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Abstract

We show that gauge-independent terms in the one-loop and multi-loops (-
functions of the standard model can be exactly computed from the Wetterich
functional renormalization of a matrix model. Our framework is associated
to the finite spectral triple underlying the computation of the standard model
Lagrangian from the spectral action of noncommutative geometry. This matrix-
Yukawa duality for the S-function is a first hint towards understanding the
renormalization of the noncommutative standard model conceptually, and pro-
vides a novel computational approach for multi-loop /3-functions of particle
physics models.
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1. Introduction

The standard model is thus far the most accurate model for particle physics, and manages to
formulate electromagnetism and the weak and strong nuclear forces in one unified framework.
Its successes are stunning, and it is fair to say that it is one of the cornerstones of theoretical
physics in the twentieth century. However, its formulation heavily relies on the Lagrangian
formalism of quantum field theory, and a major challenge is to understand why its Lagrangian,
which is quite lengthy and intricate, has such a form. One of the most successful attempts
to tackle this problem is the noncommutative geometry approach, initiated by Connes and
Chamseddine [9] in the late 90s. In this framework, the kinematics are encoded in an almost-
commutative spectral triple, while the dynamics are dictated by the spectral action principle,
which, unlike a Lagrangian formulation, directly acts on the spectral triple geometry as a whole.
The main object of the spectral triple is the Dirac operator, which is made of a continuous part
and a finite part, the latter simply being a matrix.
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Renormalizing the standard model is usually done through perturbative techniques, by the
use of Feynman diagrams and counterterms. However, in addition to becoming very tricky at a
high loop order, this technique heavily relies on the Lagrangian formulation, and therefore has
no natural analogue in the noncommutative setting. Renormalization being a crucial feature of
quantum field theories, it seems to be an important problem to understand what renormalization
really means in the context of noncommutative geometry [15, 16].

This paper is an attempt in such a direction. More precisely, we restrict our attention to the
Yukawa sector of the standard model, whose noncommutative counterpart is encoded exclu-
sively in the discrete part of the spectral triple. As a consequence, we may consider the Dirac
operator as a matrix only. The right question to ask then is whether there exists a theory that one
can build directly out of the finite Dirac operator, and which would yield the same renormal-
ization equations as those of Yukawa theory. As the Dirac operator is a matrix, it is no surprise
that the solution lies within the realm of matrix models. More specifically, we will construct
an effective action involving a matrix variable, and renormalize it using the Wetterich equation
[12, 17]. In such a context, renormalization is implemented directly within the path integral by
the introduction of a regulator, thus making the effective action energy-dependent. The Wet-
terich equation then relates the energy dependence of the effective action to the regulator, and
gives an ODE for the RG flow of the matrix model.

In this paper, we prove that for an accurate choice of regulator, one can recover the one-loop
[B-function of some parameters in Yukawa theory without some charged Higgs terms with the
exact same coefficients, thanks to the Wetterich scheme applied to a matrix model. We also
argue that our results extend to an arbitrary order in the loop expansion, with the exception
of not encompassing contributions from the Higgs 4-vertex. Our model clears the meaning of
the renormalization of a spectral action, and could have some applications for computational
purposes. It seems to be a promising first step towards an alternative renormalization of the
standard model, the ultimate goal being to find a (multi)-matrix model whose functional renor-
malization yields the same /3-functions as the ones of perturbative Lagrangian theory, for all
standard model parameters.

The paper is organized as follows: in section 2, we describe Yukawa interactions and the
Higgs mechanism in the usual Lagrangian standard model, and their renormalization. We then
describe the noncommutative geometry of the standard model as well as the spectral action
principle which encodes its dynamics, with a particular emphasis of the discrete part of the
spectral triple, which corresponds to the Yukawa sector. In particular, we express the one-loop
[B-functions of the Yukawa masses in terms of traces of even powers of the finite Dirac oper-
ator, in such a way that the equations are clearly reminiscent of matrix models. In section 3,
we introduce Wetterich’s renormalization theory for matrix models. In section 4, we use this
framework to construct a matrix model whose effective action is inspired from the spectral
action and exactly reproduces the previously stated one-loop -function without its charged
Higgs part, including coefficients. A nontrivial step in this construction is the choice of regula-
tor, which has to reproduce the exact same energy-independent coefficients as in the standard
model -function in order to prove that the model provides insight into Yukawa theory, while
still verifying physical asymptotic requirements. The existence of such a regulator which is
consistent with our model is proven in the appendix of the paper. In section 5, we give some
perspectives on our result. In particular, we give a precise argument why the method can be
extended to an arbitrary loop order except for the contributions of Feynman diagrams including
a Higgs 4-vertex. We also comment on the independence of loop order and truncation order in
our context, and on how regulator universality could give more flexibility and computational
power to our model. We also give a few ideas to construct a more realistic version of our renor-
malization duality: in close analogy to the spectral action principle, we explain how an even
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smearing function can create a model which incorporates the Higgs self-interaction as well
as gauge couplings. More briefly, we speculate on how a multi-matrix model could allow to
incorporate some charged Higgs terms.

2. Yukawa interactions and the noncommutative standard model

2.1. Yukawa interactions and the Higgs mechanism

We consider here the minimal standard model extended with massive Dirac neutrinos. The
Yukawa interactions couple the Higgs boson to the fermionic fields through a Lagrangian of
the form

Here H is the Higgs boson field, the Y’s are the Yukawa matrices, L and Q are the lepton and
quark doublets, u, d, e, v the up, down, electron and neutrino singlets, and ¢ is an antisymmetric
tensor acting on the left indices.

In what follows, we shall be primarily interested in the renormalization of the Yukawa matri-
ces. The S-functions for the running of those couplings at one loop following the results of [1,
2], take the form

3 3
16720, =Y, <5le, = SYYe + Tr(rYe + Y)Y, +3Y(¥a + 3V (V)
+ gauge terms) , (2)
2 Syty, _ 3y i i i i
16m°0Ye =Y.  JY[¥e = JYJY, + Ti(VYe + V¥, + 3 ¥a + 3Y{Y)
+ gauge terms) , 3)
2 3ty _ 3y i i t i
16m°0Ya =Ya ( S¥iYa = JY[Yu + Tr(¥Ye + Y]Y, +3Y{¥a + 3¥[V)
+ gauge terms) , “)
2 Syiy _ 3yt i i i i
1670 Yy =Y, ( SY[Ya = JY{Ya + T + Y[Y, + 3Y[Ya + 3Y[Y,)
+ gauge terms) , (5)

in the variable r = log(u/ 1), with p the energy scale. At the electroweak phase transition, the
theory undergoes spontaneous symmetry breaking and H acquires a vacuum expectation value
for its second component. The charged component is then cancelled by the gauge freedom, and
there remains only a neutral, scalar Higgs field.

The S-function of the standard model at one, two, and three loops is discussed in [2, 7, 14],
with explicit computations, while to our knowledge no full explicit computation for higher
loop order is available in the literature. One of the purposes of this paper is to show that the
matrix model method presented here could provide a simpler path to the explicit computation
of some higher loop contributions.
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2.2. The finite spectral triple of the standard model

It is shown in [10] (see also chapter 1 of [11]) that the full Lagrangian of the standard model
extended with right-handed neutrinos and Majorana mass terms can be computed from the
spectral action principle of [9], to which we come back in the next subsection, applied to geo-
metric fluctuations of an almost commutative space, which is the product of a four-dimensional
smooth manifold and a discrete noncommutative space (a finite spectral triple). Over this finite
geometry the Dirac operator D is a finite-dimensional self-adjoint matrix. We recall here briefly
the form of the finite spectral triple of [10] and then we focus on the case without Majorana
masses but with non-trivial Dirac masses and the resulting Yukawa terms.

A finite spectral triple is a datum (A, H, D) of a finite-dimensional complex C*-algebra A
acting on a finite-dimensional Hilbert space H, together with a self-adjoint linear operator D
on H. A finite spectral triple (A, H, D) is even if there is a Z/27Z-grading v on H with v* = ~,
72 =1, [v,a] =0forall a € A and vD + Dy = 0. Moreover, a finite spectral triple (A, H, D)
has a real structure if there exists an anti-unitary operator J : H — H with the properties that
= Ja*J ! defines a right action of A on H with [a, bO] =0, for all a,b € A and satisfying
the ‘order-one condition’ [[D, a], °] = Oforall a, b € A. Moreover, the anti-unitaryJ : H — H
should satisfy

J=¢, JD=¢EDJ, and Jy=¢e"yJ

with ¢, €, ¢’ € {41} where the third condition applies if the spectral triple is even.
The left-right symmetric spectral triple of [10] has a real algebraAj g g = C & Hy & Hg &

M;(C), where H is the real algebra of quaternions, and Hilbert space H is obtained by taking the
sum M of all irreducible odd bimodule for the left—right symmetric algebra, where the odd con-
dition means that the involution s = (1, —1, —1, 1) in the algebra acts by Ad(s) = —1. (These
are representations of the complex algebra B = @4~ims),(C) @ M(C).) The Hilbert space is
then given by a direct sum of three (the number of generations) copies of this bimodule M of
dimension dim¢ M = 32. The bimodule M decomposes into two parts (matter/antimatter sec-
tors) M = E @ E° interchanged by the real structure J(¢, ) = (1, £), while the grading is given
by v =c¢ —JcJ with ¢ =(0,1,—1,0) € AL g g, With J2=1 and Jv = —vJ (KO-dimension
six). We refer the reader to [10] and to chapter 1 of [11] for the details of this construction
and the explicit identification of a basis of H with the fermion fields of the standard model.
The main point that we need to recall here is the fact that the structure of the Dirac operator
is determined by the self-adjointness and the order-one condition. In particular, it is shown in
[10] that if one requires that the Dirac operator D intertwines the three copies of E with the
three copies of E° in the Hilbert space, then the the largest subalgebra on which the order-one
condition can be satisfied is A = C @ H & M3(C), with C embedded diagonally in the com-
plex numbers and one of the two copies of the quaternions in Aj g g, breaking the left—right
symmetry. The term in the Dirac operator intertwining E and E° sectors corresponds to the
Majorana mass terms, see [10]. The general form of the Dirac operator is then shown to be
given by

S T .
D:(T S) with § =8, @ (S§q ® 13)

with T the Majorana masses term, and with matrices

0 0 vl o0 0 0 v o0
o o o Y o 0 o v
Sy = e d S, = d 6
“lv, o o aé =1y, 0 0o ol ©)
0 Y. 0 0 0 Y5 0 0
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whereY,, Y., Yy, Yq are, respectively, the Yukawa terms for the neutrinos, charged leptons, u/c/t
and d/s/b quarks. These include the masses and the Cabibbo—Kobayashi—Maskawa and Pon-
tecorvo—Maki—Nakagawa—Sakata mixing matrices, for the quarks and lepton sectors, respec-
tively. In the following, we consider this same finite noncommutative geometry, in the absence
of the intertwining term 7.

2.3. The spectral action

In the noncommutative standard model, the dynamics of the theory are encoded in the spectral
action principle applied to an inner fluctuation of the Dirac operator, which is an alternative to
the Lagrangian formulation. An inner fluctuation of the Dirac operator D is an operator:

Dy=D+ A+ JAJ !, (7
where A is Hermitian of the form:

A= Za,-[b,-,D]. (®)

where the g; and b; are in A. Then, the spectral action has two parts, a bosonic one and a
fermionic one. The fermionic part involves subtle properties of the real structure, and we shall
not need it for our purposes, therefore we refer the reader to [11] for more details. The bosonic
part has the following form:

S=Trf (lj)\A> , ©)]

where fis an even smearing function and A a cutoff. In [11], the authors prove that the spectral
action principle allows to rederive the Lagrangian of the standard model with massive neutrinos
and Majorana mixing, coupled to gravity. An important point here will be that as we saw, the
Yukawa couplings are encoded solely in the matrix D which is the finite part of the Dirac
operator, while gauge couplings and the Higgs self-coupling are also encoded in the smearing
function f, giving them a fundamentally different nature in the noncommutative context.

If f is analytic, the spectral action can therefore be decomposed in even monomials in Dj.
This property will be crucial for the construction of our theory space. There is a long story
behind the theory of the spectral action ([9—11, 15]), and although we will only merely touch
upon its surface here, it is important to bear in mind for what follows that the space of spectral
actions is a very natural setup to study gravity theories on noncommutative spaces (a particular
case of which is the noncommutative standard model.)

In the case of a finite spectral triple having a matrix Dirac operator, the spectral action just
turns into a matrix model action on the inner fluctuation matrix A + JAJ~'. This is a first hint
of the matrix model we will construct later.

2.4. Renormalization of the finite geometry

We now come back to the finite Dirac operator of the standard model, and first consider the
explicit form of the traces of even powers of the Dirac operator of the finite spectral triple. In
the absence of Majorana masses for neutrinos, D is constituted of blocks of 3 x 3 matrices,
which are the Yukawa couplings of the theory, in the form

D = diag(Se, Sq> Sg» Sq» St Sq» Sgs Sq)- (10)

(&)
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with Sy and S as in (6). The traces of powers of the Dirac operator are therefore of the form
1 . .
1 Te(D™) = Tr((Y]Ye)") + Tr((Y}Y,)") + 3 Tre(Y[Y)") + 3 Tr(VjYa)"). (1)

A natural question to ask is then how one can directly renormalize the Dirac operator. We
consider the one-loop S-function of the standard model, as it is usually computed via pertur-
bative quantum field theory, and we reinterpret it as an equation for the Dirac operator of the
finite spectral triple.

We now derive the one-loop S-functions of the traces of even powers of the Dirac operator
appearing in equation (11). Note that by cyclicity of the trace,

16720, Tr((Y]Y.)") = nl6n® Tr(d(Y! Yo )(Y] Yo" (12)
= nl67* Tr(0, Y] Y (YIY)" 1)
+ n167% Tr(Y] 9, Y (YY) ™1). (13)

Now using equation (3) for the derivative of Y. alongside with cyclicity of the trace, we get
16720, Tr((Y]Y.)") = 3n Tr((Y] Ye)"™") — 3n Tr((YIY.)"Y}Y,)
+ g TH(D?) Tr((Y]Y.)") + gauge terms. (14)

We can then sum over all four families of Yukawa couplings and conclude that at one loop, the
[B-functions of its successive powers can be expressed as

16729, Te(D*") = 3n Tr(D*+2) + g Tr(D?) Tr(D*")
+ charged Higgs term + gauge terms. (15)

If the Yukawa couplings are chosen to be Hermitian, which is always possible up to the
equivalence relation we will describe below, the charged Higgs term takes the simple form

charged Higgs term = —3n Tr(D*"D?), (16)

where D is the twisted Dirac operator, which is obtained by switching respectively the up and
down, and electron and neutrino couplings.

The main idea here is that all gauge independent terms in the one loop -functions of traces
of even powers of the Dirac operator can be expressed in terms of traces of even powers of
the Dirac operator, and possibly of D. Note that information about these successive traces is
enough to know the eigenvalues of the square of the Dirac operator, which are proportional to
the fermion masses.

The three terms in (15) have different origins in the renormalization process. The term
involving Tr(D?) comes from the fermion loop correction to the Higgs propagator, and the
term involving the twist comes from charged Higgs interactions.

In [10, 11] it was shown that the possible choices of Dirac operators for the finite noncom-
mutative geometry underlying the standard model with right-handed neutrinos and Majorana
mass terms are parameterized by a moduli space given by a productC3 x C;, where C; consists
of pairs (Yy, Yy) modulo the equivalence Y = W, Y4Wj and Y, = W,Y,W; implemented by
unitary matrices W, so that

C3 = (UB) x UB3) \ GL:(C) x GL(C)/U3). a7)

6
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This part of the moduli space of finite Dirac operators accounts for all the Yukawa param-
eters of the quark sector. The lepton part C,; is a fibration over another copy of C;, which
accounts for the Yukawa terms for the leptons including Dirac neutrino masses and a Pon-
tecorvo—Maki—Nakagawa—Sakata mixing matrix, and with fiber the set of symmetric matrices
Yr modulo the scaling equivalence Yr — A2Y R, Which accounts for the Majorana terms. If we
consider only the extension of the minimal standard model by Dirac neutrino masses without
the Majorana terms, then the moduli space of the finite Dirac operators consists of a product
of two copies of the quotient of (17).

The flow equation for the Dirac operator obtained in (15) from the one loop S-function of
the standard model with Dirac neutrino masses can be interpreted as resulting from a flow on
the moduli space of Dirac operators. Indeed, the fact that the flow is expressed in terms of traces
of powers of the Yukawa matrices in such a way ensures that it is completely determined by
invariants of the equivalence relation of (17).

3. Nonperturbative renormalization and the functional renormalization group

Now that we have formulated the S-functions of Yukawa matrices in terms of the Dirac oper-

ator, we may move on to constructing a dual matrix model, which is the main purpose of this

paper. As we will use functional renormalization for this paper, we now briefly review its setting

[12, 17], adapted to our context. Since the results are about fixed size matrix models, we will

present the theory in such a context, which to our knowledge, has never been done explicitly

in the literature. For simplicity, we will assume that all matrices we use are real symmetric.
Let us consider a matrix field theory described by a generating functional

ZI7] = / D[A]e SAIHTVA) (18)

where the integration variable A is a finite size matrix of fixed dimensions and J is a matrix of
the same size. Note that this is the exact analogue of a quantum field theoretic path integral, for
which functional renormalization is more frequently used, except here there is a finite number
of degrees of freedom in the theory, because fields are matrices.

The idea is to introduce an additional energy scale 7 dependent term in the exponential to
account for the effects of renormalization and cancel the IR divergences of the model. This
term has the form

AS[A] = % Tr(AR,A), (19)

where Ry, called the regulator, has the size of the tensor product of A with itself. It depends
in general on the entry ¢, and it accounts for the effects of renormalization. It is chosen freely
except for the three following properties:

}g(r)l Ri(q) = 0. (20)
limRi(q) = . 1)
1—00
limRi(g) > 0. (22)
10

These properties have a precise meaning. Namely, (20) ensures that the flowing action
approaches the usual effective action in the limit where ¢ goes to 0, while (21) ensures that
the theory has a classical limit. Finally, (22) shows that R;(¢) behaves as an IR regulator.

7
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The energy dependent generating functional Z[J] then becomes
Zi[J] = e M = / D[A]e SAI-ASIATrUA) (23)
where W[J] is the energy scale dependent connected generating function. It then follows that
1 1
oW =—3 Tr ((B[R[)Wt(z)) — 5 THAQR)A). (24)

The background field A is defined by

AN

Al“_ >
T 0

(25)

and the energy scale dependent effective action as a modified Legendre transform of W[J] is
given by

I[A] = Tr(JA) — W, [J] — AS({A]. (26)
An application of the chain rule then yields that
WP =@ + Ry 27)

Deriving (26) and using identities (27) and (24) yields the Wetterich equation, which describes
how the effective action of the theory flows with the energy scale. We have

1 B[R[
oly==-Tr| ——— | - 28
) .

The Wetterich equation is a powerful nonperturbative tool to renormalize a quantum field the-
ory. In the next section we will see how to renormalize the Yukawa parameters by applying the
Wetterich equation to a matrix model.

4. A matrix-Yukawa duality for 3-functions

In this section, we derive the main result of the paper, which proves that the one-loop Yukawa
[B-functions can be derived from the Wetterich renormalization of a matrix model, with the
exact same coefficients.

4.1. Objectives and overview of the method

(15) seems very close to some equations obtained in the context of matrix models. This is a first
hint that there should exist a matrix model whose Wetterich renormalization yields the same
equation. The objective of the upcoming construction is to realize this claim. In other words,
we want to construct an effective action for a matrix variable in a clever way, such that it will
generate (15) when renormalized. Here, we outline the main steps of our construction.

The first step is to construct the theory space, which will describe the general form of
the effective action. We will propose such a construction, and justify it by some remarks on
noncommutative geometry and the spectral action. Then, we will simplify the Wetterich
equation in the case of a weak contribution of interaction terms in our model. We will then
give a particular choice of theory (which in particular allows only Yukawa couplings to run),
and argue that in such a context, the existence of an effective action which reproduces the

8
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one-loop S-function of Yukawa interactions (without the charged Higgs and gauge parts) can
be reduced to a system of ODE’s on the regulator. Under the assumption of the existence a
physically meaningful solution of the system, which is proven in the appendix, we derive our
final result.

4.2. The theory space

‘We construct our theory space in close analogy with the spectral action principle of noncommu-
tative geometry. In noncommutative geometry, as briefly stated in subsection 2.3, the dynamics
of the theory are encoded by applying the spectral action principle to a perturbed Dirac oper-
ator D, which depends on the perturbation matrix A. The general form of the spectral action
being

D+A+JAJ!
++>’ (29)

S:zTrf( A

where f is an even smearing function, the expansion of a spectral action of a perturbed Dirac
operator will contain terms of the form o Tr(M(D, A + JAJ ~1)) where M is a unit coefficient
monomial with even degrees both in D and A 4+ JAJ ™!, and « is a coefficient which depends
on f. It is therefore natural to consider a theory space made of effective actions of the form

TIA] =) anMaon(D, A), (30)

nkeN

where we have substituted A + JAJ ™! by A and M 2,(D, A) is the trace of a polynomial made
of monomials of partial degrees 2k and 2n respectively in D and A. The couplings that can
vary a priori are the a,; and the matrix D. However, in our case, Yukawa interactions are
encoded solely within the matrix D. On the contrary, the a,; would encode gauge couplings
and the Higgs self-coupling, as they would correspond to the even smearing function f of
the spectral action. Therefore, in what follows, we will be interested in constructing the full
renormalization flow in theory space in subspaces where almost all a,; are constant, so that
our renormalization equations will only involve the Dirac operator, as it is the case in (15).
The cost will be a technical construction of the regulator. We will return to the very interesting
question of how varying the a, can enrich our model in the last section.

4.3. Simplifying the Wetterich equation

Now, we take a particular choice of effective action within theory space for which non quadratic
terms in A are small. In such a context, we show that it is possible to simplify the Wetterich
equation in the case of a diagonal regulator. Consider a theory of with an effective action

Z o0
TIAl:=Y + 3 Tr (4%) + n; M,(D,A), 31)

where D is the Dirac operator of the previously discussed discrete geometry, A is a matrix of
the same size which we consider as our field, and M>, is the trace of an even polynomial in
D and A, made of monomials of partial degree 2n in A. We will consider all matrices of the
model to be real symmetric (which amounts to neglecting CP violation in the Dirac operator)
in order to simplify the calculation, which can then be extended to a more general complex
case following the rules of [6].

The Wetterich equation applied to that effective action gives

9
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Z o0
) (Y +5 Tr(A%) + 1) Mz,,(D,A)>

n=2

_ 1 AR,
o ((Rt + 21 +10>.°", My, (D, A)(2)> : (32)

We now choose our regulator R, 1 (where 1 is the superidentity in the space of matrices A)
in such a way that we have

R+Z=C. (33)

where C is a scalar function which will be specified later. A perturbative expansion at first
order in 7) can then be performed, giving

Z o0
) (Y +5 Tr(A®) + 1) Mz,,(D,A)>

n=2

1 n ad
= —(OR) Tr (n - 2L Mz,,(D,A)(z)) ) (34)
2C c;

In what follows we will use the following identification ansatz: first set A to €1, and then identify
the terms with the same power dependence in e.

4.4. Recovering the Yukawa (-function

We now apply this method to a specific theory. We define the effective action as

n=2

Z o0
T[A]l=Y + > Tr(A%) + 7 (Z ar, Te(D*2A%") + by, Tr(DzAzDz"‘4A2"‘2)> . (35

The reason for this choice is that if we want to have a chance to reproduce the Yukawa (-
functions, we want Wetterich theory to yield equations involving terms of the forms Tr(D*")
and Tr(D?)Tr(D*"), according to (15). Moreover, in order to have equations which just concern
the Dirac operator (i.e. just Yukawa couplings and not gauge or Higgs couplings), we want the
coefficients a,, and by, to be constant, which is a priori not ensured by the setup. However,
we shall see that a careful choice of regulator should ensure this property. We return to the
question of varying a, and b, at the end of the paper.
The simplified Wetterich equation applied to A = eld then reads

O <Y + %62 Tr(ld) +n <Z €2n(a2n + byy) Tr(DZn—2)> )

n=2

(o @]

_ %(&R[) (Tr(ﬂ) — %Zezﬂ—z (n(2n — 1)

n=2
x (1 + Tr(Id))az, Te(D*?)
+ 4(n — )by, Te(D?) Te(D* )

+ ((n2n — 1) — 4(n — 1))(1 + Tr(Id)) + 4(n — 1))ba, Tr(D2"2)> . (36)

10
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We then use our ansatz to project the equation on each power of e.!
We obtain the set of equations

oY = %Cﬂ)at&. (37)
TUd)IZ = ~ 6”52‘& (1 + Tr(Id))(as + by) Te(D?). (38)
and for n > 2 the equations
(@2, + bo) (T (D™ %)) = — 2%2@&) (((n+ D@n+ 1)1 + Tr(d))az -
+ ((n+ 1)@2n+ 1) — 4n)(1 + Tr(Id)) 4 4n) by, 1) Te(D™)
+ 4nbyyyr Te(D?) Te(D™" ) . (39)

One now easily notices that (39) looks extremely close to (15). One is therefore tempted
to define an induction relation between the a,, and b,, such that the same coefficients are
respected. However, in order to derive this simple equation, we have supposed that they are
independent of the energy scale, and in order for this to be true and at the same time recover
(15), whose coefficients are also independent of the energy scale, we need to ensure that

OR,
C2

where K is independent of the energy scale. Now, it is far from obvious that satisfying (33), (38)
and (40) simultaneously, while still verifying the asymptotic conditions (20)—(22) is possible.
This is important for our purpose, and it is fortunate that it indeed is. The proof of such a result
is quite technical and explained in the appendix of this paper. For now, let us assume (40) and
return to our initial problem. If we define the a,, and b,, recursively by

=K, (40)

K+ D@2n+ DA + Trdd)aznyr + (n+ D@2n+ 1) —4n) - (1 + Tr(d)) +4n)bougr  3(n— 1)

2 az, + b2n 1672 ’
41)
K 4}’lb2n+2 n—1
_ — , 42
2 ay, + boy 3272 “42)
we have for n > 1 the expression
16720, Tr(D*") = 3n Tr(D*'2) + g Tr(D?) Tr(D™"), (43)

which recovers the expression of the Yukawa S-function without charged Higgs and gauge
terms, with the exact same coefficients.

As a quick summary, using the spectral action principle as a guideline, we constructed a
matrix model which is completely independent from any particle physics consideration, and
is dual to one-loop Yukawa theory, in the sense that it reproduces (15) (without its charged
Higgs and gauge part) with the exact same coefficients. Let us stress the physical significance

' We leave a more detailed study of this projection rule in the framework of functional renormalization to future work.
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of (15) once more: as the even powers of the Dirac operator have eigenvalues proportional
to even powers of the Yukawa masses, knowing their traces amounts to knowing the sums of
all powers of these eigenvalues, and hence to reconstruct them. We will now show that this
method can almost as successfully be generalized to account for an arbitrary loop order in the
Feynman diagram approach.

5. Perspectives

In this final section, we give some perspectives on our result and suggest some future research
directions.

5.1. Adding more loops

The previous matrix model is dual to one-loop Yukawa theory. A natural question to ask is
whether a similar construction can be made for an arbitrary loop order, which is the problem
we now turn to.

In order to find, with any given coefficients, a S-function for the Dirac operator that only
involves traces of its even powers, in analogy with the two first terms of (15) it is quite straight-
forward to see that it is sufficient to have equations for the Yukawa matrices Y; that are of the
form

o; = Yif (Y15 ATrD™) }uei) (44)

which is a generalization of the structure of equations (2)—(5). In [7, 14], the equations of
the two and three-loop S-functions are of this form, up to the presence of the Higgs self-
coupling and some charged Higgs contributions. In this section, we give some arguments to
show that this is in fact true for all loop orders: a dual matrix model can be constructed for the
renormalization of Yukawa interactions at an arbitrary number of loops, up to diagrams which
involve a four Higgs vertex.

The counterterms to the Yukawa matrices come from the renormalization of the fermion-
antifermion-Higgs vertex, which can be computed at a fixed loop order once the fermionic and
bosonic two-point functions are already renormalized. A diagram will yield a counterterm of
the form of the right-hand side of (44) if it contains an odd number of vertices involving Y;,
where i is the type of the incoming fermion, and an even number of vertices involving other
fermions.

Apart from some charged Higgs contributions, the vertices involving other types of fermions
only appear in fermion loops, and exactly yield traces of powers of the Dirac operator, as
Yukawa matrices are traced over and summed with the right color factors. Therefore, the only
diagrams which could pose a problem to generalize our matrix duality are diagrams contain-
ing fermion loops with an odd number of propagators. However, such diagrams cannot exist
because of the chiral nature of Yukawa interactions in the standard model: a Yukawa vertex
always couples a right-handed fermion to a left-handed fermion. As a result, all counterterms
not involving a Higgs 4-vertex will have the right form, and our model can be extended to an
arbitrary loop level figures 1-4.

However, notice that this scheme does not encompass the renormalization of the Higgs four-
point function, for which a quartic Higgs self-coupling needs to be introduced. At one loop,
the Yukawa matrices corrections do not depend on it, but that result is no longer true for more
loops. Therefore, a renormalization scheme for the Yukawa matrices which also encompasses
the Higgs four-point function should have a more complicated multiloop structure. We will
return to this problem in the last subsection.

12
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Figure 1. Fermion loops allow for traces of powers of the Dirac operator to appear.

Y

A

Figure 3. This divergence in the Higgs four-point function needs a quartic self-coupling
to be cancelled.

Figure 4. At two loops and more, the Higgs 4-vertex makes diagrams which are not
taken into account appear in the matrix model.

5.2. Loop orders vs truncations

If we consider such models for higher order loops, their effective actions will, just like (35),
be described by an infinite sum of traces of terms of the form M, (D, A), which are mono-
mials of degree 2n and 2k in D and A. The usual way that RG flows are actually calculated
is through a truncation procedure, which approximates the effective action by truncating it
at a finite order in A. Here, the interesting thing is that the truncation order is completely
independent from the loop order: at every loop, k will go from 0 to co. Therefore, once the
matrix model is constructed, the efficiency of the method is completely blind to the loop
order, and a truncation at a given order should work equally well independently of the num-
ber of loops. This could be interesting for computational purposes, which we leave for future
research.
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5.3. Physical interpretation and regulator universality

Another interesting point is that as we previously discussed, the effective action I'[A] of our
matrix model has the form of the spectral action of a matrix variable, whose degrees of free-
dom live in the finite noncommutative dimensions of spacetime (i.e. Higgs bosonic degrees of
freedom if it is an inner fluctuation). This space being finite, there is no divergent amplitude to
renormalize just inside it. However, recall that the full algebra describing the standard model
is of the form

C*(M) @ Ay,

where Ap is the finite algebra of matrices that describes our matrix model. The energy scale
¢ in the matrix model, which has not been specified so far, then has a natural interpretation in
terms of a cutoff scale corresponding to the regularization of the smooth spacetime part of the
geometry, to which our matrix model is blind. One can then interpret our matrix model as the
restriction of a larger spectral action model which describes more of the standard model and
also encodes the smooth spacetime degrees of freedom, and the renormalization scale as com-
ing from a regularization the smooth spacetime part of this larger model. In particular, it would
be very nice to describe this larger model, and maybe eventually even the full noncommutative
standard model of [11] as the large N limit of matrix models that contain our Yukawa model
as a submodel, and to interpret N as the renormalization scale.

The above argument tells us that the physics of our matrix model is very closely related
to the original standard model. In particular, in an extension of the matrix model containing a
spacetime renormalization scale, we expect that (15) can still be recovered through functional
renormalization. Now, note that we used a quite complicated method in the appendix to be able
to recover (15) with the exact same coefficients. One of the strengths of functional renormal-
ization is regulator universality: the physics of the matrix model will likely not depend on the
choice of regulator. Hence, such matrix model constructions would leave a lot of freedom in
the choice of regulator, and much simpler choices than the ones of the appendix would then
also be suitable choices to describe the renormalization of the standard model. In particular, a
simple enough choice could lead to a computationally more efficient way of renormalizing the
standard model.

5.4. Link to quantum gravity models

It is worth noting that the spectral action contains all geometric information needed to formu-
late electromagnetism, weak and strong interactions, and gravity altogether in the framework
of noncommutative geometry. Consequently, a more conceptual understanding of its renor-
malization could lead to interesting new perspectives for several physically relevant geometric
models, especially matrix models for quantum gravity. Some features of our matrix model are
shared with the explored in [3-5, 12, 18], and it would be interesting to know whether those
similarities can be made more precise.

5.5. Enriching the model: towards gauge and Higgs couplings and charged Higgs
contributions

This model is only a first step in the functional renormalization of the noncommutative standard
model. Ultimately, we want it to incorporate the Higgs self-coupling, and gauge couplings. In
order to do this, we shall once again use the spectral action principle as a guideline. In the
noncommutative standard model, the Higgs self-coupling comes from a term of the form

14
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_fo

A
272

Tr(DY). (45)
This term contains a factor f, which comes from the test function f of the spectral action, and
also appears in the gauge couplings [11]. The presence of this extra factor seems inevitable:
without it, in the expansion of the spectral action [11], the Higgs self-coupling would only
depend on the trace of an even power of the Dirac operator, whose renormalization equation
is already determined by equation (43). Therefore there would not be enough freedom in
the model to be able to renormalize the Higgs self-coupling to cancel the divergences of
the new vertex. In other words, to go further than just Yukawa matrices, it seems inevitable
to renormalize the smearing function f of the spectral action in addition to the finite part
of the Dirac operator. In the context of our matrix model, this will amount to allowing the
coefficients ay, and by, to vary. This will of course complicate the discussion a lot, and add
a lot more freedom to the framework. In the end, though, we expect this to be the right
way to simultaneously renormalize more couplings than just the Yukawa matrices, and we
leave to future research the question of determining how many more S-functions of Higgs
and gauge couplings can be renormalized at the same time as the Yukawa ones in such
a fashion.

A last problem we have not touched upon is how to incorporate the charged Higgs term
of (15), involving the Dirac operator D with switched lepton and quark matrices, into the
model. There seems to be no natural way to do so naturally within the framework. The easiest
thing one could think of is to treat D as an independent matrix, and to write an analogous
multi-matrix model involving D and D. Once again, we shall leave this problem to future
research.
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Appendix. Construction of the regulator

One can reasonably wonder whether satisfying (33), (38) and (40) simultaneously is possible.
By substituting (38) and (40) into the logarithmic derivative of (33), we get an ODE for C of
the form

6778th

o (1 Trld)(as + by) Tr(D?) + Tr(ld)K C2. (A1)

Tr(Id)d,C = —

This is a particularly simple case of the standard Riccati equation
C' = ap(®) + o (DC + ()C, (A2)

where we have

= onk (1 + Tr(d))(as + by) TH(D?), a1 =0, a; =K, (A.3)

A= T T d)
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where in our case o, is independent of z. We use the standard Riccati substitution

U/
Vio)=C(H)K and V= -
which gives the equation
U" 4+ Kap()U = 0. (A4)

Note that the Cauchy—-Lipschitz theorem guarantees that such a U(¢) is globally defined, as
linear functions are globally Lipschitz. The solution of the equation is then given, as long as
U does not vanish, by

U'(n

0= uw

(A.5)

Then, we choose a4 and b4 such that a(?) is negative, and K such that «, is positive. A few
remarks: first, since

R = / KC?, (A.6)

we have proved that an R; that verifies the system is globally defined for a given choice of initial
condition. Another important point is that no explicit formula can be given for the expression
of Ry, as (A.4) cannot be solved explicitly. Therefore we will need some general arguments to
check the asymptotic requirements, given a set of initial conditions.

We now impose our initial conditions:

U'0)<0 (A7)
and
U0) < 0. (A.8)

These two conditions imply that U decreases (therefore does not vanish) and goes to —oo. We

will also work under the additional assumption that _(yf() @ is bounded at infinity, which seems

reasonable as our Yukawa couplings are expected to blow up, or even have a Landau pole.
We now want the regulator to match the asymptotic requirements. Checking that it is the

2
case reduces to showing that C?> = (%) does not have a convergent integral. To show this

we use an energy estimate. For 7o > 0, the linear ODE on U() gives

/ U'OU"(H)dt + as / ao(OU@U' (Hdt = 0. (A.9)

1) 1)

Then we obtain
Uw? Uy)?
2 2

o / (— o) UESU'(s)ds.
fp

Our hypothesis on the asymptotic behavior of —ay(#) then allows to write, for some 5 > 0,
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1e 2 1o N2 y
ve U > 5/ sUSU'(s)ds
2 2 .
U@ U(t)? " U(s)?
=~ g =5 [ Fas

Dividing everything by U(#)* gives

U'@? _ Ul(h)? U(to)? t "U(s)?
0 Ut? g Ut? ot B(/ O
20 ~ 2U@1)? 20(1)? 2 U@, 2
The two first terms go to 0 at infinity, therefore for ¢ large enough they are greater than —%.
As U? is increasing, the last term is greater than — B%. We therefore finally get
Um\* _ B
> 20 A.10
( u() ) 2 (A0

for large £, which shows that C> does not have a convergent integral, and therefore that
R=] KC? blows up at infinity. Choosing the integration constant wisely while integrating
KC(t)? therefore allows one to set the limit at O of the regulator to be 0, and the third condition
being obviously satisfied (since the regulator has no momentum dependence). We have thus
proved that our choice of R is suitable.
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