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1 Introduction

LHC physics is about to enter a precision era that will span over the next two decades.
During this time, new opportunities to hunt for new physics will arise: direct searches of new
particles will be complemented by indirect searches, that target possible deviations from
the predictions of the Standard Model (SM). While the isolation of this kind of signatures
is not without challenges, indirect searches present some very attractive features. Most
notably, they do not rely on specific assumptions about the nature of the new physics
under scrutiny and, at the same time, their sensitivity in terms of new physics scales can
potentially extend beyond the energy reach of the collider.

The Standard Model Effective Field Theory (SMEFT) is the best established theory
framework to describe such effects. Its formulation employs the degrees of freedom and
gauge symmetries of the SM and it is structured as an infinite series of operators sorted by
canonical dimension. At the observables level, it reproduces a series expansion in (E/A),
being F the typical energy exchanged in a process and A the mass scale that characterizes
the beyond-SM (BSM) dynamics. The condition (E/A) < 1, indicating the near decoupling
of the new physics sector, is necessarily assumed.

The SMEFT has been developed extensively in the past ten years, laying the ground for
a systematic program for indirect searches [2-4]. The ultimate goal is to measure as many
EFT parameters as possible, in a manner that enables the extraction of unbiased informa-
tion about the underlying physics. The crucial aspect of this program is its transversality:
the SMEFT contains a large number of parameters, each typically entering the description



of several processes. Combining measurements of different observables is then mandatory
in order to preserve the model-independence of the analysis. To date, this principle has
been applied within individual sectors as well as across Higgs, electroweak (EW) and top
quark measurements, see refs. [5—15] for recent examples. The incorporation of data from
flavor observables (including non-LHC experiments) would be very valuable in this context,
as most of the SMEFT parameter space is “flavorful”. First steps in this direction were
taken in [16-19].

The theory developments have been accompanied by the publication of a number of
computing tools that automate most stages of a SMEFT study [20]. These include the
definition of non-redundant operator bases and the translation between them [21-24], the
matching to concrete BSM models or to the low-energy EFT and the renormalization group
running [25-31], the extraction of the Feynman rules in R¢ gauges [32, 33] and in the back-
ground field gauge [34], Monte Carlo simulations [1, 35-37] and global analyses [13, 38—41].

The SMEFTsim package [1] was designed in order to enable the Monte Carlo simulation
of arbitrary processes in the effective theory, in the spirit of providing a unified, general-
purpose tool for SMEFT physics at the LHC. It provides complete tree level, unitary
gauge predictions at O(A~2), including all the dimension six operators in the so-called
Warsaw basis [42]. The field and parameter redefinitions that are required in order to
compute physical observables in the SMEFT are conveniently performed internally. The
package contains FeynRules [43, 44] source files and a set of models pre-exported to the UFO
format [45]. Although the latter are in principle compatible with most Monte Carlo gener-
ators, they have been optimized for the use in MadGraph5_aMCGONLO [46], that is illustrated
in section 8. Potential issues due, for instance, to the event generation entering regions
where the EFT validity or the unitarity of the S-matrix are violated are not addressed
within SMEFTsim itself, but can be generally treated with tools offered by the Monte Carlo
generators or with theoretical assessments a posteriorsi.

The UF0 models differ in the flavor assumptions and in the choice of the input parame-
ters for the EW sector.! The original release implemented three alternative flavor scenarios:
a general one, a U(3)%-symmetric case and a linear minimal flavor violation (MFV) option
where BSM CP-violating phases are forbidden. For each setup, it offered two EW input
sets: {@em,mz,Gp} or {mwy,mz, Gr}.

This work documents the release of SMEFTsim version 3.0, that introduces a number
of improvements summarized below. It is also meant as a pedagogical and self-contained
reference for its usage, where all the relevant theoretical aspects are reviewed in detail.

The present document is structured as follows: sections 1-4 review the theoretical
background while sections 58 describe technical aspects of the FeynRules and UF0 imple-
mentations and provide recommendations for their use.

The notation is fixed in section 1.1. Section 2 focuses on the bosonic sector and it re-
views the field and parameter redefinitions required to ensure a canonical parameterization
of the kinetic terms and scalar potential. Section 3 is devoted to the flavor structure of

!The original release contained two fully equivalent implementations, that were called model sets A and
B. Both were provided for debugging and cross-validation. Set B is not supported anymore starting from
version 3.0, which is based on set A.



the SMEFT and it defines the five scenarios implemented in SMEFTsim. Some significant
changes have been made compared to version 2, that are documented in detail, and two
new flavor options have been introduced (top, topU31) that comply with the recommen-
dations for studies of top quark observables [36]. Section 4 provides a general discussion of
how the extraction of numerical values for the SM parameters is affected in the presence of
higher-dimensional operators, and illustrates the treatment of these effects in SMEFTsim.

Section 5 documents the implementation of Higgs interactions that are purely loop-
generated in the SM, namely hvy~vy, hZv, hgg: as SMEFTsim only supports tree-level inter-
actions, these are treated as effective vertices in the large top mass limit, which is a good
approximation for Higgs production and decay processes. Compared to version 2, the de-
scription of Higgs-gluon vertices has been substantially improved, such that it can now
model one-loop SM interactions with up to 4 gluons. Section 6 focuses on SMEFT effects
in the propagators of unstable particles, that arise due to modifications of their pole masses
or decay widths. A new feature has been introduced in version 3.0, that enables the in-
clusion of such effects, linearized in the EFT parameters, in Monte Carlo simulations. To
our knowledge SMEFTsim is the first publicly available UFO model to implement such a tool.
Sections 7, 8 provide recommendations for the use of SMEFTsim in Mathematica and in
MadGraph5_aMC@ONLO respectively, and in section 9 we conclude.

Additional useful material is provided in the appendices: analytic expressions of the
decay widths implemented in the propagator corrections (appendix A), a list of changes
made in version 3.0 (appendix B), tables to facilitate the conversion between flavor as-
sumptions (appendix C), between theory and code notation (appendix D) and between
SMEFTsim and dim6top or SMEFT@NLO (appendix E). Finally, appendix F documents the
validation of the UFO models, that followed the procedure recommended in [47].

1.1 Basics and notation

We consider the SMEFT Lagrangian truncated at the dimension-6 level:

LsverT = Lsm + Ls - (1.1)

We neglect all lepton- and baryon-number violating terms, which includes the dimension-5
Weinberg operator that generates a Majorana mass term for neutrinos. For future conve-
nience, the SM Lagrangian is split into four terms:

Lsm = Lgauge + Lermions T Lyukawa + LHiggs » (1.2)
where
Lgauge = —EBWBW - 1W@Wﬁ'w — 1G%GW, (1.3)
4 4 H 4oH
Liermions = qilpq + wilpu + dilpd + li Dl + &i e, (1.4)
Lyukawa = —dYgH'q — uY,H g — €Y;H'l + h.c. (1.5)
Litiges = Dy HIDVH +m?(HTH) — N(HTH)? . (1.6)



q, ! represent the left-handed quark and lepton doublets respectively, and u, d, e the right-
handed quarks and leptons. H is the Higgs doublet and H = ioc?H*, where ¢*, i = {1,2,3}
are the Pauli matrices. Yy, Yy, Y} are the 3 x 3 Yukawa matrices of the down and up quarks

and of the charged leptons. Covariant derivatives are defined with a plus sign, i.e.?

Dyugq = |9, +ig,T°GY + i%waiwg +iya Bl q. (1.7)

T = X\/2, a = {1,...,8} are the SU(3). generators, with A* the Gell-Mann matrices.
¥q = 1/6 denotes the hypercharge of the ¢ field and g5, gw, g1 are the SU(3). x SU(2)r, x
U(1)y coupling constants. As a general rule, color indices are denoted by a, b, ¢, d, SU(2)p,
indices by i, j, k and flavor indices by p,r, s,t. Summation over identical indices is always
understood, unless otherwise specified.

The Lagrangian Lg contains a complete and non-redundant basis of dimension-6 oper-
ators Qq constructed with the SM fields and invariant under the SU(3). x U(2)r x U(1)y
gauge symmetry. SMEFTsim implements the Warsaw basis [42], whose operators are col-
lected in 8 groups, following the classification of ref. [48]. Class 8 is further split into 4
subgroups:?

Lo=L§) + £ + £ + £ + £+ £ + £ + £ +he] (1.8)
o SO SR S [ﬁégd) + h.c.} . (1.9)

A ’ ’

with the sum running over the class-n operators {Q,} defined in table 1 and C,, denoting
the associated Wilson coefficients. Both @, and C, generally carry flavor indices, that are
implicitly contracted in eq. (1.10). In this basis, explicit CP violation is carried by the real
coefficients 05’ Cﬁ/, CHG’ CHVT/’ Cup CHVT/B
coefficients associated to non-Hermitian fermionic operators, namely those in £é5)’

and by the imaginary parts of the Wilson
(6),(84)

and Op,q. Baryon-number violating operators are omitted.

The operators definitions use the following notation:

o1
O ati'D 0 = H'(iD,H) - (iD, HH (1.11)

i
~2

14

ot v,4], HYD!,H = H'o'(iD,H) — (iD,H)o'H . (1.12)

2The covariant derivative sign is handled automatically by FeynRules. The convention chosen here also
implies that gauge field strenghts have the form W,ﬁu =9, W — 8,,W,i - gwsijij Wk, etc.
3Note that [:g) implicitly contains (Qmwuq + h.c.), as this operator is not Hermitian.



£ - x3 £ —y2xH 8 — (RR)(RR)
Qo | GGG Qew (lpot e, )a' HW), Qee | (Ep1uer)(Esyer)
Qs | feeGar GG Qe (lpo™e,)H By, Quu | (W) (7" ur)
Qw | "W rWrw Qua (@0 Tou,) H G, Qaa | (dpyudr)(dsydy)
& | W Wik Quw (@0 ur)o' HW}, Qeu | (epuer) (s ur)
£y - He Qus (Gpo*"ur ) H By, Qea | (Epruer)(dsydr)
Qu | (H'H)? Qadc (qpotTdr)H G}, QL | (@pyuur)(diydy)
£ - HD? Quw | (Go"d)o HW], Q| @y Tu,) (dy Tody)
Quo | (H'H)O(H'H) Qan (qpot¥d,)H By,
Qup (D*H'H) (H'D, H)
£ - x2H? £ —y2H2D £8) — (LL)(RR)
Qua | HUHGY,G Q| @D )i, Qi | (pule) @ er)
Q.5 | H'HG:, G Q) (H'DH) ([,00,) Qu | Tyl (W uy)
Quw | HIHW, Wi QHe (H'iD ,H) (e e,) Qua | (L yule)(ds*de)
Qi | HHW:, Wi Q| @B Gt Que | (@t (e er)
Qup | H'H BB QY | @D @Goivra) | QW | @an) (@eyiu)
Qu5 | H'H BB Qua | (H'D ,H)(@,"u,) S| @I (@ Tou)
Quws | Hio'HW}, B Qua | (H'D H)(@nd,) QY | @ruar) ()
Quip | Ho'HW,, B Quua + hoc. | i(HID,H)(,7"d,) Q) | (@ Teq)(dy"T?dy)
£ — 23 £ — (LL)(LL) 8 — (LR)(RL), (LR)(LR)
Qen (H'H)(lye, H) Qu (Lpyuls) (1771 Qiedq (l;];er)((isqtj)
Qua | (HTH)(gyu,H) 5 (@) (@7 a) QU | (@ur)ejn(@idy)
Qan | (HH)(gyd, H) 5 (@700 (@7 0 ar) QW | @Tu,)eju(@ T dy)
Q)Y Ul (@7 a) Qi) | (Wer)ein(@hu)
QY (Y0 1) (@7 o ) QP | (Howen)en(@ o )

Table 1. L¢ operators in the Warsaw basis [42], categorized into eight classes ﬁén) as in [48]. Only

baryon number-conserving invariants are retained. The flavor indices p, 7, s,t are suppressed in the

operators’ names.




2 EWSB, field and parameter redefinitions

This section reviews the Lagrangian manipulations that are required in order to compute
physical processes in the SMEFT truncated at O(A~2).“The procedure described here
largely overlaps with what reported e.g. in [1, 32, 48-59].

2.1 Higgs sector

The operator @ introduces a perturbation of the Higgs potential:

Ch
V(H)=-m*H'H + A\(H'H)? — F(HTH)?’. (2.1)
The true minimum of the potential, that triggers the electroweak symmetry breaking, is
2 2 2
EHH =T = 1 3 o Lo
2 2 4\ A2
(2.2)
_v [1 36 ] +0O(A™Y
T2 T ’
with )
2 m
=, 2.
v ) (2.3)
We have introduced the “bar” notation for Wilson coefficients:
2
- v
C, = /TT2 Co. (2.4)

Note that because v = vy + O(A~2) and O(A~*) contributions are entirely neglected, the
two quantities v, v are interchangeable whenever they multiply a Wilson coefficent.®
The Higgs field H is expanded around its vacuum expectation value (vev) as

_Z‘G+
H=|vr+h+iG° |, (2.5)
V2

with GT,GY the charged and neutral Goldstone bosons and h the physical Higgs boson.
In the broken phase, the kinetic terms of the scalar fields receive corrections from the
operators Quo, Qup. As the scope of SMEFTsim is limited to tree-level calculations, we
choose to work in unitary gauge and neglect EFT effects in the Goldstone sector, both
in the present discussion and in the code implementations. The Goldstone bosons case
and the generalization of the gauge fixing procedure in the SMEFT were addressed in
refs. [3, 32, 58-62].

4Within a Monte Carlo event generation, SMEFTsim generally enables the computation of higher order
corrections to a given observable, such as O(A™) corrections stemming from the square of O(A~2) ampli-
tudes (see section 8). However, consistent results are only provided to O(A~2), as the SMEFT Lagrangian
implemented is truncated at this order.

In fact, it would be more appropriate to define the C, notation with the parameter ¢ defined in
section 4.2, rather than with vr. However, as long as (’)(A74) terms are neglected, all three v’s are formally
identical when multiplying a Wilson coefficient.



Using integration by parts, the kinetic term of the physical Higgs boson takes the form

1 - C
[rHiggs + L = §8uh8“h [1 — QAHH] + ... with  Axkg =Cypo — % , (2.6)
and it is brought to the canonical normalization via the field redefinition
h — [1 + AFJH] h. (2.7)

This replacement is formally operated on the entire Lgyerpr. However, when applied to
Lg, its net effect is of O(A™%). As we work at O(A~2), the replacement only needs to
be performed on Lgy. This holds for all field and parameter redefinitions introduced in
the following, unless otherwise specified. For the same reason, all quantities in a Wilson
coefficient’s prefactor are understood to be defined in the SM limit.

The main consequence of (2.7) is that the Wilson coefficients Cy, Cyp are recast
into an overall rescaling of all SM Higgs couplings. The resulting Higgs potential is

V(H) = h* M\ 1+ 3Aky — % Cy

1+ 2Aky — ;;\CH:| +h3)\’UT

2.8)

A 15 - 3h° - 1hS _ (
4N 1o _on i

+h 1 {1+4AI€H 2/\CH:| 4UTCH 8U%CH.

In the FeynRules implementation, the redefinitions of the physical Higgs field, eq. (2.7),
and of the vev, eq. (2.2), are embedded in the definition of the Higgs doublet.

2.2 Gauge sector

Upon EWSB, the operators Qga, Quw, Qup, @uwp induce corrections to the kinetic
terms of the gauge bosons. The first three lead to overall rescalings:

Lgauge+Le = —EBWBW [1-2Cu5] —%WZL,,WW” [1-2Cw ] —inwG“’“’ [1-2Ca ]+

(2.9)
where the dots stand for all other interaction terms induced by Lg. The canonical normal-
ization is easily restored at O(A~?), via the field redefinitions

GZ%GZ(I—’—CHG)’ Wj%Wﬁ(l—l—éHw), BM—>BM(1+C'HB). (2.10)

In order to leave the covariant derivatives unchanged, the coupling constants need to be
redefined at the same time. Neglecting O(A~*) corrections:

g9s = 9s(1 = Cra), gw — gw(1 = Crw), 91— 91(1 = Cyp). (2.11)
The operator Q gy p introduces a kinetic mixing between the B and W? fields of the form

Cawa ﬁ
2 A2

Wi 1 ~Cuws/2\ (W}
(BZ> 7 (‘éHWB/Q 1 > (B;L> ) (2.13)

3 v
W3, B (2.12)

The rotation [48§]



removes this residual mixing and leads to fully canonical and diagonal kinetic terms. Once
eqs. (2.10), (2.11), (2.13) have been applied, the electric-charge eigenstates W+ are obtained

-5 e

while the mass matrix of the neutral bosons is diagonalized by

via the usual rotation

2

1 g? _
3 1 —9w a1 HWB
(WM> :é (gW gl) . ) ) 29‘2/[/"‘.9% (Zﬂ> , (215)
Bu) /gt +agh \791 9w —*%CHWB 1 A
9w 191

The rightmost rotation is unitary up to O(A~%) corrections, and therefore does not rein-
troduce kinetic mixing at d = 6. Equivalently,

w3 cos@ sin6 VA
J7 - s 2.16
(Bu> (— sin cos@) (A,) ’ ( )

with a shifted weak mixing angle 6 defined as
g 14 g
tanf = — + —Cgwp |1 — - |- (2.17)
gw 2 9w

After all the coupling and field redefinitions have been applied, a generic covariant deriva-
tive has the form

. w = w
D#:8M+ZQ%AM ll_CHWB gli 5 (2.18)
Vit Jw T
2 2
. 91 A g1gw 9w
+iv/ g2 +g3 Z, | T5— +C T5—
+...
) 1cg = ) 1sg =
— 0, 4+iQgw sg A, [1—2£CHWB}+ng“ (15-Qs3) [HchCHWB} (2.19)

+...

where T3 denotes the eigenvalue of the 3" SU(2); generator (T3 = +1/2 for left-handed
fields and T5 = 0 for right-handed ones) and @ = T5+1y is the electric charge. We have also
introduced the shorthand notation sy = sin6, cg = cosf, with 0 defined as in eq. (2.17).
The dots stand for potential gluon and W¥ terms, for which there are no residual Lg
corrections.

Eq. (2.18) shows that the contributions from Qpw, Qup, Que are fully reabsorbed
in the definition of the fields and gauge couplings. As a consequence, these operators
have no physical impact in the pure gauge sector, and they only contribute to Higgs-gauge
interactions [63]. On the other hand, the operator Qgwp introduces net modifications of
all v and Z couplings. In the former case the correction is a universal rescaling of the



electromagnetic constant, while in the latter case the corrections depend on the field’s
charges. In particular, in the Higgs case (13 = —1/2,Q = 0) this implies a correction
o« Crwp to the Z mass term. The physical interpretation of these contributions requires
defining a set of input observables and is deferred to section 4.

In SMEFTsim, the redefinitions described in this subsection are applied simultaneously
at the Lagrangian level in the FeynRules model. The coupling constants’ rescaling in
eq. (2.11) is implemented in the replacement list redefConst. The field redefinitions are
operated in the mass and charge eigenstate basis: the replacement list rotateGaugeB
implements the net mismatch between the series of rotations (2.10), (2.13), (2.15) and the
usual SM rotations, i.e.

G% — (1+Cna) Gy, (2.20)
wt _ wt
Fls0+C o, 2.21
(Wu> ( ) (Wu> 22
Z, Z
— RZA( “) , (2.22)
(A“> A“
with
- - S99 = s - - Co9 = As?
1+ Cruw +s3 CHB-F%HCHWB %0 (CHW_CHB> - %HCHWB-Fg:
fiza= 520 ( ~ = C20 ~ Asj 2 A 2 A 520 ~ ’
> (CHW—CHB> —7CHWB— 520 1+c;Cup+sj CHW—?CHWB
(2.23)
where
2 A 912/1/ — g% S40 A 4
Asg = Cawp 91 9w S5 = —Cuwp + O(A%), (2.24)
w91 4

is the correction to the mixing angle stemming from eq. (2.17).

3 Flavor assumptions

The SMEFT Lagrangian defined in section 1 is not invariant under flavor rotations of the
fermion fields, so the latter should always be defined in order to avoid ambiguities. In
SMEFTsim, the fields q, [, u, d, e are defined in the mass basis of the charged leptons and of
the up-type quarks, in which the Yukawa matrices in eq. (1.5) take the form

d) @

Y,=vvi,  v,=v®,  y=v (3.1)
The superscript (d) denotes diagonal matrices and V is the CKM matrix. This basis
choice is consistently employed in the definition of both Lgy and Lg, and for all the flavor
assumptions implemented in SMEFTsim. The only special case are the top and topU3l

models, where quark mixing is entirely neglected by setting V = 1.



Upon EWSB, the Lagrangian can be written in terms of the fermionic mass eigenstates.
By definition the relation between the SU(2), and mass bases is trivial for all fermion fields,
except the left-handed quark doublet:©

Uur, vy,
ap = P, l, = L Up =URp, dp=dRrp, €p==€ry. (3.2)
‘/;)TdLﬂ” eL,p

In unitary gauge, the relevant terms in the SM Lagrangian are therefore

Leermions = —%W;am“ vy — %Wﬁm“ eL+... (3.3)
Lyukawa = —UT\/—; d [JR ViV dp + ap YD up +ep v, eL} +h.c.. (3.4)
The CKM matrix is implemented in the Wolfenstein parameterization [64]:
L= Aexn /2 Aokm ANoww(p —in)
V= —ACKM L= Mpn/2  AXpu . (3.5)
AN (L= p—in) —ANEgy 1

The numerical values employed for the parameters are listed in table 16.

SMEFTsim implements five alternative flavor scenarios: one with fully arbitrary indices,
and four based on the implementation of different global symmetries. Three of these
scenarios have been present since the first release, and two have been newly introduced in
version 3.0. The following sub-sections review in detail the properties of the Lg operators
within each setup and provide the corresponding parameter counting. A dictionary between
the different flavor assumptions is provided in appendix C.

3.1 general: general flavor structure

Without further assumptions on the flavor structure of the SMEFT, Lg contains the oper-
ators in table 1, summed over all possible flavor combinations:

5,6) 7
’Cé A2 Z Z C 7177“Q0¢ pT +h.c. ( ) = Ai Z Z C ,prQa,pry (36)
a pr=1 a pr=1
asbse) _ 1 1 >
£(8 ,8b,8¢) - o Z Z CoprstQaprst » EéSd) _ N Z Z CoprstQa,prst +h.c..
a p,rsit=1 a p,rst=1
(3.7)

Not all flavor combinations included in this way are independent, due to intrinsic symmetry
properties of the effective operators. SMEFTsim does not remove redundant terms from the
sums in egs. (3.6), (3.7). Instead, the symmetry relations are enforced in the definition of
the tensor Wilson coefficients C,, () only a minimum number of independent parameters
is defined for each operator, as reported in appendix D, tables 18, 19, and all the entries of
Ca

pr(st) are functions of these parameters, consistent with the relations described below.

SFor economy of notation, we use the same letters u,d, e for the right-handed fields and for the mass
eigenstates, both of them carrying flavor indices. To avoid ambiguities, the latter always carry L, R sub-
scripts, while the former don’t.

~10 -



Classes 5 and 6. The operators in EéS’G) are not Hermitian. Therefore each Wilson

coefficient has 9 independent complex entries. In total, this gives 198 real parameters
(counting independently real and imaginary parts).

Class 7. All operators in [,g), except QQgyug, are Hermitian. In this case, the diagonal
entries of the Wilson coefficients are real, and the off-diagonal ones are related by

Cpr = C . (3.8)

In total, this class depends on 81 real parameters.
Class 8 a. All operators in Eéga) are Hermitian. Moreover, each of the two currents that
compose them is itself Hermitian. Therefore the following relation holds:

*
Cprst = Crpts =C

vk
rpst — “prits

(3.9)

In the operators @, Qg}z), ng), the two currents contain the same fields, which leads to an
additional exchange symmetry

Cprst = Cstpr - (3.10)

Each of these three operators has then 15 real entries (Cpppp, Cpprrs Cprrp) and only 9 are
independent, and 66 complex entries, 18 independent. Operators Q;;),Ql(s) have each 9
real entries, all independent, and 72 complex ones, only 36 independent.

In total, this class depends on 297 real parameters.
Class 8 b. All operators in £é8b) are Hermitian and composed of two Hermitian currents,
so relation (3.9) holds for all Wilson coefficients in this class. Eq. (3.10) is valid in addition
for Cyy, Cad, Cee-

The operator Q. is peculiar: because the e field is a singlet under both SU(2)p
and SU(3),, this term is invariant under Fierz rearranging. This leads to the additional
constraint

Corst = Chpsr - (3.11)

The coefficient C¢, has then 15 real entries, 6 independent, and 66 complex entries, only

15 independent. The counting for the other operators is the same as for the invariants in

class 8a, so /Jégb) has a total of 450 real parameters.

)

rents, but no other symmetry is present. Therefore only relation (3.9) holds for all Wilson

Class 8 c. All operators in Eégc are Hermitian and composed of two Hermitian cur-
coefficients, leaving a total of 648 parameters.

Class 8 d. Finally, all operators in ﬁ%d are non-Hermitian. No symmetry relation is
present and this class has 810 independent real parameters.
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3.2 U35: maximal U(3)% symmetry

The number of independent parameters is considerably reduced if a flavor symmetry is
assumed. The maximal symmetry available for the SM fermion fields is the symmetry of
the kinetic terms [65]: U(3)° = U(3), x U(3), x U(3)qx U(3); x U(3).. Each field is assigned
to a 3 representation of the associated group: denoting a generic U(3),, transformation by
2y, the transformation rules are [48]

q—Qqq, u— Qu, d— Qqd, =l e Qee. (3.12)

Vector currents zZp’y’%ﬂ,« are trivially made invariant under U(3)> by imposing a dpr cOD-
traction, that corresponds to the singlet composition of a 3 and 3 representations. This is
immediate to see applying the field transformations and using Qd,QL =1= QLQw:

Py = P QLA QY = Py, = {qu,d,le}. (3.13)

Chirality-flipping currents, with either scalar or tensor Lorentz structure, violate the flavor
symmetry. To permit the introduction of fermion masses, it is customary to promote the
Yukawa couplings to spurions of the flavor symmetry, by assigning them transformation
properties

Yo Y00, Yoo QY,0l, Vi Qv (3.14)

In this way the structures
dYyq', wYuq', ey l’, (3.15)

are formally invariant. When the U(3) symmetry is imposed, the flavor structure of each
operator can be factored out of the Wilson coefficient, that becomes a scalar quantity:

3 3
6 1 7 1
8% =52 Y CoXapQaprthc, L0 =553 Y CaXapQapr,  (3.16)

a pr=1 a pr=1

3 3
b, 1 d 1
Eé&z,s 8c) _ 1 E § : CoXaprstQoprst » Eés ) — = § E CoXaprstQa,prst+h.c..

a p,rst=1 a prs,t=1

(3.17)

In the construction of the U(3)® symmetric Lagrangian, we do not define a power counting
for insertions of the Yukawa couplings. Instead, we simply choose to retain the leading

. : . . L 7,84,8b,8
invariant structures for each operator, corresponding to no Yukawa insertions in Eé “ c),

. .. 5,6 . . . 8d
one insertion in Cé ) and two insertions in Cyuq and Eé ),

Classes 5 and 6. All the operators in £g5’6) require the insertion of a Yukawa coupling:

Xen = Xew = Xep = YVIT = }/l(d) )

X = Xaw = Xup = Xug =Y = VD (3.18)

Xapg = Xaw = Xap = Xag = Y] = VYYD,
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where the last equality in each line holds in the up-quarks mass basis, eq. (3.1). Note
that no net mixing among down-type quarks is induced in the mass basis, as the V in the
spurion cancels against VT in the ¢ field, eq. (3.2). In fact, by construction all the operators
in Eé5’6) have the same flavor structure as the SM Yukawas.

Because the operators are non-Hermitian, the associated C,, are complex. These classes
therefore introduce 22 independent real parameters.

Class 7. All the currents appearing in the operators of class 7, except Q) g4, are invariant
under U(3) with X, = 1. This implies that the flavor structure of this class is exactly the
same as in the SM kinetic terms. For instance, the charged quark current induced by the
operator Qg; is aligned with the SM one (eq. (3.3)), that contains CKM mixing.”

In order to make ) pg,q invariant, it is necessary to insert the spurion product
Xprug = YY) = YOV YD (3.19)
The number of independent real parameters is 9, as 7 out of 8 operators are Hermitian.

Class 8 a. Containing only vector currents, all the operators in L’éga) are U(3)® invariant
with the trivial flavor contraction X, = 0p-0st-

The operators Qy, Qg}l), QE;}) additionally admit the “crossed” contraction X/, = 0p;sy
This is an independent structure that cannot be arbitrarily rearranged into X,: applying
Fierz transformations in this case would introduce additional operators with SU(2), triplet
and SU(3). octet contractions, see section 3.4. Therefore these operators are split into two
invariants each, weighted by independent Wilson coefficients:

N2LEY = (Cudpr + Cly dpudsr ) Quprst + (O Sprdt + CL8Y pider ) Qighprat + - (3.20)

where the dots stand for contributions from the other operators in Eéga).

As all operators are Hermitian, Eésa) contains 8 real parameters.

Class 8 b. All operators in ﬁé%) are invariant with X, = d,,04.

The operators Quu, Qqq additionally admit independent crossed contractions X/ =
Optdsr, and are treated analogously to @y, ((1}1)’(3). This is not the case for Q.. that, as

mentioned above, is invariant under Fierz rearrangements: in this particular case the two

flavor contractions are equivalent. In total, there are 9 real parameters in Légb).

Class 8 c. All the operators in Eégc) admit the invariant contraction is X, = 0,05,

leading to 8 independent real parameters.

Class 8 d. Finally, operators in L’éSd) require one Yukawa coupling insertion for each
(1),(8)

current. As they are not invariant under Fierz transformations, the operators Qquqd

"Note that this implies that, even though all Wilson coefficients are real, SM-sourced CP violation, due
to the CKM phase in charged left-handed currents, is generally present in £é7).
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admit two independent contractions, mapped to one another by interchanging the two ¢
fields.®

Xieag = (V) (Ya)st = (V') (Vi PV )t
X0 = xB = WD (Vs = (D) (VYD) o)
X = X = WD (Ve = (D) (VYD) |
X0 = X2 = () (Vs = (D) (VD)

Because the operators are non-Hermitian, there are 14 real parameters in £é8d).

3.3 MFV: linear minimal flavor violation

The Minimal Flavor Violation ansatz [65, 67, 68] assumes that the only sources of flavor
and CP violation in LgyrpT are those already present in the SM, namely the Yukawa
couplings and the CKM phase.

The requirement on CP violation implies that the Wilson coefficients of CP-odd bosonic
operators scale with the Jarlskog invariant J [69, 70]:
C

HB’

C

{Ce Oy, C B

HW CHé} X J, (3.22)

2
J=TIm (Vprv;t Z;;V;;) ~n A2\ s <1 — AC§M> ~3x107°. (3.23)

As the J suppression is stronger, for instance, than a loop factor, these coefficients can be
safely neglected within the scope of SMEFTsim. The corresponding operators are therefore
not implemented in the MFV version. An analogous argument applies to sources of explicit
CP violation in the fermion sector. In the Warsaw basis, these are the imaginary parts of
the Wilson coefficients in Lg, that are not defined either in the SMEFTsim MFV models.

The requirement on flavor violation is realized imposing a U(3)® symmetry on the
fermion fields and allowing for arbitrary U(3)®-invariant spurion insertions in the currents,
that generate flavor violating effects. Such insertions are organized in an expansion in
powers of the Yukawa couplings, that can be either resummed (obtaining a non-linear
MFV formulation [71]) or treated as a truncated series. SMEFTsim adopts the latter option
and retains contributions up to one power of Y; and up to 3 powers of Y,,, Yy.

The relevant spurion structures at this order are

SU =V, Y] ~(1,8,1), S Q, SUQl (3.24)
ST =Yuv] ~(1,1,8), 5% 0, 5400, (3.25)
S =YY, ~ (8,1,1), ST Qg ST QO (3.26)
5% = yly,; ~ (8,1,1), S Q, 810l (3.27)

The first column indicates the spurions’ representation under the U(3), x U(3), x U(3)q4
group, while the second provides the corresponding transformation rules. All of them are

8The two X/ structures (4 real parameters) for Qf;t)q’ff)

SMEFTsim. I thank the authors of ref. [66] for pointing this out.

were not included in previous versions of
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Hermitian and they satisfy

YIs% = syl Y, 89 = S, , (3.28)
vjsd = gudyl Y89 = 5%, . (3.29)

In the mass basis of the up quarks (eq. (3.1)) the spurions take the form

Y )2, s™ = (V") = 5", (330)

Additional relevant structures in this basis are

Sy = (YD), S = (Y OyPvy,”, (3:32)
syt = v (v {P)2viy @ Syt = v (v, (3.33)

Classes 5 and 6. With the power counting chosen, ,Cé5’6) take the form

Z CeH pr QeH pr

p,r=1
0) v+ u uyt d dy T
+ [CUHYu (A" Curr) S™Y] 4+ (ACu) SV Quir (3,30
+ [V + (A" Carr) S™Y] + (A" Carr) Y] Qurtr

+ h.c.,

Zl Cew (Y] prQeWpr + Cep (Y] )prQeB,pr

’ CLoYd + (A"Cu) S7Y] + (A'Cu6) Y] Quepr

O Y+ (A Cuaw) S™Y] 4 (ACuw) S*Y]] Quovn

O] +(A"Cup) STV + (A0, 5) 57, ]pr QuB pr (3.35)
[ (O)YT + (A%Cuq) S™Y] + (A%Cac) SquHpT Qdc pr

:Cc(l(v)I)/YT + (A%Caw) ™Y, + (ACaw) Sqdyj]pr Qaw,pr

COY -+ (ACup) 7Y + (A%Cup) SV Qaan
L p/r.

o+t o+

h.c.,

where the parameters Céo), (AUCy), (A%C,) are real, scalar quantities. The structures
YJ S YdT S? are also allowed for operators Qux,Qqx respectively, but they are not inde-
pendent due to egs. (3.28), (3.29). These two classes contain a total of 27 real parameters.
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Class 7. For the operators in class 7 we have

3
A2 E((37) = Z Cgl) 6177" Qgg,pr + Cl(gl) 51"" Q(H?);,Z)T + CH@ 61"’" QHe,pT

- OO+ (ACl) 8™ + (MO S™] Qlg) e
oo+ @aneism 1 aicis] o), .
+[ca+ (ACHU)S“LT QHupr o
+[ClL + (ACH) S| , QHdpr

+ { |ChruaYuY] L,r QHudpr + h.c.] .

The total number of independent parameters in this class is 14.

Class 8 a. The operators of class 8a are composed of the same currents as those of class 7.
MFV corrections have therefore an analogous structure. With the power counting chosen,

the independent contractions are

3
Azﬁé&l) = Z [Cll 6p7"5$t + Cl/l 5pt(ssr] Qll,prst

p,r,s,t=1

OO 58+ (AYCLY) S35 + (ACH) Spist

O Spiber + (A"CY)) St + (A'C)) Szfasr] Qlprst
+ {cggm 5y st + (AVCE)) STU6,, + (ATCD) S99+

Ol e+ (AYCL) S3i3a + (ML) SEir | Qo
+ (O 60000 + (AUCY) 0S5+ (ATCH) 6 S| QU

+ [CID0 bpna + (AUCE) 6 S5+ (ACED) 0,85] Q-

In the case of operators @y, Qé}l)’(?’) two possible flavor contractions are allowed, as discussed
in section 3.2. In Qé}j?’ spurion insertions in the (st), (sr) currents are redundant by

symmetry. Class 8c contains 20 independent parameters.
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Class 8 b. The MFV Lagrangian in class 8b has the form

Cee Oprost Qee prst
C8) Syt + (ACuu) Syt + O Sptdsr + (AC1,) Spir| Quurst
:C(gg) Spr0st + (ACaq) Sp6st + C) Optder + (ACH,) Spt(ssr} Qdd,prst
C) b4t + (ACe) S1] Opr Conpren
€ 60+ (ACed) 5% Gy Cotprar
CLd Y 0+ (AMCL)) St + (ACL)) 6r 5% CLL)

WM“

+ o+ o+ + o+ 4=

u ud,prst

O30 00+ (AC)) Spdor + (A1CT)) 0S8 | Ot

(3.37)
As in the U(3)® symmetric case, Quu, Q4q admit two independent flavor contractions, and
spurion insertions in only one of their currents is required, by symmetry. Class 8b therefore
contains a total of 19 independent parameters.

Class 8 c. For class 8c we have a total of 28 independent parameters:

Azﬁé&)_ 23: Cle 5;77"6315 Qieprst
Ty [ Ost + ACzu)Sgt] Opr Quu,prst
[Czaz dst + (ACia) Sgt} Opr Qud,prst
+[C0 8y + (ACye) ST + (AUCy0) SH] 8t Qqeprst

+ [C ) 8005t + (AYCL)) 864 + (A{CL)) U065 + (A2C)) 8, S+
chi),(o) (YJ)pt(YU)ST:| tht),prst

+ [cgi><0> SprOst + (AYCE)) S5y + (ATCE)) Sisgy + (D20 Gpr S+

C®O) vty (v (8)
qu ( u)Pt< U)ST Qqu,prst

+ {0532(0) OprOst + (AYCLY) 8886, + (ALCLY)) 586 + (AoCLY)) 8, SL+
C (V) (V| QG

+ [(J;f)(“) Opr0st + (ALCL)) S886, + (AJCL)) SI5,4 + (AsCL)) 6, %+

Céd) © (YT)pt(Yd)sr:| Q,(IZ),prst )

Note that the operators Oqu ) QW q d ®) admit a contraction [pt][sr] with a Yukawa insertion
in each current.

17 -



Class 8 d. Finally, the operators of class 8d have the structure

3
Z [Cledqyd st (A" Cledq)(YdSqu) t+(A Cledq)(YdSq )St} (YET)I?T Qledqprst

p,r,s,t=1
(1) (1)
+ [C uqd - u pTYdet +Cquqd YUT STYc;pt:| Qquqd,prst

8) P By i lo®
dYd o Y] Co Vi Y,

+1C, quqd ~ u,sT dpt:| Qquqd,prst

(8)
quqd * u,pr

Cl(equ u ,st + Aucfl(eq)u) (SunT) (Adcl(eq)u) (SquJ)St} (lflT)pr Ql(igu,prst

[Clequ u, st+ AUC( ) ) (SunT) (Adc( ) ) (SquJ)St} (Y}T)PT Ql(ggumrst

lequ lequ
h.c.,

_l_

(3.38)
The total number of parameters is 13.

3.4 top, topU3l: U(2)% symmetry in the quark sector

Two new sets of models have been introduced in version 3.0, that implement a flavor
structure consistent with the recommendations of ref. [36] for the SMEFT interpretation
of top quark measurements. The formalism builds upon [72-74] and is defined by the
following assumptions:

o quarks of the first two generations and quarks of the 3rd are described by independent
fields. We denote them respectively by (gp, up,d,) with p = {1,2} and by (Q,¢,b).

o a symmetry U(2)? = U(2), x U(2), x U(2)y is imposed on the Lagrangian, under
which only the light quarks transform:

qg—=Qq, u—=Qu, d—Qd, Q—Q, t—t, b—b. (3.39)

o mixing effects in the quark sector are neglected and Vogayr = 1 is assumed.

This choice greatly simplifies the structure of the Lagrangian, as mixing between the
light and heavy quarks can only be introduced through extra U(2) spurions [66, 72].

With this notation, the SM Lagrangian is

Liermions = 1qI0q + iudPu + idIpd + iQIPQ + itIpt + ibIpb  + leptons,

_ - _ . 3.40
Lyukawa = —dYgH'q —uY, HYq -y, bH'Q — 54 T H'Q  + leptons, (3:40)

with the Yukawas of the light quarks Y, = diag(yu,vy.), Yqg = diag(yq,ys) promoted to
spurions of U(2)
Yy Q,Y, 0 Yy QaY Qb (3.41)

while y;, yp do not transform under any symmetry. As a consequence, only (LR),(RL)
currents with light quarks need to be weighted by Yukawa insertions.

It is convenient to construct a U(2)3 invariant basis mapping the fermionic operators
of table 1 to the notation with 6 quark fields. We choose the set given in table 2, where,
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analogously to the U(3)° case, we retain the least Yukawa-suppressed U(2)3-invariant con-
tractions for each operator in the Warsaw basis.
In the lepton sector we consider two alternative ansitze:

(a) a U(1)},, = U(1)e x U(1), x U(1); symmetry under which the fields transform as

1 — €mel1 , Iy — €ia“lz, I3 — €m7l3, (3.42)

zae

el — e'“eq, eg > e%ey | e3 — €%7eq . (3.43)

This matches the “baseline” scenario in ref. [36] and corresponds to simple flavor-
diagonality. It is implemented in the top models.

(b) a U(3)? = U(3); x U(3), symmetry under which
sl e Qe, Y= QY0 (3.44)

In the lepton sector, this setup matches exactly the structure of the U35 and MFV
models. It is more restrictive compared to U(1)} '+ and contains fewer free parameters.

It is implemented in the topU31 models.

In the U(1)} ' . Symmetric case, no transformation rule needs to be assigned to Y}, as left- and
right-handed leptons transform under the same symmetry. This implies that (LR), (RL)
lepton currents are weighted by Y; in the topU31 models but not in the top ones.

Classes 5 and 6. The basis of quark operators for £é5) and EéG) in table 2 is easily
constructed splitting the quark currents for the first 2 and the 3rd generations. Insertions
of YJ , YdT in light quark currents, that are required for U(2)? invariance, are embedded in
the operator definitions. 6((35’6) contain in total 32 real parameters (16 complex) coming
from quark invariants.

When U(1 )l+6 is imposed (top models) on the lepton fields, Qe pr, Qew prs QeB pr
admit 3 independent contractions each, one per generation. When the more restrictive
U(3)? is imposed (topU31 models), each operator is associated to only one complex Wilson
coeflicient.

6)

The total number of real independent parameters in £é5’ is therefore 50 in the top

case and 38 in the topU3l case. The Lagrangian is
ALY = CunrQuir + CorrQut + CanQanr + ConQun

22:1 (CeH)pp QeH pp U(l)l+e [top]
(3.45)
Zpr 1Cen (Y )pr QeH pr U(3)* [topU31]
+ h.c.,

AQﬁgj) = Cuw Quw + CuBQuB + CucQuc + Cow Qiw + CiQiB + CiaQic
+ Caw Qaw + CapQap + CicQac + Cow Qvw + CoQin + CocQrc  (3.46)

Zf;,r:1 (Cew )pp Qew,pp + (CeB)pp QeB pp U(l)z+e [top]

p r=1 Cew ( )pr Qewpr + Cen ( )pr QeB,pr U(3)2 [topU31]
+ h.c..
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£é5) _ 1/)2H3

Quu | (HH)(@Y] u) Qan | (HTH)(qY] dH) Qe | (HTH)(lpe, H)
Quu | (HH)(QFIt) Quu | (H'H)(QHDY)
£ —y2XH
Qew | (o™ e)a HW], Quw | (@Y] " u)a' AW, Qus | (@Y o™ u)HB,, Qua | (@Y o™ Tu)AGE,
Qen | (po" e, )HB,, Quw | Qo t)c' HW}, Qi | (Qo" t)HB,, Qi | (QoTt)HGS,
Qaw | (@Y] o d)o' HW, Qan | (@Y, 0" d)HB,, Qic | (@Y]orTed)HGY,
Quw | (Qo"b)c'HW}, Qus | (Qo"b)HB,,, Qe | (QoMTeb)HGS,
£ — 2H2D
oW | @B, mGy) | QF | DL Gy, Que | (HY D H)(@"e,)
Q%) | @D ) @) Q5 | (=D H) (go"mq) Quu | (H'D ,H)(yu) Qua | (HY'D H)(dyd)
QW | (1D 1)@ Q) QY | (H' DL H) Qo' Q) Qe | (H1iD 1) Ft) Qmy | (H1'D  H)(y"b)
Quua | i(HIDLH) @Y, Y] 4"d) | Quu | i(H D, H)(Iv"b)
£8 _(LL)(LL)
QL | Upule) @) QY | o'yl @) Qu | Gl ) (Tty)
QY | ) (@1Q) QY | o'yl (Qo'1*Q) Q5% |(@1.Q)@rQ) Q%) | (@QT1,.Q)(@QT*vQ)
QWY | @9 @ra) QW | @ *v.0)(@T*v"q) Q57 | (G vu0)(@oiyq) QY | (' T7,.9) (@0 T q)
Q9. | (@uQ) @) Q97 1 (QT 7, Q)@ ™) Q5P Qo ,.Q)(@o* ) QSY | (QoiT™,Q) (G0 T**q)
£ _ (RR)(RR)
Qeu | (Epyuen)(@y*u) Qed | (Bpyuer)(dy¥d) Qee | @yuen)(@ter)
Qet | (Bpyuer)(ty''t) Qb | (Epyuer)(07b) Qu | (Frut)(Fyt) Qu | (07,b) (by"b)
G| (@) (@) G| (@) (@) | (vt (@) W | ET ) @7y )
Q| [dnd)(dyd) Q% | (@1, d)(dryrd) S| b (dytd) & | (BT ub)(dTyd)
QU | (@) (dyrd) Q) | @T"yu)(dT""d) W | @ty & | (ET ) (T d)
QY | (@) (Byd) QY | (@ry,u)@T ) W | @t (0r) | (@) (BT b)
Qs | Yo ) (57ds) | QU5 | (YY) (5, T, ) (BT d)
£ — (LL)(RR)
Quu | (I yuly) (y"u) Qua | Lyyuly)(dy"d) Qoo | (@vua)(@p7"er) Qre | Lyulr)(Esyer)
Qu | () (Ey) Qu | (vl (byD) Qoc | (@1uQ)(Eer)
| (@) Eyu) Q4 | (QvuQ) () QY | @) Ert) Q9 | (@Q)(Ev )
G | @) @) Qo) [ (@T,Q)(aT 5 u) QY | @ryua) (T y4t) Q% | QT Q)(FTyrt)
QY | @a)(dyrd) Q%) | (@1Q)(dyd) Q% | (@vua)(byb) Q4 | (@7u@Q)(byd)
QY | @reyug)(dreqrd) Q%) | (QT*~,Q)(dT v+ d) Q%) | (@Ty,.q) (6T ") Q%) | (QT,.Q)(T*yb)
Q0w | VD@ @ Ev w) | QS | VDo (@ T 0 Q)T uy) | Qi | (V)pr (@7 Q) (by* ) Q\0ua | (V)pr (@ T7,Q) (6T yd)
£8 _ (LR)(RL),(LR)(LR)
Quedy | (Her)(dYag;) Quene | (Her)(bQ;) Qi | Be)en(@t) Qe | Hopwen)en(@ o t)
Q. | Benein(@ Vi u) QD | Bowe @ Vo) | QGlg, [ (@7 Den(@Fb) QSlan | (@ Tt)ej1(Q T7D)
Qb | @ Yiwesn(@ v d) | QN | @ YiTowesn(@ Y] Td) | QG | (VD)er (Ve (@ ur)ejn(@ de) | Qg | (V) or (V)@ T )20 (@5 T2,
Qlga | (@ V(@ Y] d) Qiga [ (@ Tt (@ Y] Tod) Qo | (@ Y w)ejn(@* D) Qi | (@ Vi Touw)eju(Q o)
Qs | VDor (@ )@ 0) | QS | (VD)o (@7 Tou)ejn(@E T0) | Qg | (V)or (@ £)2j0(Q" ) Qb | (VD)o (@ Tes1(QF T d,)

Table 2. Basis of fermionic operators for the top and topU31 flavor assumptions. Here (q,u,d),
Y., Yy denote quarks of the first 2 generations and their 2 x 2 Yukawa matrices. Quark fields
of the 3rd generation are (Q,t,b). Flavor indices p,r, s,t run over {1,2} for light quarks and
{1, 2,3} for leptons. Whenever flavor indices are not specified, they are implicitly contracted within
each current.
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Class 7. Class 7 depends on 12 real parameters from quark operators, plus 9 (3) real
parameters from lepton operators in the top (topU31l) case. Qpyq is defined with a YquJr
insertion to preserve U(2)3, while Qpyp is independent of the Yukawas.

ALy = HqQHq+CHqQHq+CHuQHu+CHdQHd+[CHudQHud+h c]
+CHQQHQ+CHQQHQ+CHtQHt+CHbQHb+[CthQth-i-h c] (3.47)

2:1<c<”>prmpp (CiDow QW)+ (C)pp Qrregp, UL}, [top)
+

7" 1 Cgl) 5PT QHl pr+C](§)l) 513"' Qg?,pr—i_CHe 5177" QH@J”’ ) U<3)2 [tOpUBl]

Class 8 a. Class 8a contains 2 operators with 4 quarks. Mapping them to the formalism
with 6 quark fields, each of them admits 5 independent U(2)? invariant contractions, that
can be written

2 2
Q((Z}Z) = Z 5137“551% (qP’Y#QT)(qSFYMQt) ) QS; = Z 5pr (Qp’)/,uQT)(Q’YMQ) ; (348)

p’/‘stfl p,r=1
2
QL = Z SptGsr (@p1uar) (@7 a) s Qo) = 3 0t (Gu@)(@r"ar),  (3.49)
p,ry8,t=1 p,t=1
Qb = (Q1.Q)(Q7"Q) (3.50)

and analogously for Qg). In practice, for analyses involving top quark processes it is
convenient to trade “crossed” flavor contractions, as well as Qg’gg, for operators with a
color octet structure. This is motivated by top processes being largely dominated by
QCD interactions in the SM. The rotation is done using Fierz rearrangements and the
completeness relations for SU(2) and SU(3)

O—;ko—fnn = 25]n6mk - 5]k5mn ) (351)
1 1
TiyTéa = 50addeh = GOadea (3.52)

Consistent with the recommendations in ref. [36], SMEFTsim implements the invariants in
table 2, that are related to those in egs. (3.48)(3.50) and their Q(([Z}) counterparts as:

1) _ A @ _ 1,0 (8)
Qoo = Qaq- Qoq = 3900 T 40 (3.53)
|
QL = QY QY = 6 (@G +QEM) + Q™ + Qi (3.54)
Qi) =Y, QY = SO — QY + 30 - Y, (3.55)
Q( Qll), QS(;/_ (QQq1)+Q31))+QQ 8)+Q38)7 (3.56)
Qo) =Q5", QL) = QQQl;f Q““ +3Q407 — QY. (3.57)
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Egs. (3.53)—(3.57) can be written compactly as Owarsaw = RQtop, with Qwarsaw Qtop the
two “operator vectors” and R a rotation matrix. The relation among the Wilson coefficients
is then derived equating the Lagrangian written in the two bases:

. _ — T .
L= C(VVarsaW . QWarsaW = (CWarsaW) RQtop

B s (3.58)
= Ctop : Qtop’
with C_"Warsaw, étop the coefficients vectors. The solution is
C_"top = RT C_:VVarsa»W 5 C_:VVarsaW = (RT)_l C_;top . (359)
Explicitly:
M _ ) _1.p (8) _ 43)
Caq =%0a — 3%x0> Caq = 1Cqq (3.60)
o) — o Loy L aey o6 _ o) L Loay _ Loey 361
qq_qq+6qq+§qq’ qq_qq+6qq_6qq’ (3.61)
18) _ ~(1 3 3,8) _ ~(1 3
Ctgq )= Ctgq)/ + 3Cr§q)/7 Céq )= Cq(q)/ o Cq(q),7 (3.62)
(SO IPC RIS D CO L )Y @G _ A6 LAy L aey
Cads =Caq+§%;q +5%0 Cas =%t 5% — 5% (3.63)
(1,8) _ ~(1) (3)r (3,8) _ ~(1) (3)1
CQq ~ YQq +?’CQq ’ CQq ~ YQq  “YQq (3.64)
and the inverse
M _ 0 1A @3 _ 1.0
Caq = Coq + 3% Caq = %0 (3.65)
1 1 3
1 1,1 1,8 1 _ 1,8 3,8
Céq) - Cfgq - gcq(q . chq)/ - ZCéq )+ zctgq g (3.66)
1 1 1
3 3,1 3,8 3 _ 1,8 3,8
Ctgq) - Ctgq - gc(gq . Ctgq)/ - Zc(gq = zctgq g (3.67)
o _ oy _Laas o _Loas) 3,68 (3.68)
Qq — Y Qq 6 Q¢ ° Qe — 4 Qq 4 Qe > )
3 _ A6 _ 168 @y _ 108 168
Caq = Caq 6 Qa Caa = 4 Qe 4 7Qq (3.69)

The operator @ admits 2 independent contractions in the U(3)? symmetric case
(eq. (3.20)) and 9 in the U(1)},, case. We choose them as the (Cy)prst entries with indices
prst in the set

Py = {1111, 2222, 3333, 1122, 1133, 2233, 1221, 1331, 2332} . (3.70)

Operators Ql(;) ’(3), Ql%)’(g) admit 3 (1) contractions each in the top (topU31) case.
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The Lagrangian is therefore

AQLéS“)—C“ 1)@(1 1>+C<1 S)Q(l 8)+C<3 1)@(31 +C(38)Q(38 +C(1)Q822 (3‘71)
1) (1,1 8) (18) DG L B8 ABS) L AB8) AB)
+ oy Q0 +CoY Q0 + Co QG + o QG + ChaQdh

1 1 3 3 1 1 3 3
1?;:1 (Cl(q ))PPQl(q,)pp + (Cl(q ))PPQl(q,)pp + (CZ(Q) )Ple(Q),pp + (CI(Q) )prl(Q),pp

+ ZprsteP” (Cll)prst Qll,prst ) U(1)1+e [top]
+
1 1 3 3 1 1 3
g,rzl Cl(q) 5P7” Ql(q,)pr + Cl(q) 61” Ql(q,)pr + CI(Q) 51”“ QZ(Q)pT + CI(Q) 6177” QZQ pr
+ Zz,r,s,tzl (Cll 5])7‘65t + Cl/l 5pt5sr) Qll,prst ) U(3)2 [tOpUBl]

Note that the allowed flavor contractions in the U(1)},, and U(3)? cases are the same, but
the different symmetry properties generally lead to different relative normalizations. For
instance, considering the (1111) and (1122) entries, one has

(3.72)

A2pGa) (Cu)111Quunt + (C)uizeQuizz + ... U1}, [top]
6
(Cu+C}) Quinn +2Cu Quizz + ... U(3)>  [topU3l]

where the relative 2 between the Cj; contributions to Q1120 and Q1111 is due to U(3)?
requiring to sum over both the 1122 and 2211 contractions, that are equivalent for this
particular operator. In total, Eésa) contains 31 independent real parameters in the top
case and 16 in the topU31 case.

Class 8 b. A basis rotation analogous to the one performed in Eé&l) is applied to Quuy, Qud
in EéSb). No modification is needed for QS‘I)’@) as in this case the color octet contraction
is already manifest. The set of 5 independent U(2)3-invariant contractions in the Warsaw

basis is in this case

2 2
Quu = Z 5prést (aplﬁbur)(as’}/uut) ; Qtu = Z 5pr (ﬂp'}/uur)(ff)’“t) ) (3-73)

p,r,8,t=1 p,r=1
2 2 )
Q;u = Z OptOsr (ﬂpyuur)(ﬂsy“ut) ) Q;u = Z Opt (ﬂp'Yut)(t'Y#“t) ) (3.74)
p,r,8,t=1 p,t=1
Qu = (tyut) ("), (3.75)

and analogously for the Qg4 counterparts. Using Fierz transformations and eqs. (3.51),
(3.52):

Qi = Qut Q= Qup (3.76)
Qui = QLY. Q= 508 +2Q). (377)
Qaa = QY | Qua = %Q&Z) +2Q% . (3.78)
Qu =il Q= 308 + 201 (379)
Qua = QLY. Qha = 308 + 204 (350)
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where the operators on the right-hand side of the equations are defined in table 2. The
relations among Wilson coefficients are

Cy = Cy, Cpy, = Cpp, (3.81)
C) = Cuu+ Lt c® = o0’ (3.82)
3
1
Céiz) = Cya + gcélda Cfli) =2Clhy, (3.83)
1
1
szclz) = Coq + gCéd, CS) =2Cy,, (3.85)
and the inverse
Cy = Cy, Cpp = Chpy (3.86)
1 1
1 1
Cru=Cf) — 5 W, Chu =3 ®) (3.89)
1 1
Cha = Cpy — gcﬁz) ) Cha = 5053) : (3.90)

The operator ()., admits 6 independent contractions in the top case, with indices that we
choose in the set
P.. ={1111,2222,3333,1122,1133,2233} . (3.91)

In the U(3)? case, there is instead only 1 available contraction. Each of the operators
Ql(i)’(s), Ql(;)’(g) is mapped into 6 (2) independent invariants in the top (topU31) case. The
Lagrangian for class 8a has the form

ALY = ) QU +CBQE +CuQu+CP Q) +CB Q) (3.92)
+C5 QU +CE) Q4+ Cuwu+Cly QL)+l QL)
+0 QUi+ O QU+l QL) + €1 Qi + o) QL) el Qb+ oy Q) o Q)
[0 Ot ie]
22:1 (Cew)ppQeupp+(Cea)ppQed,ppt (Cet)ppQet,pp+ (Ceb) ppQeb,pp
+3prstepu. (Cee)prst Qee,prst » U(1)l3+e [top]

2,r:1 Ceu 5pr Qeu,pr +Ced 6pr Qed,pr +Cet 6pr Qet,pr +Ceb 6pr er,pr
+ Zz,r,sﬂﬁ:l Cee 5pr65the,prst 5 U(3)2 [tOpU3l]

and it depends on 40 (27) real independent parameters in the top (topU31) case.

Class 8 c. No basis rotation is required in ,CéSC), and the quark currents are mapped

directly. In the lepton sector, Q. admits 1 independent contraction in the U(3)? case
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(neglecting the subleading contribution o Y;?) and 12 in the U(1)?, , case. We choose those

l+e
with indices prst in the set

Pe=PlUP, (3.93)
P! = {1111,2222,3333,1122,1133,2233,2211,3311, 3322} , P = {1221,1331,2332},

where the contractions in Pfc} are Hermitian and those in P[elh are not. The operators

Q (1),(8) Q(l) +(8)

gOtu > @qOba are not Hermitian and therefore the associated Wilson coefficients are
complex.
The Lagrangian reads
A2£(SC) C(l Q((Jt)+ (1)Q(1)+C(2Q(1) (UQ(U (394)
+CPQE+C QR +c8ld+C5) QY
(1) A1 (1 a1
+ qu)qu)+ Cqb)qu +OQ3QQ(1 Qb QQb

(S)Q(S) —i—C’(B)Q(S) (B)Q(S) (S)Q(S)

1 1 ® 1 8
[ éQ)tth(chtu qQ)tquQtu éQ)bdQc(I bd T (Q)bdQ((z bd+h'c'}

Z?’:l(cl“)PPQluypp"‘(Cld)prldypp"‘(Clt)pPQltmp‘f‘(Clb)prlb,pP
+(Coe)pp@ae.op+ (CQe>prQe*pp+ZprstePl’é (Cre)prst Queprst UL)3, . [top]
+ + {ZprstePl’éh (CIE)prst Qle7p’r‘st+h.c.i| ,

Y =1 CruSpr Quupr +Cla 6pr Qua.pr +Cit Spr Qi pr+City Opr Qo pr
+qu 5p7° Qqe,pr +CQ6 5pr QQe,pr +Zg,r,s,t:1 Cle 5présthe,prst 3 U(3)2 [tOpU3l]

and it depends on 54 (31) independent real parameters in the top (topU31) case.

Class 8 d. Finally, the operators in L'((fd)

are also mapped directly to the notation with
6 quark fields. U(2)? invariance requires an insertion of a light Yukawa couplings for each
(qu) or (gd) current and an insertion of Y; for each (le) current, as indicated in table 2

This class includes a total of 64 (40) real parameters in the top (topU31) case:

2 ~(8d) 1) A1 8) (8 1) (1 8) (8
AL6" = ChunaQqunat Conni@guaa CougaQquga +C. uququqd+CQthQthb+Cé2t)cszQ2qb (3.95)

(1)
+CthdQthb +C, quQunb + CQuqbQQuqb+ ththQd

(8) (8) (8) (8) (8)
+CthdQthb+ C quQunb+CQuqbQQuqb+ 1t0dQqt0d

3
(Clequ)Pleequ P (Clth)Pleth PP (Cl(equ)PPQl(equ,pp
3 -
(Cl(eggt)prlth,pp +(Cledq) ppQieda,pp+ (Clev@ ) ppQiebQ.pp U(l)?+e [top]

1 1 1 1 3 3
2,7‘:1[Cl(eq)u (Y—Jf )PT(Ql(e;u,pr + Cl(eC)Qt (YT)PT Ql(eét pr + Ol(eq)u (YT )PT Ql(e;u pr
Cledn (YD Qiidy e+ Creag (V)pr Qe +Cren (V) r Quengr: U(3)? - [£0pU31]
+h.c.

3.5 Comparison with the literature

We conclude this section with a comparison of the parameterizations presented in this
section with other recent results in the literature. As a quantitative reference, table 3
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general U35 MFV top topU31l
all CP | all fe: 4 all cr all cr all e 4
c |4 2 |4 2 2 - 4 2 4 2
&Y 3 - |3 - - 3 - 3 -
£ s 4 |8 4 1 - 8 1 8 4
P | 54 21 |6 3 7 - 4 7 10 5
£ e 72 |16 8 20 - 36 18 | 28 14
c st 30 1 14 - 21 2 15 2
£ 1 297 126 | 8 - 10 - 31 - 16 -
£ | 450 195 | 9 - 19 - 40 2 27
£ | 648 288 | 8 - 28 - 54 4 31 4
81810 405 | 14 7 13 - 64 32 |40 20
tot | 2499 1149 |85 25 | 120 - | 275 71 | 182 53

Table 3. Number of independent real parameters in each class of dimension 6 operators, for the 5
flavor structures implemented in SMEFTsim.

summarizes the number of independent real parameters for each class of Lg operators and
flavor setup.
Compared to previous versions of SMEFTsim [1], the following changes were made:

e the dependence on the CKM matrix in currents involving left-handed down quarks
was neglected in the effective operators defined in the general and MFV versions. It
has been restored in version 3.0.

o four parameters corresponding to the real and imaginary parts of C'(gi)q/d, Céiz;d were

missing in the U35 and MFV models, and have now been included.

e the MFV models have been modified: all Yukawas are now retained in the spurions,
instead of only v, y,. Moreover, the Lagrangian is now organized according to a
power counting in the quark Yukawas, that led to some flavor-violating terms (eg.

A“Cryd, A%C(gizld ...) being dropped, and others (eg. AYCp, C'(gf,l)/ ... ) being added.

o versions top and topU31 are new in version 3.0.

The U35 and MFV models can be compared, for instance, to the U(3)® spurion analyses
presented in refs. [66, 75]. Ref. [75] contains an exhaustive classification of all the flavor
spurions associated with SM fermion currents in the presence of a U(3)® symmetry. In their
notation, S*, S correspond to Ay, Ap respectively, while both 7%, $9¢ are mapped to Ag.
The structure YquJr corresponds to Ayp and, since we only retain linear insertions of Y,
Ap = Ap = 0in SMEFTsim. Any other spurion leads to baryon and/or lepton number non-
conservation, and therefore does not have an equivalent in the Lagrangian considered here.
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Ref. [66] presented a detailed classification of all the U(3)® and U(2)® invariant struc-
tures in the Warsaw basis. In the U(3)% case, their results can be directly compared with
the parameterizations of the U35 and MFV models in SMEFTsim, while the U(2)3 case can be
compared (in the quark sector) to the top and topU31l models. We find complete agree-
ment in the characterization of the structures, and the operator countings are consistent

once a few differences in the organization of the invariants are taken into account:

« the U(3)® and U(2)® Lagrangians in ref. [66] are organized according to a power
counting in the Yukawas, while for the U35, top and topU31 models in SMEFTsim we
simply choose to retain the leading invariant for each operator in the Warsaw basis.

e in the MFV models we retain terms up to order (Y;', (Yz+Y,,)?). This choice is different
from the power counting in ref. [66], that truncates at (Y;!,YV}V;2).

e the Lagrangian of the MFV models includes spurions o de, that were neglected in
ref. [66].

e in the U(2) case, different symmetries were chosen for the lepton sector: U(2)? in

ref. [66] vs U(1)},, and U(3)? in the top and topU31 models.

The structure of the top and topU31 versions builds upon those of refs. [7, 9, 36]. The
main difference compared to these works is that in SMEFTsim the parameterization has been
systematically extended to all operators of the Warsaw basis, including at the same time
CP violating terms, interactions that do not involve the top quark, and spurion insertions
of the light quark Yukawas.

4 Input parameters

Once the kinetic terms have been canonically normalized and the flavor structure has been
fixed, the Lagrangian parameters can be assigned numerical values, with a procedure that
is sometimes referred to as “fixing an input parameter scheme” or “finite renormalization”.
This section revisits this procedure in the SM and in the SMEF T, using a general formalism
that accounts for terms up to arbitrary EFT order. They can be applied to both tree
level and loop calculations but, in the latter case, this procedure needs to be combined
with the usual renormalization to reabsorb UV divergences. In sections 4.2, 4.3 these
formulas are applied to the Warsaw basis case, to recover the known tree-level results,
see e.g. [1, 2, 48, 52, 63, 76, 77]. Aspects specific to the NLO case have been discussed
in [51, 53, 54, 56, 78, 79].

The Lagrangian parameters are fixed imposing a set of defining conditions that re-
late them to (pseudo-)observables: for a Lagrangian with N independent parameters
g = {gi...gn}, M > N independent input observables O = {O;...Op} need to be
selected. Computing each O, in the theory at a chosen perturbative order, one obtains
relations

O, =F9(g), n=1...M, (4.1)
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where F\”) denotes a function of the parameters g. If M = N and (4.1) is an invertible

system of equations, the solution
g =K20), i=1...N, (4.2)

fixes ¢g; as a function KZ»(O) of O. The numerical values of the parameters g are then
univocally determined by measurements of O.
In the SM case, one has 19 independent parameters, that we can classify as

aSv 07 QCD

91,9w,, A7 EW+H1ggS (4 3)
Yes Yus Y5 Yus Ye, Yt Yds Yss Yb, Yukawas .

012, 013,093,9, CKM

where we have introduced the CP-violating § angle of QCD () and the CKM angles and
CP phase (012,613,023 and 0 respectively). The procedure outlined above is most often
employed to determine the value of § and of the EW+Higgs and Yukawa parameters. On
the other hand, the determination of the CKM parameters and of «s usually relies on
a large number of observables: in these cases, the system (4.1) is not invertible and the
parameters’ values are extracted via a global fit.

When transitioning from the SM to the SMEFT, a large number of additional parame-
ters enters the Lagrangian, namely the cutoff A and the Wilson coefficients C,,. Fixing their
numerical values in terms of measured observables is obviously still an open challenge (and
indeed the ultimate goal of the present work), so these quantities are necessarily left free
in the Lagrangian. Nevertheless, they play a role in the finite renormalization procedure,
because the observables O employed to fix the SM quantities generically receive contribu-
tions from higher dimensional operators. Working order by order in the EFT expansion,
the relations in (4.1) are modified into”

1 1
On = F9(g) + prf) (9.0) + FFX*) (9.C)+ ... (4.4)

where C' here generically represents the set of relevant Wilson coefficients, that can be
associated to operators of any dimension. In cases where the system of eq. (4.1) can be
inverted, (4.4) can also be solved expanding around the SM solution. The result has the
general form:

1 1
9= K" (0) + 5E(0,0)+ 5K(0.0) + ... (4.5)

where KZ(D)(O) is the SM solution and the following K terms are SMEFT corrections

that depend on the Wilson coefficients. The leading term in the solution (4.5) is defined
imposing that the SM relation holds:

0, = FO(KO ). (4.6)

9Terms suppressed by odd powers of A are omitted here, as they typically contribute to B and/or L
violating observables, that are not relevant for the extraction of SM parameters. Nevertheless, the results
derived in this section directly generalize to the case where these contributions are retained.
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The explicit form of the remaining K terms is found inserting eq. (4.5) into (4.4), ex-
panding in A and requiring that SMEFT corrections cancel order by order in the resulting
expression. Iteratively, one finds

Ki(2) = —(J Y Y, (4.7)
6F(2) 9 1 82 (0) 9 9
KW = (Y [FO + 0 kP 4 -2 ) g 4.8
% ( ) n T 3gk k +289k89j k J ’ ( )
KD = —(J Y |E@D 4 3 iﬂ[((dl) ... glip) (4.9)
: e = D'0gi 09, " N '
m+d1+...dD:d
where (J71);, = 0g;/ dF\” is the inverse of the Jacobian matrix
oF
Jpi = 4.10
g ( )

and in eq. (4.9) the sum runs over all possible terms with m < d and such that m +
dy +---+dp = d. All functions and derivatives appearing explicitly in eqs. (4.7)—(4.9) are
evaluated at the SM solution for the parameters g = K© (O) and the indices n, k, 7,41 ... ip
are implicitly contracted internally and summed over.

A generic predicted observable P inherits a dependence on the corrections ng22) to
the input quantities. Analogous to O, P will have the generic form
1 1
P =PO(g) + FP(Q) (9,0) + FP(“) (9,0) + ... (4.11)

where P(® is the SM expression and P(422) encode direct EFT contributions to P, in-
duced by effective operators entering the relevant Feynman diagrams. Calculating P in the
SMEFT starting from input quantities O means inserting the expressions of g in eq. (4.5)
into eq. (4.11). This operation introduces “indirect” EFT contributions, that are a direct

(d>2)

consequence of the Fy terms in eq. (4.4). The dependence on the latter quantities can

be made explicit:

P =p0O 4 % [P? - 4,FP] + = [P — 4, FD — ADFD + B FDED) + ..

(4.12)

where the m, n indices are summed over and, as above, all functions are implicitly evaluated
at g = K(0(0). The coefficients A, B are found via chain differentiation:

or©  9gpO)

"R T 9y

(J Yin (4.13)

2 2
" 9ED W op0  dgs Ak "
s L PO 19PO R0
" 20r0VoRY  20R° oRYorY
192p0) 1 . 1 82F(0)
=5 “im(JT )i — A —P2 (gt im -1 in - 4.1
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Here A,, and the first term in Ag) account for linear K2 corrections to g in the PO) and
P®@ function respectively. The first term in By, contains double K insertions'? in P(0),
while the second terms of Ag) and B,,,, both stem from K* contributions in P,

The net effect of the finite renormalization procedure is that all the EFT corrections
to input measurements are recast into corrections to predicted quantities: if P is an input
observable P = O, all EFT corrections in eq. (4.12) cancel order by order in the EFT. This
happens by construction and follows trivially from the defining conditions imposed. It can
be checked explicitly: in this case P(@ = Fq(d) and assuming that O is a set of independent
quantities, also (‘?Fq(o)/ 8F,§0) = 04n and 82Fq(0)/ aF,SE )8FT(LO) = 0. This immediately leads to

P A, F? =0, By =0, (4.16)

n

AP =0, PW _ A, FW = 0. (4.17)
Eq. (4.12) provides a dictionary between different input parameter schemes: comparing

sets O and ', the difference in the predicted P is

1

P(O) - P(O) = 1

[~ AnF® + 4, FP'] + % { — A FD + ALFYy
—ADF@) 4 ACQrp@y L g AR p@rp@y L (4.18)

which is easily evaluated via eqgs. (4.13)—(4.15). This result is consistent with those in the
appendix of ref. [63] and in ref. [80].

4.1 Implementation in SMEFTsim

SMEFTsim implements the finite renormalization procedure via replacements of the form'!

gi = Gi +0gi, (4.19)

where §; satisfies the SM relation g; = KZ-(O)(O) and dg; encodes all the dependence on
the Wilson coefficients. In the FeynRules models, these replacements are operated at the
Lagrangian level via the lists redefConst (applied simultaneously to the redefinitions in
eq. (2.11)) and redefVev, and the hats are subsequently dropped in the notation. In this
way, all the SM parameters appearing explicitly in the final Loygrpr are hatted quantities,
i.e. they are conveniently defined in the exact same way as in the SM and their numerical
value is directly defined by the input observables chosen.

The shifts §g appear explicitly in the interaction terms, and they are responsible for
propagating input shifts corrections to the computed processes. By construction, the de-

0Here “double insertions” refers to any contribution quadratic in the Lg coefficients. This includes
contributions from the square of a diagram with one EFT insertion, as well as from the interference between
SM and EFT diagrams with two EFT vertices, or EFT diagrams with a single interaction oc C2. The latter
generally stem from field or parameter redefinitions in the Lagrangian.

"Ref. [63] used the notation g; — §; + dg; from ref. [52]. This is completely equivalent to the one used
here, dropping the bars.
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pendence on d¢g themselves is universal, while their expressions in terms of Wilson coeffi-
cients are fixed by the input scheme choice:

01 = 13 K2(0) = 5 (T FR. (4:20)
As noted in section 2, because we work at order A~2, the replacements of eq. (4.19) only
need to be performed on Lgy and only linear terms in §g need to be retained. Moreover,
one can replace vy — 0 in the C, notation, eq. (2.4).

This procedure is implemented for parameters listed in the Higgs, EW and Yukawa
sectors in (4.3), as described below. Eq. (4.4) makes manifest that the extraction of SM
parameters from global fits can become problematic when generalized to the SMEFT.
Whenever this set of equations is not invertible, it is not possible to find a simple form
for g; that expands around the SM solution. A consistent treatment of EFT corrections to
such input observables would require to extract simultaneously g; and C,, which can be
very unpractical or even unfeasible, in the presence of blind directions.

In the case of the CKM parameters, this issue has been overcome in ref. [81], where
an optimal set of 4 input measurements was proposed, that allows for a treatment of the
CKM angles and phase analogous to that of EW parameters. Its implementation is left for
future versions of SMEFTsim.

The case of ag poses a bigger challenge. The strong coupling constant can be deter-
mined from a particularly vast range of processes [82], and its extraction is often correlated
to that of other physical quantities, such as parton distribution functions (PDFs). A proof-
of-concept analysis of SMEFT effects on the PDFs determination was presented in ref. [83],
that explored the consequences of including four-fermion operators in a fit to deep-inelastic
scattering data. Further studies are needed in order to define an optimal strategy for the
treatment of SMEFT contributions in this context. For the time being, input shift correc-
tions associated to the determination of oy are omitted in SMEFTsim.

4.2 Higgs and EW sectors

The electroweak sector of the SM contains 4 independent quantities, that can be chosen as
g ={91,9w,v,\}. The 4 (pseudo-)observables needed to fix their values are usually taken
in the set
{dem, Gr, mz, mw, mp}.

While my, always needs to be retained in order to fix A, the choice of the 3 remaining inputs
is free, and several combinations have been adopted in the literature. SMEFTsim implements
the two alternative schemes {aem, mz, Gr} and {my,mz, Gp}, providing independent UFO
models for both.

The fine structure constant aepm(0) is taken to be measured in Thomson scattering,?
the Fermi constant G measured in muon decays p~ — e v,le, and my,mz,my are

12 As we work at tree level, only direct SMEFT corrections to Thomson scattering (i-e. to the determination
of aem(0)) are included here. The determination of aem(mz) at one loop in the SMEFT is another major
open problem, as potential EFT contributions in the running have not been estimated to date. The main
challenge in this task is posed by non-perturbative effects, particularly those arising as qem runs through
the hadronic resonances region.
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A/iH = CHD—i

4 general AGp = (C_'Sl))n (65)2)22—(611)1221
C 2 ~
AmQZ _ YHD 29191/;/ Crrwp
2 g9itgy U, MFV, |\ A
Qen = — HWB
gi+g
_ ~(3 ~(3 Ci,1221
Am% = QAKH_%CH top AGp = 01&11),11"‘0}{2,22_ 9

Table 4. Expressions of input parameter shifts and the kinetic correction Axpy (defined in (2.6))
in terms of Wilson coefficients. The left column is common to all flavor versions, while AGf varies
as indicated in the right column. We use the notation C, = C,(9%/A?).

defined as the bosons’ pole masses, see ref. [1] and references therein for further details.
With these definitions, at tree level:?

1 gigi 1
G = oo gl Bae]  Gr = o [1+AGH 121
- e R (a2
2 v} o 5 VR, ) )
my = 9w my = Z(QW_Hh) {1+Amz} , (4.22)
mi = 203\ |1+ Am?| . (4.23)

The A quantities are dimensionless and defined in table 4: AGF is inferred computing the
muon decay width at tree level in the SMEFT, while the remaining shifts can be read from
the relevant Lagrangian terms. In particular, the contributions in Crwp to Adem, AmQZ
follow directly from eq. (2.18) and Amj3 follows from eq. (2.8).

The relations (4.21)—(4.23) can be directly mapped to the notation of eq. (4.4): for

instance
1 1o

N V2v2 A27CrF

and analogously for the other observables.

FY) FYAGE, (4.24)

4.2.1 {aem,mz,Gr} scheme

Solving 3 of the 4 egs. in (4.21), (4.22), plus eq. (4.23), gives expressions for the SM param-
eters of the form of (4.5). Let us choose the input quantities O = {aep, m%,Gp,m3 }.

It is convenient to define the vector of SM parameters as g = {g7, g, v%, A}. The SM
solutions g; = K, -(0)((9) are then

7

4o drox 1 N szp
~92 em A2 em a2 h
g1 = , gy = , V= —, A= , 4.25
! C; Sg \/iGF \/5 ( )

13The normalization of AGr has been modified compared to previous SMEFTsim versions in order to
homogenize the notation with the remaining shifts.
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having defined the weak angle 0 as

A G2 1 21/2
$2=sin?f= I =_|1- 1—LO‘§‘“ . (4.26)
o 9t + a5y 2 Grm3,

The Jacobian J = 00 /dg defined in eq. (4.10) takes the form

cgf/Tr Sg/ﬂ'
1] #2 52 52 /2
gL /g (4.27)
4 —2v/2/9%
8\ 802

Taking the inverse and plugging it in eq. (4.7), one obtains explicit expressions for the
parameter shifts defined as in (4.20):

¢ =9 [1 + 2691} 091 _ 33 (Am2 + AGF> - Cg Ao (4.28)
1 1 !?1 ) §1 202é A 262(@ em » .

R 5gw] ogw % 5

2 2 0 2 0
= 14 2= , — = — Am7 + AGrp) + Aden , 4.29
9w = Gw { F G 2, (am r) 2e,, 0 (4.29)

0 1 A

03 = 92 [1 + 2;} , 7@“ - ;;F , (4.30)
A=A [1 + ‘N : 5; = —AGp — Am3. (4.31)

It can be convenient, as a shorthand notation, to define a shift for sin®6. In the input
schemes considered here, this is always a predicted quantity, that can be expressed as
) 1)
52 = 2c2s2 ( gL _ gW) + AsZ, (4.32)

00\ & aw

with As? defined in eq. (2.24).
With this input scheme choice, myy is also a predicted quantity and its expression can
be derived from eq. (4.12). From eq. (4.22), we have that PSQ) =0, so

w
orY)
o _ o) L TTmy g e
w — P ‘2/V A2 agz (J )lnFn
A2 AD 2 82A
= UIw [1 — 0 Am2 + 20 (Aqem — AGF)]
4 Co Co (4.33)
_ gy [1 L o% 259W}
4 D G
1)
= 2, [1 +2 WTVVVV] ,
where we defined the shift
omw _0v | Ogw _ (4.34)
my 0 aw ‘
S 1%C_'HD +2CHwB + % ((6(3))11 + (0(3))22 - (011)1221) .
402(5 2 Sp Ch Hi Hi
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The second line was evaluated with generic flavor indices for AGp, and it can be easily
mapped to other flavor structures with the dictionary in appendix C. Finally, it is worth
noting that electromagnetic interactions do not receive any corrections in this scheme:

de o 0

- = Cg Ag + 5; ;gW +
e g1 gw

1
§Aaem =0, (4.35)
consistent with ey, being an input quantity.

4.2.2 {mw,mz,Gr} scheme

Choosing the input observables QW) = {m2, m%, Gp,m?}, the SM expressions §; =
Ki(o)((’)) for the relevant parameters are

1 < miG
2 2.2 A2 2 o) WG F
= 4V2Grm%s?, = 4V2Grm?,, = ——, A= , 4.36
91 Flitzsp Igw Filiw \/iGF \/§ ( )
with the weak angle defined by
~2 2
2__ 91 mw
2= It —1_ , (4.37)
° 7 41 + iy my
The Jacobian J = d0™wW) /g takes the form
gy
1|92 92 g%/
J=7 _2\/50/@4 , (4.38)
8\ 892
and from eq. (4.7) one has
0 ) 1 Am?
¢ =g {Hz ;‘”} : It -3 [AGFJr QZ] , (4.39)
g1 g1 S5
) 0 AG
g%vZ@%v[1+2;X}, ;Xz— — (4.40)
0 5 AG
V2 = {1+2®”] , ===F, (4.41)
N oA oA
A=\ {1 - X] : 3= ~AGp — Am3.. (4.42)
With this input scheme choice, aey is now a predicted quantity. From eq. (4.12):
1 [oP©
Qe — O(zgr)n + F 6;2 (J 1) F,,§2) + PC(er)n
1 8262 2
== A2919vAv2 [1 — AGp — g Am?% + Aaem]
™91 ;L 2{7W o (4.43)
1 41§ ) )
= — Sw [1 +22 X 402 W Aaem}
4T g1 + g 9 gw
52
. [1 + 25?}
0 é
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AM,; AM, AMy

1~ 1. 1~
general ECQH §C;H EC;HV
lae @ 1A <@ 1A @
Uss G 5CunYu 5CanYa
1~ 1 - - . 1 _ _ _
NFV 5Cen ¥ YD [C8) + (A Cu)s™ + (AdCuH)Sqd] Y [c;‘;} + (AYCyap) 89 + (ML) 59| V
1 - « 1 S d 1 A% d
top i(ceH)pp §CUHY“( ) (u7 C) ECdHYd( ) (d7 S)
1- 1~
5Cin (t) 5Cm (b)
law @ lae L@ 1A (@
topUsl | SCChY, 5CunYu (u, ) 5CanYa (d,s)
1~ 1.,
3G (t) 5Cm (b)

Table 5. SMEFT corrections to the fermion mass matrices for each flavor assumption, see section 3
for all definitions. All Wilson coefficients are scalar quantities, except in the general case, where
they are 3 x 3 matrices. In the MFV case all parameters are real. In the top and topU31 cases
AM,, q,Y, q are 2 X 2 matrices for the first two generations, and the mass term for the ¢,b quarks
are independent. We use the notation C,, = Cy(9?/A?) and the results are given in the mass basis
of the up-quarks and charged leptons.

It can be instructive to write the final form of the Higgs potential, once the input shifts
are applied onto eq. (2.8). For both input schemes considered here, the result is

V(H)+ L =h> 20>+ k> \o 1—AGF+ARH—}CH}
A 4.44
i age e Se,] Mo, tig, Y
4 PEERE TR | Ty YT g Y

4.3 Yukawa sector

To fix the SM Yukawa couplings, we take fermion masses as input quantities. From the
propagators’ poles, at tree level, we have
_ VT [y _

My =5 vy - amy| (4.45)
with Yéd) diagonal. In the top, topU31 cases the index v runs over ¢ = {l,u, d,t, b} so that
M;,Y;, AM; are 3 x 3 tensors, My, 4,Yy.a, AMy q are 2 x 2 and My, Yy, AM,; are scalar
quantities. In the other flavor setups ¢» = {l,u,d} and all quantities are 3 x 3 matrices.

The SMEFT corrections AM,, are given in table 5 for each flavor assumption. The SM
solutions are

) V2
v = = My, (4.46)
and the shifts 5Y¢ have the form
@ . o(d) (d) @ _  AGFp o)
v, = v v, oY,V = == V0 + AMy, (4.47)

where AGF enters via eq. (4.41) and AM,, is non-diagonal and non-Hermitian in general.
The expressions (4.46), (4.47) can be easily generalized to setups where My, is not diagonal,
by applying the appropriate flavor rotations to both sides of the equations.
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The net effect of the finite renormalization procedure is that AM, corrections to the
fermion mass terms are recast into corrections to the hit couplings. In unitary gauge, the
Lagrangian resulting from the replacements (2.7), (4.47) is

drpdr, )
ﬁYukawaJrcg"“):—%[ oD Ly @ (1 AGr +A/-@H) (2h+3’f A2> AMd}
pr

— R 2
_W{ oY ><1 ACE L Ny ) <2h+3ff A2> AMU}
pr
_ /\ 2
—% [ D4y @ (1 AGr | ) (2h+3'f A2> AMJ
pr
the. (4.48)

In the top, topU31l models analogous terms with ¢,b quarks are also present.

In the FeynRules implementation, the common shifts dv, dA, 0Y,, are automatically
replaced with the corresponding expressions in terms of Wilson coefficients. On the other
hand, the dependence on the EW shifts dgq, dgw is left explicit in the Lagrangian, as it
is identical for all EW input schemes. Once an inputs set is selected, these shifts can be
traded for Wilson coefficients expressions: in Mathematica this is done via the replacement
lists alphaShifts or MwShifts. In the UFO models all shifts are replaced with the Wilson
coeflicient expressions.

5 SM loop-generated Higgs interactions

Because SMEFTsim is designed as a tree-level model, it cannot reproduce processes that only
occur at 1-loop. In fact, estimating SMEFT corrections to observables that are genuinely
loop-generated both in the SM and at d = 6 level is beyond the scope of SMEFTsim.
Nevertheless, there are cases where a 1-loop SM processes receives tree Lg corrections.
This notably happens in a few relevant Higgs production and decay channels.

In order to enable an estimate of interference terms between Lg and SM diagrams for
the processes gg — h, h — v, h — Z~, SMEFTsim implements effective SM interactions
obtained in the large my limit. This formally corresponds to matching the SM onto an EFT
(we will refer to this as “top-EFT”) where the top quark has been integrated out. The
advantage of this approach is that the top loops are effectively reduced to point vertices
that can be inserted in tree diagrams. The obvious caveat is that the top-EFT is only valid
in a limited kinematic region, as discussed below.

SMEFTsim 3.0 contains h~yy, hZ~, hgg, hggg and hgggg interactions with contributions
up to O(m;?), i.e. d = 7 in the top-EFT. The implemented Lagrangian is:

ESMhloop = qu/ﬂ/O'y'y + 9H27027 + gg;goég + 2 ZgHgg gig) s (5.1)
mi
where
O, = AWAWﬁ : 0., = Z,WAWﬁ : ol = GZVG“‘“’% . (5.2)
(2) a o a I/h av ~bo e h
Oy = DG, DG“; = fancG} Gy G“; (5.3)
ol = DG, D G“‘”’% o;g> = G D,D°G2, @ (5.4)

— 36 —



The corresponding g coefficients are fixed via a 1-loop matching procedure of the SM onto
the top-EFT. For the hyy and hZ+ interactions we use the results from refs. [84-87], that
include loops of both top quarks and W bosons:

e? m? 4 m?
=—|I b =1 b0 5.5
iy = gz | "o\ amz, | T3 \ (5:5)
2 2 2 2 2
e z [ mp my 1 4 2) my  my
= — |tol e A R LS ) 5.6
JHIN = g2 [9 w <4m§V’ 4mgv> * (2 3% )\ 4m?’ am? (5.6)

The loop functions Iy, I, Iw are evaluated in the limit where the Higgs boson is on-shell
and higher order corrections are simply obtained via Taylor-expansion, retaining terms up
to O(my 2my?):

1-= 1 —4xy
b) dyd .
(@ / / 1 —4(a—b)zy — 4by(1 —y) e (5:7)
1 7a 11b 5 o
3+90+90+(9( N (5.8)
1 —4 + 6xy + dazxy
I(a) = dydz 5.9
w=[[" T (5.9)
7 1la 19a®> 58a3 4
== 1
1730 105 s 0@ (5.10)
-z —t2+2a(1 — 7))y + 15 —
IZ(a,b) / / =3 qyd 11
(a, t2 4(a — b)xy — 4by(1 — y) e (5.11)
5— t2 t2-9 2(5 —t3) 5662 5 —t2 1203
-1 04 _p 0 b 0) 2 0 3
+ D a + 9 ab + 15 a” + 15 + 35 a 7 +
2(7—1t5) 5, 17(13—1t7) 5 3
B —— R S 12
a0, b (5.12)

For the Higgs-gluon interactions, the matching has been performed in refs. [88-90] up to

dimension 7 in the top expansion:'*

92_3,9 = 4522 +0(g5) , (5.13)
Gitny = —282957r2 +0(gy) (5.14)
Gty = 249027# +0(g7), (5.15)
Tty = : 4Z§)ﬂ2 +0(g3) (5.16)
ing = 8332 +0(gy) - (5.17)

There is a sign difference in the definition of O3 compared to refs. [88, 89]. The sign of Cs is also
affected by the sign in the covariant derivative definition, that was taken with the opposite convention in
ref. [90].
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Note that the d = 7 operators produce interactions with one Higgs and up to 6 gluon
legs. While the full gauge-invariant Lagrangian is implemented in the FeynRules models,
only vertices with up to 4 gluon legs (hgg, hggg, hgggg) were exported to the UFOs. The
Feynman rules of the hggggg and hgggggg vertices are extremely complex both in the
color and Lorentz structures, to the point that their inclusion makes the Monte Carlo
event generation computationally challenging. They are available upon request.

5.1 Validity of the approximations used

The Higgs interactions described in this section are implemented to the specific purpose of
enabling the simulation of Higgs production and decay processes. In general, these vertices
should not be inserted into other arbitrary processes. In MadGraph5_aMC@NLO, the insertions
can be controlled at the diagram generation level via the interaction order SMHLOOP = 1
that is assigned to all the g couplings in the Lagrangian (5.1), see also section 8.2.

The following limitations should also be kept in mind:

e The implementation relies on the top-EFT formalism, that is only valid when the
momentum ¢ flowing through the effective vertex is ¢ < m;. This condition is always
fulfilled for gg — h with no extra jets, for which the top-EFT reproduces the 1-
loop SM cross-section within an accuracy of a few permille. With more complex
final states, a validity threshold is present and it can translate differently in terms of
measured observables, depending on the process.

Figure 1 shows the relative deviation of the top-EFT predictions from the 1-loop SM
results for do/dpr(h) in pp — hj and pp — hjj, as obtained at parton level with
MadGraph5_aMC@ONLO, in a 4-flavor scheme and neglecting all electroweak contribu-
tions. The SM prediction was obtained generating 100000 events for each pp — hj
channel and for q¢ — hgqq, and 50000 events for the remaining pp — hjj channels,
with the loop_sm UFO. The associated PDF and scale uncertainties were estimated
with the MadGraph5_aMCONLO functionalities [91], and their combination in quadra-
ture is shown for reference as a grey band. The top-EFT predictions were obtained
reweighting the events with SMEFTsim. The lines in color compare three different
implementations of the top-EFT: including all operators up to d = 7 (red), including

only the d = 5 operator (’)g?

(blue) and including only the ggh vertex as in the previ-
ous SMEFTsim versions (orange), see the next subsection. The statistical uncertainty
associated to each line is shown as a colored band surrounding the solid curves. Be-
cause the statistical errors associated to the reweighted histogram and to the original
one are fully correlated, in most cases, the uncertainty on their ratio cancels and it
is not visible on the plot. Uncertainties due to the reweighting procedure itself have

been neglected, in the absence of a prescription for their estimation.

For both pp — hj and pp — hjj, the total cross section is dominated by gg- and
qg-initiated channel, for which the m; — oo approximation breaks down roughly at
pr(h) ~ 250GeV [89, 90, 92-95]. Within the top-EFT validity regime, the d = 7
implementation reproduces the SM 1-loop result within an accuracy of few %, see
also ref. [90]. The large m; approximation fails most significantly in gg-initiated
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Figure 1. Top-EFT predictions for do/dpr(h) in pp — hj (left) and pp — hjj (right), normalized
to the SM 1-loop results, see text for the calculation details. In both figures, the first panel shows
the combined result, while the lower ones give the breakdown into the contributing channels. Note
that here g generically denotes a light quark or antiquark. The statistical uncertainties are plotted
in color, and they are not visible in most cases. For reference, the gray bands show the systematic
uncertainty on the SM event generation and the vertical dashed line marks pr = m;, where the
top-EFT is expected to break down. SMEFTsim v2 curves for pp — hjj, g9 — hgg, g9 — hqq,
qg — hqg lie above the plotted range.

processes that, nevertheless, give a negligible contribution to the total cross section.
This behavior is due to the quarks’ PDFs preferring significantly larger x compared
to the gluon one, which leads to large § contributions being suppressed for gg and qg
initial states, but not for gq [94].

e The operators Og)gg form a complete basis up to O(m; 2) for Higgs interactions with
up to 4 gluons [88, 96]. This means that, within the regime of validity of the top-
EFT, SMEFTsim can reproduce 1-loop SM Higgs production in gluon fusion with up

to 2 jets.

Processes gg — h + nj with n > 3 cannot be fully reproduced with SMEFTsim,
even with the inclusion of hggggg, hgggggg vertices, because a complete matching to
O(m;?) onto these vertices would require d = 9 top-EFT operators.

e In addition to the validity of the large m; approximation, the implementation of
h~v, hZ~ assumes an on-shell Higgs in the parameterization of the loop function.

5.2 Comparison to previous versions of SMEFTsim

Previous SMEFTsim versions only implemented the hgg, hyy and hZ~ vertices, while inter-
actions with higher numbers of gluons were omitted. In version 3.0, all the vertices induced
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by the operator Og;g and vertices with up to 5 legs (4 gluons) from (’)g;;zl’f)) are included.

Moreover, the hgg interaction was previously parameterized in the on-shell Higgs limit,

analogously to hy~y, hZ~, via a coupling [86, 87, 97|

2 2

9s mp

=1 —%,0
IHgg 1m2f<mﬁ’>’
and the loop functions Iy, I,, IZ were expanded up to O(m; 6m;V6 ), which is formally
equivalent to a matching up to d = 11 in the top-EFT for an on-shell Higgs boson. In
version 3.0 this is replaced by a consistent matching up to O(m; 2m;V6 ) that does not rely
on the on-shell assumption. The two parameterizations are completely equivalent up to
O(my ) corrections for on-shell Higgs production with no extra jets: the Feynman rule of
the ggh interaction is

G;L(pl)
4s . 2 4 2
—_—— L PRV LN 717 1 _P1-P2 (2) Pi T D3 (5
h g = [p1p2 b1 p2] [gHgg m% 9Hgg + 4m% IHgg +
Gu(p2> .
2i p'pY p3 + phps pT — 0" pips — pIPsp1-p2 (1) .
- o IHgg (5.18)

with the momenta pi1, pa taken to be incoming. In the limit piQ =0,pi = (p1+p2)?=mj

Gu(Pl)
on-s ell 4Z 1N g m% (1) m% (2)
h ————g — o lpﬂoz -n 9 9IHgg — Tm?gHgg

Gy (p2>

2
m
v o p v (4)

(5.19)
The last term vanishes for external gluons and, using eqgs. (5.13), (5.14),

2 2 2
() _ My ) _ s ll 7 mh], (5.20)

IHgg ~ 9m29H99 = 1672 |3 7 90 4m?

The terms in brackets reproduce the expansion of the top loop I (eq. (5.8)) up to O(m;?).

6 Propagator corrections

Mass terms and decay widths of the SM particles generally receive corrections from Lg
operators. In order to compute amplitudes consistently at O(A~2), these corrections need
to be included in the propagators.

In unitary gauge the propagator of a generic unstable vector V', scalar S or fermion
has the form

P'L“j _ 'L _nuy + q,uqzz (6 1)
v q> —m} +imyTy mi |’ ’
1
Pg = 6.2
5 q?> —m% +imglg’ (6.2)
(¢ +m
p, =t m) (6.3)

q? — mi +imyly
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In the SMEFT we can write, for each particle,
m =m™ + om, r=r™4or, (6.4)

where the shifts dm, 6I" collect all the contributions from d > 6 operators. The correspond-
ing propagator expressions be expanded to linear order in the shifts [98]

Py =PySM L APE, Pe=PM 4 APy,  Py=PM AP, (6.5)

PSM

where the expressions for are given by eqgs. (6.1)(6.3) replacing m — mSM, T — TSM,

The corrections read

- SM -T"SM v
. I . q¢'q"  omy
AP — _prSM YV dsp o (12 2V ) o } mpY . (66
Vo D@ o ) ) T2 Dy g (OO
. SM SM
T

APg = —pSM s [5r 2i([1- 25 )6 ] 6.7
S S DS(qz) s+ 2m§M mgsi, ( )

imiM M ism
APy = —pPM__¢ {5r +2i 1 —%_ 5m]+1", (6.8
Y b Dw(q2) P QmiM ¥ Dw(q2) )

with the shorthand notation

D(¢?) = ¢ — (m®™M)? 4 imSMDSM (6.9)

Note that, since AP oc D(q?)~!, propagator corrections are expected to be relevant in
the on-shell kinematic region and suppressed when the particle is largely off-shell. The

dominant contributions are therefore approximated by the on-shell expressions: !
APV o2 = B oy [—?S;B‘Z - <1 + @) f:s;ﬁ] , (6.10)
APg|q2:m2 = Ps| 22 [_lcigﬁ - (1 + Tg) j;gﬁ] , (6.11)
APyl a2 = Pyl e [—%ﬁ — (1 + 2;2;?) g%ﬂ + mgl\Tl:iSpM : (6.12)
with
P o = n;jgyv . Pslp_pe = mslrs Pyl oz = ’In:;f . (6.13)

6.1 Implementation in SMEFTsim

SMEFTsim 3.0 implements propagator corrections for the Z, W, h bosons and for the top
quark. The user has two alternative options for including them in SMEFT predictions:

(a) using the linearized propagator expressions of eqs. (6.5)—(6.8). In this case the pole
of the propagator remains located at m>M, and the dependence on the Wilson coeffi-
cients, stemming both from dm and 6T, is linear at the amplitude level. This option
is selected fixing linearPropCorrections = 1 (or any value # 0) in the param_card.

15T ongitudinal contributions for vector bosons were neglected here.
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(b) using the propagator expressions in eqs. (6.1)—(6.3), with shifted masses. In this case
the pole of the propagator is located at m = m™ + §m while width corrections are
entirely dropped.'® The dependence on the Wilson coefficients is generally non-linear,
as contributions < 1/C,, are induced in the amplitude. This is the default option and
it’s selected with linearPropCorrections = 0.

While option (a) is recommended for consistency of the EFT expansion, we caution the user
that the linearization can be problematic, particularly in the presence of mass corrections.
Formally, expanding around the complex pole of the propagator is not a gauge-invariant
operation [99-101]. Numerically, significantly large discrepancies between methods (a) and
(b) can occur, as illustrated in figure 2 (left) for the case of the W boson. Using linearized
propagators leads to sizeable numerical distortions already for dmyy/ m‘s,y 2 few %, as the
dashed curves show. For comparison, the linear approximation works very well for width
corrections up to O(10%), see figure 2 (right). This is partially due to the W boson being
narrow in the SM. Adopting a {my, mz,Gr} input scheme is convenient in this respect,
because mass correction effects are entirely avoided. For a more general discussion of the
theoretical advantages of this scheme choice, see e.g. refs. [1, 2, 51, 53, 63, 78, 98, 102].
Option (a) is implemented in SMEFTsim following the method outlined in ref. [103],
contribution 12:'7 four dummy fields Z’, W', b/, (Z1,W1,H1,t1) are introduced, with
SM’ TSM ap-

pearing in these expressions are those of the nominal mass and widths of the dummy fields.

propagators APL”, APY/, APy, AP,. The numerical values assigned to m

The latter, in turn, are internal parameters and defined as equal to the SM masses and
widths of the corresponding dynamical particles. The dm, 61" parameters are also defined
as internal parameters, function of the relevant SM couplings and Wilson coefficients.

The dummy states have the same SM interactions as Z, W, h,t and do not enter d = 6
operators: SMEFTsim contains copies of all SM vertices, with one or more of the standard
fields replaced by its dummy counterpart. Vertices with n dummy legs are proportional to n
powers of a flag parameter propCorr and have interaction order NPprop = n. The numerical
value of propCorr is set to 0(1) if linearPropCorrections = 0 (a non-zero value).

In this way, for instance, linearized Z-propagator corrections to pp — u™p~ can be
estimated computing the pp — Z — p*pu~ and pp — Z’ — p™p~ amplitudes, and using
the interaction order NPprop to isolate the pure SM/interference/quadratic contributions
as detailed in section 8.3.

Note that linearized propagator corrections are available only in the UFO models, as
the propagators are modified directly in the propagators.py file and not in FeynRules.'®

Mass and width corrections implemented. All the mass and width shifts imple-
mented in SMEFTsim are computed to O(A~2), i.e. linearly in the Wilson coefficients. Be-

The implementation of EFT-corrected decay widths has been avoided to prevent potential conflicts
with the treatment of widths in Monte Carlo generators.

17T thank O. Mattelaer for pointing me to this reference.

'8The expressions in propagators.py differ by an overall 4 factor from those in (6.6), (6.7), because an i
is conventionally added by ALOHA upon parsing the UFO model [104].
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Figure 2. Tlustrative comparison of full and linearized W propagators varying dmy, (left) and 6Ty
(right). The upper panels show the absolute value of the form factor of the transverse propagator
|Pw (¢)| as a function of \/qi2 Red lines are obtained modifying my, 'y in the full propagator,
eq. (6.1), while black lines are obtained linearizing out dmyy, 'y corrections as in egs. (6.5), (6.6).
The lower panels show the ratio between the two curves. The thin vertical line marks \/¢% =
m‘s,y = 80.387 GeV. The light blue curve in the upper plots marks for reference the SM behavior
(0Tw = 0 = dmyw ). Solid, dashed and dotted lines correspond to three different sizes of jmy, and
6Ty, with the same coding in upper and lower panels. In the right panel, the black, red and light
blue solid lines are indistinguishable.

cause myz, myp and m; are taken as input parameters,

omz =0, omp =0, omy =0. (6.14)
The dmyy correction is non-vanishing only in the {em, mz, G} scheme, and the expression
was given in eq. (4.34). Decay width corrections for the Z, W bosons and for the top quark

are defined as

S M, best 5FZ S M ,best 5FW S M ,best 6Ft
Z tree W ltree t tree
with
TPt — 94952 Gev, TPt =2.085Gev,  IyMP™'=133GeV,  (6.16)

the loop-improved SM predictions [82, 105]. These are free parameters in the models,
that can be modified by the user. The quantities {51“ / FSML

(both numerator and denominator) using the width computafi?)n tools in FeynRules [106].
They include all 2-body decays and are extracted in the limit Vog s = 1, with all fermion
masses set to zero, except those of the b and ¢ quarks. Analytic expressions are given in
appendix A.

are calculated at tree level
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f Brii/[}beSt f Brglg}best f Bri%}best
vy 227x1073 | Zy  1.541 x 1073 g9 0.0818
bb  0.5809 cc 0.02884 Tt 0.06256
llvy  0.0256 uudd  0.1097 I"vdu+h.c. 0.1062

Table 6. Numerical values of the Higgs boson branching ratios employed in the definition of 6Ty,
eq. (6.17). The values for 2-body decays are taken from ref. [107], with m;, = 125.09GeV. The
values in the last line are estimated computing the partial widths with Prophecy4f 2.0 [108] and
normalizing their sum to Brfﬁf}e“ = 0.24161 [107]. They include only charged current contribu-
tions and are summed over all allowed flavor combinations.

The correction to the total Higgs width is computed using individual K-factors for
each decay channel, as in ref. [57]:1?

Y
0Ty, = Dy Mbest S prytfpest l S ] , DMt = 4,07 MeV (6.17)
f h=f ltree

with f running over the set {vv, Zv, g9, bb, ce, 7777} plus the allowed 4-fermion channels.
In the SMEFTsim implementation, only 4-fermion decays proceeding via charged currents
(h - WW* — 4f) are retained, in order to simplify the analytic expressions. Channels
mediated by neutral bosons (h — ZZ*, Zv*,v*v*,g*g* — 4f) give subdominant correc-
tions, that are estimated in a 3 — 5% change to the dependence on Cruw,Crup,Crp and a
change < 1% for the other Wilson coefficients [57].

I’gM’beSt is a free parameter in the models and can be modified by the user. The
best-fit branching ratios, instead, are embedded numerically in the JI'j, expressions and
cannot be changed. The values employed are reported in table 6. The relative deviations
{M‘hﬁ ¢/ F,Sll\_{ f:|tree for 2-body decays are computed with the FeynRules tools, retaining
the full dependence on all the relevant fermion masses and Yukawa couplings. If a given
Yukawa coupling y; is set to zero in the param_card, all contributions to I'j, originating
from the h — ff decay channel are dropped. For the h — 4f channels we take the analytic
results of ref. [57], that neglect all fermion masses and quark mixings. Note that the results
in ref. [57] were given for the U(3)® flavor symmetric case, and they have been generalized
to the other flavor assumptions in SMEFTsim. Full analytic results for SMEFT corrections

are reported in appendix A.

7 Usage in Mathematica

The FeynRules files in SMEFTsim can be imported in Mathematica [109] and used to
print out analytic expressions for the Feynman rules and Lagrangian terms. A template
Mathematica notebook is available at the GitHub repository, with examples of usage of the

19This normalization choice is due to radiative corrections affecting the various channels in significantly
different ways. For comparison, in the case of Z, W decays, using individual K-factors leads to variations
< 2% in the Wilson coefficient dependence compared to an overall rescaling. The top case is trivial, as there
is only one relevant decay channel t — bW ™. In the Higgs case, due to the heterogeneity of the relevant
decay processes, the discrepancy between the two normalizations is of order 20-50%.
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code in different setups. The functionalities are the standard FeynRules ones. However,
since SMEFTsim is an unusually complex model, some recommendations are in order.

Before importing the model, the user must specify a flavor setup and EW input scheme
choice. For instance, after loading FeynRules:

SetDirectory ["PATH/TO/SMEFTSIM/DIR/"];

Flavor U35;
Scheme MwScheme ;

LoadModel ["SMEFTsim_main.fr"];

Allowed options for Flavor are general, U35, MFV, top, topU3l. Allowed options for
Scheme are alphaScheme, MwScheme. The loading time varies between flavor assumptions
and can take up to a few seconds.?"

The FeynRules code is split over different files that contain the required operators,
parameters and Lagrangian definitions. The implementation is such that only the objects
matching the selected flavor structure and EW input scheme are defined upon loading. In
all models, the following Lagrangians are defined (definitions were given in section 1):

e LGauge = Lgauge- Contains the SM terms plus the linearized SMEFT corrections due
to field redefinitions and input parameter shifts.

e LGaugeP. Same as LGauge, but with at least one W or Z boson replaced with the
corresponding dummy field W1, Z1.

o LHiggs = Lyiges. Contains the SM terms plus the linearized SMEFT corrections due
to field redefinitions and input parameter shifts.

o LHiggsP. Same as LHiggs, but with at least one W, Z or Higgs boson replaced with
the corresponding dummy field Wi, Z1, H1.

e LFermions = Lfermions- Contains the SM terms plus the linearized SMEFT correc-
tions due to field redefinitions and input parameter shifts.

e LFermionsP. Same as LFermions, but with at least one top quark or W, Z boson
replaced with the corresponding dummy field t1, Wi, Z1.

e LYukawa = Lyykawa. Contains the SM terms plus the linearized SMEFT corrections
due to field redefinitions and input parameter shifts.

e LYukawaP. Same as LYukawa, but with at least one top quark or Higgs boson replaced
with the corresponding dummy field t1, H1.

e LSM = Lgy. The SM Lagrangian without any SMEFT correction.

20 A1l the timings indicated in this section refer to a four-core laptop, with FeynRules calculations paral-
lelized.
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The

LSMlinear. The SM lagrangian plus the linearized SMEFT corrections due to field
redefinitions and input parameters shifts.

LSMloop = Lgmnloop as defined in eq. (5.1).

LSMloopP. Same as LSMloop, but with at least one Higgs or Z boson replaced with
the corresponding dummy field H1, Z1.

LSMincl = LSMlinear + LSMloop

L6cl[n] = Eén) withn =1...8.

For class 4, the definition is split into L6c14, L6cl4cpv containing only the CP-even
and -odd terms respectively.

For class 8, sub-Lagrangians L6c18a ...L6c18d are defined in addition.
Lénoaf = 327_, £
8
L6 = n=1 Eén)
LSMEFT = LSMincl + L6

last 3 Lagrangians contain extremely long expressions. It is strongly recommended to

use them with care and avoid calling these variables unless strictly necessary.

The parameters notation in the code is provided in appendix D. In addition, the

following parameters lists are defined in all models:

Two

WC6. The list of all Wilson coeflicients.

In the general model the list WC6indices is defined in addition. In this case WC6
contains e.g. cHuIm11l, cHuIm33, while WC6indices contains cHu[ff1_,ff2_] with
blank flavor indices.

shifts. The list of all shift parameters, such as dGf, dMZ2, dgw, dgl etc. The
complete list is given in table 17.

d6pars. List of all SMEFT quantities, including Wilson coefficients with and without
free indices, and shifts.

handy functions are also defined:

LinearWC[x_]. Expands the expression x to linear order in the SMEFT parameters
(Wilson coefficients and shifts).

SMlimit[x_]. Returns the SM limit of the expression x, setting to zero all the
d6pars.

relativeVariation[x_]. Returns x / SMlimit[x].

SimplifyWC[x_]. Returns the expression x in a form that collects the contributions
from each SMEFT parameter (both Wilson coefficients and shifts).
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By default, all the Feynman rules are printed out in an input scheme-independent form.
The expressions in terms of Wilson coefficients are recovered via a replacement rule that
should be applied with ReplaceRepeated, as in:

dgw //. MwSh1ifts//WCsimplify

3 2 Prime (2
_ Cit Vv . Cl1 \
N 2N

if the model was imported with Scheme = MwScheme, or

dgw /. alphaShifts// WCsimplify

Prime

202 202 3 202 N2
Cl1 Cg V Cyp Cg V N Ci1C Vv N CHwe Co Sg V

2A*(1-2s}) 4N (-1+2s}) A*(-1+2s}) A*(-1+25s))

if the model was imported with Scheme = alphaScheme. For consistency, only the appro-
priate replacement list is defined in each case. All Feynman rules are printed in unitary
gauge. It is possible to switch to Feynman gauge by changing the flag FeynmanGauge to
True at any time. However, we caution the user that the SMEFT contributions to the
Goldstone and ghost Lagrangians are not fully implemented. In particular, gauge fixing
terms have been omitted and the Goldstone kinetic terms are not canonically normalized.

The operators’ names start with 0 and their definitions carry free flavor indices (eg.
OHu[ff1_,ff2_]). In this way they can be shared by multiple setups (the general, U35
and MFV models all use a set of definitions, and the top, topU31l models share a separate
one). The distinction between flavor assumption is coded through the flavor contractions
in the Lagrangian definition, contained in SMEFTsim_d6_lagrangian.fr. Therefore it is
recommended to isolate each operator through its Wilson coefficient. For instance, the
Feynman rules of the operator Qp, with a U(3)° flavor symmetry can be printed out via:

Select[L6cl7, ! FreeQ[i, cHu] &] // FeynmanRules// Simplify// TableForm

Expanding the Lagrangian...
Collecting the different structures that enter the vertex.
3 possible non-zero vertices have been found -> starting the computation: 3 / 3.

3 vertices obtained.

ugqg 1

uq 2 CHu @ 8my ,my OF; o W5 .Pisy sy
H 3 coN2 sg

H 4

Z 5

ugq 1 _ N

uq 2 ichy eV ,my 6fl’f2 V”4-P+sl,sz
H 3 con? sg

Z 4

ug 1 ichy e V2 6ny my 8¢, £y 3 Pusy sy
uq 2 2ce/\2 Sg

Z 3
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Alternatively, one can reproduce the flavor contraction structure explicitly. In this case:

Blockkff}, OHu[ff, ffﬂ//FeynmanRulesIISimplifyllTableForm

LambdaSMEFT?

Expanding the Lagrangian...
Collecting the different structures that enter the vertex.
3 possible non-zero vertices have been found -> starting the computation: 3 / 3.

3 vertices obtained.

ug 1

uq 2 iCHu ©Omy ,my 5fl’f2 V’JS-P+51,52
H 3 coN2 sg

H 4

Z 5

t:g ; icqye¥ong ,my 5F,,fo W4 .Pisy sy
H 3 co? sg

Z 4

ug 1 ichu e V2 6ny my 8¢, £y W3 -Pasy sy
uq 2 2<:3/\2 Sg

Z 3

or print the result for one flavor entry only:

cHu
——— OHu[1, 1]/ FeynmanRules// Simplify// TableForm
LambdaSMEFT?

Expanding the Lagrangian...
Collecting the different structures that enter the vertex.
3 possible non-zero vertices have been found -> starting the computation: 3 / 3.

3 vertices obtained.

ul

u 2 iCHy @ 6my ,my Y5 Pisy sy
H 3 coA2 sg

H 4

Z 5

u l . . v

u 2 icHyeVdmy my ¥4 .Pisy sy
H 3 coN? sg

Z 4

ul ichy e 02 my,my W3 .Pisy sy
u 2 2C9/\2 sg

Z 3

The Feynman rules of the SM Higgs loop Lagrangian are quite complex, especially in
the Higgs-gluon operators’ case. Their evaluation with the FeynmanRules command can
be extremely slow and take up to a few hours for the most complex vertices. In order
to facilitate their access, the file SMEFTsim_SMHloop_FRs.nb is provided, that contains
pre-exported expressions. They can be accessed from another notebook via
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SetDirectory ["PATH/TO/SMEFTSIM/DIR"];
NotebookEvaluate ["SMEFTsim_SMHloop_FRs.nb"];

Without producing any output, this will define the objects 1hloop5S, lhloop5PS. The
former is a list of all Feynman rules from Lsnhioop, for vertices with up to 5 legs. The
latter is the same, but with at least one Higgs boson replaced by the dummy field H1. For
instance, the first entry is the hyvy vertex:

Thloop59[[1]]
47 guyy P12 PS4 By My iy P1-P2
T R R
Vv Vv
and
Thloop5PY[[1]]

A

R Uy H _
47 8Hyy Dprop. p12 p21 410 8hyy Dprop. Muy,up P1-P2 }
v v

{{{A, 1}, {A, 2}, {H1, 3}, -

is explicitly proportional to the propCorr parameter (shown here as Apop.), see
section 6.1, 8.3.

Finally, it is not recommended to export the UFO models independently, unless only a
small subset of operators is included. The UFOs provided in the GitHub repository have
been exported in a specific, optimized way and the python files have been manipulated
a posteriori in order to introduce the modified form of the propagators and to define the
Higgs decay width such that the fermionic decay contributions to dI';, is removed whenever
the corresponding Yukawa coupling is set to zero. The notebook with the original export
procedure is available upon request.

8 Usage in MadGraph5_aMC@NLO

This section provides recommendations for the use of SMEFTsim in MadGraph5_aMC@NLO.
It is in no way meant as a manual for the functionalities of MadGraph5_aMC@NLO itself, for
which we defer the reader to the appropriate references, see e.g. [46, 110, 111].

The SMEFTsim package provides 10 pre-exported UFO models, one for each flavor setup
and input parameter scheme. Each of them contains the full LgyepT defined in section 1
and 3 and Lsmnleop defined in section 5. The manipulations and redefinitions described in
section 2 and 4 have been consistently applied. The vertices contained in the models are
derived in unitary gauge and the ghost fields have been removed: SMEFTsim is designed
for LO event generation and does not support the NLO syntax. A list of the SMEFT
parameters defined in the codes is provided in appendix D, with a mapping to the notation
used in this notes. All the UFO models have been validated following the recommendations
in ref. [47], as detailed in appendix F.
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Although the selection of an appropriate model is of course up to the taste of the
user, each flavor setup is meant to optimize the parameterization of a certain class of
effects in the SMEFT. For instance, the top and topU31l models are designed to single
out the couplings of the top and bottom quarks [36], and they only differ in that the
top case provides more freedom to distinguish the lepton flavors. The U35 models allow
one to work with a minimal number of parameters and are recommended for flavor-blind
processes or whenever the flavor structure can be assumed to be strictly SM-like. At the
other side of the spectrum, the general models provide maximal freedom and can be used
to study flavor-violating processes or to realize arbitrary flavor structures beyond those
implemented. An operator by operator comparison of the different flavor structures is
provided in appendix C.

As discussed in section 6, the use of the {my,mz, Gr} input scheme is particularly
recommended for processes involving W bosons, as it avoids the problematic introduction
of SMEFT corrections to the W pole mass. The {aem, mz, G} and {my,mz,Gr} input
scheme implementations are expected to give results that differ most significantly in the de-
pendence on the Wilson coefficients Cywg, Cup, C’g’l), Cy, (or (Cg’l))n, (CSI))QQ, (Cn)1221
in models with explicit flavor indices) and in the presence/absence of corrections to either
My O Qem, as described in section 4.2. Further numerical differences affecting both EFT
and SM predictions can be present, due to the different definition of the SM parameters in
the two cases. These are generally subleading.

8.1 Parameter cards and restrictions

The model parameters are grouped in blocks, that are explicitly shown in the param-
eter cards. Besides the usual ones (SMINPUTS, MASS, DECAY, YUKAWA, CKMBLOCK), the
parameter card of each SMEFTsim UFO model contains the blocks:

SMEFTCUTOFF — the parameter A. By default this is 1 TeV.

SMEFT — the CP-conserving Wilson coefficients, with default value 0.

SMEFTCPV — the CP-violating Wilson coeflicients, with default value 0.

This block is absent in the MFV models.

SMEFTFV — the (AC,) parameters of the MFV setup, with default value 0.

This block is only present in MFV models.
SWITCHES — the parameter linearPropCorrections, that can be used to switch ON/OFF
the linearization of SMEFT corrections in the propagators. The default value is 0

(OFF).

The SMINPUTS block contains G, o and either aiy, or myy depending on the input scheme.
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The use of restriction cards allows one to reduce the number of diagrams generated for
a given process. Two restriction cards are provided by default with each UFO:

e restrict_massless.dat. The masses and Yukawa couplings of all fermions, except
the top and bottom quarks, are set to 0. The CKM matrix is set to the identity. The
Wilson coefficients are set to arbitrary numerical values.

e restrict_SMlimit_massless.dat. As in restrict_massless.dat, but with all
Wilson coefficients set to 0.

The restrictions should be applied at the stage where the model is imported, e.g.:

import model SMEFTsim_U35_MwScheme_UFO-massless

In this way, all the parameters that are set to either 0 or 1 in the restriction are fixed to
their value and cannot be edited further. Sets of parameters that are assigned an identical
value in the restriction are fixed to be identical: while their numerical value can still be
edited, they cannot be disentangled from one another. Diagrams that are proportional to
a vanishing parameter will not be generated.

The use of one of the massless restrictions is recommended for LHC studies, because
it simplifies significantly the calculations. There are of course several possible strategies
for the use of these restrictions in MadGraph5_aMC@ONLO: for instance, one can create a
modified version of restrict_SMlimit_massless.dat turning on one Wilson coefficient
with some arbitrary value # 0. Importing the model with this modified restriction allows
one to generate events with the chosen coefficient only, while all the other operators are
forbidden. Alternatively, if the model is imported with restrict_massless.dat, all the
Wilson coefficients are retained: all the allowed SMEFT diagrams will be generated and all
the parameters can be freely edited at the event generation stage. Note that, to achieve this,
all the Wilson coefficients in restrict_massless.dat are assigned different non-vanishing
and non-unitary values,?! that will need to be changed prior to the event generation.
To simplify this operation, a “restricted” parameter card param_card_massless.dat is
provided in the UF0, where all the Wilson coefficients are set to 0. This card can be
directly copied in the PROC/Cards/ directory of the exported process and modified at will.

8.2 Interaction orders

A standard feature of UF0 models is that every coupling parameter is assigned an interaction
order, i.e. a “flag” that provides control on the number of coupling insertions in generated
Feynman diagrams. Each parameter carries an arbitrary number of interaction orders.

2n previous versions of SMEFTsim, the Wilson coefficients in the restriction cards were all set to the
special value 9.999999e-01, that in principle allows one to set the parameters to 1 without fizing their
value. However, this syntax is not fully supported by MadGraph5_aMC@NLO, and is occasionally source of
unexpected numerical behavior in UF0 models with a very large number of parameters, such as SMEFTsim
general or MFV.
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Order Parameters assigned

QED = 1 e, gw, 91, Yo

QED = 2 Gr, A, Ctem

QED = -1 b, A

QCh =1 gs

QCD = 2 Qg

SMHLOOP = 1 Gy GHZ7s Ge1g -+ st

NP =1 all Wilson coeflicients and shifts, except propCorr
NPcpv = 1 (%) | all CP-violating Wilson coefficients

NPfv = 1 (%) | all (AC) parameters in MFV models

NPclal =1 (%) | all the CP components and flavor indices of the Wilson coefficient C,,
NPprop = 1 (%) | propCorr

Table 7. Interaction orders defined in the SMEFTsim UFO models. Those marked with a (x) are
new in version 3.0. The string [a] stands for a generic root name of a Wilson coefficient, as listed
in appendix D.

8.2.1 Definitions

In the SMEFTsim UFO models the interaction orders are assigned as reported in table 7.

The orders QED and QCD are assigned as customary in the standard SM UFO implemen-
tations, with the exceptions of the SMEFT cutoff A, that has been assigned QED=-1 such
that the combination (9/A) is order-less, and of the Wilson coefficient C'p7, that has been
assigned QED=1. This prevents the Cy correction to the h? interaction, that is proportional
to 93Cy /A? (see eq. (4.44)), from having overall order QED = -1.

The interaction order SMHLOOP labels the SM loop-generated Higgs interactions intro-
duced in section 5. Since by definition they are proportional to the SM gauge couplings,
the gg—gg parameters additionally carry QCD=2 and the gg~~, gnz, parameters carry QED=2.

The interaction order NP (New Physics) is assigned to all the Wilson coefficients and
shifts indistinctly. In addition, starting from version 3.0, individual interaction orders
have been introduced for each effective operators. The same order NPc[a] is assigned
to all the associated CP-conserving and violating parameters, irrespective of the flavor
indices carried. For instance, in the top models, the parameters Re(Cepr)pp, Im(Cepr)pp for
p = {1,2,3} all have order NPceH=1. In the U35, MFV, top and topU3l models, distinct
interaction orders are assigned to independent flavor contractions. For instance Cy; and C’l’l
have orders NPc1l and NPcll1 respectively. In the top models, the parameters (Cy;)pprr
have order NPc1l, while the (Cy)prrp contractions have order NPc1l1, etc. In most cases
the label [a] coincides with the name root of the associated Wilson coefficient, that can be
read off from the tables in appendix D. If in doubt, the user can resort to the .fr source
files or check explicitly the couplings.py file to identify the exact orders assigned to a

given parameter or coupling.
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All the CP-violating parameters, that belong to the SMEFTCPV block, have an order
NPcpv=1. Analogously, all the (AC,) quantities in the MFV models, that belong to the
SMEFTFV block, have an order NPfv=1.

Finally, the order NPprop labels the interactions of the dummy fields W', Z/, b/ ' car-
rying linearized propagator corrections, see section 6.1. It is carried by a dummy internal
parameter propCorr that only takes values 0/1, when the linearPropCorrections switch
is set to 0/a nonzero value. Its application is discussed in the next subsection. By de-
fault, the interaction order NPprop is “switched oft”, as it is assigned an upper limit of 0
interactions, that can be lifted as shown below. No upper limit is set for the other orders.

The interaction orders SMHLOOP, NP, NPprop, NPcpv, NPfv have been assigned hi-
erarchy 99. MadGraph5_aMC@NLO will therefore generally avoid insertions of the associated
vertices, unless these orders are specified.

8.2.2 Recommended use

Interaction orders are specified at the stage of process generation in MadGraph5_aMC@NLO,
e.g.:

generate p p > mu+ mu- SMHLOOP=0 NPprop=0 NP=1 NP~ 2==

where = is equivalent to <=, while == selects uniquely the order specified. The syntax XX=n
acts at the amplitude level, i.e. it specifies the total number of couplings with order XX
to be inserted in each Feynman diagram. The syntax XX"2 acts instead at the squared
amplitude level. This functionality works very nicely for EFT studies, as it allows one to
disentangle contributions at different orders in the expansion.

Although a priori SMEFTsim can be used for computations to any allowed order in A, it
implements the SMEFT Lagrangian consistently expanded only up to O(A~2). This means
that any SMEFTsim prediction beyond this order is necessarily incomplete in the Effective
Theory. It is worth noting that this statement does not concern only higher dimensional
operators in LsyerT, but also affects the dependence on some of the Wilson coeflicients
in Lg. For instance, it was stressed at multiple stages in sections 2 and 4 that terms of
order A~% or higher were neglected in the field and parameter redefinitions performed, as
well as in the treatment of input parameters. The impact of these Lg contributions has
been discussed in ref. [112] for the case of O(A™*) corrections to 1 — 2 decays, using the
geoSMEFT formalism [62].

Complete results truncated at O(A~?) can be obtained with the syntax NP<=1 NP~2<=1,
that retains only SM plus SM-Lg interference contributions. Contributions of order A=4
stemming from the square of an O(A~2) amplitude, although incomplete, are also com-
monly included in the SMEFT calculations: they are selected with NP=1 NP~2==2 or just
NP==1. For the reasons above, it is generally recommended to use the specification NP<=1
(or NP=1) for any process, to limit the number of EFT insertions to one per Feynman
diagram. A generic observable computed in this way will have the form

o =osMm + Z 05Cy + Z Jagéac_’ﬁ , (8.1)
(07 Q’B
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OSM Oa OB Oaa 083 OaB
NP=0 v

NP<=1 v v v v v v
NP== v v v
NP<=1 NP"2<=1 v v v

NP<=1 NP~ 2== v oV

NP<=1 NPc[a] "2<=1 v v v
NP<=1 NPc[a] "2<=1 NPc[b]"2<=1 v v oV v
NP<=1 NPc[a]l== v v

NP<=1 NPc[a] "2==1 v v
NP<=1 NPc[a] "2==2 v

NP<=1 NP"2==1 NPc[a] "2== v

NP<=1 NP"2==2 NPc[a] "2== v

Table 8. Examples of interaction-order syntax that select different EFT contributions to a generic
observable with the dependence given in eq. (8.1), for the case of 2 Wilson coefficients C,, Cjg.

where osm, 0, 0qp intuitively denote the SM, interference and quadratic contributions
respectively. ogv and 0., are always positive quantities, while o, 0og Wwith o # 3 can
take negative values. Table 8 shows examples of how the interaction order syntax can be
used to disentangle these contributions, for a simple case with two Wilson coefficients. The
expressions directly generalize if three or more parameters are present.

Finally, as discussed in section 5, the loop-generated SM Higgs couplings implemented
in SMEFTsim are defined in the m; — oo limit, and their use should be limited to (on-shell)
Higgs production and decay processes. Outside of this regime, it is strongly recommended
to use SMHLOOP=0.

8.3 Propagator corrections and decay widths

As discussed in section 6, SMEFT corrections are generally present in the propagators of
unstable particles, due to d = 6 operators modifying their masses and/or decay widths. Sec-
tion 6.1 outlined two alternative methods for estimating these contributions in a given pro-
cess. In the following we illustrate how they can be implemented in MadGraph5_aMC@NLO.

8.3.1 Method (a): linearized corrections

SMEFTsim 3.0 offers the possibility to linearize propagator corrections as in section 6 for the
Z, W, h bosons and for the top quark. The implementation relies on the introduction of
dummy fields Z’, W', I/, t' whose couplings carry interaction order NPprop, which allows
one to single them out. For instance, the syntax

generate p p > e+ e- SMHLOOP=0 NP==1 NPprop=0
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selects all diagrams with one effective operator in a verter (including 4-point ggete™ in-
teractions) but none in propagators, while

generate p p > e+ e- SMHLOOP=0 NP=0 NPprop<=2 NPprop 2==
generate p p > e+ e- SMHLOOP=0 NP=0 NPprop==

extract the pure SM-Lg interference (o< 6I'z) and the quadratic (o< (6T'7)?) contributions
respectively from corrections to the Z propagator,?? and exclude EFT insertions in vertices.
Due to the absence of additional interaction orders, there is unfortunately no equivalent
to table 8 in this case: propagator corrections from different operators and EFT orders
cannot be disentangled at this level.

Important: in order to avoid unwanted insertions of the dummy fields in standard
process generations, the functionality described here has to be activated in 2 steps: (i) in
the file coupling_order.py, the expansion_order option for the order NPprop has to
be set to a number > 2 (recommended: 99). The default is 0, which forbids dummy
interactions completely. (ii) The parameter linearPropCorrections in the param_card
has to be set to a non-zero value. If this is not the case, dummy vertices will be included
in the diagrams, but they will be idle, as they are proportional to propCorr = 0/1 for
linearPropCorrections = 0/non-zero.

8.3.2 Method (b): full corrections

As an alternative to linearization, propagator corrections can be estimated following more
canonical procedures. This generally means computing processes with the propagator forms
in egs. (6.1)—(6.3), with mass and decay parameters that depend explicitly on the Wilson
coefficients, to either linear or quadratic order. The resulting process will thus exhibit a
non-polynomial dependence on the SMEFT parameters.

The most relevant caveat here is that the implementation of the Wilson coefficient
dependence is necessarily different for masses and widths. In the former case, it is possible
to define mass parameters as internal and assign them an analytic expression, e.g. MW =
MWsm + dMW, with dMW defined as in (4.33). In SMEFTsim the dMW term is only included when
linearPropCorrections = 0, and switched off otherwise. Note also that the expression
of a generic ém is extracted at the Lagrangian level and is purely of O(A~2).

On the other hand, due to how Monte Carlo generators and their interface to parton
shower or decay modules are structured, decay widths cannot be defined as internal pa-
rameters in UFO models. Therefore the only way their SMEFT expressions can be inserted
in the calculation is by letting MadGraph5_aMC@NLO compute them, by setting the relevant
widths to Auto in the param_card [106]. The on-the-fly calculation will include all allowed
2-body decays as well as higher multiplicity decays estimated to be numerically relevant,
and it will rely on the pre-computed decay results collected in the file decays.py, which

22Remember that NPprop counts the number of dummy vertices, so, in this case, the order specified is
twice the number of dummy propagators.
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include O(A~*) terms.?® Note that, with this procedure, the decay widths will need to be
re-evaluated every time the value of a relevant Wilson coefficient is modified.

With both mass and width corrections evaluated as above, the denominator of a generic
propagator has the form

@ — (™™ 4 6m)? +i(m™™ 4 6m) (DM 4+ 6T 4 63T | (8.2)

where dm and T are of O(A=2) and §@)T is of O(A~*). Eq. (8.2) contains therefore
terms up to O(A~%). An observable computed for a process with & internal lines corrected
in this way, will contain terms up to O(A~'2¥) at the denominator.

In principle this functional dependence can be reconstructed fitting the appropriate
rational function to a sufficient number of benchmark points. However, it is recommended
to reduce the proliferation of higher-order terms in the propagators, by evaluating mass and
width corrections separately and by treating propagator corrections to different internal
states individually, whenever possible. This is achieved avoiding to switch on at the same
time the linearPropCorrections flag (that turns on dmyy) and the Auto computation of
a decay width, or of two decay widths simultaneously.

8.4 Example: Higgs production and decay including W, Z propagator
corrections

As a practical example for the use of SMEFTsim in MadGraph5_aMC@NLO, we compute
SMEFT corrections to Higgs production and decay processes that are mediated by W, Z
exchange, as an illustration of the propagator corrections feature.

8.4.1 STXS for qg — hqq

We consider two bins of the stage 1.1 Simplified Template Cross Section (STXS) parame-
terization [113-116], for the EW ggq — hqq production channel at low Higgs pr.
They are defined by the cuts [115]:

VBF-like | 350 GeV < my; pr(h) < 200 GeV, |yn| < 2.5
VH-like | 60GeV < mj; < 120GeV  pr(h) <200 GeV, |y,| < 2.5.

with gy, the rapidity of the Higgs boson. In each bin, the Higgs production cross section in
the SMEFT can be parameterized as:

OSMEFT :JSM+ZJQCQ+O(A_4). (8.3)
«
Table 9 reports the values of o, /ogy for the relevant fermionic operators, computed at
parton level using SMEFTsim in the U35 flavor-symmetric, {my,mz,Gr} input scheme
version. The following procedure was followed:

1. 50000 events are generated for each bin in MadGraph5_aMC@NLO, for /s = 13TeV.
The syntax used is

*3Since only 1 — 2 decays are included, these results consistently stem from the square of O(A™?)
amplitudes. Dummy fields are not included in the pre-computed decay widths.

— 56 —



import model SMEFTsim_U35_MwScheme_ _UFO-vbf
generate g q > h q g QCD=0 NP=0 SMHLOOP=0 NPprop=0

where the -vbf flag indicates that the model is imported with a custom restriction
card restrict_vbf.dat, that in this case sets to zero the masses and Yukawa cou-
plings of all fermions except the bottom and top quarks, as well as all the Wilson
coefficients that are known not to contribute to the process. The remaining ones are
set to a random non-zero value in this card. The STXS defining cuts in pr(h) and yp,
cuts are implemented at the level of the run_card.dat in MadGraph5_aMC@ONLO, while
the invariant mass cuts are applied when analyzing the events a posteriori. This gives
the tree-level SM cross sections

o B =1.56pb, o5 =0.67pb. (8.4)

2. The events are reweighted using the reweight module in MadGraph5_aMCONLO [117].
Individual weights are computed for each Wilson coefficient, splitting contributions
from operator insertions in the vertices (labeled as “direct”) and from insertions in
the W, Z propagators (labeled as “propagator”). This is done setting each coefficient
to 1 and the SMEFT cutoff scale LambdaSMEFT to 1TeV. For instance, for the Cj,
parameter, the reweight_card.dat for the direct contributions is

change process q q > h g g QCD=0 NP=1 NP~2==1 NPprop=0 SMHLOOP=0
launch --rwgt_name=SMEFTsim-clll-direct
set clll 1

set cH11 O

set cH13 0

set cHe O

set cHql O

set cHqg3 0

set cHu O

set cHd O

done

For estimating the pure propagator contributions the first two lines are replaced with

change process q q > h q q QCD=0 NP=0 NPprop=2 NPprop~2==2 SMHLOOP=0
launch --rwgt_name=SMEFTsim-clll-propagator

{)2
2

Analyzing the reweighted events gives (UQA—) for each C,. The numbers in table 9

are finally obtained dividing by gy and normalizing to C,.

The results show that propagator corrections are negligible in the VBF regime, where
the relative SMEFT corrections to the cross section is

ST or
ISMEFT _ | _ g 14 Thzd —7.1074 TK‘/I/ + direct . (8.5)
OSM I Iy
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qq — hqq VBF-like qq — hqq VH-like h—ete putp~

direct  propagators | direct propagators | direct propagators
ChHe 5.32-1075 0.0526 | —1.724 0.153
cil) 5321077 0.0526 | 2.144 0.153
o) —6  1.351-1073 —6 1.258 | —3.856 1.147
Cy) | 0109 —1.363-107* | —0.197 —0.135 —0.39
Cf) | —5.345 —1.423-107% |  25.66 ~1.329 ~1.353
Cru | —0.323 —7.092-1075 | 1.926 ~0.070 ~0.203
Cha | 0103  524-107° | —0.608 0.0518 0.150
cl 3 —1.-1073 3 —0.936 3 —0.839

Table 9. Values of ¢,/ogy for the relevant fermionic Wilson coefficients C,, contributing to gq —
hgq and h — eTe”put ™. For the first two columns o is the cross section in the VBF-like and VH-
like STXS bins defined in the text, while in the third the numbers refer to the partial decay width.
The results are given for {mw,mz, Gr} inputs with a U(3)% flavor symmetry, and neglecting all
fermion masses. The “direct” contributions stem from operator insertions in vertices, including
parameter shifts, while the “propagator” ones stem from the corrections to the W, Z decay width in
internal propagators. The lines highlighted in color are those for which the latter are most relevant.

This is expected, as the intermediate bosons in t-channel are mostly off-shell in this process.
In the VH bin, on the other hand, one vector boson can be on-shell, which enhances the
propagator effects. In this case, the relative SMEFT correction is

or or
ISMEFT _ 4 _ .99 2 Z _ 0,65 2 4 direct, (8.6)
0SM Iy Ty

where the numerical prefactors reflect the proportions of W and Z bosons produced. In
fact, the largest numerical effects in table 9 are observed in the operators entering 6Ty .

8.4.2 h—ete putu~

An analysis of the Z-mediated Higgs decay h — eTe utpu~ was performed following a
procedure analogous to the one described for g¢ — hgq. In the decay case, one Z boson is
always on-shell, leading to significant contributions from the intermediate Z propagator.
The relative SMEFT correction to the decay width is found to be

Usymerr

oz
Toy 1-0.84 @ + direct . (8.7)

The breakdown into fermionic Wilson coefficients is given in table 9 and it agrees with the
analytic results of ref. [57].
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9 Summary

The SMEFTsim package contains models in FeynRules and in the UFO format, that imple-
ment the complete Warsaw basis of dimension six operators, under different flavor assump-
tions and with different choices of the input quantities for the EW sector. Its main scope is
the Monte Carlo simulation of LHC processes in the SMEFT, but it can also be employed
for simple analytic calculations, exploiting the FeynRules interface in Mathematica.

This work reviewed the theoretical elements that are implemented in SMEFTsim and
presented the improvements in version 3.0. The most significant changes compared to
previous releases are the addition of two new flavor structures for top quark physics, the
implementation of a brand new tool for the inclusion of SMEFT corrections in the prop-
agator of unstable particles and the general improvement of the code, particularly of the
parameterization of Higgs-gluon interactions in the SM.

As in previous versions, SMEFTsim 3.0 supports the WCxf exchange format [22]. The
corresponding interface will be updated shortly after the code release. Finally, support for
the translation of the UFO models to python3 will be provided in the near future.
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A Analytic expressions of decay width corrections

This appendix reports analytic expressions for the decay widths of the W, Z h,t particles
in the SMEFT, that are implemented in the tool documented in section 6.1.

Only linear terms in the Wilson coefficients are retained. CKM mixing and all fermion
masses except my and m; are neglected, unless otherwise specified. Results are reported
in the flavor-general setup, and they can be mapped to the symmetric scenarios using
the tables in appendix C. We use an input-scheme independent notation. Scheme-specific
results can be obtained replacing the generic shifts dgw,dg1,dm3, with the expressions
reported in section 4.2.1 or 4.2.2. The quantities AGp, Am%, Ary are defined in table 4.
Finally, we use the C notation defined in eq. (2.4) and the hat notation defined in section 4.

A.1 Z boson

The Z boson couplings to a fermion pair 11 are

gor =T§ — Qus, Gur = —Qus3, (A1)
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where Tgﬂ = +1/2 is the isospin eigenvalue and @, is the electric charge of the fermion .
We also define:

Alipp = ( 732)171) —(Ci)pp (A.2)
Al = Do+ () Al = (Cre)pp, (A.3)
Ay = 7%3)191) — 7}2)1)107 Al = (Cru)pp, (A.4)
Aipp = ( _l(ﬂ};)m) + _g()l)ppa Agpp = (Crd)pp (A.5)

At tree level in the SM, the partial decay width of the Z boson into a 1/_1p¢p pair, with
Y ={v,l”,u,d} and flavor p, is

Grm’
SM FZ NY
D b, = Wor [9¢L +9¢R} ; (A.6)

where N¥ is the number of colors of the fermion species ).

The relative SMEFT correction to a partial width can be inferred differentiating in
the gy1, gyr couplings and inserting the expressions of their SMEFT shifts:

AL
5gyr, = gL 697 — Qy 055 — % , (A.7)
AR
S9ur = gun 89z — Qu dsj — =517, (A8)
with
) §s2
09z = w L 2% 4 2o Crawn . (A.9)
aw QCA 2¢4

Using the expression of ds3 provided in eq. (4.32), one obtains

by _ Sgw

)
ST = 265 |1+ 253Qy ngJr‘%R + 252 [1 - 262Q, JuL T IuR | 201
7=ty or t9ir] 9w 9ir +9ir| 0
9yL + GyR gy A +gwRA ,
+520 29@ u CHWB ¢pp wpp (AlO)

Flavor violating decays are absent at O(A™2). As my, # 0 is retained, the Z — bb result
contains additional terms. The partial width expression in the SM is

Grm 6
SM Fm Z 2 2 9dL 9dR
FZ—)bb \/§ [gdL + ng] \/@ [1 — Xy <]_ — 22>‘| s (All)

9ar, t 9ar
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with x, = my/myz. The relative SMEFT correction is

_ _ 2 2 2
oLy 5y _ _ 0Ly 5 3j 9dr ~ 9dr
Fszl\ibb %hiz,b mp=0 (ggL + gc%R)(l - 1‘%) + 6'%'1% 9drL 9dR gc%L + 933

1, ogw 091 Cop - R L
X | =5855(9d — 9dr) | — — — — = Cuwn | + 94arA433 — garA
[ 3 26 ) ( w G sy d,33 — 9dRSd 33

_ Gﬁxb(ggL - 9?13)
(930 + 93r) (1 — 27) + 627 gar 9ar

[Cé(édW):sg + Sé(édB)B?)} , (A.12)

where the first term stands for the contributions in eq. (A.10). The relative SMEFT
correction to the total decay width is finally obtained as

SM — Z [ SM Br} Z—>f7 (A.13)
Z f Z—f

with f running over all the allowed fermion pairs and BrZ Sh FSZM computed directly from

the tree level expressions.

A.2 W boson

At tree level in the SM, the partial decay width of the W™ boson into a fermion pair
fT={efvp, dpuy,} with flavor p is
G Fm3
Wb = 5om NE- (A.14)
with Né = {1,3} the number of colors. Only decays into same-generation fermions are
considered here, as CKM mixing is neglected. The relative SMEFT correction for each

channel is
) RN 4] o =
et pCIW | T o), (A.15)
I‘W*‘—>l+ gw mw
5]‘—‘W+*> d, (5gW (5mW =(3
o e ) AL o 2(0513)1)17' (A.16)
W+ —updy, gw w
The total W decay width in the SM is
3 2
= Z FW+—>l;Vp + Z FW+—>upJp : (A17)
p=1 p=1

Since in this case the branching ratios are simple rational numbers, the relative SMEFT
correction simplifies into

olw 1 3 5FW+—>l;up 5FW+%dpup A1S8
FSM - §Z I‘SM 72 FSM ( : )
w p=1 "Wty p=1 =~ W+—dyup
59W 5mw 2 3
X Z Z(Oéfbpp. (A.19)
aw p:l
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A.3 Higgs boson
The SM partial widths for two-body Higgs decays are:

T gy = 1]16?@ NG [1- 49%}3/2 : (A.20)
Fhﬁ’Y’Y = 4:?2129%1“/77 (A.21)
Fh—>Z’y ;2291%{27 [1 - SUQZF) , (A.22)

2
Tty = 2:22 {29,(5;9 - g}tggggg} ; (A.23)

where x,, = my, /my for a generic fermion 1, vz = mz/mp, vy = my/my, and yy, =
(Yy)pp is the relevant Yukawa coupling. The relative SMEFT corrections are

5T, - o
S NE R L 7.0 (A.24)
L hot,0, Yts
or, 2 - ] 7

SI\F’W = — {CECHB + SchW — SéCéCHWB} s (A25)
Fh—> 9

Y Y

5Fh—>Z’y o 2
Fisll\—/{Zw g%{Zq/
SM 2 :
Fh—>gg 291(71gg gg’{;g/xt

{SQQ(C_'HW - éHB) - CgééHWB} , (A.QG)

with the hyvy, hZv,hgg couplings defined in section 5. The SMEFTsim implementation
retains the masses of the tau lepton, charm and bottom quarks in eq. (A.24). Four-
body decays were included neglecting neutral current contributions, CKM mixing and all
fermion masses. The analytic expressions were taken from ref. [57] and generalized to all
flavor setups.

For each individual decay channel, the partial decay width in the SM is

8 3
my, G,

M, = NENE (4.65 x 1071, (A.28)

mp
with fi = {lz‘fup,cipup}, f- = {l, , updp} and N(Jff, Né_* the appropriate color multi-
plicities. The numerical factor comes from the phase space integration, that is performed
taking myy = 80.387 GeV.

Summing over all allowed flavor combinations, the relative SMEFT corrections are:

Ol it vt 4 2 6)
7@5 — =R+ <3 - O.588> Z(CHZ )pp > (A.29)
—ltvwl p=1
0T o 2 (3
S}i\/? dfl =F1+(2-03882) Z(ng{;)pp ) (A.30)
h—addu p=1
O i+ vadsh.c. 2 g 2 6
Tl By (22 0.294) YO+ (L= 04D Y (O (A3D)

h—ltvud+h.c. p=1 p=1



with

5 o0 5 7
Fi = —AGr + 20k + 42 0463 5 —0.643 7% _ 1487 Cryr.  (A.32)
gw Iy my

The SMEFT correction to the total Higgs width is finally estimated as

o'y S M best 6Fh—>f
SM — Z Bry, -} SM ) (A.33)
f f h—f

with f = {bb,éc,7t77,v7, Zv,9g, 1 vil~, uddu,l*vid + h.c.} and the branching ratio
values in table 6.

A.4 Top quark

To a very good approximation, the top quark decays exclusively to Wb. The SM width is

Grm3
SM SM Flh
I =T e = 8\@#

[(1 — x%)Q +(1+ x%)x%v — 2:10%1/] A1, :L"g, :n%v) , (A.34)

with o = my/my, Ty = M /my and A(a, b, ¢) = a® +b?+c% —2ab—2ac— 2be. The relative
SMEEFT correction is:

ol _ o w+p

SR
ogw ~(3) 6w [ ~
=2—+2(C + zwxy(ReC +
o T 2(Cliglss =)+ (ral)ed, —2al, | b(ReCrua)ss

—V2(Re Cyuw )33 (1 — iy —xg) +V2(ReCaw )33 (1+x12/v —mf) } +

49 (1—2p)* =30 +azp)apy +2a3y, 200 —27)*+(1+xp)’zfy | dmw (A.35)
ML a?) (=2 + (1t ad)ad, —2aly |
Decaying the W in final state does not lead to any additional contribution to 6T';/TPM.

This happens because the W is always on-shell, so its decay essentially factorizes out: using
the narrow width approximation, one trivially has

Ty = Tiswep Brrp =Tiwe- (A.36)
!

Note that this conclusion only holds at the SM—Lg interference level, while at O(A~%)
additional SMEFT corrections arise through contact vertices (£b) (1), (tb)(du).
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B What’s new in version 3.0

Here we briefly summarize the most significant updates and features introduced in
SMEFTsim 3.0, compared to previous versions:

e The flavor assumptions top and topU31 described in section 3.4 have been added.

e The flavor structure of all models has been generally improved. See section 3.5 for
details.

e The treatment of propagator corrections described in section 6 has been implemented,
enabling the estimate of linearized EFT corrections to the W, Z, H,t widths and to
the W mass.

e The treatment of SM loop-generated Higgs interactions has been improved, particu-
larly in the Higgs-gluon case. See section 5 for the general treatment and section 5.2
for a detailed comparison with previous implementations.

e All interaction vertices with up to 6 legs are now included in all UFO models. In the
previous version, only 4-point functions were retained.

e The numerical values of the SM parameters have been updated, see table 16. The
default value has been set to 0 for all Wilson coefficients.

e All complex Wilson coefficients are expressed in terms of their real and imaginary
parts, rather than absolute values and phases.

e Individual interaction orders have been defined for each operator. Additionally, in-
teraction orders NPcpv, NPprop, NPfv have been added, to provide more control on
each class of EFT contributions. See section 8.2 for further details.

e In the UFO models, the SMEFT parameters have been organized in parameters blocks:
SMEFTcutoff contains only A and SMEFT (SMEFTcpv) contain CP conserving (violat-
ing) Wilson coefficients. In the MFV models the flavor-violating AC, parameters are
contained in the additional SMEFTFV block. See section 8.1.

o The normalization of AGFr (dGf) has been modified. This is explicit in the FeynRules
Lagrangian but does not have any consequence for the UF0 models.

C Conversion tables between flavor assumptions

This appendix collects the results of section 3 and compares the flavor structure of the
fermionic operators across the five setups considered. Tables 10-15 provide a dictionary
between the different models: in order to translate between two flavor assumptions it is
sufficient to exchange the corresponding expressions within each table block. All structures
are given explicitly in terms of diagonal Yukawa matrices and of the CKM matrix V. In
the top and topU31 cases, Y, and Yy are 2 x 2 matrices and V = 1 is assumed.
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general (Cep)pr
U35, MFV, topU3l Coy (V;'V),,
top  (Cem)pp Opr
general (Cum)pr
U356 Cunr (Ya™)pr
MEV O Vi 4 (ACun) (YD) + (A1Cu) V(Y ))2V Ty )Lw
top, topU3l  Cuy (i) por={1,2}, Cig  p=r=3
general (VICyy)p
U5 Cag (V)
MEV (Ol YA? + (A Can) VIO RVYD + (ACan) <Y;d>>3}m
top, topU3l Cup (V\™),r  por=1{1,2}, Cow p=r=3
general (Cew)pr Same as (Cer)pr -
general (CeB)pr Same as (Cer)pr -
general (Cyuw)pr Same as (CyuH)pr -
general (CyuB)pr Same as (CyuH)pr -
general (Cug)pr Same as (CyuH)pr -
general (VICugy )y Same as (V1Cuy)pr
general (ViCyp)p Same as (VICyg)pr
general (VICuq) Same as (V1Cuy)pr

Table 10. Conversion table among the 5 flavor assumptions considered for the operators in

L, .
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general (Cgl) )pr
U35, MFV, topU3l  C\} 6,
top (Cl(ﬂlll)) Opr
general (C’Sl)) - Same as (Cgl)pr .
general (Cpe)pr Same as (Cgl)pr .
general (Cg;)pr
U35 CY) oy
MY (O 1+ (ArCh) (VD) + (AdC) V(Yd(d))QVT]pT
top, topU3l  ClY) o, por={12}, CYy  p=r=3
general (Cg’;)pr Same as (ng)pr
general (Cy)pr
U35 Cpy Sy
MEV (O + (ACH) (Y, (d))ﬂpr
top, topU3l  Cry 0pr p,r={1,2}, Cry p=r=3
general (Cyg)pr Same as (Cry)pr
with Vi = v Cpy — Cpy .
general (CHud)pr
U35 Crua Vi d)VY(d}
MV O, ViV ]
top, topU3l  Cirua [Yi"Y, ] pr={12},  Cump p=r=3

Table 11. Conversion table among the 5 flavor assumptions considered, for the operators in Lg).
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general

U35, MFV, topU3l

(Cll)prst
C‘ll 5pr55t + Clll 5pt637"

top %(Cll)prst (Oprst + Optsr), prst € Py
general (Céé))p,.st
U35 L) Gpebat + CL) S
MEV Cig ) 88 + (ACRY)) [(WD)] G+ (A%CH) [V b
040" i+ (805" (VD] b 1+ (A105") [V(V{P1VT] 8
top, topU3l  (Ciq") — £Ci™) b + % (Cla™ +3CGY) Gpder  porist={1,2},
(3667 = 5C5Y) o pr={1,2},s=t=3,
(CQqs) +3C§’q’8)) St pt={1,2},s=r=3,
Coy + HCSY p=r=s=t=3
general (Ctgg))prst
U35 D) Gpebat + CL S0
MEV O 5,54 + (ACY) [(Yﬁ)?} O + (A4C)) [V ( ;‘“)QW]W Sst
+c§2>’<°> Sye0sr + (AUCE) [(yu(‘”) ] Ser + (AICED [V(Yd(d))QVT]pt 5o
top, topudl  (Ci" — 1O oo + 1 (Cl™ = CY) Opder porysit = {1,2)
( ool — (38)> Spr por=1{1,2},s=t=3,
%(ngg) 0(38)) St pt=1{1.2}, s=r=3,
%Cc(g% p=r=s=t=3
general ( )prst
U35 c}q> OprOst
MEV Ol 6,08, + (MO8 (D] 4 (MO8 [VIY2VE
top (Ol )pp Ol 5t =1{1,2}, (CiVop O 5=t =
topU3L  Cf) b, st ={1,2}, i) Oy s=t=3
general (Cl(s))pmt Same as (Cz(ql))prst :

Table 12. Conversion table among the 5 flavor assumptions considered, for the operators in /Jésa).
The set Py is defined in eq. (3.70).
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general (Cee)prst
U35, MFV, topU3Ll 3 Cec (6prdst+0ptdsr)
top i(C’ee)prst (0pr0st+30ptdsr), prst € P,
general (Cyu)prst
U35 Clu OprOst+Cly SptBsr
MEV Ol 8y 0t (ACu) ()] 8Ol b +(ACY,) [(V7)?] b
top (Cll—§C) SprBat SO 6B porsit=1{12},
(%Cg)—%cﬁ)) Spr pr={1,2},s=t=3,
1e®s, pt={1,2}, s=r=3,
Cu p=r=s=t=3
general (Cyq)prst Same as (Cyy)prst with Yu(d> — Yd(d),
c® L c6) ¢, Cy.
general (Cey)prst
U35 Cloy OprOst
MEV O 0y (ACw) b (V)]
top  (Ceu)ppOprdst  s,t={1,2}, (Cet)ppbpr  s=t=3,
topU3L  Cley 0pr0st s,t={1,2}, Cet Opr s=t=3
general (Ceq)prst Same as (Ceu)prst
with Yu(d) — Yd(d) ,Cet — Clp.
general (Cgi) )prst
uss  C) 6,04
MEV Ol bt (MO (V)] St (AL 8 [(1,)2]
top, topU3l C\)6,,.54 pors,t=1{1,2}, cl p=r—s=t=3,
cWs,, pr={12},s=t=3, CWs,  st={1,2},p=r=3
Clapa VA7) | pit={1.2},s=r=3,
O VA e 12y, p=t=3,
general (Cq(z) )prst Same as (C’Si) Jprst -

Table 13. Conversion table among the 5 flavor assumptions considered, for the operators in LéSb).
The set P is defined in eq. (3.91).
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general (Cle)prst
U35, MFV, topU3L  Cie 6B

top (Cle )prst prst € P

general (Cpy)prst
Uss  Cpy 5pr(53t
MEV  C) G+ (ACH)Sy (VD)2

lu

tOp (Clu)pp (5p7«53t S,t = {1, 2} 5 (Clt)pp 5;07“ s=t=3 5
topU31l Clu 5p7«5$t s, t = {1, 2} s Ci (Spr s=t=3
general (Cig)prst Same as (Cy,)prst

with }/u(d) — Y:i(d) , Cip — Cpp .

general (Coye)prst
U35 Clpe GprOst
MEV O Gprder + (A Coe) [(VD)2] b0 + (A9C,) [VYD2VT] 6

pr pr
top  (Cye)pp Oprdse p,r=1{1,2}, (Cge)pp Ost p=r=3,
topU31  Cye 0prOst p,r ={1,2}, CQe Ost p=r=3

general (C’é}))mst
U35 C) 6,0ur
MEV Cii " Gppde + (AYCH) [(VED)?] 0+ (AdCH)) [V(Y;@)?VT]Wast

sl g [VEOP], 4 OB (0,
top, topUsl  Cl) 8,004 p,rys,t={1,2}, 082 pmr—s—t=3
C 6, por={12} ,s=t=3, CY)ds ot={L2) pr=3
i [W9] | pe=012) s=r=3 Ol W] sr= (12} p=t=3
general (Ci)pra Same as (C))prt -

general (Cétli))prst
U35 CLY) Oy
MV CY© 6,05 + (AYCLY) [(YWV]W 8t + (AFCH)) [V(Y;@)?vf]pr 8ot

+(82C5) 8 [(ViD2] 4+ €O vy @] [y Ov]

pt sr
top, topU31l C’;Cll) OprOst p,rys,t={1,2}, Cgb) p=r=s=t=3,
Cé;)épr pr={L2},s=t=3, C(Ql(;ést s,t={12},p=r=3
general (Cq(fl))PTSt Same as (C’;?)prst.

Table 14. Conversion table among the 5 flavor assumptions considered, for the operators in Eésc).
The set P is defined in eq. (3.93).
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general (Cledg)prst
05 Cueay [V] ViV,
MV Cig, (V] [YAOVI] o+ (@0Cua) (VO] [OVIORTP]
A Clag) (VO] GV
top (Cledq)p {Yd(d)} o s, t ={1,2}, (ClebQ)pp 51,7« s=t=3
topU31l  Cledq {Yl( } [Yd(d } s,t={1,2}, Clebg [Yl(d)}pr s=t=3
general (Cl(elq)u)prst
U35 Cfi«?u [Y(d’]pr[ .,
0 [ [, + ety 9], (04951,
Haleig) Y] [vea®pvivid] |
top Clequ pp Opr {Yu(d } st ={1,2}, (Cl(elc)gt)pp Opr s=t=3
topU31 Cl(elq)u {Yl d)LW [Y } s,t={1,2}, C’l(;g?t {Yl(d)}pr s=t=3
general (Cl(jz;u)P"'St Same as (Cl(elq)u)prst.
general (Céi)qd)prst
o vl [0 [0+l 4], [,
top, topU3l Clo) [Yu(d)}m [Yd(d)} +oi [ u(d)} N [Yd(d)}pt por st = {1,2},
Cgt)Qb p=r=s=t=3,
Céi)Qb {Yu(d)}pr p,r={1,2},s=t=3,
Cgt)qd {Yd(d)}st s, t={1,2},p=r=3,
ngqb {Yu(d)Lr s,r={1,2}, p=t=3,
C;%d {Yd(d)}pt p,t={1,2},s=r=3
general (Céi)qd)prst Same as (Céi)qd)pmt.
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D Parameter definitions in the code implementation

This appendix provides tables to facilitate the interpretation of the FeynRules and UFO
implementations in terms of the theory discussion in the main text.

Table 16 lists the external parameters that are defined in all SMEFTsim models, spec-
ifying the corresponding code name and default numerical value. Table 17 shows the
nomenclature used for the Wilson coefficients of the bosonic operators and for the shift
quantities defined in section 4.1. Tables 18-23 do the same for the Wilson coefficients of
fermionic operators, for each flavor assumption. As a common rationale, primes are re-
placed by 1 in the code name and real and imaginary parts are specified by with Re, Im
suffixes. If needed, flavor indices are fully specified and appended at the very end of the
code names. In the MFV models, the coefficients A%(C,,) are denoted Delta[n] [q]c[a].

Although the correspondence between parameters names is most often direct, some
notational changes were necessary, particularly in the top and topU31l implementations.
Most notably the lowercase ¢ has been replaced with j in all the parameters’ and operators’
names, as the ¢/@Q distinction between light and heavy quark fields is problematic for non-
case-sensitive interfaces. Analogously, the coefficient Cpy is denoted as cHbq to avoid
conflict with cHB, while Cyp is denoted as cbBB, distinct from cbb. The internal parameter
C,p is denoted as ctHH to avoid conflict with the cosine of the weak angle cth.
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Common parameters defined in SMEFTsim

parameter UFO default value parameter  UFO default value
Gr Gf  1.1663787x107° GeV~2  [82, 118] as(myg) as 0.1179 [82]
Qem(mz) (*) aEW 1/127.95 (82, 118] myw (**) MW 80.387 GeV  [119)
mq MD 4.67x1073 GeV [82] Ya0/V/2  ymdo 4.67x1073 GeV  [82]
ms MS 0.093 GeV [82] Ys /2 yms 0.093 GeV  [82]
my MB 4.18 GeV [82] yp0/V2 ymb 4.18 GeV  [82]
My MU 2.16x 1073 GeV [82] Yu0/v2  ymup 2.16x1073 GeV  [82]
me MC 1.27 GeV [82] Yo/ V2 ymc 1.27 GeV  [82]
my MT 172.76 GeV [82] Y 0/V2 ymt 172.76 GeV  [82]
Me Me 511x107* GeV [82] Ye/V?2 yme  5.11x107% GeV  [82]
my MMU 0.10566 GeV [82] yu0/v/2  ymm 0.10566 GeV  [82]
mr MTA 1.777 GeV [82] y-9/v/2  ymtau 1.777 GeV  [82]
my MZ 91.1876 GeV  [82, 118, 120] mp, MH 125.09 GeV  [82]
oM best Wz 2.4952 GeV 82] rpMbest g 4.07x1073 GeV [113]
[y best W 2.085 GeV [82] poMbestyr 1.33 GeV  [105]
ACKM CKMlambda 0.22650 [82] A CKMA 0.790 [82]
p CKMrho 0.141 [82] n CKMeta 0.357 [82]

A LambdaSMEFT 1 TeV

(*) only in models with {@em,mz,GF} inputs. (**) only in models with {mw,mz,Gr} inputs.

Table 16. Common external parameters defined in all models, with the corresponding name in the
code and default numerical value. The latter have been updated compared to previous SMEFTsim
versions, according to the references indicated.

Bosonic SMEFT parameters in SMEFTsim

| ce cG Cs cGtil | Cw W C cWtil
[,((52’3) Cy cH Cuno cHbox Cuyp cHDD
[:(4) Cuc cHG Cuaw cHW Cun cHB Cywp  CcHWB
6 . . . .
CH@ cHGtil CHI/T/ cHWtil OH§ cHBtil CHWB cHWBtil

Shift parameters in SMEFTsim

Am?, dMz2 Am3 dMH2 AGF dGf Akpy dkH
6Tz dawz 6Tw dww 6Ty, dwH 6Ty dwT
691/G1  dgl Sgw /9w  dgw dmw dMw

Table 17. Upper block: Wilson coefficients for the 15 bosonic operators. They are common to
all flavor versions except MFV, where the CP violating C@’CVT/’CH(?’CHVT/’CHE"CHVNVB are not
defined. Lower block: shift parameters defined in SMEFTsim, see section 4.1 for details. dmyy is

defined only in models with the {aem, mz, G} input scheme.
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Fermionic SMEFT parameters in SMEFTsim general

class parameter UFO [pr(st)] parameter UFO [pr(st)]
Re(Cer)pr ceHRe [pr] [2f-NH-R] Im(Cerr)pr ceHIm[pr] [2f-NH-I]
£ | Re(Cun)pr cdHRe [pr] [2£-NH-R] Im(Clusr)pr CcdHIm [pr] [2£-NH-I]
Re(Curt)pr cdHRe [pr] [2f-NH-R] Im(Can )pr cdHIm[pr] [2f-NH-I]
Re(Cew )pr ceWRe [pr] [2f-NH-R] Im(Cew ) pr ceWIm[pr] [2f-NH-I]
Re(CeB)pr ceBRe [pr] [2f-NH-R] Im(CeB)pr ceBIm[pr] [2f-NH-I]
Re(Cuc)pr cuGRe [pr] [2f-NH-R] Im(Cuc)pr cuGIm[pr] [2f-NH-I]
Céﬁ) Re(Cuw )pr cuWRe [pr] [2f-NH-R] Im(Cuw )pr cuWIm[pr] [2f-NH-I]
Re(CuB)pr cuBRe [pr] [2f-NH-R] Im(CuB)pr cuBIm[pr] [2f-NH-I]
Re(Cac)pr cdGRe [pr] [2f-NH-R] Im(Cac)pr cdGIm[pr] [2f-NH-I]
Re(Caw ) pr cdWRe [pr] [2f-NH-R] Im(Caw ) pr cdWIm[pr] [2f-NH-I]
Re(CaB)pr cdBRe [pr] [2f-NH-R] Im(CaB)pr cdBIm[pr] [2f-NH-I]
Re(CH)pr cH11Re [pr] [2f-H-R] Im(C4Y))pr CH11Tm [pr] [2f-H-T]
Re(CE)),r cH13Re [pr] [2f-H-R] Im(C$)),n CH13Im[pr] [2f-H-T]
Re(Che)pr cHeRe [pr] [2f-H-R] Im(Che)pr cHeIm[pr] [2f-H-I]
R Re(CY))pr cHq1Re [pr] [2f-H-R] Im(C))pr CHq1Im[pr] [2f-H-T]
Re(C))pr cHq3Re [pr] [2f-H-R] Im(C§))pr CHq3Im [pr] [2f-H-T]
Re(Cru)pr cHuRe [pr] [2f-H-R] Im(Cru)pr cHuIm[pr] [2f-H-1]
Re(Cra)pr cHdRe [pr] [2f-H-R] Im(CHa)pr cHdIm[pr] [2f-H-I]
Re(Crud)pr cHudRe [pr] [2f-NH-R] Im(Crud)pr cHudIm[pr] [2f-NH-I]
Re(Cu)prst cllRe[prst] [4f-H-S-R] Im(Cu)prst cllIm[prst] [4f-H-S-I]
Re(CS) prst cqqlRe[prst] [4f-H-S-R] | Im(C{Y)prst cqqlIm([prst] [4f-H-S-TI]
Eésa') Re(Céz))p,-st cqq3Re [prst] [4f-H-S-R] Im(qu )prst cqq3Im[prst] [4f£-H-S-I]
Re(C“))mt clqiRelprst]  [4f-H-R] Im(C{)pret  clqiImlprst]  [4f-H-I]
Re( I )pmt clg3Re[prst] [4f-H-R] Im(C( ”),,mi clg3Im[prst] [4f-H-I]
Re(Cee)prst ceeRe[prst] [4f-ee-R] Im(Cee)prst ceeIm[prst] [4f-ee-I]
Re(Cuu)prst cuuRe [prst] [4f-H-S-R] Im(Cuu)prst cuuIm[prst] [4f-H-S-I]
Re(Cad)prst cddRe [prst] [4f-H-S-R] Im(Caa)prst cddIm[prst] [4f£-H-S-I]
Eégb) Re(Cew)prst ceuRe [prst] [4f-H-R] Im(Ceu)prst ceulm[prst] [4f-H-I]
Re(Ced)prst cedRe [prst] [4f-H-R] Im(Ced)prst cedIm[prst] [4f-H-1]
Re(C,(ub))pmt cudiRe [prst] [4f-H-R] Im(Cud prst cud1Im[prst] [4f-H-I]
Re(C®)prst  cudSRelprst]  [4f-H-R] Im(C®)prse  cudsImlprst]  [4f-H-I]
Re(Cle)prst cleRe[prst] [4f-H-R] Im(Cie)prst cleIm[prst] [4f-H-I]
Re(Cru)prst cluRe [prst] [4f-H-R] Im(Clu)prst clulm[prst] [4f-H-I]
Re(Cla)prst cldRe[prst] [4f-H-R] Im(Cia)prst cldIm[prst] [4f-H-I]
ﬁé&) Re(Cqe)prst cqeRe [prst] [4f-H-R] Im(Cge)prst cgelIm[prst] [4f-H-I]
Re(Cé}) )prst cquiRe [prst] [4f-H-R] Im(Céu) )prst cqullIm[prst] [4f-H-I]
Re(C[gi))m.St cqu8Re [prst] [4f-H-R] Im(C;u))ms,, cqu8Im[prst] [4f-H-I]
Re(qu Vprst cqdiRe [prst] [4f-H-R] Im(C(l))prsi cqd1Im[prst] [4f-H-I]
Rc(qu )prst cqd8Re [prst] [4f£-H-R] Im(C(S))pmt cqd8Im[prst] [4£-H-I]
Re(Cledq)prst ~ cledqRelprst]l  [4f-NH-R] Im(Cledq)prst  cledqIm[prst] [4f-NH-I]
Re(Cquqd)p,.St cquqdiRe[prst]  [4f-NH-R] Im(Cﬁ}ad)p,é, cquqdiIm[prst]  [4f-NH-I]
£8P | Re(C®) Vpret cquadBRelprst]  [4£-NH-R] m(C) Jprat cquqd8In[prst]  [4f-NH-I]
Re(Cl(igu)pmi clequiRe[prst]  [4f-NH-R] Im( lequ)prst clequiIm[prst]  [4f-NH-I]
Rc(Cl(equ)pmt clequ3Re[prst]  [4f-NH-R] Im(C! lequ )prst clequdIm[prst]  [4f-NH-I]

Table 18. The 2484 independent parameters in £é5’6’7’8) defined in the general flavor model, see
section 3.1. The indices strings [pr], [prst] take values in the sets indicated, that are defined in
table 19.
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[2f-NH-R] 11, 22, 33, 12, 13, 23, 21, 31, 32
[2f-NH-I] 11, 22, 33, 12, 13, 23, 21, 31, 32
[2f-H-R] 11, 22, 33, 12, 13, 23

[2f-H-I] 12, 13, 23

[4f-ee-R] 1111, 1122, 1133, 2222, 2233, 3333,
1112, 1113, 1123, 1212, 1213, 1222, 1232, 1233, 1313, 1322, 1323, 1333,
2223, 2323, 3323

[4f-ee-T] 1112, 1113, 1123, 1212, 1213, 1222, 1232, 1233, 1313, 1322, 1323, 1333,
2223, 2323, 3323

[4f-H-S-R] 1111, 1122, 1133, 2222, 2233, 3333, 1221, 1331, 2332,
1112, 1113, 1123, 1212, 1213, 1222, 1232, 1233, 1313, 1322, 1323, 1333,
2223, 2323, 3323, 1231, 1223, 1332

[4f-H-S-I]1 1112, 1113, 1123, 1212, 1213, 1222, 1232, 1233, 1313, 1322, 1323, 1333,
2223, 2323, 3323, 1231, 1223, 1332

[4f-H-R] 1111, 1122, 1133, 2222, 2233, 3333, 1221, 1331, 2332, 2211, 3311, 3322,
1112, 1113, 1123, 1212, 1213, 1222, 1232, 1233, 1313, 1322, 1323, 1333,
2223, 2323, 3323, 1231, 1223, 1332, 1211, 1311, 1312, 1321, 2212, 2213,
2311, 2312, 2313, 2321, 2322, 2331, 2333, 3312, 3313

[4f-H-I] 1112, 1113, 1123, 1212, 1213, 1222, 1232, 1233, 1313, 1322, 1323, 1333,
2223, 2323, 3323, 1231, 1223, 1332, 1211, 1311, 1312, 1321, 2212, 2213,
2311, 2312, 2313, 2321, 2322, 2331, 2333, 3312, 3313, 2211, 3311, 3322

Table 19. Sets of indices implemented for each category of fermionic operator in the general
model.
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Fermionic SMEFT parameters in SMEFTsim U35

£6) ReC.y ceHRe ReCypy cuHRe ReCyn cdHRe
o ImCepy ceHIm ImCyug cuHIm Im Cyy cdHIm
ReCow ceWRe ReC.p ceBRe ReCyq cuGRe ReCyuw cuWRe
6 Im Cop ceWIm ImCe.p ceBIm Im Cyue cuGIm Im Cyw cuWIm
0 ReCyn cuBRe ReCya cdGRe Re Caw cdWRe ReCyp cdBRe
ImCyup cuBIm Im Cyq cdGIm Im Cyw cdWIm Im Cyp cdBIm
cl) cH11 oy cHql Cru cHu Crre cHe
) ) CcH13 o) cHq3 Chra cHd
Re Crug cHudRe Im Chug cHudIm
,Césa) Cy cll C’é;) cqql C’(gg) cqq3 Cl(ql) clqgl
o cll1 Cé;)/ cqqil C’g)/ cqqg31 C’l(;) clg3
Cuu cuu Caaq cdd Cey ceu Cq(;l) cudl
oS e cuul cy cdd1 Cou ced c® cuds
Cee cee
(8¢) Cle cle Clu clu 0(511) cqul Cé}i) cqdl
Lg
Coe cqe Cia cld C’éi) cqu8 C’éZ) cqd8
(84) Re Céif;d cqugdlRe | Re Céi)qd cquqd8Re | Im C;lezl d cquqdlIm | Im Céizd cquqd8Im
Lo 1y (8 (y (8y
ReCy4 cquqdiiRe | ReC ,  cquqd8iRe | ImC, .,  cqugdiiIm | ImCp, .,  cquqd8iIm
Re Cl(jq)u clequlRe | Re Cl(j;u clequ3Re | Im Cl(elgu clequlIm | Im Cl(j(;u clequ3Im
Re Cleqq cledqRe Im Cleqq cledqIm

Table 20. The 70 independent parameters in £é5’6’7’8) defined in the U35 model, see section 3.2.
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Fermionic SMEFT parameters in SMEFTsim MFV

o | Cen ceH c CUHO cf) CdHO
o (AC,y)  Deltaucu | (AC,y)  DeltadcuH | (A“Cyy)  DeltaucdH (A%Cyy)  DeltadcdH
Cew ceW Con ceB C1(40G) cuGo Cﬁ%/ cuWo
O c CuBO ') cdGo cl cdio c'o) cdBO
el DeltaucuG el DeltadcuG plel DeltaucdG plel DeltadcdG
A“C, AdC, AYC, AlC
uW DeltaucuW uW DeltadcuW AW DeltaucdW AW DeltadcdW
AUC, AdC AUC Al
(A"C,p)  DeltaucuB (A%Cyp)  DeltadcuB (A“Cyg)  DeltaucdB (AYCyp)  DeltadcdB
cll) cH11 oy CHq10 c® cHuo Che cHe
7 . .
| o cH13 i cHq30 c® cHAO c© cHudo
(A“C’g;) DeltaucHql (AdC’Sg) DeltadcHql (A“Cg;) DeltaucHq3 (AdCS;) DeltadcHq3
(ACHL) DeltacHu (ACHa) DeltacHd
£(50) Cy cll C’(%)(O) cqql0 Cg)(o) cqq30 Cl(;>(0) clql0
6
cl c111 cPO cqq110 cP'O cqq310 O c1q30
(A*C{))  Deltaucqql | (AYCSY)  Deltadeqql | (A*CLSY))  Deltaucqqd | (ACYY)  Deltadcqq3
(AvC{Y')  Deltaucqqii | (AYCSY) Deltadeqqil | (AUCSY) Deltaucqq3i | (ACSY')  Deltadcqq3t
(A*C{Y)  Deltauclql | (AYC)))  Deltadclgl | (A"C)Y)  Deltauclgd | (A’CS)  Deltadclq3
o) cuu0 o) cddo cl) ceuo cl)® cud10
c$” /0 cuul0 i cdd10 c'9 cedo c®O cudgo
Cee cee (ACey) Deltaceu (ACeq) Deltaced
(A"Cyuy) Deltaucuu (ACyy) Deltadcdd (AuC!,)  Deltaucuul | (A?C’,)  Deltadcddi
(A*C'))  Deltaucudi | (AC'))  Deltadcudi | (A*CY))  Deltaucuds | (AYC'®Y))  Deltadcuds
(6 Cle cle cO c1u0 c© c1do cld cqe0
6
Cé}%o) cqul0 C;(li)(m cqd10 C(gff)(o) cqu80 C{gg)(o) cqd80
C,E,l,,)/(m cquli0 C{E}Z)/(O) cqd110 Cfﬁﬁ)’(o) cqu810 C;S)I(O) cqd810
A“C(B Deltalucqul AdCQL) Deltaldcqul AQC’(}) Delta2cqul ACH, Deltaclu
14q 1Cq q
A“C’(i) Deltalucqu8 AdC’@ Deltaldcqu8 AQC(? Delta2cqu8 ACHy Deltacld
14q 1Cq q
INTer Deltalucqdl Adch) Deltaldcqdl Ang Delta2cqdl A"Cye Deltaucqge
1%qd 1~qd qd q
INTo) Deltalucqd8 AdC® Deltaldcqd8 AQC(8> Delta2cqd8 AC,, Deltadcqge
1~qd 1~qd qd q
(50 Cl(elq)io) clequl0 Cl<jq)1(l,0) clequ30 C’lgq cledq0
’ ctV dt c® d ( i1 c® as1
quad cquq quad cquqd8 quqd cquq quqd cquqd8
(A%Cjeqq) Deltaucledq (AdCledq) Deltadcledq
Avc) Deltauclequl Al Deltadclequl Avc®) Deltauclequ3 Alc® Deltadclequ3
lequ lequ lequ lequ
Table 21. The 121 independent parameters in /Jés’ﬁ’?’s) defined in the MFV model, see section 3.3.
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Fermionic SMEFT parameters in SMEFTsim top

Re(Cerr)pp ceHRe [pp] Im(Cerr)pp ceHIm[pp]
ﬁés) ReCupy cuHRe Im Cyy cuHIm ReCiy ctHRe Im Cyy ctHIm
ReCyy cdHRe Im Cyy cdHIm ReCyy cbHRe Im Cyy cbHIm
Re(Cew ) pp ceWRe [pp] Im(Cew ) pp ceWIm[pp] Re(CeB)pp ceBRe [pp] Im(CeB)pp ceBIm[pp]
ReCua cuGRe Im Cyq cuGIm Re Cia ctGRe Im Ciy ctGIm
Re Cyq cdGRe Im Cye cdGIm Re Cye cbGRe Im Cye cbGIm
ﬁ(()‘b) Re Cuw culiRe Im Cyw cuWIm Re Cyw ctWRe Im Cyy ctWIm
Re Cyw cdWRe Im Cyw cdWIm Re Cyi cbWRe Im Cyp cbWIm
ReCyup cuBRe ImC,p cuBIm ReCip ctBRe ImC;p ctBIm
Re Cyp cdBRe Im Cyp cdBIm ReCyp cbBRe Im Cyp cbBIm
(CJ(L}I))W cH11[pp] (ng))m' cH13 [pp] (Che)pp cHe [pp]
| C cHj1 Clib cHQ1 Crra chu i cht
cy) cHj3 o cHQ3 Cha cHd Cup cHbgq
Re Crud cHudRe Im Cyq cHudIm ReChw cHtbRe Im Cyp cHtbIm
(Cll)prst cll[prst] prst = {1111, 2222, 3333, 1122, 1133, 2233, 1221, 1331, 2332}
1 . 1 3 ) 3
ﬁ(ga) (Cl(q))T)P cljilpp] (C],(Q))PP cQ11[pp] (Cl(q))PP c1j3[pp] (CZ(Q))PP cQ13[pp]
6
cith cjjtL ci® cjj1s ool cQj11 ooy cQj18
ol cjjst ci3®) cjj38 s cQj31 o5y Q338
Coo cqq1 Csy cqQs
(Cee)prst ceelprst] | prst = {1111, 2222, 3333, 1122, 1133, 2233}
(Cew)pp ceu[pp] (Cet)pp cte [pp] (Ced)pp ced[pp] (Ceb)pp cbe [pp]
z(j,) cuul Cf,i) cuu8 C:(lzli) cddl C,(]f? cdd8
(8b)
= c ctul c® ctus cly cbdi c® cbds
Cu ctt Chp cbb
cl cudi cy ctdl c cbul cP ctbl
c® cuds c® ctds c® cbusg c® ctbs
Rc(ngd) cutbdiRe Im(CS;d) cutbd1Im RC(CSZd) cutbd8Re Im(Cﬁgd) cutbd8Im
(Cre)prst clelprst] | prst = {1111,2222,3333,1122,1133,2233,2211,3311,3322,1221,1331,2332}
(Clu)pp clu[pp] (Clt)pp ctl[pp] (Cld)pp cld[pp] (Clb)pp cbl[pp]
(qu )Tlp cje [ppl (CQ(i)PP cQe[pp]
3
£ o cjul con cQui cly ctj1 cl) cqtl
C,g? cju8 C(Qsi cQu8 Céf) ctj8 Cgt) cQt8
Re(C\p,) cjQtutRe | Im(C'Y,) cjGtuiln | Re(C),) cjQtuske | Im(C),) cjQtusTn
cly cjdi coa cQd1 cly cbj1 ch cQbl
cly) cjas cs) cQds oy cbj8 cs) cQbs
Re(Cph) cjObdiRe | Im(C{Dy) ci@bdtIn | Re(C(),,) cjgbdsRe | Im(C),) ¢jQbd8In
Re(Cledq)pp cledjRelpp] | Im(Ciedq)pp cledqImlpp]l | Re(Cievq)pp clebQRe[pp] | Im(Ciepg)pp  clebQIm[pp]
ﬁé&l) Re(cl(elq)u)pp clejulRe [ppl Im(C,(;q)u)pp clejulIm[ppl Re(C!(e%t)pp cleQt1Re[ppl Im(C’,(C%t)pp cleQt1Im[pp]
Re(Cl(:;u)pp cleju3Re[ppl Im(Cl(:;u)pp cleju3Im[ppl Re(Cl(sgzt)pp cleQt3Re[ppl Im(Cl(SC)Zt)PP cleQt3Im[ppl
ReCly cjujdiRe mc), cjujdiim Re Cop cQtQbiRe Im Cy cQtQbiTm
Re Céizld cjujd8Re Im C((;iz;d cjujds8Im Re C&bb cQtQb8Re Im CgL)Qb cQtQb8Im
ReClor, cjujdiiRe | ImCl), cjujdiilm | ReClor, cjujdsiRe | ImClor cjujdsilm
ReChy cQtjdiRe mcY), cQtjdiIm Re Cliby cjulbiRe Im G, cjuQbliIm
ReClp g cQtjdsRe Y, cQtjdsIm ReCloby cjugbsRe G, cjuQb8Im
ReClibg cjtQd1iRe Im Gl cjtQd1In Re Chy cQujbiRe ImCY), cQujblIm
ReCl), cjtQdsRe I Clyg ¢jtQd8In ReCo cQujbSRe e, cQujb8Im

Table 22. The 260 independent parameters in [,((55’6’7’8) defined in the top model, see section 3.4.
Lepton flavor indices [pp] always run over {11, 22, 33}. Indices [prst] take the values indicated
in line.
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Fermionic SMEFT parameters in SMEFTsim topU31

ReCepyy ceHRe ImCepy ceHIm
,Cés) Re Cyupy cuHRe ImCypy cuHIm ReCiy ctHRe Im Cig ctHIm
ReCyn cdHRe Im Cyp cdHIm ReCypyy cbHRe Im Cyir cbHIm
Re Cew ceWRe Im Cow ceWIm ReC.p ceBRe ImC.p ceBIm
Re Cua cuGRe ImCyue cuGIm Re Cia ctGRe Im Cy ctGIm
ReCyc cdGRe Im Cy cdGIm Re Cya cbGRe Im Cype cbGIm
l:(()-G) Re Cuw cuWRe Im Cyuw cuWIm Re Cyw ctWRe Im Cyw ctWIm
Re Cyw cdWRe Im Cyw cdWIm Re Cyw cbWRe Im Cypiy cbWIm
ReCyp cuBRe ImCyp cuBIm ReCip ctBRe ImCyp ctBIm
ReCyp cdBRe ImCyp cdBIm Re Cyp cbBRe Im Cyp cbBIm
i) cH11 ) cH13 Chre cHe
[,g) Cl(ql()l cHj1 Cl(qlé) cHQ1 Chru cHu Cu cHt
oy CHj3 o CHQ3 Cha cHd Cm cHbq
Re CHud cHudRe Im Crug cHudIm ReChu cHtbRe Im Cryp cHtbIm
Cu c11 ch cllt coo cqqt csy cqes
(1) . (1) (3) . (3)
£é8a> Clq cljl ClQ cQl1 Clq clj3 ClQ cQ1l3
oyt cjjit for cjjts ool cQj11 cod cQj18
3,1 . 38 .. 3,1 . 3.8 .
Céq ) cjjs1 C(Eq ) cjj3s8 Céq ) cQj31 Cé?q ) cQj38
Ceu ceu Cot cte Ceq ced Cep cbe
EL) cuul Cﬁ) cuu8 C (Slzli) cdd1 C éi) cdd8
" cl ctul c® ctus al cbd1 c cbd8
L Cu ctt Chp cbb Cee cee
CSi) cudl Ct(; ) ctdl Cﬁ)) cbul Ct(bl ) ctbl
c® cuds c® ctds c® cbug c® ctbs

Re(Clh)  cj@bdiRe |Im(Cly,,)  cj@bdilm | Re(Cly,;)  cjObdsRe | Im(Cly,,)  cjQbdSIn

Cle cle Coe cje Cge cQe
Chlu clu Ci ctl Clq cld Cp cbl
. cly) cjut con cQui cly ctjt cyl cQt1
Lo o cjus cs) cQus o ctj8 csl cqts
Rc(Cégtu) cjQtulRe Im(Cégtu) cjQtullm RC(C;SQ)tu) cjQtusRe IIH(C;SQ)W) cjQtusIm
cly) cjdt cs) cQdt cly cbj1 ch cQbl
cl) cjds ) cQds ol cbj8 cs) Qb8

Re(Clh)  ci@bdiRe |Im(Cly,,)  cj@bdilm | Re(ClD,,)  cjObd8Re | Im(Cly,,)  cjQbd8In
Re Cleqq cledjRe Im Cleqq cledqIm Re Cieng clebQRe Im Ciepg clebQIm
L.(68d) RecV

lequ

clejulRe Im M

lequ clejullm Re Cl(elc))t cleQtiRe Im Cl(elc))r, cleQt1Im

Re Cl(jq)u cleju3Re Im Cl(jq)u cleju3Im | Re Cl(:i)zt cleQt3Re | Im Cl(;%t cleQt3Im
ReCll) | cjujdie | ImC!),  cjujdilm | ReClyy,  cQt@biRe | ImCl)y,  cQtQbilnm
ReClY) | cjujasRe | ImClw,  cjujdsIm | ReClyy,  cQt@bsRe | ImClyy, — cQtQb8Im
ReCll, cjujdiiBe | ImC\)',  cjujditIn | ReClyr,  cjujd8iRe | ImClar,  cjujdsiIn

ReChyy  cQtjdiRe | ImCh),  cQtjdiIm | ReCll,,  cjulbiBe | ImClh,,  cjuQbilm
ReChny  cQtjdsRe | ImCl,,  cQtjd8Im | ReCluy,  cjuGbsBe | ImClay,  cjuQbsIm
ReClih,  cjtQdiRe | ImClh,  cjtQdiIm | ReCh),  cQujbiRe | ImCy),  cQujbilm

ReCl),  cjtQdsRe | ImCly),  cjtQd8Im | ReCony,  cQujbsRe | ImCln,  cQujbSIm

Table 23. The 167 independent parameters in £é5’677’8) defined in the topU31 model, see section 3.4.
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E Comparison to other SMEFT UFO models

In this section we compare SMEFTsim with other UFO models dedicated to SMEFT studies,
and provide a mapping of the common parameters. For the time being, the comparison
is restricted to dim6top [36, 121] and SMEFT@NLO [37, 122], that are both based on the
Warsaw basis.

For each model we summarize the main features and provide conversion tables with the
parameters defined in SMEFTsim. To our knowledge, SMEFTsim is currently the only publicly
available UFO model that implements linearized SMEFT corrections to propagators.

E.1 dim6top

dim6top [36, 121] contains LO UF0 models dedicated to EFT studies in the top sector. Here
we refer specifically to dim6top_LO_UFO and dim6top_LO_UFO_each_coupling_order in
the version published in May 2020.

Flavor structure. dim6top is based on the recommendations provided in ref. [36], and it
assumes a U(2)3 flavor symmetry in the quark sector and a (U(1);4¢)% in the lepton
sector. U(2)3 breaking terms are also available and they are implemented explicitly,
i.e. without promoting the quark Yukawas to spurions of the flavor symmetry. Con-
tractions inducing both flavor-conserving and violating neutral currents are included.

All fermion masses and Yukawa couplings are neglected, except those of the top and
bottom quarks of the tau lepton. The CKM is taken to be the unit matrix.

Operators implemented. dim6top contains only operators that modify the interactions
of the top quark, and CP violating terms are included. Most operator definitions
are identical to those in SMEFTsim top, topU3l. In a few cases, the invariants imple-
mented differ by a Fierz rotation, as detailed in ref. [36].

Input parameters. Both input schemes {aem, mz,Gr} and {my,mz,Gr} are supported
in dim6top. Since purely bosonic and leptonic operators are omitted, this only affects
the numerical values assigned to the SM parameters and not the dependence on the
Wilson coefficients.

SM loop-generated Higgs couplings. Not implemented.

dim6top matches very closely the top and topU31 versions of SMEFTsim and it can also
be mapped to the general one. A correspondence with other flavor versions of SMEFTsim
can only be established partially, due to incompatibilities in the assumed flavor structure.

The mapping between Wilson coefficients defined in dim6top and in the top, topU31l
versions of SMEFTsim is provided in tables 24, 25. The mapping to the general version of
SMEFTsim is provided in tables 26, 27. In both cases, the first table contains parameters
with a one-to-one correspondence, while the second contains parameters that require a basis
rotation. For example, the point cQ1M1=1, cQ131=3 in dim6top corresponds to cQ1l111=4,
cQ1311=3 (or c1qlRe1133=4, clq3Re1133=3) in SMEFTsim.
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Overall minus signs in the mapping are due to the fact that dim6top and SMEFTsim
use opposite sign conventions for the definition of covariant derivatives. Although the
operator definitions are identical, the relative sign between the Lg contribution and the
corresponding SM coupling is flipped in a few cases. The physics results are identical in
both models once this is accounted for. The presence of explicit Yukawa couplings in the
tables is due to the different treatment of flavor symmetry breaking terms.

Wilson coefficients inducing flavor-changing neutral currents can be mapped to param-
eters in SMEFTsim general, and the corresponding tables are available upon request.

E.2 SMEFT@NLO

SMEFT@NLO [37, 122] is equipped for NLO QCD calculations in MadGraph5_aMC@NLO. Here
we compare specifically to SMEFTatNLO v1.0 published in September 2020.

Flavor structure. SMEFTONLO assumes a flavor symmetry U(2), x U(3)4 x U(2), in the
quark sector and U(1)? in the lepton sector, which is the same as in SMEFTsim top
and in dim6top, except for the treatment of down quarks.

All fermion masses and Yukawa couplings are neglected, except those of the top
quark.

Operators implemented. SMEFT@NLO contains all the operators in classes (1)-(7) and
those in class (8) that contain a top quark. Terms that violate the flavor symmetry
have been consistently dropped. CP violating terms are omitted.

Input parameters. SMEFTONLO implements the {my, mz, Gr} input scheme.

SM loop-generated Higgs couplings. Higgs couplings in the m; — oo limit are not
implemented, but Higgs-gluon interactions can be fully reproduced at 1-loop in QCD.

Given its flavor structure, SMEFT@NLO can be directly mapped to SMEFTsim in the top,
topU3l and general versions. The mapping of Wilson coefficients between SMEFT@NLO
and the top, topU31 versions of SMEFTsim is provided in tables 28, 29. The mapping to
the general version is provided in tables 30, 31. In both cases, the first table contains
the mapping of parameters with a one-to-one correspondence, while the second contains
parameters that require a basis rotation.

As for dim6top, the sign convention used in SMEFT@NLO is the opposite compared to
SMEFTsim, which leads to some minus signs in the conversion.
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SMEFTsim top vs dim6top

class SMEFTsim <+ dim6top SMEFTsim <+ dim6top SMEFTsim <+ dim6top
EéB) ctHRe ctp ctHIm ctpl
C(G) ctGRe - ctG ctGIm - ctGI
| cbwRe - cbW cbWIm - cbWI
5(7) cHt cpt cHbq cpb
6 | cHtbRe cptb cHtbIm cptblI
ﬁé&l) cQQ1 % cQQ1 cQj11 cQqil1l cQj31 cQq13
cQQR8 % cQQR8 cQj18 cQqg81 cQj38 cQqg83
ctt cttl ctul ctul ctu8 ctu8
,C,ggb) ctdl ctdl ctb8 ctb8 ctd8 ctd8
ctbl ctbl cte[ppl cte[p]
cQui cQui ctjl ctql cQt1 cQt1
5(86) cQu8 cQu8 ctj8 ctqg8 cQt8 cQt8
% | cat cQd1 cQb1 cQb1 cQb8 cQb8
cQds cQds cQe [pp] cQe[p] ctllppl] ctllp]
clebQRe[pp] cblS[p] cleQtiRe[pp] ctlS[p] cleQt3Re[pp] ctlTI[p]
clebQIm[pp] cblSI[p] cleQt1Im[pp] ct1SI[p] cleQt3Im[pp] ctlTI[p]
ﬁ(gd) cQtQbiRe cQtQbl cQtQb8Re cQtQb8
6 cQtQblIm cQtQblI cQtQb8Im cQtQb8I
SMEFTsim topU31 vs dim6top
Eégb) cte cte[p]
Eégc) cQe cQe [p] ctl ctl[p]
(50 clebQRe yllp]l cblS[p] | cleQtiRe yllp]l ctlS[p] | cleQt3Re yllpl ctlT[p]
6 clebQIm] y1l[p] cblSI[p] | cleQtlIm y1l[p] ctlSI[p] | cleQt3Im y1l[p] ctlTI[p]

Table 24. Upper panel: conversion table between the SMEFT parameters defined in the top
version of SMEFTsim and in dim6top: parameters with a one-to-one translation.
conversion table between the topU31 version of SMEFTsim and dim6top. Only leptonic coefficients
are reported, as the other parameters behave identically to the top case. Lepton flavor indices p

take values p = {1,2,3}, light quark indices r take values r = {1,2}.
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SMEFTsim top vs dim6top

class SMEFTsim— dim6top dim6top— SMEFTsim
- ctWRe ctW - ctW ctWRe
E(G) - ctWim ctWI - ctWIl ctWIm
6 -ctWRe ¢y + ctBRe sp ctZ ctZ/sg - ctW/ty ctBRe
-ctWIm ¢y + ctBIm sg ctZl ctZI/syp - ctWl/ty ctBIm
£(7) cHQ3 cpQ3 cpQ3 + cpQM cHQ1
¢ | cEQt - cHQ3 cpQM cpQ3 CHQ3
L6 cQl1lpp]l - cQ13[ppl] cQ1M[pl cQ13[p] + cQIM[p] cQ11[pp]
6
cQ13[pp] cQ13[p] cQ13[p] cQ13[pp]
% cutbdiRe + % cutbd8Re yulr] yd[s] cbtudl % cbtudl + % cbtud8 m cutbdiRe
£5) 1 cutbdilm + § cutbd8Im yulr] yd[s] cbtudil | { cbtudil + § cbtudsI T jary cutbdilm
® |2 cutbdiRe - 1 cutbdsRe yulr] yd[s] cbtud8 |2 cbtudl - } cbtuds ol jars] CutbdsRe
2 cutbdiIm - 3 cutbds8Im yulr] yd[s] cbtud8I | 2 cbtudil - % cbtudsI T a7 cutbd8Im
- % cjQtulRe - % cjQtu8Re yulr] ctQqul % ctQqul - % ctQqu8 ﬁ cjQtulRe
- 2 cjQtutIm - § cjQtuSIm yulr] ctQquil - & ctQquil - 2 ctQqusl b7 ciQtullm
- 4 cjQtulRe + 2 cjQtusRe yulr] ctQqu8 - ctQqul + } ctQqus yuﬁ cjQtusRe
£ - 4 cjQtullm + % cjQtu8Im yulr] ctQqusI - ctQquil + % ctQqu8l ﬁ cjQtu8Im
6 - 2 cjQbdiRe - § cjQbdSRe yd[r] cbQqdl - % cbQqdl - 2 cbQqds ydl[r] cjQbdiRe
- 2 cjQbdiIm - § cjQbd8Im yd[r] cbQqdiI - % cbQqd1I - 2 cbQqdsI ydﬁ cjQbd1Im
- 4 cjQbdiRe + Z cjQbd8Re yd[r] cbQqds - cbQqdl + } cbQqds itz cJQbd8Re
- cj m+ 5 Cj m r]l c -c + s cC =7 €] m
4 cjQobdil 2 ¢jQpdsI yd[r] cbQqd8I bQqdiI + ¢ cbQqdsI 7 cjQbdsI
cQtjdiRe - & cjtQdiRe - 2 cjtQds8Re yd[r] cQtqdl cQtqdl - 4 cQtqdiT ydﬁ cQtjdiRe
cQtjdiIm - & cjtQdiIm - 2 cjtQd8Im yd[r] cQtqdiI cQtqdiI - 4 cQtqdiTI ydﬁ cQtjdiIm
cQtjd8Re - cjtQdiRe + % cjtQd8Re yd[r] cQtqd8 cQtqd8 - 4 cQtqd8T ydﬁ cQtjd8Re
cQtjd8Im - cjtQdiIm + § cjtQd8Im  yd[r] cQtqdsI cQtqd8I - 4 cQtqd8TI st cQtjdsIm
- & cjtQdiRe - & cjtQdsRe ydlr] cQtqdiT - 8 cQtqdiT - 32 cQtqdsT safs citQdiRe
- o cjtQdiIm - & cjtQdsIm ydlr] cQtqdiTI - 8 cQtqdiTI - 32 cQtqdsTI Ydﬁ cjtQd1Im
- 1 cjtQdiRe + & cjtQdsRe ydlr] cQtqdsT - 16 cQtqdiT + § cQtqd8T 37 cjtQd8Re
s | T 1 cjtQdiIm + & cjtQd8Im yd[r] cQtqd8TI - 16 cQtqdiTI + § cQtqdsTI ydﬁ cjtQd8Im
6 cjuQbiRe - % cQujbiRe - % cQujb8Re yulr] cQbqul cQbqul - 4 cQbquiT ﬁ cjuQbiRe
cju@blIm - & cQujbiIm - 2 cQujb8Im yulr] cQbqus cQbquil - 4 cQbquiTI yuﬁ cjuQbiIm
cjuQb8Re - cQujblRe + é cQujb8Re yulr] cQbqull cQbqu8 - 4 cQbqu8T ﬁ cjuQb8Re
cjuQb8Im - cQujblIm + % cQujb8Im yulr] cQbqu8I cQbqu8I - 4 cQbqu8TI ﬁ cjuQb8Im
- o cQujblRe - 7 cQujbsRe yulr] cQbquiT - 8 cQbquiT - 32 cQbqusT yuﬁ cQujbiRe
- 5 cQujblIm - 7 cQujbSIm yulr] cQbquiTI - % cQbquiTI - 32 cQbqusTI yuﬁ cQujblIm
- % cQujbiRe + ﬁ cQujb8Re yulr] cQbqu8T - 16 cQbquiT + % cQbqu8T y“ﬁ cQujb8Re
- % cQujblIm + 3 cQujbsIm yulr] cQbqu8TI - 16 cQbquiTI + § cQbqusTl i cQujb8lm
SMEFTsim topU31 vs dim6top
E(Sa) cQll - cQ13 cQ1M([p] cQ13[p] + cQ1M[p] cQl1
O] cqus cQ13[p] cQ13[p] cq13

Table 25. Upper panel: conversion table between the SMEFT parameters defined in the top version

of SMEFTsim and in dim6top: parameters that require a basis rotation. Lower panel: conversion
table between the topU31 version of SMEFTsim and dim6top. Only leptonic coefficients are reported
here, as the other parameters behave identically to the top case. Lepton flavor indices take values p
= {1,2,3}. In the notation yd[r], yulr] etc, the flavor index is that of the associated righthanded
light field (d for yd and u for yu).
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SMEFTsim general vs dim6top
class SMEFTsim <> dim6top SMEFTsim <> dim6top SMEFTsim <> dim6top
£é5) cuHRe33 ctp cuHIm33 ctpl
E(G) cuGRe33 - ctG cuGIm33 - ctGI
6 cdWRe33 - cbW cdWIm33 - cbWI
Em cHuRe33 cpt cHdRe33 cpb
6 cHudRe33 cptb cHudIm33 cptbl
(5 ceu[pp] 33 cte[p] cuuRe3333 cttl cud1Re33[rr] ctdl
6 cud1Re3333 ctbl cud8Re3333 ctb8 cud8Re33[rr] ctd8
cquilRe33[rr] cQui cquiRe [rr]33 ctql cqulRe3333 cQt1
(50 cqu8Re33[rr] cQu8 cqu8Re [rr]33 ctqg8 cqu8Re3333 cQt8
6 cqd1Re33[rr] cQd1 cqd1Re3333 cQbl cqd8Re3333 cQb8
cqd8Re33[rr] cQds cqeRe33 [pp] cQe [p] cluRe[pp] 33 ctl[p]
cledgRe[pp]l33 cblS[p] clequiRe[ppl33 ctlS[p] clequ3Re[ppl33 ctlT[p]
cledqIm[ppl33 cblSI[p] | clequlIm[pp]l33 <ct1lSI[p] | clequ3Im[ppl33 ctlTI[p]
£(8d) cquqdlRe3333 cQtQbl cquqd1Im3333 cQtQbll
6 cquqd8Re3333 cQtQb8 cquqd8Im3333 cQtQb8I

Table 26. Conversion table between the SMEFT parameters defined in the general version of
SMEFTsim and in dim6top: parameters with one-to-one conversion. Lepton flavor indices p take
values in {1,2,3}. Quark flavor indices r take values in {1,2}.
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SMEFTsim general vs dim6top

class SMEFTsim — dim6top dim6top — SMEFTsim
- cuWRe33 ctW - ctW cuWRe33

L(G) - cuWIm33 ctWI - CctWI cuWIm33

6 - cuWRe33 ¢y + cuBRe33 sy ctZ ctZ/sg - ctW/ty cuBRe33

- cuWIm33 ¢y + cuBIm33 sy ctZI ctZI/sg - ctWl/ty cuBIm33

Lg) cHq3Re33 cpQ3 cpQ3 + cpQM cHqlRe33
cHqlRe33 - cHq3Re33 cpQM cpQ3 cHq3Re33
clqlRe[pp]l33 - clq3Rel[ppl33 cQ1M[p] cQ13[p] + cQ1M[p] clqlRe[ppl33
clq3[ppl33 cQ13[p] cQ13[p] clq3Re[ppl33
2 cqqiRe3333 - 2 cqq3Re3333 cQQ1 1 cqat + & cqas cqq1Re3333

ﬁé&” Ef cqq3Re3333 cQQ8 % cQQR8 1 cqq3Re3333
5 cqqlRe[r]33[r] + 2 cqqiRelrr]33 + cqq3Re[r]33[r] cQqi1 5 cQqll - 15 cQqgs8l cqqiRe[rr]33
% (cqqiRe[r]33[r] - cqq3Rel[r]33[r]) + 2 cqq3Re[rr]33 cQq13 é cQqg81 + % cQqg83 cqqlRe[r]33[r]
2 cqqlRelr]33[r] + 6 cqq3Relr]33[r] cQq81 1 ¢cQq13 - & cQgs3 cqq3Re [rr]33
2 (cqqlRe[r]33[r] - cqq3Relr]33[r]) cQq83 % (cQg81 - cQg83) cqq3Re[r]33[r]
% cuuRe [r]33[r] + 2 cuuRel[rr]33 ctul % ctul - ﬁ ctu8 cuuRe[rr]33
4 cuuRe[r]33[r] ctus 1 ctus cuuRe [r]133[r]
1 cudiRe[r]33[r] + % cud8Re[r]33([r] cbtudi | 1 cbtudi + § cbtuds cud1Re [r]33[r]
% cud1Im[r]33[r] + % cud8Im[r]33[r] cbtud1l % cbtudiI + % cbtud8I cud1Im[r]33[r]
2 cudiRe(r]33[r] - } cud8Re([r]33[r] cbtud8 | 2 cbtudl - I cbtuds cudsRe [r]33(r]
2 cud1Im[r]33[r] - % cud8Im[r]33[r] cbtud8I 2 cbtudiI - % cbtud8I cud8Im[r]33[r]
- % cquiRe[r]33[r] - g cqu8Re [r]133[r] ctQqul - é ctQqul - % ctQqu8 cquiRe[r]33[r]
- 2 cquiIm(r]33[r] - § cqusIm[r]33[r] ctQquil | - % ctQquil - 2 ctQqusl cquiIm[r]33[r]
- 4 cquilRe[r]33[r] + % cqu8Re [r]33[r] ctQqu8 - ctQqul + % ctQqu8 cqu8Re [r]33[r]

5(680) - 4; cqulIm[r]33[r] + %8 cqu8Im[r]33[r] ctQqu8Il | - <1:tl1qu11 + %QCthu8I cqu8Im[r]33[r]
- 5 cqdiRe [r133[r] - 5 cqd8Re [r]33[r] cbQqd1 - § cbQgdl - § cbQqds cqdiRe[r]33[r]
- % cqd1In[r]33[x] - § cqd8Im[r133[r] cbQqd1I | - & cbQqdiI - Z cbQqd8I cqd1Im[r]33[r]
- 4 cqdiRe[r]33[r] + Z cqd8Re[r]33[r] cbQqds - cbQqdl + % cbQqds cqd8Re [r]33[r]
- 4 cqd1Im[r]33[r] + % cqd8Im[r]33[r] cbQqd81 - cbQqdlI + % cbQqd8I cqd8Im[r]33[r]
cquqd1Re33[rr] - % cquqdiRe[r]33[r] - % cquqd8Re[r]133[r] cQtqgdi cQtqdl - 4 cQtqdiT cquqdiRe33[rr]
cquqd1Im33[rr] - % cquqd1Im[r]33[r] - % cquqd8Im([r]33[r] cQtqdlI | cQtqdlI - 4 cQtqdlTI cquqd1Im33[rr]
cquqd8Re33[rr] - cquqdiRe[r]33[r] + é cquqd8Re [r]33[r] cQtqd8 cQtqd8 - 4 cQtqd8T cquqd8Re33[rr]
cquqd8Im33[rr] - cquqdlIm[r]33[r] + % cquqd8Im[r]33[r] cQtqd8I | cQtqd8I - 4 cQtqd8TI cquqd8Im33[rr]
- ﬁ cqugdiRe[r]33[r] - Tlg cquqd8Re [r]33[r] cQtqdlT - % cQtqdiT - % cQtqd8T cqugdiRe [r]33[r]
- & cquqdiIm[r]33[r] - & cquqd8Im[r]33[r] cQtqdiTI | - § cQtqdiTI - %2 cQtqdsTI cquqdiIm[r]33[r]
- % cquqdiRe[r]33[r] + 2714 cquqd8Re [r]33[r] cQtqd8T | - 16 cQtqdiT + % cQtqd8T cquqd8Re [r]133[r]

L:(()-gd) - 4 cquqdiIm[r]33[r] + 2714 cquqd8Im[r]33[r] cQtqd8TI | - 16 cQtqdiTI + % cQtqd8TI cquqd8Im([r]33[r]
cqugdiRe [rr]33 - % cquqdiRe3[rrl3 - % cquqd8Re3[rr]3 cQbqui cQbqul - 4 cQbquiT cquqdiRe [rr]33
cquqdlIm[rr]33 - % cquqd1Im3[rr]3 - % cquqd8Im3[rr]3 cQbqu8 cQbquill - 4 cQbqulTI cquqd1Im[rr]33
cquqd8Re [rr]33 - cquqdiRe3[rr]3 + % cquqd8Re3[rr]3 cQbqull | cQbqu8 - 4 cQbqu8T cquqd8Re [rr]33
cquqd8Im[rr]33 - cquqdlIm3[rr]3 + % cquqd8Im3[rr]l3 cQbqu8I | cQbqu8I - 4 cQbqu8TI cquqd8Im[rr]33
- ﬁ cqugdiRe3[rr]3 - ﬁ cquqd8Re3[rr]3 cQbqulT | - % cQbquiT - %2 cQbqu8T cqugdlRe3[rr]3
- ﬁ cquqd1Im3[rr]3 - 1178 cquqd8Im3[rr]3 cQbquiTI | - % cQbquiTI - % cQbqu8TI cquqdlIm3[rr]l3
- 1 cquqdiRe3[rr]3 + 3 cquqd8Re3[rr]3 cQbqusT | - 16 cQbquiT + 5 cQbqusT cquqd8Re3 [rr]3
- % cquqd1Im3[rr]3 + 217 cquqd8Im3[rr]3 cQbqu8TI | - 16 cQbquiTI + % cQbqu8TI cquqd8Im3[rr]3

Table 27. Conversion table between the SMEFT parameters defined in the general version of
SMEFTsim and in dim6top: parameters that require a basis rotation. Lepton flavor indices p take

values in {1,2,3}. Quark flavor indices r take values in {1,2}.
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SMEFTsim top vs SMEFTGNLO
class SMEFTsim <+ SMEFT@NLO SMEFTsim <+ SMEFTGNLO SMEFTsim <> SMEFTGNLO
) | e - gs cG cW - cWWW
LS).Z’B) cH cp cHbox cdp cHDD cpDC
r ((3 4 cHG cpG cHW cpW cHB cpBB
cHWB cpWB
ﬁg’) ctHRe ctp
ng) ctGRe - gs ctG
cH11 [pp] cpllp] cH13 [pp] c3pl[p] cHd = cHbq cpd
Eéf) cHell cpe cHe22 cpmu cHe33 cpta
cHu cpu cHt cpt
cQj11 cQqil1 cQj18 cQq81 cQj31 cQqi13
£ | cajss cQq83 caat 1 cqat cQas 1 cqas
c11 [pppp] c11 [pppp] c1l [pprr] 2 cll[pprr] | cll(prrpl 2 c11[prrp]
cte[pp] cte(p] ctul ctul ctu8 ctu8
£ | et cttl ctdl = ctbl  ctdl ctd8 = ctb8  ctds
ctllppl] ctl([p] cQe [pp] cQe[p]
[:((380) cQt1 cQtl cQt8 cQt8
cQui cQui cQd1l = cQb1 cQd1 ctj1 ctql
cQu8 cQu8s cQd8 = cQb8 cQd8 ctj8 ctqg8
Lé&i) cleQt1Re33 ctlS3 cleQt3Re33 ctlT3 clebQRe33 cblS3
SMEFTsim topU31 vs SMEFTQNLO
class SMEFTsim <> SMEFTQNLO SMEFTsim <+ SMEFTQNLO SMEFTsim <+ SMEFT@NLO
ﬁg) cHe cpe = cpmu = cpta cH11 cpllp] cH13 c3pllp]
Eésa) cll cll[pppp] =
cll [pprr]
cll1 cll(ppppl =
cll [prrpl
£é8b> cte ctelp]
Eé&) cQe cQe[p] ctl ctl[p]
ﬁégd) cleQt1Re33 y1[3] ctlS3 cleQt3Re33 yl1[3] ctlT3 | clebQRe33  yl[3] cblS3

Table 28. Upper panel: conversion table between the SMEFT parameters defined in the top
version of SMEFTsim and in SMEFT@NLO v1.0, for parameters that have a one-to-one translation.
Lower panel: conversion table between the topU31 version of SMEFTsim and SMEFT@NLO. Only
leptonic coefficients are reported, as the other parameters behave identically to the top case. The
= sign indicates that all parameters need to be fixed to the same value. Lepton flavor indices p take

values p,r = {1,2,3}.
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SMEFTsim top vs SMEFTGONLO
class SMEFTsim— SMEFTGONLO SMEFTONLO— SMEFTsim
£(6) - ctWRe ctW - ctW ctWRe
0 -ctWRe ¢y + ctBRe sy ctZ ctZ/sg - ctW/ty ctBRe
cHQ3 cpQ3 cpQ3 + cpQM cHQ1
£(7) cHQ1 - cHQ3 cpQM cpQ3 cHQ3
6 cHj3 cpg3i cpq3i + cpgMi cHj1
cHjl - cHj3 cpgMi cpq3i cHj3
ﬁéga) cQlilpp]l - cQ13[pp] cQlM[p]l | cQ13[p] + cQlM[p] cQl1[pp]
cQ13[pp] cQ13[p] | cQ13[p] cQ13[pp]
SMEFTsim topU31 vs SMEFT@GNLO
E(Sa) cQll - cQ13 cQM[p] | cQ13[p] + cQ1M[p] cQ1l1
° | cqu3 cQ13[p] | cQ13[p] cQ13

Table 29. Upper panel: conversion table between the SMEFT parameters defined in the top
version of SMEFTsim and in SMEFT@NLO v1.0: parameters that require a basis rotation. Lower
panel: conversion table between the topU31l version of SMEFTsim and SMEFT@NLO. Ounly leptonic
coefficients are reported here, as the other parameters behave identically to the top case. Lepton
flavor indices take values p = {1,2,3}.

— 86 —



SMEFTsim general vs SMEFT@NLO

class SMEFTsim < SMEFTQNLO SMEFTsim <+ SMEFTQNLO SMEFTsim <> SMEFT@NLO
,Cg) cG - gs cG cw - cWWW
E((;’g) cH cp cHbox cdp cHDD cpDC
@ cHG cpG cHW cpW cHB cpBB
0 cHWB cpWB
Eé‘r)) cuHRe33 ctp
[:((;6) cuGRe33 - gs ctG
cH11Re [pp] cpllp] cH13Re [pp] c3pllp] cHdRe [rr]=cHdRe33 cpd
£ cHeRell cpe cHe2Re2 cpmu cHeRe33 cpta
0 cHuRe [rr] cpu cHuRe33 cpt
L((J-Sa) cllRe[prst] cll[prst]
£ ceuRe [pp] 33 cte [p] cuuRe3333 cttl cud1Re33[rr]=cud1Re3333 ctdl
6 cud8Re33[rr]=cud8Re3333 ctd8
cluRe [pp] 33 ctl[p] cqeRe33 [pp] cQe [p]
[:(80) cqulRe3333 cQt1 cqu8Re3333 cQt8
0 cqulRe[rr]33 ctql cqulRe33[rr] cQuil cqd1Re33[rr]=cqd1Re3333 cQd1
cqu8Re [rr] 33 ctqg8 cqu8Re33[rr] cQu8 cqd8Re33 [rr]=cqd8Re3333 cQd8
L8 | clequiRre33ss ct1S3 clequ3Re3333 ct1T3 cledqRe3333 cb1S3

Table 30. Conversion table between the SMEFT parameters defined in the general version of
SMEFTsim and in SMEFT@NLO v1.0: set of parameters with one-to-one conversion. Lepton flavor
indices p take values in {1,2,3}. Quark indices r take values in {1,2}.
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SMEFTsim general vs SMEFT@NLO

class SMEFTsim — SMEFTQNLO SMEFT@NLO— SMEFTsim
E((f) - cuWRe33 ctW - ctW cuWRe33
- cuWRe33 ¢y + cuBRe33 sy ctZ ctZ/sg - ctW/ty cuBRe33
cHq3Re33 cpQ3 cpQ3 + cpQM cHqlRe33
Eéﬂ cHqlRe33 - cHq3Re33 cpQM cpQ3 cHq3Re33
cHq3Re [rr] cpq3i cpg3i + cpgMi cHqlRe [rr]
cHqlRe[rr] - cHq3Rel[rr] cpgMi cpg3i cHg3Re [rr]
clqiRe[ppl33 - clq3Re[ppl33 cQIM[p] | cQ13[p] + cQIM[p]  clqlRe[ppl33
clq3[ppl 33 cQl3[p] | cQl3[p] clq3Re [ppl 33
2 cqqlRe3333 - % cqq3Re3333 cQQ1 % cQQ1 + 2—14 cQQ8 cqqlRe3333
Eé&l) ? cqq3Re3333 cQQ8 % cQQ8 1 cqq3Re3333
5 cqqlRe[r]33[r] + 2 cqqiRe[rr]33 + cqq3Re[r]33[r] cQq11 5 cQqil - {5 cQg81 cqqlRe[rr]33
+ (cqqiRe[r]33[r] - cqq3Rel[r]33[r]) + 2 cqq3Re[rr]33 cQq13 1 cQg81 + 2 cQg83  cqqlRe[r]33[r]
2 cqqlRe[r]33([r] + 6 cqq3Rel[r]33[r] cQqg81 % cQq13 - % cQg83 cqq3Re[rr]33
2 (cqqlRe[r]33[r] - cqq3Relr]33[r]l) cQq83 % (cQqg81 - cQg83)  cqq3Relr]33[r]
£é8b) % cuuRe[r]33[r] + 2 cuuRe[rr]33 ctul % ctul - % ctu8 cuuRe [rr]33
4 cuuRe[r]33[r] ctu8 i ctu8 cuuRe [r]33[r]

Table 31. Conversion table between the SMEFT parameters defined in the general version of
SMEFTsim and in SMEFT@NLO v1.0: parameters that require a basis rotation. Lepton flavor indices
p take values in {1,2,3}. Quark flavor indices r take values in {1,2}.
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Figure 3. Diagram of the pairwise comparisons performed to validate the UFO models. The arrow
indicates the direction in which the SMEFT parameters are mapped.

F Validation of the UFO models

The 10 UF0 models contained in the SMEFTsim package have been validated following the
recommendations of ref. [47]: the procedure relies on pairwise comparisons between models,
based on the values returned for a set of squared amplitudes. Each comparison is performed
with the dedicated MadGraph5_aMC@NLO plugin [123]: given a list of 2 — n processes and of
points in parameter space, the SM squared amplitude |Agn|?, the pure SM-Lg interference
2Re AgmAf and the quadratic £ contribution | Ag|? are calculated at one random phase-
space point for each process and parameter point. The validation is considered successful
if the squared amplitudes evaluated with each model pair agree within a permille. Larger
discrepancies are ignored if they do not show a consistent pattern across different processes
and the squared amplitude is < 1076 for both models.

Figure 3 illustrates diagrammatically the set of comparisons performed: the top,
topU31 and general versions of SMEFTsim have been compared to dim6top (version of May
2020) and SMEFTONLO (both versions of August 2019 and September 2020, only for models
with {mw, mz, Gr} scheme). An internal validation was also carried out, comparing mod-
els with different flavor assumptions and same input scheme, and vice versa. The arrows in
the figure indicate that, in the comparison, the parameters of the first model were mapped
onto those of the latter: the flow generally goes towards more restrictive flavor assumptions.

The validation was performed on the processes listed in table 32, that were chosen
so as to probe most effective operators independently. All Wilson coefficients have been
included in the comparison, with the exception of those inducing flavor-changing neutral
currents.

All fermion masses and Yukawa couplings were retained for internal validation, while
only those implemented in dim6top or SMEFT@NLO were included when comparing to these
models. CKM mixing has been neglected in all cases.

Linearized propagator corrections have been validated with an analogous procedure,
using the processes listed in table 33 and carrying out internal comparisons across models
with same inputs and different flavor assumption. Loop-induced SM Higgs couplings have
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gg>tt gg>uu gg>gsg wt w- > wt w- a wt >z wt Z zZ > ut u-
w+ w- > a a zz>2zz h h > wt w- hh>zz hh>hh hw->t b
hwt >ud h w- > mu- vm hz>bb hz>ss hz>tt hz>uu
ha>bb ha>tt ha>dd ha>cc h z > mu+ mu- hz>vt vt
ha>et e bb >ttt bb >bb bb >uu bb >dd bb >aa
tt >ttt tt >cc tt >ss tt >dd b t>d u uu >uu
uu >cc ss >ss dd > s s dd >cc ud >ud ud >cs
et e- > mut+ mu-|ve ve > vm vm |vt vt > vt vt |e+ ta- > e+ ta- |mut mu- > tat ta-|et e- > et e-
et ve > e+ ve et vm > e+ vm et ve >mut vm bt > e- ve ud > mut vm c s > tat vt
dd > et e- cc >mut mu- |(bb >mutmu- |t t > tat ta- |bb > ve ve s s >vtvt
tt >vmvm uu > ve ve wt w—- >hdd w+t w- > h c c wt w- >htt wt w->hbbD
w+ w- > aaa hwt>aud hw->ae-ve |[hwt>ath hh>huu h h > h tat ta-
hh>hss hh>htt hh>hbbd hh >z ve ve hh>zcec hh>ztt
hh>zete- hh>zdd hh>zb b hh>wre-ve |[hh>w-ud hh>wtt Db
hh>wtw-a gg>gegesg hh>hhh hh>hzz

Table 32. Set of processes that have been used to validate the UFO models.

wt w- > Wt w- zZ zZ > ut u- w+ w- > a a hh>wtw hh>zz hh>hh
hwt>ud hw->mu-vm |hz>ss hz>tt h z > mu+ mu- hz>vt vt
bb >tt bb >bb tt >tt b t>d u uu >uu ss >s s
dd >cc ud >cs e+ e- > mu+ mu-|ve ve > vm vm |e+ ta- > e+ ta-|et e- > e+ e-
et ve > et ve et vm > e+ vm |et+ ve > mut+ vm |bt > e- ve c s > tat vt c ¢ > mu+ mu-
bb >mu+ mu- |[bb > ve ve s s >vt vt uu > ve ve tg>bwt w+t w- >hdd
w+ w- > h c c wt w->hbb |wtw->aaa hwt >aud hw->ae-ve |[hwt>ath
hh>htat ta-|hh>hbbD hh>zcec hh>ztt hh>zb b hh > wt e ve
hh>w-ud hh>wtw-a

Table 33. Set
implemented in the UFO models.

of processes that have been used to validate linearized propagator corrections

gg>tt gg>uu gg>gg a wt > z wt Zz>wtw-|wtw->aa
ha>bb ha>dd ha>cc h a> et e- bb >aa |ttt >z a

wt w->hddjwtw->htt|wtw->hbb|lwtw->aaalhh>zcc/hh?>zet+e-
hh>zdd hh>zb b |gg>gegeg hh>hhh

Table 34. Set of processes that have been used to validate loop-induced SM Higgs couplings
implemented in the UF0 models.

been validated comparing the SM squared amplitudes at one phase-space point for each of
the processes in table 34 with all models.

The output files generated by the MadGraph5_aMC@NLO plugin are available at the
github repository. No significant residual differences are present between models. Only
one exception was observed: potentially large discrepancies are present between SMEFTsim
(both top and general) and dim6top, for the Wilson coefficients cQbqulT, cQbqu8T,
cQtqdiT, cQtqd8T and the associated imaginary parts. These differences have been al-
ready noted in the past and are currently not fully understood.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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