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ABSTRACT: We explore CP-violating (CPV) effects of heavy New Physics in flavour-
changing quark dipole transitions, within the framework of Standard Model Effective Field
Theory (SMEFT). First, we establish the relevant dimension six operators and consider
the Renormalisation Group (RG) evolution of the appropriate Wilson coefficients. We
investigate RG-induced correlations between different flavour-violating processes and electric
dipole moments (EDMs) within the Minimal Flavour Violating and U(2)3 quark flavour
models. At low energies, we set bounds on the Wilson coefficients of the dipole operators
using CPV induced contributions to observables in non-leptonic and radiative B, D and K
decays as well as the neutron and electron EDMs. This enables us to connect observable
CPV effects at low energies and general NP appearing at high scales. We present bounds
on the Wilson coefficients of the relevant SMEFT operators at the high scale A =5 TeV,
and discuss most sensitive CPV observables for future experimental searches.
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1 Introduction

Violation of charge conjugation and parity (CP) is one of the most intriguing phenomena

in particle physics. Experimentally to date it has only been observed in transitions among

different quark flavours. In the past 60 years since its discovery [1], many venues to observe

CP violation (CPV) have been established in b-, c-flavoured hadron and kaon decays as

well as in neutral meson oscillations. Theoretically, within the Standard Model (SM) such

CPV originates from the CKM matrix, or more generally, from the quark Yukawa sector.

Currently, all most precise experimental measurements of CPV from flavour factories are
consistent with SM predictions controlled by a unique CP-odd phase of the CKM, see

e.g. ref. [2].



A second possible source of CP violation in the SM arises from QCD dynamics. This
so-called strong CP violation is flavour universal and conventionally parameterized via the
QCD 6 term. Current experimental limits on the neutron electric dipole moment (EDM)
constrain || < 10710 [3], the smallness of which is difficult to understand and leads to the
to the so-called strong CP problem of the SM. In the limit of vanishing 6, EDMs still arise
in the SM due to the CP-odd phase of the CKM, but are severely suppressed: namely,
quark EDMs receive contributions only at the three-loop level, while in the case of leptons,
they only arise at four loops (see e.g. ref. [4]). Numerically, the resulting neutron dipole

0732 e-cm [5], six orders of magnitude below the current

moment was found to be d,, ~ 1
experimental limit.

Beyond the SM, EDM measurements in several distinct systems allow to disentangle
nonzero # contributions from other possible new physics (NP) sources of CP violation.
Similarly, measurements of CP-odd observables in several distinct quark flavour transitions
allow to search for new sources of CP violation in flavour beyond the CKM phase [6, 7].
However, while contributions to EDMs from flavour non-universal CP-odd phases, and
conversely § contributions to CP-odd flavour observables, are practically negligible in the
SM, this is not necessarily the case beyond SM. Consequently, the interplay between
flavour-conserving and flavour-violating CP-odd observables in the presence of NP requires
specifying the flavour structure of the model (see e.g. refs. [8, 9]).

The SM gauge-kinetic sector is invariant under a global flavour symmetry

Gr=U3)° =U(3)y x UB)w x UB)a x U3); x U3)., (1.1)

where g, u, d, [, e denote the left-handed quarks, right-handed up and down quarks and
left- and right-handed leptons, respectively. The fermion Yukawa couplings to the Higgs
(Yu.a.e) act as the only (spurionic) sources of Gp — U(1)* = U(1)g x U(1)e x U(1), x U(1),
breaking in the SM.! While in general, any flavour structure even beyond SM can be
parameterized in terms of a finite power sum of SM Yukawas [10], the hierarchical structure
of quark masses and nearly diagonal form of the CKM allow for an efficient flavour breaking
expansion and power counting. Models beyond SM respecting this power counting, where
formally the leading flavour breaking sources are proportional to the lowest powers of
the SM Yukawas, are called Minimally Flavour Violating (MFV) [11]. While such a
prescription completely determines the flavour breaking patterns even beyond SM, it does
not preclude the appearance of new (flavour universal) sources of CP violation. Consequently,
experimental searches for EDMs put strong constraints on such contributions [4, 11]. To
mitigate this, conventional definitions of MFV include the requirement/assumption that
the SM Yukawas are also the only (spurionic) sources of CP violation even beyond SM,
resulting in suppressed contributions to EDMs [12].

The idea of controlled spurionic breaking of G can be developed beyond MFV and
leads to so-called U(2)? flavour models [13, 14]. These build upon the observation, that
the top Yukawa coupling is the only O(1) flavour breaking in the SM, leading to a pattern
U(3)q x U(3)y — U(1)s x U(2)q x U(2),, which is only further broken by small terms of
the order of |Vis|, m./my, etc. The hierarchical structure of the CKM furthermore dictates

'Here we are neglecting the breaking of lepton flavour numbers due to small neutrino masses since they
are irrelevant for the observables studied in this work.



the simplest spurionic structure of such U(1); x U(2), x U(2),, breaking terms. The main
difference of U(2)? flavour models with respect to MFV (related to both a smaller symmetry
and an increased number of spurions) is the breaking of correlations between processes
involving the third fermion generation versus those involving only the lighter two, including
the appearance of additional non-universal CP-odd phases unrelated to the phase of the
CKM. This in turn generally leads to significantly different predictions and correlations
between EDMs and flavour-violating CP-odd observables.

Recently the authors in ref. [4] analyzed EDMs of charged leptons and neutrons in the
presence of heavy NP within the framework Standard Model Effective Theory (SMEFT)
at the one-loop level, including both renormalization group (RG) running contributions
and finite corrections. They considered both flavour universal (U(3)? symmetric) scenarios
as well as MFV and U(2)? flavour models and derived bounds on the various spurionic
contributions.

In the present work we investigate complementary flavour- and CP-violating effects of
heavy NP, and study correlations between different flavour-violating processes and EDMs
both within MFV and U(2)? flavour models. To this end we consider dimension-6 effective
operators within SMEFT that can contribute to CPV dipole transition observables at low
energies, both via direct operator matching (and matrix element computation) as well
as through RG mixing effects. We consider CP-violating observables in non-leptonic and
radiative B, D and kaon decays as well as the EDM of the electron and of the neutron.
Particular attention is paid to flavour-violating contributions to the latter due to long-
distance hadronic effects. These were first studied in ref. [15], where it was shown that
the ¢ — u chromo-electric dipole operator can induce the neutron EDM at the level of
1073 e-cm via tree-level second-order weak interaction effects. We generalize these results
to other flavour- and CP-violating dipole contributions and compute the relevant (heavy)
baryon exchange contributions for ¢ — u, s = d and b — d transitions.

The purpose of our study is twofold. First, by studying the RG evolution of flavour- and
CP-violating operators, we can establish a connection between observable CPV effects at low
energies and general NP present at some high scale. Secondly, our low-energy phenomeno-
logical analysis summarizes existing constraints on CPV dipole transition operators. It can
serve as guidance for experimental and theoretical improvements in the future. The paper
is structured as follows: in section 2 we introduce the SMEFT operator basis relevant for
low energy CPV dipole transitions and present the relevant RG evolution equations (RGEs).
Section 3 reviews the flavour expansion of SMEFT within MFV and U(2)? models. In
section 4 we analyse the relevant low-energy phenomenology from flavour- and CP-violating
dipole transitions. The resulting constraints on particular SMEFT flavour scenarios are
shown in section 5. Finally in section 6 we present our conclusions and prospects for
the future.

2 SMEFT framework

In this section we define the general framework for our analysis. First, we write out the
relevant operators in the SMEFT basis in section 2.1. We consider all operators that
participate in generating flavor-changing dipoles either directly, via RG running or via finite



matching corrections. We consider their interplay through RG running in section 2.2. Then
we perform the matching to Low Energy Effective Field Theory (LEFT) [16] at the weak
scale, as detailed in section 2.3. Together with the leading log contributions, we also take into
account non-negligible finite one-loop threshold effects and two-loop matching conditions.

2.1 Operator basis

We work within the context of SMEFT valid at scales below any NP mass thresholds but
much above the electroweak symmetry breaking (EWSB) Higgs condensate v = 246 GeV.

The effective Lagrangian is?

1
L=Lsv+ 45 > (CiQi+he.), (2.1)
Qi#Q

where Lg\r is the SM Lagrangian, A is the relevant operator suppression scale, the sums
run over the (non-hermitian) local dimension-six operators Q;, and C; are the respective
Wilson coefficients. We work with the so-called “Warsaw” basis [17], where leading heavy
NP contributions to the quark dipole moments are parameterized by the operators

QuG = (QPUMVTAUT) I:IGAHV ) QdG = ((jpo'uuTAdr) HGA'LW s
pr pr

QuB = ((jpguuur) HB"™, Qi = ((ijuydr) HB"
pr pr

Quw = (Gpoywuy) T*HW ™ Qaw = (Gpoywdy) T*"HWHY (2.2)
pr pr

Here H is the Higgs doublet, with H = ioo H*. The gauge bosons in the unbroken phase
are G, W and B, with 7 and T the generators of SU(2);, and SU(3), respectively. The
left-handed quark doublets are represented by ¢, while the right-handed singlets by u and d;
the quark generation indices are p and r. These operators generate dipole moments below
the EW scale at tree-level, by integrating out the H fields and rotating the SU(2)z bosons
by the weak mixing angle.

As we discuss in the next section, under one-loop RG evolution the above dipole
operators mix into Yukawa-like operators

Quit = (HTH) (qurﬁ) . Qunr = (HTH) (Gpd H) . (2.3)

In addition, both the dipole and Yukawa operators receive RG running and EW matching
contributions from additional sets of operators. First are the Higgs derivative operators

Q= (H liD,H ) (@7"qs) | oy = (H%’BZH) (@7 qs) |
Q}Zsu = (HTiB“H) (ury"us) QI;ISd = (HTZ'B#H) (Czr’Y“ds) )
Qirua =i (H'D,H) (a:7"ds) | (2.4)

2For brevity we omit the single dimension five lepton number violating Weinberg operator, which does not
affect our analysis as well as possible hermitian operators (Q; = QI) since they do not contribute to CPV.



where D* = 9 —ig1 Y B* —igor, W —igsT4G* is the SM covariant derivative, with Y the
U(1) hypercharge and g;1, g2, g3 the gauge couplings of U(1), SU(2)r, SU(3) respectively.
The left-right derivative is defined as H'iD,H = H'iD,H — H'iD,H. Second group
consists of four-fermion operators

Qf;u)qd = ((Zj"us) €k (ljl;dt> ) Qgi)qd = (gﬁTAus) €k ((jI;TAdt) ,
rspt rspt

Q(;l)t = (QTVuQS) (ﬂp’}/#ut) , Q(gq)L = <QTTA’Y/LQ3> (ﬂpTA'Y#Ut) ) (2'5)
rspt rspt

where j, k are SU(2), indices and €/* is the Levi-Civita tensor.

On the other hand, here and in the following we neglect additional purely bosonic
operators, e.g. Qs = H tH GﬁyéA"” , as they do not depend on any flavour index. Namely,
both their contributions to operator mixing via RG and to matching conditions at the weak
scale vanish for flavour-changing transitions.

2.2 Renormalization Group evolution and operator mixing

The basic assumption in this work is that any NP mass thresholds are much above the EW
scale. The RG evolution of Wilson coefficients from the UV (NP) scale down to the IR
(EWSB) scale is the first mechanism responsible for the interplay of different operators in
low energy observables, due to operator mixing.

The complete set of one-loop RGEs for dimension-six operators in SMEFT was derived
in refs. [18-20]; furthermore, packages like wilson [21] and DsixTools [22, 23] have been
developed to solve the system of RGEs numerically and compute the Wilson coefficients at
any scale. We detail our approach for the full numerical analysis in section 5.1. Here, we
outline the relevant mixing for the subset of operators listed in the previous section, from
egs. (2.2) to (2.5). This is intended as a guideline to understand the behaviour of various
operators with respect to quark dipoles, as these are the main focus of this manuscript.

We start with the dipole operators themselves. At one-loop order, their RGE running
and mixing consists of two types of terms, one from purely gauge interactions, the other
from Yukawa vertices of the Higgs field. For the Wilson coefficients of the up-quark dipoles,
we can write

Cuc 91293 Cu pow) +7°Cuc+ [(ﬁ% ~d2) CuG} T [Cac (YuYa)l,s »
+Y7

) CuB(W)} T {CdB(W) (Yqu)} .

S

(2.6)

CuBW) X g1(2)93 C?LG—&-QQC%B(W) + [(173

while the expressions for Cq¢ and Cg4 B(w) can be obtained from these by replacing u < d.

The scale derivative is defined as C = (47)2dC/d In 1, whereas r, s are flavour indices, g1.23
are the gauge couplings, and Yy, Yy are the quark Yukawa matrices. The factors 2, Yf, ffd2
indicate particular combinations of the gauge couplings and Yukawa matrices appearing in
the full expressions, where we have omitted different contractions of flavour indices for the
sake of brevity. At this point, the exact form of these factors is not relevant, as we are only
interested in their parametric contribution to the mixing.?

3For details on the exact flavour structure of the above RGEs see e.g. ref. [19].



From eq. (2.6) it is clear that gauge interaction contributions dominate the dipole RGEs,
as they preserve the exact flavour structure (see section 3 for the detailed expressions): any
suppression from small flavour braking parameters cancels exactly between the left- and
right-hand side of eq. (2.6). Conversely, the relevance of both Higgs-exchange terms of the
order Yi 4 Will depend on the flavour scheme assumed. In particular, the mixing between
up-quark and down-quark dipoles induced at this order and proportional to Y,Y; might be
phenomenologically relevant. Lastly, notice that the operators Q,p do not enter the dipole
RGEs at this order; that is, non-standard Yukawa-like interactions in the UV do not induce
contributions to dipole transitions through their RG flow at one-loop (see also ref. [24]).

There is an additional contribution to the dipole RGEs, coming from chirality-flipping
four-fermion operators Q((li)q g and Qéi)q 4> see eq. (2.5). We have

CuX X gXCquqd (Yd)pt 5 CdX X gXCquqd (Yu)pt ’ (27)
rs psrt rs rtps
where X = B, W, G and gx is the respective gauge coupling. These equations show that
the Qguqq operators contribute to both up- and down-quark dipoles, proportionally to a
single power of the down- and up-Yukawa, respectively. The effects on the latter ones in
particular could thus be relatively enhanced by the top quark Yukawa contributions.
Next we consider all SMEFT operators whose RGEs are coupled to those of dipoles.
This is the case for the Yukawa-like operators, where (fq H receive the dominant contributions
of the form

Cumgx [(Yuz—i-f/f) CuH:| rs—i—CiH (Yqu)ts+ {(92—’_}73) CUB(W):|T‘S+ [YuzCuG}r , (2.8)

s S

and similarly for Can by use of the replacement u <> d. Note that the electroweak dipoles

Cup(w) also contribute through a gauge interaction term, not suppressed by small quark
masses or CKM factors.

Two additional contributions to the right-hand side of (2.8) come from the four-fermion
operators, Qg and Qg,qq- We have

CTugH X [Cquqd?dg} s + [Cquf/;ﬂ s CdH XX {Cquqd?i)} e (2.9)

rs

Although the Yukawa suppression here is of the third power, it shows that these four-fermion
operators can connect the Yukawa and dipole sectors: Q¢ mixes into both via RGE,
while Qg participates to the Yukawa RGE and then matches to dipoles at the electroweak

4 This is important for the phenomenological analysis: on one

scale (see next section).
hand, NP that generates only C,p at the high scale cannot induce dipoles at lower scales at
one-loop order. It is then unlikely to probe the effect of C;y via flavour-violating dipole
transitions at low energies. On the other hand, non-zero dipole operators C,pmy)q) at
the high scale do RG mix into the Yukawa-like operators, and can in principle be probed
through Higgs induced flavour- and CP-violating processes at low energies, such as neutral
meson oscillations (see section 4.6). Finally, high scale NP contributions to Cyyuqq and Cgy

will generate low-scale effects in both Yukawa-like and dipole operators.

4The operator Qgq mixes as Cam x quYdS, which we find to be numerically negligible.



The two four-fermion operators of interest have a rich RG mixing structure; however,
any other operator that mixes into them but not with the Yukawa or dipole operators
generates only a two-loop suppressed effect. Thus the relevant part of the RGE is
+ [Cquququ} )

prst

5 2
Cqu x [Cunu]
prst pTSt

(2.10)

Cquqd X [Cunqu] + [Cquqd (Y/HZ + Yd2> } .
prst prst prst
Finally, there is an additional set of operators, {ng), Qnuds QHus, QHal, that mixes
into Qqu. However, their contributions are always suppressed by small quark masses, thus
we neglect them in the rest of this work.

2.3 Matching at the electroweak scale

Around the EW scale the weak gauge bosons, the Higgs and the top quark become heavy
degrees of freedom. At lower energies, they are thus integrated out, and we consider a new
low energy EFT — LEFT, with particles lighter than m ;7 as the only dynamical degrees
of freedom. We impose the appropriate matching conditions between the two theories above
and below the matching scale py,. The matching is computed consistently to one-loop
order and the uy dependence is matched (cancelled) exactly against the corresponding
terms in the RGEs. The only exception is the 2-loop matching contribution of the modified
Yukawa coefficients into the (chromo) EDM LEFT operators. In particular, the finite
2-loop contribution to the electron EDM has been shown in refs. [25, 26], to be numerically
dominant in this specific case.

The relevant LEFT Lagrangian describing flavour-changing dipole transitions among
quarks reads

Ligg = s Qlr + B2 QFL +hec., (2.11)
where
/ g _
fos = gy ama (T0T* (1 £ 7)q) G
’ e _
Tyt = 353 (@0 (1 £75)q) P, (2.12)

are mass dimension 6 operators, and the respective Wilson coeflicients are dimensionful
with mass dimension —2. Here g; = g3 and e = g1 cos Oy = gosin Oy are the QCD and
EM gauge couplings, respectively. The sum over quark flavours is generation (and mass)
ordered so that mg > mgy, where q denotes a quark field in its respective mass basis.
The flavour-violating Yukawa interaction can be described by the renormalizable
Lagrangian
Lt =~ (@har) b+ hec., (2.13)

where the coefficients cg;? are dimensionless.

The full one-loop matching conditions of SMEFT onto LEFT have been calculated in
ref. [27]. Before proceeding, notice that our notation in eq. (2.11) differs from the one in
the latter reference, where the dipoles are defined as dimension 5 operators through

LE =% qry (0 X)qps +hec., (2.14)



and ch";(, where rs are flavour indices, has inverse mass dimension; here X = F,G is a

photon or gluon field strength. For simplicity, we have suppressed gauge indices. The
translation to the coefficients in (2.12) (through identification Eggf( = C%ffm/) then reads

a¢ _ Ys a \* dq _ Ys aq’

Co = 39,2 2my (CSG7> , CoG = 39,2 quchJr ,

aq _ € ¢ \* dq _ € qaq’

CqF = 35,2 2my (077_> , CF = 553 2mgcry - (2.15)

Our main focus is flavour-changing transitions, thus we first consider the case where
q # ¢'. At this order, the SMEFT dipole operators can be matched onto LEFT by simply
integrating out the heavy degrees of freedom in the broken EW phase, that is the Higgs H
and the weak gauge bosons W and Z. We obtain

v
T8

cp=—== | cwCqB — suC W>
a \/§A2< : )
rs

v
CqG—m CTqSG, (216)

where s,, and ¢, are the sin and cosine of the weak mixing angle respectively. Similarly, for
the Yukawa operator we have in a particular quark mass basis

2

rs

[

Note that the above matching is independent of the matching scale py and does not include
any extra terms from other operators.

At higher loop orders, however, additional terms appear in the matching conditions
in egs. (2.16)—(2.17). Following the same approach as in the previous section, below we
outline the main contributions, which are taken into account in the numerical analysis, see

section 5.1. The four-fermion operators Q,(I}L’S) generate up-quark chirality-flipping operators
via closed loops of massive top quarks;® the resulting matching contributions are of the

form

gimg
% o C

LR Che

g3my
at o =—C gy ,
AT TR

3

m m
s x —L ¢ {1 ln<)]. 2.18
wY T pA2 3?423 * bw ( )

In the case of dipole coefficients, this is a purely finite term, while the Yukawa receives
both a finite and a renormalized contribution [27].

Similarly, the chirality-flipping four-fermion operators Qg,4¢ match onto dipoles and
Yukawas at one-loop. Given their flavour structure, they generate down-quark operators by

®Similarly, the operator Quq can contribute to the down dipole coefficients, although with a factor m;
from the bottom-quark loop.



loop-contracting up-quarks, and vice versa. Contrary to the previous case, the top-quark
enhanced contributions are then

rs gimy my
CdF X 7cquqd 11'1 <> 5
A2 733s )LLW

g3my my
ity o ==CoygaIn | — | ,
iy 25 i ()

r33s

3
i % T35 Con [1 +ln <;”V;)] . (2.19)
The corresponding contributions to the up-quark operators are instead suppressed by at
least mp/v. Note that here the matching contributions to dipoles are purely logarithmic
with the coefficients matching those of the corresponding SMEFT RGEs, see eq. (2.7).
Finally, at the two-loop order, operators Q, i qi generate additional phenomenologically
important contributions to eq. (2.11) as well as to leptonic dipole operators defined via

cf =ty (0-F)lp, +he.. (2.20)
The contributions proceed through Barr-Zee type diagrams [25, 26], where the SMEFT

operator is inserted in the fermion loop. As before, here we give the parametric dependence
of the leading matching terms:

2
rr 2 U my 1 mp
Cdr X 9193733 [(W) —-In <A2 )] Cdf’ (2.21)
2
v ™My , mi ,
Cue o< 93A2 {gg (mh> chgé p N 1+1In (m%/v>] sz(l -0 p)} , (2.22)
v my \ 2 1 m2

v my rp 2 My,
o< 915 4 9 (o )@m :
“u A2 { mp pp mqp
m

v my, 2
h

33 d=cb

1 + ln <2>‘| qH 1 - 5Tp>} 5 <224)
myy
2
-
my,

} (2.25)

where in the last expression )y = 2/3(—1/3) is the up (down) quark electric charge. Quark

dipoles receive the dominant matching contribution from the CP violating Higgs coupling
of the same flavour, that is, by insertion of the SMEFT operator on the external quark
legs. The chromo-dipole coefficients instead receive the most relevant contributions from
CP-violating Higgs couplings to light quarks (up, down and strange). The second term in
egs. (2.22) and (2.24) is indeed the dominant one for » = 2, 3. Lastly, the two-loop matching
to electron EDM is dominated by the top-quark loop, the first term in eq. (2.25); however,
large quadratic logarithms lead to contributions from the bottom and charm quarks that
are only an O(5 — 10) smaller, and we show them for completeness.



3 Flavour expansion in MFV and U(2)3

When simultaneously considering SMEFT contributions to various flavour-changing and
flavour-conserving processes, in addition to a consistent expansion in terms of operator
dimension, gauge, and Yukawa couplings, one also needs to specify the flavour structure of
the operators. In this section, we explore two schemes for the flavour-breaking patterns in
SMEFT: MFV and a U(2)? symmetry-based flavour expansion. In both cases, we define
the spurions that parameterize the explicit flavour symmetry breaking and carry out the
expansion of operator coefficients to the relevant leading order.

3.1 MFV

MFEV models respect the flavour-breaking pattern of the SM, that is, the only spurions that
break the flavour group, eq. (1.1), are the Yukawa matrices. The spurion transformation
properties under such a group can be derived from the SM Lagrangian. The up- and
down-quark Yukawa couplings are defined in terms of dimension-4 Lagrangian terms as

Ly = —qYyuH — §Yyd H + h.c., (3.1)

where H = ir?H*. Under the quark flavour subgroup, G, = U(3), ® U(3), ® U(3)4, the
quark fields transform as

q—=Uyq, uv—=Uyu, d—Ud, (3.2)
where Uy ,, ¢ are the U(3) transformations in the fundamental representations, i.e.
q=(3,1,1), uv=(1,3,1), d=(1,1,3). (3.3)

In order to maintain the Lagrangian in (3.1) formally invariant under the flavour symmetry,
one promotes the Yukawa matrices to spurionic fields, transforming as Y,, = (3,3, 1), and
Yy = (3,1, 3) under G,. Explicitly, they transform as

Y, = UYL UL, Yy = UYUs. (3.4)

In the MFV setting, the transformation properties of Yukawa matrices and quarks, eqs. (3.4)
and (3.2) respectively, are all the ingredients needed to write down the spurion expansion of
various fermion bilinears. We derive explicitly the expansion for chirality flipping bilinears
as an example.

The chirality flipping bilinears, present in the dipole operators, transform under U(3)3 as

¢Tus=(3®1,1®3,1) (3.5)

where I is the scalar or tensor Dirac structure, which we will omit in the following. To
obtain a singlet under G, we can contract this bilinear with Y,;*: the latter transforms as a
3 under U(3),, thus from the tensor product 3 ® 3 = 1@ 8 we can obtain a singlet structure,
by appropriately contracting the flavour indices. Similarly, Y, is a 3 under U(3),, and we

~10 -



can obtain a singlet by contracting it with the fundamental representation. The simplest
flavour structure is

Cux Qux = FX (Grug) Y7* + hc.. (3.6)

Here we have introduced our notation for the flavour-independent expansion coeflicients
FQSZXJ) the subscript indicates the associated operator, in this case, Q,x with
X = B,W,G, H, while the superscript is the order of the respective contribution in
Yu and Yd.

Higher order terms in the expansion can be obtained via insertions of arbitrary powers
of bilinear contractions, (Y,Y;)” and (YdeT )™, in such a way that the transformation
properties are respected. That is, whatever the structure of C,x is, it should transform in
the same way as Yy, i.e. Cux — UyC, XU:[. We then get the following expansion

Uu.

Cux = Fo Y+ FSO (Y v s+ B0 (Y 2y e+ (3.7)
+F v v+ FSP v vy v+ ESP (v vay v+,

where the dots denote terms with higher orders of Y, Y;f. Due to small down-quark masses,
the expansion in (Ychzf )™ converges rapidly (assuming perturbative F §<n,m)). On the other
hand, the expansion in (yuyuT )" in general needs to be resumed due to the y; ~ 1 entry.®
For example, in the up-quark mass basis I +a1[Y,Y,/] +az2[Y,Y,/]?+- - amounts to a matrix
diag(1+ O(y2), 1+ O(y2), O(y;)). Thus, we can effectively absorb contributions from higher
orders of Y,,Y,l in the first line of eq. (3.7) into a single term (denoted FIEC)}O’O) ) as

N O(y3) o .
FY Ye + O(32) ~ FOOVEs 4 FY5,56,. (3.8)
O(yt)

The resummation thus reduces the number of independent spurions to two, following the
flavour-breaking pattern induced by the large top Yukawa: U(3) — U(2) x U(1) [28, 29].

(n,0)
However, as we see, )y

rs

are always flavour conserving in the up-quark basis and are
well constrained by EDM measurements [4, 30]. Only terms including powers of Yy can
entail explicit up-quark flavour violation. Focusing on flavour-changing and CP-violating
transitions, the first relevant coefficient in our phenomenological analysis is then FS;Z).
More generally, the second line of eq. (3.7) represents the leading contribution in YdeT

insertions (and all orders in Y, Y,). Again inserting the (Y,Y,)" resummation, it reads

1 Yu
1,2 i
F¥@ I 1 VyleeRyi |y,
Oy O/ |,
12 yu‘vub’2 chubV;[; O(yt)vubvtz
~FOP 2 | gV, el Va2 O(w)Va Vi (3.9)

YuO W)V Vi, YO (y) Vi Vs O(ye)|Vio)?

rs
1,2 . 1,2 .
=~ Fqu Vg2 Viy wYa + Fu(gfo V42 6,3V Y’

+ FSP 32 ViaViibas + FAX™) i sl Vo 2613,

SFormally the expansion is always a polynomial of finite degree [10], and in the case of linear MFV only
two coefficients are expected to be relevant.
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where V' is the CKM matrix and Yddiag = diag(yq, s, y»). We have checked that y4, ys can be
safely neglected in V(Yddi‘rj‘g)h/'T and we do not consider them. The resummation of the large
top Yukawa again reduces the number of relevant spurions following the U(3) — U(2) x U(1)
breaking pattern. In practice, since the more general U(2) flavour scheme (see next section)
predicts exactly the same pattern of flavour breaking, we restrict our MFV phenomenological
analysis in section 5.2 to only the first term (Flgf))

The hierarchical structure of the CKM allows to perform the above resummation
explicitly in any basis and with consistent results. For the down-type dipole coefficients we

have, in the down-quark mass basis
Cd,X = chgél)YJS + Fé?{,l)(Yuyij)rs + Fé;l(,l)([yuyj]QYd)rs +.. (3.10)
= ch8(’1)(Yddiag)7’s + Fg(’n th (Yddiag>rp thVZZ +ee

As expected, now the leading contribution to flavour changing dipole processes among

down-quarks will be proportional to F (gél).

Note that here the large Y, resummation
reduces the number of relevant terms to just the two leading ones. The leading charm
Yukawa contribution is at least an order of magnitude below y? term in s — d processes.
It is clear that, once the order at which we truncate the (Y;) expansion is fixed, all
terms and respective coefficients in (3.7) and (3.10) will enter into the RG mixing, the
threshold matching, and will also contribute to observables. The same line of reasoning can
be applied to four-fermion operators, eq. (2.5), with additional complication that we need to
consider the expansion of two bilinears. We report decompositions under the MFV flavour

assumption of the SMEFT operators considered in this work in the following compact form:

Cux = FSP(vyivyrs + ..., (3.11)
Cax = FD (VL YIvy)s + ... (3.12)
Cauad = Framd YooY + ELIYPYTE 4 (3.13)

rspt
Note, however, that all the terms in the expansion of @4, under the MFV assumption are
hermitian:
chermitian = [ERO (v, v, + FOD (Vay )] o7 + EROWipys + ... (3.14)
rspt

hence we do not consider them further.

3.2 U(2)3 symmetry

The U(2)? flavour scheme is based on the idea of disentangling the third-generation Yukawas
from the first two. While in principle the top-quark Yukawa is the only O(1) flavour
breaking parameter in the SM, the hierarchical structure of both up- and down-quark
masses suggests the following breaking pattern of the quark flavour group

U(3)3 = U(2)g x U(2)w x U(2)g x U(1); x U(1)y. (3.15)

That is, the flavour symmetry group distinguishes light (first two generations) and heavy
(third generation) quarks. As a consequence, in the limit of exact symmetry flavour
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transitions among the light quarks are completely decorrelated from the heavy sector.
Importantly however, the last two factors, U(1); x U(1),, must also be explicitly broken
by allowing for small mixing of the third generation with light quarks, which is necessary
to reproduce the hierarchical non-diagonal structure of the CKM. This in turn leads to
correlated effects in heavy-to-light quark transitions.
The spurions responsible for the leading breaking of U(2)? groups, denoted with A,
and Ay, transform as
A, =(2,2,1), Ag=(2,1,2) . (3.16)

The mixing of the third and light generations can be induced by adding another spurion
charged under U(1);. It needs to be a doublet under U(2),,

V,=(2,1,1), (3.17)

and is responsible for breaking of U(1); x U(1);. Following ref. [13] and [31], we start with
the quark Yukawa matrices in the basis

Y, = BuVy) Y, = Aa 073 (3.18)
0 w 0w
where
0 o0 é, 0
V. — A, = Un e A, =yt (% 3.19
q <6q> Y u (0 5u> ) d d <O 5d Y ( )
and ,
g
Uy = ( cu S“) . Ug= ( a4 c $d> : (3.20)
—Su Cu —e "Msy;  cq

are unitary matrices respectively. Here and in the following we use abbreviated notation
¢z =cosx and s, = sinx.

All the parameters in the decomposition above are physical [31], thus it is possible
to directly connect them to CKM and mass factors. By requiring that it reproduces the
structure of SM masses and mixings, we can estimate the size of the spurion parameters [32].
The parameters 0); and dq correspond to Yukawa couplings yq and ys, respectively, whereas
the small parameter €, is responsible for mixing the third and light generations. Parameters
d;, and d,, correspond respectively to up-quark Yukawas y,, and y. up to linear order in €.

In order to fix the values of the parameters in the spurion parameterization, and for
easier matching onto the up/down-diagonal Warsaw basis, we diagonalise the Yukawa

matrices in eq. (3.18) via bi-unitary transformations
Y! =W, Y, Vi,

veoore p (3.21)

Yy = WYV,

where }A/u,d denote the diagonal Yukawa matrices. The CKM matrix is then given as
Voxum = W W,. From eq. (3.18) it is straightforward to see that

.|.
Wy = (Uod (1)> , Va=1. (3.22)
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The up-quark rotation matrices read

cu —Su 0 0 0 dsu
W,=1 su. cu ;—j , V, =1+ 57% 0 0  ducu |, (3.23)
_% _62% 1 —0!,8y —0ucy O

where we have omitted terms of order O(e2, 82, 62). Note that the above matrices do not

correspond to the CKM matrix in standard phase convention (as used in the PDG) and
we extract mixing parameters 6,, 04, og and €¢; by matching them to CKM rephasing
invariants:

1/2
|Vus| = (cﬁsisz + (cysqcosag — cdsu)2> ,

[Veo| = legeu/yel Vsl = legsu/yel (3.24)
6?1 S4Cd SuCy Sin g
- 2
Yi

J =

The relations for CKM moduli are valid up to O(eq, 58)) while the expression for J is valid
up to 0(63, 61([)). The values of the rephasing invariants are given in the appendix A. In our
calculations, we use exact expressions for W, 4, V;, 4, and for the rephasing invariants. One
possible set of values of the spurion parameters that reproduce the physical information in
CKM is 03 = 2.9258, 6, = 0.085477, ¢; = 0.032230, oy = 1.63147, however this choice is
only one of the many discrete possibilities which satisfy eqs. (3.24). Furthermore, additional
quark field rephasings are required in order to obtain the CKM matrix, Vogym in the
standard PDG phase convention. For convenience, we explicitly give the rotation matrices
Wi, Vu,a that correspond to such a phase convention in appendix A.

Having the numerical sizes of these parameters, we can define consistent power counting
for the expansion. We truncate the series at O(10~%) level, that is, we expand up to factors
of order O (Vq2, Ay.a X V}Z) Such expansions have been already performed in [31, 32].

As a useful example to gain insights into this flavour scheme, here we report explicitly
in matrix form the expansion of a LR bilinear. In the basis of Y& 4» We can conveniently
write the flavour expansion in U(2)? for up-dipoles as [31, 32

Fl(L)A{“)égcu - Féﬁ“)éusu 0
Cux = (55%0)%5“ (@5%“))%% e |+ (3.25)
g r=u g =

Flote .50 Pt s, FY

where, similarly as in the MFV case, we denote the expansion term corresponding to a
spurion A as Fgl{). The term A = 1 indicates no spurion insertions, A = V; one insertion of
the V; spurion, and so on. Independent combinations at the same order in the expansion
will have different accents, e.g. Fé?, FIE’;(), }3’15}4(), .... The pattern of flavour violation in
eq. (3.25) can be easily understood by the structure of spurions entering the quark Yukawas
in eq. (3.18). The zero-th order term, Fzgg, appears in the 33 entry only. Transitions among

the light quarks are instead dictated by a single insertion of A, that is FQE)A(“). Transitions
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between the third and the light generations go through V,, which at leading order mixes
the third and the second generation, the FQS‘)/(?) term. Finally, mixing of the third with the
first generation appears only at order A, ® V; with Fé;‘“b‘“).

We furthermore report the decompositions under the U(2)3 flavour assumption of the

SMEFT operators considered in this work in the following compact form:

Cux = F V0,383 + F\ 363V + F 3 arsap Al + F 26 500(VIA)S,  (3.26)

Cax = ch;() (5T3(553—i—F(g)‘?)aTgésgVZ—i—Fé;A(d)OdrgOésgAgs—i—Fé;/(q’Ad)drgasg(VqTAd)s R (3.27)

Cq::g;i =F, q(iz,df»s 0s30p30i3+F éﬁ;ar35s35p35t3 V/+F, 51‘2557:3553%35753 VP
+E ) 050030V VE+ F2) 00,50 AL+ 6,56 508003 AP
+F q('ﬁ;Zl) Or30rs30p30i3 AL+ F q(chél) Qr30530p3003 AT
+Fq(:fq]dAu) r300s30p3043 (VZJT AV +F;£§“)argasgap35t3Azs vy
+Fq(L/§dAd) 0r30530p30113 (VqTAd)t +Fq(;/;dAd)Oér3(ss3Oép3at3VZAZt
+ BV saranadig VAR + BV 0,06 o sans ALV (3.28)

C qu = Fq(XQ)aT3553ap3O‘t3‘/qr5pt+F(](XQ)05T36535p36t3‘/qr+Fq(uA“)ar36535p3at3AZt

rspt

+Fq(;/un)aTSO[sS(spBat?)(V;]T)SAZt +Fq(quAu)ar3a535p3at35rs(VqTAu)t

+Fq(Xun)5r35s35p3at3(V;]TAu)t7 (329)

where o, = (1 — dy5) is used to reflect the fact that V,, A,, Ag only act on the first and
second generation fermions, and there is no summation over repeated indices. Note that,
contrary to the MFV case, some of the terms in the expansion of )4, are non-hermitian.
For completeness, we also list the Hermitian part of Qg

h iti 1 (1 (1
C qeurrnl = Fq(u) ar3a53ap3at35r55pt + Fq(u) 047"304535]33515367’5 + Fq(u) 57‘3583041930515351715
rspt

~ V2 r s

+ Fq(i)57«35535p35t3 + Fq(uq )ar3045305p304t3‘/;1 (VqT) pt (330)
= (V72 r s

+ Fq(uq )ar3as35p35t3v;1 (V:]T) )

which is not considered further in this work. All of these expansions are done in the basis of
Y,,Y; in eq. (3.18). To match onto the up- or down-diagonal quark mass basis we perform
the following rotations of the quark fields with the rotation matrices defined in eq. (3.21):
u — Vyu, d = Vgd, and ¢ — W, qq for the up/down-diagonal mass basis, respectively.
Explicit forms of the rotation matrices that also reproduce the CKM matrix in standard

phase convention are given in appendix A.

4 Low energy constraints on flavour and CP violating operators

In this section, we present the phenomenology of flavour-changing and CP-violating dipole
operators in eq. (2.12), in low energy observables. We first reiterate the contributions of
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Process Bound Sec.

nEDM o, — 8.2 +0.56 &3, 4.1

eEDM [0.16 Im (c33,) 4+ 0.27 Im (¢?3) + Im (c33,)| < 7.9 x 107* 4.1

nEDM (c = u7) (e, — et )| < 90 Tev 2 42

nEDM (b — dv) ‘cosvlm (cl%‘flyi — ) —siny Re (cl%‘,’lyﬁr — )’ < 6.8 x 103 TeV 2 4.2

nEDM (s — dvy) i (e, — 32 )| < 2.3 x 10° Tev 2 4.2

AAcp(DO) [ (et (uw) )| < 0.05 Tev =2 43

Acp(D° = p7) ’Im <c%i(uw))‘ < 40 TeV 2 43

/e —0.87TeV 2 < Im(c§d, (pew) — Im(csd,_ (umw)) < 0.47 TeV 2 4.4

B(Kp — mete) Im(cse, (new) + 52 (new))| < 4.86 TeV > 4.4

Acp(B — X7), T(cb, (pew )| S 0.3 TeV—? 4.5
B(B — Xv) Itm(cs, (upw))| S 0.5 TeV 2

BB - Xv) T(cbs_ (ppw)| S 0.5TeV 2 4.5
[ (cf;_(pew))| S 2TeV—?

KO _ O Re((c2)?), Re((c%)?) € [-5.9,5.6] x 10710 4.6

Im((c}3)?), Im((c2},)?) € [-2.9,1.6] x 10712

D% — DO lcl2 12, |2V )2 < 5.0 x 1079 4.6

BY - BY |37, |3y < 2.3 x 1078 4.6

BY - BY |23 1%, |33 > < 1.8 x 107° 4.6

Table 1. Summary of low energy processes considered in this work (1st column), the respective
bounds on the low energy coefficients (2nd column), and more details given in sections listed in the
last column. The bounds from radiative B meson decays are given separately for C7'y:i: and ¢, as
an approximate indication of their range, while the proper bound is obtained by their combined fit
to observables, see section 4.5 for details.

flavour diagonal dipole operators and CP-violating Higgs Yukawas to electron (eEDM) and
neutron (nEDM) electric dipole moments, section 4.1. We then estimate the additional
effects on the nEDM from flavour changing vertices, section 4.2. Moving to flavour changing
observables, we evaluate the most relevant meson decays in the D, K, and B sector, in
section 4.3, 4.4 and 4.5 respectively. Finally, in section 4.6, we collect the bounds on CP-
violating Yukawa coupling to quarks coming from neutral meson oscillation measurements.
The complete set of bounds considered in our analysis is summarized in table 1.

4.1 Electron and neutron EDMs

The electric and chromoelectric dipole moments of a (coloured) fermion f (q) are defined via
the effective Lagrangian of f interacting with appropriate field strengths as (see e.g. [33])

ids /- idyGs
ﬁdipole = —Tf (fUW%f) F;w - ;g (qU“ GW%Q) > (4-1)
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where F,, and G, are the electromagnetic and chromomagnetic field strengths, respectively.
In particular, the above definition of an electric dipole moment d; implies a nonrelativistic
Hamiltonian H,, = —(2d;S) - E for a fermion f in a static electric field, in agreement
with [3]. Conversely, Jq is the chromoelectric dipole moment and can be present only for
coloured fermions. The correspondence between flavour diagonal EDM operators and dipole
moments at a low energy scale is

df = —2Imeff, = —Z%Ime%, dy = —2Imc%% = —%Imég(;, (4.2)

=f _ Jf ff
where &7, sy = ¢y s6)+ ~ Cry(sG)—
Null results from electron and neutron EDM measurements put stringent limits on

their size. Namely, we have [34, 35]

|dp| < 1.8 x 10720 ¢ cm | (4.3)
|de] <1.1x107% e cm .

The low-energy dipole operators induce potentially large shifts in these quantities, resulting
in strong bounds on CP-violating contributions from new interactions.

A strong bound could in principle be also obtained by considering the EDM of mercury,
see the discussion in ref. [26] (see also [36]). The total EDM can be expressed as the
contribution of unpaired neutrons and protons in the nucleus, plus the additional pion-
nucleon interactions; the latter could then lead to slightly stronger bounds on the chromo-
dipole coefficients. However, the prediction of the total mercury EDM is not completely
under control, as it strongly depends on hadronic parameters and pion-nucleon couplings,
which are affected by large uncertainties. Thus we refrain from including bounds from
nuclear EDMs in this work and only consider the more established neutron EDM (nEDM).

At the hadronic scale, ppaq ~ 2 GeV, the nEDM is obtained as a combination of light
quark dipoles and chromo-dipoles, where we are neglecting small contributions from the
Weinberg operator. We translate this expression, given in ref. [26] at the hadronic scale, to
the weak scale uyy, by rescaling the dipole coefficients via their QCD running [37]. We can
write in general

> (ot T [, Gow)] + b8 Tm (g (uw)])| < ldnl, (45)
q=u,d,s

where a, b? are numerical coeflicients which, in addition to the QCD rescaling, depend on
hadronic and electric dipole operators matrix elements. For simplicity, we normalize all
coefficients to have a = 1 and express the limit in TeV~2. At the weak scale we obtain the
bounds reported in table 1, where we have omitted the scale dependence of the coefficients.

Flavour-conserving quark dipole operators in SMEFT match onto the c7, ) coefficients
at the tree-level, while four-fermion operators enter at the one-loop level, as discussed in
section 2.3. A complete analysis of such operators and the respective contributions has
been performed in ref. [4]. As a consistency check, using eq. (4.5) and the method detailed
in section 5.1, we reproduce their results for the leading terms in the MFV and U(2)3
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expansions.” At the two-loop order, CP-violating Higgs couplings also enter nEDM via
Barr-Zee type diagrams [25, 26]. The parametric expressions of these contributions are
given in eqgs. (2.21) to (2.24).

Lastly, the leading contributions to the electron EDM (eEDM) come solely from the
two-loop matching of CP-violating Higgs couplings. As shown in eq. (2.25), only heavy
quarks (top, bottom and charm) have a sizeable effect. In the low energy basis, the running
of the cj% coefficient is dictated by QED and thus negligible. We can then perform the
matching directly with SMEFT operators at the weak scale and obtain

0.16 Tm (e} ) +0.27 tm () +Im ()| < 7.9 x 1074 (4.6)

Note that in the low-energy running to the hadronic scale, bottom and charm coefficients
receive Next-to-Leading-Log (NLL) corrections [38]; these amount to ~ 10% and ~ 30%
corrections with respect to our fixed order computation for bottom and charm quark
coefficients evaluated at the weak scale, respectively.

As shown in ref. [26], the constraints on the modified Higgs coupling contributions
to eEDM strongly depend on the assumption about the electron Yukawa coupling with
the Higgs. Allowing for modified electron-Higgs couplings could lead to cancellations and
consequently to more relaxed constraints. In this work, however, we assume that the Higgs
coupling to electrons is purely dictated by the SM Yukawa y, = 2.9 x 1076,

4.2 Flavour changing dipole contributions to neutron EDM

Here we focus on the flavour-changing dipole operators that contribute to the electric dipole
moment of the neutron. The flavour changing dipole operators Q%/i can contribute to the
low energy CP-violating and flavour conserving amplitude n — n+, which results in neutron
EDM. This can be achieved by mixing the neutron with the nearest baryonic state B with
matching quantum numbers, and a subsequent CPV dipole transition of the state B into
nvy. Another possibility is to insert the lightest axial-vector 17 meson as an intermediate
state that can mix with the external photon via the CPV dipole operator. In figure 1 we
show the two diagrams contributing in the specific case of ¢ — wy electric dipole operator
insertion. A similar approach was taken in ref. [15] to estimate the contribution of CKM
phases to neutron EDM. In the following, we estimate the total contribution to the nEDM
due to the ¢ — wy operator and then generalize it to b — dy and s — dvy dipole transitions.
Note that b — sy does not concern any of the valence quarks of the neutron and thus
cannot be constrained from nEDM.

¢ — u~y. First, we focus on the left-hand diagram in figure 1. The box vertex corresponds
to the SM weak mixing between a neutron and the intermediate (1/2)" baryon octet state,
namely ¥0. Such mixing is proportional to the CKM factor V,4V,4*. For the cases of
s — dv and b — d, the neutron mixes with the A and A; baryon states, with CKM

"Note that in the convention of ref. [4] the Yukawa matrices in the U(2)® scheme are defined with the
heavy quark Yukawa couplings factored out and absorbed in the respective Wilson coefficient. In our
definition, eq. (3.18), these couplings are instead kept explicitly. The bound on coefficients involving the
spurions A, and A4 thus differ by a factor of y; ' and Yy ! respectively.
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CcCu
C7,y

Figure 1. Estimate of a long-distance contribution of CP-violating c7{ to the neutron EDM. The
left diagram contributes to d,, via a 3. — n+y insertion accompanied by the charged weak interaction.
There is a second diagram that involves conjugated vertices: n — 3.7y vertex followed by X% — n
mixing. The right diagram represents the D; axial-meson exchange that should be accompanied by
the conjugated vertices with a D; exchange.

suppressions of V,qVys* and V,qVip*, respectively. The CP-violating operator then induces
an effective vertex between the intermediate baryon state and the neutron, thus leading
to dipole transitions 0 — ny (A — ny and A, — ny for s — dy and b — sy dipoles,
respectively). The latter dipole transitions are denoted by a crossed-circle vertex. A recent
study also pointed out a possibility of electric dipole operators leading to enhanced CP
asymmetries of various radiative charmed-baryon decays [39].

Heavy to light quark transition Q%% induces the transition between the neutron and the
lowest lying octet state X0, comprised of valence quarks cdd. The form factors of A, — p
have been computed on the lattice [40] and we use these results as an approximation to the
Y — n matrix element. The form factors of the 0#¥q,7y5 operator are defined as

2 Iz
o _ 7 q q
QMQMW“%%4$@D:—MM%PMM%S(mmLW%—m@2)+
o ) qu (4.7)
- My m
+hi(q*)(ms—my) <7+ . p—szp’> ]u(p),
where ¢ = p — p/ and s_ = (my, — m,)? — ¢*. In the limit of a real photon with imposing
¢® = 0and e- ¢ — 0, only the i form factor contributes:
(n@) 0™ g5 S0p)) , | = =155 (0) [(m—ma)y —(p+2')] u(p) ws)

=h1(0)a(p)ic" g5u(p).

The lattice calculation [40] found h (0) = 0.5 for A — p, the value of which we adopt also
for ¥, — n transition.
The weak mixing vertex (see figure 1) between X, and n can be parameterized as

(Selp) | @7 dn)(drrun) | n(p)) = as(p) lgs + gps) un(p) (4.9)

where gg and gp are the scalar and pseudoscalar mixing parameters. Notice that only the
parity-conserving term gg will contribute to the neutron EDM, since parity-violation is
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already contained in the matrix element of ¥. — n+y transition, see eq. (4.8). Lacking a
proper estimate of this matrix element, we resort to dimensional analysis; this suggests
that gg ~ 4A%, where 4 is a combinatorial factor accounting for the two valence d-quark
contained both in n and X.. We estimate that the hadronic scale Ay can take any value in
the range between Aqcp ~ 200 MeV and my, = 2.45 GeV. Finally, we can assemble the
final result by combining together the two vertices, egs. (4.8) and (4.9), and including the
Y. propagator. The contribution of the left-hand side diagram in figure 1 to the neutron
EDM then amounts to

e Grgshi (0)m,
S = ¢
8v2m2(my, + my,)

I [(e74 — ¢y VeaVii (4.10)

where m. = 1.27 GeV is the charm quark mass.

Now let us focus on the right-hand side diagram in figure 1. The box vertex again
indicates the neutron coupling with axial-vector 17 meson, D;. The vertex n — nD; can
be written in the factorization approximation as the product

(n(0)D1(q.)| (@L7"di) (L) |n(p) ) ~ (0| dirdi|n) (Di(g.€) [ey ur |0)

B (4.11)

x € (q) <n ‘ dry.dr, ’n> )
where €(q) is polarization vector of the intermediate D;. Parity violating terms generated
by the axial operator dv,vsd result in axial and induced-pseudoscalar form factors [41],
none of which can contribute to the EDM of the neutron. However, working beyond the
factorization approximation, we can have an induced EDM transition:

(n(0)D1(q.)| (17" du) (dryur) | n(p)) = ~idunp (@) a(p )T 5u(p) . (4.12)

NF

By simple dimensional analysis and accounting for combinatorial factors due to d field
contractions with external states, we find that the form factor is at most dp,p(¢? — 0) <
4mp,. The axial D; meson then mixes into the photon via insertion of (2.11) and the

transverse decay constant:
(0] a0 guy’c| Di(e,q)) = ifp,mb,e”, (4.13)

where € is the polarization vector of D;. Results on the lattice report similar values for
transverse and vector decay constants, within 10% accuracy, in the case of 1~ mesons [42]
(see also [43]), thus we use the results of the fp. [44] and approximate f}, ~ 0.3 GeV. In
fact, the meson exchange diagram also gets contributions by D; state with an opposite sign.
The total meson exchange contribution then reads:

GFg DM fg *
At = —e TR I [( — ) VeV (4.14)

The upper bound on the neutron EDM [45], d,,/e < 9.1 x 107'3 GeV !, then leads to

‘Im (s - csx,)\ < 3.7-90 TeV 2. (4.15)
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The range for the upper bound reflects our ignorance of the hadronic parameters d,,,p and
gs. Taking maximal (minimal) allowed values of those parameters leads to the strictest
(most conservative) bound. Future progress on non-perturbative matrix elements entering
this calculation will result in more precise estimates. In our further analysis, we will use
the most conservative upper bound, namely 90 TeV 2. Note that this bound is numerically
dominated by the df ! contribution with lowest possible g,,p, = 4Aqcp ~ 1.2 GeV.

b — d~. In this case the electric dipole operator Q?‘i is inserted between the neutron
and Ay (udb). Form factors of the heavy-to-light transition H — N, where H is the heavy
baryon and N the nucleon, can be parameterized using the velocity-dependent heavy baryon
bispinor u(v) [46]:

(N ()| wic" qysc| H(p)) = v/mu u(p') [Fi(v-p') + Fa(v-p)g]ic" g ysu(v).  (4.16)

Here p/ is the nucleon moment and p = myv+ O(Aqep), where the heavy quark mass scale
is factored out [47]. The form factors Fy and Fy are now functions of v - p’. We can relate
these form factors to the h, (0) factor, see eq. (4.7), as

Bf_)N(O) =VMmH <_F1 + 2F2) |v-p’:(m%+m?v)/(2mH)7 (417)

where we have already neglected subleading my/mp terms in the heavy quark expansion.
Using the above expansion, we can express form factors for Ay — n in terms of the respective
A. — p form factors as

7 A
hJ_b—ﬂl(O) = /M, (—Fl + 2F2) ‘U~p’=(m2 +m?\7)/(2m1\b)
A, 7 Ac
= BT (R (U may fma) R = mafma,)) - (418)

— 1.57hY 7P (¢ = —7.1GeV?).

This point is deep in the space-like region for A, — p transition, while lattice results only
reach ¢2 = —0.36 GeV? [40], thus rendering in practice impossible to extrapolate from them.
We use ﬁﬁbH"(O) ~ 0.3 as a crude estimate.

Similarly to the previous case, for the weak mixing n — A transition we have gg%A” =
2A3, where the combinatorial factor of 2 comes from two d-quarks in neutron. The resulting
contribution to d,, is

GFgg—H\b Bj\_b%n (O)mb

8212 (my, + my,)

v = T [(che, — VeV (4.19)
where m; = 4.18GeV and m,, = 5.62GeV are the bottom quark and A; baryon
mass respectively.

The B;(5721) axial meson exchange contribution can be easily adapted from (4.14),

GannB1mbf]75:1 Im [( bd b

e R R
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where now g,np, € [Aqcp,mp,] without a combinatorial factor, since there is only one
u-quark in the neutron. The tensor decay constant has been calculated using light-cone
sum rules in [43] resulting in f% = 0.28 & 0.06.

The resulting constraint depends on both the real and imaginary parts of the flavour-
violating coefficient chi due to the interplay with the CKM phase in Vi, = |Vip| exp(—ivy),
namely

’cosylm (c%Jr - c77 ) +siny Re (CMJF c% )‘ < 35-6800 TeV 2. (4.21)

Again, the most aggressive (lowest) bound is dominated by d2» when we set the scale to
Ay = my,. On the other hand, we will be using the conservative 6800 TeV~2 which is
determined by dfl with gnnp, = Aqep =~ 0.3 GeV.

s — dvy. To evaluate the d? contribution, driven by Q?‘fli, we can adapt the expression
for ¥, — n~y contribution to d,,:
d/\ GFgA—mhA—m (O)ms

— sd *
n= e 8212 (my, + my) tm [(C7V+ o )Vuqus} ' (4.22)

Here we express the mixing parameter as gg = ZA?L, where the 2 stems from two possible
contractions with the d-quark in the neutron. The electric dipole transition form factor
Bﬁ‘m (0), to the best of our knowledge, has not been determined theoretically and cannot
be simply extracted from the experimental value of Br(A — n7y) [48]. Due to lack of better
estimate we will vary ﬁﬁﬁ‘”(O) in the range 0.2-0.4, around the value for h¥—" = 0.3.

The axial-meson K1(1270) exchange contribution reads:

g5 — GF.gnnKlTnst1 Im

" —° 8+/272

with gnni, € [AQep,mn]. The tensor current decay constant has been estimated in the

(e, — 39 )V Vaa] (4.23)

light-cone sum rule approach to be fK (145 £ 15) MeV [49]. The resulting constraint is
m (32, — 52 )| < 760-2300 Tev 2, (4.24)

4.3 Direct CP violation in singly Cabibbo suppressed D meson decays
The LHCb collaboration has reported the first observation of CP violation in the charm
sector. In particular, they have measured [50]

AAcp = Acp(KTK™) — Agp(ntn™) = (—1.54 £0.29) x 1073, (4.25)

where
(D’ — f)—T(D° = f)
(DY — f) +I‘(D0 — f)

While at present the SM predictions for this observable cannot be firmly established, they

Acp(f) = (4.26)

could possibly account for the observed value [51-54]. In the following, we will thus assume
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NP can at most saturate the measured value in eq. (4.25). One can parameterize such
effects in terms of a NP effective low energy Lagrangian as [55]

1

AASGE ~ — —

m(c§%.)Im (RSGi) : (4.27)

where we have assumed approximate U-spin limit, A3, = [VsV.5

defined R®G*F = R3GH 1 RIGE with

| ~ 0.22, and we have

(PP|4Qg¢.|D)
(PPluvyu(1 = v5)qqv*(1 — v5)c| D)’

RYGE = (4.28)
where ¢ = s,d for P = K, 7, respectively. At the charm scale . ~ 2 GeV, [Tm(R3* (1.))| is
expected to be O(1). Explicitly, at the leading perturbative order in the QCD factorization
limit one obtains |R8“* (11.)| ~ 0.23 [56]. Since large absorptive (rescattering) effects are
expected in these decays [51, 57], in the following we use this value as a crude estimate
of [Tm(R8%*(1.))|. The operator Qgtey, however, runs with QCD, so the corresponding
Wilson coefficient needs to be renormalized to leading logarithmic order as [37]

X CSG:I:(NC) s (429)

cs6r (LEW) = [O‘S(/“‘b))} 14/23 y {%(MC)} 14/25

as(pEw s (kp)

or explicitely cgéy (tEw) =~ 1.9csg+(pe) for ppw ~ 160 GeV. Comparing the above
expression to the experimental value, we thus obtain the limit

Tm(c§sy (pew))| < 0.05 TeV =2, (4.30)

A more reliable theoretical estimate of Im(R8¢*) would however be needed to establish this
bound on firm ground.

The EM dipole operators Q77 are probed by the direct CP asymmetry measured by
Belle, Acp(D® — py) = 0.056 4 0.152 £ 0.006 [58]. Together with the measured branching
fraction B(D® — pvy) = (1.77 4 0.30 £ 0.07) x 1075 the authors of ref. [59] derive that the
NP modification of the amplitudes can be at most |6A$/)| < 0.5, where 5A(7’) = %50%@(7710).
The resulting constraint that follows is

¢824 (new)| < 40 TeV 2. (4.31)

This limit will improve at Belle IT through CP asymmetries in radiative D meson decays [37],
allowing for improvement of the bound on 2% .

4.4 Direct vs indirect CP violation in Kaon decays

In kaon decays the observable € /e measures the size of direct CP violation in K — 77
relative to the indirect CP violation described by ex. The experimental world average for
this quantity is [60-62]

(¢//€)exp = (16.6 +£2.3) x 107*. (4.32)
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Theoretically, determination of the SM contributions to € /e has been a long-lasting challenge,
but recent Lattice QCD calculations find values consistent with the experimental result [63]

(€/e)sm = (21.7 £ 8.4) x 1074, (4.33)

The possible effects of heavy NP can be parameterized in terms of an effective low energy
Lagrangian as

P
¢fe= (¢ /esn + o m(clyy — ch)., (4.34)

where Py, parameterizes the matrix element (77|1672Q5%, /gs|K), which has been com-
puted in refs. [64, 65]. In particular, using the master formulae in ref. [66], one obtains
Psy(pew)gs(prw)/16m% =~ 0.0026TeV? for upw ~ 160GeV. Comparing the experimental
world average with the SM expectation we obtain a bound of

~0.87TeV ™2 < Im(cid, (upw) — Im(cst:_ (upw)) < 0.47 TeV 2. (4.35)

The EM dipole operators Q?ﬁii contribute to rare semileptonic Kaon decays. In
particular B(Kj, — w’ete™) is sensitive to the combination Im(c5?, + ¢3¢ _) [67)%

(4.36)

dx d* 2
B(Kp — mlete™) ~ 4.6 x 10712 [Im(céw o) V2 ms BT(O)]

Im()\éd) 8’/TGF mg f+<0)

where X, = V;, V. Here we take Br(0)/f+(0) ~ 0.64 [68] at the QCD renormalization
scale of y, ~ 2 GeV and we have neglected pure SM and interference contributions, which
are negligible compared to the current experimental upper bound of B(Kj — n%%e™) <
2.8 x 10719 [69]. Including QCD RG evolution to the weak scale given by [37]

as('ub)J 16/23 y [as(uc)} 16/25 y ngvi(uc)’ (4.37)

3y (new :[
Fra(mw) as(HEW s ()

or explicitly c?ﬁii (LEW) ~ 26%& (te) for pupw ~ 160 GeV, we obtain a bound of

Im (32, (ppw) + &4 (upw))| < 4.86 TeV 2. (4.38)

4.5 Radiative B meson decays

The Q?@i and QgSGi operators contribute to radiative and rare semileptonic B meson
decays. We use flavio [70] to predict the CPV observables Acp(BOH) — K*0F))
as well as the branching ratios B(B*™ — K*v), B(Bs — ¢v) and B(B — Xv), and the
photon polarisation observables measured by LHCb in B — K*ete™ at very low ¢? [71].
Furthermore, we consider the inclusive CP asymmetry Acp(B — Xyv) [72]. As for the
experimental values, we use the latest averages by the HFLAV collaboration [73].

The obtained bounds on the Wilson coefficients Im (cl%“;i) and Im (cgsGi> at the scale
prw = 160 GeV are shown on figure 2, where we assume NP modifies only the imaginary

8We are neglecting the cg‘éi contributions, since they are more tightly constrained by €’ /e.

— 24 —



1.0}

0.5}

— Acp(B® = K*%)

Imcgg;_(pmw)[TeV 7]
(=]

— Acp(BT — K*Fy)

Imegg, (pew)[TeV ™)
S
@

— Acp(B = X7)

~— Branching ratios \
- 1 O r — Combined ] _2 \ |
10 -05 00 05 1.0 204 —02 00 02 04
Imcgi+ (ptew)[TeV 2] Imc?,_(ppw)[TeV 7]

Figure 2. Bounds in the (Ime}s ,, Imcg, | ) and (Ime}s _, Imegf, ) planes from radiative B meson
decays. The allowed 1o contours of single contributions are shown, whereas the allowed 1, 2 and 30
regions are shown for the combination of all constraints.

parts of the Wilson coefficients. The considered CP asymmetries are only sensitive to
Im (c’%fy +> and Im (chG +) [74], hence they only appear on the left plot of figure 2. On the
left plot we combine all of the considered branching ratios into a single ellipse (orange),
whereas on the right plot we show their sensitivities one-by-one. On the right plot we also
show the constraints from the photon polarisation observables in B — K*ete™, which
offer excellent sensitivity, however information from B — X7 is crucial to achieve a closed
combined fit in the (Imcl%:"’y_7 Imcbs, ) plane.

4.6 Neutral meson oscillations

Flavour (and CP) violating Higgs boson couplings induced by Q. and Quy operators
lead to Higgs-mediated FCNCs in the quark sector and are currently best constrained
by neutral meson oscillation measurements [75]. Writing the effective off-diagonal Higgs
boson couplings to ¢ = u,d quarks as in eq. (2.13) and the tree level matching condition in
eq. (2.17), we can identify the effective off-diagonal Yukawa couplings with the SMEFT
Wilson coefficients in the corresponding quark mass basis at the Higgs boson mass scale
wy ~ 125GeV via CZ;, = Cgff (wr)v?/v/2A%. The resulting bounds on cf;{, from neutral
meson oscillation measurements [75] are compiled in table 1.

5 Results

In this section we present the main results of this work, the bounds obtained on SMEFT
coefficients at the A = 5TeV scale in the two flavour schemes considered, namely MFV and
U(2)3. We first outline the numerical methodology to compute the effects in low energy
observables in section 5.1. In section 5.2 we discuss the results in the MFV scheme. The

— 95—



bounds on Yukawa and dipole operators are shown in figure 3, while the full list of bounds
is presented in table 2. In section 5.3 we discuss the results in the U(2)? scheme. The
bounds on Yukawa and dipole operators are shown in figures 4 and 5, while the full list of
bounds is given in tables 3, 4, 5, 6, and 7

5.1 Numerical method

We fix the high energy scale to A = 5TeV in our analysis, and present our results in terms
of upper bounds on individual SMEFT Wilson coefficients, expanded in either the MFV or
U(2)?3 scheme, separately. The schematic of our procedure is as follows:

1. Fix flavour scheme (e.g. MFV);

2. Fix one flavour invariant coefficient to be purely imaginary (e.g. Im[F 0%1)} = ¢), and

all the other coefficients to vanish at the scale A;
3. Perform RG running from A to the weak scale, which we fix to puy = 160 GeV;
4. Perform matching to LEFT;
5. Compute effect on observables;
6. Repeat the process by scanning over different values of c.

The first two steps of our procedure are the only assumptions made on the imprint of heavy
New Physics on SMEFT: we assume how the SM flavour symmetry is broken and we assume
that a single type of operator is generated at the scale A by integrating out the heavy
degrees of freedom. Furthermore, we take the non-vanishing flavour invariant coefficients to
be purely imaginary, as our work is focused on new CP-odd phases; in general, the CP-even
parts can be best bounded by a different set of observables.

The RG running in step 3 is taken care of by the software wilson [21]. Two inputs
require special attention. Firstly, we need to set the operator basis as either ‘Warsaw up’ or
‘Warsaw down’, that is the Warsaw operator basis [17], with either the up or down quarks
rotated to their respective mass basis. We fix the basis to ‘Warsaw down’ for all initial
conditions.? Individual observables are of course computed in the appropriate mass basis
so in general a rotation to the chosen basis of SMEFT coefficients in the unbroken phase is
required. Secondly, we need to input as the RGE initial condition the full spurionic term
for the desired coeflicient. Taking Féé’l) as an example, the full initial condition at scale
A is Caq(A) = ic x (Y,Y,]Yy)"*(A), where the flavour indices are r,s = 1,2,3. Assuming
that the running of CKM matrix elements is negligible, all the scale dependence of Y, 4 is
then given by the quark masses, which thus need to be evaluated at the high scale. We list
explicitly their numerical values in appendix A.

The matching condition in step 4 also needs some additional care, as different con-
ventions, normalizations and methods are used in the literature. We use the notation for

9We have checked, that our results, both in the MFV and U(2)3 schemes, are invariant under the change
of the SMEFT basis to ‘Warsaw up’, as expected.
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low energy operators as in eq. (2.12), and the matching conditions from [27]; the latter
includes the full one-loop matching condition in the Warsaw basis. We find that in most
cases adding loop contributions to the matching does not give a sizable effect, thus we
only keep the tree-level part, except for two particular cases. Firstly, in the analysis for
the four-fermion operator Qg4,. This operator provides purely finite top-loop enhanced
contribution to the matching to dipoles; that is, these do not mix with dipoles under RG
running. The one-loop term is thus the dominating piece in the interplay with the low-energy
observables considered. Secondly, the CPV Higgs boson couplings can induce relatively
large shifts in the matching contributions via two-loop Barr-Zee diagrams. After running
our SMEFT coefficients to the electroweak scale, we use the results for the two-loop effects
to the matching with the low energy basis presented in refs. [26, 76], and schematically in
egs. (2.21) to (2.25). We do not include other possible two-loop effects in our analysis; a full
calculation of two-loop running and matching in SMEFT is not available in the literature
yet and is beyond the scope of this work. Furthermore, we expect these additional terms to
be suppressed.

Finally, in step 6, we scan the flavour invariant coefficients in the range ¢ € [1073,103],
taking log-equidistant points in the interval. Bounds that exceed these limits are obtained

by extrapolating the results of our scan outside this region.'”

5.2 Results in MFV scheme

In the MFV scheme, there are only flavour universal NP phases, meaning that all quark
transitions are correlated, with the relative magnitude dictated by ratios of CKM matrix
elements and quark masses. Nevertheless, we expect that processes with the smallest CKM
and mass suppression, which are typically known with better experimental precision, will
dominate in constraining the flavour invariant coefficients.

We show in the top plot of figure 3 the three strongest bounds on the imaginary part of
down-quark Yukawa-like (first set) and dipole (second to fourth sets) coefficients, F gjl) and
F g(’l) respectively. The same bounds are reported in table 2. The striking result shown is
the dominant importance of flavour-changing bounds for down-quark dipoles. In particular,

)

< 1 and are at least one order of
magnitude stronger than nEDM bounds. Conversely, the Yukawa-like coefficient F ﬁ}l) is
mostly bounded by the electron EDM induced by CPV Higgs couplings, with F gf) < 5x102,

while B meson mixings can only reach O(10%) limits. The weakness of the latter bounds

the constraints from Acp(B — X7) are in general F (g(’l

is to be expected, as the RG mixing with dipoles is small and further suppressed by the
MFV expansion, thus significant quark dipole transitions are not generated by Yukawa-like
operators. Secondly, the dominant meson mixing contribution is induced by two insertions
of the SMEFT operators, leading to the heavy scale suppression of A4,

The same line of reasoning outlined above for Féi}l) and Fgél) can be applied to Fﬁf)
and Fqgf), with bounds shown in the bottom plot of figure 3 and listed in table 2. In
this case the MFV suppression for the ¢ — u sector is even stronger, ~ ycygVuch};, thus

the bounds are far less stringent. It is noticeable however that the CP violating Higgs

ONote that wilson gives numerically unstable results when the initial condition is close to unity,
é/(A/GeV)? ~ 1, where ¢ indicates the numerical value of some initial condition.
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Figure 3. Top: upper bounds on the imaginary part of down-quark Yukawa-like (first set) and
dipole (second to fourth set) coefficients in the MFV flavour scheme, fixing the New Physics scale to
A = 5TeV. We show the three strongest bounds for each coefficient as red, orange and dark yellow
for first, second and third respectively. Bottom: same for up-quark coefficients. The specific process
that provides the bound is indicated by the label in the bar, as summarized in table 1.

couplings, contributing via the two-loop Barr-Zee diagrams, give the strongest bound on all
the coefficients shown.

Finally, we comment on bounds on the four-fermion operators, Qfﬁfqd and Qgi)qd, listed
in table 2. These match to down dipoles and Yukawa operators via top-quark loops and
are most constrained by two-loop EDMs and b — s processes. In the MFV scheme however,
these bounds only reach O(50) level in the best case due to the severe CKM suppression.

5.3 Results in U(2)2 scheme

In the U(2)? scheme we can disentangle transitions involving heavy quarks from the
respective two light quark generations. The relevance of constraints for each coefficient will
then in general reflect the spurion structure.

The dipole expansion down to O(10™*) contains four spurion structures, as shown in
eq. (3.25). We show in figure 4 the results for up-quark dipoles, considering the Fgg (top),

F,l%q) (center) and FIE)A(”V‘I) (bottom) coefficients, respectively. The full list of bounds is

Vg, Au)

reported in table 3, including bounds on the Fqi b% spurion.
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Figure 4. Upper bounds on the imaginary part of up-quark Yukawa (first set) and dipole (second
to fourth set) coefficients in the U(2)? flavour scheme, fixing the New Physics scale to A = 5TeV.
See eq. (3.25) for the definition of the spurion expansion structures. The color code is the same as
figure 3.
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The first spurion, Fqgg, induces NP contributions to operators involving exclusively
third-generation quarks. Consequently, any contributions to flavour-changing observables
are purely due to RG running and LEFT matching. The chromo-electric dipole operator
naturally generates a large shift in the nEDM, and is thus strongly bounded by it. Otherwise,
the strongest bounds come from CPV Higgs couplings and their contributions to eEDM;
these lead to Fﬁ}(G) <1 and Fﬁl),(B) <10 — 102. Additionally, the RG mixing in eq. (2.6)
leads to large b — s effects at low energy, which in turn are probed by B-meson physics.

The V, spurion is responsible for the heavy-light quark mixing. Furthermore, it does
not match onto nEDM, thus CPV flavour-changing processes represent the only relevant
probes. In a similar way as the Fqgg case, the RG evolution induces down-quark coefficients
mixing heavy and light flavours, leading to Fégq%/v 5 S 20, dominated by Acp(B — X7).
A competitive bound can only be achieved by AAcp(DY) in the case of the chromo-
electric dipole, while other limits are two or more orders of magnitude weaker. The Fq%q)
coefficient is again most stringently bounded by contributions to the eEDM, although only
at O(10% — 10%).

The A, spurion dictates the light quark sector flavour expansion, and thus leads
predominantly to contributions to flavour conserving terms; it is not surprising then that
the EDMs dominate the budget of the constraints. We have F, @Eéuv)v 5 S 102 and Féﬁ“) <10
from nEDM. In this sector RG mixings with the respective down-quark counterparts are
suppressed by mass terms, d; and ', while the matching to low energy dipoles is purely
tree level. This is reflected in the next-to-strongest bounds coming from the D meson
phenomenology, in particular from Acp(D°); we have Féé“) < 10 for chromo-electric dipole
operator, while electromagnetic dipoles are only constrained to Féﬁ}% <102 — 103

The last spurion in the expansion shown in eq. (3.25), A, ® V;, generates higher
order terms for the heavy-light generation mixing. These terms receive an additional Vi
suppression with respect to A,, thus leading to similar but weaker limits, see table 3.
Indeed, the strongest bounds come from Acp(DP) but at the O(102 — 103) level.

The analysis in the case of down-quark Wilson coefficients goes along the same lines
of the up-quark case. We show the results in figure 5 and table 4. In this sector B and
K processes are generated directly, instead of via RG evolution. This is already clear in
the results for F| CS(), where B — X~ leads to O(0.1 — 1) bounds for all dipoles coefficients.
These represent the tightest constraints for W and B, while chromo-dipoles and Yukawa
coefficients induce large contributions to EDMs, thus F C%) <1073 from nEDM and F, 52 S
from eEDM.

Similarly, bounds on the F (%‘1) coefficients are dictated by B meson physics, as b — s

< 1072 from Acp(B — X7) and

~

mixings are generated at tree level. We have F éam B
F 52 < 10 from By mixings.

On the other hand, the F Cgéd) spurions induce d and s processes directly and thus large
shifts in EDMs, giving F(Eg}),W,B < 5x 1073 and Fé}} < 10. The respective bounds from
s — d transitions, as K meson mixing and K, decay, can only reach the O(10?) level.

Finally, we comment on four-fermion operators. In the U(2)? flavour scheme the number
of independent spurion structures appearing in such operators is quite large, see eqs. (3.28)
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Figure 5. Same as figure 4 for down-quark dipoles in the U(2)? scheme.

and (3.29). However, similarly to the dipole case, their effects and resulting bounds can be
understood through the quark sectors upon which they act. Bounds for chirality flipping

operators, Qf;i)qd and Q((Ii)qd, are listed in tables 5 and 6, respectively. As in the MFV

case, the mixing into the b — s and b — d sectors is the most relevant source of constraints.

This is the case of the (1) and V; spurion structures, which are limited to be < O(1) by
Acp (B — X+) measurements. The V;]Q spurion follows this pattern, albeit with a weaker
bound, O(10%), due to the additional suppression. The A, and A, spurions act in the
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light quark sectors, thus the Fq(uA ’zl) and Fq(ﬁ]‘é) are again strongly constrained by nEDM,

with F q(fqil) <1073 versus F q(ﬁ;fi) < 10, due to the contraction of top quarks in the former

case. Similarly, the different index contractions induce F q(fq‘il) < 102 from nEDM, while
F q(ﬁ;i) < 10 from B meson mixing. Lastly, the V, ® A, 4 spurion can only be probed at
the 102 — 10° order due to the stronger suppression from light quark masses. For the case
of operators Q((]L) and Qgi), we only consider the non-hermitian terms in eq. (3.29), with
bounds reported in table 7. The effect of these operators on observables is induced solely by
the one-loop matching to low energy coefficients, egs. (2.18), thus it is expected that CPV
probes have a very weak constraining power for the Q((It) and Q((Ji) spurions. Indeed, the
strongest bounds shown in table 7 are typically of O(10% — 10*). The single exception is
the spurion Fq(uA “), which generates light quark dipoles and thus large shifts in the nEDM,

with Fio™) < 4.

6 Conclusions

In the present paper, we analysed CP CP-violating effects of heavy NP-inducing flavour-
violating quark dipole transitions. We parameterized NP at high scales within the dimension
six SMEFT framework and defined the relevant (dipole, four-quark and Higgs Yukawa-like)
operators. To properly calculate the effect of NP on low energy CPV observables, we
included the one-loop RG running of SMEFT at dimension six, together with one-loop (and
some known relevant two-loop) matching conditions at the weak scale. Both effects induce
mixing of dipoles among themselves, as well as mixing with Yukawa-like operators and
four-fermion operators, which thus needed to be included in our phenomenological analysis.
This interplay leads in principle to possible probes of dipoles from the Yukawa and four-
quark sector and vice versa. The most significant impact comes from one-loop contributions
involving top quarks in the matching conditions of four fermion chirality flipping operators
to flavour-changing dipoles, as well as two-loop contributions of Yukawa-like operators to
flavour-conserving dipoles.

We explored two different symmetry-based approaches to specifying the flavour structure
of SMEFT: MFV and U(2)3. The MFV scheme leads to flavour universal NP phases, while
all the flavour breaking is dictated by the SM Yukawa matrices. Flavour-violating dipoles in
the up (down) sector are thus induced by insertions of down (up) Yukawas; this translates to
suppressed NP contributions due to insertions of multiple CKM (and/or small quark mass)
factors. The U(2)? symmetry scheme instead disentangles the third quark generation from
the first two by assuming separate flavour groups: the light quarks transform under a U(2)
group, and the flavour symmetry is broken in a similar way as in the SM. Third-generation
quarks instead transform under a different group, namely U(1); x U(1)p, broken only by
small mixings with the light generations. This leads to flavour specific NP phases and a
richer flavour structure than in the MFV case.

We performed a comprehensive phenomenological analysis of existing constraints on
CPV dipole transitions at low energy, as summarised in table 1. Firstly, we considered
bounds on EDMs of the neutron and electron. These observables are mostly sensitive to
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flavour conserving and CP-violating dipole operators, however important one- and two-loop
matching contributions are also obtained for chirality flipping four-quark and Yukawa
operators, respectively. We also considered the effects of flavour-violating dipoles on the
neutron EDM: the neutron mixes into baryon octet states via weak interactions, and the
following ¢ — uvy, b — dy or s — d~y transition induce a contribution to the nEDM. These
bounds are mostly limited by the poor knowledge of the relevant form factors, which dominate
the uncertainties in the computation of the matrix elements. Secondly, we reviewed the
present measurements of CPV effects in D, K and B meson decays, and the corresponding
effects of flavour-violating dipoles. On one hand, QCD dipole transitions are most strongly
constrained by measurements of direct CP asymmetries (Acp). For ¢ — ug, this comes
from the Acp difference of DY — 7t7~ and D — K+tK~ decays, while for s — dg and
b — sg the best sensitivity is exhibited by €’'/e¢ and Acp(B — K (X;)7) respectively. On the
other hand, EM dipoles are at present best bounded by their contributions to rare radiative
(and semileptonic) meson decays: D — pvy, K — 7'ete” and B — Xv (X = K*, ¢, Xs),
for ¢ — uvy, s — dv and b — d~y respectively. In addition, we also considered bounds on
CP and flavour-violating couplings of the Higgs boson coming from neutral meson mixing.
These currently represent the most stringent probes of such NP effects, which in turn can
be induced by high-scale dipole operators through operator mixing.

We performed our numerical analysis, both in the MFV and U(2)? schemes, by fixing
the heavy NP scale at A = 5TeV, computing the full SMEFT one-loop RG evolution and
matching conditions to LEFT at the weak scale puy = 160 GeV. The resulting bounds on
single coefficients are summarized in figures 3, 4 and 5 and in the tables in appendix B.
Our results demonstrate that flavour-violating observables can serve as complementary
probes to EDMs, giving in most cases similar or even stronger bounds. This is most
evident in down-quark dipoles, where the most stringent limits are provided by precise
measurements of CP asymmetries in b — s7v transitions. Similarly, the top-loop enhanced
matching conditions of Qgyqq operators into dipoles lead to O(10) and O(102) limits on the
Wilson coefficients from b — sy in MFV and U(2)? schemes respectively. In the up-quark
sector, smaller quark masses and CKM factors entering ¢ — u transitions generally lead to
strongly suppressed contributions to low energy observables within MFV. Consequently,
the best ~ O(103) or larger bounds are obtained by two-loop induced EDMs. In the
U(2)3 scheme these suppressions are alleviated and can lead to stronger bounds, O(1 — 10),
depending on the precise spurion structure considered. Finally we note that within the
general structure of SMEFT, EDMs can receive contributions from additional operators,
which do not carry quark flavour indices and have thus been omitted in the present analysis.
Possible cancellations among these various contributions can thus partially alleviate EDM
constraints on dipole operators, making complementary flavour probes essential.

The results presented in this paper can serve as a guideline for building models of
heavy NP that violate CP at high scales, as well as a benchmark for the present status of
CPV bounds in SMEFT. Future high-precision experimental results will help improve the
bounds considered in this analysis. Together with better limits on neutron and electron
EDMs, precise measurements of CP asymmetries in K, D and B meson decays are thus
highly anticipated.
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A Numerical inputs

Here we list the numerical inputs used in the analysis. We employ the CKM matrix with
the following values of rephasing invariants:
|Vus| = 0.2243 |Vep| = 0.04221, |Vip| = 3.62 x 1073, (A1)
J =Tm VgV Vi Ves] = 3.1872 x 107°.
These exactly reproduce the CKM matrix form in the wilson package, guaranteeing the

consistency of flavour rotations that we use throughout the calculation. The above set
corresponds to the standard Wolfenstein parameters

A=02243, A=08390, p=01105, 7=0.3562. (A.2)

We assume that the running of CKM elements is negligible. For completeness, we give
here the rotation matrices that transform the quarks from the “primed” basis (3.18) to the
quark mass basis in the standard CKM phase convention:

0.99634 0.085449 —4.8847 x 1078

W, = | 0.085372 —0.99545  0.042365 diag(e 18721 1,1), (A.3)
—0.00362 0.04221 0.99910
—0.97681 —0.21412 0
Wy = | —0.012985 — 0.21373i 0.059234 + 0.975014 0 | diag(e' 1", €% 1)  (A.4)
0 0 1

for the rotations of the left-handed quarks, and

1 3.0642 x 1077 2.6680 x 1078
Vu=| 3.0642 x 1077 —(1 —1.2076 x 10%)  0.00015541 diag(e 187 1,1),
—2.6727 x 1078 0.00015541 1—1.2076 x 10~8
(A5
Vy = 1diag(el?51? 16507 1) (A.6)

for the right-handed quarks. Rephasings of the left- and right-handed quark components
have to be the same to keep the quark mass terms real.

Next, we give the values of the three gauge couplings at the matching scale, uy =
160 GeV. We have

g1(pw) = 0.358, g2(pw) = 0.648 , g3(pw) = 1.177. (A.7)
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The running of the gauge couplings is decoupled from the other SM sectors [77] and is
not affected by new SMEFT operators in our framework. The evolution to the scale
A =5TeV gives

g1(A) =0.366,  ga(A) =0.630,  g3(A) =0.983. (A.8)

Turning our attention to the SM Yukawa couplings, at the matching scale we have

Yu () = 6.967 x 107° Ye(pw) = 3.477 x 1073, y(pw) = 9.413 x 1071,

A9
ya(pw) = 1.480 x 107°,  ye(uw) =2.928 x 1074, yp(uw) = 1.578 x 1072, (A.9)

The running of Yukawa couplings to A is with good approximation independent of SMEFT

operators and driven by the QCD evolution as y;(A) = [ozs(A)/ozs(,uv[/)]lzl/21 yi(pw) ~

0.8 y;(uw), where a, = g2/(47). We obtain the values

Yu(A) =5.612x107%,  5.(A) =2.801 x 1073,  g(A) =7.601 x 107",

A.10
ya(A) =1.193 x 107°,  ye(A) =2.359 x 107*,  (A) = 1.267 x 1072. (A.10)

The parameters of the U(2)? spurions can be obtained with the procedure detailed in
section 3.2. The parameter ¢;, computed at the scale A, is

eq(A) = e (A)|Vis| = 3.22 x 1072. (A.11)

The phase and rotation angles in eq. (3.24) are defined in terms of CKM element ratios
and thus are scale invariant:

0q = 29258, 0, =0.085477, ¢, =0.032230, a4 = 1.63147. (A.12)
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B Tables of bounds

Here we list the three most stringent bounds for all the relevant coefficients in the operator

flavour expansions. See section 3 for definitions of the terms in the MF'V and U(2) expansions.

All bounds are referred to the respective Wilson coefficient taken at the New Physics scale

A = 5TeV, see section 5.1 for details on the numerical method.

B.1 Tables of bounds: MFV scheme

Coefficient 1st 2nd 3rd
eEDM nEDM Bg — Bg
1,2 P
Fi 4.6 x 103 1.1 x 10° 1.4 x 108
eEDM nEDM AAcp(D°)
1,2
Fig? 7.6 x 103 2.1 x 10° 5.3 x 10°
¢EDM nEDM Acp(B = X7)
1,2
Fi? 3.8 x 105 3.4 x 106 3.7 x 106
eEDM Acp(B = X7) nEDM
1,2
Fp” 1.0 x 10° 2.0 x 10° 2.3 % 105
eEDM BY — BY BY — BY
2,1
Fyg" 3.6 x 102 1.2 x 103 2.4 % 10
Acp(B — X7) nEDM B(B — X7)
F(2’1) 1 2
e 2.0 2.5 x 10 1.5 x 10
Acp(B — Xv) B(B — Xv) nEDM
F(271) —1 1 1
AW 8.2 x 10 2.4 % 10 5.2 x 10
Acp(B — Xv) B(B — Xv) nEDM
F(271) —1 1 1
dB 6.7 x 10 1.4 x 10 3.4 x 10
Acp(B = X7) nEDM ecEDM
Jae 1 9 3
qugd,1 9.8 x 10 3.4 x 10 1.4 % 10
Acp(B = X7) nEDM ecEDM
(1,1
Fq(uqd),l 2.8 x 102 3.4 x 102 1.4 x 103
Acp(B — X7) nEDM B(B — X7)
F(Ll) 1 2 3
qugd,s 6.8 x 10 3.9 x 10 1.7 x 10
nEDM Acp(B — X7) eEDM
FOD 2 3 3
quqd,8 3.9 x 10 1.3 x 10 8.3 x 10

Table 2. Three strongest bounds on up-quark Yukawa, dipoles, and the considered four-fermion

operators in the MFV scheme.
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B.2 Tables of bounds: U(2)3 scheme

Coefficient 1st 2nd 3rd
1) eEDM nEDM BY — BY
F
uH 5.6 x 1071 1.3 x 10! 1.6 x 10%
ey nEDM eEDM AAcp(DY)
uG 3.0 x 1072 9.3 x 101 1.7 x 102
) eEDM Acp(B — X7) B(B — Xv)
uW 4.6 x 10! 4.4 x 102 5.0 x 102
P eEDM Acp(B = X7) nEDM
ub 1.2 x 10! 2.4 x 102 2.9 x 102
F0) eEDM BY — BY BY — BY
uH 4.0 x 102 4.3 x 104 8.3 x 10%
#0) Acp(B — X7) AAcp(D?) eEDM
uG 4.4 x 10! 2.2 x 102 6.6 x 102
) Acp(B — X7) AAcp(D°) B - B}
ul 2.3 x 10* 2.5 x 103 1.3 x 104
F(Vq) ACP(B — X’y) eEDM AACP(DO)
ubB 2.0 x 10! 8.7 x 103 9.5 x 103
(A nEDM eEDM DO — DO
u 2.1 x 10* 5.7 x 102 5.3 x 103
FA nEDM AAcp(DO) D° — py
uG 5.8 x 1073 1.3 x 10! 1.8 x 104
F(B0) nEDM AAcp(DY) D — py
ul 1.7 x 1072 1.5 x 102 2.1 x 103
F(B) nEDM AAcp(DY) D% — py
ub 1.8 x 1072 5.5 x 102 1.2 x 103
e DO — DO eEDM nEDM
uH 1.2 x 10° 4.1 x 10° 9.2 x 107
FVit) AAcp(DY) D° — py nEDM
uG 2.9 x 102 3.6 x 106 8.1 x 108
VA AAcp(DY) D — py nEDM
u 3.6 x 103 1.6 x 10° 3.6 x 105
(VauAw) AAcp(D°) DY — py D% — D°
F, Bq’ 4 7 7
u 1.2 x 10 1.9 x 10 2.7 x 10
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Coefficient 1st 2nd 3rd
#O eEDM BY - BY nEDM
dH 2.6 1.6 x 10% 2.5 x 104
(1) nEDM Acp(B — Xv) B(B — Xv)
FdG -2 1
7.4 x 10 1.5 1.4 x 10
) Acp(B — X7) B(B — X~) eEDM
FdW —1 1
1.1 x 10 2.9 1.7 x 10
(1) B(B — X~) Acp(B — Xv) eEDM
FdB 1 2
1.4 2.1 x 10 3.2 x 10
#) BY — BY BY — BY nEDM
dH 1.2 x 10! 2.4 x 10! 1.2 x 103
#V) Acp(B — Xv) nEDM € /e
dG 1.9 x 1072 4.2 x 1071 1.5 x 102
V) Acp(B — X7) By — B} BY - B}
aw 7.2x 1073 2.5 x 102 4.7 x 102
Vo) Acp(B = X7) K — mlete™ BY - BY
FdB -3 2 3
6.4 x 10 2.9 x 10 1.4 x 10
F(80) nEDM €5 eEDM
dH 1.0 x 10! 3.4 x 103 6.5 x 107
7(B) nEDM € /e B(B — Xv)
G 4.1 x 1073 7.5 x 102 1.8 x 103
(Ag) nEDM K — mlete~ B(B — X7)
FdW -3 2 2
5.2 x 10 2.6 x 10 6.6 x 10
(A)) nEDM B(B — X7) K — mYete
FdB -3 2 2
7.8 x 10 1.2 x 10 1.5 x 10
F(quAd) HEDM Bg — Bg Bg — Bg
dH 7.7 x 104 9.6 x 104 9.7 x 105
FVaAa) B(B — Xv) K — mlete~ € /e
dG 9.2 x 10! 7.4 % 10° 1.9 x 108
FVa) B(B — X7) Ky — mVete” €K
aw 1.9 x 10! 3.3 x 104 1.4 x 10°
F(VaAa) B(B — Xv) € /e K — nlete~
B 8.9 2.1 x 108 8.0 x 106
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Coeflicient 1st 2nd 3rd
2 Acp(B — X7) eEDM B(B — X~)
quqd;1 7.9 1.3 x 10" 1.8 x 102
) Acp(B — X7) By - B} B! - B!
quad;! 1.1 2.7 x 102 5.2 x 102
7(Va) Acp(B — X7) BY — BY BY— B0
quqeh1 3.5 6.4 x 10! 1.3 x 102
2D Acp(B — X7) BY - B} B - B
quqd;1 7.3 x 102 4.0 x 10° 7.8 x 105
e nEDM BY - BY BY - B?
qugd;1 1.2 x 10! 1.4 x 10° 2.8 x 10°

F(8 nEDM B(B — Xv) €K
qugd;1 2.1 x 1071 8.6 x 102 1.9 x 10
(A B} — By B! — BY AAcp (D)
quad;! 1.3 x 104 2.7 x 104 3.4 x 10

F(Ad) nEDM B(B — Xv) K; — wete
auad| 2.6 x 107 1.6 x 10* 2.3 x 10*
(Vadu) AAcp(DY) eEDM DO _ Do
quqd1 6.8 x 10° 3.1 x 106 1.5 x 108
F(Vadu) Acp(B — Xv) BY — BY BY— B0
quad;1 1.3 x 10° 2.2 x 107 4.3 x 107
p(Vaha) B(B = X7) ¢/e nEDM
qugd;1 1.2 x 103 2.3 x 10° 3.4 x 10°
7(Vaha) €/e Ky — n%te” nEDM
quqch1 2.2 x 10 2.2 x 10° 2.6 x 10°
7 (Valu) Acp(B — X7) BY - Bj BY — BY
auad| 1.3 x 107 2.2 % 107 4.3 x 107
(Vada) ¢/e €K nEDM
qugd:1 1.9 x 10° 3.6 x 10° 2.6 x 108
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Coeflicient 1st 2nd 3rd
0 Acp(B — X~) eEDM B(B = X¥)
quqd,8 1.1 x 10 8.0 x 10! 1.9 x 102
) Acp(B — X7) By - B} B! - B!
quqd;8 8.3 x 107! 3.2 x 102 6.1 x 102
F(Vq) Acp(B — Xv) Bg - Bg eEDM
quqd,8 9.3 4.5 x 10* 7.5 x 104
2D Acp(B — X7) BY - B} B - B
qugd,8 5.5 x 102 2.6 x 10° 5.1 x 10°
) nEDM BY— BY AAcp (DY)
quqd,8 1.4 x 102 3.1 x 10° 3.5 x 109
F2) nEDM B(B — X7) K — nlete~
quqd,8 45 %101 1.0 x 103 1.7 x 10°
e nEDM AAcp(D) Bj - Bj
quqd,8 1.9 x 105 2.6 x 10° 7.9 x 10°
50 nEDM B(B = Xq) | Kpoalete
quqd,8 2.9 x 102 7.0 x 103 2.2 x 104
(Valu) AAcp(DY) eEDM DY — py
quqd,8 7.4 x 10° 1.4 x 108 5.3 x 10%
FViBa) Acp(B — X7) B} - By B) - BY
quqd,8 8.8 x 10% 1.3 x 108 2.6 x 108
e B(B = X~) nEDM €/e
quqd,8 1.3 x 103 2.0 x 106 2.0 x 10°
AVad) ¢/ Ky —miete” nEDM
quqd,8 1.7 x 10° 2.1 x 10° 4.4 x 10°
F(Vun) Acp(B — X7) Bg - Bc(l) Bg - Bg
quqd.8 8.8 x 10% 1.3 x 108 2.6 x 108
V) nEDM €/e Kp = nlete
quqd,8 2.6 % 10° 6.2 x 10° 1.7 x 108
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Coeflicient 1st 2nd 3rd
) AAcp (DY) Acp(B — X7) D° — DO
qu1 3.9 x 104 3.7 x 105 8.0 x 105
A Acp(B = X7) AAcp(DO) nEDM
qus1 1.0 x 103 3.9 x 104 1.1 x 10°
F(A“) nEDM AACP(DO) eEDM
qu,1 3.8 2.5 x 103 5.1 x 103
FVad) AAcp(D?) nEDM D — DY
qu,1 4.9 x 10* 1.3 x 10° 1.0 x 108
Vi) nEDM DY — DO /
qu1 5.0 x 107 2.7 x 108 /
VA nEDM DO — DO /
qu;1 5.0 x 107 2.7 x 108 /
) AAcp (D) Acp(B — X7v) D°—D°
qu,8 2.3 x 10° 3.2 x 10° 6.0 x 10°
) Acp(B — X7) nEDM AAcp(DY)
qu.8 2.2 x 103 7.6 x 10% 2.4 x 10°
P80 nEDM ecEDM AAcp (D)
qu8 4.1 3.8 x 103 1.5 x 104
F(VqA“) nEDM AACP(DO) DO — DO
qu8 1.0 x 103 2.9 x 10° 7.5 x 10°
FVat) nEDM D% — DY /
qu-8 3.7 x 107 2.0 x 10% /
P nEDM D% — DO /
qu-8 3.7 x 107 2.0 x 108 /

Table 7. Three strongest bounds on four-fermion operators Q((;jg) in the U(2)3 scheme.
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