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ABSTRACT: We present the fermionic universal one-loop effective action obtained by inte-
grating out heavy vector-like fermions at one loop using functional techniques. Even though
previous approaches are able to handle integrating out heavy fermions with non-chiral inter-
actions, i.e. vanishing 7° interaction terms, the computations proceed in a tedious manner
that obscures a physical interpretation. We show how directly tackling the fermionic func-
tional determinant not only allows for a much simpler and transparent computation, but
is also able to account for chiral interaction terms in a simple, algorithmic way. Finally, we
apply the obtained results to integrate out at one loop the vector-like fermions appearing in
a toy model and in a fermionic model that exhibits strong cosmological phase transitions.

KEYwORDS: Beyond Standard Model, Effective Field Theories

ARX1v EPRINT: 2006.16532

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP01(2021)049


mailto:andrei.angelescu@mpi-hd.mpg.de
mailto:peisi.huang@unl.edu
https://arxiv.org/abs/2006.16532
https://doi.org/10.1007/JHEP01(2021)049

Contents

1 Introduction 1
2 Setup 3
3 Computation of the fermionic one-loop effective action 6
3.1 Dimension-1 terms 7
3.2 Dimension-2 terms 7
3.3 Dimension-3 terms 8
3.4 Dimension-4 terms 9
3.5 Dimension-5 terms 11
3.6 Dimension-6 terms 13
4 Examples 18
4.1 A toy model 18
4.2 Fermions and cosmological phase transitions 19
5 Summary and conclusions 24
A Master integrals and treatment of ~° 25
B Operator basis and SU(2) traces 27
C Relation to the UOLEA coefficients 28
D Fermionic universal coefficients for equal masses 29

1 Introduction

Despite a huge experimental effort, signals of physics beyond the Standard Model (SM)
remain elusive up to date in direct searches at the Large Hadron Collider (LHC). The
absence of such signals has determined a shift of attention towards possible indirect effects
of heavy new particles, which can be systematically studied in the context of effective field
theories (EFTs) such as the Standard Model Effective Theory (SMEFT) [1, 2].

The main strength of EFTs is model independence: experimental measurements can be
used to place bounds on the higher-dimensional deformations of a given low-energy theory
(e.g. the SM) without specifying any underlying ultraviolet (UV) theory responsible for
inducing those deformations. Conversely, the heavy degrees of freedom of a given UV
theory can be integrated out and matched to a low-energy EFT, allowing for an efficient
study of the resulting effects. In this sense, EFTs serve as a bridge between UV theories



and experiments, as long as the new degrees of freedom are sufficiently heavier than the
energy scale of the experiment.

Given the current (and future) experimental precision, an accurate translation of the
SMEFT bounds to bounds on specific new physics scenarios requires the matching to be
performed at the level of (at least) one loop. Traditionally, this task is done at the amplitude
level with the help of Feynman (loop) diagrams. A perhaps more elegant and simpler alter-
native for performing the one-loop matching relies on working directly with the path inte-
gral. The idea behind this approach is to identify the contributions of the heavy fields to the
one-loop functional determinant, and then expand the determinant in inverse powers of the
heavy masses to obtain effective operators containing the light fields. Among the desirable
features of such functional methods, there are at least two worth mentioning. Firstly, unlike
in the case of Feynman diagrams, gauge covariance is preserved in the intermediate steps by
performing a covariant derivative expansion (CDE), which automatically ensures a gauge-
invariant final result. Secondly, such methods give universal results that can be applied to a
broad class of new physics scenarios with almost no assumption regarding the UV dynamics.

Functional techinques for one-loop matching and their applications were first developed
almost 40 years ago in refs. [3-5]. The subject has been recently brought back into focus
by ref. [6], which provided a universal master formula for one-loop matching assuming
degenerate masses for the new particles. The generalization to non-degenerate spectra was
completed in ref. [7], and the resulting master formula was named the “Universal One-Loop
Effective Action” (UOLEA). However, as pointed as out in ref. [8] (see also ref. [9]), both
master formulas presented in refs. [6, 7] could only account for the so-called “heavy-only”
terms, i.e. terms stemming from loops containing only heavy fields. Shortly afterwards,
master formulas including also the “(mixed) heavy-light” terms (originating from loops
containing both light and heavy fields) were computed using various methods in refs. [10—
12]. With the help of the covariant diagram technique developed in ref. [13], ref. [14]
established that heavy-only and heavy-light terms share the same structure, and extended
the UOLEA of ref. [7] to include heavy-light terms as well. In addition to the references
mentioned up to now, applications of functional methods for one-loop matching have been
studied e.g. in refs. [15-21] (see also refs. [22, 23]).

Nevertheless, none of the previously mentioned master formulas capture the effects of
integrating out heavy fermions at one loop in a consistent or straightforward manner. The
main reason behind this is the presence of fermionic interaction terms containing the ~°
Dirac matrix. Furthermore, even if the terms containing ~° are set to zero, applying the
previously mentioned master formulas to the fermionic case proves to be a tedious task.
This problem is however overcome in ref. [24], which provides a universal formula which
applies to (but is not restricted to) the case of heavy fermions as well, and which consistenly
captures the effects of all possbile Dirac structures, including v°. Even so, ref. [24] does
not explicitly specify the y-structure of the heavy fermion interactions, and hence does not
compute the resulting Dirac matrix traces.

It is therefore the aim of this paper to provide a fermionic universal master formula
which incorporates the evaluation of Dirac traces as well. To this end, we calculate the
heavy-only contributions arising from integrating out heavy vector-like fermions (VLFs) at



one-loop, taking into account the Dirac matrix structure of the VLF interactions. In doing
so, we uncover for the first time a systematic way of incorporating the effects of the ~°
interaction terms. We choose to perform this operation in the unbroken (symmetric) phase,
where none of the light scalars have a vacuum expectation value (VEV). In the familiar case
where the low-energy theory is the SM, this amounts to calculating the SMEFT dimension-
6 operators and Wilson coefficients induced by loops containing only heavy VLFs.

Our work is outlined as follows. In section 2, we specify the general Lagrangian con-
taining all the VLF interaction terms allowed in the unbroken phase, and then set up the
expansion of the functional determinant in inverse powers of the VLF masses. We also
provide a brief review of alternative methods of tackling the fermionic functional determi-
nant. Section 3 is dedicated to the calculation of the fermionic UOLEA terms and their
associated universal coefficients. The results from this section are connected to previous
universal results in appendix C, and then summarized in appendix D. In section 4, we
apply the results obtained in section 3 to a fermionic toy model and a more realistic VLF
model. Finally, we conclude in section 5.

2 Setup

We consider a fermionic model containing several heavy Dirac VLF multiplets ¥;, charged
under a generic (semi-simple) gauge group, e.g. the SM gauge group SU(3)¢c ® SU(2); ®
U(1)y. Working in the unbroken phase of the theory, the most general renormalizable and
gauge-invariant Lagrangian of the VLF sector reads

ﬁVLF = E (’L'")/#Du — M — S — ’L"}/5P) U = @z {(Z’y#DéJ' — mz) 5ij — Sij — Z’)/E’Pl]} \I/j, (21)

where summing over the multiplet (flavour) indices 4, j is implicit. Throughout this paper
we use the latin indices {4, j, k,l,m,n} to denote flavour indices and assume that summing
over them is implicit when considering Lagrangians.! By virtue of working in the unbroken
phase, the vector-like mass and heavy fermion covariant derivative matrices are diagonal
in multiplet space, M;; = m;d;; and ij = D¥§;; (no sum), whereas the S and P matrices
are in general non-diagonal, which implies that they do not always commute with M.
Hermicity of the Lagrangian in eq. (2.1) implies that both S and P are Hermitian.

The interactions of the heavy fermion fields ¥; with the light gauge fields are encoded
in the D, matrix, which takes a generic form

Dyi=0,+iY gGith,, (2.2)

where the sum runs over all the light gauge fields G, and the repeated index a implies
summing over all generators of each gauge group. The index ¢ of the group generator
i serves as a reminder that it lies in the same gauge group representation as the heavy
fermion W, that it acts upon. On the other hand, S = S(¢) and P = P(¢) specify the
Yukawa interactions of W, with light (pseudo)scalar fields denoted generically by ¢.

"We will however assume that summing over flavour indices is not performed in the case of defini-
tions/expressions of the universal coefficients, which appear later on.



Since we are working in the unbroken phase, where none of the scalars appearing in S
and P have a vacuum expectation value (VEV), the vector-like nature of the new fermions W
forbids an axial term W; ('YM’Y5A%) ¥, while we discard the tensor term ¥, (UM,,Ti’;V> U, as
it encodes non-renormalizable interaction terms of at least dimension-5. The pseudoscalar
term mSPij is however allowed, as the left and right chiralities of a given VLF can couple
differently to the scalar fields present in S and P. If we were to work in the broken
phase, the general Lagragian would contain both the axial term mentiond above and a
non-diagonal vector term, W, (W’uvz‘? ) ;.

To obtain the effective action induced by integrating out the heavy fermions ¥; at one
loop, we must calculate the “tracelog” [3-6] of the operator appearing in eq. (2.1):

S =ics Trlog (i, D' — M — § — i7" P). (2.3)

Here, the fermionic factor ¢y = —1 appears from performing a gaussian path integral over
anti-commuting fermionic fields. The symbol Tr denotes a full trace over coordinate space,
flavour space, and internal degrees of freedom (spin and gauge). Computing the effective
action up to dimension-n amounts to expanding Sy up to terms of O(M*~"). To set up
this expansion, the usual procedure is to write explicitly the trace over coordinate space
(for a rigorous treatment of this operation, see ref. [25]) using momentum eigenstates in d

dimensions:
. dp . .
Sy =icy tr/ W(p\ log (Z’}/uDM - M-S - z'ySP) Ip)
de ~ -
=icy tr/ddx/ (27r])7deﬂpx log (i’yuD” -M—-5- i'y5P> e'Pr
. d ddp . " . 5
:chtr/d x/<2ﬂ>dlog(—p—M+qu — S —iy P), (2.4)

where for the last equality we used the fact that “sandwiching” an operator function f(d,)
between the exponential amounts to shifting f(9,) — f(0, + ip,). At this stage, one can
“sandwich” the log in eq. (2.4) by exp (iiDM%) as originally done in refs. [3, 5], and
obtain an expansion that is manifestly gauge-invariant at all intermediate stages [6], i.e.
covariant derivatives appear only in commutators. We do not pursue this avenue in this
paper and instead work directly with the expression from eq. (2.4).

The trace operator tr in eq. (2.4) denotes tracing over flavour, spin, and gauge degrees
of freedom. After flipping the sign of the loop momentum, we get:

Sy =icy tr/dd:E/ (jil;d log [],75 - M — (—i%D” + S+i75P)}

=L tr/dda: /[ddp] log [1 —(p- M) (Dt S+ w”P)] L @25)

Passing to the second line of eq. (2.5) is possible only because the of the equality trlog(A+
B) = trlog(A) + trlog(1 + A~1B). Moreover, we have discarded the constant term oc
log(p — M) as it does not depend on any fields, and defined a new momentum integral



measure as:

-1
Denoting the fermionic propagator as (p - M ) = A, we can finally perform the Taylor
expansion of the log from eq. (2.5) and write down the effective one-loop Lagrangian as

Ly = 167T2 2_: /dd |t {[& (=imuD" + 8 +ir°P)]"}. (2.6)
A desirable feature of the expansion in eq. (2.6) is that each order n contains only operators
of dimension-n, which renders the power counting transparent. This owes to the fact that
all three terms D*, S, and P are of dimension-1, as they depend linearly on bosonic fields.
Therefore, truncating the series at n = 6 ensures the inclusion of all the effective operators
arising at dimension-6 or lower.

In the existing literature, several methods have been advanced for evaluating the
fermionic functional trace. Refs. [6, 7, 10, 12] use the invariance of the trace under
Yu — —yu and Trlog A + Trlog B = Trlog AB to bring the fermionic trace in a form
that resembles the bosonic trace:

Glerm _ %f [Trlog (i, D" — M — W) + Trlog (—iy, D" — M — W)]

= ZCTJcTr log (D2 + M? + Uferm) ; (2.7)

with .
Uterm = = 50" [Dysy Do) = (D, W) =il WD, + {M, W} + W2, (28)
where we use the usual notation for the (anti)commutator and o#” = %[”y“,’y” ]. Once

brought into the form shown in eq. (2.7), the fermionic trace can be computed using
the known results for the bosonic trace [6, 7], dubbed the “Universal One-Loop Effective
Action” (UOLEA). However, these results apply solely to the case where Ugeyn does not
contain any open covariant derivatives,? which is true only if [y*, W] = 0. Since in the
general renormalizable case displayed in eq. (2.1) W contains +°, it is clear that the trick
shown in eq. (2.7) is helpful only if the 7° piece is vanishing, i.e. P = 0. And even if P = 0
and therefore [y#, W] = 0, the rather lengthy expression of Utep, from eq. (2.8) makes this
method impractical for computing the fermionic functional trace.

Another method to compute the fermionic functional trace was put forward in ref. [13]
and relies on a diagrammatic computation of eq. (2.6). Exploiting the cyclic property® and
the gauge invariance of the trace in eq. (2.6), one can write down all the allowed operators
appearing at a given order and then calculate the corresponding universal coefficients by
considering loop diagrams involving combinations of insertions of the three terms from
eq. (2.6) (iy,D*, S, and ¢y°P). This method has been dubbed the “covariant diagram”

2As usually defined in the literature, open covariant derivatives are covariant derivatives that do not
appear inside commutators.

3Note that the cyclic property of the trace in eq. (2.6) is not apparent, as D" acts on coordinate space,
while tr does not include a trace over coordinate space. This issue is discussed later on in section 3.4.



approach, as the covariant derivative D, is treated as a single object, as opposed to being
split into J,, and the gauge boson piece, as is done in conventional Feynman diagrams. Our
computation of the fermionic functional trace uses the approach presented in ref. [13], as
we also rely on the cyclic property of the trace. However, as opposed to ref. [13], we do
not use diagrams, but read the terms directly from eq. (2.6). Moreover, ref. [13] splits the
fermionic propagator into two parts:

You m
p2 _ m2 p2 _ m2 :

In our approach, instead of performing this separation, we just compute the fermion traces
and the resulting loop integrals using Package-X [26, 27].

Finally, we mention once more ref. [24], which provides a fermionic extension of the
UOLEA (both heavy-only and heavy-light contributions, plus mixed scalar-fermion contri-
butions, being able to consistently handle any ~-structure, including v° terms) and calcu-
lates all the relevant momentum integrals, but without specifying the y-matrix structure
of the interactions and therefore without evaluating the spin traces.

3 Computation of the fermionic one-loop effective action

We now compute order-by-order the terms from the effective lagrangian in eq. (2.6), up
to n = 6, which corresponds to dimension-6 operators. In the particular case of the
SMEFT [28], where the only light scalar field is the SM Higgs doublet, gauge invariance
dictates that terms corresponding to odd powers of n vanish. Nevertheless, we focus on the
general case and consider odd powers of n as well. Throughout the computation, we denote
the trace over spin degrees of freedom (i.e. Dirac traces) as trs, and the trace over gauge
indices as trg. Moreover, we pull out from each term in the effective action a factor of

trg1 =np = 4, (3.1)

which represents the number of spin degrees of freedom for a Dirac fermion (we denote
the identity matrix in spinor space as 1). This choice facilitates the comparison with the
UOLEA results (see appendix C). In addition, we explicitly write down the symmetry
factors for each gauge-invariant trace, as opposed to absorbing them in the universal co-
efficients. For example, the trg (5;;5;1Ski) term comes with a factor % in front, whereas
trg (Si PjrPri) has no symmetry factor. For the universal coefficients, we use the shorthand
notation

g(mi,mj,my,my, ) = gijkl“'. (3.2)

Also, we often encounter coefficients with flipped signs for some of the masses. To this end,
we define the following notation:

g(mia Mg, =My, Mg, - ) = glj(k)l’ g(ml7 —My, M, =M, -~ ) = gZ(])k(l)v (33)

i.e. an index between brackets translates to a flipped sign for the corresponding mass. As
mentioned before, we consider the sum over flavour indices to be implicit.



Finally, before starting our computation, we briefly discuss the type of terms that
are allowed in the one-loop effective action. Even if not apparent from eq. (2.6), gauge
invariance ensures that in the final result all the covariant derivative matrices organize into

commutators,? i.e. the only dependence on covariant derivatives is through pieces such as

[D,, X] (with X =S, P) or [D,, D,], which we denote as
Dy, D] = iF. (3.4)

Moreover, all terms containing an odd number of D,,’s vanish because of Lorentz invariance.
Due to the properties of Dirac traces involving +°, the only terms containing odd powers of
P are O(PD*) and O(SPD*), which appear at dimension-5 and dimension-6, respectively.
3.1 Dimension-1 terms
At dimension-1, there is only one possible term, O(S) , all the other ones being forbidden
by gauge and Lorentz invariance:

16m° L = cf / [d%p)tr [AiSi] = cpnp gi trg (Si) (3.5)
where gi can be expressed in terms of the master integrals from appendix A as

g = = / (] tes [A4] = mi Z[ai. (3.6)
np

The factor np from eq. (3.5) comes from the trivial spin trace trs 1, and the terms involving
Y and/or +® matrices vanish under the spin trace. Note that, by gauge invariance, the
sole term from eq. (3.5) vanishes unless the light particle spectrum contains a real singlet.
In this case, this term would represent a tadpole term for the singlet.

3.2 Dimension-2 terms

At dimension-2, only the O(S?) and O(P?) terms appear, as the remaining O(D?) and
O(D,S, D, P) terms are forbidden by gauge and Lorentz invariance, respectively. There-
fore, we can safely drop the iJp piece from the n = 2 contribution:

1672L7%2 = %Cf /[ddp} tr {Al (Sij + ’L"}/spij) A (Sji + i’y5sz‘)]
= %Cf np |95 try (SiSjs) + (57 + 095 ) trg (PiPy)] (3.7)

where we have kept the symmetry factor % of the gauge traces involved. Both terms
quantify the one-loop contribution of the heavy fermions to the masses of the light scalars

4Even if not true in general, this statement holds for our particular case, where S and P do not contain
any open covariant derivatives, i.e. covariant derivatives not appearing in commutators. For example,
open covariant derivatives would be present if heavy scalars and/or gauge bosons would be integrated out
alongside the VLFs.



present in the theory. Using dimensional regularization [29] in d = 4 — 2¢ dimensions, the
universal coefficients are given by:

g 1
0 = — [lap) s (&) = TRAL} +mom, T,
L g 1 . .
7 + g8 = o / [ap] trs [ & (7°) 4; (i7°)] (3:8)
927 = TN} —mam; Ol 69y = eZ(p*)}} = m} +m,

It is interesting to remark that the coefficients of the O(S?) and O(P?) terms are related:
g;(J ) is equal to g5 with the sign of m; flipped. This equivalence follows from the identity
(see appendix A for the definition of g, ):

i (p+ m)in® = (p — m) — 20,up"", (3.9)

where the term proportional to g, is responsible for generating the finite correction 599 5
As detailed in appendix A, the term proportional to g, from eq. (3.9) stems from using
the so-called BMHV scheme to handle v° in d-dimensional space, and it needs to be kept
as we are dealing with divergent loop integrals.

Using the equality from eq. (3.9) (or variations thereof) and trace symmetry arguments,
the coefficients of terms involving even powers of P can be straightforwardly expressed with
the help of coefficients of terms involving only S, as illustrated later on. As an added bonus,
for terms of dimension 5 and 6 we can set g, — 0, as the corresponding loop integrals are
finite, which will greatly simplify our computation.

3.3 Dimension-3 terms

Going forward to n = 3, Lorentz and gauge symmetries restrict the possible terms down
to O(S3, SP?), which from the physical point of view renormalize the trilinear light scalar
couplings present in the unbroken phase. Skipping intermediate steps, the dimension-3
Lagrangian is given by:

_ L i ij ij
1671'2[,1;[_3 =cfnp {3 ggjk trg (Sszijkz) + (g3j(k) + 5933) trg (Sz]P]ksz) , (3.10)

with the following coefficients:

ijk

93 = /[ddp] trs (AzA]Ak) = (ml +m; + mk)I[pQ]lljlkl + mymjmy, Ibﬂ]%ﬂl}i?

1
np (3.11)
111

895 = (my +my)e I[P = mi +my,
and géj(k) = g3(ms, mj, —my,), cf. eq. (3.3). As pointed out at the end of section 3.2, the
coefficient of O(SP?) is related to the coefficient of O(S?3) by flipping the sign of my, and
adding a finite contribution dgy, which follows from eq. (3.9). The symmetry factor % of

the gauge trace trg(SS) comes from its Z3 symmetry, while the lack of cyclical symmetry
of trg(SP?) explains why it has no symmetry factor.

5Note that using a scheme in which ~° (naively) anticommutes with v* in d-dimensional space would
imply that dg5’ = 0.



3.4 Dimension-4 terms

The discussion becomes more involved when passing to dimension-4 or higher terms, as
terms with covariant derivatives are now allowed by gauge invariance, unlike the case of
n =1,2,3. We organize the three possible terms as

LY = Lyxa+ Lx2p2 + Lpa, (3.12)

where X is used to generically denote S and P. From the physical point of view, the three
terms renormalize the quartic scalar couplings, the kinetic terms of the scalars, and the
gauge kinetic terms, respectively.

As this is the first time we encounter traces containing covariant derivatives, we com-
ment on whether the cyclic property can be used for such traces. When dealing with
the trace over internal degrees of freedom only, denoted as tr, the cyclic property ob-
viously does not hold. However, this property does hold when using the full trace, Tr,
which includes a trace over the coordinate space in which the derivative operator 0, acts.
Since Sy = [ d%x Ly, one can convert the trace over internal degrees of freedom to a full
trace [4, 12] using the identity:

[dtaulp@) =3 [ deulf@]s'0) = - [ ot @) = @), (@13

where we have used the d-dimensional space-time volume V; to compensate the infinite
Dirac distribution, V; = §%(0) = (z|z). Using this trick, one can switch from tr to Tr,
apply the cyclic property for covariant derivative terms to cast them into the desired form,
and then revert to tr. The net result is that one can safely apply the cyclic property for
covariant derivative terms too. This is the reason why it is possible to set up a diagrammatic
approach, as done in ref. [13].

O(X*) terms. Expressing the O(X*) terms is a straightforward generalization of the
case of O(X?) terms discussed in section 3.3. In the present case, however, there are more
independent terms® involving S and P, namely S*, S2P?, (SP)?, and P*. These terms are
given by:

1 . iy
16m°Lxa = cfnp [4 g™ trg (Si7S6SkSu) + (QZJ Y 594a) trg (SijSjkLrlls) (3.14)

~ 3 97 trg (S Pk Sk Py + 1 (QZ(J)W) + 594b) trg (Pij Pjr PriPii)
The universal coefficient gij M and the finite corrections 0g4a, 0g4p Tead

ijkl

P = LTt (88,800 = T+ momgmeon T 1

+ (mamy + mamy, + mamg + mymy + mimg + mymg) Zp*l (3.15)

1
np

8 8
0910 = €Z[p"|jjul = 1, Ogm = §€I[p4]z1j1klz1 3

SIn this work, we define independent terms as terms which are not a cyclic permutation of one another.



while the remaining universal coefficients follow from their definition from eq. (3.3). In
eq. (3.14) the % symmetry factors have been kept in accordance with the Z, symmetry of
each trace, while the minus sign in front of the third term is a result of the identity

i (P +ma) (P + ma)in® = —(p — ma) (p — ma) — 2(m1 + ma)Gupty” (3.16)

which is a simple variation of eq. (3.9). Note that the gflj B term does not receive any
finite corrections stemming from the BMHV treatment of 4°, as the term proportional to
Guv from eq. (3.16) scales as p* and not p?. Consequently, 9w ends up multiplying a finite
integral, and the result vanishes when taking the limit € — 0.

O(X2D?) terms. For calculating the O(X?D?) terms, we use an approach similar to
the one presented in ref. [13]. We focus on the O(S?D?) term, from which the remaining
O(P?D?) term follows immediately, as mentioned at the end of section 3.2.

We first note that there are two independent terms that contain two covariant deriva-
tives and two powers of S, S2D? and (SD)?, and their coefficients follow from the n = 4
term in the Taylor expansion of eq. (2.6):

16m°Lg2p2 = —cf [/[ddp] trs (A4 Ay divy) trg (8485 DY DY)
+ % / [dp] trs (A; Ayl Ay) trg (SijD;‘SﬁD;f)] . (3.17)

Note that each term has the appropriate symmetry factor. Afterwards, we write down
all the possible gauge-invariant terms (and the corresponding symmetry factors) arising at
O(S%?D?) — in this case there is only one term — and expand the commutators:

1 py
167" Lazp2 = Sepnp gy try (IDy, 81, (D", 81;,)
=cfnp géjtrg (SijD?SjiDuﬂ' — SZJS]ZDZZ) s (318)

where we have used the symmetry of the form factor, géj = ggi, which follows from the
symmetry of the associated trace. With egs. (3.17) and (3.18) at our disposal, we can solve
for g by equating the factors multiplying the (SD)? term:

y 1 g™ [
gs = “oup d [d“p] trs (Az’Aj’YuAin’YV)
1 mi — ms)2 mim?
= =3Il “4”1[192]%? - =5 Il (3.19)

with d = 4 — 2¢ the number of space-time dimensions. We mention that, equivalently, géj
could have been computed by matching the factors in front of the S2D? term. While for
calculating géj it is sufficient to equate the prefactors of only one of the two independent
terms” in egs. (3.17) and (3.18), investigating the other term is useful too, as it provides a
consistency check of the results. We have performed this check and re-confirmed eq. (3.19).

"This redundancy is also pointed out in ref. [13] for the case of covariant diagrams, and has the benefit
of drastically reducing the number of diagrams that need to be computed.
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As for the O(P2D?) term, the computation proceeds in an equivalent manner, which
allows us to write the effective Lagrangian at O(X2D?):

1672 L 2 po = %cf np |g% trg (D, S1;[D*,S1;,) + (957 +695) trg ([Dy, PLi; [D¥, P ) |
2

where the finite correction is given by

€ 1
dgs = —=ZIlp'lf = —5. (3.21)

2 2
O(D*) terms. Since the D,’s are diagonal in multiplet space, the term involving four co-
variant derivatives depends only on one mass. The only gauge invariant quantity involving

four D,’s is F* F,,, with F,, defined in eq. (3.4), hence the O(D*) term reads

1 .
1672 Lps = 26D g trg (F'"Fpy;), (3.22)
with
. g gPo .
96 = Tnpdld—1) /[d pltrs (Bivudiv AivpAivs)
1 De 1 2
— & (14 ) T - Gmizh? + ST, (3.23)

where the O(e) term in the factor multiplying the divergent integral Z[p*]?

; was retained

to correctly account for the finite part. We note that our result for the O(D*) term agrees
with the findings of refs. [6, 13].

For clarity, let us break down the intermediate steps in obtaining the result in eq. (3.22).
Starting from the Taylor expansion in eq. (2.6), the @(D*) piece is given by:

1 v
16m2L s = Y /[ddp] trs (A i AivpAive) trg (DYDY DI DY)

1 : -
= §Cf np 96 (Guv9po — 29upGve + GuoJup) trg(DfD?DfDi )

1 .
= 5¢f D g6 trg(2D'D?D,,; — 2D!' DY D,,; D, ;). (3.24)

Passing to the third line is done through a cyclic permutation of the D?D? term, and then
eq. (3.22) is recovered by noting that 2D¥ DD, ;D,,; — 2D!'D?YD,,;D,,; = F”V’iF/ﬁy.

3.5 Dimension-5 terms

For the dimension-5 case, we organize the possible terms as follows:
£7}{:5 :£X5 +[’X3D2 +£SD4 +£PD4' (325)

We choose to treat the O(SD*) and O(PD*) terms separately, as they are different in
terms of their C'P properties.

As pointed out previously, the dimension-5 and dimension-6 universal coefficients are
finite, allowing us to compute the corresponding loop integrals in 4 instead of d dimensions.
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Therefore, +° retains its usual anticommuting properties and we no longer need to keep the
pieces proportional to g, from egs. (3.9), (3.16) (or variations thereof) when computing
the universal coefficients for terms involving even powers of P. We stress once again that,
with the help of egs. (3.9), (3.16) and trace symmetry arguments, these coefficients follow
effortlessly from the coefficients of operators containing only insertions of S.

O(X5) terms. Similarly to the O(X?) and O(X*) contributions, the O(X?) Lagrangian
reads:

1 i ..
167T2£X5 =Cfnp |:5 g7jklm trg (Sz]S]kSlelmsz) + g;]kl(m) tl“g (SiijkSkllePmi) (3.26)

— géjk(lm) trg (SijSjkPriSimPmi) + géj(k)l(m) trg (Sij Pjk Pri Pim Prmi) |,

with the universal coefficient given by:

g = [ty (B B biBn)

= (m; + m; +mg +m; + mm)I[p4]11111

ijklm T [mim(my +my + myy,)
+ (mi + my)me(my + mi) + (Mg + mj + me)mum] Zp*] i
+ mimgmimymem ZIp°) i (3.27)

O(X3D?) terms. For the O(X?D?) terms, we follow the same procedure as for the
case of O(X?D?) terms. Focusing on the O(S®D?) contribution, the only independent
gauge-invariant combination is

1672 L p2 = cpnp gty (S [Dys Sy (D", S, (3.28)
= cf np trg [(ggjk + ggki — ggij) (SiijkDZSkiDu,i) — ggjk (SZ]SjkD]%S]ﬂ)} .

It is clear from this relation that the easiest way to find ggj *is to compute the loop integral
multiplying trg (SiijkD,%Ski) from the covariant derivative expansion in eq. (2.6):

1672 Lg3p2 D —cf /[ddp] tre (Aiﬁjﬁk’yuﬁk’yyﬁk) trg (Sij Sk D} DY Ski) » (3.29)
from which ggj ¥ is found to be8

g = L [latyl o, (i Kauin )

(3m; + 3m; + ka)miz
2

m; +m; f
- _%I[pﬂzljl]g + [p2]zlj1]§ + mimjmi I[p“]}},?. (3.30)

Including the terms containing powers of P, the O(X?D?) Lagrangian reads:
1672 L xsp2=cfnp [géjktrg (Sl-j [Dy, 515, [D“,S]ki) —i—géj(k)trg (Sij [Dy, Pl [D“,P]ki)
+9ém trg (Pij [Dlt’S]jk [D“7P]ki) +g§(9) try (Pij [DH’P]jk[DM7S]ki)}' (3.31)

8Since for dimension-5 and higher the loop integrals are always finite, we are dividing by 4 instead of
d=4—2e.
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O(SD*) terms. The simplest way to compute this is to directly compute it from the
CDE in eq. (2.6). The result is:

167°Lgps = cy / [d%p)] trs (A Ayl Ay, Aiye) trg (Si DYDY DP DY)

4 14
T (9uo9vp — Gupgve) trg (Sii Dy DY DY DY)
(2
1
=Cfnp <_6 > tI'g (SZ'Z'FiMVFM,j’i) N (332)
(2
from where the universal coefficient g§ can be easily read off as:
; 1
g = — . 3.33
99 6m; ( )

We chose to write g§ explicitly, as expressing it through the master integrals defined in
eq. (A.1) would have lead to a much more cumbersome relation.

Note that the O(SD?) term from eq. (3.32) depends only on the diagonal entries of S.
From the physical point of view, it means that this dimension-5 term is generated only if
the theory contains light real (pseudo)scalars. In the case of pseudoscalars, the term from
eq. (3.32) would violate C'P-symmetry.

O(PD*) terms. Similarly to O(SD?), the O(PD*) term can be easily computed directly
from eq. (2.6):

16m°Lpps = icy /[ddp] trg (Ai’YS)Ai’YuAi'YVAi'YpAi')’U) trg (P DY DY DY DY)

2 1 ~
= —Cy E@Wﬁatrg (PuD}D;D;D]) = CfND <4m ) trg (PiinHVFHVJ) , (3.34)

i

where £, is the 4-dimensional Levi-Civita tensor, and we have defined

~ 1
F,u,z/ = ig,uupona- (335)
The universal coefficient appearing in eq. (3.34) is:
1
3

i mMi+r 0
= —71 =
910 9 [p ]z dmy;’

which we also write down in terms of master integrals thanks to the compactness of the

(3.36)

expression.

As in the O(SD*) case, the O(PD*) term vanishes unless there are real (pseudo)scalars
present in the light particle spectrum. Contrary to O(SD?), the term in eq. (3.34) conserves
CP in the case of light pseudoscalars.

3.6 Dimension-6 terms

We now turn our attention towards the final set of terms considered in this work, the
dimension-6 terms. Gauge invariance allows for a multitude of n = 6 terms, which we
organize as:

£7}_126=,CX6—|-£X4D2 + Lx2p1+ Lgpps + Lps. (3.37)
The O(SPD*) piece is written separately from O(X?D*%) because it is the only one at this
dimension that depends on the dual field strength tensor FW.
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O(X%) terms. Although lengthy, the X% piece is straightforward to compute by gener-
alizing from O(X?) and reads:

1 .. g
1672L yo = cpnp : GIRITI (835515 k1 Stam S i) + G by (5.1 k1 St P Prs)

ijkl(m)(n 1 i m)(n
_gljlkl( )( )trg (SiijkSlemSmnPni)+§g]_]1k(l)( )( )trg (Sz‘ijkPlelmSman)

+g O™ by (81581 Pt P P Ps) — 90 ™™ g (S35 Pjic Skt P P Prs)
1 djien
+ igijl( () tI‘g (Szjf)]kpklslmpmnpm)
L Gk
+6 gi(lj) (i) trg (PZ]P]kPleuman)} ’ (338)

while the universal coefficient is equal to:

gt = = [l (KA ) (3.39)
61111111 41111111 21111111 0711111
= Z[p%]i 0t + A+Z[D i jpimmn, + Mamgmymympmy, (a—I[p Liikimn + Z[p ]ijk}lm}z) :

To maintain the expression compact, we have defined a4 as:

ax = (mim)E 4+ (mimg) = 4+ (mimy) =t + (mima) 4 (mymy,) !
+ (mjmy) = 4 (mym)E 4 (myjmen) = + (mymy) = 4 (mgmy) !

+ (mkmm)jEl + (mkmn)jEl + (mlmm)jEl + (mlmn)il + (mmmn)il.

The O(X°) terms suggestively illustrate how the use of trace symmetry and of egs. (3.9)
and (3.16) streamlines our computation. Instead of having to calculate eight operators and
their corresponding universal coefficients, it is enough to consider only one operator, S°,
together its universal coefficient, with the other seven following effortlessly.

O(X%D?) terms. As in the case of the other terms with two covariant derivatives, we
first compute the universal coefficients for P = 0, and then generalize to P # 0. At
O(S*D?), we have two gauge invariant terms, which upon expanding the commutators
become:

ij L
167°Lgip2=cynp {gékltrg (SiSjk [ Dy Sy [D",51;) "‘591]3kltrg (Sij [Dy:S] 1, Sk [DMﬂS]li)]

gkl ijkl jkli jkli
=cfnptrg [—9?2 (SisSiwSuD7 Sus) + (95" +g1s" — 15" ) (Sig Sy S Dy St D)

Vo/oiim | ki ikl klij
3 (g% +a13 —912 — G2’ ) (S5 Sk Dy SkStDyui) |- (3.40)
In the last equality, we have used the relation g%kl = g’f:l,jj (inherited from the symmetry

of the associated trace) and performed the symmetrization:

915" (SisSik Dy SuSuDua) = 5 (915" + 912" ) (SijSin DY Sk SuDyu) -

N |
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To calculate 912 13, we match eq. (3.40) on the corresponding terms obtained form the CDE
in eq. (2.6), which we choose to be

1672 Lgap2 D —cf [ / [dp] trs (A8 ARy A)) trg (Si; S SuDy DY Sii)
+ /[ddp] try (AiAjAkAquAlA¢7u) trg (SijSikSuD)'SuDy)| . (3.41)
Equating the expressions in egs. (3.40) and (3.41), we find:
g 1 g
gt = =L [latpl e (il &b )
np 4
1 1
= —§I[P6]z‘1j1k113 - §(m,~mj +mymy, + mymy — 3ml2)I[p4]11j1k1l3
3

+ [Z(mimj + miymy, + miymy) + (mi +mj + mg)my le I[pQ]%jlkl?

+mgmmgmi Z[p°) (3.42)
and

1 g*v
ikl ikl lijk g
91]3 = 91]2 + 919 + np 4 /[ddp] trg (A A Ay A A A))

ikl | lijk 1
=g + 914" + Ilp Ol + 5 5 [Qmimj + (mi +mj)(mg +my) — (my — ml)ﬂ It

1
+ 5 [—mimj (my, — ml)2 + (m; + my)(my, + my)mepmy + Qm%mﬂ I[pz]z‘ljllglz
+mgmgmimy Zp°)ji (3.43)

As a check, we have also performed the matching on the remaining term, 52D, S%D,,, and

found it to be consistent with our expressions for g” ki

Having all the ingredients, we finally write down the full (’)(X 4D?) effective Lagrangian,
including terms with P as well:

167 £X4D2:Can{trg [912 (S5 Sk [Dys Sy, [DH S}l1)+gij2k(l) (SijSjk[Dpu, Py [D", P)};)

4‘932}C Z(SUPJIC , Pl [D* S]zz)+91(2) (Pij Pjk [Dy, 11, [D*,S]:) (3.44)
+ 52)%[ Piijk[ uvs]kz[D“aP]lz) 9?2(16)([) (Sijpjk[DmS]kl[D )P]lz‘)
-9 (2])(@ (Piijk[DmP]kz [D”75]1¢)+91(2 2 (Pijpjk [D/MP]kl [Dﬂap]li)}

1, i
g |50 (851D,.8)SulD*, 81, ) + 95 (S 10,081, Pul D" P )

2
ij(k)l ij(k
+g£§ !S5y Pl Pl D, 8),) — 5059 (811D, P Sia D, P,
i 1 Gk
398 (P D81, PulD?5),) + 5990 (P (D P PulD" P )| |

Again, trace symmetry arguments together with egs. (3.9), (3.16) made our task
much simpler: instead of fourteen different terms, we only had to compute two, namely
S%[D,,, S)* and (S [D,, S]).
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O(X2D*) terms. Focusing again on the terms containing only S, there are four inde-
pendent gauge invariant traces that arise at O(S2D*). We choose them as follows:

1 g .

167 Lszpi = g np ey | 554 ([Dps (D, SN, (Do, [DY, S1153) + 915 (Sig SiiFL" Fr)

1 . o
+5915 (S Fy" SjiFywa) + 195 (S 1Dys Sl [DV,F””L-)]

2
D ernptrg | (2085 — 9) (85585 DY DIDys ) — 291 (Siy DY SjiDY DyiDy )
+91% (S D385:D}) — gt (815D DY SjiDyiDus )| (3.45)

where we have expanded the commutators and kept only four open covariant derivative
terms, which are necessary for computing the four universal coefficients present at this
order.

Before matching eq. (3.45) to the corresponding terms from the CDE in eq. (2.6), we
write down some useful relations for calculating the universal coefficients. At O(S2D*) (and
O(P2D*)), the loop integrals have four Lorentz indices and thus have the general form®

a1 Guv9po + a2 9uoGup + a3 GupGuo-

In practice, however, we do not need the full loop integral, but just its scalar components,
defined above as a1 2 3. To isolate these components, we define

5904696)\ _ goz)\gﬂzi _ gaégﬂ)\
72 ’

such that PHVPT PHIVP and PHPYY single out a1, ae, and ag, respectively. The number of

Paﬁ(”\ —

space-time dimensions has been set to 4, as all the loop integrals at this order are finite.
We now come back to computing the universal coefficients. Comparing eq. (3.45) with
the relevant terms from eq. (2.6), we find:

=g [l (Bukd iy (3.46)

1 1
= —— (me +mym; + QmJQ) I[pﬂ?f’ + m?m?I[pQ]?j3 + §m?m?1[p0]33

6 ij o
9?5 = %9?7 + Q:LDPWVP /[ddp] tr (A8 Ay BiveBive) (3.47)
= S+ STUPIE — sl —m ) T3 + s = 215+ St Tl
gl = =P [yl in, (A, bin) (3.49)
= (mF =) T8 = Sy -+ ) TS + St T
gih= =P [l tn, (83K B By hins) (3.49)

1 1 1 1
=TIV} + 5 (md —mmy 4 m3) Z(p*) 87 — Jm? (md +-4m3) T} 7 + Smitm] T(p°)53.

9The 4D Levi-Civita tensor €uvpo does not appear as the spin traces involved contain an even number

of 4° matrices.
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Note that the % factors in the expressions of gﬁ}w in egs. (3.46) and (3.48) are symmetry
factors multiplying the SD?SD? and SDEDYSD, D, terms in the CDE.

Concerning the terms involving P instead of S, we do not write them explicitly, as
they can be obtained in a straightforward manner by taking the gauge- invariant O(S?D%)
traces from eq. (3.45) (first and second lines) and substituting S — P and gy — gj\(,j ), with

N e {14,15,16,17}.

O(SPD*) terms. At dimension-6, the O(SPD*) terms are the only ones that depend
on the dual tensor F),,, therefore we treat them separately. These terms can be computed
directly from the CDE in eq. (2.6):

167r2£SpD4 =icy [/[ddp] trg (Aiﬁﬂs’ﬁﬂuﬁi%ﬁﬂpﬁi%) trg (Si; Py Dy Dy DY DY)
+ /[ddp] trg (Ai’YBAinVuAiVuAinAiWa) trg (P;;S;i DL Dy DY DY)
+ [l i, (&3 87 Birbing) g (81,04 D7 PDE D7) |
= e np trg {gik | (S Psi + PiySie) B Fni] + 9t (S5 Ff" PyiFiua) } - (3.50)

with the universal coefficients having the rather simple expressions:

1 013 ij 1 0722
= —gmm; Il gig = —5mam; IP°LE, (3.51)
and F),, defined in eq. (3.35).

The remaining two terms, SD*PDY DP D% and PD*SDY DP D’ do not appear because
their corresponding loop integrals vanish. This is expected from the physical point of view,
as such terms could only originate from an operator such as S;;[D,, S];i[D,, F*];, which

vanishes due to [D,, F¥*] = 0.

O(D%) terms. The easiest way of tackling the O(D5) piece is to directly compute the
associated loop integral from the effective Lagrangian from eq. (2.6), and then group the
result in independent terms using the cyclic property of traces:

C v
167T2£D6 = —Ef [ddp] trs (Ai’Y#Ai'YVAi’YpAi’YUAi'YTAi’Yw) trg (Dsz szDfD:DZJ)

13

:cftrgl S0 2<D2D D) - - 2(D?D“D?D e 17

15m2

(DZD“D”D .D, )

3 1
- (DI'DPD,,;DYD,;D,;)+ T

i i

(Df‘D;’DfDH,Z»DV,iDm)] . (3.52)
At this order, there are two possible gauge-invariant terms, which we write as:
1 . y i .
1672 Lps = cfnp [Qggotrg (ID*, o), (D, F™,) + 50t (Pr,F prM)] . (3.53)

After expanding the commutators from the gauge-invariant traces and comparing
egs. (3.52) and (3.53), we are able to write down the expressions for the two universal
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coefficients arising at O(D°):

1 1

o= ——, G4 =3 3.54
920 15m12, 921 60m12 ( )

We refrain from writing the form factors in terms of master integrals, as the expressions
involved would be much lengthier. Moreover, our results for O(D®) are in agreement with
the ones previously obtained in refs. [6, 13].

4 Examples

In this section, we apply our previously obtained results to two concrete scenarios. The first
example is a toy model involving a heavy charged fermion coupling to a real pseudoscalar
and a (massless) U(1) gauge boson, while the second one represents a fermionic model
discussed in ref. [30] in the context of strongly first order electroweak phase transitions.

4.1 A toy model

The toy model that we consider contains a massless U(1) gauge boson, A, and a light real
pseudoscalar, ¢, together with a heavy charged VLF 1, which is to be integrated out at
one-loop. Ignoring the pieces that are irrelevant for our purposes, the Lagrangian for this
toy theory reads:

Lioy DU (i’y“Du —m— i’y5)\¢)) P, (4.1)

with X\ a real Yukawa coupling, as dictated by the hermicity of the Lagrangian. Assuming
unit charge for 1, the covariant derivative is given by

Dy = 0y +igAy, (4.2)

where ¢ is the U(1) gauge coupling. Casting the toy model Lagrangian in the form of
eq. (2.1), we obtain the following identities:

S=0, [D,,S]=0, P=Ap, [D,,P]=A(0,0). (4.3)

Note that the covariant derivative acting on the real pseudoscalar ¢ reduces to the usual
derivative, as expected. As there is only one heavy fermion to be integrated out, P and
[D,,, P] are scalars in flavour space, which is also true for the field strength tensor, given by:

F =—i[D,,D,]) = g(0,A, — 0,A,) = gAu. (4.4)

Therefore, the trace in multiplet space is straightforward, and all the universal coefficients
depend on only one mass scale, i.e. the heavy fermion mass m. The gauge trace is trivial
as well, as both light fields, ¢ and F},,, have no gauge quantum numbers. We now use the
equal mass expressions of the universal coefficients reported in tables 1-4 to write down
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the one-loop effective Lagrangian arising from integrating out :

2 2 2 2 2,,,2 2
g @ v A 7 2 | ATm B\ o

Ltoy __¢fmp

H ™ 1672 |12 4
(8 p\ 4 A8 54 2?2 2
A 1 = _ 6 2 2 AN 2
* 4 <3 tlog m2> ¢ 12m2¢ + 12m2¢ (0ud) 24m? (8 ¢)
Ng? Ag? g 2
- A AP + 22 A, AP A2 4.
12m2¢ K + 4m¢ K + 30m?2 (0uA") (45)

It is worthwhile to note the absence of the P[D,, P][D, F"#] and F* F” ,FF  terms from
the results in eq. (4.5). The first term vanishes for real (pseudo)scalars such as ¢, as can
be shown through integration by parts. As for the second term, one can prove that

try (F¥, Y, P, ) = %trg ([, 77, Fr.), (4.6)

which shows that this effective operator vanishes in the case of abelian gauge fields.

4.2 Fermions and cosmological phase transitions

We now focus on applying the techniques from section 3 to a more realistic model in which
vector-like (VL) leptons are added to the SM particle spectrum in order to produce a
strongly first order EW phase transition [30]. Besides the SM particle content, this model
contains three VL lepton'® multiplets:

N 1 1
LL,R:() ~(1,2,Y), N£R~(1,1,Y+2>, E’LRN(I,I,Y—2>, (4.7)
E b 9
LR

where we use the notation (SU(3)c,SU(2)r,U(1)y) to denote the charges of the new

fermions under the SM gauge group SU(3)c x SU(2)r, x U(1)y. At the renormalizable level,

the most general gauge-invariant Lagrangian involving the new fermionic fields is given by:
LviL = f(i’yuDg —mp)L + E/(MMD% —mg)E' + N’(MHD]’“\L, —my)N’

- {ZH (Y5, Pr +y5Pr) '+ LH (yn, Pr + ynPr) N' + h-C~] ; (4.8)

where Py, g are chiral projectors. The covariant derivatives acting on the fermionic fields
read:

N g a __a
D, =0,+1 (leBM + EZW“O' ) ,

1 1
D#,N == 8M + igl <Y + 2) BH’ D,u,E = Eh + igl <Y - 2) B'u. (4.9)

Although not explicitly written, it is understood that the d, and B, pieces in D, 1 are
multiplied by the 2 x 2 identity matrix in SU(2); space. In order to match the VLL
Lagrangian in eq. (4.8) to the notation used in eq. (2.1), we define:
_ yAL +yAR _ ?/AL - ZUAR
== TR ==
2 2
10T the model presented in ref. [30], the hypercharge of the SU(2), doublet is —%, but here we keep the
discussion more general and denote the doublet hypercharge as Y.

(4.10)
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T
with A = E, N. Working in the basis ¥ = ( L E'" N’ ) , where T" means transposition only
in flavour space, the expressions of the S and P matrices read:

022 yE Hax1 yn Haxa 022 zp Hax1 2y Haxi
S=|ypHle 0 0 , P=i|—zHl, 0 0 . (411)
v Hio 0 0 —2yHi 0 0

In the equation above, the subscripts denote the dimension in SU(2); space of each
element of the S and P matrices, while the entries that do not carry any SU(2), indices
have no subscripts. However, from now on, we stop writing the dimensions of each SU(2),
submatrix in order to simplify the notation. Concerning the mass matrix and the covariant
derivative matrix, they are given by:

M = diag(mp, mp,my), D" = diag(D}, D%, DY). (4.12)

To keep the discussion simple, we choose all VLL masses to be degenerate, my; = mg =
mpy = m, and work in the limit where zg x = 0, i.e. a vanishing P matrix.'! Note however
that setting P = 0 amounts to removing all CP-odd operators that might arise from
integrating out the VLLs. We will return to this subject towards the end of the section.
Besides S, the other building blocks appearing in the computation are [D,,, S] and F),,,

given by:
0 ye (DuH) yn (DyH)
Dy, S] = |y (D H) 0 0 : (4.13)
yy (D)0 0
and
QIYB;LV + %Wgyaa 0 0
Fu = 0 91 (Y = %) B 0 : (4.14)
0 0 9 (Y +3) B

Here, the covariant derivatives acting on the Higgs doublet are defined in eq. (B.4) from
appendix B, and the SU(2); and U(1)y gauge field strengths follow the same notation as
in ref. [28]. As exemplified by eq. (4.13), gauge invariance ensures that for any generic
matrix X (¢) depending linearly on the light fields ¢, we have that [D,, X(¢)] = X(D,¢).

Before listing the final result, we provide some details of our calculation. To simplify
the computation, it is useful to note that S? is a diagonal matrix in flavour space:

lyePHHT + |yn|2HHY 0 0
52 = 0 yel?|H? 0 : (4.15)
0 0 lyn|?|H?

Hnterestingly, achieving a strongly first-order EW phase transition in the VLL model under study favors
the region of the parameter space where zg n ~ 0 [30].
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which follows from H'H = 0. Similar results hold for [D,,S]> and [D,,,[D*,S]]* with
appropriate replacements such as H — (D, H). Note however that S [D,,, S] is not diagonal
in flavour space:

lye|2H (D, H) + |yn|2H(D,H) 0 0
S[Dy, 8] = 0 lyp2HY (D, H) yyynH' (D, H) | . (4.16)
0 yeynH (DyH) |yn|*(D,H)TH

We now write down the Lagrangian obtained after integrating out the VLLs in eq. (4.7)
by splitting it into pieces containing dim < 4 operators and another one containing dim = 6
effective operators. The first piece reads:
2 rdim<4 1 M2 2\ 2 uv 1 /’L2 21170 uv,a

167 ﬁH - = —élogﬁ(l—l—SY )ngNl’B - Elogﬁgzwuyw

4 s 2 2 2
+ (3+2long> (lynl?> + lyel”) 1D,

> 2 2\ .2 | 717]2
_ <1—|—310g 2) (|yN| + yEl )m |H|
m

16 I 4 4 4
+(3+2logm2> (lyn " + lyel*) 11, (4.17)

and renormalizes the scalar and gauge kinetic terms, plus the scalar mass and quartic
terms. Note that we have used the MS scheme and dropped the divergent parts. Using
the SMEFT operator basis defined in appendix B, the (CP-even) dimension-6 effective
Lagrangian generated by integrating out at one-loop the VLLs in our model is given by:

2(lynl° + lyel®) Alyn P + lyel?)? ,  4yn|? = lyel*)?

16m2L5P = O ) @)
T ~H 15m2 6+ 5m2 H 5m2 T
2yl = Ay Plyel +lyel*) 7 (ynl* + lyel?)
5m?2 Y 120m?2

(7 + 40Y + 80Y2) |yn|2 + (7 — 40Y + 80Y2) |yp)?

- 5 OsnB
120m

3+ 20Y 24 (3-20Y 2 2 4 lygl?
Jr( )lyN|60mg el Owrp + |yN|5m2!yE| Oy
_ AP +1yelP) o, AN+ lysl®) o L 2416V

15m2 B 15m2 w 15m2 2B
2 1

There are several simple consistency checks that one can perform to assess the validity
of the results presented in eq. (4.18). For example, the leading contribution to the T
parameter [31, 32] is proportional to the Wilson coefficient of Oy:

AT o 2(lyn|* = lyel*)*v?
o 5m?2 ’

and vanishes in the custodial limit yr = yn, as expected. In the above equation, e is the

(4.19)

electromagnetic coupling constant and v the Higgs VEV. We have explicitly checked that
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our expression for the T parameter from eq. (4.19) matches the one obtained in ref. [33].
Furthermore, the Wilson coefficient of Og can alternatively be computed from the Coleman-
Weinberg potential [34] corresponding to the fermionic Lagrangian in eq. (4.8), and we have
explicitly checked that the two methods give the same result.

Yet another consistency check can be done by inspecting the physical Higgs boson’s
loop-induced coupling to photons. The leading O(m~2) VLL contribution to the hyy cou-
pling can be derived from eq. (4.18) as well as through low-energy Higgs theorems [35, 36]
(see also refs. [37-40] for VL fermion applications of low-energy Higgs theorems). Denot-
ing the Wilson coefficient of a given operator Ox as Cx, the VLL contribution to the hyy
coupling can be read from:

Q% vlys/l

CP 2 2
EH D) (CBB“‘CWW—CWB)C |H‘ A#VA“VD 2An2 m2

hA, A" (4.20)

where e is the electromagnetic coupling constant, A,, the electromagnetic field strength,
and Qp = Y — % is the electrical charge of E"). For simplicity, we have set yy = 0 in
eq. (4.20), as the matching for yy # 0 proceeds in an analogous way. Working in the

unitary gauge, the Higgs doublet becomes

v+h [0
i

upon electroweak symmetry breaking, with v the vacuum expectation value and h the

physical Higgs scalar.
Using the low-energy theorems (LET), the (CP-even) effective hy~y coupling arising
from integrating out the heavy VL leptons from eq. (4.7) is described by [40]

2

LET,CP _ € 2 ﬁ T v
Ly = 4872 QO v log {det (MEME)] "y AT (421)

where Mg is the E — E' mass matrix and, again, we have set yy = 0 for simplicity. The
E-sector mass matrix is extracted from eq. (4.8) and reads:

My = m %Z/ER YBE; =YER=YE m %yE . (4.22)
BYE, ™ Ve m

Plugging Mg in eq. (4.21) and expanding up to O(m~2), we find the same result as in
eq. (4.20), which constitutes a useful check for our results in eq. (4.18).

Using methods similar to ref. [6], ref. [18] performed the same computation as in
our eq. (4.18). However, our results differ from theirs even after taking into account the
redundancies in the operator basis used in ref. [18].12

As advertised earlier, we now turn our attention towards CP-odd dimension-6 oper-
ators, which can be generated only if P # 0. Therefore, in the following, we consider

zg N # 0, and focus only on the CP-odd effective Lagrangian. In the VLL model at hand,

12 After translating the results of ref. [18] into the operator basis used in eq. (4.18), we find agreement
only for the Wilson coefficients of Og, Or, and Ogq.
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the CP-odd operators arise from the g%(k)(l), gi(?)j)(k)l terms in eq. (3.44) and from the

O(SPD*) Lagrangian in eq. (3.50). Putting together all these contributions, we find:

(lyn, |2 + [yng D Tm(yn, vi,,) — (ye, 1 + lyes ) Im(ye, vE,) ~

2 pCF _
16m2L5F = — 33 Oy

(14 6Y +12Y?) Im(yn, yi,,) + (1 — 6Y + 12Y2) Im(yE, v}, 5

_ 12m2 BB
(14 6Y) Im(yn,yn,) + (1 = 6Y) Im(yp, y5,) ~

+ 12m2 Ows
Im No T+ ) ~

_ (yNLyNR YEL yER) OWW7 (4.23)

12m?2

where we have used ya, , instead of y4 and z4, cf. eq. (4.10). Since (5f breaks custodial
symmetry, its Wilson coefficient vanishes when the VLL sector respects custodial symmetry,
which is a helpful check of the results in eq. (4.23). Another validity check is to compute the
CP-odd h~y~y effective coupling from eq. (4.23) and compare it with the result obtained from
low-energy theorems. The comparison carries on similarly to the CP-even case discussed
earlier. Starting from eq. (4.23), we isolate the relevant part of the CP-odd Lagrangian:

24 vin(us,uk,)
1672 m?2

where again we have set yy, , = 0. Using the low-energy theorem instead, the VLL

57 5 hA,, A", (4.24)

contribution to the CP-odd effective hyvy coupling'® reads:

Q3 vIm(ys, v,

1672 m? hAy A,

(4.25)
where we have used the general expression for Mg, given in eq. (4.22), and kept only the

2
LET, e 0 ~ ,
l:/w;F o= 1672 Q% 5ot [det (ME)] hA,, A" ~

leading O(m~2) contribution. Again, we find agreement between our result and the LET
result.

Finally, let us comment on how our results change if the fermions from eq. (4.7) would
carry SU(3)¢ color charge. We assume that all three fermionic multiplets belong to the
same SU(3)¢ representation R, since otherwise gauge invariance would prevent them from
coupling to the SM Higgs doublet. In this case, all the Wilson coefficients of the operators
listed in eqs. (4.17), (4.18), (4.23) should be multiplied by the dimension of the respective
representation, d(R) (e.g. 3 for the fundamental representation of SU(3)c and 8 for the
adjoint). Operators involving gluons would also be generated, the CP-even ones being

given by:
4 2 2(lyn|* + lyel?)
2 pgluon, CP _ H 2 ~A A, A YN YE
16 4
——T —T 4.2
+ T5m? (R)Oac + o2 (R)Osq, (4.26)

where g3 is the SU(3)¢ coupling constant and T'(R) is the Dynkin index of the SU(3)¢
representation R to which the heavy fermions belong. The gluonic operators Ogg, Oa¢, and

13Note that the minus sign in eq. (4.25) is usually omitted in the literature, as it has no physical impact.
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Os¢ are defined in appendix B. The Dynkin index is defined by trg (tﬁt%) = T(R)645,

with ¢4} the generators in the R representation of SU(3)c. For instance, T'(3) = 3 and

T(8) = 3 for the fundamental and adjoint representations of SU(3)¢, respectively. There
is also one CP-odd gluonic operator generated:

162 i F — DN F VBV 1 gy, (4.27)
m2

with Oge defined in appendix B.

5 Summary and conclusions

Initially proposed more than 30 years ago [3, 5], functional methods for integrating out
heavy degrees of freedom have been recently revived in ref. [6] and are currently an ongo-
ing scientific effort [7-14]. Although interesting from the theoretical point of view, the true
power of functional methods lies in their practical applications: once a UV sector is spec-
ified, matching at one-loop to a low-energy EFT can be achieved by using a few universal
master formulas and evaluating matrix traces in internal space (e.g. spin, gauge, flavour).

In this paper, we have extended the universal one-loop formulas presented in refs. [6,
7, 10-14] to include the case of heavy vector-like fermions whose left and right chiralities
have different Yukawa interactions with light scalars (e.g. the Higgs boson), as encoded by
the S and P matrices in eq. (2.1). We have considered the limit where the new fermions
do not mix with the SM fermions, the resulting universal coefficients being referred to in
the literature as “heavy-only” coefficients. The computations have been performed in the
unbroken phase, such that there are no vector and axial current interaction terms for the
new fermions (besides the ones encoded in the covariant derivative matrix).

Interestingly, as exemplified throughout section 3, the coefficients of operators contain-
ing an even number of P insertions can be easily computed from the corresponding S-only
coefficients by flipping the signs of one or more masses and appropriately adjusting the
symmetry factors. This led to a drastically simpler computation: out of the 44 universal
coefficients arising at dimension-5 and dimension-6, we needed to calculate only 15. The
most striking examples are the operators arising at O(X®) and O(X*D?). For the former,
we had to compute just one coefficient instead of eight, whereas for the latter we had to
compute just two coefficients instead of fourteen. As an exception to this rule, in the case
of dimension-4 or less coefficients we also had to add a finite correction, which stems from
the BMHV treatment of 4° matrices in d dimensions.

All in all, we find that the heavy-only fermionic UOLEA computed in the unbroken
phase is described by 56 independent operators and their corresponding coefficients, which
we summarize in tables 1-4 in appendix D. As a cross-check of our computation, we have
computed the S-only coefficients using the universal master formula from refs. [7, 13] and
found agreement between the two methods (a “dictionary” between the fermionic universal
coefficients and the bosonic UOLEA coefficients is provided in appendix C). Finally, we
have applied our results in section 4 and integrated out heavy fermions (i) in a toy model
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with a pseudoscalar Yukawa interaction and (ii) in a more realistic fermionic model which
can accommodate a strongly first-order electroweak phase transition.

Concerning future directions, it would certainly be useful to take advantage of the
universality of functional methods and derive more general one-loop master formulas that
would cover cases involving e.g. open covariant derivatives or mixed statistics (i.e. heavy
bosons and fermions integrated out simultaneously). Such developments would consid-
erably simplify phenomenological studies of a broad class of New Physics scenarios, as
performing the one-loop matching to e.g. the SMEFT would translate to using a few uni-
versal formula(s) and calculating algebraic traces, which also opens up the potential for
automation (see ref. [41]).
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A Master integrals and treatment of ~°

In this appendix, we provide a general definition for the master integrals used to calculate
the fermionic one-loop coefficients, and then discuss our treatment of 4° in d-dimensional
loop integrals. We define the master integrals as:

[Jlatsl s (AFAy ) S TP, A= (A1)

g = p2 — mza
%

from which one can derive the following relation, which connects our definition to the one
in ref. [13]:

/[ddp] (pm ...pmnp) (A?iA;"j ) ) B r'(%)

O MG
_mgﬂl-"uznpz[p p]ij...] ) (A.2)

with Gpr -z, the completely symmetric tensor, i.e. guvpo = Juv9po + JupJvo + Juo9up for
np = 2, and d = 4 — 2¢ the number of space-time dimensions. Throughout the paper, we
use Package-X [26, 27] to compute the fermion traces and the resulting master integrals.
Analytical expressions of the master integrals can be found in ref. [13].

We now focus on the problems that arise when dealing with the 7° matrix in d = 4 —2¢
dimensions. Alongside the Levi-Civita tensor, €,,,0, 7° is an intrinsically 4-dimensional
object and therefore nontrivial to define in d dimensions. In this work, we address this
issue by adopting the “Breitenlohner-Maison-"t Hooft-Veltman” (BMHV) scheme [29, 43],
in which the d-dimensional space is formally separated into a direct sum between a 4-
dimensional and a (—2¢)-dimensional subspace. As a result, each Lorentz vector/tensor
now possesses 4-dimensional and (—2¢)-dimensional components. Following ref. [44], we
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denote the former components by a bar, and the latter by a hat. For example, the d-
dimensional metric g, is written as:

Juv = g,uzz + @;w, (A3)

where g,,, and §,,, reside in 4-dimensional and (—2¢)-dimensional spaces, respectively. They
act as projectors onto these spaces, i.e.

ap = guwa”, = guwa”, A = Gupa”y, A = Gupa”y, (A4)
for a generic Lorentz vector/tensor a, and obey the following properties:
guuguy =d, gw’g/ﬂ/ =4, g'uyg/“’ =d—4, guuguy =0. (A'5)

For a full list of properties, we refer the reader to ref. [44]. In the following, we just list a
few selected relations that are useful for our purposes. We note that relation (A.4) applies
to Dirac matrices too, from which we can deduce some of the following properties:

Ay =291, {47} =20"1, ot =diL, At = (d—-4)1, (A.6)

where 1 is the identity matrix in spinor space. Finally, v° no longer anticommutes with
Yu, but retains some of its usual 4D properties, such as squaring to identity:

{75,7“} = {75,&”’} = 2v%4H, WW“} =0, (75)2 =1. (A.7)

As an example, let us calculate the finite correction 5ggj appearing in section 3.2. We
start by noting that eq. (A.7) implies

i’y5(p +m)in® = (p —m) — 2Py, (A.8)

from which it follows that

trg [Az (i'y5) A (i’y5>} =AA; {trs [(}71 +mg) (p — m])] — 2Py trg {(p + m,-)’y“} }
D —2npAiN;Gup"p”. (A.9)

where A;; is defined in eq. (A.1), and we have omitted the contribution that does not
vanish in 4-dimensional space, as it is not relevant for the computation of dgy’ . Using the
equation above, we calculate dgg as:

2(d — 4)

695 = ~20 / (Pl pP A = — === Tl = mi (A.10)

where we have replaced ptp” — % g"*p? under the integral, used Juwg"’ = G g’ = d —4,
and then took the limit ¢ — 0 in the last step.
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B Operator basis and SU(2) traces

In this appendix, we define the SMEFT dimension-6 operator basis used in section 4.2, and
provide the expressions for the SU(2) gauge traces encountered in section 4.2. We start by
listing the CP-even operators appearing in our computation:
1 2 1
Os = H, On = (0ulHP)", Or=|H'D,H]?, 0Of= S (H'D*H +hee.),
Opp = gi|H|*BuwB", Owp = gig2(H'o"H)W,B*,  Oww = gs|H[*W, WH"*,

) <>
Op = Zgl (HTD H> 8,B", Oy = %(HTD;‘LH) (DLW, Oga=|D?H

2 2 3
g g 2 g
O = —51 (0"Buw)®, Oy = —52 [(D'W,,)", Osw = éﬁabcwﬁywzljpwpc“a (B.1)
2 1712 A v, A B 1) A7? 93 +ABC f1Av Bp Ch
Oca = g3|H| GG, O = ) {(D Guv) } , Osa = gf G G, Gy

where gy 2.3 are the U(1)y, SU(2)y, and SU(3)¢c gauge couplings, respectively, and o¢=12:3

are the regular Pauli matrices. The structure constants of SU(2);, and SU(3)¢ are repre-
sented as €2 and fABC | respectively. The following notation was used:

A — <~ —
H'D,H=H" <Du - DH) H, H'DiH=H' <0“D“ — D#a“> H, (B.2)

while the definitions of the field strength tensors and their covariant derivatives are the
same as in ref. [28]. In addition to the 16 CP-even operators, we also encounter 5 CP-odd
operators, which we define as follows:

i - _
= §’H’2 {(DQH)TH - HTDQH} . Ows = qig2(H'o"H)W;, B*,

Opp = GIH|*BuwB", Oww = g3|HPWeL WM,  Oqq = g3 H|*G2,G"™*  (B.3)

with BW, Wuw and C:’f}u defined as in eq. (3.35).

We now discuss the SU(2) gauge traces appearing in our computation. The building
blocks of these traces are the Higgs doublet H, its conjugate H = ioc?H*, and their covariant
derivatives, which read:

D,H = (8M—|— 2B +iLWio ) H, D,H= (a LB+ i Wio ) H, (B4)

where the hypercharge of the Higgs doublet (conjugate nggs doublet) is 5 (—7) Gauge
invariance ensures that traces with an odd number of H’s or H’s (with or without covariant
derivatives) vanish. Moreover, further simplifications are possible with the help of the
following identities:

H'H = (D,H)"(D"H)=0, H'H=H'H=|H]? HY(D,H)=(D,H)'H
(Duﬁ)T(D“ﬁ) = (DuH)T(DuH) = |DuH|27 (B.5)
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which follow from the definition of H and from (DMI;T ) = ic%(D,H)*. With all this in mind,
we list the expressions of several gauge traces appearing throughout our computation:

tr [H(DuH) H(D*H)'| = try [HY (D, H)HY (D, H)| = —Or + Oy +i0f,  (B.6)
trg :HT(D H)H'(D, H)' = trg H(D H)TH(DNH) = -0+ Oy — 0y, (B.7)
try |H (D, H)' H(D*H)Y| = try [HY (D, H)B'(D,H)| = O + O + 05, (B.8)
trg :HHT (D, H)(D'H ) = tr, |HH' (D, H)(D"H)'| = O, (B.9)
trg :HHT(D H)(D'H)] = tr, :ﬁﬁT(DMH)(D“H)T: =-0r -0y -0,  (B.10)
trg :HTH(D“H)T(D H) :—0}1 Oy. _ (B.11)

Other traces that are not listed above follow from the cyclic property, by applying the
identities in eq. (B.5), or are trivial to compute, such as the traces containing only H
and H and no covariant derivatives. For completeness, we also list some (well-known)
identities involving the Pauli matrices, which are useful in computing operators involving
SU(2) 1, field strength tensors:

HioH = —H'o"H, H'¢"(D,H) = —(D,H)'0c"H,
1 1
3 |:Ua,0'b} = jeeqe, B {Ua, Ub} = §%, (B.12)

C Relation to the UOLEA coefficients

We now provide the relations between our coefficients, gy, to the (symmetrized) bosonic
UOLEA coefficients fy reported in ref. [13]. As explained at the end of section 2, the
universal coefficients corresponding to operators containing P insertions are not captured
by the bosonic UOLEA. Consequently, ¢4, g3 and g7% will not appear below. To simplify
the expressions, we define the sum of two masses as:

ms; = m; +m;.

Using this definition, we have:

gi:mlf%a 9;3—*(f2+f2)+ng ) (Cl)
ik Fij 3 Fijk
g5 —mijff"‘mjkfi +mMg 4Z+§mijmjkmk:ifgj ; (C.2)
ijkl lij
g™ =ik fll+ [ngmgkfg Fmggmp f37 - mgm R myma; fy }
+2mijmjkmk:lmlif{{) ) (C.3)
95 =— Z]—m?jfw, :_f3+ ﬁl (C.4)

g7 " =3 (mz‘j & m F g £ 4 F§ A 10 £
9 o Fijkl . £] rklma
+2 (majmrmu Fi - mgempgmun flg " A g mim o i

5 ikl
MM MM 1o (C.5)

Imij rmijk
+mlmmmzmz]f1 +mm2m2jm]kf ) +3 9
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. . 3 . 1 ..

9" =— (mjkf?kerkz’ 52)_57”1']’ gjk_imijmjkmkiff]lk (C.6)
: 3 -

gf;:mz( f@) (C.7)

) k:lmn k jln Fijkm rikin Flmnyg
it (fl "+ f )+2(mijmjkf16 +mmp o M mim Fre™ i s fro
nijl 7ijlm rikmn 7kini
+mmnmnif10 +mmmz]f / ) +2(mijmlmf1% +mjkmmnff0 +mklmm'f10m>

5 Fijklm 7j 7kl
+§(mijmjkmklmlmf1]6 T T Mo o™ A T T T M AT

ik ikl
+mlmmmnmnzmw flmn” +MmnMni mij m]kfmn” +mm«m7«J mjkmk:lf16] )
+3mzjm]kmklmlmmmnmmfwmmnv (CS)
ikl sl 9 ikl L ikl zi #ijl
gy =— ?—2 FEl—9mimn fr —i(mjkmszfl +mklmliff]1€l+mlimijfﬁ)
1 Fijkl
+§mijmjkmklmliff]7 ) (C.9)
ikl (Fik |, Fil gk L gl Fklj
g1h _—( 7 4 fr )—2mz]mklf10 ) mlingfn +mjkmklf11 )
1 . o .
_i(mz’jmjkfﬁ +mklmlif{€1h)—mz‘jmjkmkzmz@'ff‘é ; (C.10)
gﬂ: 7 +mmf12? (C'll)
1o o (i 1z 1
gih= 5 (F = R0~ g Rt (79 - 37— 170 (©12)
g o 1 ...
gr=—2f7+7 (fs 2 (Fi 4 £ 4 ( i’ +2fﬁ) : (C.13)
R R .
9ir= ?3—5 &7 —mi; ( i ff?,), (C.14)
gho = fi—fi, Qélz—ifé"‘?’f = far (C.15)

D Fermionic universal coefficients for equal masses

We provide in tables 14, listed below, the values of all 56 independent fermionic universal
coeflicients in the limit where all the VL fermion masses are degenerate. For each coeflicient,
we provide the corresponding operator and the equation where its full, non-degenerate

expression can be found. The full result is obtained by multiplying by % = —ﬁ.
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Operator Coefficient Fqual masses Eq.
expression
Sii gt m3 (1 + log %) (3.6)
%Siiji géj m? (1 + 3log T‘:L—QQ)
$Pij Pji go?) 4 5% m? (3 + log 51—22) (3.8)
1751 gk m (2 + 3log £
Sij Pik Pri 9" + 6g m (2 + log mi?) G.1)
£5i5S1:Ski St g™ —£ +log T’:TQQ
S5 Sk Pra P gijk(l) + 694a log T’szz
— 18, Pji S P gij(kl) log 7%22 (3:15)
1P Pji. P Py; gD 1 6gy S +1log ,%22
3Dy, S)ig[D*, Sl g7 L —flog s
N T I —} —{log &, (349), (321
3 B, 96 Llog £, (3.23)

Table 1. Values of the dimension < 4 fermionic universal coefficients in the limit of equal masses.

. Equal masses
Operator Coeflicient Eq.
expression
£555k Skt Sim Smi giaktm —L
SiijkSkl-lePmi g;jkl(m) _% 2
SijS ik Pr1 Stm P gIkm) L (3.27)
Sij Pig Pt Pim Prni g Wiem) — L
Sij[Dys S [DH, Sk g .
ik
oy P X I
PyDy PlisD", S)i | g L
Nk
pi.[D/“ S]jk[Du, Plyi géz)J %
Sii I} Fou,i 96 _% (3.33)
PiiFiMVFMz/,i g%o ﬁ (336)

Table 2. Values of the dimension-5 fermionic universal coefficients in the limit of equal masses.
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Table 3. Values of the O(X®) and O(X*D?) fermionic universal coefficients in the limit of equal

masses.

Equal masses

Operator Coefficient ) Eq.
expression
%SiijkSlelmSmnSni Qﬁklmn 101n2
S5 Sk Skt Sim P Pi | g Em ) G
=835 5k:Ski PimSmn Pri gijlkl(mxn) _#
1815k PaSimSmnPai | gy M T
S48k Pret P Praun Pri g ~ e )
=84 Pji Skt Pimn Prn P gﬁ(k)(l)m(n) ﬁ
184 Pit PraSum Pran Pai | g™ G
L P Pik P Pin PrnPri | 910" P
Si;Sc Dy, Sl D", Sl g ~ Tomz
SiiSiulDys PlulD*, Plii | g™ 0
Sij Pjk[Dys Pl [D*, Sl gy Gz
PyPiulDu SlalD", Sl | i)™ o
PijSik[Dys Slia[D*, Pl g1 2 o)
SiiPik[ Dy Sl ¥, Pl | gy T2
—P;jSjk[Dy, Pl [D*, S]i; g1y ™ Tz
Pij Pjg[Dy, Plu[D", Ply; g g
55ij[Dys S Sk D", Sl 91" Tom?
Sij[ Dy, Sljx Per[D*, Plii g 0
Sii[Dy, PljrPu[D", S]ii gg(k)l 0
— 18Dy, PliSia[D*, Pl | g T 4
~LP,[D,, Sl PulD" Sl | g1y 2
+P,;[Dy, Pljx P D", Pli; gi(sj)k(l) e
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Operator Coefficient Equal mésses Eq.
expression
3Dy, [D*, )53 [Dy, (DY, S]] 9t o7
YDy (D", Plly[Dy. DY, Pllyi | g1y s | 340
Sij Sl Fuv,i 9 o2
Py PP} Fuy,i g1’ — s (347)
355 F}" SjiFyvi 916 om?
5P} PjiFui g o | G4
i 5i[Dys S)ji[ Do, Fi gt e
i Pj[Dy, P);i| Dy, F*M; gD L (3.49)
(SijPji + PijSyi) FL" Flu g e (3.51)
Sii 1 PjiFu i g — s (3.51)
1[D", F), [D,, F*), Gho — (3.54)
LFH FY FP, g5, T (3.54)

Table 4. Values of the O(X2D*), O(SPD*), and O(D°) fermionic universal coefficients in the
limit of equal masses.
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