated
by delta-functions

pp~A28(s—M%)  and  px ~A28(s—M3)

Here My and My are the masses of the lowest-lying spin-1 mesons coupled to the unbroken
and broken currents respectively® and A1, A, are the strengths of the couplings. The two sum
rules (5.49) then tell us that /’L2 ~ 12 A from the second equation and

1 1_f,%
My M; o A?

Since the right-hand side is positive, we learn that M)% > M%I. This is sufficient to guarantee
positivity of M? which can be related to the meson masses as

2 MZ
M? = izlog (—)2()
Am [z Mg

The machinery of spectral functions is also needed to get an expression for the second-
order correction to the masses of the pseudo-Goldstone bosons. The essence of the idea is

simple: the masses M? are computed using the gapless gauge boson propagator A*Y(x) in

%For orientation, in QCD with Ny = 2 flavours, the broken and unbroken generators arise from the chiral
symmetry breaking pattern SU(2); x SU(2)g — SU(2)diag- Here the p meson, with My =770 MeV couples
to ¢y while the a; meson, with mass My = 1260 MeV couples to _Zy.
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(5.45). However, the condensate partially breaks the gauge group G», giving some of the
gauge bosons a mass. For these gauge bosons, the propagator should be replaced by the
massive propagator.

Here for simplicity, we assume that each of the massive G, gauge bosons has the same
mass, which we denote as 2. (In the examples of Appendix 5.B, this is too naive and there
will be gauge bosons with different masses. This adds an extra complication, but here we
deal with just the simplest case.) The mass ? changes the propagator of the gauge boson
and, correspondingly, shifts the mass M? to Mﬁ, which we will compute shortly. Note that
the mass u? will be proportional to g%, meaning that Mﬁ differs from M? only at order g‘z‘.

With this correction, the mass of the pseudo-Goldstone bosons (5.48) becomes

unbroken broken

m)z( = % <M2 Z %X(Ga)—l—Mﬁ Z (gx(Ga))

Our interest lies in those pseudo-Goldstone bosons whose mass m)zf vanishes at leading order.

For these, it must be the case that ¥ 1nroken G (G%) = Yproken Ex (G%), so we can write

2
my =22 Y %(G%) (M2 —Mﬁ) (5.50)
4m unbroken
Note, however, that for an unbroken generator G* we have, by definition, G)O(‘ = 0 (since G;‘(‘
is the projection onto the broken part). Using the definition of €x (G%) in (5.47) and (5.48),

we see that
Y, “x(G*) >0

unbroken
This is the key to showing that the second order correction to the mass terms is positive. (It
is also the step that needs revisiting when the broken gauge bosons have different masses.)

Invoking the spectral representation, the mass (5.50) can be written as

3g2 S0 Ky “2
2 _ 2 o S0 s B
my = @n)f2 <unb§’ken<€x(G ) /ds (log Ty log ; (pH — Px)
3g% uz s
~ 8 (G | [ ds Etog s (puts) — px(s))
(471')2 7% <unbrzoken 5 .uz
5o o (M, My W My
~ (47)2 f2 Z ¢x(G%) _10gF —10gW (5.51)

unbroken
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The fact that this is positive definite follows once again from the observation that M}% > MI%I.
This ensures that those pseudo-Goldstone bosons that remain massless at leading order
receive a positive mass at the next order. Note also that the gauge boson mass is of order
p? ~ g3 f2, ensuring that this mass m% is indeed of order g3 as expected.

As we stressed above, this calculation assumed that the massive G, gauge bosons have
a common mass (2. This allowed us to write the second-order correction to the massless
pseudo-Goldstone bosons as (5.50). Below we will meet situations in which this step
needs revisiting, and the positivity of the mass correction is no longer so straightforward.

Nonetheless, we will see that the positivity remains.

Appendix 5.B Examples

We now apply the results of Appendix 5.A to the models considered in the bulk of the paper.

5.B.1 Vacuum Alignment for SU(2) x SU(3)

We start by applying the ideas above to the chiral gauge theory with gauge group G = SU(2) x
SU(3), coupled to Ny generations of fermions. For now, we include neither hypercharge nor
Yukawa interactions. This is the theory described in Section 5.2.1.

When Aggong => Ayeak S0 the strong force dominates, the original chiral symmetry
breaking gives rise to a moduli space .# = [SU (2N)1, x SU(2N¢)gr|/SU(2Ny). In this case,
there is no calculation to do: each point in .#( breaks the SU(2) gauge group completely.
As described in the main text, the true moduli space of the theory is .#yong defined in
(5.13). We have dim ., — dim .#ong = 3, with this difference accounted for by the Higgs
mechanism which means that three pions are eaten when SU(2) is broken. This simple
counting means that there are no pseudo-Goldstone bosons in this case and no potential over
M is generated.

The regime Ayeak ~> Astrong 1S more involved. When the SU(2) gauge group becomes
strong, the resulting condensate (5.14) allows for a number of different symmetry breaking
patterns. These include SU (3)strong — SU (2)strong, and SU (3)strong — @. We show here that
the former symmetry breaking pattern is a (local) minimum of the potential. In Appendix
5.B.2 we show that putative vacua in which SU (3)Strong is completely broken have a tachyon
and are unstable.

We denote the fermions as

Vi = (91-41i-q1i-li)  withm=1,2.3,4andi=1,...Ny



146 If the weak were strong and the strong were weak

(Note that the colour components ¢> and ¢ are exchanged compared to the main text. This
doesn’t change the conclusions, but makes some of the generators below a little simpler.) If

we ignore the SU (3)strong gauge fields, we have a moduli space of vacua given by
My=K/H="1L

We now turn on the SU (3)Str0ng gauge fields. We will show that the flavour diagonal ground

state
—1

1

(Wi = Ynj) ~ 0;j (5.52)

—1

mn
is a minimum of the resulting potential.

It is trivial to show that this vacuum is an extremum of the potential, with the generators
obeying (5.46); this follows from the flavour-diagonal nature and the fact that there is no
vacuum alignment problem for a single generation. It remains to show that the masses
(5.47) of the pseudo-Goldstone bosons are non-tachyonic. For this, we will need explicit
expressions for the generators of Gy = SU (3)swong and X € SU(4Ny)/Sp(2Ny).

First the gauge generators. Since the vacuum (5.52) breaks SU (3)stwong — SU (2)strongs
it makes sense to classify the generators in terms of their representation under SU (2)yeax-
They decompose as 8 — 3@ 2(2) @ 1. The triplet

| 1 0
G§ = o~°‘®< >®1va o=1,2,3

V/2N; 00

are the generators of the unbroken SU (2)stmng where, here and below, the generators are

normalised as TrG*GP = §%F. The two pairs of generators transforming in the doublet are

1 1 i

®1 ) ®1 9
Ny \/Z_Nf Nf}

—1
®1Nf}

G5 €

s

I 1 1
1
{ J/2N; 1 O AN, i
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Finally the singlet is given by

1
G1=—=(1,-2,1,0)®1y,

NG,

All gauge generators are singlets under the unbroken SO(Ny) flavour group.

Next, the (pseudo)-Goldstone modes. Under the original symmetry breaking SU (4Ny) —>
Sp(2Ny), the broken generators transform in the traceless antisymmetric rank-2 tensor repre-
sentation of Sp(2Ny), denoted by .«7. We have

dime/ = (2N;—1)(4Ns+1)
After gauging SU (3)colour, the global group H = Sp(2Ny) is broken to
Sp(2Ny) — SU(2)strong X SO(Ny) x U (1)
Under this decomposition, the branching rule for the anti-symmetric representation .27 reads
g —2(2,1),®(1,1);22(2,5)y B (1,9)y® (1,SBA) B (3,4),® (2,A) 15D (1,A) 4

where S and A are the traceless symmetric and the antisymmetric rank-2 tensor representation
of SO(Ny), respectively; they have dimensions

Ny Ny
dims$ = %(Nﬁ 1)—1 and dimA= Tf(Nf— 1)

The five generators sitting in singlet representations of SO(Ny), namely 2(2,1)o @ (1,1)o are
the only generators that remain in the case Ny = 1. These are the five Goldstone modes that
become the longitudinal modes of the massive gauge bosons as SU (3)srong — SU (2)strong-

We need explicit forms for the remaining generators. This is aided by the observation
that, for the condensate (5.52) with symmetry breaking pattern SU (4Ny) — Sp(2Ny), the
unbroken and broken generators take the form

A B C | D
H = BT | AT and X = of (7

with A Hermitian, B symmetric, C traceless Hermitian and D anti-symmetric. In their full
glory, the broken generators are:
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* The pair of (2,5) representations are generated by matrices of the form

Z*

®S and

1
4 2./Ny z

®S

1
Xin o —
(2,5) ) \/Ff

with § a traceless, symmetric matrix and z € {1,i}.

* The representation (1,S) is generated by matrices of the form

1
X(I,S) = —diag(l,—l, 1,—1>®S

2, /N;
* The representation (1,5 @A) is generated by matrices of the form

diag (0,1,0,1)®L

1
X, = ——
(LSeA) =" /2N,

with L a traceless, Hermitian matrix.

* The representation (3,A) is generated by matrices of the form

Xan=———oo(' Y)ea
(A= 2N, 00
with A an anti-symmetric Hermitian matrix.

* The pair of representations (2,A)3 is generated by matrices of the form

*

4

®A

1
Xin 4\ =
(2,4) 2\/1Tf

—Z <

again with z € {1,i}.
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* Finally, the pair of representations (1,A).¢ is generated by matrices of the form

—
A\
*

®A

0=

Each of the Ny X Ny matrices above is normalised such that
TrL? = Tr §* = TrA> =Ny

ensuring that the generators have normalisation Tr X2 = 1. Note that in the basis given
above, (2,A)+3 and (1,A) ¢ are not U (1), diagonal, but they can be made diagonal in the
full SU(2)strong X SO(Ny) x U(1)y under a unitary change of basis.

With these explicit expressions, it is now a simple matter to compute the masses of the
various generators using (5.47). We find three of the representations have mass,

. &M . &M’ o gM?

(5.53)

with g the gauge coupling of SU (3 )srong. Each of these is positive, as is required for a stable
ground state. The remaining three generators are massless

mly g =mly g =ml g4 =0 (5.54)

Of these massless generators, (1,5)g and (1,S®A)g are neutral under the SU (2)syong gauge
group and so we do not expect them to receive any further corrections. Indeed, these
generators correspond to the exact Goldstone bosons of the theory. We can confirm this with
some simple counting,

3 Ny

1
“N¢#(Np+1)—1 N2-1)=>N2+-L_2
(z.f(f+) )+(f )2f+2

. . . . /
which coincides d1m///weak

defined in (5.17), the expected number of exact Goldstone
modes.

This leaves us with the fate of the pair of (2,5)o representations unaccounted for. These
are not exact Goldstone bosons, so we expect that the vanishing of the mass is an artefact of
working to leading order in perturbation theory; we must look to second order to see if the

resulting mass-squared is positive or negative.
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Second Order Corrections

We now adapt the results of Appendix 5.A.2 to determine the second order correction to the
(2,8) states. As explained previously, the relevant physics comes from taking into account
the mass splitting of the broken SU (3)suong gauge generators. One key difference with the
results of Appendix 5.A.2 is that now these gauge bosons have different masses.

It will be useful to describe the general case, in which the broken gauge generators sit in

more than one irreducible representations of the unbroken gauge group G,

I'broken = EB r;

icl

The masses of gauge bosons in each representation r; will, in general, differ. We denote these

masses as ;,Liz. The analysis of Appendix 5.A.2 then proceeds, with the final result (5.51)

replaced by
3gZ)? ( ) ( uE o My oou? M2>
2 s (07 i H i X
my & — ©x Gy, log— — —%log —%- (5.55)
T (4m2f ; 2 (G My T up o Mz

Note that, in contrast to (5.51), we are now summing over the broken generators, rather than
the unbroken generators. This is compensated by the overall minus sign that sits in front.
The fact that M)Z( > M%I ensures that the log terms are positive definite. To ensure stability,
we now need that the group theory factor is negative, to cancel the overall minus sign.

Our example of interest has G = SU(2) and the broken generators sit in 12 @ 2. The
masses of the corresponding gauge bosons are given by

2
i =30 and 43

1 22
Egsfn'

We should then apply (5.55) to the worrisome pseudo-Goldstone mode X = (2,A). Happily
it turns out that there are no tricky cancellations between group theory factors; instead one

finds

4
Y ¢x(G5)=—-1 and %x(Gy)= 1
a=l1 2

The fact that each of these is negative, means that they both contribute positively to the mass
m}z{ We see the vacuum (5.52) remains stable at second order.
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5.B.2 Unstable Vacua

We have shown that the flavour-diagonal condensate (5.52) is a local minimum of the
potential. We have not, however, shown that it is global minimum.

This, it appears, is a challenging problem. The moduli space is large, and there may be
many saddle points. However, the simple observation that the potential (5.44) is proportional
to the sum of the W-boson masses means that those ground states which break the gauge
symmetry the least are favoured. For this reason, it seems likely that the flavour-diagonal
vacuum (5.52) is, in fact, the true ground state of the system.

In this appendix, we give some calculations to back up this intuition. We have not been
able to find other local minima of the potential. Instead, we will show that a number of
obvious candidates for ground states have tachyonic modes and so are unstable. We work
with Ny = 2 and give two examples of putative ground states, each with different symmetry
breaking patterns, which turn out to be saddle points.

For the first example, consider a condensate of the form

<Q?L ’ q3L> ~ Agveak5ab ) <l1L ) 12L> ~ Agveak (5.56)

where a = 1,2,3 is the SU(3)srong colour index, and the 1,2 labels on the quarks and leptons

refer to flavour. With such a condensate, the gauge groups breaks as
SU(3)strong — 50(3)Str0ng

If we choose to order the 8 Weyl spinors as y = (q}L,q%L,q%L,ll L|q5L,q%L,q§L,lzL)T, then

the SU (3)str0ng generators act as

A‘OC

1 0
a—_
G—2 L

0

with A% are the usual 3 x 3 Gell-Mann matrices. It is straightforward to show that the
broken and unbroken generators obey (5.46), so this condensate is at least a saddle point
of the potential. However, one finds that this condensate has a higher energy than (5.52).

More importantly, there are also tachyonic modes. One of this is associated to the would-be
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Goldstone bosons transforming in the octet of SU (3)strong

1o
1 0
E 20T

0

The mass matrix for these 8 generators can be found using (5.47); it is diagonal, and given by

2202
2 gM
Myg = — s27r (0,1,0,0,1,0,1,0)

The overall minus sign means that this vacuum is unstable.

As a second example, we consider the condensate that arises in the single flavour case,
but now with two flavours which align differently within the SU (3)Str0ng gauge group. For
the first generation we take,

@ @)~ R > liL-qip) ~ Al (5.57)

which picks out the a = 3 colour direction. Meanwhile, for the second generation we take

<CI5L'CI%L> ~ Axsweak ) <IZL'Q%L> ~ Aﬁveak (5.58)

which picks out the a = 2 colour direction. The combination of both condensates breaks the
SU (3)swrong gauge group completely.

To compute the masses, it is simplest to note that the condensate is related to (5.52) by a
permutation of the Y components. There are two ways to proceed; we could fix the action
of the gauge generators G% on v, in which case the permutation acts as conjugation on the
broken generators X defined in Appendix 5.B.1. Alternatively, we could fix the action of the
unbroken generators, in which case the permutation acts by conjugation of G. In either case,
a simple calculation shows that the condensates (5.57) and (5.58) are indeed a saddle point
of the potential, but with energy higher than both the local minimum (5.52) and the unstable
vacuum (5.56).

It is a little more involved to demonstrate that the condensates (5.57) and (5.58) are unsta-
ble and we refrain from giving all the details. Because the gauge group is broken completely,
many of the broken generators X given in Appendix 5.B.1 now mix. Diagonalising the
resulting mass matrix, one finds that there are massive modes, massless modes and, crucially,

two tachyonic modes. This vacuum is unstable.
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5.B.3 Adding Hypercharge

We now repeat the calculation of Appendix 5.B.1 in the presence of a U(1)y hypercharge
interaction. This corresponds to an additional gauge generator which, in the notation of
Appendix 5.B.1, takes the form

1
Gy = ——(1,1,1,-3)® 1y,

2,/3Ny
The unfamiliar normalisation factor ensures that this generator obeys Tr Glz, =1.
There is a simple generalisation of the mass formula (5.47) in which the different gauge
generators are summed over, weighted with their gauge couplings. We denote the gauge
coupling associated to U(1)y as gy. Then the masses of the pseudo-Goldstone bosons (5.53)

are replaced by

2 2p402 2
2 _ & 2 2 _ gsM 2 ) 2 M
340 = 7'CNfM » M2A), T 27Ny’ M1,4) 16 — (g +2gY)6an

These modes are not destabilised by the hypercharge interaction. Meanwhile, the massless
modes (5.54) remain massless at leading order,

2 2 2 0

M2.8)0 = M(18) T M1s2A) T
The (1,5)o and (1,5 @A)y states remain as exact Goldstone bosons as previously. There is,
however, a correction to the second-order mass of the (2,5)y states due to hypercharge. To
see this, we need the usual mixing of the generators Gy and Gy which yield the Z-boson and

the photon. The mass-matrix for the corresponding gauge fields is

y? = fz ( 2¢; \@gsgy)

3 \V2ger &

which has eigenvalues

fZ
uz=(2g5+ey) 3 and py=0

Correspondingly, the generators mix and take the form

1

\/ 284+ g}

Gz = (\/ng Gy +g12/GY> , Gy= <\/§GY — Gl)

1
V3
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Armed with these results, we can now revisit the calculation of Appendix 5.B.1. At leading

order, only the mass of (1,A) is modified by the hypercharge to

2 _ (& +2ey)M?
(1,4) 67'L'Nf

While the mass of (2,S) is modified by replacing the contribution from Gy in (5.55) by the

contribution from the Z-boson, which is

4 2.2
o _gs +2gng
¥(Gz) = 2gt+ ¢y

The group theoretic factor remains negative and the mass remains positive.

The upshot of these short calculations is that hypercharge does not destabilise the vacuum.
Indeed, it is clear from the calculations above why this is: both the chosen vacuum, and the
hypercharge, are flavour-diagonal. The analysis of [107, 112] shows that the flavour-diagonal
vacuum is likely to be destabilised only by the introduction of U(1) gauge symmetry under

which different generations carry different charges.

5.B.4 Vacuum Alignment for Sp(r) x SU(N)

The analysis of vacuum alignment for Sp(r) x SU(N) follows that of Section 5.B.1; only the
group theory is a little more involved.
Before we turn on the SU (N )syong gauge symmetry, the chiral condensate induces the

K — H symmetry breaking pattern expected of a pseudo-real representation,
SU((N+1)Ny) — Sp((N+1)N¢/2)
We now gauge SU (N )syrong. We postulate that vacuum is again formed by a flavour-diagonal

condensate, under which the gauge group is broken to

. N—-1
SU (N)Strong — Sp(v)strong Wlth VvV = T

More generally, as explained in Section 5.3, the surviving global symmetry H is broken to

H = Sp((N+1)N/2) — Sp(V)strong X SO(Ns) x U(1) (5.59)

As before, it will prove useful to decompose all generators into representations of this
unbroken group. The calculation is very similar to that in Appendix 5.B.1 apart from one
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complication arising from the presence of the traceless antisymmetric tensor representation
of Sp(V)swrong Which is absent when v = 1.
The SU (N )swong generators decompose as

ad—>ﬁ@szf@2<ﬁ)@1 (5.60)

where we use the hat to distinguish these Sp(V)suong representations from similar SO(Ny)
representations that we will meet below. Here S is the symmetric tensor representation
with dimensions v(2v + 1), </ is the traceless antisymmetric tensor representation with
dimensions (v —1)(2v + 1), and . is the fundamental representation 2v. All are singlets
under SO(Ny) and neutral under U(1)y.

The (pseudo)-Goldstone modes again sit in the traceless antisymmetric rank-2 tensor
representation .7’ of Sp((N +1)Ny/2). Under (5.59), the branching rules are

beH(d\,l)o@z(j,l)o@(1,1)0@(%,S)0@2(j75)0@(1,5>0@(I,S@A)O
@(ij)0®(ﬁ7A)iN@(laA)i2N

Now we can track the fate of each of these representations.

The representations (;zf , 1o, (ﬁ ,1)p, and (1,1)p, each of which is a singlet under
SO(Ny), are eaten by the Higgs mechanism, and absorbed as longitudinal modes of the
massive gauge bosons that arise when SU (N )strong is broken to Sp(V)strong-

The representations (1,S), and (1,S@®A),, which are both singlets under the unbroken
Sp(V)strong gauge group, are exact Goldstone bosons. They parameterise the moduli space
Myeak = SU(Ny)q x SU(Nys);/SO(Ny) of the theory defined in (5.38).

The remaining representations are pseudo-Goldstone bosons. At leading order, we can
compute their masses using the formula (5.47). However, the full calculation is a little

involved, so here we only quote the final result to aid the readers:

»  _N-lgM® S 2. = ON—T &M’
(#4) T 2(N—1) 47N,

04T N 2N, 0 TPA T AN,

Meanwhile, at leading order, two of the pseudo-Goldstone bosons remain massless,

2 2
(.S) 2 0
We write these as m%, and m2, for short. As in previous examples, to see whether these
o F p p

massless modes will destabilise the vacuum we need to look at higher order.
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The broken gauge generators sit in the o, F and singlet representations in (5.60). The

masses of the corresponding gauge bosons are given by

1 N+1
uy =& Mr=gsfn M=y &/
We now use the formula (5.55); each of the X = (<7, S) and X = (.%,S) pseudo-Goldstone

modes get mass at second order, given by

3gIA? ( ) (u? My pF . Mg
2 s a i H i X
m — ¢x (GY) —-log— — —5 log—-
X (4r)? %ie{g;;?,l} Za: K Mg T pp Mg

Q

Once again, each of the representations contributes a positive contribution to the mass. For
the X = (<7, S) state, we have

SN —13

Z%(M,S)(Gg%) =—-(N-5) , ch(jg)(GgZ) = N_3 ° Cg(bqus)(Gl) =0
o o

Note that there is no .o/ representation when N = 3, and these formulae hold only for N > 5.
Meanwhile, for the X = (ﬁ ,S) state, we have

N-3 3N -5 1
L5 0= L@ =—3y=q » Urs0) =51

The fact that each of these is negative ensures that the masses of the pseudo-Goldstone
bosons are positive and the vacuum is stable. One can further show that the vacuum is not

destabilised by the addition of hypercharge.



Chapter 6
Conclusion and Outlook

Our theoretical understanding of elementary particle physics has been stagnant for several
years. Hence, it is imperative to get hints of what lies beyond in whatever way possible.
One way forward is to learn about various constraints placed on the Standard Model due
to its Nature as a gauge field theory and how to utilise them to construct similar theories.
Another is to explore other phases of the theory in the parameter space other than that of our
universe. These are the two directions that this dissertation has offered to explore, first by
re-examining both the perturbative and global anomalies in the Standard Model, and second
by investigating the phase diagram of the Standard Model while dialling the strengths of the
weak and the strong nuclear force.

It is challenging to construct anomaly-free gauge theories. The fact that the Standard
Model, with its complicated matter content, is one of them is therefore rather striking and
demands a more in-depth explanation. The deeper explanation comes in the form of gravity.
Physicists have recognised for an almost equally long time that if we require the mixed
hypercharge-gravitational anomaly, as well as all the other gauge anomalies, to vanish, then
the hypercharge assignment for the fermions in the Standard Model must be as is given in
Nature.

It is still gravity in our different take on the subject that offers an additional constraint
on the matter content. The starting point of our investigation in Chapter 2 is to assume that
the gauge group U(1) x SU(2) x SU(3) is compact. In particular, the hypercharge of each
particle must be an integral multiple of an elementary charge, that is, it must be quantised.
We can then resolve all the gauge anomaly cancellation conditions to obtain a single cubic

equation in three variables of the form

x3+y3:Z3' (61)
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Hypercharge quantisation forces us to find a solution (x,y,z) in Z*. Remarkably, Fermat’s
Last Theorem informs us right away that the only solutions are the trivial ones where one of
the variables vanishes. These solutions coincide with the actual hypercharge assignment of
the Standard Model.

It is a remarkable fact that hypercharge quantisation and gauge anomaly cancellation
give the essentially unique hypercharge assignment of the the Standard Model fermions
that is consistent with gravity. There are many ways to interpret this. For example, one
could say that consistency with gravity requires the unification of the gauge group, for the
most natural way to obtain a compact abelian gauge group is by embedding the Standard
Model gauge group in a bigger compact non-abelian gauge group like SU (5) GUT. Others
might interpret this as unsurprising since it is believed that consistency with quantum gravity
requires abelian symmetry groups to be compact [109, 30]. The Standard Model is just a
special case for which a unique hypercharge assignment can be obtained from consistency
with gravity either through hypercharge quantisation or through gauge-gravitational anomaly
cancellation. Whether this special property of the Standard Model has some bearing in the
search for new physics is still unclear and requires further investigation.

We would be construed as naive if we only studied one side of the coin, that is if we
studied local anomalies without touching global anomalies. We would like to know whether
there is any subtler global anomaly that is not captured by Witten’s mapping torus argument,
given our modern knowledge that we can describe global anomalies in terms of the eta-
invariant and cobordism. In this new framework, we expressed the fermion path integral
as the formal determinant of the Dirac operator. The phase of the path integral is then the
eta-invariant My associated with Y, the extension of our spacetime in 5 dimensions. The
eta-invariant 1y is defined to be half the regularised version of the number of positive modes
minus the number of negative modes of the Dirac operators on Y, with all gauge fields and
metric extended appropriately. There is no anomaly when our result does not depend on the

choice of the extension Y. This condition translates into the statement that
exp (2ziny) =1, (6.2)

for any closed 5-manifold ¥. When all perturbative anomalies are gone, the exponentiated
eta-invariant exp(27iny ) is a bordism invariant. What this means is that the exponentiated
eta-invariant is trivial when the closed 5-manifold Y is a boundary of a 6-manifold, with all
the relevant structures like the spin structure, the gauge bundle, and the metric, extended ap-
propriately. In a more mathematical term, the exponentiated eta-invariant is a homomorphism

from the bordism group with appropriated structures into U(1).
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We use the Atiyah-Hirzebruch spectral sequence as our main tool to compute the relevant
bordism groups, with some help from the Serre spectral sequence to work out the unknown
homology and cohomology groups. As we would like to define a fermion in our theory,
the appropriate extra structure is the spin structure. The choices for the gauge group of the

Standard Model consistent with the Lie algebra and the matter content are

U(1)xSU(2) xSU(3)

Gn - Zn )

n=1,2,3,6. (6.3)

For each choice of the gauge group, we find in Chapter 3 that the fifth spin-bordism group is
given by

Q" (BG1) = Q" (BG) = Zo,  Q5""(BG2) = Q" (BGe) =0.  (64)

In other words, there is a mod 2 global anomaly for G; and G3 but not for G, and Gg. The
mod 2 anomaly here can be identified with the usual Witten anomaly in the gauge group
SU (2). In other examples involving gauge groups for various Beyond Standard Model (BSM)
theories, we only obtain the Witten Z, anomaly associated with a factor of SU(2) or Sp(n)
in the guage group at most.

The curious absent of the global anomaly when the gauge group factor U (1) x SU(2) is
replaced by U(2) prompt us to dive deeper and investigate in Chapter 4 what is going on,
since practically we still impose the condition that chiral fermions must come in pairs in
the fundamental representation of SU(2). More generally, fermions in the isospin 2r+ 1/2
representation of SU(2), with r a non-negative integer, contribute to the mod 2 Witten
anomaly. Therefore, the necessary condition for the global anomaly to vanish is to have
an even number of fermions in these representations. In a U(2) gauge theory, we find that
exactly the same necessary condition still applies. However, the condition is derived from
the cancellation of the mixed anomaly between the U (1) factor and SU(2) factor inside
U (2) rather than from a global anomaly consideration. The reason we have exactly the same
condition is because the SU(2) gauge transformation that reveals the Witten anomaly for
isospin 2r + 1/2 chiral fermions is identified with a U(1) transformation when SU (2) is
embedded inside U (2).

Recently, a different kind of global anomalies has been discovered by Wang, Wen, and
Witten [143]. This new anomaly again occurs in an SU(2) gauge theory, but only visible
when the theory is defined on a non-spin manifold. Instead, fermions are defined using the
spin-SU(2) structure which can be given to any orientable closed 4-manifold. Suppose we
couple a fermion with isospin s to this gauge theory, Then, in a certain background gauge

field, the fermion path integral changes sign under a symmetry transformation that is a result
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of a gauge transformation combined with a diffeomorphism if and only if s = 4r+ 3 /2 where
r is a non-negative integer. In the cobordism framework, the existence of this extra anomaly
can be seen from the fact that

QPSR > 7) « 7, (6.5)
instead of just Z,. It is then natural to ask whether this new SU(2) anomaly can be shifted
to the mixed anomaly with the U (1) factor when the theory is defined using the spin-U(2)
instead. The answer to this question is double-layered and more complicated than the ordinary
U(2) case. Given that we do not have any fermions in the isospin 2r + 1/2 of the SU(2)
factor. We first find that in order to cancel the mixed anomaly between the U (1) factor and
SU(2), as well as the mixed gauge-gravitational anomaly, there must be an even number of
fermions in the isospin 4r 4 3 /2 representations. Therefore, we can detect no global anomaly
as long as we cancel the local ones. On the other hand, we use the Adam spectral sequence

to calculate that
QU@ ~7, (6.6)

which strongly hints us that the new SU(2) anomaly must be temporarily masked by the
local anomaly cancellation, but does not equate itself to a certain combination of local
anomalies. Indeed, this is the case. It is possible to construct a Spin — U (2) gauge theory
with an anomalous fermion content together with an appropriate topological Wess-Zumino
term that exactly absorbs the perturbative anomalies from the fermions. In such a theory, the
perturbative anomalies all vanish by construction, leaving us to see the new SU(2) anomaly
in the clear.

In our investigation of gauge anomalies in the Standard Model from the framework of
cobordism of Chapter 3, we have only looked at one aspect of constraints from anomalies,
that of searching for subler global gauge anomalies. We have, however, ignored a potentially
very interesting prospect when discrete symmetries are brought into discussion. It has been
discussed in the litereature (for example, in Reference [74]) that if there is a Z4 discrete
symmetry whose order 2 element can be identified with the Fermion number operator (— I)F,
then a more refined anomaly is found to be Z¢. Physically, it means we can give a mass
to a set of 16 Majorana fermions without breaking a certain chiral symmetry in the theory.
The Standard Model has exactly 16 Majorana fermions per generation, and this prospect
of symmetric mass generation has excited physicists from across the board, ranging from
condensed matter physicists to lattice field theorists. This will be a really exciting direction
to extend to in a future work.
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Another interesting aspect that is worth looking into is how general the anomaly interplay
is. In Chapter 4, we see how the finite type anomaly in a theory with gauge group SU(2) C
U(2) is deduced from the perturbative anomaly cancellation in a theory with gauge group
U(2). Similar anomaly interplay can also be seen in Section 4.3 of [74] where the Z¢
finite type anomaly of a theory with a spinyz, C spin, structure is similarly obtained from
the perturbative anomaly cancellation in a theory with a spin. structure. In both examples,
the bordism group with the bigger structure vanishes so one only has to deal with the local
anomalies. Further work is needed to find more examples like these two, and to investigate
whether it can lead to a new way to obtain bounds on finite type anomalies when the relevant
bordism groups are too difficult to be calculated directly.

Having studied more or less exhaustively the restriction imposed on the Standard model
from anomalies, the picture would be incomplete if we stopped there and not use them to
study properties of the theory in the IR. However, due to the complexity of strongly coupled
field theories, even a tool as powerful as the anomaly cancellation and 't Hooft anomaly
matching are not enough to extract useful information regarding the phase space of the theory
at low energy, and we have to utilise other technique to get a fuller picture.

The parameter space of the gauge theory underlying the Standard Model is vast, ranging
from the gauge couplings to the Yukawa couplings, from the number of fermion generations
to the theta angles. Only a small corner of this space is explored in Chapter 5: the weak and
strong gauge couplings are varied with respect to each other while the Yukawa couplings
are insensitive to different generations. Even so, we obtain interesting results where phase
transition does not occur when there is only one generation. Leptons transmute smoothly into
quarks as we gradually tuning the strength of the weak force higher and higher compared to
the strong force.

More precisely, when the dynamically generated scale A of the strong SU (3) gauge group
is much larger than the weak scale A of SU(2), quarks form a condensate, breaking the
remaining gauge group U (1) x SU(2) spontaneously down to U (1)ep, electromagnetism. The
global symmetry is the vector U (1)g_r. The remaining massless fermion is the gauge-neutral
left-handed neutrino of charge —3 under U (1)g_r. On the other extreme of the phase diagram
when Aggong < Aweak, the SU(2) gauge group confines first before the effect of the SU(3)
kicks in. The left-handed fermions form condensates, breaking SU(3) down to SU(2), as
well as breaking U (1)y and U(1)p_r. completely. However, there is a different combination
of U(1)y (and U(1)p—_r) with an SU(3) generator that remain unbroken by the condensates,
leaving a different U (1) gauge group and a different U (1) global symmetry group in the IR
which we denote by U (1)em and U (1)p_L, respectively. Subsequently, SU(2) confines and

most of the remaining fermions condense. At the end of the day, the only massless fermion
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left is a colour component of the right-handed down quark. It is neutral under the U (1)ep
gauge group while charged under the global U (1)g_1. with charge +3. Taking into account
the opposite helicities of the two remaining massless fermions in the IR on either side, we
find that they cannot be distinguished in any meaningful way.

On the other hand, phase transition definitely happens when more generations of fermions
are present. However, we could not determine the order of the transition within the current
framework. From the point of view of Landau’s paradigm, the transition must be of first
order because the symmetry group on one side of the phase diagram cannot be embedded as
a subgroup of the symmetry group on the other side, and vice versa.

However, developments in condensed matter physics over the past few years suggest that
this might not be the only choice that could occur, especially when there is a gauge theory
lurking in the background. The symmetry groups on either side can be different subgroup of
some bigger symmetry group (for example, the global symmetry group of the UV physics).
The phase transition is not first order but becomes a critial point at which extra gauge degrees
of freedom emerge. This is known as deconfined criticality [123]. The theory we look at fits
the conditions so we cannot rule out this possibility at this stage. It would be interesting to
see if it is actually realised and, if so, how the extra gauge symmetry can be described in
terms of what we know from the UV theory and the effective descriptions of the IR theory at
either extreme of the phase diagram.

Lastly, it must be emphasised that in this investigation of the Standard Model phase space
we have left out a rather big and important corner by taking the Yukawa couplings to be
flavour-symmetric, despite their important role in CP violation of the actual Standard Model.
Our excuse is that we do not want to distract ourselves from the main effects produced by the
gauge couplings by studying a much higher dimensional parameter space instead of just 1
dimension. It then comes as a matter of course that we should next explore how the theory
behaves as we move around the space of Yukawa couplings. There are many directions
that one can pursue here. One aspect is to study the topological structure of the parameter
space and the locus of CP preserving Yukawa couplings. Aside from being an interesting
mathematical problem in itself, it also provides a foundation to subsequent investigation
such as the possibility of anomalies in coupling constants [121, 48, 49]. Because of its

many-faceted importance, it is really worth exploring in the immediate future.
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