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ABSTRACT: In particle physics, the modern view is to categorize things in terms of effective
field theories (EFTs). Above the weak scale, we have the SMEFT, formed when the heavy
new physics (NP) is integrated out, and for which the Standard Model (SM) is the leading
part. Below My, we have the LEFT (low-energy EFT), formed when the heavy SM
particles (W¥, Z°, H, t) are also integrated out. In order to determine how low-energy
measurements depend on the underlying NP, it is necessary to compute the matching
conditions of LEFT operators to SMEFT operators. These matching conditions have been
worked out for all LEFT operators up to dimension 6 in terms of SMEFT operators up
to dimension 6 at the one-loop level. However, this is not sufficient for all low-energy
observables. In this paper we present the momentum-independent matching conditions of
all such LEFT operators to SMEFT operators up to dimension 8 at tree level.

KeEYywoRrDS: Effective Field Theories, SMEFT, Specific BSM Phenomenology

ARX1v EPRINT: 2207.08856

'Present address: Physics and Astronomy, McMaster University, 1280 Main St W, Hamilton,
ON L8S 4M6, Canada. E-mail: hamoudos@mcmaster.ca.

2Present address: Theoretical Division, MS B283, Los Alamos National Laboratory, Los Alamos,
NM 87545, U.S.A. E-mail: jacky.kumar@lanl.gov.in.

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP03(2023)157


mailto:serge.hamoudou@umontreal.ca
mailto:jacky.kumar@tum.de
mailto:london@lps.umontreal.ca
https://arxiv.org/abs/2207.08856
mailto:hamoudos@mcmaster.ca
mailto:jacky.kumar@lanl.gov.in
https://doi.org/10.1007/JHEP03(2023)157

Contents

Introduction
Preliminaries

Setup
3.1 Higgs sector
3.1.1 Higgs vev
3.1.2 Higgs kinetic term
3.1.3 Higgs mass
3.2 Fermion mass matrices & Yukawa couplings
3.2.1 Fermion mass matrices
3.2.2  Yukawa couplings
3.3 Electroweak gauge boson masses & mixing and coupling constants
3.3.1 Kinetic terms
3.3.2 Mass terms
3.4 Couplings of electroweak gauge bosons to fermions

Matching conditions

4.1 Direct contributions

4.2 Indirect contributions

4.3 Momentum-dependent contributions
4.4 Results

Conclusions

LEFT operators up to dimension 6

B SMEFT operators used in this paper

B.1 Even-dimensional operators
B.2 0Odd-dimensional operators

Useful Fierz identities

C.1 For (LL)(LL) and (RR)(RR) operators
C.2 For (LL)(RR) operators

C.3 For fermion-number-violating operators

Matching conditions

D.1 wvv+h.c. operator

D.2 (vv)X+h.c. and (LR)X+ h.c. operators
D.3 X3 operators

D.4 (LL)(LL) operators

W 00 0 I = 1 O O O W

—_
= O

12
13
14
15
16

16

17

17
17
18

19
19
22
23

23
23
23
24
25



(RR)(RR) operators 27
(LL)(RR) operators 27
(LR)(LR) operators 29
D.8 (LR)(RL)+ h.c. operators 30
D.9 AL =4+ h.c. operator 30
D.10 AL = 2+ h.c. operators 31
D.11 AB = AL = 14+ h.c. operators 32
D.12 AB = —AL = 1+ h.c. operators 33

1 Introduction

Despite its enormous success in accounting for almost all experimental data to date, the
Standard Model (SM) of particle physics still has no explanation for a number of other key
observations, such as neutrino masses, the baryon asymmetry of the universe, dark matter,
etc. For this reason, it is widely believed that there must exist physics beyond the SM.
And since the LHC has not discovered any new particles up to a scale of O(TeV), this new
physics (NP) is likely to be very massive.

When the NP is integrated out, one obtains an effective field theory (EFT), of which it
is now generally believed that the SM is simply the leading part. This EF'T must obey the
SM gauge symmetry SU(3)c x SU(2)r x U(1)y. Since the discovery of the Higgs boson,
the default assumption is that this symmetry is realized linearly, i.e., the symmetry is
broken via the Higgs mechanism, resulting in the Standard Model EFT, or SMEFT (see,
e.g., refs. [1]1). The SMEFT has been studied extensively: a complete and non-redundant
list of dimension-6 operators is given in ref. [3], the dimension-7 operators can be found in
refs. [4, 5], and the dimension-8 operators are tabulated in refs. [6, 7].

The LEFT (low-energy effective field theory) describes the physics below the W mass,
and is produced when the heavy SM particles (W, Z, t, H) are also integrated out. (This is
also called the WET (weak effective field theory).) In ref. [8], Jenkins, Manohar and Stoffer
(JMS) present a complete and non-redundant basis of LEFT operators up to dimension 6,
including those that violate B and L, and also give the matching to dimension-6 SMEFT
operators at tree level.

At one loop, there are two additional types of contributions to the matching. First,
there are the renormalization-group running effects which are enhanced by log (unp/tEwW)-
Second, we have the threshold corrections, or one-loop matching at the electroweak scale,
which are a part of the next-to-leading-log effects. Naively, the former contributions ap-
pear to dominate. However, for certain processes, the latter can be comparable [9]. The
anomalous-dimension matrices for the renormalization-group running and the one-loop
matching effects for the full SMEFT and LEFT bases have been computed in refs. [10]

'For a review see ref. [2].



and [11], respectively. (Note that, in order it to consistently include the threshold correc-
tions at the electroweak scale, it is essential to have two-loop anomalous dimensions of the
LEFT operators [12, 13].)

With this information, if a discrepancy with the SM is observed in a process that uses a
particular LEFT operator, we will know which dimension-6 SMEFT operators are involved.

However, this is not always sufficient. Information about the contributions from higher-
dimension operators may be important if the process in question is suppressed in the SM
and/or is very precisely measured. Examples of observables for which such contributions
must be taken into account include electroweak precision data from LEP [14], lepton-
flavour-violating processes [15, 16|, meson-antimeson mixing (AF = 2) [9, 17], and electric
dipole moments [18]. (Dimension-8 SMEFT operators have also been discussed in the
context of high-energy processes, see refs. [19-26].)

We have the matching conditions of dimension-6 LEFT operators to dimension-6
SMEFT operators. A first step is therefore to extend this matching to include the (subdom-
inant) dimension-8 SMEFT operators. But there is a complication: dimension-8 SMEFT
operators will also produce dimension-8 LEFT operators. (A complete set of dimension-
8 LEFT operators can be found in ref. [27].) Thus, additional LEFT operators must in
principle also be considered.

Note that a distinction can be made between the various contributions. Consider
four-fermion operators. These dimension-6 LEFT operators have no derivatives, and are
therefore momentum-independent (MI). On the other hand, the dimension-8 extensions of
four-fermion operators do contain derivatives, i.e., they are momentum-dependent (MD).
As a consequence, their tree-level matching conditions to dimension-8 SMEFT operators
are also MD.? Of course, the MD contributions can be at the same level in power counting
as the MI contributions. Depending on the scale of the NP (A) and the masses of the
fermions involved in the process under consideration, they can be numerically comparable
to, or even larger than, the MI contributions. Thus, a full computation of the contributions
from higher-dimension operators to low-energy processes must include both dimension-6
and dimension-8 LEFT operators and their MI and MD matching conditions to dimension-8
SMEFT operators. This is an enormous undertaking.

Fortunately, the MI and MD tree-level matching conditions can be separated. In
the present paper, we focus only on the MI matching conditions. MD matching condi-
tions will be presented elsewhere. Note that a complete analysis of the relationship be-
tween LEFT operators and dimension-8 SMEFT operators must also take into account the
renormalization-group running of SMEFT operators from the NP scale down to low energy,
as well as the threshold corrections at the electroweak scale. For bosonic SMEFT operators
up to dimension 8, the anomalous dimensions have been calculated in refs. [29, 30].

In our analysis, we follow closely the approach of ref. [8], and extend it to include
dimension-8 SMEFT operators. Below, we often refer to this paper simply by the initials
of its authors, as JMS.

2In a similar vein, one can find MD contributions to dimension-7 LEFT operators due to dimension-6
and 7 SMEFT operators, see ref. [28].



We begin in section 2 with some preliminary remarks comparing our analysis with that
of JMS, and discuss in general terms how matching conditions are computed. In section 3,
we present the setup, showing how the presence of dimension-8 SMEFT operators affects
the symmetry breaking, the generation of masses, and the couplings of the gauge and Higgs
bosons to fermions. The computations required to derive the complete matching conditions
are described in section 4. Although we do not compute the MD matching conditions, the
various sources of such contributions are outlined here. We conclude in section 5. The
results are presented in appendix D. Appendices A, B, C give a variety of information
relevant to the details of the analysis.

2 Preliminaries

In ref. [8], JMS compute the tree-level SMEFT matching conditions for the LEFT operators.
The matching conditions for operators that conserve both B and L involve only even-
dimension SMEFT operators, and are given up to dimension 6. For operators that violate
B and/or L, the matching conditions can involve even- or odd-dimension SMEFT operators
(but not both), depending on the operator, and are computed to dimension 6 or dimension
5. In the present paper, we extend this analysis: we compute these matching conditions
up to dimension 8 (dimension 7) if even-dimension (odd-dimension) SMEFT operators
are involved. (In this paper, when we refer to “computing the matching conditions up to
dimension 8,” both of these possibilities are understood.) If one eliminates the dimension-8
or dimension-7 contributions, the results of JMS are reproduced. This makes it easy to
compare the results. Also, we present the elements of our analysis in much the same order
as JMS.
In the LEFT Lagrangian, we consider only operators up to dimension 6 (like JMS):

6
. Co
LrLerr = LLERE™ ™ + Locp+qeD + D D =il (2.1)
n=5 O&dimn
For the SMEFT, all operators up to dimension 8 are included:
8 Co
Lsvprr = Lsm+ >, Y And @ (2.2)

n=5 Qedimn

(Note that using the same suppression scale A for both LEFT and SMEFT is just a matter
of convention.)

Still, there are two differences in our notation:

o Our convention is to have dimensionless Wilson coefficients (WCs). For instance, for
the dimension-6 SMEFT lagrangian, we write
© Ca
Lovprr = D @ (2.3)
Qedim 6

This convention is different from that of JMS, which uses dimensionful WCs.



e In the unbroken phase, the SM lagrangian is

1 1 1
Lou = —GRGW = JW, W — 2B, B

2
+ S Wiy + (D,H) (DPH) — A (HfH _ 1v2)
Y=q,u,d,l,e 2
— [Zper(yve)er + qur(Yu)prﬁ + der(yd)er + hC}

0395 4 A4 029 1 o b1g”
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+ 3272 T H + 32r2 K + 3272
This uses the same notation as JMS, with one exception: our Yukawa matrices (the

B,,B" . (2.4)

Y's) are the hermitian conjugates of those of JMS.

In eq. (2.4), the fields ¢, and [, are (left-handed) SU(2); doublets, while u,, d, and
er are (right-handed) SU(2)y, singlets, where r = 1, 2, 3 is a generation (weak-eigenstate)
index. The physical (mass-eigenstate) states are the same for the charged leptons, the left-
and right-handed u-type quarks, and the right-handed d-type quarks. For the left-handed
d-type quarks, the relation between the weak and mass eigenstates is

drr = Veadr, + Vigsy + Vipbr = Vigdiry (25)

where the left-hand side is a weak eigenstate, and the right-hand side is a linear combi-
nation of mass eigenstates. The V,, are elements of the unitary mixing matrix, which is
the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the SM. Note: as in JMS, our LEFT
matching conditions are given in the weak eigenstate basis. They can be written in terms
of the physical states by using the above relation.

In our analysis, we make reference to several different sets of operators. The LEFT
operators are taken from JMS [8], the dimension-6 SMEFT operators are found in ref. [3],
and we use ref. [7] for the dimension-8 SMEFT operators. In all cases, we use the same
notation for the operators and their WCs as is used in the references. For the dimension-7
SMEFT operators, we use a basis that is equivalent that of ref. [4], but with a different
notation. For convenience, in the appendices, we present tables of all the operators used
in this paper. These include LEFT operators (appendix A), along with dimension-5 to 8
SMEFT operators (appendix B).

It is useful to give an example that illustrates the various issues involved in deriving
matching conditions. Consider the charged-current four-fermion operator

_ - . 1
Ol/égf = (vppy'err)(drsyuure) + hec., coefficient :PCX;CIL;. (2.6)
prs

We begin by examining the matching to the SM. That is, (9;255

of the Fermi theory, whose coefficient has magnitude 4Gr/v/2. The SM Lagrangian consists

is taken to be an operator

only of operators of at most dimension 4. This four-fermion operator can be generated in
the SM when a W is exchanged between the two fermion currents, and the W is integrated
out. The SM matching condition is then

1 i g
701167 w [VVZ] T‘[W ]:s . (27)
A2 p'rgt 2]\431/ P 7



Here, W; and W, are the couplings of the W to the lepton and quark pair, respectively.
In the weak-eigenstate basis of the SM, [Wj], = d,r and [W,]s = 0. Knowing that the
coefficient has magnitude 4G r/+/2, this leads to the well-known relation

Gr g9
The matching to SMEFT at dimension 6 was computed by JMS. It is
Lo fne = 200 T e e e (2.9)
wo w2, ~ oy, Tl

Since the SMEFT includes dimension-6 terms, it contains the four-fermion operator. That
3)
l

is, there is a direct contribution to the matching conditions, ! i As was the case in

prst
the SM, C’Xe’dLuL can also be generated by the exchange of a W between the two fermion
prst

currents. This is represented by the second term above. Although this resembles the term

in eq. (2.7), there are several differences:

1. In the presence of dimension-6 SMEFT operators, the coupling constant is modified:
g — g. This is due to the fact that, when one adds dimension-6 corrections to the
kinetic terms of the gauge bosons, these fields and the coupling constants must be
redefined in order to ensure that the kinetic term is properly normalized.

2. In the SM, the W coupling to fermions is fixed by the fermion kinetic term, ¢ /)1). In
SMEFT, there are dimension-6 corrections, such as H Tz'DMH Yy"1). These will change
the magnitudes of the couplings, and permit inter-generational couplings, hence the
‘eft’ superscript on W; and W,,.

The bottom line is that many dimension-6 SMEFT operators are implicitly present in the
second term of eq. (2.9) above. Collectively, these operators form the indirect contributions.
They must be carefully taken into account in the matching conditions. (Note that, if one
expands the effective parameters appearing in the matching conditions, many terms will
appear; those that are of higher order than dimension 8 are to be ignored.)

3 Setup

The Lagrangian for the SM in the unbroken phase is given in eq. (2.4). When the Higgs field
acquires a vacuum expectation value (vev), given by the minimum of the Higgs potential,
the symmetry is broken, and masses are generated for the W=, the Z° and the fermions.
One can easily compute the masses of the physical gauge bosons, as well as their couplings
to the physical fermions, in terms of the parameters of Lgy, in particular g, ¢’ and v.
When one includes higher-order SMEFT operators of dimension 6, 8, etc., this whole
process must be recalculated in order to take into account these new operators. One must
make field redefinitions so that the kinetic terms are properly normalized, the minimum of
the Higgs potential (i.e., the Higgs vev) must be recomputed, corrections to sin fy must be



taken into account, etc. One sees the effects of these additional operators in the redefinitions
of the coupling constants, the couplings of gauge bosons to fermions, and other quantities
that appear in both the direct and indirect contributions to the matching conditions.

In this section, we present the main effects of including SMEFT operators up to di-
mension 8. We emphasize those results that are important for the matching conditions.
These results are in agreement with the predictions of the geometric formulation of the
SMEFT [31].

3.1 Higgs sector

After the Higgs acquires a vev, we redefine the Higgs field as follows:

H — 1 0 (3.1)
ﬂ [1 + CH,kin]h + v . .

Here, vr and cpy xin are respectively determined by minimizing the Higgs potential and by
normalizing the Higgs kinetic term.

3.1.1 Higgs vev
In the presence of SMEFT operators up to dimension 8, the Higgs potential is

2
V(H) =\ (H2 — ;qﬂ) 1 CHH6 T CH8H8 (3.2)

where only the real part of the second component of the Higgs doublet, H, is taken to be
nonzero. We define the physical Higgs vev, vr, to be vp = v/2 H™", where H™" minimizes
the Higgs potential. This implies that

3'1)2 'U4 63 2

vy is the physical parameter that appears in the matching relations, and whose value can
in principle be determined by a fit to the data.

3.1.2 Higgs kinetic term

Including SMEFT contributions up to dimension 8, the Higgs kinetic term is

4

1ggs Kine IC 1 2U2 1
Lovitrr ™= 5 [1+ “z <CHD —CHD> +Aa (C(l) +C§«g) (1+crkin)*(9uh) (9" h).

(3.4)

A2 \4 4A4

In order for this term to be properly normalized, one must have

vf VT (A1) | A(2)
CH kin = A2 (CHD C’HD) 8/(4 (CHG + CH6>

4
3up

1 2
o (CHD—4CHD) . 35)

This is essentially a redefinition of the normalization of the Higgs field.



3.1.3 Higgs mass

Taking into account the SMEFT contributions up to dimension 8, the Higgs boson mass

term is
Hi 1 2 2 5UT 7“’? 272
Lotbpr . = 5 A7 — 3)\vp + A Cy + A Cys| (1 + cHiin)“h”. (3.6)
This gives the following expression for the Higgs boson mass:
3v 3v3
mﬁ:(LHmM@%%FX—AgCH—Ang]. (3.7)

3.2 Fermion mass matrices & Yukawa couplings

Before symmetry breaking, the SMEFT Lagrangian up to dimension 8 contains the follow-
ing terms for charged leptons and quarks:

1
(Yw)pr Xp¥r H+ A2 C¢H Xptr H (H H) + A4 Cwa5 Xpr H (HTH) + h.c., (3.8)

where ¢ € {e,u,d} (right-handed SU(2), singlets), x € {l,q} (left-handed SU(2);, dou-
blets), H = H if 1 € {e,d} and H = H if ¢ € {u}. Here, the first term (dimension 4)
belongs to the SM and the last two terms are SMEFT operators (respectively dimension 6
and 8). Lepton-number-violating terms are also present:

1
~C5 7 (IFClyy) HiH +

5 A3CpH463ldagCﬂmeﬁfﬁ(H¢HU4—h£” (3.9)

When the Higgs gets a vev, both mass matrices and Yukawa coupling terms are generated.

3.2.1 Fermion mass matrices

The SMEFT mass terms for charged leptons and quarks up to dimension 8 are

. v —
LgRymen mess = _7:% [(Ye)préLpeRr + (Yu)prUrpure + (Yd)pTdedRT} +he,
3
; v
CEER S = [ ctengens + Corlingns + Candiydne| + .. (310)
pr
5
Egﬁré%g%’énass - Mﬁ lCleH5eLpeRT + C HsuLpuRr + quH5dedRr + h.c.
pr pr
This gives the following mass matrices:
(M) Ww)gﬁc—ﬁ@ (3.11)
Y R T U AT R L :
The SMEFT neutrino mass terms are
. - o2
£IS\I&u]:E,%%O mass __ 2A 05 —+ 9N CFH“] VLpCVLr + h.c. (312)
This gives the following mass matrices:
2 2
up v
[My]pr = —T 05 + 2A2 Cl2H4‘| . (313)




3.2.2 Yukawa couplings

The SM, dimension-6 and dimension-8 SMEFT Yukawa coupling terms for charged leptons
and quarks are

1+ cHi
Lukawa _ L+ Corkin) \/gvkm) [(Y Jprerperrh + (Yo)prlrpureh + (Yd)prdedRrh] +h.c.,
3(1 + cpg in ) V2 _
£%’11\1/[l%%v% 6 = w [CeHeLpeRrh + CuHﬂLpuRrh + CdeLderh] + h.C., (3.14)
’ 2v/2 A2 r o o

Yukawa 5(1 + CH,kin)U%“ _ —
LIMEFT,S = W Cremserperrh + C HauLpuRrh + quHdederh + h.c.
pr pr
This gives the following Yukawa couplings (up to dimension 8):
e 1+ CH kin \/§ 2 214

There are also momentum-dependent Yukawa couplings (i.e., ordinary Yukawa couplings

with additional derivatives acting on the Higgs field) occurring at dimension 6 in SMEFT.

However, as discussed in the introduction, MD contributions to the matching conditions

are not included in the present work (though they are briefly discussed in section 4.3).
The SMEFT Yukawa coupling terms for neutrinos are

CNH Y = (L emian) (O + 1 Clzm] WPl Curythe. (3.16)
This gives the following Yukawa couplings:
eff 1 UT3
(YV)pr = (1 + CH,kin) E [Mu}pr A3 Cl2H4 . (317)

These Yukawa couplings enter the matching conditions of certain four-fermion operators
in LEFT.

3.3 Electroweak gauge boson masses & mixing and coupling constants

3.3.1 Kinetic terms

Including the SMEFT contributions up to dimension 8, the kinetic terms of the electroweak
gauge bosons after symmetry breaking are

l - F CH A4 CW2H4] W;LVW K
UT (3) 3 i3
C W= WK
ﬁElectroweak kin __ _1 A4 WEHE (3 18)
SMEFT ] 2vT 1) v '
+ A2 C HB — A4 CBQH4 B,w/B
27} C C,( ) W3 B™
+ A2 HWB + A4 W BH4 72




Here there are two issues that must be resolved. First, the kinetic terms must be properly
normalized. Second, the WEVB“” mixing term must be removed.

Proper normalization of the kinetic terms can be achieved by redefining the coupling
constants and the normalization of the gauge fields:

[ 2 4 4
— T v (1) 3vr 2
9= |1+ a2 O ¥ gpa G g (O] 19’
-~ [ v2 v 1 3v?
7 = |1+ Cun+ 2Ly o+ 202 [cHB]Q] J, (3.19)
. 2 4 4
I _ v v (1) 3up 2 I
WH_ 1+MCHW+WCW2H4+W[CHW]]W“’
[ V2 v 1 3
B, = 1+A—€C’HB+#C(BQ)H4+#[CHB]2 BN' (3.20)

At this stage, there is still a WE’WBW mixing term, as well as a separate ng,WSW
term. These can both be removed by defining

_ vp? ) 7
Cuws + A2 YwBHH
4 4 2 2
v (3) 3vur 2 vt vT
1+WCW2H4+W[CHWB} _w +FCHWBCHW
WS + ﬁ C c W3
1 2 Az CuwBCHB M
. _
B, Cuwp + Tig CI(/II/)BH“ g
2 2 vt
v v vr
vl % CuwsCrw I+ 37 (Crws)”
’UT2
+ AT CuwsCHuB
(3.21)
With this, we have
. 1 1—3 — 15 =
LRSI = S WEW T — W, W — B, B, (3.22)

3 =

1
+= — =+ =+ + —
where Wi, = W — O, Wy, Wi = — S, =

o = -2

9B, — 8,B,,, and we have dropped the cubic and quartic self-coupling terms of the gauge

1 A2\ YA T3 o3 5 o
WL 5 W2), W2, = 9,W° — 0, W, B, =

bosons.

Note that we still have the freedom to perform the following rotation:

73 _— . p—
w cosby sinf Z
el = Al B Gl I (3.23)
B, —sin Oy cosfw | | Ay
where Z,, and A, are the physical Z-boson and photon fields. In terms of these fields, we
have 1 1 1
LRNRRT ™ " = =W W — 2 2 2 — S P P (3.24)



For completeness, we also present the results for gluons. Including the SMEFT con-
tributions up to dimension 8, the gluon kinetic term is
202
Gl kin _ T 1) A ~A
LSvprr ~1 [ — FCH A4 C 2H41 GG m (3.25)
In order to properly normalize this kinetic term, we make redefinitions similar to those in
egs. (3.19) and (3.20):

2
q. = (1) 3vT 9
95 = |** 2 2 Cna+ o 2A4 CG2H4 +opa [Cnal ] 9s 5 (3.26)
4 2 (1 3UT 2 A
G = |1+ 3k G+ s O+ S e 61 (327

3.3.2 Mass terms

The SMEFT contributions up to dimension 8 to the mass terms of the electroweak gauge
bosons after symmetry breaking are

4
(1) O\ 2mlnrl 21772
1 g (O - CH6)] g (W, W+ W, W)
9 L
Electroweak mass __ Ul 2
L3 =3 1 n w Cup . (3.28)
o o (gW; — ¢'Bu)(gW?™ — ¢'B")
+ m (CH6 + CH6)

We can write W/f and B, in terms of Wﬁc, Z, and A, using the transformations described
in section 3.3.1. The mixing angle Oy of eq. (3.23) satisfies

'7 (692 —12 _§4 o 5§/4) UT @/2 3)
B 1 g+ 8A4 (g +§/2)2 [CHWB] +W 2+§/2 CW2H4
costy = ———
7 | A2 2 2 V2
g +g gvrg-—4g (1)
TN P22 (CHWB+ 9A2 Cywpae +2L Az L Crwp [C'Hw+CHB]>
5 T (65°9" 9"~ 551) (o o b T o)
Sing 1 8A4 (§2 +§12)2 A4 =2 +§12 W<2H
W= e
Vi +g? | | gvr g —7" LApel
+5 A7 1 g Cuwp+ 27(2 CI(,V)BH4 +t2 CHWB [Cuw +Cugl

(3.29)

up to dimension 8.

Note that, while in the SM we have sin Oy = ¢'/1/¢2 + ¢’> and cos Oy = g/\/ g% + ¢'%,

these relations no longer hold in the presence of SMEFT operators. Similarly, in the SM,
e =g4g'/\/g2 + ¢'*. Including SMEFT operators, this becomes

99v3Cawe 99 UTCt(/V)B 4 ?’20%0‘(4/)2 4

__ 77 - (7% + g'2)A\2 a 272+ gAY T 2(g2 + gAY (3.30)
VI +3% | ggviCuws(Caw + Cus) | 35°g*v}[Cuws)*
(9% +g"7)A! 2(3* +57)2A

~10 -



The masses of the W and Z are given by

—=2..2 4
_ g (1) _ ~(©)
Mg = 1 [1 + 11 (Ol - CH6)] , (3.31)
— 2,2 2 4
2 _ 97°v% (1) | A2
Mp =L 1+2A20 +4A4(C +CY )] (3.32)

where

97 =\ +9?

a9 UTCHWB 99 UTCI(/V)BH4 g UTCI(/V)ZH4
(P +7%)A2 2>+ 7PN 2 +g*)A!

n 99 vrCuws(Craw + Cup) e 97" [Cruwa]?

1+

(3.33)

In the SM, the “charge” to which the Z° couples is I, — Qem sin? . When one adds
SMEFT operators up to dimension 6, the mixing angle is changed, 6y — Oy, but the
Z° coupling still has the same form: it couples to I3, — Qem sin® Oy [8]. However, when
SMEFT operators up to dimension 8 are included, this no longer holds. Instead, the Z°
couples to Is;, — Qem sin? 07, where

4 — —
sin? 9Z = sin? 9W + — I [CHWB] (sin2 Ow — cos? GW) . (334)

(This was also noted in ref. [20].)

3.4 Couplings of electroweak gauge bosons to fermions

As shown in eq. (3.24), the physical electroweak gauge bosons are A, Wff and Z,. Their
effective couplings to fermions, as well as those of the gluon g,j‘, take the following form:

_ Ap
L=-9,G,5" — Ay — \f{WJr W'Y — 922005 (3.35)
in which the corresponding currents are

jé H = ap T ur, + dp M TAd L, +ar " T uge + drpy" T d gy

34 = —epers+ %ﬂLp’Y” ULy — %ELp’Y” drr —€rpY"err + %ﬂRpﬁ’“ URy — éERp’Y“dRra
= WIS T e s + Wl ap,n di, + WrlSarn" dpe + WS (0, Cr err), (3.36)
it = WS e vy + Wl dryy urs + WRIS drpy ury + W (710" CeR),

[ZVL];ngp’YMVLr + [ZeL];géLp’YueLr + [ZuL]ggﬂLp’)/uqu + [ZdL]ggaLp’V'udLr

e
Jz = _ . —
+ [ Zeglomerp" e re + [ Zug|ontirp Y Urr + [ Zag on drp " d e

Since SU(3)¢ % U(1)ey, remains unbroken, the currents involving gluons and photons
are fully determined by QCD and QED. This is not the case for the Wff and Z, gauge
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bosons: the fermion currents to which the Wff and Z, couple are given by the following
(up to dimension 8):

eff UT 3 ) vr (2) (3)
(Wilpr = Opr T Az C T oAl (CZ2H4D ZCﬂH‘M)) ’
pr pr

4
W = 5 +l0() vt (Cm) e ) 7

pr A2 AL \ T?HYD *H*D
pr pr

e (¥ 3 U

[WR]ﬂ:2K20() 4K4Cd§4p,
3

[le]eg = leH D>

P 2fA3 pr

2

eff v 1 3 2

[ZVL]pT = §6p7” - 271@ <C§-Il) ) - ( Z2H4D - 20(21){4D> )

( l(21]){4D + 2021){4D> 9 (337)
pr
1) (2)
< 2H*D —2C 2H4D> ’
pr
<C 2H4D g)fl4D> 9

e 1 e 2
(Ze, ) = §9L5pr - W ( i+ CHl)

a5 = o - ( )
L Cy

T
ff vt V7
[ZCR]ZT = gR(spr_ IA2 Te_ 4A402H4D’
,02

1
1T
[ZUL]]GD'I‘ = 29[,5}77“ - 2A2

I>‘>qu> >‘% >\

1 v
Zu)F = ~g80pr — 55 Ctiu — 5 O3
pr

2 272 4Nt TP HED
1 v?
fF_ 1 4 1)
[ZdR]e = §9R5pr T 9A2 CI;’T 4A4 C 2JLITAID :
.27 4. 95 d 2 .97
Here, we have defined ¢gf = —1 + 2sin“fyz, g} = 1 — gsm 0z, g7 = -1+ gsm 0,
7 4 = 2 _ _
g% =2sin’0z, g% = —3 sin? 04, and g% = 3 sin? 07, where sin? 7 is defined in eq. (3.34).

4 Matching conditions

There are four classes of LEFT operators up to dimension 6: (i) four-fermion operators,
(ii) magnetic dipole moment operators, (iii) three-gluon operators, and (iv) neutrino mass
terms. The matching conditions for operators that conserve both B and L involve only
even-dimension SMEFT operators, and are given up to dimension 6 in JMS. For operators
that violate B and/or L, the matching conditions involve either even- or odd-dimension
SMEFT operators, depending on the operator; these are given to dimension 6 or dimension
5 in JMS.

In general, there are three types of contributions to the matching conditions of LEFT
operators to SMEFT operators up to dimension-8: (a) direct contributions, (b) indirect
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contributions, and (c¢) momentum-dependent contributions. The classes (ii)-(iv) of LEFT
operators receive only direct contributions. In the following subsections, we describe in
detail the direct and indirect contributions to four-fermion operators and their origin within
the SMEFT up to the dimension-8 level. We also briefly summarize the sources of the MD
contributions.

4.1 Direct contributions

The dimension-6 SMEFT direct contribution is the LEFT operator itself, in which all
left- and right-handed particles are replaced by the left-handed SU(2)z, doublets and right-
handed SU(2)y, singlets to which they respectively belong. The dimension-8 contributions
involve the dimension-6 SMEFT operator multiplied by a pair of Higgs fields. When the
Higgs gets a vev, this generates the four-fermion LEFT operator.

The details of the computation are best illustrated with an example. Consider the
LEFT operator

OYEE = (TrLpYuvrr) PrLsy"vie) - (4.1)
prst
It is generated by the dimension-6 SMEFT operator @ 5 = (I,vul.)(ls7*1;). This can be

prst
seen by separating the SMEFT operator into components:

iC l (ng'Y,uVLr)(ﬁLs'YMVLt) + (va'Y,uVLr)(éLs’V“eLt) ' (42)

Le i Q u I
2 — — — —
A2 “prst “prst A2 prst | + (Eppuere) (s vie) + (Erpvpers) (Ersyert)
The first term is O‘,/jf L.
prst
One dimension-8 SMEFT operator that is among the matching conditions is Ql4 e =

_ _ prst
(vl )(Isy") (HTH).  Because the SU(2); doublets I and H are involved, there

are two additional dimension-8 SMEFT operators that must be included: Q(z) =

l4H2
prst
(Lpvulr) syl (HTrTH) and Ql(f;# = (ILyyum1.)(Isy"1;)(HT 7' H). When the Higgs gets
stpr
a vev, these three operators can also generate ovLL.
prst
1 on . v2 o (VLo vuver) Wrsy vie) + (Trpuvee) (€nsytert) ]
4 2 4 172 Al 4 172
A4 lpgt lpgt 2A4 lprgt _+(ELp'Y,LLeL'r)(gLs'YMVLt)+(ELp7peLr)(€L57ueLt)
1 o 02 V2 e [ — (VLp'YuVLr)(VLs’YuVLt)'f‘(VLp'YuVLr)(eLs'Y'ueLt)]
4 2 4772 AAd 4172 _ _ — — )
A4 lpgt lprfgt 2A1 lpgt | — <6Lp7ueLr)(VL57MVLt)+(€Lp7p€Lr)(eL57#eLt)
1 2 @ V7. e [ — (Trpuvie) Trsyvie) — (Vrpyuver) (@Lsy*ert) 13
A4 v @iz = oA 1t H? - — _ _ o u - (43)
stpr  stpr stpr _+(6Lp7ueLr)(VL57 VLt)—i_(eLp'yueLr)(eLsfy eLt)

We therefore see that the direct contribution to the matching condition of the LEFT

operator (’)‘,/,5 L, up to dimension 8, is
A2 prst
1 v [ A () )
C i + - <C4 2 472 4772 . (4'4)
A2 [ prt oTE bt et sior
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Figure 1. Z-exchange contributions to OV;/'* with flavour indices prst.

The direct contributions to the matching conditions of the other LEFT four-fermion
operators are calculated similarly.

4.2 Indirect contributions

A four-fermion operator can also be generated when a boson is exchanged between two
fermion currents and this boson is integrated out. This produces an indirect contribution
[e.g., see eq. (2.7)].

Consider once again the LEFT operator OY)ZL of eq. (4.1). The indirect contributions

TS

arise from the Z-exchange diagrams of figure }17, when the Z° is integrated out. We note
that (i) there is a relative minus sign between the two diagrams, and (ii) when one Fierz
transforms (see appendix C) the amplitude of the second diagram, one obtains the ampli-
tude of the first diagram, but with an exchange of generation indices r <+ t. The indirect

contribution to the matching condition of this operator, up to dimension 8, is

=2
g
~ iz (P28 + 1201200 (45)

eff
pr

Another example is the LEFT operator (’)‘,/jgtL = (Trpyuvrr)(€rsy*ert). Here the
TS

where g, and [Z,, ]S, are defined in egs. (3.33) and (3.37), respectively.

indirect contributions arise from the Z- and W-exchange diagrams of Fig, 2, when the
heavy gauge bosons are integrated out. The indirect contribution to the matching condition
of this operator, up to dimension 8, is

§2
2N,

— 520, o Ze ) —

(Wilsrmalef (4.6)

pr

where g and [Wl]gf,f are defined in egs. (3.19) and (3.37), respectively.

The indirect contributions from gauge-boson exchange to the matching conditions
of the other LEFT four-fermion operators are calculated similarly. Most such operators
can be generated via diagrams with the exchange of a Z°. A small subset of these also
involve W-exchange diagrams. And a few LEFT operators can be generated only via the
exchange of a .
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Vir €Ls VLy €Ls
Figure 2. Z- and W-exchange contributions to Ol with flavour indices prst.
€Lp CRi
CLyp €Rt \\/
h\\\

> //A\\

CrLy CRs €Lr €Rs

Figure 3. Z- and h-exchange contributions to OY;I'F with flavour indices prst.

Finally, the matching conditions of certain LEFT operators receive indirect con-

tributions from Higgs exchange. As an example, consider the operator OV =

prst
(éLp’YueLr) (ERS")/ueRt) .
The indirect contributions come from the diagrams of figure 3. The Z- and h-exchange
contributions are computed similarly to the previous examples. The indirect contribution
to the matching condition is

—2
9z 1 *
- MZ2 [ZEL]??[ZEREEF - 2mh2 (Yve);fg(yve)ig : (4'7)

The Yukawa coupling is [eq. (3.15), repeated for convenience]

1+ ey | V2 v3 v}
Vo)l = — == | =2 My — L Coy — 5 C
( e)pr ﬁ . [ e]pr A2 i}lj 4 X;ils

The first term is ~ m./vp and is negligible. For this reason, JMS, which works only to
dimension 6, argues that the h-exchange indirect contributions to the matching conditions
are unimportant. However, when one works to dimension 8, there is a non-negligible
contribution resulting from the square of the second term.

4.3 Momentum-dependent contributions

In the introduction, we noted that (i) the matching conditions can be separated into two
types, momentum-independent and momentum-dependent, and (ii) in this paper, we focus
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only on the MI type. Indeed, in the above subsections, the direct and indirect contributions
give rise to MI matching conditions. Still, it is a useful exercise to explore which types
of SMEFT operators can produce MD matching conditions. The various sources of MD
contributions are outlined below.

We first consider dimension-8 SMEFT operators. Those belonging to the 1*D? class
contribute directly to four-fermion operators and give rise to MD contributions that scale
as p?/A*. There are also MD operators in the 1/2H*D class. These contribute to four-
fermion operators via Higgs exchange; the net effect scales as vp/A*. However, the MI
contributions scale as v?/A*. Since the momentum transfer p in low-energy processes is
much smaller than v, one can safely neglect these types of MD contributions.

On the other hand, there are also MD contributions from dimension-6 SMEFT oper-
ators. Those in the ¥2H?D and ¢>X H classes contribute to four-fermion operators via
the exchange of a Higgs boson or a W/Z boson, respectively. These contributions scale as
(m/v)(1/v?)(pv/A2%) ~ (p?/v?)/A? and (1/v%)(pv/A?) ~ (p/v)/A2, respectively. Clearly,
depending on the values of A and p ~ m, these can be comparable to the MI dimension-8
SMEFT contributions, which scale as v?/A%.

In addition, the second-order term in the expansion of the propagator can give rise to
contributions of the same order, (p?/v?)(v2/A%) ~ (p?/v?)/A? . In this case, the momentum
dependence arises from the propagator, in contrast to the above contributions, where it
is in the vertex. (Note that, with dimension-8 operators, this type of effect is suppressed
since it scales as (p?/v?)(v2/A*) ~ (p?/v?)/A*, which can be neglected.

4.4 Results

For all four-fermion LEFT operators, the MI matching conditions up to dimension 8 in
SMEFT are determined using the techniques described above for computing the direct
and indirect contributions. For the LEFT magnetic dipole moment operators, three-gluon
operators and neutrino mass terms, the calculations are straightforward, as there are no
indirect contributions. The matching conditions are given in the tables in appendix D.

In the literature, the matching conditions of LEFT operators to dimension-7 SMEFT
operators have been calculated in ref. [32]. The results obtained there are in agreement
with ours. The matching conditions of LEFT operators to dimension-8 SMEFT operators
has only been performed in refs. [15, 16], where the focus was on LEFT operators that
lead to lepton flavour violation. Our results agree with this analysis. Matching conditions
to dimension-8 SMEFT operators have also been computed in ref. [25], but in the context
of high-energy processes. Although LEFT operators were not involved, there is still some
overlap, and we agree here as well. Finally, the contributions of dimension-8 SMEFT
operators to the SM parameters, as described in section 3, was also examined in ref. [15],
and we are in agreement.

5 Conclusions

The modern thinking is that the Standard Model is the leading part of an effective field
theory, produced when the heavy new physics is integrated out. This EFT is usually
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assumed to be the SMEFT, which includes the Higgs boson. The SMEFT has been well-
studied — all operators up to dimension 8 have been worked out.

When the heavy particles of the SM (Wi, Z° H,t) are also integrated out, one obtains
the LEFT (low-energy EFT), applicable at scales < Myy. In order to establish how low-
energy measurements are affected by the underlying NP, it is necessary to determine how
the LEFT operators depend on the SMEFT operators (the matching conditions).

In ref. [8], Jenkins, Manohar and Stoffer (JMS) present a complete and non-redundant
basis of LEFT operators up to dimension 6, and compute the matching to SMEFT operators
up to dimension 6. However, if the low-energy observable in question is suppressed in the
SM and/or is very precisely measured, this may not be sufficient. Indeed, it has been
pointed out that dimension-8 SMEFT contributions may be important for electroweak
precision data from LEP, lepton-flavour-violating processes, meson-antimeson mixing, and
electric dipole moments.

In this paper, we extend the analysis of JMS: for all LEFT operators, we work out
the complete tree-level momentum-independent matching conditions to SMEFT operators
up to dimension 8. The momentum-dependent contributions will be presented elsewhere.
There are direct contributions to these matching conditions for all LEFT operators, and
four-fermion operators also receive indirect contributions due to the exchange of a W*, Z°
and/or H.

Should the analysis of a LEFT observable require information about dimension-8
SMEFT tree-level contributions, much of that information can be found here.
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A LEFT operators up to dimension 6

The following two tables are taken from ref. [8].

B SMEFT operators used in this paper

B.1 Even-dimensional operators

These tables list the dimension-6 [3] and dimension-8 [7] SMEFT operators that contribute
to the matching conditions, separated into various categories.
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O | Py er)(drsyuns) + e, OpH (drpr*drr)(ERsvuenre) O™ | (arpurr)(@rsure)
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ot (UrpY"uprr) (URs Vi URE) VLR ! ! oz (ELperr)(UrsurLt)
i W
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O, (u RP'V#uRT)(dRS'Vuth) aa ! ! Ofedu (Vrperr)(drsurt)
O @Ry T4 up, ) (AR T d )

Table 1. The non-four-fermions LEFT operators up to dimension 6 and the dimension-6 four-

fermion LEFT operators conserving B and L.

B.2 0Odd-dimensional operators

There is only one dimension-5 SMEFT operator: € ekl(l;f';,ClkT)HjHl. The basis for the
dimension-7 operators used here is equivalent to those given in refs. [4, 5].
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Table 2. The dimension-6 four-fermion LEFT operators violating B and/or L.

C Useful Fierz identities

The following Fierz identities are needed to derive the matching conditions given in this

paper.

C.1 For (LL)(LL) and (RR)(RR) operators

In the case of a four-lepton operator, the identities take the form

In the case of a four-quark operator, color has to be taken into consideration. This is done

(Trpyert)ELsyuvir) =

(va’Yu VLT) (éL57u eLt) .

through the identity dox0.3 = 2T Tm + 5a55KA The identities are (for instance)

(ﬂLp'YHst)(aLs'Yuqu) - 2(ﬂLp’YMTAuL7‘)(aLSVMTAst) +
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i
1 - R R 1 <
(o e H(H T M)W, | @ T L) (T D) (HH) + (HTD B ()] FC}?Q,A
pr
(o er) H(H'H)Buy | 55Cheni i€l TR (L 1,) (HY D H) (75 H) q“}l i
o
) - 1 e = 1
(@0 TAu, ) H(H H)GY, 1 5 Cuam® i(€y"e,)(H' D H)(H'H) FC&H I
pr i
S 7 a1 o L T
(@0 u,-)TIH(HTH)WJ,, e ‘z(;t)wus (@, q,)(H''D ,H)(H H) Fcﬁzﬂu
e
@ u) AT W, | C0 | i@, e ) (D L)) + (1D 1) () —C,I?HA
s
~ 1 R 1
@0 u) H(H By | 5Cyupme i€l /K (g, ) (D LH) (7 H) 0
i
1 L = 1
@0 TAd) H(H H)G}, | 15 Cacns i@y uy)(HT D H)(H'H) 2iCenn
pr pr
1 L~ — N 1
(@ d )T H(H H)Wl, | 57 Co e i(dytde) (HUD 1) (HH) TiCen
pr
N N T o = 1
(@,0"d,) H(HI T H)W], Pcijimg i(upytd,)(HTD ,H)(H H) F1Cudrrp
e
R 1
(@p0"¥d.)H(H H) By ATCq(LBm
o

Table 3. The even-dimensional non-four-fermion SMEFT operators appearing in this paper.
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Classes (LL)(LL)H" Classes (LR)(LR)H" Classes (LL)(RR)H"
Operator WwWC Operator WwC Operator WC
. = T — — T - — T
T yule) () 0, (@ eju (@) 3 Cons Tpvulr)(Eser) 32C,
st ‘ prst -
— — T —j & T 7 - T
('Im';ﬂr)(fls’v’“(h) Fcpgzt (‘If)TAUr)‘jk(‘IfTAdz) pqﬁz? (Upypulr) (@syH ) ATCZ)%
— . T G - - T . — T,
@ 0) @7 a) i Ger)esn @) 7 e UEABICRTEA) 30,
st prst N
— _ T Jur ko T = _ _ T
(T vule) @7 42) FC%I B0 wer )i (@ o ue) A—Zc;j;uL (@) sy er) 130,
ors rs
7 — T 3 —j ke i T a _ . T
Gyt @ " ar) e (zgi @)ur)es(@sd)(HTH) pcézlmz (@) (W) e ;q')w,
prst prst st
= - T - - T S T
(b)) (HTH) Fc;,‘;,; @ur) (@) (HIr H) |58 e (@ T ) (@A T u) Af.zclﬂ;?:t
prs prst
7 T T 2 — A T 3 — — T .1
Gl e ) HITTH) | 3Gl @7 un) @ TA ) HH) | 5O0 e @) (7" ) 0
prst prst prs
_ _ T _ _ T 4 _ - T
(@ 1r) @, 00) (HT H) T i @) @ TAd) (H 7 H) | 1702 0o @ T4 (@A TAdy) pC‘Sil
prst prst prs
— o T . — I - — T
@) @ a) (YT H) | 500 (Tyer)esn(@iue) (H'H) g () @yt ed) (HTH) FC;JJ,F',}
prst prst prst
. To Vg ~*r g (HTH 1 c® 7 T ) (HT T H T @ 1 1 V(@~te ) (HiTTH 1 c®
@' ar) (@7 qe) (HTH) 31 Cone e (T )n@u)(HIT H) | 5500 e Grr'l) @t e (HITH) | 55 e
prst prst prs
<o o x| LG 7 e T . — , T G
K @) @t ) (HITK )| 080, Gomenen@o ) (HE) |50 . ()@ u) HH) | 5O
prst prst prst
Tyl ) @) (HY H L oW (i 1o (@ o u) (Hr H)| L o® Ty 1) @y ug) (H 7! H )
(pyule) (@ qe) (HTH) 310z (Gowwen) (7! i@ o ue) (HIT H)| 17 C 0 e Gyt b)) @ ud) (HIT H) | G e
prst prst prst
= R T - - T - - T
' L)@ e (HITTH) | 5O e (IperH)(lse H) FO}?},{; (yls) [y dy) (Y H) i ;;l;?,r,z
prst prst prst
= — T & - - T - — T
Gl @ 7 ) (HUH) |50 (Ipe H)(@.d,H) il "l @ d) (Y H) | 5700, -
prst prst prs
- — T - R T - - T
(l) @7 g (HITTH) | 5Ol e (Tpopwer H) (.0 dy H) e (@ V) (@ay*er) (HTH) 0o
prst prst prst
i - x| Lot - T - . T o
IR Ol @ an) (HI T H) | 50100 (@yur H)(g,ueH) O e @ a) @A e)HITH) | 5502 e
prst prst prst
7,7, H) (G, TAu, H Lo G, 0) (s ug) (HTH Low
(@, T%u, H)(q,T4uH) 2 Craem (@p1uar) (@ ue) (HTH) e
rst prst
7 7 LG — o " T @
Classes (RR)(RR)H" (@, H)(g,di H) T Cme e @ 4) @) (HITH) | 5O
prst prst
Operator wC — A — mA T ) — o A 7 A 1 LpE)
P ; (@, T H)(q, T, H) 21Ce e @ T a) @ T u) (HUH) 55000
(@pmer)(Eter) PC’;&;L prst I (f)rst
I @ T ) @A T ) (HYTTH) | 55.Ce o
(Wp ) Wy ur) 720, — I
— — T Classes (B)y*H" (@ Yuar)(dsy"de) (HTH) A O;z?,zﬁz
(dpypdy)(dsy*dy) FC dd, Operator WC . — . T (;)”t
s . T @ ar) sy d)(HITTH) | C%)s
T aBy ik (goT o) (7T Ol _c AL %
@pyuer) @y ur) 5C eu eIk (d3T Cull)(q]s Clie) Az duql 1 prst
: TS DTS — N =
A 8y i ] T : (apn/#TA’Ir)(’157”#11Adt)(HTH) FC;QPHQ
(@puer) (dsy'dr) % ) ed e (g5f g, ) (3T Cey) Aﬁcgf:; N
B R T @ T4 @y TAdy) (T H) | 5 C0 0
(@pypur) (dsydy) vC(i{)I e e (g5 Cqy, ) (a0, Clat) chgft prst
£ prst
p T
— T By (joT v, B T
(Hp"r'uTAUr)(da"/'/lTAdl) Az 7(5()1 € 7((113 Cul)(ul"Cey) Aﬁcg::;
prst
1 — j—
X T aBy gk (gaT v, B T Lo n
@ er) @ e (HUH) | £7C MM (dgT Cul) (g Clie) (HTH) 17 Clquarr® Classes (LR)(RL)H
prst prst
p - T Operator wC
T By (o I\ik (gaT v, B (AT I +(2)
(@) @y )(HTH) | = Capge e (er (AT Cul)(q] Cli) (HIT H) |\ 5500 e —— T
Vi NG CutH A J i
‘1 prst FTa——— = - 1 prst (lyer)(dsaf) FCZ%?
(Ayyude)(dsy#de)(HTH) | —Cpappe et (qf Cap, ) () Cer) (™ Hy) | 17 C0pune — 1
A i prst (ZJ€_>(d ])(HiH) L ;(1)
T @y eikemn (0T b V(7 TOL V(HTH T M por)\Gsl A1 leqdH?
@er) @y ue) (HUH) | 55 Coor e et (g C i) (0 Cla) (HTH) | 550y 6 s
prst prst 7 15 1 1@
PR X T (lper) 7! (dsqe)(HTT' H) i
— By ik (erTymn (oo g8 T I (2) A4 leqdH
(@pyper) (dsy™de) (HTH) vcezdsz et (ert) (qianqu)((lkrs Clu)(H'r'H) A : prst
4 prst prst - s
- - T B (ko B\ AT 1] L) (pd-H)(H'Tsl) | 5502 0an?
(@) dsyd)(HTH) |55 ,(12)12112 I er) e a5 O, als Cloe) (H' T H) AL H? A e
u;ﬁrsﬂz prst _ L T 5
- T By (JoT (19,8 (AT o (perH)(HYq:) | +5C,0,
(Wp';«#'lﬂu,r)(ds'y“'l‘Adt)(HTH) mciidgHZ € (dp Cuf)(wi"Ce,)(HTH) Fceu:y.df[[z ? At 121»52
prst ~ T -
pu P —— T - . 1.6
eetenn (13, Can, ) (W Cul) Bt | 5 C1me @ H)(HWs00) | 35 C e
prst prst
; p T - P I R
ke (17, Oqn, )(dIT O} HiHy | 55Cigae e @,T4d, H)(H"T,T4q,) Fciilm
4 prst prst
. T BT ~ ~ 1
et ey Odp) (4, Can) Hilly | 37 Cogpa
prst

Table 4. The even-dimensional four-fermion SMEFT operators appearing in this paper.
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Classes > H" Class ¢*H
Operator WC Operator WC
- 1 » 1
i ekl (ZZ,Clkr)Hsz KCPE’ eljekl(l;-l;clkr)(ésljt)Hl Eclsd;{
T prs
I - - T o
€1 ekl (1T Ol ) H; Hy(H H) qo G M (1T Cliy ) (dsque) H Agclg;qf
prs
- — 1
M (1T, Co i) (dso que) Hy| 15 Cpin,
prst
) 1
ij (1T —k
Class V?H?D € ](lipClk:'r‘)(qs ut)H; FCZ;%?
- - - il
Operator we e (qpl Caf) L)) Hy | 55C,1am
rst
i€t (1T Coyte, ) H Hyy (Do H )| —= Copo - —
P j u A3 el B (dsT CdP)(1,d] ) H e Cdsug
prs
- ~ 1
6“5”(U§T0df> (lsd])H Fcudle
prst
272 - — 1
Class y*H*X e”(lZ?;)C’yuer)(ds’Y“ut)Hj Fcledu?
prs
Operator WwWC T
aBy i (doT O dP V(.o H: —
- T €1 (deT Cdl)(esq),)H C.oa?
eI (11 Copliy ) H H B* sorns 8 ORIV v
pr
. 1
6”(ET[)kl(l;-l;)CO'M,,lkr)HjHlWIMV EC[2H2W
pr

Table 5. The odd-dimensional SMEFT operators appearing in this paper.

C.2 For (LL)(RR) operators

In the case of a four-lepton operator or a two-lepton and two-quark operator, the Fierz

identities take the form
o o
(Trpert)(€RrsVLr) = _§<VLp7 Vir)(€RsYuCRt) - (C.3)

In the case of a four-quark operator, the identities take the following forms:

(Grpdre)(drsury) = — (@ T ur,) (drs v, T4 dpe)
— @) ) (C4)
(UL T dRe) (drsTMur,) = —g(ﬂLﬂ“ urr)(drsYudre)
+ %(ﬂLp’Y“TAqu)(ERs’mTAth) . (C.5)
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C.3 For fermion-number-violating operators

The needed identities take the form

1 1
(V1,Cviy)(@rsers) = _5(VgpceLt)(éRsVLr) — g(ygpcguueLt)(éngunyr)a (C.6)
1
(1, Cvir)(ELsert) = —= (V1,Cyuert) (Ers Y VRr) | (C.7)
2
1 1
(v, Cvir)(etCers) = —§(Vng€Lt)(€%sCVLr) - g(V{pCqueLt)(egsCUWVLr)- (C.8)

D Matching conditions

D.1 vv+ h.c. operator

LEFT WC

Matching

ACv
pr

UT

A C5+

pr

2
2A2 012H4|

D.2 (vv)X+h.c. and (LR)X+ h.c. operators
LEFT WC (+c.c.) Matching (+ c.c.)
ic i C g' C C
A2 ]ng 2ng3 g 121;153 9 12H2W ZQIi;W
(sCee—g/Cr)
1 C vT pr pr
1205 woral i :
V292 T oA2 9Ciepn® = 9 Cz(szH?’ -9 C(etzvm
pr pr pr
<gCuB + g CuW)
1 c v
A2 V2 gy A2 (1) e
+ 2A2 C HBHS +9 CquWH5 - C’quWH‘5
ngB -9 CdW)
1 ~C vr
Az V297 \? (D) ®)
9z 513 2A2 gchBH‘ = 9Chawns — 9 Chawns
pr pr J
1 vr 'UT
—C, Cu —C
A2 e VaAz |Tue T g tman?)
Lo L PO
A2 Vanr |y e o
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The non-physical ratios g/gz and ¢'/gz appearing here can be expressed in terms of the
corrected coupling constants g and g’ and the SMEFT WC’s, using the following equations:

g ___9
9z g’ +9"?
g/ g/

NZErE

D.3 X3 operators

§/2,UT2
(9° +9%)A?
5/2 UT4

UT4

1+

—2. . 2
1+ g-vr

-2 4
g-vr

UT4

IR DY
(9% +9%)A?

+ -
| 2(8° +77)*A

(Cup — Craw)
(01(312)1{4 - Ct(/[1/)2H4)

(3914 [CHB]2 o §/2 [4§2 + §12] [CHW]2>
+25°[29° — 9°] Cuw Cup |

(Caw — Cup)

<3§4 [Caw]? — 3°[45* + 7°] [CHB]Z)
+29°[29” — 3°] Cuw Cup |

LEFT WC Matching
1 1 vp? (1)
pte | q2 | Yot gl
1 1 [ vp? (2) ]
ECG el Ca+ chghﬂ
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D4

(LL)(LL) operators

LEFT WC
1 Y .
i C‘Z/IVLL 1 ~ atching
prst A ¢ y + (C(l)
prst 2A2 PHZ ! B
g N Z4H2)|
TS stpr
9z . ([Z }eﬁ[Z eff :
4MZ vrlpr VL]St + [ZVL] [Z
N CVLL 1 -
prst A2 {C i + C( : C
prt 2A2 i + Cilya + i
-, prst prst ltH2
| i (212, )58 + 12 :
720‘/;6[/[/ : : eL]pt [ZeL]ST’
A prst A <Cp7l“lst * ¢ ll > o C(l) v
abe) Tan \ T T Cligye + Cliyz = Ci)
i 972 [Z ] ﬁ[ 72 stpr prst lstgf
M 2 VL ;T’ Ze :Igﬁ‘ - ’
- » i = Sy W
A2 uu - C(l) (3) v i
prst A2 a +C o ) + 257 | Gt
prst prst 2A2 G LHE 0(2) B O( ;
qprt q4H2 4H2+C(4)
- s prst 1
i gZ2 [Z ) stpr prst
1 vt (1) 2Mz* wclprlZulid
: 1 2
A prst A2 <Cp(71“qt * C(gg ) * UL C(l) "
1 o 2A2 q4H2+Cq4H2+C(z) 2+C(3) >|
- prst prst i 4H2
. ) stpr prst
2M onr.2 [ZdL] [ZdL]st
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LEFT WC Matching
_ 3 =
(C(qg +cGy ) —c) +3C( ) +30(q3>
prst StpT prst stpr ptsr srpt
icm LL 1 0(4;[2 +C(4}{2 +C(4LQ CéZ)Hz - 0(4)1{2 0(2)112
A? prst A? +L7“2 p7”5t stpr prst stpr prst stpr
2
2A + - 0(4}{2 + 3C(43qz + = 0(4%{2 0(43112
L ptsr srpt ptsr srpt _
9z g *
R A A LA
4 - B 'UT2
R Kcm +c<3>>+(c() O i o) >|
A? Prst A? ngT S?"gt 22 :ff ;rI;{tQ ;gf ;tlzj:
g’ i f*
o WAl

1 _viL 1 ( 1), ) ) ( B 2) (3) () )
—C7 - C +C Chloyo—Chloyo+Cha,0—Clhly
A? prst A? L prst prst 2A2 e prg Fa prg Fa prsl;fl : grg i

9z° f f
M7 (Zo lpr [Zuy st
1
7CVLL o (C(ll) —C( ) ) +7 <0(21)2 2 0(22)2 2 _C(Q )2 2“'0(24)2 2)
A? prst A? L pr({et prst 22 ! prg : ;)Irg Fa pr‘g prg d
gz
M a7 2 [ZVL]pT[ZdL]

Lover |1 K W _ O ) ( 1) ) ) (@) >|
—Ceu o) Cl _Cl "‘7022"‘0222 C’222 C’222
A? prst A? pri]st pr?st 2A° prg e prg : grg ra prjtl

97" ff f
_m [ZeL]]e)T [ZUL]gt
1
pTSt prst prst prst prst prst prst
972
Y (Ze Jor [ Za, 158
V,LL 2 3 v’ 3 7 . off*
Lortne | 2 P ) (€€ ) |~ g WISV
prst pT’St prst prst w
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D.5 (RR)(RR) operators
LEFT WC Matching
1 —2
V,RR 9z
pcpmt A2 \‘Cpist 2A2C;£t2| - W ([ZeR];g[ZeR]glzf + [ZeR]gif[ZeR}‘;‘f)
1 _vRr 1 72 97> & &
w2l 7 |G+ oy | ~ g el
1 VRR 1 vr? 97°
—-C — |Ced +75C. - =—==Z Z,
A Prst A? pfgt 2A2 211?7'23132 MZQ[ eR]pr[ dR]
1 G7°
CVRR ~ N Cuu + 2 C _9Z g e[y qeff
A2 prst A2 pﬁls‘t A2 :r{;[f 2MZ2 [ UR]pr[ UR]St
1 _VRR 1 7’ 9z°
—C" — |C + ——C Z, Z
A prst A? Pcf‘glt 2A2 (ﬁrilf 2M 2M 42 [ dR] [ dR]
-, 72
virr | 1 1 vr? [ .
pc e {cggt ey 5,2| I e Wl
prs prs prs
Cvs RR {C( ) 4 vp? VI () | _ Wle! e
A2 prst A2 p?”gt 2A2 Qp(fs]l;[z M 2 "
D.6 (LL)(RR) operators
LEFT WC Matching
1 LR 1 or? () (2) 9z° F T
—CY —|C +==5|C -C - Zyplpr 1 Zers
A2 prst A2 \‘ pi"est 2A2 l2§f52 12;j£2 MZ2[ VL]pT[ eR]St
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el 17 |Ce, T anz \Crom + G
9z 1 %
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1 _wvir 1 vp? 1 97°
pcpezt P Cpﬁét + ﬁ Cl(2 )2H2 + C'(2 )2H2 - W[ZEL];g[ZUR]gg
4 prst prst
1 ViR 1 vr? () (2) 97°
A2 Cpm A2 Cpi'dst T IN2 Cl2d2ftl2 - Cﬂd%f T M2 2o S5 | Zag S
prs prs |
1 VLR 1 vr? ( (1) 2) 97°
70 ) C’ld + — 022 2"‘022 2 _7[Ze] [Zd]
A2 prst A2 | T2 Aj ! {fré{ ! Srg | MZj Llprl4dr
V,.LR 1 vT (1) 2) 9z T F
PCpmt E szit + ﬂ (C 20272 T Cq262H2> - MZQ [ZuL]gr [ZeR]gt
prst prst i
1 VLR 1 vr < (1) 2) 97> &
70 ) qu + — 022 2+C22 2 2[Zd] [Ze,]et
A2 prst A2 i prst  2A2 persIt{ prslg | M L Ris
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LEFT WC Matching
1 V1LR 1 1y - vr? (1) @)
A2 Cp st A2 {Cp?};t * 2A2 <Cq2u2H2 B 09121L2H2
prst prst
-2
—QL[ZU ]eff[Zu ]egf_ 1 (Yu)eff(yu)eff*
M 2 Llipr Rls 6mh2 pt rs
1 Vl LR 1 { (m 72 ( (1) (2) 9z°
70 Choi C +C _ Zd eiif Zy, gff
A2 prst A2 p‘ist 2A2 q2;fs€[2 2p:8€12 MZ2[ L]p [ R] t
1 _vsir 1| s vr® (3 (4) 1 off1or \eff*
A2 Cprst P \‘C qut + 2A2 <Cq2u2H2 o C(q2u2H2 B m 2 (Yu)pt (Yu)rg
prs prst prat h
1 V2
701/8 LR 1 {0(8& Lo (C(s) L o® >|
A2 prst A2 pg'St 272 QQI;L:S?2 2;7/:/'28[;[2
2 —2
70‘/1 LR - {C(l) L (C(l) _o® ) _ 971y ey
d u T d
A2 prst A2 P?“St 2A2 qz;fsng qQ;jst2 MZ2 L R]
1 viLr 1 (1) o2 (1) )
PC’Prst A2 Cpth oAz 2A2 Cq2d2H2 T Cq2d2H2
TS prst prst
972 [Zd ] [Zd ] . L (Yd)eff(yd)eﬂ*
MZ L R 6mh2 pt rs
1 2
CVS LR 1 {C(S) n (C(g) @ >|
2 2 d 9A2 242 g2 242 fr2
A prst A pz*st 2A q pmfj q I‘frslj
V8,LR 1| 8 o
70 A2 {C § g (C%sz + 0(222H2>| - — (YY)t
Prst prst prst prst
—2
V,.LR UT
A2 Cuedth +h.c. 4A4 CIQ;LdH2 M arsr 2 [I/Vl] [WR} + C.C.
prs prs
2
1 ~VILR v 1 (5 (6) *
A2 Cuddu +hC W (60(1 2udH? + 9Cq wdH2
prst tprs tprs
g’ L1
S WA = oy (VOO e
2
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A2 Cuddu + h.C. W (quudHQ - 6 q 20,dH?
prat tprs tprs

1
T2 (Vo) (V) + c.c.
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D.7 (LR)(LR) operators

LEFT WC (+c.c.) Matching (+c.c.)
1 SRR v (3) 1 F &
—C"% - v ety e
A2 pf“it 2A4 l2gig2 + th2 ( e)pr( e)st
1 srR 1 W vt (A0 @) 1 (v \eff
=8 ey e o (Ve
A2 st A2 { éeﬂ 2A2 zeggg2 leg;LgQ mp2 /P est
1 T RR 1 { 3 , vr’ 3) (4)
70 e’fu, o _Cl + Y _C 2 C 2
A2 prst A? ot 242 leggg leggg
1 SRR vr? (3) 1 ff {f
w0 o g * 7 iy Q0%
L onrr vr®
A2 QA legdH?
prs
1 SRR 1 1 |, v’ [ A0 2
=~ oS e L (e ¢
AP Tl AT ]
1 _TRR 1| 3 , v’ ( 3) (1) )
~ch —|e® LI (e® ¢
3 ved 2 |“ 2 | Yiequa? lequH?
A p?“s% A perqsqff 2A e;g:fst eggst .
1 s1,RR vr? (5) L ff ff
e 2t Coryerre © g3 (olir (0
p;
LC%%RR A 0(2)2 2
A2 prst 2A4 Tq*uH
prst
1 _s1,RR { (1) vr? ( (1) 2) 1 ff f
— o5t — o)+ == (C -C + —5 (Yu)pr (Ya)§
A2 AT 20 \ Tl T |y O
1 sk Vs v’ (o (4)
FCPZ‘; A2 Cquqzti + 2A2 CqZudH2 N Cq2udH2
prs prst prst
1 _si,RR vr’ L (5) 1 ff i
) a1 Ot gy OO
LCSS,RR vr’ (6)
xeCa, ant ot
prs
1 _s1.R L o ot (o @ )
o5t S 1O —C e
dd d 2 2 2 2
v ? [t o g~ o)
1 ssRR 1 ®) | vr? (3) (4)
706[6’[ 2o | T d+7 _CZd 2_02d2
A2 1;77’5;1 A %?“Zt 202 qgtpi[ q;fpg‘{ J
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D.8 (LR)(RL)+ h.c. operators

LEFT WC (+c.c.) Matching (+c.c.)
1 CS.RL vr® (5) 1 vyl (v yeft*
F p?};t INL legggQ + th ( €)p7‘( U)ts
L SRL 1 vr® [ ) 2) 1 £\ aff®
1 SR 1 { vr® () (2)
—C i + h.c. — | Cleds + 2 — 2
A2 I;Jis? A2 pis% 2A2 leggg legﬁlg

D.9 AL = 4+ h.c. operator

LEFT WC (+c.c.)

Matching (+ c.c.)

I LL
pc%,,

prst

0
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D.10 AL = 2+ h.c. operators

LEFT WC (+c.c.) Matching (+ c.c.)
1 sLL vT 1
—C — | C +C +-(C +C
A2 prat 21/2 A K A ) 2 ( Lol T el >|
I 7rLr vr
A2 pl;’zt 16\/§ A3 l;;slv_"l l;r%g
1 _srr 7 * *
1O oz (VIS + W)
I siL
A2 prst
1
2O 0
prs
1 _sLr vr (
—Cu = | Cequr + Crqur
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D.11
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D.12 AB = —AL = 1+ h.c. operators
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