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Abstract

We will present an extension of the standard model of particle physics
in its almost-commutative formulation. This extension is guided by the
minimal approach to almost-commutative geometries employed by Iochum
et al (2004 J. Math. Phys. 45 5003 (Preprint hep-th/0312276)), Jureit
and Stephan (2005 J. Math. Phys. 46 043512 (Preprint hep-th/0501134)),
Schiicker (2005 Preprint hep-th/0501181), Jureit et al (2005 J. Math. Phys.
46 072303 (Preprint hep-th/0503190)) and Jureit and Stephan (2006 Preprint
hep-th/0610040), although the model presented here is not minimal itself. The
corresponding almost-commutative geometry leads to a Yang—Mills—Higgs
model which consists of the standard model and two new fermions of opposite
electromagnetic charge which may possess a new colour-like gauge group. As
a new phenomenon, grand unification is no longer required by the spectral
action.

PACS number: 11.15.—q
Mathematics Subject Classification: 81T13

1. Introduction

Understanding the origin of the standard model is currently one of the most challenging issues
in high-energy physics. Indeed, despite its experimental successes, it is fair to say that its
structure remains a mystery. Moreover, a better understanding of its structure would provide us
with a precious clue towards its possible extensions. This can be achieved in the framework of
noncommutative geometry [1], which is a branch of mathematics pioneered by Alain Connes,
aiming at a generalization of geometrical ideas to spaces whose coordinates fail to commute.
Motivated by quantum gravity, it is postulated that spacetime is a wildly noncommutative
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manifold at a very high energy. Even if the precise nature of this noncommutative manifold
remains unknown, it seems legitimate to assume that at an intermediate scale, say a few
orders of magnitude below the Planck scale, the corresponding algebra of coordinates is only
a mildly noncommutative algebra of matrix-valued functions, called almost-commutative
geometries. When suitably chosen, such a matrix algebra, a sum of three simple matrix
algebras, reproduces, within the spectral action principle, the standard model coupled to
gravity [2].

Ten years after its discovery [2], the spectral action has recently received new impetus
[3-5] by allowing a Lorentzian signature in the internal space. This mild modification has
three consequences. The fermion-doubling problem [6] is solved elegantly, Majorana masses
and consequently the popular seesaw mechanism are allowed for. The Majorana masses in
turn decouple the Planck mass from the W mass. Furthermore, Chamseddine, Connes and
Marcolli point out an additional constraint on the coupling constants tying the sum of all
Yukawa couplings squared to the weak gauge coupling squared. This relation already holds
for Euclidean internal spaces [7].

For many years, it has been tried to construct models from noncommutative geometry that
go beyond the standard model [8]. But these attempts failed to come up with anything physical
if it was not to add more generations and right-handed neutrinos to the standard model. For
example, the noncommutative constraints on the continuous parameters of the standard model
with four generations fail to be compatible with the hypothesis of the big desert [9].

The situation changed recently, when a classification of the finite part of almost-
commutative geometries with up to four summands in the matrix algebra was performed [13].
This classification necessitated the heavy use of a computer program [10] to list the irreducible
Krajewski diagrams. Here, the standard model appears in a most prominent position. But
also the so-called electro-strong model was discovered which inspired the first viable almost-
commutative model beyond the standard model: the AC-model [11]. It comes from an algebra
with six summands and is identical to the standard model with two additional leptons A%~
and C** whose electric charge is 2 in units of the electron charge. These new leptons couple
neither to the charged gauge bosons, nor to the Higgs scalar. Their hypercharges are vector-
like, so that they do not contribute to the electro-weak gauge anomalies. Their masses are
gauge-invariant and they constitute viable candidates for cold dark matter [12].

In this paper, we will use a version of the standard model based on a matrix algebra with
four summands [13]. We will investigate a new extension of the standard model which is also
inspired by the classification of irreducible almost-commutative geometries [13] and extends
the standard model by N generations of left-handed SU (2) doublets and right-handed singlets.
These new particles may also possess a new colour group, SU (D), with respect to which the
standard model particles are singlets, i.e. neutral. They resemble closely to the 6 particles
which were proposed by Okun [14].

One of the main results of this paper is the fact that the constraints on the gauge couplings
of the standard model no longer resemble those of grand unified theories. The new relation
is given in equation (4.12). If the extensions of the standard model interact via the weak or
the strong interactions, this seems to be a general feature in almost-commutative geometry.
For colour groups SU (D) with D > 3, one finds also that at least three generations of new
particles are needed.

The paper is organized as follows. We first give the basic notions of a spectral triple, the
main building block of noncommutative geometry. Then we quickly review how the Yang—
Mills—Higgs model is obtained via the fluctuated Dirac operator and the spectral action. This
account is far from exhaustive and we refer to [2, 5, 15] for a detailed presentation.
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For the new particles, the details of the spectral triple and the lift of the automorphisms
are given. The Lagrangian as well as the constraints on the couplings are calculated. With
the help of the one-loop renormalization group equations, the masses of the new particles, the
Higgs boson mass and, if applicable, the value of the gauge coupling at low energies for the
new colour group are calculated.

2. Finite spectral triples

In this section, we will give the necessary basic definitions of almost-commutative geometries
from a particle physics point of view. For our calculations, only the finite part matters, so we
restrict ourselves to real, finite spectral triples in K O-dimension six: (A, H, D, J, x). Note
that in the literature before [3-5], the finite part of the spectral triple was considered to be of
K O-dimension zero. The change in this algebraic dimension amounts in some sign changes,
i.e. the commutator for the real structure and the chirality changes into an anticommutator and
the antiparticles have opposite chirality with respect to the particles.

2.1. Basic definitions

The algebra A is a finite sum of matrix algebras A = EBlNz My, (Ky), withK; =R, C, H, where
H denotes the quaternions. A faithful representation p of A is given on the finite-dimensional
Hilbert space H. The Dirac operator D is a selfadjoint operator on H and plays the role of
the fermionic mass matrix. J is an anti-unitary involution, J 2 =1, and is interpreted as
the charge conjugation operator of particle physics. The chirality x is a unitary involution,
x2 = 1, whose eigenstates with eigenvalue +1(—1) are interpreted as right (left) particle states
and —1(+1) for right (left) antiparticle states. These operators are required to fulfil Connes’
axioms for spectral triples.

o [J.D]={J, x} ={D, x} =0,
(X, p@] = [p(a), Jp()J 1 =D, p(@)], Jo(b)J'1=0, Va, beA

e The chirality can be written as a finite sum x = ). p(a;)Jp(b;)J ~!. This condition is
called orientability.

e The intersection form N;; := tr(xp(p;)Jp (p_,-)J‘l) is non-degenerate, detN # 0. The
p; are minimal rank projections in .A. This condition is called Poincaré duality.

Now the Hilbert space H and the representation are p decomposed into left and right,
particle and antiparticle spinors and representations:

H="HL®Hr ®H; &M, p=pL®pr D P; D P
In this representation, the Dirac operator has the form

o M O 0
M* 0 0 0
D= — 1,
0 0 0o M
0 0 M* 0
where M is the fermionic mass matrix connecting the left-handed and the right-handed
fermions.
Since the individual matrix algebras have only one fundamental representation for
K = R, H and two for K = C (the fundamental one and its complex conjugate), p may
be written as a direct sum of these fundamental representations with multiplicities

p(®L) ai) = (&2 @i ® L, ® Lin) & (&= Liny @ Ln,, ®T;).



9944 C A Stephan

The first summand denotes the particle sector and the second the antiparticle sector. For the
dimensions of the unity matrices, we have (n) = n for K = R, C and (n) = 2n for K = H
and the convention 19 = 0. The multiplicities 2 ;; are non-negative integers. Acting with the
real structure J on p permutes the main summands and complex conjugates them. It is also
possible to write the chirality as a direct sum

X = (821 Loy ® Xjilmy; ® Liap) ® (8721 L) ® (X)L ® 1ia)),

where x;; = %1 according to the previous convention on left-(right-)handed spinors. One
can now define the multiplicity matrix u € My (Z) such that p;; := y;;m ;. This matrix is
symmetric and decomposes into a particle and an antiparticle matrix, the second being just
the particle matrix transposed, © = up + g = Up — u}. The intersection form of the
Poincaré duality is now simply N = u — u', see [16]. Note that in contrast to the case of
K O-dimension zero, the multiplicity matrix is now antisymmetric rather than symmetric.

2.2. Obtaining the Yang—Mills—Higgs theory

To construct the actual Yang—Mills—Higgs theory, one starts out with the fixed (for convenience
flat) Dirac operator of a four-dimensional spacetime with a fixed fermionic mass matrix. To
generate curvature, a general coordinate transformation is performed and then the Dirac
operator is fluctuated. This can be achieved by lifting the automorphisms of the algebra to
the Hilbert space, unitarily transforming the Dirac operator with the lifted automorphisms and
then building linear combinations. Again it is sufficient to restrict the treatment to the finite
case.

All the automorphisms of matrix algebras connected to the unity element, Aut(.A)¢, are
inner, i.e. they are of the form

i,a = uau”, aeA, (2.1)
where
uecU(A) ={ue Alu*u = uu* =1} 2.2)

is an element of the group of unitaries of the algebra and i is a map from the unitaries into the
inner automorphisms Int(.A)

i :UA) — Int(A)

Ut— i,.

(2.3)

In the kernel of i are the central unitaries, which commute with all elements in A. These
inner automorphisms Int(A) are equivalent to the group of unitaries ¢/ (.A) modulo the central
unitaries U (A).

The Abelian algebras R and C do not possess any inner automorphisms. Remarkably,
the quaternions and the matrix algebras over the complex numbers produce the kind of inner
automorphisms that correspond to the non-Abelian gauge groups of the standard model.
Note that the exceptional groups do not appear. They are the automorphism groups of non-
associative algebras.

As in the Riemannian case, the automorphisms close to the identity are going to be lifted
to the Hilbert space. This lift has a simple closed form [17], L = L oi~! with

L) = pu)Jo)J " (2.4)

Here, two crucial problems occur. The symmetry group of the standard model contains an
Abelian sub-group U(1)y. But the inner automorphisms do not contain any Abelian sub-
groups by definition. Furthermore, the lift is multivalued for matrix algebras over the complex
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numbers since the kernel of i contains an U (1)-group. Note that neither the matrix algebras
over the reals nor those over the quaternions have any central unitaries close to the identity.
The solution to both of these problems is to centrally extend the lift, i.e. to adjoin some central
elements [15]. One has to distinguish between central unitaries stemming from the Abelian
algebra C and those from the non-Abelian matrix algebras M, (C),n > 2. To simplify, let
the algebra A be a sum of matrix algebras over the complex numbers. Furthermore, the
commutative and noncommutative sub-algebras will be separated,

N

A=C" &P M, (C)> (br.....by.cr.....cn) ng = 2. (2.5)

k=1

The group of unitaries ¢/ (A) and the group of central unitaries ¢/°(A) are then given by

UA) =UMM xUmy) x - xUy) du= V1, ..., 0, Wi, ..., Wy),

UA) = UMM 50 = (vr, .o, vp, Wl e, wiy). @0
The inner automorphisms follows
Int(A) = U UA) s u™ = (1,..., Lw", ..., wy), 2.7
with w;” €UM,,)/U(1). The lift L = L oi~! can be written explicitly with
L=p,....1 wi,...,wy)Ip(..)J " (2.8)

It is multivalued due to the kernel of i, ker(i) = U°(Ay). This multivaluedness can be cured
by introducing an additional lift £ for the central unitaries, which is restricted to those unitaries
U"“(A) stemming from the noncommutative part of the algebra,

N N N
(ws, ... wg) =p l_[ (wjl)q”‘ e H (w;M)QM‘/M, 1_[ (w;MH)qI‘/M+1 Loy ey
Ji=1 jm=1 Jms=1
N
< T (w5,.0)" " Lay | JoC. 0T, (2.9)
Juen=1

with the (M + N) x N matrix of charges g ;. The extended lift I is then defined as

L', we) := (L oi "' )e(w), u' e Int(A), w° eU™(A).

For convenience, this lift will be written L(«) without making the specific distinction between
the unitaries and the central unitaries.

In this way, the Abelian gauge groups have been introduced and the multivaluedness has
been reduced, depending on the choice of the matrix of charges.

The fluctuation /D of the Dirac operator D is given by a finite collection f of real numbers
r; and algebra automorphisms u; € Aut(.A)¢ such that

D= " rjL(u)DLu;) ™", ri€R, u; € Aut(A).
J

These fluctuated Dirac operators build an affine space which serves as the configuration space
for the Yang—Mills—Higgs theory. Only fluctuations with real coefficients are considered
since /D must remain selfadjoint. The sub-matrix of the fluctuated Dirac operator /D which
is equivalent to the mass matrix M, is often denoted by ¢, the ‘Higgs scalar’, in physics
literature.

As mentioned in the introduction, an almost-commutative geometry is the tensor product
of a finite noncommutative triple with an infinite, commutative spectral triple. By Connes’
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reconstruction theorem [18, 19], it is known that the latter comes from a Riemannian spin
manifold, which will be taken to be any four-dimensional, compact manifold. The spectral
action of this almost-commutative spectral triple is defined to be the number of eigenvalues
of the Dirac operator /D up to a cutoff A. Via the heat-kernel expansion one finds, after a
long and laborious calculation [2, 5], a Yang—Mills—Higgs action combined with the Einstein—
Hilbert action, a cosmological constant, a term containing the Weyl tensor squared as well as
a conformal coupling of the Higgs field to the curvature scalar:

fD2
Sccle, Arjr, @l =tr|h el

2A. 1
— / - R+a(5R* —8R,,R™ — TR,y R*"*7)
u 161G 167G

1 L1 ) 1
- Z 22" FioF" + 5 (Dug)* D' + 111(97 ) = 4 tr(g™)

+ %tr(ga*(p)R }dV+O(A—2), (2.11)

where i : Ry, — R, is a positive test function. The coupling constants are functions of the
first moments A, i, and hy4 of the test function

ho > [
AL. :O[l—A s G=Ol2—A s a =O[3]’l4,
ha ha
(2.12)
g-2=oz4~— A=a5— M2=a5QA2
i lh45 p h47 h4 .

The curvature terms F),, and the covariant derivative D, are in the standard form of the
Yang—Mills—Higgs theory. The constants «; depend in general on the special choice of matrix
algebra and on the Hilbert space, i.e. on the particle content. For details of the computation,
we refer to [2, 5].

This action is valid at the cutoff A where it ties together the coupling constants g; of
the gauge connections and the Higgs coupling A since they originate from the same heat-
kernel coefficient. For the standard model with three generations, the calculation of the gauge
couplings in (2.12) imposes at A conditions on the U (1)y, SU(2),, and SU(3). couplings
g1, & and g3 comparable to those of grand unified theories:

5g} =3¢ = 3g3. (2.13)
But since the lift of the automorphisms produces extra free parameters through the U (1) central
charges, the first equality can always be fulfilled by a different choice of the central charge.
Therefore, only the gauge couplings of noncommutative gauge groups underlie constraints
from the spectral action.

In the same way as for the gauge couplings, the spectral action also implies constraints
for the quartic Higgs coupling A and the Yukawa couplings. The full set of constraints for the
standard model reads [3, 5, 7]

Y2
3g3 =3g3 = 3#2—4 = Zyz. (2.14)
Here, Y, is the sum of all Yukawa couplings g squared, H is the sum of all Yukawa couplings
raised to the fourth power. Our normalizations are m; = \/z(g r/&)my, (1/2) (3p)* +
(/24)p".

As we will see in the following, the grand unified constraint g% = g_% at the cutoff A is a

very special case. It is valid for the standard model but in general it will not hold. The model
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presented in this paper is one example for different constraints for g, and g3 at the cutoff energy.
For possible extensions of the standard model within the framework of almost-commutative
geometry, these constraints may limit the particle content in a crucial way.

3. The spectral triple

The basic entity of the spectral triple is the matrix algebra. For the model under consideration,
itis

A=HoCae M;(C)dCae Mp(C)dC > (a,b,c,d,e, f). 3.1)

It has the algebra Agy of the standard model as a sub-algebra and contains two new summands
AHGW .

Asvi =H® C o M3(C) ® C and Apew = Mp(C)®C.  (3.2)

This particular model is inspired by the classification of almost-commutative geometries
presented in [13]. For one generation in the standard model and the new particles, it is a
slightly modified irreducible spectral triple in the sense that one right-handed new particle can
be deleted from the spectral triple without violating the axioms. But in this case the physical
model would not be free of anomalies and has therefore to be discarded. We do not want to
go into all the details of the construction, but for the interested reader we give the Krajewski
diagram of this almost-commutative spectral triple in the appendix.

The representation of the algebra on the Hilbert space is the usual one for the standard
model. For the new part, the representation is given by

1, 0
pr@) =a® lp, Pr(f) = <f0D 71 ) ,
P (3.3)

0
prle) =1, ®e, prle) = <g ) .

e

The complete representation is then the direct sum of the standard model representation and
the new part:

P = psM D Pnew with prewl(a, e, f) = pr(a) ® pr(f) ® py(e) ® pgle).  (3.4)

The same holds for the Hilbert space, H = Hsm @ Hnew. For one generation of the new
particles, the Hilbert space is

Huew = (C2 @ CP) & (C ® CP) @ (C ® CP) & antiparticles. (3.5)

The dimension of Hye, depends on the number of generations N of the new particles and the
size D of the sub-algebra M (C) and reads dim(Hew) = SN D.

We will denote the spinors of the new particles by 1 and v,. They appear as left-handed
SU (2) doublets and right-handed SU (2) singlets

(1/,1) S Wr® (V2)r (‘ﬂi) ® (), ® (¥5) g € Huew- (3.6)
2/ L Z L

Furthermore, every ¥; is a SU (D) D-plet for D > 2. The Dirac operator contains the Yukawa
couplings of the new particles

0 .
Mhuew = (glpl ) ®1Ip with 8yis 8y € C 3.7
0 gy,
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and is given by

0 Mpw O 0
M0 0 0

Duew =" 0 0 T (3.8)
0 0o M 0

new

For more than one generation, it is of course possible to introduce a CKM-type matrix which
mixes the generations. But to keep the analysis of the model as simple as possible, we will
not include family mixing.

From the Krajewski diagram, figure Al in the appendix, it is straightforward to see that
all the axioms for the spectral triple are fulfilled. To the three generations of the standard
model, one may add any number N of generations of the new particles with an arbitrarily large
sub-algebra M (C). In the following, we will investigate the physical models with respect to
the number of generations of new particles N and with respect to the size D of the sub-algebra.

4. The gauge group, the lift and the constraints
The group of unitaries of the noncommutative part of the algebra is
UA) =SUR), xUQB)xU(D) > (v,w,s) for D>2 (4.1

In the case of D = 1, the group is just U™ (A) = SU(2) x U(3), as for the standard model.
Define u := det(w) € U(1); and r := det(s) € U(1),. Note that in case of D = 1, s and r
can simply be dropped from the following calculations.

The lift of the unitaries decomposes into a standard model part and a part for the new
particles,

]L(v’ ulrgd , ul’zsﬂhw’ ul’zs%’ ul’4s¢l4r7 ul’ssqs) — LSM(U, ublrgd , ul’zstlzw7 up3sq3)

® Lpew (v, uP*sr, ufss®), 4.2)

with p;, ¢; € Z. This lift produces a priori two U (1) groups through the central extensions
u and r. But it has been shown in [13] that in the case of two U (1) groups the requirement
of being anomaly free results in proportional couplings of the U(1)’s to the standard model
particles. The two photons can therefore be linearly combined into a physical photon and an
unphysical photon that does not couple to the standard model. Without loss of generality, we
can therefore set g = g2 = ¢q3 = 0. For the standard model part of the lift, one finds then
p1 = —p3 = —1/2and p, = 1/6 — 1/3 from anomaly cancellation. This reduces U (3) to
U(1l)y x SU(3). in the correct representation.
The exact form of the lift for the new particles is given by

Lnew(lﬂ ul’4S‘I4r, MP5SII5) — diag[umquU Qr; MP4+P53114+q5r’ u”4_”5sq“_"5r]. (4.3)

Being anomaly free and requiring that the corresponding left-handed and right-handed

particles are equally charged under the little group leads to ps = ¢gs = 0,q4 = —1/D
and ps = p; = —1/2. Since the normalization of the lift for the right-handed electron is
chosen to be Y,, = 2p; = —1, one sees immediately that Yy, = 0,Yy, = £p; = F1/2.

Therefore, the electromagnetic charge of the new particles is Q. = *1/2e. This charge
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assignment is summarized in the following table:

I I | Yiew | Qa | SUD)

Woe [ 2| +35 ] 0 | +% D

W |24 0o | =¢| D
Wox | 1] 0| 4 [+ | D
W | 1] 0| =L |=¢| D

Plugging in the numbers one finds for lift

Lew(v, s YPr u=1?) = diag[s_l/Dv Qriu s VPp ' 2571/P

= diag[v ® 7; u~ V%7, u'/?7), (4.4)
with 7 € SU(D)pew. For D > 2 the gauge group of the model is then
UMy x SU@2)y x SUB)e X SU(D)new (4.5)

and for D = 1 it is just the standard model gauge group. It is also remarkable that the inner
fluctuations of the mass matrix M,y with the lift L.\, produce exactly the standard model
Higgs field

~ —1/2 - ~ —1/2
Z rj]LL,new(Uia ri, u; / )MnCW]LR'lnew(viv Vi, U; / ) = (pSMMHSWv (46)
J

where the subscripts L and R indicate the left-handed and the right-handed parts of the lift.
Therefore, M contains the Yukawa couplings of the new model, in exact analogy to the
standard model.

From the spectral action, one obtains now immediately the Lagrangian for the new
particles,

1 _ o i
Loow = == tr(G 1, G") +i <w1,wz>LDZ’( ‘)
4 = V2,

i=l,..,

t=1,..., i=

i WORDR WD+ Y ()R DR )k
i=1 N 1 N

.....

= > (@i ) esu()y — (8u2)i (1, ¥2), psm (V)i
i=1,..,N i=1,..,N
+hermitian conjugate, “4.7)

where the covariant derivatives are given by

. T

DY =9, + lgzvv[j3 +ig4Gt, (4.8)
Vi Y . a

Dy =9, +1g153M +1g4GMtu. 4.9)

Here, g, and g, are the standard model U (1)y and SU (2),, gauge couplings. For D > 2, the
SU (D) gauge coupling is g4, 7, are the corresponding generators and G, are the gauge fields
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with the usual curvature tensor
Gy =0,G,—03,G, —g4lG,, G,l. (4.10)
The SU (D) terms have of course to be dropped from all equations if D = 1.

From the spectral action, it is now straightforward to calculate the constraints on the gauge
couplings, the quartic Higgs coupling and the Yukawa couplings. The normalization of the
quartic Higgs coupling is taken to be the same as for the standard model:

N2—32—3+ﬁ2 2—ﬂz£—éy 4.11)
84778 = 4 )8 T T g T '
Y, and H include now the Yukawa couplings of the new particles in the standard way.

One notes immediately that models beyond the standard model in almost-commutative
geometry will in general not exhibit the constraint g, = g3 from grand unified theories. This
is a qualitatively new feature and may prove to be important in restricting possible extensions
of the standard model within the framework of the spectral action.

In the following analysis, we will for simplicity assume that all the Yukawa couplings of
the new particles in all generations are equal, i.e. gy, = gy, =: gy . For more realistic models,
one would of course admit different Yukawa couplings, but as a first estimation of the particle
masses equal couplings should be sufficient. Furthermore, we will assume three generations
for the standard model particles and we will neglect all the standard model Yukawa couplings
safe on the top quark coupling g;. Under these assumptions, the constraints on the couplings
at the cutoff A read:

2 ND 2

8= 1+75-gp (4.12)
3 D

ﬁ=(ﬁ+z)5, (4.13)
44+ ND

2 3 2 . 8y

& =3 oNprer M g +14)

ND\ 3+2NDR* ,
r=98 (“ T) GraNDRPS (4.15)

Here it becomes obvious that equation (4.12) no longer resembles the grand unification
condition g% = g% as in the case of the pure standard model.

The strategy to find the masses of the new particles and the mass of the Higgs boson
is now the following. With the help of the renormalization group equation for g, and g3,
one determines the cutoff via condition (4.12). There one can fix g4 and A with conditions
(4.13) and (4.15). The last free parameter is the ratio R of the Yukawa coupling g, of the
new particles and the top quark Yukawa coupling g,. This ratio is fixed by the requirement
that the renormalization group flow produces the measured pole mass of the top quark,
m; = 170.9 £ 2.6 GeV [22].

5. The renormalization group equations

We will now give the one-loop S-functions of the standard model with three generations of
the standard model particles, N generations of the new particles with either no new colour,
ie. D = 1 and Mp(C) = C, or with an SU(D) colour group and D > 2. They will
serve to evolve the constraints (4.11) from £ = A down to our energies £ = my. We set:
t :=In(E/mz),dg/dr =: B, and k := (4w)~%. We will neglect all the standard model
fermion masses below the top mass and also neglect threshold effects.
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The B-functions are [20, 21]

41 ND 19 ND 1 4
5.1

—xhigd, b=+ 22 2 22 9 N+ ID),
Py = Kbig; <6 3 6 3 3073

,3,:/(|: Zc“ 2+Y2+—gt:|g,, 5.2)

By, =k [— chfgf +Y,+ ;gil — %giz] 200 (5.3)

By, = K [— chfgf +Y,+ ggfh — %gil] S0ns (5.4)

B =« [Z (81 +2g18> +3g3) — (387 +985) A +4Yoh — 12H + 4,\2} , (5.5
with

¢ = (% §,8>, = G 3,0,3D2D_ 1), (5.6)

Y, =3¢} + NDg,, +NDgj, . H =3g/+NDgy +NDg, . (5.7)

For the case D = 1, the B-functions of g4 and cZ/ are to be ignored. The gauge couplings
decouple from the other equations and have identical evolutions in both energy domains:

gi (1) = gio /1 — 2kbight. (5.8)

The initial conditions are taken from experiment [22]
g0 = 0.3575, g0 = 0.6514, g3 = 1.221. 5.9)
Then, the unification scale A is the solution of (1 + 42) g>(In(A/mz)) = g3(In(A/m7)),

)
820 — (1+ 15 ) 830

2 b
2K(b2 — (1 + W) b3)
and depends on the number of generations of new particles N and the size of the matrix
algebra D.

A =mzexp (5.10)

6. The masses and the couplings at m

We require that all couplings remain perturbative and we obtain the pole masses of the Higgs,
the top and the new particles:

2 4 A(mpy) 2 fgz(Mr) g://( x//) b

my = ———myy,, , My, =m ———=my. (6.1)
H= 3 gmg)? v omy N T e ma)?

As an experimental input, we have the initial conditions of the three standard model gauge
couplings (5.9) and the mass of the top quark, m, = 170.9 &£ 2.6 GeV [22]. As mentioned
before, the masses of the new particles are assumed to be equal. With the constraints (4.12)—
(4.15), we can now determine their numerical value via the renormalization group flow and
we can also determine the mass of the Higgs boson for the respective model.
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Let us start with the case D = 1, Mp(C) = C. The gauge group for this model is just the
standard model gauge group. For up to three generations of the new particles, the resulting
masses and cutoff energies are summarized in the following table:

N | A(GeV) | my (GeV) | my (GeV)
1 |53x10"% | 167.3+£34 | 693F3.5
2 | 3.0x 10" | 172.04+3.2 | 53.7F2.5
3 74x10° | 1778425 | 48.0F 1.6

The new particles are very light. And since they possess electromagnetic charge, they should
clearly have been detected if they existed [22]. This model has therefore to be discarded.

Next we consider the case D = 2. The gauge group for the model is U (1)y x SU(2),, x
SU3) x SU(2)pew- The standard model particles and the Higgs boson are SU (2),,ew Singlets.
For one generation, it is not possible to solve the constraint (4.13) within the real numbers,
i.e. g4(¢) has a pole below the cutoff. For two and three generations, the resulting masses and
cutoff energies are

N | A(GeV) | my (GeV) | my (GeV) | ga(mz)
2 | 44x10% | 1823423 | 69.6 F2.3 1.50
3 183x10%|196.74+25 | 502=F1.7 0.91

The detectability of these particles is not as obvious as in the case without a new colour.
First of all, the gauge coupling g4 is strong, so one should expect confinement. Therefore,
the new particles will, as quarks, not appear as free particles but bound into colour singlets.
These composite particles could allow to escape from detectors if they are neutral and thus
hide the new particles from detection. It is beyond the scope of this paper to give an analysis
of the phenomenological details of the models, so we will postpone this analysis for a later
publication.

For D > 2 the gauge coupling g4(¢) has a pole below the cutoff for one and two generations
of the new particles. So three generations is the minimal number. We give the cutoff energies,
the masses of the new particles and the Higgs mass with respect to D are for three generations
of the new particles.

D | A (GeV) mp (GeV) | my (GeV) | ga(mz)
3 [21x10°|217.0+£1.5 | 56.5F 1.1 1.22
4 [ 20x10* | 241.2+1.6 | 623F1.3 1.54
5 | 4.1x10% | 268.3+0.8 | 65.8F0.7 1.78
6 | 1.3x10° | 300.6 £0.8 | 63.6F0.7 1.81
7 524 3382+£0.7 | 57.6F0.4 1.70
8 261 379.3£0.9 | 50.7F0.5 1.53
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With respect to the detectability, the same arguments apply as for the case D = 2. The
coupling g4 is very strong for all models, so small confinement radii are to be expected.
It is also interesting to note that the mass of the Higgs boson is strongly dependent on
the cutoff scale. This reminds us of the older Connes—Lott model [23] which predicted
a Higgs mass of mpy c_p ~ 250-324 GeV [24]. For D > 8 the cutoff energy becomes
smaller than the Higgs mass. This is also an interesting new feature that deserves further
investigation.

7. Conclusions and outlook

We have presented a particle model based on an almost-commutative geometry which contains
the standard model as a sub-model. It provides an extension of the standard model with N
generations of the new particles. These particles come as a left-handed SU (2),, doublet and
two right-handed singlets. The requirement of being anomaly free forces them to have opposite
electromagnetical charges with an absolute value of half the electron charge. Furthermore, the
model allows these particles to have a new SU (D) colour. In this case, they are equivalent
to Okun’s -particles [14].

The spectral action puts strong constraints on the gauge couplings, the quartic Higgs
coupling and the Yukawa couplings of this model at the cutoff scale. Using the standard
renormalization group equations, these constraints allow us to calculate the masses of the new
particles and the mass of the Higgs boson at low energies. The masses of the new particles,
under the assumption of equal masses in all families, range then from ~48 GeV to ~69 GeV,
where up to three generations and new colour groups up to SU (8).ew have been considered.
For the Higgs boson, the masses range from ~164 GeV to ~334 GeV.

One should note that these new particles could be the preferred decay products of the
Higgs boson. If they can hide from direct detection, this would mean that the Higgs boson
could also be much more difficult to detect.

It is also interesting to note that the cutoff scale of the spectral action is considerably
lowered by the presence of these new particles. For three generations and eight colours, it
sinks even below the Higgs mass, A ~ 261 GeV for a Higgs mass of my ~ 334 GeV.
Remarkably, for colour groups larger than SU (2)ew, One has to add at least three generations
of the new particles.

Many questions have not been considered in this article. Let us list some of these.

e Are the new particles directly detectable by existing experiments such as LEP and
Tevatron?

e Will the new particles be detectable by future experiments such as LHC?

e What is the phenomenology of the model? What are, for example, the stable colour
singlet states and confinement radii?

e Does the model contain a viable dark matter candidate?

This list is certainly not exhaustive and other interesting questions may arise. But the
model shows clearly that how difficult the extension of the standard model within almost-
commutative geometry will be in general. The constraints stemming from the spectral action
together with the geometrical constraints from the spectral triple formalism restrict model
building severely. Apart from the older AC-model [11, 12], which possesses a viable dark
matter candidate, this is so far the only model which could be in concordance with the
experiment.
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Figure Al. Krajewski diagram of the standard model with right-handed neutrino and Majorana-
mass term depicted by the dashed arrow. The new particles reside in the e-line and the e-column.
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Figure A2. Minimal Krajewski diagram associated with the diagram in figure Al.
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Appendix. The Krajewski diagram

In this appendix, we present the Krajewski diagrams which were used to construct the model
treated in this publication. Krajewski diagrams do for spectral triples what the Dynkin and
weight diagrams do for groups and representations. For an introduction to the formalism of
Krajewski we refer to [16, 13]. The Krajewski diagram for the model presented in this paper
is depicted in figure Al. It shows one generation of the standard model particles and one
generation of the new particles.



Almost-commutative geometries beyond the standard model II: new colours 9955

The arrows encoding the new particles are drawn on the e-line and the e-column. Note
the similarity to the standard model quark sector which sits on the c-line and the c-column.
The dotted arrows denote the possible right-handed neutrinos and the dashed arrow represents
a possible Majorana mass term.

This diagram originates from the minimal diagram shown in figure A2. One remarks
immediately that the right-handed neutrinos as well as one of the right-handed new particles
can be neglected from the purely geometric point of view. But this model is not anomaly free
and has therefore to be excluded.

The multiplicity matrix p associated with the Krajewski diagram in figure A1, with three
generations of the standard model particles and N generations of the new particles, can be
directly read off to be

0 0000 0
0 0000 0O
36 00 0 0

K=1-3 3 00 0 o (A-D
N 0 0 0 0 2N
0 0000 0

The axiom of the Poincaré duality is fulfilled since det(u —u') = 812N )2 # 0forall N € N.
Only the right-handed neutrinos violate the axiom of orientability [25] which is also the case
for the pure standard model.

References

[1] Connes A 1994 Noncommutative Geometry (New York: Academic) (http://www.alainconnes.org/)
[2] Chamseddine A and Connes A 1996 The spectral action principle Commun. Math. Phys. 182 155 (Preprint
hep-th/9606001)
[3] Connes A 2006 Noncommutative geometry and the standard model with neutrino mixing J. High Energy Phys.
(Preprint hep-th/0608226)
[4] Barrett J 2007 A Lorentzian version of the non-commutative geometry of the standard model of particle physics
J. Math. Phys. 48 012303 (Preprint hep-th/0608221)
[5] Chamseddine A, Connes A and Marcolli M 2006 Gravity and the standard model with neutrino mixing Preprint
hep-th/0610241
[6] Lizzi F, Mangano G, Miele G and Sparano G 1997 Fermion Hilbert space and fermion doubling in the
noncommutative geometry approach to gauge theories Phys. Rev. D 55 6357 (Preprint hep-th/9610035)
Gracia-Bondi a J M, Iochum B and Schiicker T 1998 The standard model in noncommutative geometry and
fermion doubling Phys. Lett. B 414 123 (Preprint hep-th/9709145)
[7] Thumstddter T 2003 Prameteruntersuchungen an Dirac-Modellen PhD thesis, Universitit Mannheim
[8] Iochum B and Schiicker T 1996 Yang—Mills—Higgs versus Connes—Lott Commun. Math. Phys. 178 1 (Preprint
hep-th/9501142)
Pris I and Schiicker T 1997 Non-commutative geometry beyond the standard model J. Math. Phys. 38 2255
(Preprint hep-th/9604115)
Pris I and Krajewski T 1997 Towards a Z’ gauge boson in noncommutative geometry Lezt. Math. Phys. 39 187
(Preprint hep-th/9607005)
Paschke M, Scheck F and Sitarz A 1999 Can (noncommutative) geometry accommodate leptoquarks? Phys.
Rev. D 59 035003 (Preprint hep-th/9709009)
Schiicker T and ZouZou S 2001 Spectral action beyond the standard model Preprint hep-th/0109124
[9] Knecht M and Schiicker T 2006 Spectral action and big desert Phys. Lett. B 640 272 (Preprint hep-ph/0605166)
[10] Jureit J-H and Stephan C 2005 Finding the standard model of particle physics, a combinatorial problem Preprint
hep-th/0503085
[11] Stephan C 2005 Almost-commutative geometries beyond the standard model Preprint hep-th/0509213
[12] Fargion D, Khlopov M and Stephan C 2006 Cold dark matter by heavy double charged leptons? Class. Quantum
Grav. 23 7305 (Preprint astro-ph/0511789)


http://dx.doi.org/10.1007/BF02506388
http://www.arxiv.org/abs/hep-th/9606001
http://www.arxiv.org/abs/hep-th/0608226
http://dx.doi.org/10.1063/1.2408400
http://www.arxiv.org/abs/hep-th/0608221
http://www.arxiv.org/abs/hep-th/0610241
http://dx.doi.org/10.1103/PhysRevD.55.6357
http://www.arxiv.org/abs/hep-th/9610035
http://www.arxiv.org/abs/hep-th/9709145
http://dx.doi.org/10.1007/BF02104906
http://www.arxiv.org/abs/hep-th/9501142
http://dx.doi.org/10.1063/1.531971
http://www.arxiv.org/abs/hep-th/9604115
http://dx.doi.org/10.1023/A:1007360514958
http://www.arxiv.org/abs/hep-th/9607005
http://dx.doi.org/10.1103/PhysRevD.59.035003
http://www.arxiv.org/abs/hep-th/9709009
http://www.arxiv.org/abs/hep-th/0109124
http://dx.doi.org/10.1016/j.physletb.2006.06.052
http://www.arxiv.org/abs/hep-ph/0605166
http://www.arxiv.org/abs/hep-th/0503085
http://www.arxiv.org/abs/hep-th/0509213
http://dx.doi.org/10.1088/0264-9381/23/24/008
http://www.arxiv.org/abs/astro-ph/0511789

9956 C A Stephan

Khlopov M Y and Stephan C 2006 Composite dark matter with invisible light from almost-commutative
geometry Preprint astro-ph/0603187
[13] Tochum B, Schiicker T and Stephan C 2004 On a classification of irreducible almost commutative geometries
J. Math. Phys. 45 5003 (Preprint hep-th/0312276)
Jureit J-H and Stephan C 2005 On a classification of irreducible almost commutative geometries, a second
helping J. Math. Phys. 46 043512 (Preprint hep-th/ 0501134)
Schiicker T 2005 Krajewski diagrams and spin lifts Preprint hep-th/0501181
Jureit J-H, Schiicker T and Stephan C 2005 On a classification of irreducible almost commutative geometries
1L J. Math. Phys. 46 072303 (Preprint hep-th/0503190)
Jureit J-H and Stephan C 2006 On a classification of irreducible almost commutative geometries IV Preprint
hep-th/0610040
[14] Okun L B 1980 Theta particles Nucl. Phys. B 173 1
[15] Lazzarini S and Schiicker T 2001 A farewell to unimodularity Phys. Lett. B 510 277 (Preprint hep-th/0104038)
[16] Paschke M and Sitarz A 1998 Discrete spectral triples and their symmetries J. Math. Phys. 39 6191 (Preprint
q-alg/9612029)
Krajewski T 1998 Classification of finite spectral triples J. Geom. Phys. 28 1 (Preprint hep-th/9701081)
[17] Connes A 1995 Noncommutative geometry and reality J. Math. Phys. 36 6194
[18] Connes A 1996 Gravity coupled with matter and the foundation of noncommutative geometry Commun. Math.
Phys. 155 109 (Preprint hep-th/9603053)
[19] Rennie A and Virilly J 2006 Reconstruction of manifolds in noncommutative geometry Preprint
math.OA/0610418
[20] Machacek M E and Vaughn M T 1983 Two loop renormalization group equations in a general quantum field
theory: 1. Wave function renormalization Nucl. Phys. B 222 83
Machacek M E and Vaughn M T 1984 Two loop renormalization group equations in a general quantum field
theory: 2. Yukawa couplings Nucl. Phys. B 236 221
Machacek M E and Vaughn M T 1985 Two loop renormalization group equations in a general quantum field
theory: 3. Scalar quartic couplings Nucl. Phys. B 249 70
[21] Ford C, Jones D R T, Stephenson P W and Einhorn M B 1993 The effective potential and the renormalisation
group Nucl. Phys. B 395 17
[22] The Particle Data Group, Review of Particle Physics 2006 J. Phys. G: Nucl. Part. Phys. 33 1 (http://pdg.1bl.gov)
[23] Connes A and LottJ 1991 Particle models and noncommutative geometry Nucl. Phys. Proc. Suppl. B 18 29-47
[24] Tochum B, Kastler D and Schiicker T 1995 Fuzzy mass relations for the Higgs J. Math. Phys. 36 6232 (Preprint
hep-th/9506044)
Lizzi F, Mangano G, Miele G and Sparano G 1996 Constraints on unified gauge theories from noncommutative
geometry Mod. Phys. Lett. A 11 2561 (Preprint hep-th/9603095)
[25] Stephan C 2006 Almost-commutative geometry, massive neutrinos and the orientability axiom in KO-dimension
6 Preprint hep-th/0610097


http://www.arxiv.org/abs/astro-ph/0603187
http://dx.doi.org/10.1063/1.1811372
http://www.arxiv.org/abs/hep-th/0312276
http://dx.doi.org/10.1063/1.1876873
http://www.arxiv.org/abs/hep-th/ ignorespaces 0501134
http://www.arxiv.org/abs/hep-th/0501181
http://dx.doi.org/10.1063/1.1946527
http://www.arxiv.org/abs/hep-th/0503190
http://www.arxiv.org/abs/hep-th/0610040
http://dx.doi.org/10.1016/0550-3213(80)90439-3
http://dx.doi.org/10.1016/S0370-2693(01)00595-0
http://www.arxiv.org/abs/hep-th/0104038
http://dx.doi.org/10.1063/1.532623
http://www.arxiv.org/abs/q-alg/9612029
http://dx.doi.org/10.1016/S0393-0440(97)00068-5
http://www.arxiv.org/abs/hep-th/9701081
http://dx.doi.org/10.1063/1.531241
http://www.arxiv.org/abs/hep-th/9603053
http://www.arxiv.org/abs/math.OA/0610418
http://dx.doi.org/10.1016/0550-3213(83)90610-7
http://dx.doi.org/10.1016/0550-3213(84)90533-9
http://dx.doi.org/10.1016/0550-3213(85)90040-9
http://dx.doi.org/10.1016/0550-3213(93)90206-5
http://dx.doi.org/10.1088/0954-3899/33/1/001
http://dx.doi.org/10.1016/0920-5632(91)90120-4
http://dx.doi.org/10.1063/1.531242
http://www.arxiv.org/abs/hep-th/9506044
http://dx.doi.org/10.1142/S0217732396002575
http://www.arxiv.org/abs/hep-th/9603095
http://www.arxiv.org/abs/hep-th/0610097

	1. Introduction
	2. Finite spectral triples
	2.1. Basic definitions
	2.2. Obtaining the Yang--Mills--Higgs theory

	3. The spectral triple
	4. The gauge group, the lift and the constraints
	5. The renormalization group equations
	6. The masses and
	7. Conclusions and outlook
	Acknowledgments
	Appendix. The Krajewski diagram
	References

