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Abstract

We calculate the two-loop matching corrections for the gauge couplings at the
Grand Unification scale in a general framework that aims at making as few assump-
tions on the underlying Grand Unified Theory (GUT) as possible. In this paper we
present an intermediate result that is general enough to be applied to the Georgi-
Glashow SU(5) as a “toy model”. The numerical effects in this theory are found to
be larger than the current experimental uncertainty on «a,. Furthermore, we give
many technical details regarding renormalization procedure, tadpole terms, gauge
fixing and the treatment of group theory factors, which is useful preparative work
for the extension of the calculation to supersymmetric GUTs.
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1 Introduction

Grand Unified Theories (GUTSs) provide an appealing framework for physics beyond the
Standard Model (SM) of particle physics. Particularly supersymmetric (SUSY) GUTs
have gained a lot of interest in the past decades as they seem to be consistent with the
measured values of as(Myz), qem(Mz) and sin Oy (M) [1-3] and offer many other beau-
tiful features. Up to date most Renormalization Group (RG) analyses that study gauge
coupling unification use two-loop Renormalization Group Equations (RGEs) and one-loop
matching at the SUSY and GUT scales [4-11]. These matching corrections arise from in-
tegrating out heavy particles at the SUSY and GUT thresholds. They depend sensitively
on the mass splittings between the heavy particles and can be used to constrain the mass
spectrum of the theory. As experimental accuracy is increasing, also higher order correc-
tions become more and more important. It has been shown that O(a?) effects at the SUSY
decoupling scale can be as large as the current experimental uncertainties on the gauge
couplings [12-14]. Furthermore, in GUT models that contain large representations, as for
example the so-called Missing Doublet Model [15,16], the decoupling scale dependence at
the GUT scale can exceed the experimental uncertainty by an order of magnitude [14].

These facts encourage us to try to improve the theoretical accuracy of the unification
study and aim at a complete three-loop RGE analysis. This requires three-loop RGEs
for the SM, the Minimal Supersymmetric Standard Model (MSSM) and the SUSY GUT
model under consideration and two-loop matching corrections at the SUSY scale and the
GUT scale. In Quantum Chromodynamics (QCD) the gauge 3 function in the modified
minimal substraction scheme (MS) is known to four loops [17, 18], though a complete
three-loop SM gauge [ function is still missing. For the MSSM full three-loop RGEs
are available [19,20] in the so-called DR scheme. The same is true for the most general
single gauge coupling theory in MS and a general supersymmetric GUT in DR [21,22].
Matching corrections at the SUSY scale are known to one-loop order for the U(1) and
SU(2) gauge couplings a2 [7] and to two-loop for the strong coupling a, [12,13]. For the
GUT scale thresholds a general formula at the one-loop level is known [23-25], but two-
loop corrections have still been missing up to date and thus are not included in present
unification analyses [4-6,10,11,14].

The aim of this paper is to provide a first step towards a general formula for the two-loop
GUT matching corrections in a similar fashion as the one-loop corrections in refs. [23-25].
Unfortunately it turns out that at the two-loop level it is much harder to carry out the
calculation in a general way, making as few assumptions about the underlying GUT model
as possible. Therefore, the result given in this paper is not yet applicable to SUSY GUT
models, as it is not yet general enough. Nevertheless, by applying it to the Georgi-Glashow
SU(5) [26] as a “toy model”, we provide an important intermediate step on the way to
a full three-loop unification analysis. The generalization for SUSY GUTs actually is in
progress.



The remainder of the paper is organized as follows: in the next section we describe the
theoretical framework that is used for the calculation. There the Lagrangian is defined
and it is shown how delicate issues, as gauge fixing and renormalization are carried out.
In section 3 we present an academic study of our general formula when applied to the
Georgi-Glashow model, which is the simplest (yet already ruled out) possible GUT model.
In particular the issue of reducing the decoupling scale dependence is discussed. Finally,
we present our conclusions. In appendix A of this paper we describe the procedure of
defining and reducing the group theory factors that appear in our calculation. The rest
of the appendix is dedicated to some supplementary material to the main text.

2 Theoretical framework

Since there is a host of well motivated GUT models, we want our final result to be applica-
ble to as many of them as possible. Therefore, it is desirable to carry out the calculation
of two-loop matching corrections at the GUT scale in a framework that makes as few
assumptions on the underlying GUT model as possible. The idea is to have a general for-
mula that depends on the Casimir invariants and the spectrum of the theory. Choosing a
specific model specifies those Casimir invariants and gives an expression that depends only
on the masses and couplings of the model. The actual calculation that is presented in this
paper is not yet done in full generality, but makes some additional assumptions about the
model. These assumptions are described in subsection 2.3. Nevertheless, we present the
theoretical framework that is needed for the calculation of the relevant Green’s functions
(almost) as general as possible below in order to be armed for future improvements of the
calculation.

2.1 The Lagrangian

We consider a general renormalizable quantum field theory defined by the following La-
grangian:

L= —iFg”ij + WiD, M + %(D“CD)TDucb — V(@) + Ly + Lyt + L. (1)
The chiral Dirac fermion field ¥ and the real scalar field ® reside in (not necessarily
irreducible) representations of the gauge group G. The dynamics of the gauge field
that transforms according to the adjoint representation of G, is described by the Yang
Mills curl Fi” = 0" A}, — 0" Al + g fapy AGAY. Moreover, V(®), Ly, Ly and Ly, are the
scalar potential, the Yukawa interactions, the gauge fixing and the ghost parts of the
Lagrangian, respectively. They will be described in detail later in this section. V(®) is
chosen such that the scalar field ® = v + @’ contains one G-irreducible subspace that

develops a vacuum expectation value (vev) v, that breaks G down to the SM gauge group
[[, Gr =SU(3) x SU(2) x U(1). Models that have more than one vev of O(Mg), where
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Mg is the Grand Unification scale, are not covered by our framework yet. The indices
a, 3,7... belong to the adjoint representation and label the generators of G which fulfill
the commutation relations

(T, TP = if* T7 and also: [T, T° = if*" T7, (2)

with the structure constants f®%7. We use the tilde to denote the generators of the
real' scalar representation which fulfill (7*)7 = —T* . The generator that acts on the
fermion field satisfies (T%)" = T°. Again, T and T need not necessarily be defined
on irreducible representations of G, but can also have block diagonal form. In order to
distinguish between broken and unbroken generators, we introduce the notation:

{a) = > (A} + Y {ai} = {4} + {a}. 3

where A; label the broken generators of G belonging to the SM-irreducible subspace
labeled by i. If there is only one SM-irreducible subspace in the adjoint representation of
G, as e.g. is practically the case in SU(5), we can omit the sub-index . In contrast, a;
label the unbroken generators belonging to the subgroup? G:

T% = 0,
T4 # 0. (4)
The Lagrangian in eq. (1) is invariant under local gauge transformations with the real
parameter 0 = 0(x):
U — U —fT*V
d — D—ifTD,
(0% (63 Q, 1 (63
A — AL+ f B'YHBAZ — ;Qﬂ : (5)

The covariant derivatives are defined as:

DU = (9, — igT*A)T,

D& = (9, —igT"A%)®. (6)
Using eq. (2), eq. (4), and f%%“4 = (0 (cf. appendix A), the gauge-kinetic term for the

scalar field ® = v + @’ can be written as:

1 1, -
5(DMc1>)T1)M<1> = (8“@’)T8M(I>’+§gZUTATBvAjAMB

1
2 ~ ~
+iguT0, @AY + ig” fapa Ay A v T
- 1 - .
+ig®'T*0,P' AL + 3 GFOTT YA A,

+TATEY AL A g, (7)

I This is no loss of generality since every complex scalar can be written as two real scalars.
2Please note the different meanings of the sub-index i when attached to the capital adjoint index
opposed to when attached to a lowercase adjoint index.
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where we can identify the (diagonal) gauge boson mass matrix
(MX)AZ-B,' = gQUTAiTBiU s (8)

with eigenvalues denoted by Mx,. Again, the sub-index ¢ labels the SM-irreducible sub-
space that is meant, because each SM-irreducible subspace can be assigned to a definite
gauge boson mass. Note that the position of the adjoint indices a, A;, ;... is irrelevant.
Furthermore, it is understood that a partial derivative acts only on the single field, which
is next to it. The gauge-kinetic term for the scalars contains the undesired quadratic
mixing iguT A@,L(IDAQ‘1 between Goldstone bosons and heavy gauge bosons. As we will see
in a moment, the gauge fixing Lagrangian L can be chosen in such a way that this term
is cancelled, at least at tree-level.

In order to fix the gauge, we choose the R gauge fixing functional [27]

1 ) ~ A
fAi = ﬁﬁ,ﬁlil —1g\/ fg{UTAZ(I)/,
1
fai = nauAZZ- (9)

Note that we have chosen two distinct gauge parameters &; and &, for each SM-irreducible
subspace of the heavy gauge bosons. They renormalize differently and thus can only be
equated with each other after renormalization. Otherwise not all the Green’s functions can
be made finite. In the same way each SM group factor receives its own gauge parameter 7;.
This subtlety arises first at the two-loop level and is not relevant for computing one-loop
matching coefficients. Although there are other ways to treat the gauge fixing [23,28-30],
we find this one most convenient for our purposes. Employing the procedure described
e.g. in ref. [31], eq. (9) gives us the gauge fixing Lagrangian and the ghost interactions:

L = 3R

1 1 '3 ' T A )
= Y |5 (0,4%) = g°6 O TH T4 + ig g—QvTAzcb'aﬂA;‘z
; 281 2 §1i
1 2
_;2_m<a“AZ¢> , (10)



E?}f = Z |:8HC,TA¢<5A¢BJ'8;L - ngiBjaAZ{)CBj
ij

—g*V/ &ibai T TPiy CziCBj — 92V &1 oI TP (I)/CA CB; ]

_Z [ 77]/51@ /4fA b; B; el AEiij +i92( 111/477]1/4 1/Q)JCA b;B; T (I)ICA cb]
_Zg (&x5/mi)" faiBjAjauCliAﬁjCBj

+Zaﬂ (st O — G farbses A, (11)

Here c4, and ¢,, denote the ghost fields belonging to the heavy and light gauge bosons,
respectively. Note again that for an SU(5) GUT we could do the replacement A; — A
for the capital adjoint indices and the notation would become less clumsy. Here, however,
we keep the sub-index 7 in order to stay as general as possible. As mentioned before,
after partial integration the term igy/&2; /&1 VT4 8%4;‘1' in eq. (10) exactly cancels the
corresponding term in eq. (7) at tree level, where &;; = &, is a valid choice. However, when
considering higher orders in perturbation theory, the bare gauge parameters &;; and &,
are not equal to each other and the above term must be kept explicitly as a counterterm in
our calculation (cf. also subsection 2.2). The quadratic term in eq. (10) can be identified
with the (unphysical) Goldstone boson mass matrix:

1 3 3
Méold = §QQZ§2iTAiUUTAi (12)

7 )

SM-irreducible representation of the heavy gauge bosons. From the Goldstone theorem it
follows that the structure vT4 projects on the subspace of Goldstone bosons, i.e. on the
subspace that obtains no mass term from V(®). Hence, the matix M3, has non-zero
entries only on the subspace of Goldstone bosons.

with the property Tr(Mg.q) = Y, & ME D{', where D is the dimension of the i-th

For V(@) we consider the most general renormalizable scalar potential with the discrete
symmetry & — —&:

1
— Aijit ;PP Dy, (13)

V(®) = — 0

QM?jq)iq)j +

with totally symmetric tensors ,u?j and \;jp. We impose the requirements

0 = [M27Ta]7
0 = T2 Mg+ Toy Nkt + T Nigmt + T Nigom » (14)

in order to make V(®) gauge invariant under G. The first equation implies that the
matrix ;2 is proportional to the unit matrix on each subspace irreducible under G.



To break the GUT symmetry, there has to be one G-irreducible Higgs representation con-
tained in ®; that develops a vev. In order to treat the symmetry breaking appropriately, we
define the projector IT" on this particular G-irreducible subspace (clearly, [T, 11"] = 0).
This subspace is further divided into the subspace of Goldstone bosons and the subspace of
physical Higgs bosons with projectors P9 and P™, respectively ([T, P9] = 0 = [T, P™]).
The physical Higgs bosons receive masses of order Mg from V(®), the Goldstone bosons
do not. Using the Goldstone boson mass matrix from eq. (12), the projector on the space
of Goldstone bosons can be explicitly written down as [32]:

i ~ 1 N
(P9);; = (I — P™);; = g°Tun (M—)Q()AB wTf . (15)

Now we can parametrize the scalars in the following way:

where v, H and G live only on the subspace defined by II7*. S parametrizes all the other
scalars®:

e’ = H;+ G,

g

P, = H;,

PIo, = G. (17)

First let us focus on the subspace that II" projects on. In order to develop a vev on this
subspace, the parameter u3,, defined by II"'y? = p21, has to be positive. If this is the
case, it is convenient to parametrize this part of the scalar potential in terms of physical
parameters as the Higgs mass, the heavy gauge boson mass, the gauge coupling ¢ and the
tadpole instead of the unphysical couplings 3, and

N = N TLETUE T 11 (18)

In principle, this is analogous to what is usually done for the SM Higgs potential [33].
Here, however, it is more involved due to the appearance of the general invariant tensor
)\Z}kl. Using essentially eq. (14) and Schur’s lemma, it is possible to rewrite the up to
quadratic terms of the potential in terms of new parameters M (diagonal Higgs mass
matrix) and ¢ (tadpole). For the trilinear and quartic terms this does not seem to be
possible at the level of the Lagrangian. Thus, for the moment, we leave those terms
expressed by the old parameters )\Z](kl. They have to be eliminated in favor of M%, g and
Mz at diagram level to make our choice of parameters consistent.

3To see that the number of Goldstone bosons is equal to the number of broken generators it is also
possible to define the Goldstone field as G4 := ¢ (#X)A viﬂ? f
B



Now, including also the scalars on the subspace defined by 1 — II™, which is straightfor-

ward, the scalar potential can be parametrized as follows®:
1 1 1 1
1 1 1
+ évi)\z}leijGl + évi)\z}leijGl + évi)‘gleijHl

1 1
+ ivz‘)\ijleijSl + N H ;GRS + §Ui)\z‘jleijSl

1 1 1
+ évi)\ijlejSkSl + évi)\ijlejSkSl + évi)\ijlejSkSl

+ ﬂ)\Z}MGiGijGl + %AgleiGijHl + é)\Z}kZGiHijHl

+ iA?}leiGijHl + ;ZAZ;kZHiHijHl

+ é)\ijleiHijSl + %)\ijleiHijSl + %)\ijleiGijSl

+ é)\ijleiGijSl + i)\ijleiHjSkSl + %)\ijleiGjSkSl

+ i)\ijleiGjSkSI + é)\ijleiSjSkSl + %)\ijleiSjSkSl

+ i)\ijleiSjSkSl (19)

where
t = —,u?i + # )\Z}klvivjvkvl , (20)

(MIQJ)Z] = %)\Zj‘klvkvl — % Azmnvkvlvmvn HZ}, (21)
(MDy = NS — (21— ), (22)

Due to gauge invariance under the SM group (egs. (4) and (14) ), both mass matrices
are diagonal and proportional to the unit matrix on each SM-irreducible subspace. M%

has only non-zero entries on the subspace defined by PH and M2 only on the subspace
defined by (1 — I1™) (we have defined )\‘fjklvkvl = (111" (1 — HH)jj/)\fj/klvkvl ).

It is important to see that M2 must have only positive or zero entries. If there are negative
entries, some of the S; would develop a vev and our formalism would not apply. Strictly
speaking, we have (M2);; < 0 for the SM Higgs doublet that is contained in S;, which
would exclude it from our treatment. But since in that case the scales involved have the
strong hierarchy O(My ) < O(Mgyr), we can safely set the entry to zero here. To do
this, some of the A, vxv; must be fine-tuned against the corresponding (1*(1 — I17))
in eq. (22) which is known as the doublet triplet splitting problem, inherent to generic
GUTs.

4For more details of how this reparametrization is done, please refer to appendix B.
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Note that the classical minimum of the GUT-breaking Higgs potential is defined by the
equation t = 0. However, if we compute higher order corrections, the parameter ¢t = 0—dt,
where 6t = O(a) is a counterterm, has to be adjusted in such a way that the renormalized
Higgs one point function is zero at all orders of perturbation theory.

The last term in eq. (1) to be specified is Ly. The most general Yukawa interaction of
the chiral Dirac fermion multiplet ¥ with the real scalar multiplet ® can be written as
follows:

1 * Ty C c
Ly = —5 (YT OU 0 + Y U7 CWSay) )

Here Y* is a complex, symmetric matrix and C' = ivy7, denotes the Dirac charge con-
jugation matrix. W¢ = CT" s the charge conjugated Dirac spinor (the T refers only to
Lorentz space). We take ¥ = 1(1—~;)¥ to be left-handed so that W¢ will be right-handed.
Furthermore, due to gauge invariance YZ’; satisfies the following relation:

0= YijT%i + K]&T%j + }/ZTTV?Lk : (24)
In the following we will need to distinguish between fields with the mass of O(Mg) and

massless fields. We will follow the convention of appendix A and use the projectors P
for heavy fields and p{ for the light fields.

2.2 Renormalization

In order to do a two-loop calculation of the matching corrections, a one-loop renormaliza-
tion program has to be carried out for the theory. The counterterms are adjusted in such
a way that all the one-loop Green’s functions of the theory are finite. For convenience
we use the on-shell scheme for the mass parameters of the theory and MS for the gauge
couplings, the gauge parameters and the fields. The renormalized Lagrangian is obtained
from eq. (1) by the following replacements:

A — [ Zy A Al — \JZF A
iV — \/Zy pl O, PrV — \/Zh P7 U,

PRI Zgi Cai, CA,' N Z;Z( CAi ’
PIH — \/Zy; PI'H, PG — \Zai PPG,
PSS —\/Zsi pPS, PSS — \/Zk PSS,
M)Q(z - ZZQWXi M)%z ? MI%IZ - ZJQMHZ- MIQL )

MFZ' — ZMF, MFZ )
§1i — qu ¢, §2i — Z§2i £,
N — L3 1, gﬁzgg- (25)



Again, we have used the sub-index 7 to take care of the fact that there might be several
SM-irreducible representations for a field that all renormalize differently. No summation
is performed over that index. P and p are projectors on the various SM-irreducible
subspaces of heavy and light fields, respectively. Mg is the fermion mass matrix that can
arise from the Yukawa interactions eq. (23). Presently, heavy fermions are not included
in the calculation, so the corresponding renormalization constants are only defined for

future convenience.

In the following we list the counterterm Feynman rules that are important for our cal-
culation. They are obtained by inserting the renormalization prescriptions from eq. (25)
into eq. (1) and considering the up to quadratic terms. For each counterterm we give an
expression that is valid to arbitrary loop order in the first line and in the second line a
more convenient expression that is valid only for one-loop renormalization. We use the
notation Z; =1 —67; and t = 0 — 0t where §Z; and dt are of order . All the parameters
that appear in the equations are renormalized ones.

Heavy gauge boson:

i zX 1
= i0ap|(Z5 =2t =Dk, — (25 —1)k2g, (25 73, —1)MZg,,
Ap Bv B|\“3 €7 € 1 3 1 3 4 My x9u
&

= ibap|—0 7k —(ME—K?)6ZY gW—Q(sZMXMf(gW]

Heavy ghost:

= iban|(ZF V(2 Zeo\ Zea P~ DEME
A-e X B -
T

Mo~ 1 1
= g |oZ¥ (gM;;—k?H(éaZ&+§5Z§2+252MX)gM§}
Goldstone boson:

| | — iPg [(ZG—I)k:Q—(ZGZ§2Z§4X—1)§M)2( . t]
i= ==X~ -]
&

~ Py [5ZG(§M§—/€2)+((5Z&+25ZMX)§M>2< + 5t]
Physical Higgs boson:
= sy [(ZH—1)k2—(ZHZ§JH—1)M§I - t}
i-=-X---J
X

g = i, [0 2 (MG~ k)26 21, M}y + 1
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Mixed counterterm:

= z’g[ 6—2 — 1] kaék’u
- - - A o

K 1 5
= ig 5(5251 - 5252) UleikH

Heavy fermion:

= iy | (2R (Z 2~ ) M| Py

= 0y |:5Z£L<MF_%)+5ZMFMF] Py,

11— - - - - - X = wlét

In order to avoid clutter with the notation, we have omitted the sub-index 7 here. From
the context it is always unambiguous that the SM-irreducible representation of the field
under consideration is meant. For our calculation we need the renormalization constants
of all mass and gauge parameters at one-loop. As can be seen from the above Feynman
rules, the set of equations that is used to determine 07, , 0Z¢, and 0t is overconstrained
(cf. also refs. [34,35]). This provides a useful check for our calculation: we computed
0Z¢, — 0Z¢, from the pole of a combination of the heavy gauge boson and heavy ghost
propagator as well as from the mixed Goldstone boson heavy gauge boson propagator.
Both calculations lead to the same result. In the same way 6t was computed from the pole
of the physical Higgs tadpole as well as from the Goldstone propagator yielding the same
result. Furthermore, the MS renormalization constant for the gauge coupling Z, will
be needed to two-loop order (cf. subsection 2.3), including corrections from the Yukawa
couplings. We did the calculation in our framework and found agreement with the known
result in the literature [21, 36, 37].

2.3 Decoupling of heavy particles

When studying gauge coupling unification, it is most convenient to use RGEs defined
in mass-independent renormalization schemes, such as MS or DR. In these “unphysical”
schemes the computation of  functions is simplified significantly, which makes them most
suitable for this application. However, these schemes have the well known drawback that
the decoupling theorem [38] does not hold in its naive form. As a consequence observables
of low energy processes will depend logarithmically® on all the heavy particle masses of
the GUT. This is unacceptable, since it would spoil perturbation theory by the presence
of large logarithms In(Mq/u), where p is the typical energy scale of the process. The way
out of this dilemma is to use an effective theory [24,39], where the heavy particles are

5At the two-loop order also more complicated functions of the heavy masses can appear.
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integrated out at the GUT scale. This means that the dynamical degrees of freedom of the
heavy particles are removed, which manifestly leads to power-suppressed contributions of
O(1/Mg) in the effective Lagrangian. Moreover, the effects of the heavy particles are
encoded in a multiplicative redefinition of all the masses and couplings of the theory. For
the case of the gauge coupling this so-called decoupling relation reads:

a;(peur) = Ca(pour, alpcur), My) o(pcur) ,
2 2

g g; .

=z = 2t =1,2.3. 2

4’7T b al 4’7T b Z b) b 3 ( 6)

«

Here «; and « stands for the MS gauge coupling® in the effective theory (the SM or
the MSSM) and full theory (GUT), respectively. pgur is the unphysical scale, at which
the decoupling is performed. At sufficiently high loop order predictions of physical ob-
servables must not depend on pgur anymore. The remaining dependence on this scale
gives us an estimation of the theory uncertainty of the prediction. (,, is the so-called
matching coefficient that depends on all the mass parameters of the particles that have
been integrated out. They are abbreviated by M), in eq. (26). The construction of the
effective Lagrangian is described in detail e.g. in refs. [40,41] for the case of QCD. Here we
only list the formulas that are relevant for the computation of ¢,,. For our calculation we
find it most convenient to use the three-point Green’s function with light ghosts and light
gauge bosons as external particles. Applying Slavnov-Taylor identities to this vertex, the
formula for the MS matching coefficient reads:

- 2
Zy, Gy :
o= | == , =1,2,3. 27
- (ZgicgiVC:(s)i) Z ( )

The MS renormalization constants for the gauge coupling in the full and effective theory
are denoted by Z, and Z,, respectively. The bare matching coefficients for the light
ghost-gauge-boson vertex, the light ghost field and the light gauge field respectively are
given by:

5?@ =1 + F(,)L{f’rc’i(()’ 0) ’
G = 1+IL5(0) (28)

i.e. they are computed from the “hard part”” of the one particle irreducible Green’s
functions with zero external momentum. All the masses of SM particles are set to zero
and therefore only masses of O(M¢) appear in the diagrams. The external particles for
these Green’s functions are: two light ghosts with one light gauge boson, two light ghosts
and two light gauge bosons, respectively. In all cases the relevant group structure has to

SFor simplicity we will only speak about MS parameters from now on. If a SUSY GUT is considered,
all MS parameters will be replaced by DR parameters.
"This denotes all the diagrams that contain at least one heavy particle.
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be projected out and in the case of the light gauge boson propagator only the transverse
part is needed. The index i takes care of the fact that the SM gauge group is not simple
and labels whether an external gauge bosons and ghosts belonging to U(1), SU(2) or
SU(3) have to be taken.

Before we come to the technical details of the calculation, it is in order to describe all the
assumptions that have been made about the underlying GUT model:

e There is no trilinear scalar coupling in V().
e There is only one vev of O(Mg) in the theory.
e There are no heavy fermions in the theory.

e The heavy gauge bosons decompose in SM-irreducible representations with a com-
mon mass.

e The GUT-breaking Higgs decomposes into three SM-irreducible representations (4
Goldstone bosons) at most. They can all have different masses.

e The other scalars in the theory decompose in SM-irreducible representations that
have a common mass (+ light scalars).

e The light particles in the theory can decompose in arbitrarily many SM-irreducible
representations.

As can be seen, the main limitation comes from the number of heavy degrees of freedom
in the theory. The above constraints are designed such that the resulting formula for (,,
is applicable to the simplest GUT, the Georgi-Glashow model, yet keeping the calculation
as simple as possible. The computational framework for our calculation is set up in such
a way that it can be generalized to more heavy degrees of freedom, in order to apply it
to SUSY GUTs in the future.

Given the large number of Feynman diagrams, an automated computation is indispens-
able. The diagrams were generated with QGRAF [42] and further processed with q2e and
exp [43,44]. In the next step we used a FORM [45] implementation of the two-loop topolo-
gies of ref. [46] by the authors of ref. [13] and also the FORM packages MINCER [47] and
MATAD [48]. Let us emphasize that no assumptions about the mass hierarchies of the
heavy particles have been made. Therefore, the result is valid for arbitrary numerical
values of the mass parameters as long as their mass splitting is not to large which would
lead to power enhanced contributions and spoil perturbation theory. The reduction of the
group theory factors, which was the most time consuming part, has been automated and
implemented in FORM. The relevant group theory and notational conventions are collected
in appendix A of this paper.

Although the present calculation is just general enough to be applied to the simplest
GUT, the number of Feynman diagrams for the two-loop Green’s functions described
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above already is considerable. For the light gauge boson two-point function it amounts
to 6278, whereas for the ghost-gauge-boson vertex and the light ghost two-point function
we have 4109 and 374 diagrams, respectively. Sample diagrams® for all three processes
are depicted in fig. 1.

In order to subtract the subdivergencies that occur in these two-loop Green’s functions, the
mass and gauge parameters as well as the gauge coupling that appear in the corresponding
one-loop Green’s functions have to be renormalized as described in subsection 2.2. We
have performed our calculation for arbitrary gauge parameters and verified that they
cancel out in the final result, which is a powerful and highly non-trivial check of the
calculation. The result for (,, is available in general form, i.e. with group theory factors
and couplings not specified to a particular Lie group or model. In the next section we
will assign definite values to these quantities in order to show the application of the result
exemplarily. Note also that we always need three different sets of group theory factors for
1= 1,2, 3, respectively.

3 Numerical study for the Georgi-Glashow model

In the following we perform an academic study of our results applied to the simplest
possible GUT, the Georgi-Glashow model [26]. Although this theory is ruled out experi-
mentally [2], we use it as a toy model to demonstrate some simple numerics. It is based
on the gauge group SU(5) and the SM fermions sit in the representations
5 o 2,1
10=[5x5, — (3,1,-2)®(3,2,5).® (1,1,1). (30)
where we have displayed their decomposition into SM multiplets.” The gauge bosons as
well as the SU(5)-breaking Higgs bosons 3 live in the real 24 representation:

24— (8,1,0)®(1,3,00®(1,1,0)® (3,2, ) @ (3,2,3) . (31)

In the case of the gauge bosons the first three parts of the decomposition constitute the
light SM gauge bosons and the last two parts the heavy gauge bosons with a common mass
Myx. For the GUT-breaking Higgs bosons the first three parts represent the three physical
Higgs bosons with masses My, 2 My, and M,y, respectively. The last two multiplets give
the Goldstone bosons with the unphysical mass /& Mx (cf. eq. (12)). Note that we write
the field ¥ as a 24-dimensional vector multiplet in order to be consistent with our notation
in section 2, and not as a hermitian 5 x 5 matrix as usually done. Therefore, the vev of
Y simply is (X) = v, where v is a 24-dimensional vector with a single non-zero entry in

8The figure has been created with help of the INTEX package AXODRAW [49]

9The first and second number label the SU(3) and SU(2) representations, respectively and the third
number is the hypercharge of the multiplet. The index a indicates that the antisymmetric part of the
representation has to be taken.
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Figure 1: Sample two-loop diagrams that appear in the calculation of (,,. The first
line shows the process A — AP contributing to HOA’ﬁ(O). The second and third line

depict ¢% — ¢’ and % — i + Al contributing to Hg:? (0) and FS{?Tci(O, 0), respectively.
Colored (bold) lines represent fields with mass of O(M¢) and black (thin) lines massless
fields. Furthermore, curly lines denote gauge bosons, dotted lines ghosts, dashed lines
scalar fields and solid lines fermions. Goldstone bosons are marked green (light gray,
short-dashed), physical Higgs bosons red (gray, long-dashed) and other heavy scalars blue
(dark, short-dashed). Note also that two identical lines in one diagram need not have the

same mass because of the non-degenerate mass spectrum.

the 24th component. Additionally we have a complex scalar in the 5 representation that
decomposes according to eq. (29) and contains the SM Higgs doublet as well as a heavy
colored triplet with the mass My, .

For the convenience of the reader it might be helpful to explicitly give the parametrization
of the quartic scalar coupling \;;x; from eq. (13) for the Georgi-Glashow model. It splits
up into three parts. The first part is a quartic coupling of the 24 Higgs, the second one
a quartic coupling of the 5 Higgs and the last one is a mixed 5 — 24 coupling [32,50]:

1
Nobys = ASTHTTPTIT?) + 5 B (Bagdos + 0rdss + Sasds)

1 o
)\@5]].;;[ - g b (51]5kl+5lk5]l+5215jk)7 1,7, k:al - 1a"'710a
)\22312]4 = c (1°7% + 7P71%),, a,B,7,0=1,...,24. (32)
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We have used the symmetrized trace

1
sTe(T..T) = I Z Tr(T ... 7)) (33)
where the sum is over all the permutations of the indices. Furthermore, it is noticeable
that the indices 4, j,k,l run from 1 to 10 although they belong to the fundamental 5
representation. This is because the corresponding scalar is complex and we have written
it as twice as many real scalars that are transformed by the 10 x 10 generator matrices 7:

™= ( _Zflﬁég% iiﬁgzi ) )

where in this section T is the 5 x 5 generator matrix in the fundamental representation.
Inserting eq. (32) into egs. (21) and (22), we obtain the scalar mass matrices. Addition-
ally we need to impose the tree-level fine-tuning condition pui = 23—001)2, where pZ is the
quardatic term of the 5 Higgs in eq. (13), in order to obtain massless Higgs doublets. Note
that in principle one would need to calculate the one-loop fine-tuning condition in order
to obtain massless Higgs doublets in a two-loop calculation. However, the light Higgs
doublets show up at the first time in the two-loop Green’s functions in the matching
calculation so that it is sufficient to use the tree-level fine-tuning condition. This gives us

the relations between the physical scalar masses and the parameters in eq. (32):

(34)

Mi= i AV, M= HGAE), M=ot 3

The vev is connected to the physical gauge boson mass by
Mg =2 g 0. (36)

The Yukawa interactions of the Georgi-Glashow model [26,32] are obtained by inserting
the Yukawa matrix

yn ( Vi €ijiim TGTSpn 2 Y T(T3)Sin ) (37)
T 20 YD Tm(T2) S, 0 o

into the general Yukawa Lagrangian eq. (23). Here s = (/,3) and r = (J,7) are multi-
indices, where I,.J stand for the flavor indices of the SU(5) Yukawa matrices YV and
YD, The indices 3,7 = 1,...,29 run over {a,j} and {3, k}, respectively. Note that we
have written the fermions of the 10 representation as a 24-dimensional vector instead
of an antisymmetric 5 x 5 matrix as usually. The Clebsch-Gordan coefficients for this
transformation are given by the following equations:

10° = V2 T3 10, 10, = ~v2 i m(T) 10°. (38)

where 10;; is the usual antisymmetric 5 X 5 matrix with the normalization as in ref. [26].

Furthermore, S = %(]l, il) is a 5 x 10 matrix and €, is the totally antisymmetric
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tensor with €j9345 = 1. As can be seen from eq. (37), the chiral fermion multiplet W
from subsection 2.1 is written as a 3 (24 + 5) = 87-dimensional vector for the case of

Georgi-Glashow SU(5) model.

Using the definitions from this section, we computed the numerical values of all the group
theory factors that appear in our general result. Furthermore, we set Voxny = 1 and
kept only the third generation Yukawa couplings y; and y,. We obtained three two-loop
formulas for (,, (i = 1,2,3) that depend on the parameters

a(pcur), Yi(pcur), ys(pcur), Mx, Mu., Ms, My, pcur - (39)
The Mathematica package that contains the expressions can be downloaded from

http://www-ttp.particle.uni-karlsruhe.de/Progdata/ttpl10/ttp10-46/

In order to examine the numerical impact of the two-loop matching corrections in this
model, we have implemented a RGE analysis in Mathematica. Since in this model the
gauge couplings do not unify, we just focus on examining the reduction of the decoupling
scale dependence, as an illustration of our results. We start with the precise values of
the three gauge couplings at the electroweak scale. They are obtained from the effective
weak mixing angle in the MS scheme [51], the QED coupling constant at zero momentum
transfer and its hadronic [52] contribution in order to obtain its counterpart at the Z-boson
scale, and the strong coupling constant [53].1% These quantities need to be transformed to
a six-flavor theory, which is described in detail in ref. [14]. Our starting values are then:
QOMS(Ar) = 1/(128.129 4+ 0.021),

em

sin? @OMS (A7) = 0.23138 4 0.00014 ,
a®O(Myz) = 0.1173 £ 0.0020. (40)

S

These quantities are related to the three gauge couplings via

5 q6MS
= g,
3 cos2 O(6),MS
B (6).MS
@z = sin? O©).MS ’
a; = a9, (41)

which holds for any renormalization scale p. We also need the W and Z boson pole
masses My, and My, the top quark and tau lepton pole masses M; and M, and the

10We adopt the central value from ref. [53], however, use as our default choice for the uncertainty 0.0020
instead of 0.0007.
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running bottom quark mass m})™S. For the convenience of the reader we also specify their
numerical values [51,54,55]:

My = 80.398 GeV,
My, = 91.1876 GeV,
M, = 173.3 GeV,
M, = 1.77684 GeV |
my®(mM®) = 4.163 GeV . (42)

The corresponding uncertainties are not important for our analysis. These parameters are
converted to six-flavor theory using RunDec [56] and then used to compute the starting
values for y;, y, and y, at the electroweak scale. The RGE running in the SM was imple-
mented at two loops [36,37,57,58] for the electroweak sector and at three loops [59,60] for
QCD. We take into account the tau, bottom and top Yukawa couplings and thus solve the
coupled system of six differential equations. Since the quartic SM Higgs coupling b enters
the equations of the Yukawa couplings starting from two-loop order only, we neglect its
contribution. After taking into account the two-loop decoupling relations, we compute
the running from pqyr to the Planck scale using three-loop RGEs for the gauge coupling
and one-loop RGEs for the Yukawa couplings. The RGEs are obtained by inserting the
general expressions for the Yukawa and scalar couplings (egs. (37) and (32)) as well as
the numerical values for the group theory factors into the general formulas of refs. [21,37]
(see appendix C for the details).

In figure 2 the dependence on the decoupling scale of a(10¥GeV) is shown. Since only
for QCD the full three-loop (8 function could be implemented and there is no unification
of gauge couplings anyway, we took a(ucur) = (. (tcur) @s(ucur) as a starting value
for the gauge coupling above the GUT scale. For illustration we use the following set of
mass parameters:

Mx = 10% GeV,

My, = 4-10" GeV,
My = 10" GeV,
My, = 6-10" GeV (43)

which are chosen to obey the restriction My = M; for i = H., 3,24 . Otherwise the scalar
self-couplings easily become non-perturbative and blow up the gauge coupling above the
GUT scale. The scale dependence is shown for n-loop running and (n—1)-loop decoupling
with n = 1,2,3. We observe a dramatic improvement when going from n = 2 to n = 3.
In particular the three-loop corrections can be larger than the experimental error band
depending on pugur. Note also that for n = 2 choosing pgyr naively as a mean value of
the GUT masses which would be of O(10' GeV) in our case is not a good choice.
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Figure 2: Dependence of a(10'® GeV) on the decoupling scale ugyr. The red (dotted),
green (dashed) and blue (solid) lines correspond to the one-, two- and three-loop analysis,
respectively. For the three-loop curve also the experimental error band with da, = 0.0020
has been indicated.

The described qualitative behavior does not depend much on our choice of the GUT
masses. Though the numerical effect of the two-loop matching is already significant
in the Georgi-Glashow model, we emphasize that in certain models that contain large
representations, as e.g. the Missing Doublet Model [15,16], we expect these corrections
to be even larger [14]. Our goal for the future, of course, is to generalize the formula for
Ca; to make it applicable to these models.

To provide a check of the result for the Georgi-Glashow model, we have verified analyti-
cally that the matching coefficients (,, (ugur) exhibit the correct pugyr dependence. This
can be derived from the knowledge of the two-loop beta functions of the SM and the
SU(5) model by computing the derivative w.r.t. tqgur = In(ugur) of eq. (26). Solving
the resulting differential equation order by order, we arrive at a general formula!! for the

pcut -dependent terms in (,, (pgur):
Co, (ppaur) = 1+ @ [%(ﬁé — Bo) taur — Co(My,) (44)
2
i (ko)) [m‘ — P+ [3(55— B) — Co(M) (8 — )]t + 01<Mh>] .

Cy and (] are pgur-independent terms that depend only on the heavy GUT masses.

"For simplicity we neglect the Yukawa corrections in this formula. However, the generalization is
straightforward. Of course, in our analytical check we took care of them too.
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The 3 function coefficients are defined by:

=

1d « o\ k2 g
i _ =2 45
2 dt 4 . (47r> e = (4)

i

and similarly for o;;. We find agreement in the ugyr dependence of our explicit calculation
with the form of eq. (44).

4 Conclusions and Outlook

As experimental accuracy for ay, ap,, and sin © is increasing, also theoretical unification
analyses must improve their precision in order to find better exclusion limits for GUTs.
Therefore, we have performed a first step towards the calculation of the two-loop matching
corrections for the gauge couplings at the GUT scale in a framework that aims at making
as few assumptions on the underlying GUT as possible. The assumptions that were made
can be found in subsection 2.3. The result is general enough to be applied to the simplest
GUT, the Georgi-Glashow SU(5). The numerical impact in this model was found to be
larger than the current experimental uncertainty on «g depending on the choice of the
decoupling scale ugur. We expect even larger effects in GUT models that contain large
representations, as the so-called Missing Doublet Model. Moreover, the two-loop matching
coefficients provide a significant stabilization of our predictions w.r.t the variation of the
decoupling scale.

Furthermore, we have described in detail the proper treatment of the gauge fixing and
the renormalization procedure for this calculation. In this context also the issue of Higgs
tadpoles in theories with spontaneous symmetry breaking was discussed in a general man-
ner. The appendix contains an in-depth introduction of the group theoretical framework
that we used. There we also give many useful reduction identities that are essential for
performing multi-loop calculations in GUTs and can also be applied to SUSY GUTs.

We consider the result computed in this paper only as an intermediate step towards a
more general calculation of (,,. Particularly, we are interested in performing a consistent
three-loop RGE analysis for SUSY GUTs, where two-loop matching at the GUT scale
is needed. In order to apply our result to the simplest SUSY GUT, the minimal SUSY
SU(5), several generalizations are needed:

e Add a trilinear term to the scalar potential eq. (13).

e Add two massive Dirac and three massive Majorana fermion SM-irreducible repre-
sentations as well as all possible kinds of Yukawa interactions for them.

e Increase the number of SM-irreducible representations within R™ by one in order
to cover the case of the non-renormalizable version of minimal SUSY SU(5)
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e Allow for unitary mixing matrices in the interactions of heavy Dirac fermions with
gauge bosons.

e Convert the result to the DR renormalization scheme.

Though there is quite some work to be done, to achieve this, we have already built a solid
basis to start with and have overcome many of the main difficulties that were expected
to occur.
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Appendix

A Group theoretical framework

When performing multi-loop calculations for GUTSs, one necessarily has to deal with the
reduction of the color structure'? [21,23,36,37,61,62]. The aim is to reduce all the color
factors of the diagrams to a set of basic invariants. In this way nontrivial cancellations
among different diagrams are possible without inserting the actual numerical values for
those invariants. In this appendix we develop a notational framework that is appropriate
for this task and also give some useful reduction identities that will hopefully prove helpful
also for future calculations. For similar reduction algorithms and identities applied to
unbroken gauge theories see e.g. refs. [63,64] and references therein. Here we focus on
spontaneously broken gauge theories.

We start with a simple GUT group G that is broken to a (in general not simple) gauge
group [[, Gy. In the following the Gy, are called group factors. The generators of G in a

12For convenience we will use the terms “color structure”, “color factor” etc. in this appendix following
QCD terminology. However, obviously our formalism is not restricted to SU(3), but is meant to be applied
to GUT groups.
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general reducible representation R are denoted by 7% in this appendix!®. They fulfill the
commutation relation

where f¥%7 are the structure constants of G. In order to distinguish between broken and
unbroken generators, we use the notation of subsection 2.1:

{a) = > o{A} + Y {ai} = {4} + {a} (47)

where A; label the broken generators of G belonging to the [, Gy-irreducible subspace
labeled by 4. If there is only one [ [, Gy-irreducible subspace in the adjoint representation
of G, we can omit the sub-index 7 in A;. In contrast, a; label the unbroken generators
belonging to the subgroup G;. As the G; are regular subgroups of G, also the following
cummutation relations hold:

(1%, T%] = i fabe T (48)

where f%%% = ( unless i = j = k. Furthermore, because the subgroup G; is closed,
we have f%bi4r = 0 for all i,j, k. Otherwise the commutator [T%,T%] would contain
terms proportional to the broken generators T%%. Note that if not explicitly stated,
the sub-indices i, j... of the indices a;, b;..., A;, B;... are not summed. A repeated index
a,b...or A, B... without sub-index means that the sub-index has been summed over. The
representation R that T is defined on generally is reducible under G. It decomposes into
G-irreducible representations where the gauge bosons, fermions and scalars of the theory
live in:

R—-PrR =R'eR"eRTasR" e . . aRTGRT @ ... (49)

RA stands for the adjoint representation and R’ for the representation of the GUT-
breaking scalar. The other symbols represent the irreducible representations for the scalars
and fermions, respectively, numbered by roman numerals for convenience. We define
projectors on these subspaces denoted by II* with x = A, ’H, S, Sir-.., Fr, Fip.... Clearly,
[II%,7%] = 0 holds for all x and «. Each of those representations decomposes further
under [[, Gy:

R - EPRI=RiOR;ORE D ... (50)

with projectors PP and pZ. We use a capital P to denote that the respective [, G-
irreducible representation contains fields with a mass of O(Mg) and a lowercase p for
projectors on a subspace with massless fields. Because the Lagrangian is still invariant
under [[, G, after symmetry breaking, each of those [], Gj-irreducible subspaces can
be assigned to a definite mass of the respective field. The indices n = 1,2, 3... label the

13In the main text we employed the symbol T only for the fermion representation. In this appendix,
however, we will use the symbol for a generic generator of the gauge group.
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[ [, Gi-irreducible representation in R*. The projectors fulfill [P?, T%] = 0 = [p?, T*] for
all z,a,n and 7. Furthermore, we have

Yo=Y vt Pi=pt P =10 (51)

where o can be P or p depending on n. Armed with these definitions, we can define
some basic Dynkin indices /5(...) and Casimir invariants Cy(...) which have real numerical
values for a given group.

Tr(II*TT?) = L(I1%) 67,
Tr(o®T*T") = Iy(o")" 6%,
T(gnTA QmTB) = [2<Qn7gm) 5AiBi7

[°7°T* = Cy(II%) 11
$Tai Tai — Cz (Qi)l Qn ,
OET4 o T = Cy(o%, 0%)" oF . (52)

Again ¢ can stand for either P or p. Furthermore, we can define the dimensions of the
various irreducible representations by

AT = Tr(Il%),
Di = TI'(P;),
dy = Tr(py), (53)

and specifically for the adjoint representation:

AA = 50404’
DA = g,
di = g (54)
which gives us the relations
L") A% = Cy(I1%) A*,
L(Py) dit = Cy(Py) Dy,
Ly(py,)' dA = Ca(pp)' dy
( ) = CQ(Prf’Q:Cn)Z Dy,
Iz(pmgm) = Calph, 00)" dy - (55)

Let us emphasize again that no summation over the sub-indices i that label the [[, G-
irreducible representation is implied here.
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However, we introduce the convention that omitting this sub-index implies summation:
Oy(..) = Zcz(...)i,
Calon, 0")' = D Caleh ah)'
L(..g".) = > Li.oh.)" (56)

Note also that the invariants Io(IT1*) and Cy(IT*) have only been defined for convenience.
Actually they can be decomposed into other “more elementary” invariants:

L") = L(p*)' + L(P*)" = L(p",p*)" + L(P*, P*)' + 2 I(P*, p*)', (57)

where the summation convention introduced before has been used. The right hand side
of these equations does not depend on i anymore due to the summation of the projectors
over the full representation space R”. Since in the calculation of matching coefficients
one has to distinguish between heavy and light particles, it is more convenient to use the
“more elementary” invariants on the right hand side.

The definitions that have been introduced are general enough to be applied to all color
factors that appear in our calculations. However, some of the fields live in representations
that deserve special attention. First let us focus on the adjoint representation. The
generators here are defined by

(T3)sy = (IAT) g, = —i 7. (58)

Clearly, the operators P and p;* project on the subspaces with indices A; and a;, re-

spectively. Because now x = A in eq. (55) and f%%“» = 0, things simplify for the adjoint
representation. In fact it is sufficient to define four invariants:
= L(II4) 67,
faicidi fbicidi — ]’2 <p.ZA)Z 5aibi ,
a;C;D; pb;,C;D; AN ca;b;
[t ot = IQ(P] ) ) )
fAjciDj fBjciDj — [2(PJA’p-ZA>] 5Aij (59)

fa'y(S fﬁfy(g

where we followed the notation of eq. (52). We keep the redundant sub-indices i and j
in lines 2 and 4 of this equation in order to be consistent with the notation of eq. (52).
Note that f*Bi®% = 0 for j # k because the indices j and k are used here to label
the [[, Gy-irreducible representation of the generator T'y'. There is another quadratic
Casimir invariant for the adjoint representation that can be expressed through these and
one that vanishes:

paeP D — LAY — 2 LAty | 55
fAiCbejCD — 0 ) (60)
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Furthermore, there are relations between these invariants:
LY = LPY + L(p),
A AV DA Avi g A
L(PApAY DA = L(PAY dA. (61)
At the two-loop level these relations are not sufficient to reduce all adjoint color factors
because products of up to six structure constants with various contractions can appear in

the diagrams. Using the Jacobi identity for f*?7, we can derive relations for products of
three contracted structure constants that have three open indices:

1

JULTPT = S
faidieifbieififcifidi _ % 2<p;4)z faibici’
faiDEfbiEchiFD _ %IQ(PA)i faibici ’
faiDEfbiEFfCFD = 0 ,
fiDE pBiBF (CiFD  _ % :[2<HA) _9 [2<PjA’pA>j} faiBiCi
faidieifBjeiFijFdi _ %[2 <pg4)i faiBjcj ’
FouPE PR pOD = Lo LR pAY — 6y D(pit) | £
fAjDefBjechjFD _ % [2<]ng7 pA)ijijcj ’
FAPEPBEEFOID = (A — 3 (P pAY | A0 (62)

These relations are sufficient to do all the reduction for two-point and three-point Green’s
functions for the adjoint representation at the two-loop level.

Next, let’s turn our attention to the representation R’* where the GUT-breaking scalar
field H and the Goldstone field G live in. Some peculiarities occur here due to the
appearance of the vev v. R’ decomposes under [], Gy, into the part of physical Higgs
fields and a part of Goldstone bosons:

R - RUeRI=RIORIG . oRIGRI G ... (63)
As already explained in subsection 2.1, the explicit form of the projector on the subspace
RY is given by [32]:
~ 1 ~
P9 = g>T4iy (—2) oIP . P9=) Pf (64)
MX A;B; i
where the (diagonal) gauge boson mass matrix
(MR) ., = g*vTHT v = Mg 545 (65)

has been used. The antisymmetric generators in the real representation R’ have been
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denoted by T°. Accordingly, the projectors on the subspace of physical Higgs bosons can
be written as

2
X

: : - 1 .
Z PH=pH=1"—pP9=1" - $*T" (—) vTE. (66)
p M AB

where Pﬁ projects on Rﬁ. With these definitions and using eq. (48) as well as the
antisymmetry of 7%, we already can derive a useful reduction identity for an invariant
tensor that appears frequently:

= A B { B
vTAzTBJTCkv — 2—92(M>2(1 _ M)Q(j + M)Q(k)fAZBJCk ) (67)
One important property follows from T%v = 0:
TT 4y = [T, TY v = —(T%) a,5,T50. (68)

i.e. T% acts like the adjoint generator on the subspace of Goldstone bosons. This leads
to various relations between invariants in R’ and in R*:

Dy = Di,
L(P7) = L(PY),
Co(PY) = L(PAplY,
L(PY = L) — L(PAY,
L(PT, PR = L") — 2 Cy(IT™) + g L(PA, pt) + i L(IT4) . (69)

There are also two nontrivial important reduction identities that involve both types of
invariants:

fuBC Te(PITP PRTOT) =
S0 B(PA) BB, PLY + Col Py, PaY (P2 — Col P, PV L(PR)| L (70)

Z faiBjcj fbkaCk o TBiTPx P,:F(T~CJ'T~E’“U _

ik

asb; M>2<j AN H pG\j 1 Hi H pG\j

5% ZZ?[M ) (P, POY — S (P Co(PT, POY| (71)
J

where r € {7‘2,81,811, -y F1, Far...}. Additionally, w.l.o.g. we now define Plﬂ to be the
operator that projects on the subspace where v # 0 (i.e. (P]');; = =3 is a matrix with a

single non-zero entry in the component (k, k) where v, # 0). Then because of T%v = 0
and v T4 P* = T4 P9P" = (), any invariant that contains P}t vanishes:

Co(..PIt..)=L(.Pt.)=0. (72)



Since the Higgs mass matrix M% (cf. eq. (21)) commutes with all 7% it is diagonal and
proportional to the unit matrix on each [ [, Gy-irreducible subspace. Therefore, it can be
written as:

ME =Y PrME (73)

where MIQJZ are masses of the physical Higgs bosons and particularly P9 M% = 0 due to
the Goldstone theorem.

Next we will give some useful reduction identities that involve the quartic scalar coupling
)\Z}kl = N P PH P,sz Pf,f, which is a totally symmetric invariant tensor under G.
These identities can be derived by using eq. (14) and Schur’s Lemma as well as the
definition of the Higgs mass matrix in eq. (21). Some of these identities can be obtained
by multiplying eq. (14) by ®;®,;®,®; and performing derivatives w.r.t ®,,. They are used
to eliminate the coupling )\Z}kl from the result by expressing it through the physical Higgs
masses.

Ay vwon Ty = (MET)y; — (TAM7)y;,

ml
= )\Ukl vjvamkvnT = —(UTBTAMIQJ)Z',
A om T, T, TS0, T = vTPTCMETAT v

+ UTDTBMIZJTATCU ,
W TOTENE ATy,

U2

)‘Z}kl)‘zj'klvivm = F)‘Zkl)‘gklv

N OT TP (P = =N 0T TP 00 (P

L2 Te(PTEME TP TAY — 2 Te(M2 TP PRTA
3v;
)\Z}klvjvkvl = v—vMHv
2 Tr(M%)  oMpiv 4
)\”kk - 5”[ v2 * vt D ]’
vMZv

Abavivy (P = 2Te(Mp PIY) + DM . (74)

In the same way we obtain some important relations for the coupling A that is not re-
stricted to the space R™:

Aijir (VT )i0; 0%k (0%)n = (MET )y — (T4 M)
Aijit (VT (0T (T TS )y = 2Te(METATAT T g5
-2 Tr(TAMngT“”T“” )
—02(PH) AijklViV; (T Qi)kl ;
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A A

jujagsia ViU (O )iaga (00, T )iggs (07, T )ija =
5 Nininizia gy jagaga Via Uin (Omy Vingn (080, )igs (05 T T )iy,
-1 >‘i1i2i3i4 )‘]1J2]3J4vll Ujy (Qm )Z2j2 (Qn3 )ms (in T )24j4
1 2 Nivinigia Aj1jajajaVia Uiy (Qm )iz (Qng )isjs (Qm T T )ipgy (75)
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with x,y, z € {H, S, S, ...} In the same way we can also derive reduction identities for
the Yukawa coupling Y using eq. (24)

Tr(Q;?YnQZYm*)(leTaiTai)nm = Tx( mYn*QZYmTaZTaZ>(Ql)nm
—i—Tr(gZY"*ngmT“ZT“Z)(g Vnm
+Tr(gY ™ g T Y™ ) (0] Jum
+Tr(g Y™ i T Y™ T) (0] Jm

Tr(o; 7Y™ 0 Y™ ) (o[ T Jum = Tr(ofY™ kYmTC“TC“)( 07 Jnm

+Tr(g Y " of T Y™ T ) (0] ) »

)

(76)

—Tr mT“ZT‘”TAlY”* ol TP*Y ™ v, 0,,
~Tr ”CT“’T‘“TBl*Y" THY ™ Vv, 0y, .

Tr@;':TaiYanzYm*)(leTai)nm = —Tr( mYanzYm*TaiTal (0] )nm
—Tr(o Y"*QxT‘“YmT‘“)(gl Yom 5
Tr(o? T T™Y "™ glY ™) (VT ), (0T, = =Tr(MT*T“THY™ oY ™ TP 0,0,
—Tr(o ”CT“’T‘“Y"TBl A THY ™ Vv, v,,
(¢
(o

Here x,y € {F1, Fu,...} and z € {H,S1, S, ...}. The list of reduction identities may
not be exhaustive, but it contains the most important relations. In a similar fashion also
other identities can be derived using the invariance relations eqs. (14) and (24) for the
invariant tensors.

In the following we briefly sketch the algorithm that is used for the reduction of all the
color factors in the diagrams: we have written a FORM program that treats the color factors
for each individual diagram and reduces them to a basic set of invariants. In a first step
all reduction identities that involve the quartic scalar coupling \;j;; are applied to a given
expression. After that any expression will contain traces of strings of generators T,
T4, projectors ¢ and Yukawa matrices Y™. The adjoint indices a; and A; are either
contracted with each other or with some structure constants. First all the contracted
adjoint indices are removed, i.e. traces of the form

Tr(..T%..T%.),  Te(.T%. . .T4%.), (77)

by applying the definitions of the quadratic Casimir invariants eq. (52). If the generators
are not next to each other, we commute them until they are and eventually arrive at
traces that contain no more contracted indices.
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Next, expressions of the form
fesbi (LT T, B T (LT TR, (78)
are reduced by using
peiaibipaibi %fciaibi (7o) = %’[2@;4)@'77@1 (79)

and eq. (70). Again generators that are not next to each other are commuted. Expression
that contain the projector Pig are treated separately. We insert the explicit form of Pig
(eq. (64)) and write the traces in the form v...v, where “...” stands for a string of generators
T, T4, and projectors o®. Here we additionally make use of the relations T%v = 0 and
Py = 0 (for i # 1) in order to eliminate all generators inside the string that have a
lowercase adjoint index. After that all color factors involving the Yukawa matrix Y
are reduced to a basic set of invariants using eq. (76). Finally, we are left with various
contractions of structure constants which are expressed by the respective invariants using
egs. (59) and (62). The actual program is slightly more complicated than described above
and one needs to introduce repetitive control structures because not all the reduction can
be done by a single run. However, the basic procedure is as described.

B Reparametrization of the scalar potential

In this appendix give some details on how the parametrization of the up to quadratic
terms in the scalar potential (eq. (19)) arises. We start with eq. (13) and insert the
decomposition of the scalar field ®:

—— O~ ~~
RY RIS RS
—_————
R'H

where v is the vev with a single non-zero component, H the physical Higgs field, G the
Goldstone field and S a field, representing all the other scalars, present in the theory.
For clarity we have also indicated the representations where the individual fields live in.
Considering only the up to quadratic terms, we arrive at the following expression:

-1~ 1~ 1~
V(®) = Hil; + aijHiHj + §M§GiGj + aMl?jSisj + O(®%) (81)
where we have defined the quantities
9 1
t, = — i Vj + é)\ijklvjvkvl ,
1
M2 = —M?j + é)wklvkvl . (82)
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Here we already have used the fact that, due to gauge invariance (eq. (14)), the matrix
p? is proportional to the unit matrix on each G-irreducible subspace and therefore

u?jviGj = 0, M?jvisj =0, M?jHiGj =0,
WEHS; = 0, p3GiS;=0. (83)

Also due to gauge invariance (eq. (14)) we have \;jpv;uv; ~ v;, because the matrix
K defined by K;; = Ajjrvrv; is diagonal and proportional to the unit matrix on each
SM-irreducible subspace. Hence

NijkiGivjvgy = 0 = NijrSivjoRy (84)

since (PY9);;0; = 0 = (P);;0;. The parametrization in eq. (81) has the disadvantage that
the masslesness of Goldstone bosons is not manifest there due to the appearance of an
explicit mass matrix for the Goldstone field. Note furthermore that on the subspace R
the parameter 2 is redundant, because it depends on the tadpole term ¢, which has been
chosen as a physical parameter in the Lagrangian. Therefore we want ;2 also to disappear
from the mass matrix of the physical Higgs bosons H by trading it for £. To solve these
issues, we first rewrite the tadpole term by observing that ¢ ~ v; due to arguments already
given above. Therefore we define

- 1
ti=tuv; , t = ﬁ (_,U?]'Uzvj + %)\ijklvivjvkvl)
1
= —u3+ 607 )\z;klvivjvkvl ) (85)

The classical minimum of the potential can be found by setting ¢ = 0. In a quantum
theory, however, we must keep t as a counterterm, as explained in subsections 2.1 and
2.2. Next we turn to the term %M%Gi(}’j in eq. (81). From the Goldstone theorem
it follows that this mass term must vanish at the classical level. But since we are also
interested in quantum corrections, care is needed here. We calculate the term by applying
the explicit form of the Goldstone projector PY which is given in eq. (15) to M?. Using
also the gauge invariance relations in eq. (14), we can show the identities

(Pg)ij)\jklmvlvm = %(Pg)ik)\jlmnvjvlvmvn,
(PO)aptse = 5 (PO wsuson = (P)uc sy (56)
Therefore the following identity holds:
(P9)is M3, =t (P9)ix - (87)

As expected from the Goldstone theorem, the term vanishes at the classical level, but con-
tributes as a counterterm to the two-point function of the Goldstone field via ¢. Similarly,
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we calculate %MZQJHZHJ by applying the projector PH =T1" — PY to M2

(PM)y M3, = (1), M3, — (P9); M,

= t(P")i+ M — t (1)

= t(P")a + (M3 (88)
where we have used eq. (87) and defined the physical Higgs mass matrix

1 1
2 H H H
(Mig)ij = S Nijuvevs — Ao Uk VU Uy, 1

2 602 u: (89)

Note that PYM?% = 0 and therefore the Higgs mass matrix, as we have defined it, can
have non-zero entries only on the subspace R’. Also the parameter 2, does not appear
anymore in the definition of M%, as desired. For the fields S; no peculiarities occur, since
they have no vev. Their mass matrix is essentially given by M?2:

1

(M3)y; = §>\E§-kzvkvl—(ﬂz(ﬂ—HH))ij- (90)

The up to quadratic terms of the scalar potential can now be written as
1,5 1 1 1,5 3

which is the appropriate parametrization for renormalizing the theory.

C Three-loop gauge (3 function for the Georgi-
Glashow SU(5) model

For performing a consistent three-loop RGE analysis, apart from the two-loop GUT
matching corrections also the three-loop gauge 3 function for the Georgi-Glashow model
is needed. The authors of ref. [21] give a general formula for the gauge /5 function of a
general single gauge coupling theory. Specifiying the group theory factors that appear
there to the Georgi-Glashow model and insering the scalar self-couplings from eq. (32),
as well as the Yukawa coupling from eq. (37) into their general result gives us the desired
[ function including scalar self-couplings and Yukawa corrections:
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1d « 40 /s a \2
- - _ (= 2
2dt 4w 3 <47T> (92)

[y (2] (2
15 \4dnm 2 \4m 4 47
1007357 / a \4

1080 (E)

. 1323(£>2 3617(@)2
4 A 10 \4rx

155 A 11 b 125 B 25 ¢ ]<a>3

06 (4m)2 T 20(dn)? 12 (an)? 4 (@n) | \ax

4

4 \4r A 8 (4m)*

[51 (£>4 47 (&)4 839 yiy;
4

493  A? 47 AB 1 v 65 B2 851 ¢? (Oz)Q
11520 (4m)* 144 (4m)* 12 (4m)* 36 (4m)*r 200 (4m)* | \4x

The first line of this equation represents the one-loop result, the second line the two-loop
result and the rest corresponds to the three-loop corrections. Since the Yukawa couplings
enter the gauge ( function starting from two-loop level only, it is enough to employ the
one-loop RGEs for the Yukawa couplings for the precision we are aiming at. These can
be derived in a similar manner from the general formula in ref. [37]:

[ ) oy ()],

dt 5 \4dr 47 47

dys [ Q wN\2 9 /w 2 ]

T e e

dt v =18 () UG ) 3 (93)

The scalar self-couplings A, B and ¢ that appear in eq. (92) only at the three-loop level
are approximated as constants in our analysis by replacing them by their relations to the
physical mass parameters My, Moy, My_, Mx, and the gauge coupling v by using eqgs. (35)
and (36). The scalar self-coupling b that appears here can be approximated similarly by
a constant using the SM Higgs mass MéSM and the mass of the W boson Myy:

2
3 QMH,SM

TV

(94)
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