PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: June 19, 2018
ACCEPTED: July 29, 2018
PUBLISHED: August 8, 2018

Extending the universal one-loop effective action by
regularization scheme translating operators

Benjamin Summ and Alexander Voigt
Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
52074 Aachen, Germany
E-mail: benjamin.summ@rwth-aachen.de,

alexander.voigt@physik.rwth-aachen.de

ABSTRACT: We extend the universal one-loop effective action (UOLEA) by operators which
translate between dimensional reduction (DRED) and dimensional regularization (DREG).
These regularization scheme translating operators allow for an application of the UOLEA to
supersymmetric high-scale models matched to non-supersymmetric effective theories. The
operators are presented in a generic, model independent form, suitable for implementation
into generic spectrum generators.

KEYWORDS: Phenomenology of Field Theories in Higher Dimensions

ARrRX1v EPRINT: 1806.05171

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP08(2018)026


mailto:benjamin.summ@rwth-aachen.de
mailto:alexander.voigt@physik.rwth-aachen.de
https://arxiv.org/abs/1806.05171
https://doi.org/10.1007/JHEP08(2018)026

Contents

1 Introduction 1
2 Epsilon scalars in dimensional reduction 3
3 Regularization scheme translating operators in the UOLEA 4
4 Applications 8
4.1 Gauge coupling 9
4.2 Gaugino mass parameter 9
4.3 Gaugino coupling 10
4.4 Yukawa coupling 12
4.5 Quartic scalar coupling 14
4.6 'Trilinear, quadratic and tadpole couplings 14
5 Conclusions 18
A Counsistency of shifts for Majorana fermions 19

1 Introduction

With the discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] it became
clear that the Standard Model of Particle Physics (SM) is a good description of the physics
at and below the electroweak scale. However, it is also clear that the SM does not provide
a complete description of nature, as it fails to describe phenomena such as dark matter and
does not incorporate gravity, for example. Besides these weaknesses, there are also many
open questions, e.g., whether the electroweak vacuum is stable up to the Planck scale or
whether there is a hierarchy problem and how it may be avoided. Many models beyond
the SM (BSM) have been proposed to address the open questions and the drawbacks of the
SM. One of the promising SM extensions is supersymmetry (SUSY), which can provide a
solution to the hierarchy problem, explain the deviation of the anomalous magnetic moment
of the muon and the stability of the electroweak vacuum. However, no supersymmetric
particles with masses below the TeV scale have been discovered so far, which means that
if supersymmetry is realized in nature, the SUSY particles may be heavier than the TeV
scale. This finding is supported by the measured value of the Higgs boson mass of My =
125.09 + 0.32 GeV [3]: SUSY models often predict the mass of the SM-like Higgs boson
to be of the order of the Z boson mass, My = 91.1876 GeV, at tree-level. In order to
raise the predicted Higgs mass to its measured value, large loop corrections are required,
which can be achieved by the presence of multi-TeV colored SUSY particles. Large loop



corrections, on the other hand, spoil the convergence of the perturbation series, leading to
large uncertainties in fixed-order calculations.

Effective field theories (EFTs) are a well suited approach to obtain precise low-energy
predictions of BSM models with heavy particles. However, depending on the mass hierarchy
of the studied high-scale model, many different EFTs must be considered. In order to avoid
repetition in the derivation of all possible EFT Lagrangians, the universal one-loop effective
action (UOLEA) has been developed [4-6]. It provides generic expressions for the Wilson
coefficients of the operators of the effective Lagrangian up to 1-loop level and dimension
six. These generic expressions are well suited to be implemented into generic spectrum
generators such as FeynRules [7-10], FlexibleSUSY [11, 12] or SARAH [13-16] to calculate
precise predictions in all possible low-energy EFTs in a fully automated way.

The currently known effective operators of the UOLEA [4-6] are renormalized in the
MS scheme. Although this scheme is well suited to renormalize non-supersymmetric mod-
els, it is cumbersome to apply it to supersymmetric models, because the underlying dimen-
sional regularization (DREG) [17] explicitly breaks supersymmetry [18]. To nevertheless
perform loop calculations in an MS renormalized SUSY model one would have to restore
supersymmetry, for example by introducing supersymmetry-restoring counter terms, as
discussed for example in [19-21]. In supersymmetric models regularization by dimensional
reduction (DRED) [22] is currently known to not break supersymmetry up to the 3-loop
level [23-25] and is therefore widely adopted in SUSY loop calculations. In order to apply
the UOLEA to a scenario, where heavy particles of a supersymmetric model (renormal-
ized in the DR scheme) are integrated out at a high scale and a non-supersymmetric EFT
(renormalized in the MS scheme) results at low energies, the change of the regularization
scheme from DRED to DREG must be accounted for by shifting the running parameters
by finite terms. For general renormalizable softly broken supersymmetric gauge theories
these parameter shifts have been known at the 1-loop level for a long time [19]. However,
in the formalism of the UOLEA the generic effective operators that correspond to such
a regularization scheme change are currently unknown and reconstructing them from the
results of ref. [19] is difficult due to the presence of finite field renormalizations.

In this paper we present all 1-loop effective operators that appear in the effective
Lagrangian when changing the regularization scheme from DRED to DREG, assuming
that the (not necessarily supersymmetric) UV model is renormalizable. We perform the
calculation in the formalism of effective field theories by making use of the fact that the
difference between DRED and DREG can be expressed by the presence/absence of so-called
e-scalars [23]. The e-scalars are integrated out from the DRED-regularized UV model and
the resulting effective operators are formulated in the language of the UOLEA. Our generic
results complement the currently known generic expressions of the UOLEA and allow for
its application to supersymmetric high-scale models and its implementation into generic
spectrum generators. Finally, we show that our results are in agreement with the known
generic parameter conversion terms of ref. [19].

In section 2 we briefly review the formalism of e-scalars in DRED and give projection
relations and Lagrangian terms necessary for the calculation of the regularization scheme
translating operators, which we derive in section 3. We apply our derived effective La-



grangian in section 4 to the general supersymmetric model of ref. [19] to show that our
results reproduce the parameter relations derived in that reference. We conclude in sec-
tion 5.

2 Epsilon scalars in dimensional reduction

In the following we briefly review the relation between DRED and DREG, relevant to the
derivation of the effective Lagrangian in section 3. In DRED an infinite dimensional space
is introduced, which has the characteristics of a 4-dimensional space, denoted as Q4.S. This
quasi-4-dimensional space is decomposed as Q45 = QdS & QeS, where QQdS is an infinite
dimensional space that is formally d-dimensional and Q¢S is its complement, formally of
dimension € = 4 — d [24]. The metrics of the spaces @45, QdS and QeS are denoted by
gb, gb and g, respectively, and satisfy

gl =gt + gt gl =14, (2.1)
9 = g, g =- (2.2)
"Gl = g, g =, (2.3)
gl = 0. (2.4)

The signature of the metric of QeS is (—,—,...). In DRED momenta are taken to be
d-dimensional, whereas gauge fields and y-matrices are taken to be 4-dimensional. We
use the convention of a totally anti-commuting 7°. Due to the decomposition of Q45
it is convenient to split the gauge field Aj, € Q4S5 into two parts, Af, = AZ + €, with
Aj, € QdS and € € QeS. The e-dimensional field €, is a scalar under d-dimensional
Lorentz transformations and is referred to as e-scalar [23]. With respect to the gauge
group associated with Aj, the e-scalar transforms in the adjoint representation. After the
gauge field has been split in this way, the Lagrangian may contain the following additional

terms with e-scalars,

L= £¢ + ﬁw + L,
Ly = e e, Fylor, d2,. . dnl,
Ly = e by T Ty,
1 1 1
Lo= —5(Dle) (Dye )+ gmienel — 1g e friecfedete,
where ¢; and 1); denote scalars and fermions, respectively. In eq. (2.6) F} is a function of
the scalar fields and may contain linear and quadratic terms. The symbol #* denotes a
~-matrix projected onto QeS, ¥* = gL~¥, and I is some 4 x 4 matrix that contains products
of {1,~4#,7°}. In the following we denote any projection of a Lorentz tensor T onto QeS
by TH = gk gy ---17P. Similarly, tensors projected onto ()dS are denoted as THv-. The
m2-dependent term in eq. (2.8) can be removed by shifting the mass terms of the scalar fields
¢; as described in ref. [26], i.e. by changing the renormalization scheme from DR to DR
Nevertheless, due to the remaining extra e)-dependent terms in the Lagrangian (2.5), the
difference between DRED and DREG manifests in the presence of extra Feynman diagrams



with e-scalars, which contribute additional finite terms to divergent loop amplitudes due
to the contraction relation (2.2).

In the following section we integrate out the e-scalars using the language of effective
field theories. In the limit ¢ — 0 this effectively results in a change of the regularization
scheme from DRED to DREG. The resulting additional finite 1-loop operators that appear
in the “effective” Lagrangian can be absorbed by a re-definition of the fields and the running
parameters, leading to the same parameter relations given in ref. [19].

3 Regularization scheme translating operators in the UOLEA

To derive the operators that translate between DRED and DREG we consider a general
renormalizable gauge theory with the gauge group G and the Lagrangian £, which contains
real scalar fields ¢;, Dirac fermions v; and a set of four-component Majorana fermions \;.!
We furthermore assume that the theory is regularized in DRED. The gauge field Ay, is split
into a d- and an e-dimensional component, as described in section 2, and we distinguish
the e-scalars from the scalars ¢;.

To calculate the effective action up to the 1-loop level, we first split all fields w; €
{bi, Vi, Ny flz, ez} into a background part wp ;, satisfying the classical equations of motion,
and a corresponding fluctuation dw;. The calculation is going to be performed using a
covariant derivative expansion [4, 27, 28] in order to obtain a manifestly gauge invariant
result. This means in particular that the operator? ]5“ = fiﬁu = z'éu + gfl“B,HTa, where
A“B7 L 18 the background gauge field, should be kept as a whole in the calculation and not
be split into éu and fl% .- Furthermore, to obtain an action which is gauge invariant under
transformations of A(}B,u we only fix the gauge of the fluctuation 5212 [29]. We choose a
gauge fixing Lagrangian of the form [4]

1 .12
Lgg = 2% &(ma)ayn” + DHSAS| (3.1)
where the fields n® are the Goldstone bosons corresponding to the spontaneously broken
generators of the gauge group and m4 is the diagonal mass matrix of the gauge bosons.

The part of the Lagrangian containing the ghost fields is given by
Eghost = Ea(_b2 - gmi)abcb- (32)

In the following the Goldstone bosons are not treated separately, but are regarded as
part of the vector of scalar fields ¢;. Moreover, for the purpose of this calculation the
fluctuation (5AZ can be treated as a scalar field transforming in the adjoint representation
under background gauge transformations [4]. Similarly, the ghosts can be regarded as usual
fermions in the adjoint representation of the gauge group. In the following calculation the

'The formulation of the Lagrangian in terms of Dirac and Majorana fermions has been chosen in order
to diagonalize the operator (i) —m).

2Note that whereas this notation suggests that we are treating a simple gauge group we are not restricted
to this case. The notation is to be understood with a sum over all factors of the gauge group with their
respective gauge couplings.



path integral over the ghosts can be performed directly and is independent of e-scalars.
The ghosts will therefore not be considered further in this paper. The second variation of
the action around the background fields then reads

02L = S A0 + OAANGA — %5@&”56” - %6(I>A¢6<I)
— 0UXY by — VX 0P — SAXE Oy — ONX3,0P

. . (3.3)
+ 56MX5¢5¢ + 5(I)Xq>¢(5¢ + 5€MX5\(5)\ + (SCI)Xq»\(s)\
+ 0 X 530N + OAX 5,00 — %56#5(5@5@ —~ %5@2;556#,
where
6¢
6b = | . 3.4
(%) o
X
X%:(Au) (3.5)
X o
Yoo = (Xup X)), (36)
and
_ 62£int
Xuo = = 522 (3.7)

denotes the derivative of the interaction Lagrangian, Ly, with respect to the fields w
and o, evaluated at the background field configuration. Furthermore we have introduced
the abbreviations

ey XZ "
Ay = P—m¢+X7/;w, (3.9)
Ay = %P - %m)\ + X5 (3.10)
Ap= P 4wt X, (3.11)
AR = PG — 2PV Pt 4 PRPY (1 + 2) +m3g", (3.12)
AR = g (P2 _ m2) 4 X, (3.13)

In any product that contains ® the Lorentz indices are fully contracted, for example

N (X
5B Xpy0t) = (&p 5Au) ( X;T*”) 5. (3.14)
Ay

In addition, in eq. (3.3) all indices, except for the Lorentz indices of QeS, have been
suppressed for brevity. Eq. (3.3) can be simplified further due to the constraints on the



possible couplings of e-scalars to other fields as given in egs. (2.5)—(2.8): we can solve the
classical equations of motion in a perturbation expansion in couplings. The leading term
is proportional to an operator of the form 31 and thus every term in the series will
contain this operator. In the limit ¢ — 0 this operator vanishes, which means that the
background fields of the e-scalars can be set to zero from the start. This property can be
used to simplify eq. (3.3), because from egs. (2.6) and (2.8) it follows that X5 = X' =0
for vanishing e-scalar background fields.

To perform the path integral, we shift the Dirac and Majorana fermions to eliminate
terms with mixed fermionic and bosonic fluctuations as described in ref. [30]. We first shift

the Majorana fermions by
N = oA — AT [X;E(sey + X340 — XWw} , (3.15)

5N = 03+ [0, X0 + 60 Xan +09X,] AT, (3.16)

and afterwards the Dirac fermions by

N T [E%E(SGV n Ed—@é(l)} : (3.17)
5O = 61 + [&uég‘w ¥ 5@5(%} AL (3.18)

and introduce the following abbreviations

A = A — 2 XK ATIXY (3.19)
Ap = Ag — 2Xa\ A X 56, (3.20)
Ay = Ay — X5 A X5, (3.21)
ége = ij_‘g — XA XY (3.22)
Eie = Xgo — XpaA) X5, (3.23)
B, = Xh, — XEAT Xy, (3.24)
:w = Xoy — Xor Ay X5y, (3.25)
= = —2XK A Xy, (3.26)
2E = —2X¢,\AA1X/£\‘E. (3.27)

For Dirac fermions the shifts (3.17)—(3.18) can be performed independently. For Majorana
fermions A and \ are not independent and it is necessary that 6\'~° = 6\ for the shifted
fields 6\’ and d)' defined in (3.15)-(3.16), respectively. That this is indeed the case is
shown in appendix A. After shifting the fermions in this way, the variation takes the form

_ - 1
2L = 5/ Ayt + SN AN — 75<1>(A¢ — 2By, Ep) 00
- —66M(A — 220, A, 1SS )6, — 5%( — 258 A, B )60 (3.28)
~ 55@(5{;6 — 259y Ay 2 )de,.



In eq. (3.28) the fermionic and bosonic fluctuations are now completely decoupled and the
part which depends on the e-scalars can be written as

1 Q' XH de
02 L = —= (5 5@) e “ePh ap 3.29
e = T Ot Xy, Apy ) \ 0@ (3.29)
where

OWV — AWV _ 9=i A—1Zv
Qv = A — 22K AJEY 3.30

> = = —1=
X, =2 — 2:/:¢A¢ B 3.31

A= = —lou
Xppe = Zpe — 2u¢¢Aw S e 3.32

(
(
(
(3.33

)
)
)
App = Mg — 285y A, ' g )

The term Apy, does not depend on the e-scalars. Performing the path integral over the
e-scalars and the scalars ®; we find the effective action

i Qe xH i
I'=_logdet [ -5 ~ h] =_logdetQ. .34
5 logde <X§he APh) 5 logde Q (3.34)

The matrix ) can be brought into a diagonal form by inserting U and V to the left and
to the right of () and by choosing

1 —XpnQp,
U= (0 61111 Ph) , (3.35)
1 0
V= - . 3.36
(—Apgxphe 11) (3:36)
The resulting effective action reads
= %log det (Q’EW — X’E‘LphA;ﬁf(ﬁhE) + %log det Apy, (3.37)

where only the first term depends on the e-scalars. Substituting the expressions for QL
X 5th Agﬁ and Xghe into the first term we find the e-dependent part

r= %log det (]v;” —2E AIEY VT/W) T (3.38)

W — (Ehy — 228,00 500 ) (Mo — 2500 E0)  (E5e — 2Z0uA1EY, ). (339)

In a standard EFT calculation eq. (3.38) is written as a trace in momentum space and
must be expanded in powers of p/M to obtain a local action, where M is the mass of the
heavy particle to be integrated out. In our calculation, however, all 1-loop integrals get
multiplied by €, so only the divergent parts give a non-zero contribution to I' in the limit
e — 0. Since the divergences in a renormalizable gauge theory are local [31, 32], we obtain



a local action. By performing a power counting we find that the only terms that yield
divergent momentum integrals are

i e - . .

Pai = 5 logdet (Al — 271 — 271 4 2742 4 2715 (3.40)
Y X“ ATXE (3.41)
ZM = XF AT X, ATIXY (3.42)

Using the results of ref. [6] and the methods described in ref. [33] we find the following
effective Lagrangian containing all contributions from integrating out the e-scalars,

- 1 - Y
16m°eLreg = — D _(md)i(Xle )i + 5 D (Xt )i (X2,

% iJ

+ Z 2 [Qmwj(Xfw)ij(Xq;w)ji + (Xﬁp)iﬂﬁu@”()%w)ji]

(3.43)
- Z 2°F; TeR, Xu )lJ’Y (qul/;)jk'yu(Xwep)
ijk
e G
+ ﬁ T Y y

where G‘L ng“ te, Ga = éufl‘;—éyfl;‘j—l—g f abcflgflﬁ and cp = 0 for Dirac fermions and
cr = 1 for Majorana fermlons. All quantities with Lorentz indices appearing in eq. (3.43)
are still projected onto either QdS or QeS. After inserting the respective functional deriva-
tives into this equation each term on the right hand side will contain a factor €. One can
then divide the equation by € and take the limit ¢ — 0. After this limit has been taken
there is no difference between d-dimensional and 4-dimensional quantities anymore and
the hats can be removed. It should be pointed out that in eq. (3.43) the Latin indices
contain all indices (generation, gauge, ... ), except for the Lorentz indices of the e-scalars.
Thus, the sums are to be interpreted as a trace over all indices with the coefficient given
by eq. (3.43). Also, we consider the Majorana spinors A and A to be independent. This
convention has to be followed when calculating quantities like X5, from the Lagrangian
of the full model. Furthermore, we stress that the order of D, and 4¥ in the second line
matters, whenever D,, contains chiral projectors.

In the next section we apply eq. (3.43) to reproduce the general parameter relations
given in ref. [19] for a supersymmetric Lagrangian. However, we’d like to remark that
eq. (3.43) is a generalization of the results of ref. [19], because it contains terms that corre-
spond to field renormalizations and tadpoles and can be applied also to non-supersymmetric
models regularized in DRED.

4 Applications

In this section we apply eq. (3.43) to reproduce the parameter relations given in ref. [19] for
a supersymmetric Lagrangian with the gauge coupling g corresponding to a simple gauge
group, a gaugino mass parameter M, a gaugino-fermion-scalar coupling g), a Yukawa
coupling Y% and a quartic scalar coupling )\z



4.1 (Gauge coupling

The relation between the DRED and the DREG gauge coupling can be obtained from the
last term in eq. (3.43), where the limit € — 0 can be taken immediately,

1 Y 92 v
Ereg,gauge = 712(1671'2) tr [GMVG“ ] = —712(16W2)C(G)GZVGZ 5 (41)
where G’ = —igG?% t* and t® are the generators in the adjoint representation of the
uv 7%

gauge group, (%)% = —ifec and C(G)6™® = tr[t%’] = fedfbd. The term in eq. (4.1)
can be absorbed into a finite field renormalization of the gauge field and a shift in the
gauge coupling,

(A%)PRED _, <1 - ;5ZA> (A9)PREG, (4.2)
gPRED _, [DREG _ 5. (4.3)
with
92
42 = e C(G), (4.4)
5g = —%g(SZA. (4.5)

From eq. (4.5) one obtains

2
gPREG _ (DRED <1 _ 6(1967r2)C(G)> ’ (4.6)

which agrees with the result of ref. [19].

4.2 (Gaugino mass parameter

We assume that the supersymmetric Lagrangian (regularized in DRED) contains the kinetic
and the soft-breaking gaugino mass term

Ly = %X“ (iéf - MDRED> e, (4.7)

where A® denotes the gaugino Majorana spinor, transforming in the adjoint representation
of the gauge group. In addition, there is an interaction term between the gauginos and
the e-scalars,

9<b~
Lo = 5/\b’y“ez(t“)bc)\c, (4.8)
with ¢§, = —i fo%¢. When the e-scalars are integrated out, the following two terms from the

second line of eq. (3.43) contribute to the relation between MPRED and NMPREG.

1672€Lyeq x = 2 <2M5(£3Xxw + Xgmﬂxm) . (4.9)



The derivatives X A and X /f\Le are obtained from L.y and read

v a 97 ~ a
(Xg)\)b = 5)\07H(t )cb; (4.10)
(Xf{e)g = _%ﬁ/ﬂ(ta)bcACa (4.11)
which yields
95 7 by (b \d

1672 Ly = TN (—i“i&’m - 2Mﬁ“%> (") ae (t2)ea\", (4.12)

2 A
- %exa <i($ - zM) C(G)N, (4.13)

with (£2)ac(t?)ea = fO¢f%¢ = C(G)5%? and 4#79, = e. After dividing by € and taking
the limit € — 0 the terms in eq. (4.13) can be absorbed by the finite field and parameter
re-definitions

1
(A%)PRED <1 - 25@) (A%)PREG, (4.14)
MPRED _y pfDREG _ 51 (4.15)

with
92
02y = 1, =5C(G), (4.16)
2

SM = M <2 I_0(G) - 6ZA> . (4.17)

1672

Thus, the relation between the gaugino mass parameter in DRED and DREG reads

2

g
MPREG — pyPRED 4 spr — fPRED (1 +1 6W20(G)> , (4.18)

which is in agreement with the result of ref. [19].

4.3 Gaugino coupling

We consider a supersymmetric and gauge invariant Lagrangian with a gaugino A%, charged
scalars ¢; and Dirac fermions ;. The left- and right-handed components of the ; are
assumed to originate from superfields transforming in the (generally reducible) representa-
tion R and its conjugate representation R, respectively. The mass eigenstates are obtained
from a diagonalization of a mass matrix by two unitary matrices L and R. The scalar fields
¢1; and ¢9; originate from the same superfields as the left- and right-handed components
of the Dirac fermions, respectively, and the scalar mass eigenstates are obtained from the
diagonalization of the mass matrix with the unitary matrix U. The Lagrangian, formulated
in terms of the mass eigenstate fields v;, ¢1; and ¢9; then contains the coupling term

Ly = V29, (¢TiUJj;\a(tGR)jkLkaL¢m — Ui R P (%) j1 A Upiy @5, + h-C-)v (4.19)

~10 -



where t%, denotes the generator in the representation of the Dirac fields v;. Here the Latin
indices run over both flavor indices and gauge group indices. In DRED supersymmetry
ensures that g/\DRED = g, where g denotes the gauge coupling. In DREG supersymmetry is
explicitly violated and one has g/\DREG # g. To the relation between g)\DRED and g?REG the

third line of eq. (3.43) contributes, which reads for the considered case
167 Lreg g0 = —X0F" X5y Xien — XA XAt X5 (4.20)

The derivatives X é‘/\ and X i have been calculated in section 4.2 already. The derivatives
X" ,» and X ge can be obtained from the Dirac fermion—e-scalar coupling of the DRED

Lagrangian
Loy = 960" (Rg;(taR)ijZzPR + L;[j(t%)jkLklPL> (R (4.21)
which yields
(X1} = goid™ (Tf)a, (4.22)
(X5)8 = 97" (Th)ar, (4.23)

where we have introduced the abbreviation
(Tf)a = R(t%)w Ry Pr + L () jk L Pr. (4.24)
The derivatives X3, and X, can be read off eq. (4.19) and read
(X345 = V205 [¢Ti(UTt%L)ijPL - ¢2i(UTt(II%R*)ijPR] = V2g\AY, (4.25)
(X2 = V20 [(LUED i1 P — (RTERU )i PLds| = V20ABE. (4.26)

Inserting all derivatives into eq. (4.20) yields

2
2 :g/\g N 4a . AV AT A a T oapmay . avRpks x o (1a
[P
167 6»Cregg \/§ [)\ Y (tG)zJ’Y Ak'YV’V,u(TR)klwl +11[}1’Y (TR)ZJ'Y BJ 'YV’VM(tG)kZAl}
d o _
= V20:0%€C(G) (N Ajuy + . BIN )| (4.27)

where we used that

515, = e, (4.28)
. 1 .
(t&)ij A4 (Ti) = 5C(G)Aj, (4.29)
1

(7 (TR BY = 7" C(G) B, (4:30)

and (t&)pe = —1 f2¢ being the generators in the adjoint representation of the gauge group.
In addition to the term on the r.h.s. of eq. (4.27) finite field renormalizations of the Dirac
fermions and of the gaugino contribute to the difference between g/\DRED and g/\DREG. The

field renormalization of the gaugino has already been calculated in section 4.2. The field

- 11 -



renormalization of the Dirac fermion follows from the second term in the second line of
eq. (3.43), which reads

167726£reg,z[1w = —g%ﬁﬂ“(Tﬁ)ilia’%(Tﬁ)lkwk- (4.31)

After taking the limit € — 0 the terms on the r.h.s. of egs. (4.31) and (4.27) can be absorbed
by the finite field and parameter re-definitions

1
PP — <5z‘j - 2(5Z¢)ij> PG, (4.32)
gAEP — (1= 6gx) g2, (4.33)
where

g2
(0Zy)ij = @C(Ti)%, (4.34)
92 L 07 4.35
6g)\_@C(G)—§ ¥ (4.35)

and we used (T%)a(Th)ie = C(ri)di. Here, the r; are the irreducible components of
the representation R and the index ¢ is not summed over. From eq. (4.35) one obtains
the relation

2

gPREG _ (DRED (7 | 50y — gDRED (1 + Sg7r2 C(G) — C(n)]) , (4.36)

which depends on the irreducible representation in which the chiral superfield transforms.
The relation (4.36) agrees with the result of ref. [19].

4.4 Yukawa coupling

We consider a supersymmetric and gauge invariant Lagrangian with the superpotential

W= %Yz‘jkq)iq)jq)ka (4.37)
where ®; are chiral superfields and Y;j;, is the Yukawa coupling. Furthermore we assume
that the Weyl fermionic components of the superfields can be arranged into Dirac fermions
;. The left- and right-handed components of these Dirac fermions are assumed to originate
from the diagonalization of a mass matrix using the unitary matrices R and L. The scalar
fields ¢; may originate from the diagonalization of the scalar mass matrix with the unitary
matrix U. The Lagrangian, formulated in terms of the mass eigenstate fields ¥; and ¢;,
then contains the Yukawa coupling term

1 - 1 _
'Cy = gyiijil¢lemRknwnPL¢m +h.c = g’rlmngblwnPme + h.C., (438)

where Y., = YijrUsi Ljm Rin. The DRED to DREG parameter conversion for the Yukawa
coupling receives field renormalization contributions from ;, which originate from the
second term in the second line of eq. (3.43). In addition, the term in the third line of
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eq. (3.43) (and its hermitian conjugate) give an explicit contribution to the Yukawa cou-

pling, which reads

1~, . o~
—5 XV Xy X jeu:

2
167°€Lregy = >

The appearing derivatives read

1
X@nqpm = _ngmn(ZslPLv

(XEE = 90" (T, ),
(X508 = —g7"(Th, )a,

and one obtains

d 7 a a
1297 €0i(Tk, )i; (T PL) (T, ) kmom,

where we have used that 474, = d, 77, = € and we have defined
(Tf, )i = R(t%, )k Ry Pr + Li( By )ik L L,
(Th,)h = RE(tk, )RR Pr + Ll (6%, ) e L Pr.

The gauge invariance of eq. (4.38) implies

1672€Lregy = —

Ylnj( (Jl%w)mj = anm( (}1%¢)jl + Yzjm(t(}@)jm

(4.39)

(4.40)
(4.41)
(4.42)

(4.43)

(4.46)

where (t%%) are the generators of the representation under which the scalar fields transform.

Using this relation one can simplify the r.h.s. of eq. (4.43) by writing

1
(Tf, )5 (Cikj 1 PL) (Th, Jkm = 3 Yimiti L [C(rym) + Cryi) — Clre)],

which yields

d .
167T25£reg,y = _ﬂ92€¢i’rlmi¢lPL [C(Td),m) + C(Td),i) - C(%,l)h/}m,

(4.47)

(4.48)

for the irreducible representations ry ,,, ry; and r4;. This term and the appearing terms

bilinear in the fields ; can be absorbed by the finite field and parameter re-definitions

1
T,Z)PRED — (1 _ 25Zw,z> wPREG’
YDRED N (1 _ 5y) Y‘DREG7

with

9

1672
2

(521/,71' = C(T¢7i),

g 1
Yimn = 755 [Clrym) + Clryn) = Clran)] = 5

where the limit € — 0 has been taken. From eq. (4.52) one obtains the relation

VAR < YR (14 61),

mn
2

g
=3 {14 2L [Clrgn) + Clri) ~ 20000}

which agrees with the result of ref. [19].

(5Zw7m + 5Z¢,n) ,

~13 -

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)



4.5 Quartic scalar coupling

Here we reproduce the known result for the relation between quartic scalar couplings in
DRED and DREG. We consider a general gauge invariant (not necessarily supersymmetric)
Lagrangian with the quartic scalar coupling term

1
Ly = _ZAijkl@;'kSO;‘Pk@l- (4.55)

We assume that the gauge eigenstate fields ; are rotated into mass eigenstates ¢; with

/\DRED )\DREG

a unitary matrix U. The only contribution to the relation between and

originates from the second term in the first line of eq. (3.43),

1 § : v
16772651"6%7/\ = 5 (Xeeu) (Xee,u) (456)
ij

The derivative (X

cen)ji can be obtained from the kinetic term of the scalar fields,

(Dugb)}(D“(ﬁ)i, which contains the coupling to e-scalars. These couplings are of the form
Lep = 01 (T)ig(T") jrdrenen g (4.57)
where (T?%) = UTt®U. From this coupling we find
X = g"g" o {1, T} (4.58)

and the contribution to the effective Lagrangian is

4
167"26£reg,/\ 7.91/9{)2 {1, Tb}2J¢J V‘ﬁk{Tb Tt (4.59)
94 by b
= Eéﬁwiwwﬁavt Fai{t” t aa, (4.60)

where we have used gygu = g, = €. The term on the r.h.s. of eq. (4.60) can be absorbed
by the parameter re-definition

A\DRED _ yDREG _ 51 (4.61)

with
ADRES = ADREP 4 62, (4.62)
= AP - : 6 = ({ta Y0, 0+ {1, P {ed, t“}jk> (4.63)

The relation (4.63) agrees with the result of ref. [19].

4.6 Trilinear, quadratic and tadpole couplings

In a supersymmetric gauge theory, renormalized in the DR scheme, without spontaneous
symmetry breaking the quartic scalar coupling A;jx; is the only coupling from the scalar
potential which receives a non-zero contribution from the e-scalars [19]. In a spontaneously
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broken gauge theory, however, there may be additional non-zero contributions to the tri-
linear, quadratic and tadpole scalar couplings from the e-scalars. These non-zero contribu-
tions originate from replacing the scalar fields ¢; by non-zero vacuum expectation values
v; (VEVs) and corresponding perturbations 7;, as ¢; = v; + n;. Therefore it is expected
that the contribution to the other scalar couplings from the e-scalars is proportional to
the VEVs. In this section we calculate the relation of the trilinear, quadratic and tadpole
scalar couplings between DRED and DREG in a general spontaneously broken gauge the-
ory using the result of eq. (3.43). We consider a theory with a simple gauge group G that
is spontaneously broken by the VEVs of some real scalar fields ¢;. The scalar potential in
such a general renormalizable gauge theory reads

1 1 1
~V(9) = & + 5miyoid; + Shikdidion + T Nimdid kb, (4.64)

where all couplings are totally symmetric. Expanding the scalar fields around their VEVs
as ¢; = v; + 1; yields the potential

1 1 1

—~V(n) = &ui + §m?jvivj + §hijk'l)i'l)jvk; + zkijklvivjvkvl
+ (gl- + mﬁjvj + hijrvjvg + )\z‘jklvjvkvl) i

+ <2m§j + hijrvg + 2>xijkl@k®l) niNj (46

1 1
+ <3hijk + Aijklﬂl) NN Mk + ZAz’jkmz‘njnkm .

In order for a minimum to be attained at 7; = 0V the following conditions must be satisfied
&+ mgjvj + hijkvjvk + )\ijklvjvkvl =0 Vi. (4.66)

When integrating out the e-scalars one obtains corrections to the potential (4.65) from the
first line of eq. (3.43),

~ 1 ~ S
167726‘61”6%77) == Z(mg)a(XéfsM)aa + 5 Z(ngu)ab(Xssu)ba . (4'67)

a ab

The derivatives (X2'),, in eq. (4.67) are to be taken with respect to the e-scalar mass
eigenstates, denoted by &4, and (m?), are the corresponding mass eigenvalues. The deriva-
tives can be calculated from the interaction Lagrangian between the e-scalars and the scalar
fields n;, which reads

2
g ~
,an = ?EZGZQMV(TLI)M (Tb)ik (’Uj’l)k + 2njvE + 7]j77k) , (4.68)
where T'* = —it® are real, antisymmetric matrices and t* are the generators of the represen-

tation under which the 7; transform. The first term in the parentheses of (4.68) contributes
to the mass matrix of e-scalars, which reads

(mg)ab = m?éab + gQ(Ta)Z'j’Uj (Tb)ikvk. (4.69)
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Since this matrix is symmetric it can be diagonalized by an orthogonal matrix O such
that Ogy(m?2)pcOgc = (M2)abqq- The corresponding mass eigenstates g, are then given by
€a = Ogpep and the interaction Lagrangian in terms of e-scalar mass eigenstates becomes

2
g
Ley = 2 et VQW(TO)ZJ (TO)lk (2njvr +n5mk) | (4.70)

where T = OuT? and we have omitted the e-scalar mass term. From eq. (4.70) one
obtains the derivatives

2
~ g° .
(X1)ab = _EQW{T&TE}M (20xm; + k75 (4.71)
2
g
(XE,) = =5 AT T by (ognj + menj ) (4.72)

and the contribution from the e-scalars becomes

2
1676 regy = (m2)a e T, T Yig (2vm; + meny)
(4.73)

4
+ %G{Ta7 TP} AT, T 1 (400101, + 40NN + TR ) -

From eq. (4.73) one can see that for v; = 0 Vi there would only be a contribution to the
quadratic and to the quartic scalar coupling, as was pointed out in ref. [19]. However, when
v; # 0 these two contributions also get distributed to other terms in the scalar potential.
The new scalar potential including the contribution from the e-scalars becomes

I 5
—V(n) = &uv; + 5™ Vivj + hmkvzvjvk—l- )\Uklvzv]vkvl

1
+ <§ v] + hijrvivk + Aijrivjorv + 167 QUk-Akz) T
1 3 1 1
+ 2m 7 hijkvk + 5 Aijvevs + (167T2)«4ij + mvlvklgkilj ninj  (4.74)
1 1
+ 3 hiji + Xijrivr + W“llglijk 1iM5 Mk
+ ( ikl + )Bijkl> U
where we have introduced the abbreviations
Aij = g2 (m2)o{T* T}ij = 2¢°(m2)a(TT%)ij, (4.75)
Biji = g*{T* T} {T*, "}, (4.76)

and all repeated indices are summed over. In eq. (4.74) all parameters are still defined
in DRED. The 1-loop terms on the r.h.s. of eq. (4.74) can be absorbed by the parameter
re-definitions

pDRED — pDREG _ (Sp, (477)
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where p € {¢,m? h,\,v}. Note, that nPRED — pDREG "hecause there is no contribution to
the field renormalization of scalar fields from eq. (3.43). By demanding that the potential
written in terms of DREG parameters takes the same form as in eq. (4.65) we obtain the
following set of equations relating the shifts to the finite loop corrections from the e-scalars

1

ONijkl = (1677 Biijkiy, (4.78)

1 1

§5hz’jk+5)\ijkwl+)\ijkl5vl = mvlgl(ijk)a (4.79)

1., 3 Agg) , veuiBrg)

§5mi]~ +5hijkvk—i—hijkdvk+§5)\ijkwkvl+3)\ijkl(5vkvl = 2(16#2) 2(167‘(2) , (4.80)
Aki

(5& +5m?jvj —i—m?jdvj +5hijkvjvk +2hi]’k(51}jvk +5)\ijklvjvlvk —|—3)\ijkl5vjvkvl = %, (4.81)

where T(;,4,..i,) = % Y ves, Lo(in)olis)...o(in) and Sy is the symmetric group over n symbols
1 ’ " . . . .
and By = 3 20652 Bio(iyio(j)- This set of equations is equivalent to

1
ONijkl = 72(167_‘_2)8(2'3'16[)7 (4.82)
1 vl
30hijk + Nijrdur = 3(1677) [Buijr) — Biajun) (4.83)
1 2 .AZ ViU 3
0mi + hijrdve = 2(16;2) 2(1677) By — 3Bicz) + 5B | » (4.84)
9 V; VRV 3 1
& + mi;ov; = (fGTQ) [—Bk(iu]‘) + 5 Biim) — 2B(ijkl):| : (4.85)

where we have used that A(;;) = Aij, because A;; = Aji. Eq. (4.82) is equivalent to
the result obtained in section 4.5 for complex scalar fields. The eqs. (4.83)—(4.85) can be
simplified further by using the fact that the shifts of the vacuum expectation values dv; can
be related to the shifts 67, of the scalar fields and corresponding (auxiliary) background
fields 67, as [34, 35]

1 ~
v = 5 (62, + 6Zn>ij v; . (4.86)

As pointed out in refs. [34, 35], neither 67, nor 5277 receive contributions from e-scalars,
which implies

ov; =0 =4 pPREG — o, DRED (4.87)

This allows us to derive the following relations for the trilinear, quadratic and tadpole
scalar couplings between DREG and DRED,

3v,
DREG _ ; DRED !
ik = Mgkt 2(167%) [Bl(z’jk) - B(z‘jkl)] ; (4.88)
A VRV 3
2 \DREG 2 \DRED i kUL
(ms;) = (m3;) + (167:2) + (1672) [Bk(uu) — 3By k) + 2B(z’jkl):| ; (4.89)
DREG DRED , YjUkUi 3 1
i =& + (fﬁﬂg) [—Bk(iuj) + iBl(ijk) - QB(ijkl)] : (4.90)
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The relations (4.87)—(4.90) represent a generalization of the known results of ref. [19] for
a spontaneously broken gauge theory with non-zero VEVs. In the limit v; — 0, which was
used in ref. [19], one obtains

hRES = hpRED (4.91)

2 2
(m?j)DREG = (mlzj)DRED — Fg;_gmgc(rl)&J N (4.92)
DREG _ ¢DRED (4.93)

with (T9T);; = i2(t*t);; = —C(r;)d;;. The m2-dependence in eq. (4.92) can be removed
by shifting the m?j parameters as described in ref. [26], which is equivalent to transforming
from the DR into the DR scheme as

;267
(m%j)DRED:(m?j)DRED +Fgﬂm§0(ri)5ia’- (4.94)

In the DR’ scheme one therefore obtains in the limit v; — 0,

DREG DRED' 2 \DREG 2 \DRED’

DREG __ ~DRED’
ijk = Nk ) (mz] ij & =&

, (4.95)

)

which is the known result from ref. [19].

5 Conclusions

The universal one-loop effective action (UOLEA) is a very elegant tool to fully automate the
derivation of the large set of effective Lagrangians of a given UV model with heavy particles.
To date, however, only part of the UOLEA is known and only in dimensional regularization
(DREG). Due to this restriction, the known part cannot be applied to supersymmetric UV
models, regularized in dimensional reduction (DRED), with non-supersymmetric effective
theories that are regularized in DREG.

In this paper we have extended the UOLEA by generic 1-loop operators which represent
a translation between DRED and DREG. These operators allow for an application of the
UOLEA to supersymmetric UV models with non-supersymmetric EFTs. As the UOLEA
itself, our derived generic operators are well suited to be implemented into generic spectrum
generators to fully automate the derivation of non-supersymmetric EFTs.

We have performed the calculation of the effective operators in the language of effec-
tive field theories, close to the formulation of the UOLEA. In our case the field to be
integrated out is the unphysical e-scalar, which occurs in DRED when the 4-dimensional
gauge field is split into a d- and an e-dimensional part. The resulting effective operators
can be absorbed by a re-definition of the fields and parameters, leading to the well-known
parameter translations in supersymmetric models of ref. [19].

In our calculation we have assumed that the UV theory is renormalizable and gauge in-
variant, but not necessarily supersymmetric. Within these restrictions our result is generic
and contains even terms corresponding to finite field renormalizations. Furthermore, our
result has an explicit m? dependence, which can be removed by shifting the squared mass
parameters of the scalar fields appropriately as described in ref. [26].
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Finally we have applied our derived effective operators to various UV theories for
illustration and to prove that the known results of ref. [19] can be reproduced. Furthermore,
we have derived relations for scalar cubic, quadratic and tadpole couplings in a general
renormalizable gauge theory with spontaneous symmetry breaking, complementing the
results of ref. [19].
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A Consistency of shifts for Majorana fermions

We here show that the shifts (3.15) and (3.16) can be performed consistently for Majorana
fermions. For Majorana fermions there is only one degree of freedom and so it is necessary
that the shifted fields 6\’ and )\ are related as 6\ = dN\'T40. That this is in fact the case
follows from the Hermiticity of the Lagrangian. Consider the terms containing Majorana
fermions in the original Lagrangian

L = AFA+ €SAGHN + GNH + phIN + GAT A, (A1)

where F';, G, H, I and J are independent of the fields. Taking the Hermitian conjugate
and using that £1 = £, we find

Ly = M FION+ e MG TON + 62Ty + ¢y HTA O, (A2)

which yields the relations

F =+"F1y0, (A.3)
Gl = (a0, (A.4)
H =~°1",°, (A.5)
I =~HT4°, (A.6)
J =~0J140, (A.7)

We can also relate F', G, H, I and J to the quantities appearing in the second variation of
the Lagrangian by noting that

5Ly = ONF + LGl + ¢J )X + SAGHNSES + SeAAGESN + SA(HY + JN)5¢

A 5 S A8
+ SAH GOY + SPIGSN + SGAT + PI)OA+ - -, (A.8)
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where the extra terms indicated by the ellipsis do not include any variation of A or A.
Comparing this to (3.3) one obtains

Ay = (F+ Gl + ¢J), (A.9)
XK = \GH, (A.10)
XE = —GHA, (A.11)
Xox =N + 91, (A.12)
X5y = —(HY + JN), (A.13)
Xpy =10, (A.14)
X5y = Ho. (A.15)

From these relations and (A.3)—(A.7) it follows that

(AT =4A710, (A.16)
(X = -X54", (A.17)
x1 »=—Xox?", (A.18)
X;r\w = fyOXd;)\’yO. (A.19)
Calculating the Dirac adjoint of the shift (3.15) we obtain
SNTA0 = 65X — (X”Téeu +x1 50— oulx] ¢) (A0
= oA = (= X3 0eu = Xgn1"06 — 00X 5310) 10(AF )0 (A.20)
= 0+ (XA 06 + Xond6 + 50X 5, ) AT
=6\,

where we have used egs. (A.16)—(A.19) in the second line and the definition (3.16) in the last
line. We conclude that the shifts (3.15)—(3.16) are consistent with the required property
for Majorana fermions, 6\ = 6\ ~0,
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