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ABSTRACT: Recent development of path integral matching techniques based on the co-
variant derivative expansion has made manifest a universal structure of one-loop effective
Lagrangians. The universal terms can be computed once and for all to serve as a refer-
ence for one-loop matching calculations and to ease their automation. Here we present
the fermionic universal one-loop effective action (UOLEA), resulting from integrating out
heavy fermions (Dirac or Majorana) with scalar, pseudo-scalar, vector and axial-vector
couplings. We also clarify the relation of the new terms computed here to terms previously
computed in the literature and those that remain to complete the UOLEA. Our results
can be readily used to efficiently obtain analytical expressions for effective operators arising
from heavy fermion loops [13].
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1 Introduction and summary of results

The methods of effective field theory (EFT) have seen a resurgence lately in particle physics,
due in part to the lack of new physics discovery at the weak scale. If new physics is indeed
decoupled to heavier scales, as observations seem to be indicating, then the Standard Model
(SM) should be properly considered as an EFT supplemented by higher-dimensional oper-
ators. The coefficients of these higher-dimensional operators encapsulate the new physics
integrated out at some higher energy scale. Calculating these coefficients from ultraviolet
(UV) theories has traditionally been performed using Feynman diagrams, where amplitudes
involving the heavy degrees of freedom are explicitly “matched” to the EFT amplitudes.
However, a more elegant approach is to “integrate out” the heavy particles by evaluating the
path integral directly [1-12]. While the adoption of this approach for practical phenomeno-
logical calculations has been limited in the past by cumbersome expansion techniques and
the misconception that it could not account for matching with both heavy and light parti-
cles in the loop, these technical issues have been addressed in the last few years [6-9]. New
methods were developed to evaluate the path integral at one loop more efficiently using
improved expansion techniques (as for example the covariant diagram method [9]), that
could also include mixed heavy-light matching.

Compared to the traditional approach of matching Feynman diagrams, these path inte-
gral methods have several advantages: they can be calculated more generally, directly and
systematically when computing a set of operator coefficients. Ultimately, it was pointed



out in refs. [4, 5] that the one-loop effective action has a universal structure which makes
repeated evaluation of the path integral redundant. It is this set of universal terms and co-
efficients, evaluated once and for all, that forms the so-called Universal One-Loop Effective
Action (UOLEA). Starting from the UOLEA, a one-loop matching calculation is reduced
to an algebraic manipulation of matrix traces.

The piece of the UOLEA that was first worked out, for the simplified case of degenerate
masses in ref. [4] and generalised to the non-degenerate case in ref. [5], contains terms arising
from integrating out heavy bosonic fields ® which couple to light fields ¢ via a Lagrangian
of the form

Luv[®, 6] = Lolg] + @1 (P? = M? ~ U[g]) @ + O(%), (1.1)
where P, = iD,, is the Hermitian covariant derivative, M is a diagonal mass matrix for
the heavy fields ®, and the model-dependent couplings of ® to ¢ are encapsulated in the
matrix U[¢]. By virtue of keeping the covariant derivatives intact, the UOLEA can thus
be written as an expansion in covariant derivatives, i.e. a covariant derivative expansion
(CDE) [1-3]. In the end, to obtain the low-energy EFT Lagrangian up to dimension-six
operators, one simply needs to insert the matrix U[¢] into the UOLEA:

LUSTRR ™ = =iy tr { f3 Uis + f3 G Gl + 1) U Us

+ fE PG B GE + 5 GG, G
+ 7 [P UG [P, Usi) + 18° Ui UjUsi + f3 UG G,
+ 110" UgUpUuaUts + 111 Uy [P*, Ue] [Py U]
+ fib [P*, [P, Ugl] [P, [Py, Ugil] + f13 U U GEY G,
+ fri [P", Uil [P, Ujil Gy, i
+ f13 (Uij[P*, Uji] — [P, U)U) [PV, G, )
+ fﬂsklm Ui Ui Ut Ui Uni
+ [177 UsUe [P, Ul [Py Ul + S18 Ui [P, Ujt)Usa[ Py, U]

+ ff%“’”" UijUijklUlmUanni} (1.2)
S0 1 D00 4 D0 09
N

The prefactor ¢, = % for each real degree of freedom (e.g. real scalar, vector) and can be
taken as ¢s = +1 in some other cases [4]. The universal coefficients fﬁ are functions of
heavy particle masses m;, m;, ..., and are expressed in terms of a set of master integrals.
The field strength matrix is defined as G}, = —[P,, P,] = —igG ., and the subscripts
i,7,... on G and U instruct us to take the corresponding block for particles ¢,7,.... In
eq. (1.3), we have schematically summarised the entire expression by three UOLEA oper-
ator classes: those involving only covariant derivatives (@55)), only interaction matrices
((O)S\(,]) ), and both (@5\];[])). We refer the reader to refs. [4, 5, 9] for the derivation of this
bosonic UOLEA, though we stress that it is no longer necessary to re-do the path integral
calculation for each specific model given the availability of these universal results. The
UOLEA operator structures, written in terms of the matrices P and U, become EFT oper-



ators when substituting in the specific forms of these matrices, in terms of the light fields
and for a given UV model, which can then be rearranged into the desired non-redundant
EFT basis.!

There are, however, additional structures that arise in some UV Lagrangians which lead
to new terms in the UOLEA beyond those in eq. (1.2). In particular, for UV Lagrangians
containing heavy fermion fields, further terms in the UOLEA arise from fermionic loops.
While some of them can be obtained from the bosonic UOLEA (1.2) by “squaring” the
functional determinant (see, e.g., appendix A1 of ref. [4], appendix E of ref. [5] and eq. (3.19)
or ref. [9]) to put the UV Lagrangian into the form of eq. (1.1), this only yields partial
results when the interactions involve v matrices.? It is therefore necessary to extend the
UOLEA to properly include fermionic loops.

In this work, we present this fermionic UOLEA. It can be applied straightforwardly to
the case of fermions in an analogous manner to the bosonic case described above. Specif-
ically, we consider a UV Lagrangian capable of parametrising all possible renormalisable
UV theories for a heavy multiplet of fermions ¥ interacting with a light multiplet of bosons

or fermions ¢ of the following form:3

Luv(o, V] = Lolg] + ¥ (P - M - X[¢]) ¥, (1.4)

where we decompose the interaction matrix X[¢] into scalar, pseudo-scalar, vector and

axial-vector couplings matrices as

X[g] = Wolg] + Wig]iv® + Vi[o]y" + Auld]y'y° . (1.5)

The low-energy EFT at one loop is then obtained by substituting these matrices into our
fermionic UOLEA, which reads schematically

L%X‘OHEEIKC Jheavy Zf )+f](\[WO)©§\I?/O)+f](\/W1) (Wh) +f WOW1)©(WOW1) (16)
+fN Wg)©(PWO ‘|‘f PW1 (PWl +f(PWOW1)©§€WQW1)

+f](vv)@(v)+fj(vA) +fN @(VA)
e PV)© (PV) f(PA (PA N fNPVA)@)E\fVA)
+f(W0V)@(W0V)+fNW1V)@S\‘;VlV)+f](VW0W1V)@§\‘[/VOW1V)

(PWoV) @(PWOV) f(PW1V)@§\1[DW1V)+f](VPWOW1V)©§\lfDWOW1V)

+1y
+1Y

+f(PW0A (PWOA +f PWlA)(O)(PWlA)+f(PW0W1A)©§\1]3WOW1A)

+
(WoA) WA (W1 A) WA WoW1 A WoW1A
0 () +f 1 (1)+f](vo1)@§\[01)
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+f](\[ 0 )@5\[ 0 +f](\[ 1 )@g\[ 1 f( oW1 )@5\/ oW1l )

+N

!Note that the UOLEA can be expanded indefinitely in the CDE; in eq. (1.2) and, later, the fermionic
UOLEA we terminate the CDE to keep only all UOLEA operator structures necessary for obtaining EFT
operators up to dimension six.

2Squaring the functional determinant with the coupling matrix in eq. (1.5) would yield “open” derivative
couplings. Besides, an “open” covariant derivative will get shifted, P, — P, — g, and lead to non-trivial
structures that were not encapsulated with the existing bosonic UOLEA.

3The parametrization in eq. (1.4) works for the case with pure heavy Dirac (Majorana) fermions in the
loop. See appendix A for more details about integrating out Majorana fermions.
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There are a large combinatorial number of possibilities for the fermionic UOLEA operator
structures when including all coupling matrices in eq. (1.5). We will see, however, that when
calculating specific cases one can employ power counting to pick out the UOLEA operator
structures that are relevant for matching to a set of desired EFT operators. Moreover, if the
low-energy EFT does not contain massive vector bosons (e.g. arising from a broken gauge
symmetry), then only the first two lines of eq. (1.6) are needed, comprising a relatively
compact set of UOLEA operators. These UOLEA operator structures, along with their
universal coefficients for the degenerate mass case, are tabulated below in tables 4, 5, 6
and 7. Explicit results for the non-degenerate case and for the rest of eq. (1.6) are available
in a Mathematica notebook on GitHub ©), [13], as explained in section 2.4.

The bosonic UOLEA presented in ref. [5] (summarised above in eq. (1.3)) and fermionic
UOLEA presented in this paper (summarised above in eq. (1.6)) complete the one-loop
matching master formula that includes loops involving heavy bosonic fields and heavy
fermionic fields, respectively, for UV theories whose Lagrangians take the form of eq. (1.1)
or eq. (1.4), and for up to dimension-6 operators in the EFT. Other UV theories ex-
hibit additional coupling structures which are not captured by these UOLEAs, such as
tensor current coupling (involving ¢, ), derivative couplings (which give rise to “open
covariant derivatives” in the quadratic Lagrangian) and mixed bosonic-fermionic loops.
If the UV Lagrangian includes terms coupling heavy fields linearly to the light fields,
Luy D ®TF[¢] + h.c., then mixed heavy-light loops also contribute.* For the bosonic case,

bosonic,mixed

the mixed heavy-light terms, L£y51pA , were computed in ref. [10], where it was found
that the operator structures in C%‘ggrgfimlxed mirror those in 55(8}1%?16&“’ with a much

larger number of terms due to the heavy-light combinatorics. We expect the same for the
fermionic UOLEA, though given the proliferation of terms already in the heavy-only case
we find it less compelling to also tabulate the mixed heavy-light terms explicitly.

In table 1 we summarise the progress of the UOLEA program. Fermionic results
are also available in ref. [11], though not in the same form as our expressions since the
various matrix substructures are not expanded as in eq. (1.5) — they can be computed,
together with additional structures such as mixed fermion-boson and heavy-light loops,
after plugging in these substructures and further evaluating the resulting Dirac matrix
traces. Finally, UV theories involving derivative couplings generate additional terms in
the UOLEA which have not yet been computed, though for the fermionic case they only
arise when matching to non-renormalisable UV Lagrangians. The UOLEA has, so far,
also been limited to those terms necessary for obtaining EFT operators up to dimension
six only. Nevertheless, it is worth emphasising that, following the technical development
of evaluating one-loop functional determinants with general structures [6, 8, 9, 12], one-
loop functional matching is a fully solved problem, independently of the availability of the
UOLEA that captures those additional structures. The usefulness of the UOLEA lies in its
packaging of certain universal steps of the calculation into the form of a master formula.

4Linear couplings also generate tree-level contributions, but loop-level mixed heavy-light contributions
can in certain cases be the leading terms for certain operators [14].


https://github.com/HoaVuong-lpsc/The-Fermionic-UOLEA-Mathematica-notebook

Universal terms available in the UOLEA

Heavy-only Mixed heavy-light + derivative couplings
Bosonic v [5] v [10] -
Fermionic v [this work] © (V) —)
Mixed statistics (V) (V) —®)

) do not arise in renormalizable UV theories.

Table 1. Status of the UOLEA. Entries marked by “v'” are available in the form of operator
structures built from the various types of couplings that appear in the quadratic Lagrangian. Entries
marked by “(v')” are not available in the same form, but can be computed by plugging fermion

)

couplings into the results of ref. [11] and evaluating Dirac matrix traces. Entries marked by “—’
have not been computed in the literature, though the techniques for computing them are available.
See text for details.

The paper is organised as follows. In section 2, we describe our calculation of the
fermionic UOLEA and present the final results for the universal coefficients of the UOLEA
operators. We then present examples illustrating the use of the fermionic UOLEA for
efficient one-loop matching calculations in section 3, before concluding in section 4.

2 The fermionic UOLEA

Fermions, by virtue of their symmetry properties, necessitate additional care as compared
with spin-0 bosons, which have been the primary focus of CDE developments thus far.
Some previous work on using the CDE to integrate out heavy fermions had employed the
approach of squaring the argument of the functional trace in the effective action so as to
bring it into the same form as bosonic loops, for subsequent insertion into the bosonic
UOLEA as written in eq. (1.2) [4, 15]. However, this approach cannot be straightforwardly
applied to the case where fermion coupling structures contain gamma matrices beyond that
accompanying the covariant derivative P.

As was pointed out for example in refs. [6, 9], the argument of the functional trace
need not be squared, in which case a CDE and universal one-loop action may be still be
formulated, with a somewhat different structure from the bosonic UOLEA of the previous
section but one that simplifies the UOLEA as applied to fermions. This procedure was
employed in ref. [11] to obtain contributions to the UOLEA from integrating out heavy
fermions, though they do not decompose the general coupling matrix X into its Hermitian
matrix substructure constituents so that their final result still requires taking the trace
over -y matrices.

Here we provide a master formula in terms of these matrix substructures. In this
case, as will be expanded upon in detail in the rest of this section, it is straightforward
to account for all possible Lorentz structures of fermionic coupling matrices to light fields,
thereby allowing for the completion of a fermionic UOLFA.


https://github.com/HoaVuong-lpsc/The-Fermionic-UOLEA-Mathematica-notebook

2.1 One-loop matching from the path integral

Let us begin by reviewing the basic idea of one-loop functional matching, focusing on the
case of integrating out heavy fermions. Consider a UV Lagrangian containing a multiplet
of heavy Dirac fermion fields ¥ and light fields ¢. Assuming the heavy fermions ¥ couple
to the light fields only via bilinears, the UV Lagrangian can be written in the form

Luv[p, U] = Lolg] + ¥ (P — M — X[¢]) ¥, (2.1)

where P, = iD, and M is the diagonal mass matrix for the multiplet ¥. In order to
maximise the analytical and physical utility of the universal structures obtained by using
the CDE method to obtain the fermionic UOLEA, it is useful to decompose the interaction
matrix X[¢] into scalar, pseudoscalar, vector, axial-vector and tensor parts. As we restrict
our scope to renormalizable UV theories here, we exclude the tensor coupling, and write

X[g] = Wolg] + iWr[o]y° + Vuloly" + Aulelr'y° (2.2)

where the Wy, W1, V,, A, coupling matrices are Hermitian. Obtaining the effective action
for the UV lagrangian above is performed in the standard way, by integrating out the heavy
fermion W:

eiSet[d] / DIDY Suv(s¥]
~ oiSuvIT.] / Dij Dy et | e i(P=M=X[d] )
= ISV det (P — M — X[g]) = ¢PSove P TIn(PoM=XE0) (9 3)

In going from the first to the second line, we have expanded the heavy fields around
their classical background values, ¥ = W, + n, so that the integration is performed over
the quantum fluctuations 7, around the UV action evaluated at this classical solution. We
therefore arrive at the one-loop effective action arising from integrating out heavy fermions:

SIEP — i Trin (P — M — X[g]), (2.4)

where “Tr” denotes a trace over both internal indices and over the functional space of the
operator (P — M — X[¢]). We then evaluate the functional trace by making use of the
momentum eigenstate basis, and employing the standard trick of inserting the identity,

d
s =i | (;lﬁd (e hn (P~ M — X[g]) o)

__Z/dd
S

where now “tr” denotes a trace over internal indices only. In the last line of (2.5), we have

{q] )<x|trln(P—M—X[¢])]q>

trln(}b ¢ — M — X[¢>]) (2.5)

used (z| ¢) = e7* and made a conventional change in the integration variable ¢ — —q.

Further details of these functional manipulations are reviewed in refs. [4, 9].



The one-loop effective action of eq. (2.5) must then be expanded in the hard region,
where the loop momenta ¢? ~ M?, to obtain the low-energy effective Lagrangian consisting
of local operators, as explained, for example, in refs. [8, 9]. This method of regions en-
sures that both heavy-only and mixed heavy-light loops are correctly accounted for in the
matching calculation. In the present case of heavy-only terms, the hard region contribution
coincides with the full integral, so we obtain

el
—ztrz /

(— + Wol6] + Wi [8]y” + Vol + Au[qﬁh"’y"’)] .

(2.6)

g—l—M

The second equality makes explicit the universal operator structures that appear in the one-
loop effective action, and hints at the universality of the corresponding operator coefficients.
After expansion and computation of the integrals over the loop momenta, this expression is
clearly the fermionic analog of the familiar expression for the bosonic UOLEA of eq. (1.2).
We can also see that by virtue of separating X into the sum over the Wy, Wy, V,, and A,
components, we can apply our physical intuition for what types of combinations of struc-
tures can appear both in the UOLEA itself, and when considering specific models. This
will become more clear in the rest of this section, where we discuss the universal structures
in more depth, and in section 3 when we apply the fermionic UOLEA to several examples.

2.2 Universal operator structures in the fermionic UOLEA

In the previous subsection we have described how to obtain a general expression for the
fermionic UOLEA. However, as written in eq. (2.6), the utility of the UOLEA is not yet
apparent.

It is important to recall that an attractive feature of the bosonic UOLEA is that once
the analog of eq. (2.6) is expanded out to obtain e.g. eq. (1.2) (for heavy-only loop con-
tributions to EFT operators up to dimension 6), all necessary structures in the one-loop
effective Lagrangian are known and enumerated, and their universal coefficients are calcu-
lated once-and-for-all. Having all the possible structures enumerated makes for intuitive
application to integrating out particles in specific UV models. Knowing the specific form
of the interaction matrix U of eq. (1.2) for the UV model being studied allows for dramatic
simplification of computation of the one-loop effective action, since not all the bosonic
UOLEA operators would contribute to the specific EFT operators of interest. As a trivial
example, let us consider a quartic |®|2|4|? interaction in the UV, such that U ~ |¢|2. If one
is interested in the bosonic UOLEA at dimension 6, it is evident that the term fi9 US in
eq. (1.2) is of higher dimension so it will not contribute, and therefore U can be discarded
without being computed.

Turning to the Fermionic UOLEA, from the form of eq. (2.6), we can see that ultimately
there will be a proliferation of universal structures in the final one-loop effective Lagrangian,



Operator class Non-vanishing structures
0P p, pS
0(Wo) Wo, Wg, Wi, Wet, W, W§
o™ wE W, W
0WoW1) WoWE, WgWE, WEWE, WoWi, WeWE, Wgwi
OlPWo) P2W§, PPW§, P*Wo, PPW, PAW
oFW) P2WE, PYWy, PPWE, PAWE
OPWol1) P2WoWE, PYWoWy, PPWEW?E
o) V2, VL pe
oW A2 A4 AS
o4 VA3 VZA2 VBA VAP, V2AL V3AS V1A VO A
oFY) PV3,P2V2, P3V,PV® P2V4 P3VE, PAVE POV
o4 PA3 P?A? P3A, PA°, P2A* P3A3, P*A% P5A
PAV? PA?V,P2AV,PAV* PA?V? PASV2 PAY,
o P2AV3 P2A2V? P2ASV, P3AV? P3 A%V, P1AV

Table 2. Non-vanishing operator structures in the fermionic UOLEA that involve covariant deriva-
tives (P) plus either scalar and pseudo-scalar structures (Wy, W), or vector and axial-vector struc-
tures (V, A).

which can be written compactly as

chmge = 3 oA 27)
N

Due to the variety of matrix coupling structures denoted in the superscript set, the fermionic
heavy-only UOLEA has a large number of operators in the sum arising from all the (non-
vanishing) combinatorial possibilities, in contrast to the bosonic heavy-only UOLEA’s 19
operator structures. An expanded sum of the UOLEA operator classes is presented in
eq. (1.6) and tables 2-3, where we enumerated all the different classes of possible UOLEA
operator structures.

The advantage of separating X into Wy, W1, V., A is now apparent: all possible universal
fermionic UOLEA operators are obtained and their coefficients computed and tabulated
once and for all, analogously to the bosonic UOLEA. When inserting a UV model into the
fermionic UOLEA, computation of the Wy, W1, V, A structures then allows for transparent
power counting, as well as enabling simple symmetry cross-checks. We now describe this
in more detail for each of these (non-vanishing) structures and their combinations listed in
tables 2 and 3.



Operator class Non-vanishing structures
o(VWo) VEWE VEWE, VAW, VAW, VAWE
o) VEWE VAW, VW, VAW
Q(VWoW1) VEWoWE, VAW Wy, VW2
PVW,, PVW§, PVW§, PVW§, PV3W,, PV, P2V2Wy,
. PRVWE, PVIWE, P2V
O PVWZ, PVW{, PV3Wy, PSVWy, P2V2Wy, PV3WE, PPVWE, P2V 2
QPVWoW1) PVWoWZ, PVWEWE, PPVWW1, P2V2W Wy, PV AW W)
OA4Wo) AW, AW, AYW,, APW, AYWE
041 A2WE AN, A2WE AW
QAWoW1) A2WWE, AYW W, A2WEWE
oFAWo) PA3W,, P2 AW, P2A* Wy, PPAWE, PAWE, P2A*W§
O(PAW) PAWy, PAW, PASWy, P3 AWy, P2A2Wy, PASWE, P3AWE, P2 A2W?
OWFPAWOWY) | PAW, W, PAWGWy, PAW W, PAWSW,, P2 AW Wy, P2 A*Wo W1, PASW Wy
QAVWo) VAW, VEAW,, V2 A2 W, VEAWE, V ASWE, V2 AW
oAV VAW, VAWE VASWY, VAW, VEAP W, VASWE, VEAWE, V2A2 W
QUVYWoW1) |V AW W1, V AWEW,, V AW WP, VAWEW,, VAW Wy, V AW Wy, V2 AW, W,
QP AVWo) PAV?W,, PAV2Wg, PA2VW,, PA2VWE, P2AV Wy, P2AVW¢
QWPAVIW) PAV2?W,, PAV2W}, PA2VW,, PA2VW}, P2AVW,, P2ZAVIV]
QPAVWoW1) PAV2WoW,, PA2VW W1, P2AVW, W,
Table 3. Non-vanishing operator structures in the fermionic UOLEA that involve both

(pseudo-)scalar and (axial-)vector couplings.

Scalar and pseudo-scalar structures (Wy, Wj). From the Lagrangian as written
in eq. (2.1) and the expansion of X in eq. (2.2), it is clear that if the heavy fermion
that is integrated out has couplings to scalar operators, these will be captured by the W)
matrix structure. Likewise, in the case of couplings to pseudoscalar operators, these will
be captured by the W7 matrix. The Wy (W7) matrix is therefore even (odd) under parity,
which will allow us to easily intuit what UOLEA operators might be formed and therefore
contribute to the final result of eq. (1.6). All such structures are listed in table 2. Indeed, the
parity properties of the matrices and their impact on the operator structures is clear. As a
scalar structure, Wy can appear in both even and odd powers. In contrast, Wi, as a pseudo-
scalar structure, must always appear in even powers, or accompanied by P*. That the latter
is permitted follows from tr(y#y”7?y7~%) # 0, so that one can already see that the only

EFT operators arising from such a structure will involve pseudo-scalars coupling to F'F.



Vector and axial-vector structures (V, A). These structures will appear if the UV
Lagrangian contains fermionic couplings to vector bosons that do not appear in the co-
variant derivative operator P. This would occur, for example, if the heavy fermion current
is coupled to a light gauge boson such as the Z,, of the SM (in this case the low-energy
effective theory with Z, not in a covariant derivative would not be the SMEFT), or an A;L
associated with a broken U(1)" whose mass was sufficiently small compared with that of
the fermion being integrated out. These results are particularly useful if one is interested
in matching to low-energy EFTs containing massive vector bosons. In this case, it should
be noted that the covariant derivative operator P only contains the gauge fields associated
with the remaining unbroken symmetries.

Even if the gauge boson content of the low-energy theory is purely that of the SM,
these structures must be included in a complete fermionic UOLEA if one wishes to apply
it to matching with general EFTs. We will see examples in section 3 where the V and A
structures appear.

As in the case above of Wy, Wy operator structures, the power counting and enumera-
tion of non-vanishing V' and A combinations is straightforwardly obtained from symmetry
arguments. All structures that contribute to EFT operators up to dimension 6 are listed
in table 2. We can see that by virtue of the symmetry properties of both V' and A, they
must always appear in the combinations P*V'A™ with k + | + m even.

General case (Wy, W7, V, A all present). The above discussion can be extended
further to the situation when all possible structures in eq. (2.1) are present. In this most
general case, one gets a proliferation of possible combinations and operator classes, all of
which are listed in table 3.

Once again, the power counting is straightforward, and follows from trace identities
of gamma matrices. As before, scalar structures Wy can appear without restriction, while
pseudo-scalar structures Wi can only appear in combination with operators such that the
overall number of 4% matrices is even, or in combination with four v# matrices.

2.3 Computing UOLEA operators with covariant diagrams

To evaluate the expansion in (2.6), we use the covariant diagrams technique of ref. [9] to
keep track of the expansion and directly compute the Wilson coefficient for each EFT op-
erator. Each term in the CDE expansion (2.6) can be represented by a covariant diagram,
which can be written down directly by a systematic set of rules. We then straightforwardly
obtain the prefactor coefficient and the one-loop master integral associated with the dia-
gram we are considering. The details of the covariant diagram technique are described in
ref. [9]. Here we summarise the essential ingredients relevant for the present case of heavy
fermion loops.

e Fermion propagator. Each fermion propagator can be decomposed into two terms,

¢+M q2_M2 q2_M2’

(2.8)
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where the first term is the heavy bosonic propagator multiplied by the mass. The second
term involves the loop momentum g, in the numerator, which will contribute to the loop
integral. The loop integrals have the general form

/ ddq q/il e q:uan
(

: : = ghkemeT q2nc nmj"'nL’ (2.9
) (7~ ME (@2 MY () o )

ij--0

where gt "#2nc is the completely symmetric tensor, e.g. gt"P? = gh¥ gP? 4-ghP g¥7 4 g7 g*P,
and Z are master integrals, a useful set of which can be found in ref. [9]. The symmet-
ric tensor in (2.9) will contract the Lorentz indices of Dirac matrices in the fermionic
propagator, then we must sum over all possibilities of the contractions. In the covariant
diagram, we shall use dotted lines to indicate the contractions among the fermionic part
of the propagator in eq. (2.8), following the conventions of ref. [9].

Vertex insertions. From eq. (2.6), all vertex insertions, ’y“PM,WO,i75W1,’y“VM and
7“75AM are independent of the loop momentum ¢, and thus do not change the loop
integrals. We note that the vertex insertions will not be contracted with each other or
with the propagators.

Dirac trace evaluations. By construction, P,, Wy, W1,V,, and A, do not involve addi-
tional Dirac matrices. Therefore, after reading off the value of each covariant diagram,
the trace over Dirac matrices is factorized out and evaluated once-and-for-all. The trace
in the final results, still denoted by “tr” is over the remaining internal indices, e.g. SU(2)
and color indices.

Renormalisation and divergences. For the one-loop divergent integrals, we use dimen-
sional regularisation and the MS-scheme for renormalisation. The important point in
the case with divergent integrals is that the trace over all Dirac matrices have to be
evaluated in D = 4 — e dimensions, and the e-term resulting from the contractions of the
metric tensor, g,,g"" = D, must be kept in the computations. This term can hit the
1/e pole resulting from a divergent integral and yield a finite contribution to the Wilson
coefficient. It is well-known that in D = 4 — ¢ dimensions, the relations {v*,7°} = 0 and
tr(y49YyPy°y%) # 0 cannot be satisfied simultaneously [16, 17]. In our calculations, we
use the Breitenlohner-Maison-t Hooft-Veltman (BMHV) scheme [18, 19].

Covariant derivatives in commutators. By expanding the one-loop effective action in
eq. (2.6), we will obtain operator structures that carry “open” covariant derivatives, P,,.
We emphasise that the P, in the CDE expansion is a functional operator, i.e. P, will act
on everything to the right. To construct an effective operator we need a “closed” covariant
derivative where P, will only act on its immediate nearest neighbour in the operator; we
thus need to organise the final results such that P,’s only appear in commutators (see
e.g. refs. [4, 9, 12]). To be concrete, let us consider for example a functional operator
P, Wy acting on a generic functional ¢:

P,uWO ¢ = (PMWO)local o+ Wo (Pud)) ) (2-10)
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we then combine all operator structures with P, into commutators,
(PuW0)1oea1 @ = (PuWo — WoP,) ¢ = [Py, Wo] ¢. (2.11)

In practice, we first write down a basis set of independent operators where P,’s only
appear in the commutators, and then expand the commutators and match the results
from the functional trace expansion to solve the system of equations and determine the
coefficient of the elements in the “commutator” basis that we chose. We note that the
operator structures with adjacent covariant derivatives, tr (- - p?... ), can be dropped
to simplify this computation, since the non- P? terms are sufficient for reconstructing the
universal operators written in the commutator basis when matching to the expanded
form (see ref. [9] for details).

e Hermiticity of the operator structures. Since covariant diagrams that are mirror images
of each other are related by hermitian conjugation, only one in each such pair needs
to be computed. We will also use the hermiticity of the Lagrangian to identify the
number of irreducible operator structures. In particular, when the vector and axial-
vector structures are included in the matrix X|[¢], the hermitian conjugate relations can
drastically reduce the number of operator structures we need to evaluate.

Let us consider a simple example to illustrate concretely some of these points, taking a
coupling matrix X [¢] that only contains pseudo-scalar structures. We would then compute
the universal coefficient of the operator structure P2W# as follows:

lL‘l/

IR R BRGRWEY
JRES

fm4I4 tr PZW1’75PZW1’)’
+im*Z[q’]} [tr (V“PWWW Pz’Ww"’) + tr (P’Y“iW175’7uPiW1’YB>
1 Y 5 . 5 1 . 5. W1 5
+5tr (Pv Wiy PyuiWiy ) + ot (Psz Y PiW1y w)

) 1 } y ) 1 ) .

+iZ[q"]} [2tr (’Y“P’YMZWWS’Y PwW175) + 5t (Pv“sz"’wP’y ZWl’Y5’YV)
1 ) » )
5t (Pv“zW175’Y szWw%u)}
=i (2m' T} = 16m?Z[¢?]} + (48 — 4| Z[¢"]} ) tr (P, WA PWA) , (2.12)

where the loop integral Z[¢*]} is divergent and thus we evaluated the Dirac trace in D = 4—e
dimensions and kept the O(e) terms. Note that we have omitted diagrams where the two
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P insertions are adjacent, because they lead to terms proportional to tr(... P?...), which
provide redundant information for constructing independent operators as discussed above.
Finally, we re-write the operator structures in eq. (2.12) in terms of commutators, using

o f WD i (P P o £ 4 (1P, WA [P WD) (2.13)

and therefore obtain the final result

Coee?18] o i (M} — smPTig?)! + 24— 2 Tl tr ([P, W] [P W)

i2 m?2
> o <—1ogu2 + §> tr ([P, Wi [Py W) (2.14)

making use of the master integrals listed in ref. [9].

2.4 Results for the universal coefficients

We now present the results of the calculation outlined above, listing here only the UOLEA
operators with P, Wy and W; terms where all fermions in the loop are degenerate in mass.
In this case, there are 52 distinct operator structures in the UOLEA, and we tabulate their
coeflicients in tables 4, 5, 6 and 7. The coefficients and operators containing only P’s can be
found in table 4. The operators contain the coupling with scalar structures Q(Wo) Q(FWo)
are tabulated in table 5, while the coupling with pseudo-scalar structures QW1 Q(FW1)
are in table 6. Finally, the coefficients of the operators containing a mixture of scalar
and pseudo-scalar structures QFWoW1) are listed in table 7. Note that each universal
coefficient in the tables 4, 5, 6 and 7 has to be multiplied by the factor 7, and that repeated
Lorentz indices are implied to be contracted (though they are all written as subscripts for
typographical convenience).

Results for the more general non-degenerate mass spectrum and including the vector
(V') and axial-vector (A) structures in the degenerate case are lengthy, so we include them in
a Mathematica notebook made available on GitHub © [13]. Some of the UOLEA operators
involving V' and A that will be used in the examples in section 3 are shown in table 8.

For the user’s convenience, we organised the Mathematica notebook as follows:

e We remind the user that the effective Lagrangian will be a summation of all universal
operators we have tabulated in the Mathematica notebook. The coefficient of each
operator has to be multiplied by a factor of i. Afterward, we have to read off the
value of the master integrals, as tabulated in ref. [9]. We note that the coefficients
include the O(€) terms that can cancel the % pole from the loop integrals and yield
finite contributions.

e In the first section of the Mathematica notebook, we summarise all universal struc-
tures as presented in the tables 2 and 3 where each entry is hyperlinked such that a
click takes the user directly to the table of operator structures and their corresponding
coeflicients.
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https://github.com/HoaVuong-lpsc/The-Fermionic-UOLEA-Mathematica-notebook

0P terms

—5Zimi + 4mI(¢’]} + (be — 8)Z[¢"]} [P, P[Py, P
24m?Z(q")} — 2m{Z([q*)? — 64Z[¢°) | [Py, [Pus P[Py, [Py, Po]]
7§Zz6m? + 4mfI[q2]? - %I[QG]? [P/u B][Py, Pp] [Pm Pu]

Table 4. Pure gauge operator structures in the fermionic UOLEA.

OW0) terms
4miIi WO
2I7m3 + (8 — 26)Z[¢*)} W
3T3m3 + (16m; — dem; )I[g°]} w§
Tim?d + 24m2T[¢%)} + (24 — 10€)Z[q")} Wi
3T5m? + 96m;Z[q"]5 + 32m3T(¢?]} wo
%Iiﬁm? +240m2 T[] + 40m?T[q?)¢ + 128Z[¢%)¢ | W

O®FWo) terms
Tim} + (24 — 106)Z[¢"]} [Py Wol [Py, Wo

ATPm? +192mZ[q"]? + 16mPZ[¢*]? Wol Py, Wol [Py, Wo)

—Qme? — 16miI[q4]§’ + 16m§’I[q2]§’ Wo[Py, P)] [Py, P,
ATPmy + 432m?Z(q"]} + 36mZ[¢*]¢ + 192Z[¢°]7 Wo[P,, Wo]Wo[P,, Wo]
6Z9my + 576m?Z(q"])} + 60mZ[¢*]¢ + 5T6Z[¢°]) W§ [Py, Wol[ P, Wol

2Z9m¢ — 16m3Z[g")? — 16mZ[¢’]? [Py, Wol[Py, Wol [Py, Py
—5Z0m{ + 72m?Z(q")} + 36m{Z[¢*)¢ — 64Z[¢")? WPy, P[Py, Py
—2Z0mf — 8m;Z(q")? + 18mZ[g*)? + 96Z[¢")} | (Wo[Ppu, Wo — [Py, WolWo) [Py, [P, Po]]

8m?Z(q"]} + 2m{Z[q*)? + 96Z[¢"]? [Py, [Py Woll [P, [P, Wol]

Table 5. Operator structures in the degenerate fermionic UOLEA involving the scalar coupling Wj.

e In the following sections, we present the full results in both degenerate and non-
degenerate cases where the coupling matrix X[¢]| contains only scalar and pseudo-

scalar structures.

e Finally, we present the full results in the degenerate case including the V and A
structures. Due to a large number of combinations, we divide this section into sub-
categories: vector only, axial-vector only, and mixed vector/axial-vector. We also
note that the results for mixed structures are written in functional space with open
covariant derivatives. Depending on the effective operators one needs to construct, a
subset of operators in the UOLEA will need to be selected and reorganized into the
form of commutators. The non-denegerate results are available upon request.
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OM) terms

2(e + 4)Z[q%)? — 277m? W
Tim} — 8m2I[¢?)} + 2(11e + 12)Z[¢*)} wi

—3Zfm} — 48m?T(g"]} + 8m{Z[q*)f + 128Z[¢°7 | WY

i

OP"M) terms
Iimi — 8miZ[¢*)} — 2(e — 12)Z[¢"]} [Py, Wil [Py, Wi
24miZ(q"]} — 8mPZ(q’]} + IPm; €ywpo W1[Pu, P][FPp, Po
—48m7Z[g")} + AmiT]g’]f + 192Z(¢°]7 Wi [Py, Wi |Wh[By, Wh]
—2Z8m¢ — 192m?Z[q*]5 + 28miZ[¢*]% + 576Z[¢5]% WE(P,, W1][P,, Wh]
—2IPm; — 48m;Z[q")} + 16m;iZ[¢*)} [Py, WA[Py, Wh][Py, P)]
Ifm{ + 56miZ(¢"]} — 12miZ(¢*]} — 64Z[4°]7 Wi [P, P[Py, P
—24m3Z(q"]f + 2miZ(g?]} + 96Z[¢°]7 [Py [P, WA [Py, [Py, W]
—24miZ[g")} + 2m{Z(g’]} + 96Z[q°]7 (Wr[By, Wh] = [P, Wi[Wh) [Py, [Py, Py ]

Table 6. Operator structures in the degenerate fermionic UOLEA involving the pseudoscalar
coupling W7.

OWoW1) terms
OQPWoW1) ter,
1Bt AmZ(—ATim? Wow? - o
8(e+12)T[q"|t — AT m? W2W2 48myZ[q"]? —8miI[q’]? Wi [Py, Wol[Py, Wi]+h.c.
€ q|; —Lymy o Wi - . . .
, . C , o 4T5mb +96m,T[qY]? — 32m3 (g2} Wo Py, WA [P, Wi
—2T¢mi+16m?Z(¢?)} +4(5e—12)Z[g"]} WoW 1 WoWh _ : -
T+ 88Tl 32 T e 24m?T[g")¢ —8m!T[¢*) +Tfm¢ €uvps WoW1 [Py, B] [Py, Ps]+h.c.
—4Zm; miZ|q"|; —32miLq]; /o Wi A ) . A
ATmb—96miZlg ]+ 32m Tl S 24m2Z[q")% —8miT[q*)¢ + T8 mf €uvpo Wo[Ppu, Py Wi [Py, Py
—4Lymg —90miL|q"]; m;L|q=|; o Wi1WoWy - - -
= ,7+96 . 4]_)' . "11[ 2]: o 2T0m0+192m2 T[] —28mIT[?1S —576Z[g5)5 |  WAWo[Py, Wh][P, Wol +h.c.
P mgy miZ[q*]; —32m;Z]q"7 oWy . I .
o - e ——— 48miZ(q")} —4m{T(g*)} —192Z (¢} WA [Py, Wo Wi [P, o]
—AT8mY+96m?T (¢4 +16miZ[¢*)$ —T68Z[¢C)8 | WWiWoWy A . .
AT +144m?T[q*)¢ —36miZ[¢*)5 —192Z[¢5]¢ Wo[Pyu, W1]Wo [Py, Wh)
—2T8m8 — 144m2T[¢*)5 +24m3T[q?]6 + 384Z[¢6)5 | WEWLW2W, o e ‘
o ) ) - 96m?Z[q"]% —24m?T[q?]9 +384Z[¢0)¢ W [Py, Wi |Wo [Py, Wo) +h.c.
—ATmY+480m?Z[q*)$ —80m}Z[q*)5 +768Z(¢°]¢ Wiw? ) ) )
- : : , — — . 6Z8m¢ —36m}Z[¢?)0+576Z[¢%)¢ W3 [Py, WA[P, W]
ATPmf +288m? T(q*)f —48mT (g1} —T68Z (%)} | WoW i WoW7 o )
o ) ’ i o —2Z8m8 —4m?Z[q*]5+576Z[¢%)¢ WoW1 [Py, W1][Fy, Wol +h.c.
278m$ —48m?Z[qY)% —8miT[q?)¢+384Z(¢%)¢ | WoWEW, W} o ) )
S 6 ; , 6 —278m§ —4m{Z[q*)¢ +576Z (")} W2[P,, Wol [P, Wol
ATPmY —96m?T[q*)% —16mIZ[¢*)$+768Z[¢")¢ Wgwit

Table 7. Operator structures in the degenerate fermionic UOLEA involving both the scalar cou-
pling Wy and the pseudoscalar coupling Wj.
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2 42 2172 /-
OWF*A*W1) terms OP*V2W1) terms

4AmPT? —16m3Z[¢%)? et P A, PyA;Wr+h.c. —AmBT+32m3T (%2 —96m; Z[q ]} etre PWh PV, V,

—4Am3I2 +16miT(¢?)? €"P? P, P,A,A; Wi +h.c. —4AmBI+32m3T (%2 —96m; T[q"]} €re P, P, V,W1V,

Am2T? —96m;Z[q*)? P P,W1 P, Ay Ay 4m2T? —32m3T[q*3 +96mZ¢Y)? | ¢*P° P, P, V,V,Wi+h.c.
4AmbT? —32m3T(¢%)2 +96m;Z[q*]} o P, P, A, Wi Ay 4mT? —32m3T[q*3 +96mZ[¢Y)? | PPV, PV, Wi+h.c.

3
OFVW1) terms

—4AmPTP+32mPT(¢?)? —96m,Z[q*)? e"r? P, P, P,V Wi +h.c.

—dm2T? +32m3I[q*)2 —96mI[¢]} | 7 P, P,V,P,Wi+h.c.

Table 8. Subset operator structures in the degenerate fermionic UOLEA involving the pseu-
doscalar, vector and axial-vector structures. This subset will be used in the various examples we
present in section 3.

e We use the same notation in the Mathematica notebook as in the eq. (2.6) where
P,WO, W1 stand for the covariant derivative, scalar, and pseudo-scalar structures, re-
spectively. To avoid conflict with other Mathematica packages, we denote ©°, a’ for
vector and axial-vector structures. We follow the conventions of ref. [20] for v° and

€923 — 1 1. The trace of Dirac matrices is eval-

the total anti-symmetric tensor e**7?,
uated using the FeynCalc package [21-23] and thus the output operator structures

are also written in the language of this package.

e Regarding the hermiticity of the operator structures, the operators which are not
self-hermitian need to be accompanied with their hermitian conjugates. The non-
self-hermitian operators appear with “+ h.c” in the table of operators. We also
checked that the operator and its hermitian conjugate have the same coefficients that
result from the process of functional matching computations.

3 Examples

In this section we present a few examples involving the top quark, as a cross-check of
our results and to illustrate concretely how to use the fermionic UOLEA for practical
calculations.

3.1 Integrating out the top quark in the Standard Model

In the broken phase of the electroweak symmetry, the terms quadratic in the top quark
field interacting with the SM Higgs via a Yukawa interaction are
_ . — yt —
_ amqa _ By _ It
Loy Dt (z@u 9sG, T thFM) Yt —myt ﬂhtt, (3.1)

where G, is the gluon field, 7 is the SU(3). generator, and F), is the notation chosen for
the photon field so as to avoid confusion with the axial-vector matrix A,.

The above Lagrangian can be written in the canonical form that provides the starting
point for a UOLEA analysis as

LOVEATorm)  Fnp —my, — W)t (3.2)
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where, for this example, the covariant derivative P, and the coupling matrix Wy are

P, =iD, = i8, — g.GoT" — eQ,F,, Wo= 2. (3.3)
V2

We focus on the following operators in the EFT Lagrangian: h, h?, (8,h)?, h F,, F** and
h Gy, G**. This selects the following relevant terms in the UOLEA:

2
my
2

1 2
Lepr D —— | 4m3 [1—1
EFT (47)2 [ mt< OgM

) trWo + 2m? (1 — 3log m;) trVe
7

2 m? 2
- (3 +log Mz) tx (P Wall s Wal + (5 ) ([P RIIP PG |

(3.4)

where the coefficient of each operator in egs. (3.4) can be found in table 5, and note that we
must multiply those coefficients by i. To obtain the pre-computed coefficients in egs. (3.4),
we must retain the 1/e poles in the master integrals. These poles can be multiplied by the
€ terms appearing in the prefactor multiplying the master integral coming from the trace
over gamma matrices in the operator. For example,

(8 — 20)Z[¢%? = (8 — 2¢)

)

2 2
(1—logm2t+—’yE+log47r
o’ €
m2
=4m; [1—log—~ | —2m7, (3.5)
7!

where in going from the first to the second line, we take the limit ¢ — 0 and drop the terms
2/e — g + log 4, since we use the MS-scheme for renormalisation.

Next, we evaluate the trace over all internal indices, which in this case corresponds
to the colour and SU(3). indices carried by the top quark and gluon fields respectively,
obtaining

Y Yt y2 y2
trWo=tr ==hd, = N.—~=h, trWOQ:tr?th26ab6ba:Nc?th2,

V2 V2
tr[PlM WO] [PIM WO] =tr |:Zau _gSGZTa _thF,ua yth(sab] |:iall _QSGZTG — thF;m ﬂh 5ba:|

V2 V2
vi
= —Nci(a,m)2 : (3.6)
The field strength tensors can be obtained by using [P, P,| =4 (—gSwaTa) +i(—eQ¢F),

tr ([P, P)|[Py, P, ]Wo) = tr K(—igs)szyGi’wTaTb + (—ieQ1)*Fuu Fou

— 2(gs eQ:) Gy, T° FW> <% h M) }

2 Ut a a 2 Yt
__ (NC gsm> hGe, GO, — (Nc (€Qy) \/i) hFuwFu, — (3.7)
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where tr (T“Tb> = §%°/2 for generators of the fundamental representation of an SU(N)
gauge group. Inserting (3.6), (3.7) into (3.4), we obtain

—1 1 1. m?

2 2
Yt m m
+4ﬁNcm? <1—logﬂg> h+y? Nem? <1 —3log,u§> hQ]

+ (yt> 9% ner g 4 SO N R F (3.8)
V2) | 4872 my RV 2472 my R

where N, = 3, Q¢ = 2/3. The kinetic term for the Higgs may then be canonically normalised

by a suitable field redefinition. The results of the first two lines of eq. (3.8) agree with

those of ref. [11]. The third line agrees with the results of refs. [24, 25].

3.2 Integrating out the top quark coupling to a light pseudo-scalar Higgs A°
3.2.1 The effective coupling A%~

In this example, we consider the top quark with a coupling to a light pseudo-scalar, denoted
AY. We assume this field is lighter than the top quark, so that we may integrate the latter
out in order to obtain the Wilson coefficient for the dimension—>5 operator coupling between
AY and two photons. We assume a coupling structure of the pseudo-scalar to the top quark
taking the same form as in the type II Two Higgs Doublet Model (2HDM) or the MSSM.
Note, however, that our result may be generalised to any model involving a pseudo-scalar
coupling to the top quark, by a simple rescaling.

The terms in the UV Lagrangian relevant for computing the effective A%y coupling
can be written in the form

Luy Dt [(i@u —eQiF )" —my + z% cot BAYY®| t, (3.9)

where g/2My = 1/v and we use the notation of the 2HDM of type II, tan = v; /ve with
Upon integrating out the top-quark, we know that the effective interaction A%y~ should
be of the form

Lepr D Caoyy AYF FH (3.10)

- 1
where our convention for the dual field strength tensor is F),, = §€Wpanaa with 0123 =41,
The aim of this example is therefore to compute Cjo,, arising from the heavy top

quark loop.

UV Lagrangian in the UOLEA form. Before using the pre-computed coefficients
from the tables above, we need to write the UV Lagrangian in eq. (3.9) in the UOLEA

®Note also the use of F, for the photon field, to avoid confusion with the axial-vector coupling matrix A,,.
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form in terms of the relevant structures, which in this case comprises of only W in addition
to the covariant derivative,

,CS{,OLEA form) 57 [P/ﬂ“ —my — i”ySWl] t, (3.11)
where the covariant derivative P, (omitting the gluon piece which does not contribute) and
the coupling W are

P, D0, — eQiF,, W= —% cot BA . (3.12)

Clearly, the existence of only these two structures means we will only need operators and
coefficients from table 6 above in order to compute C 40,.. Furthermore, we know that since
both P, and W; are dimension 1, we will need only operators from the table of dimension
5 to form the EFT Lagrangian operator. While in this example the power counting may
seem superfluous since we are only interested in one operator with a transparent structure,
in more complicated examples this counting can be extremely helpful.

Relevant structures in the UOLEA. Now, referring to table 6, we can immediately
identify the necessary combinations of P, and W; that will form the effective operator
AOFWFW, along with their universal coefficients (recalling that we must multiply the
coefficients from the table by ). This therefore yields the effective Lagrangian as obtained
from the UOLEA

Lopr D i (M)} = SmPT[]} + 24muZ[q"]} ) tre " WA [P, P,][Py, Py]
1
©3272my

tr (e"P? W1 [Py, P,][ Py, Ps]) . (3.13)
The trace over the internal indices is then evaluated, to obtain

tr (P W [Py, P[Py, By]) = tr < [”:* cot ﬂAO} (—ieQ1)26 e’“’p"FWFpU>
—9 % cot B(eQ1)2N, A°F ), (3.14)

where we have used that the commutator [P, P,|¢ = i(—eQy)F),,¢. Putting the two pieces
together, we thus obtain the EFT operator corresponding to the effective interaction A%y~,

2
e 2 0 ~
EEFT D) mQt NC cot BA F,uVF/JJ/ . (315)

Comparing egs. (3.10) and (3.15), we conclude that

2
e
CAO'Y"/ = mQ?NC cot B . (316)

We have checked that this agrees with the result obtained by the usual Feynman diagram
derivation. Eq. (3.15) also matches the one in refs. [26-28] once the different convention for
the dual field strength used in those references, F w = €uvpo o, is taken into account. In
contrast to the Feynman diagram computation, here the effective operator and its Wilson
coefficient were trivially obtained using the pre-calculated universal results of the UOLEA

and the simple evaluation of a trace over internal indices.
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3.2.2 The effective coupling A°ZZ

We next consider a more complicated matching procedure than in the previous examples.
Indeed, since we wish to obtain the coefficient of the dimension-5 operator coupling the
pseudo-scalar A° to Z bosons, it is immediately apparent that we will now need to make
use of the vector and axial-vector coupling matrices V), and A,,.

The relevant terms in the Lagrangian are

Lyv Dt (Zau) = my + (ZTZt cot ,BAO) ’)/5

g 13 . g T3
ey (3 —@en0) 2+ () A a7

where we used the same conventions as in refs. [28, 29]. Meanwhile, the effective Lagrangian
for the A°ZZ effective coupling is

Lrpr D Cpoy,AZ,, 21, (3.18)
~ 1
where ZH = 56“”””8[pZU], with €923 = 1.

UV Lagrangian in the UOLEA form. As in the previous examples, we first re-write
the UV Lagrangian in terms of the UOLEA structures,

LA S E [Pt —my — i Wh = Vi — Ay, (3.19)

where the P,, Wy, V},, A, are defined as

P,>1i0,,
Wy = — ot BA°,

v

g 13 .9 (3.20)
Vp = QVZM gv = cos O, (2 — Q¢ sin 9w) >
g T3
A, =qgaZ,; = — — .
w= AL ga <cos€w 2)

We have dropped the gluon and photon pieces in the covariant derivative, since they do
not contribute to the matching calculation here.

Relevant structures in the UOLEA. Having identified the UOLEA structures that
will appear in the construction of the EFT operator, we must now decompose the latter to
determine what UOLEA structures will contribute. The EFT Lagrangian is

. 1
Lrpr D Cuoz,A°Z,,2M = 5CAZZA%WW (0uZy — 0, 2,) (0,25 — 05 Z,) (3.21)
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Thus, to reconstruct the EFT operator in terms of UOLEA structures, we need
e One insertion of Wj to account for the pseudo-scalar A°.
e Two P, insertions to account for the partial derivatives.

e To account for the two Z bosons, one might expect some combination of the structures
AA, VV or AV to be required. However, due to the structure of the effective operator,
it is clear that the product of the various UOLEA coupling matrices should have an
odd number of 4% insertions. Since W, carries a °, AV, which also has one ~°, will
not contribute.

The EFT Lagrangian will therefore be given by the following classes of UOLEA operators,

P2V2W- P2A2W
Lerr DY fN(OJ](V D4 fN(O)](V o (3.22)
N

Note that since we are integrating out the top-quark coupling to a single type of vector
boson, the Wy, V,,, A, terms are proportional to the identity matrix and so commute with
each other, which will simplify the calculation. Owing to the commutativity of Wy with A,

and V), the combination of all the OP*A*W1) apd QFP*V*W1) UOLEA operators of table 8
can be written as

LepT D fitr (EWIpUPMP,/Vpngl) + fotr (e“”p"PHI/VlP,,VpVU)
+ fstr (e"P7 P, P,A,AcW1) + fatr (e""P° P, W1 P,A,A,), (3.23)

where the values of the universal coefficients are

fi =i (4miT] - 32miTe?]} + 96mT[g"]}) = 87T21mt

fo =i (—4miT} + 32m3 T[]} — 96mT[g"]}) = 87T_27lnt

fz=1i (—4m§’l’f’ + 96miz[q4]?) = %lemt

= i (4725 = 96mTla") = 5 (329

These UOLEA operators and their coefficients can be read off from table 8; a complete
tabulation of UOLEA results for the degenerate vector and axial-vector case can be found
in the accompanying Mathematica notebook, as described in section 2.4. Due to the prolif-
eration of UOLEA operators involving V' and A, these are not listed in a commutator basis.
Instead, it is preferable to perform the rearrangement into the commutator basis for the
small subset of operators contributing to a specific application. We will now demonstrate
this for the effective A°ZZ coupling.

Constructing the EFT operators. We begin with the vector structure case,

Lo = fitr v P, P,V,V, Wy + fotr éP° P,W, P,V,V, , (3.25)
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and rearrange it into the following commutator basis (note that e.g. [V, Wi] = 0),

L) S ertr P Wy [P, Vi) [P, Vo) + eate P9 Wy (B, B [V, Vi
= —citr e“”p"PuwlP,,VpVg + (462 — Cl)tl‘ 6MVPUP#PVVF)V0W1 . (3.26)

In the second line we have expanded the commutators, so that comparing with the non-
commutator basis of egs. (3.25) then allows us to solve a system of linear equations that
take us from the non-commutator to the commutator basis of operators,

f 1
_ ] =—fo=——
—C1 = f2 PN ! 2 87T2mt 1 (327)
fo-a=/ 2:f1;f2 = 16m2m
t

Using [P, V,] =i(9,V,), we may rewrite the operator tr e#*?” W1 [P,, V,|[P,, V| as

1t €P7 W1 [Py, Vo] [Py, Vo] = (i%) c1 tr eP7W1 (0, V3) (0, Vi)
-2
- ClZZ“ Wi [eP7(0u V) (0,Vs) + 7P (0, V1) (05 V)
+ e**7(0,V,)(0,Ve) + €47 (0,V,,) (05 V,) |

-2
- cllztr PTWL0, Vi — B, V][0,V — 05V)). (3.28)

Putting it all together, we obtain the contributions from the vector terms O 2V2W1),

(vector) i2 o me 0 )
Lypr S72m, Ztr € Y cot BAY | bab Gy Zyw Zpo
1 .92 T3 .9 2 0 ~
— mNc cot BCOS2 o (2 — Q¢ sin 9w> A ZZy (3.29)

The computation for the UOLEA operators involving the axial-vector coupling matrix A
proceeds similarly. We find

:2

(axial-vector) 1 ? my 0 2

1 g T3 2 0 5
= mNc Cotﬁ Cose ? A Z,LLI/Z,LLI/' (330)
w

Adding (3.29) and (3.30) gives the final result,

2

9 2 .2 ) 0 ~
ot Bm (Tg + 3Q¢ sin” 6, [Qy sin” 6, — T3]> AZ, 2. (3.31)

L N,
EFT O 18720 cC

This result agrees with the one in ref. [26]. However, the calculation here is carried out in
a more streamlined manner using the UOLEA.
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3.2.3 The effective coupling A°Z~

To construct the effective coupling A°Z~ resulting from integrating out the top quark
coupling to a light pseudo-scalar A°, we split the interaction with the Z boson into vector
and axial-vector currents. The relevant terms in the UV Lagrangian are then

Luv Dt {(z’@u —eQiF,) " —my + (znzt cot BA()) A5

g T3 .. 92 g T3) 5:|
— — — 0, | Z,~" I t 3.32
cos By, ( 2 Q¢ sin w) G <cos0w 2 wYT| ( )

where F), denotes the photon field. We now integrate out the top quark to obtain the
following CP-even effective operator,

Lppr D Caoz,AZ, . (3.33)

UV Lagrangian in the UOLEA form. We write the UV Lagrangian (3.32) in the

canonical form,
Lyv(UOLEA form) = ¢ {P,/y“ —my — iy Wy — V,4H — Aufy“’ys} t, (3.34)
where the structures P,,W1,V,, A, correspond to

P, id, — eQ.F, |
Wy = — ot 5A°,
v

T . 3.35
Ve=9vZu; gv = cosgﬁw (23 — @y sin? 9w) ; (3:35)
g 13
Ap =942 ga=- <cos9w 2> '

Note that after the broken phase, our theory still respects U(1)qep, thus the photon
field still lives in the covariant derivative (together with the gluon field, which does not
contribute in the present case and has been omitted), while the Z boson should be put into
the V and A structures.

Relevant structures in the UOLEA. To obtain the EFT operator (3.33), we need:
e One insertion of W to account for the appearance of A°.

e Three insertions of P,. Two of them form the photon field strength. The last one
will act on the Z,. Then combining with the anti-symmetric tensor €#*#? we can
construct the dual field-strength tensor of the Z boson.

e One insertion of V' to account for Z,. As in the previous example, we can count
+® insertions to see that no operator involving A can contribute to the EFT opera-

tor (3.33).
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Putting it all together, the relevant class of UOLEA operators which contribute to the
EFT operator (3.33) is then

OLEA P3VW
LGN 53 oV (3.36)
N
Since in this case [W1,V,] = 0, we have only one UOLEA operator to consider,
clhecton) — (—4m?I§’+32m§’I[q2]?—96miI[q4]?> {tr (e"P° P,P,V,P,W1)+h.c.|, (3.37)

we note that the operator structure [tr (e"*?? P,P,P,V,W1) + h.c.] vanishes due to the
antisymmetry of the €*”?? tensor and [Wi,V,] = 0. We then rearrange the operator
structures in (3.37) into the basis where P’s only appear in the commutators. The operator
structures we expect in the commutator basis are

L5 5 1 (tr P9 [Py, P[Py, V] Wi + tr P W, [Py, V] [Py, Py] )
= 2f (tr P’ P, P,V,P, W, + tr"*° P, P, W, P,V,) (3.38)

As in the previous examples, we expand the commutators and, using the fact that

[(W1,V,] = 0, match with the non-commutator basis of eq. (3.37) and fix the value of
the coefficient fi:

1 ~1
fr=ig (—4miT} + 32mPZ(?)} — 96mT[g"]}) = ot (3.39)

Plugging P, V,, and W; from eq. (3.35) into
£5eton) 5 1 (treP7 [Py, P, [Py, Vo] Wi + tr P W1 [Py, V] [Py, Py] ) | (3.40)

and using [P, P,| = i(—eQ;) F,,, and [P,,V,] = igy (0uZ,), we obtain

LEFT D f1 (gv th) tr [26“'4’0 (8MZV) Fp(,Wl]
= fi (gV th) tr [Euupa (8;LZV) chrWI + e7hre (&/Zu) FpUWI}

- m
= 62, (gv eQy) tr [(_vt cot BAY 5“”) EWP"ZWFPU} . (3.41)
T
Taking the trace over colour degrees of freedom and using gy = cosg 7 (23 — @y sin® HU,)
w
from eq. (3.35), we obtain the final result,
1 J in26,, ) A° 3
Lowr D g Necot feQu) (75 — 2Qusin 0,) A°Z,, B, (3.42)

This result agrees with the ones in refs. [24, 26]. Once again we note the relative ease and
efficiency with which the same result can be derived in the UOLEA.
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4 Conclusion

The universality of the one-loop effective action obtained by integrating out heavy degrees
of freedom has emerged as a byproduct of improved path integral methods for performing
these calculations. This so-called UOLEA makes the repeated evaluation of functional de-
terminants redundant and provides a more efficient way of matching at one loop compared
to Feynman diagrams, especially when systematically obtaining an ensemble of operator
coeflicients at once. It also has the advantage of being easier to automate.

Previous work developed the bosonic UOLEA for integrating out heavy bosons, includ-
ing mixed heavy-light loops. While these results could be used for integrating out fermions
as well in some cases, they did not account for 7 matrices in the fermion couplings, and
were also not as straightforward to use as in the bosonic case. It was therefore necessary to
extend the UOLEA to the fermionic case, and desirable to do so in a way that maintained
the simplicity of the UOLEA approach.

In this work we presented the fermionic UOLEA, which can be used for one-loop
matching with heavy fermions (Dirac or Majorana) in the loop, coupling with structures
involving ~ matrices. The starting point is the UV Lagrangian of eq. (1.4), for which
the UOLEA is given by eq. (1.6). A subset of our results for the new UOLEA operators
and the corresponding universal coefficients are tabulated in tables 4, 5, 6, 7 and 8 for
the degenerate mass case, while the full results, in the non-degenerate case for P, Wy, Wy
structures and in the degenerate case for V, A structures, are available in the accompanying
Mathematica notebook €9, [13].5 These expressions can be readily incorporated into codes
that automate the tracing over the internal indices and the rearranging of the resulting
EFT operators into a non-redundant basis.”

The status of the UOLEA terms available and those that remain to be computed is
summarised in table 1. This is listed for completeness though we note that the majority
of UV Lagrangian structures of interest are now included in the UOLEA for obtaining
EFT operators up to dimension 6. Nevertheless, further efforts to complete the UOLEA,
including all possible structures and extending to higher dimensional operators, would then
enable and be a part of a fully general automated one-loop matching tool. This ambitious
goal is left for future work.
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A Integrating out heavy Majorana fermions

We give here more details if one would like to integrate out heavy Majorana fermions. In
this case, the quadratic operator does not change, and we are still able to use the pre-
computed coefficients in the fermionic UOLEA for 1-loop matching. In practice, we can
put the Majorana fields, and their conjugate into a doublet (using the four-component
spinors for each field), and the quadratic operator will multiply with the factor % and the
1ox2 identity matrix.

For illustration, we present here a mini-example integrating out gluino and wino to
clarify our statement. Suppose

Lyissm D %(g)TC {Z (au - igsﬁGﬁ) M= mg} g

+-n)Te [z (a” —igat' W] — 191YBﬂ) A mw] W, (A1)

1
2
where we used the notations and conventions in ref. [33]
~ A = Aw N = =T
Jg= ? , W={i% ], g=(@) C and W=(W)C.
Ay Aw

We note that the gluino and wino are denoted as Majorana spinors Ay and Ay, respectively.
Integrating out the heavy fields, § and W, and computing the contributions from the loop
with only heavy Majorana fermions to the gauge boson kinetic terms, we obtain

1 1 y
Lot D c((g,i) tr[Py, Py] [Py, P,)6*P 1oy + 5 C((IEQ tr[Py, Py] [Py, P)67 15,

Lf -1 mEN 44 1 -1 4 mk Iyl
:—< - 2log )GWGW— log WuWa
1
4

4\16723° w?
sz wiwl,

(A.2)

i (1
where C’((P)4) =1 (—2m§1§1 +4m?ZT[¢?)} + (5e — 8)I[q4]4) is taken from tables 4 (result of

the master integrals are listed in ref. [9]) and we then sum over all internal indices (SU(3)

and SU(2) indices for the loop with gluino and wino respectively). The results of 5Z(Gg)

and 5Z‘(,[‘;~V) agree with eq. (3.66) in ref. [33].
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