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Abstract Within Z’ models, neutral meson mixing severely
constrains beyond the Standard Model (SM) effects in flavour
changing neutral current (FCNC) processes. However, in cer-
tain regions of the Z’ parameter space, the contributions to
meson mixing observables become negligibly small even for
large Z' couplings. While this a priori allows for significant
new physics (NP) effects in FCNC decays, we discuss how
large Z’ couplings in one neutral meson sector can generate
effects in meson mixing observables of other neutral mesons,
through correlations stemming from SU(2); gauge invari-
ance and through Renormalization Group (RG) effects in the
SM Effective Field Theory (SMEFT). This is illustrated with
the example of B? - B? mixing, which in the presence of both
left- and right-handed Z’bs couplings A’f and A’ﬁ remains
SM-like for A?g ~ 0.1 All’f. We show that in this case, large
Z'bs couplings generate effects in D and K meson mixing
observables, but that the D and K mixing constraints and the
relation between A};es and Ags are fully compatible with alep-
ton flavour universality (LFU) conserving explanation of the
most recent b — s£7 £~ experimental data without violating
other constraints like ete™ — £7£~ scattering. Assuming
LFU, invariance under the SU(2); gauge symmetry leads
then to correlated effects in b — svv observables presently
studied intensively by the Belle Il experiment, which allow to
probe the Z’ parameter space that is opened up by the vanish-
ing NP contributions to B? - é? mixing. In this scenario the
suppression of B — K (K*)u™" 1~ branching ratios implies
uniquely enhancements of B — K (K*)vv branching ratios
up to 20%.
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1 Introduction

In the search for flavourful new physics (NP), processes
involving flavour-changing neutral currents (FCNCs) are of
particular interest, as they are loop and CKM suppressed in
the Standard Model (SM) and therefore highly sensitive to
NP effects. An important class of models that can gener-
ate FCNCs at tree-level are Z’ models, in which the SM 1is
accompanied by a new neutral vector boson. Within Z’ mod-
els, the same flavour-changing quark couplings that enter
AF =1 FCNCs also give rise to tree-level contributions to
AF = 2 meson mixing observables. As these can be mea-
sured with high precision, they impose stringent constraints
on the parameter space of Z" models and limit their potential
effects in FCNCs. However, as emphasized in [1-3], the NP
contributions to AF = 2 processes are suppressed for a par-
ticular pattern of left-handed A?'"* and right-handed A% ?*
flavour-violating Z’ couplings to quarks ¢ and g, . The basic
quantity for studying the region of Z’ parameter space that
features this suppression is the ratio r, 4, of left-handed and
right-handed couplings defined by

q192
Ar

q192 °
AL

(1.1

Tq1q0 =

For example, in the case of BY — BY mixing, a suppression
of NP contributions is effective for 5y ~ 0.1, while NP in
K° — K mixing is suppressed for r5; ~ 0.004 and the one
in D° — DY mixing for r,. &~ 0.05. In such cases, large
flavour-changing Z’ couplings to the quarks ¢; and g, are
possible, allowing for potentially sizeable effects in FCNCs.
However, as we emphasize in this paper, the NP contributions
to the A F = 2 observables in different meson sectors are not
independent of each other, but are correlated. In particular,
SU(2); gauge invariance and CKM mixing link D° — D
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mixing with B, By, and kaon mixings, and Renormalization
Group (RG) effects in the SM effective field theory (SMEFT)
link all meson mixing sectors to each other. While these
effects are usually negligible, since they depend on small
CKM elements and loop factors, they become relevant in
the case of large Z’-¢1-¢» couplings, which are possible due
to the above described suppression of NP contributions in a
given meson mixing sector.

To illustrate these dynamics, we consider a Z’ scenario
with negligible contributions to B? — BY mixing due to
rps ~ 0.1. This example is interesting as it allows for poten-
tially large contributions to b — s¢T¢~ and b — sv
FCNC processes, which are otherwise strongly constrained
in Z’ models. The former processes are at the centre of the
so-called B-physics anomalies, experimental data of b —
st~ transitions in disagreement with SM predictions.
While Z’ models have been among the prime candidates to
explain these anomalies, the most recent measurements of
b — s£T¢~ lepton flavour universality violation (LFUV)
by the LHCb collaboration [4,5] pose serious challenges for
these models. Indeed, the presence of lepton flavour univer-
sality (LFU) in b — s€7 ¢~ transitions requires Z’ couplings
to electrons that are constrained by LEP-2 measurements of
ete™ — £T¢~ scattering [6], so that sizeable Z’bs cou-
plings are required to explain the b — sy~ data. The
b — svv processes, on the other hand, are presently studied
intensively through the B — K ®) v decays by the Belle II
experiment [7], providing valuable complementary informa-
tion giving some hints for NP contributions. For selected
recent analyses of these data see [8-25].

The large Z'bs couplings allowed by rps ~ 0.1 and nec-
essary for sizeable effects in b — s€7¢~ and b — svb
transitions have profound effects on other meson mixing sec-
tors. In particular, they lead to NP contributions to D and K
meson mixing observables. We study these correlated effects
in detail and investigate their implications for a simultane-
ous explanation of B — K(K*)u*u~, By — p*u™ and
the B — K (K*)vv decays experimental data with the latter
investigated by the Belle II.

Our paper is organized as follows. In Sect. 2 we present
in detail the steps from the NP scale Anp at which the Z’
is integrated out down to hadronic scales at which the rel-
evant decay amplitudes are evaluated. These steps include
the RG evolutions in the SMEFT and the WET, the match-
ing between the Z’ model and the SMEFT and the matching
between the SMEFT and the WET. We present the struc-
ture of the meson mixing amplitudes for By 4, K and D
mesons which allows us to determine for each of these sys-
tems the relations between left-handed and right-handed Z’
couplings to quarks that allow to suppress Z’ contributions to
mixing amplitudes. Subsequently we discuss the correlations
between different mixing amplitudes implied by the SU(2),,
gauge invariance and the mixing between various operators
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in the process of the SMEFT RG evolution. We also perform
a numerical analysis of the suppression of Z’ contributions
to By — By mixing and discuss their implications for other
meson systems.

In Sect. 3 we present analogous steps for semi-leptonic
transitions, in particular for B — K(K*)vv, B —
K(K*utp™ and By, — ptu~. We summarize their
present experimental and theoretical status and discuss the
correlations between them that follow from the SU(2),
gauge symmetry and the mixing between involved opera-
tors implied by the SMEFT RG evolution from Anp down to
the electroweak scale. We perform a detailed numerical anal-
ysis. The outcome of this analysis, summarized at the end of
this section constitutes one of the most important results of
our paper.

A brief summary of our paper is given in Sect. 4. Several
technical details are presented in appendices. In Appendix A
we update the SM prediction for eg, analyzing its depen-
dence on B k> |Ven| and y. In Appendix B we summarize the
AF = 2 matrix elements. In Appendix C re-diagonalization
of the running quark Yukawa matrices is performed. In
Appendix D the matching of the simplified Z’ model to the
SMEFT is presented in detail, and in Appendix E SMEFT
RGE in AF = 2 coefficients for all meson mixings in down-
and up-bases are listed.

2 Interplay of meson mixing constraints

This section can be considered as the anatomy of the top-
down approach illustrated on the example of Z’' models dis-
cussed by us. Usually these steps are hidden in computer
codes but it is useful to exhibit them in explicit terms.

e We begin in Sect. 2.1 at the high scale Anp of the order of
M and define Z’ couplings to quarks in various flavour
bases.

e Nextin Sect. 2.2 we perform the matching of the Z’ to the
SMEFT by integrating out Z’. This results in the WCs of
the relevant operators at the NP scale Anxp. Subsequently
RG group evolution from Anp down to the electroweak
scale Mz is performed within the SMEFT.

e Having the WCs of the SMEFT operators at the Mz scale
we perform in Sect. 2.3 the matching of the SMEFT to
the WET so that the WCs of the WET are known at
the electroweak scale. Subsequently RG group evolution
from M7 down to hadronic scales within the WET is
performed.

e Having the WET WCs at the hadronic scales we are
in the position to calculate meson mixing amplitudes in
Sect. 2.4.

e Subsequently in Sect. 2.5 we discuss the suppression of
NP to the mixing amplitudes.
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e In Sect. 2.6 we elaborate on the correlations between
different meson systems due to the SU(2); invariance.

e In Sect. 2.7 we discuss in some details the correla-
tions between different meson systems resulting from the
SMEFT RG evolution.

e Finally, in Sect. 2.8 we perform a numerical analysis of
the suppression of Z’ contributions to By — B mixing
and discuss their implications for other meson systems.

2.1 The Z’ model

The couplings of the Z’ to the SM fermions that are relevant
for FCNC decays and meson mixing are given by

X 44 ~ did; 3
5332:(A§”Z“qnmqr+AR’Z“éyu%
iJ

i _
+Ag 7 ZMu; yuuj)

+§:(A%Z“ﬁme+A%Z“@¢%q>, 2.1
k

where g, d, u, [, and e denote the left-handed quark doublets,
right-handed down-type singlets, right-handed up-type sin-
glets, left-handed lepton doublets, and right-handed lepton
singlets, respectively, and 7, j, k € 1, 2, 3 are flavour indices
corresponding to the three generations of SM fermions. We
are particularly interested in quark flavour changing cou-
plings (i.e. i # j) and we only consider lepton flavour con-
serving interactions.

While we define all right-handed fields in the mass basis,
and the left-handed lepton doublet in the mass basis of the
charged leptons, the left-handed quark doublet and the cou-
plings AZ’W are defined in an arbitrary basis in flavour space,
in which in general neither of the two components of the left-
handed quark doublet is in the mass basis. In this basis, the
quark Yukawa matrices can be expressed as

Yo = Uy, Vi, Yy =Ua V9™, 2.2)

where Y,f 128 , Y;lag are diagonal matrices and U, , Uy, are
unitary matrices.! Furthermore, the quark doublet expressed
in terms of mass-eigenstates uy and dy, takes the form

g = (UMIL ML)
= ¥ )
Uy, dr
We can perform a unitary transformation in the flavour space
of the quark doublets that turns one doublet component into

a mass eigenstate, but since U, # Uy, this cannot be done
for both components simultaneously.

2.3)

' Note that the two additional unitary matrices U, z and Uy, that would
multiply the diagonal matrices from the right in a completely arbitrary
basis are absent since we define all right-handed fields in the mass basis.

Starting from Eqgs. (2.2) and (2.3) and performing the
transformation

q — Uy,q, 2.4)

we end up in the so-called down-aligned basis, in which we
have

Y, = VgKM th iagv

N
g = Vekm UL
dr ’

where Vckm = UJ ;. Ug, is the Cabibbo—Kobayashi—-Maskawa
(CKM) matrix. In the down-aligned basis, the down-type

Yukawa matrix is diagonal and the down-type component of

the quark doublet is in the mass basis. Applying the trans-

formation in Eq. (2.4) to the Z’ interactions in Eq. (2.1), we

find that the couplings A%q‘j transform as

d
Yo=Y, and

(2.5)

AYY > 1 = (U], ) B (V) 26

i 1j
where we denote the couplings of Z’ and left-handed quark
doublets in the down-aligned basis by A(qu . From this equa-
tion, it is obvious that A%qj is invariant under the basis
change only if it commutes with Uy, , which is in particular
the case when A?qj is flavour-conserving and universal, i.e.
if it is proportional to the unit matrix. Otherwise, e.g. if Ai’qj
is a diagonal, apparently flavour-conserving matrix, but its
diagonal entries are non-universal, this basis change reveals
off-diagonal flavour changing couplings of Z’ and the left-
handed (mass eigenstate) down-type quarks. In the down-
aligned basis, flavour-changing interactions of left-handed
down-type quarks are in one-to-one correspondence with the
off-diagonal terms in their coupling matrices. E.g. flavour-
changing Z’ interactions between b and s quarks are always
present for A% £ 0 and always absent for AP" = 0,
and similarly for the other down-type quarks. This makes
the down-aligned basis particularly convenient for studying
flavour-changing processes of down-type quarks.
Alternatively, starting from Egs. (2.2) and (2.3), we can

performing the transformation
q - UM L q il (27)

and we end up in the up-aligned basis, in which we have

diag

Yo=Y Y= Vekm Yy, and
ur,
= . 2.8
1 (VCKM dL) 28
For the Z’ interactions, we find
ALY = ALY = (Ug,) AL (Uar) - 2.9)

where we denote the couplings of Z’ and left-handed quark
doublets in the up-aligned basis by A%’q’ . This basis is con-
venient for studying flavour-changing processes of up-type
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quarks, whose flavour-changing interactions are in a one-to-
one correspondence to the off-diagonal components of Aq’ .

We will mostly work in the down-aligned basis, but change
to the up-aligned basis when studying D meson mixing. To
this end, it is convenient to obtain relations between objects
in the up-aligned basis, which we decorate with a hat, and
the corresponding objects in the down-aligned basis (without
hat). In particular, from Egs. (2.6) and (2.9), we find

A%qj = (VCKM)ik Aqul (VCTKM) i

J (2.10)

This shows that unless Aq" " is proportional to the unit matrix,

the CKM matrix induces ﬂavour changing effects for up-type
quarks if flavour changing couplings are absent for down-
type quarks, and vice versa.

In the following, we will often use a convenient nota-
tion for the left-handed couplings in the up- and down-
aligned bases using the mass-eigenstate doublet components
as indices,

Auc _ Aqlqz’ Ais —
AYb qufn

q192 db __ Aq193
AP AP = AT

@2.11)

This notation will be in particular convenient in the Weak
Effective Theory (WET) below the electroweak scale, in
which g1 and g»> do not denote quark doublets, but are used as
placeholders for any quark mass eigenstate (cf. footnote 2).

2.2 Matching to the SMEFT and RG evolution in the
SMEFT

The tree-level matching of the model defined by (2.1) onto the
SMEFT results in contributions to Wilson coefficients (WCs)
of three classes of four-fermion dimension-six operators [26],
which we express in the non-redundant Warsaw basis [27]
defined by the WC exchange format (WCxf) [28],

e flavour-violating four-quark operators coupling ith and
Jjth generation quarks,

e flavour-conserving four-lepton operators,

e quark flavour violating semi-leptonic operators.

The full tree-level matching expressions relating the cou-
plings in Eq. (2.1) to the WCs of these operator classes are
given in Appendix D. Here, we only list the matching rela-
tions of the flavour-violating four-quark operators, which are
relevant for meson mixing observables,

qiqj\2 qiq; |2
[c (l)] — _(AL 2) [C(l)] _ —|AL2 }
99 s qq ;i
ijij ZMZ’ ijji Mz/
didj\2 didi 2
ALY idj
(Caalijij = e 2) . [Caalijji = | - | .
2My, M2,
Al uiuj |2
[Cunlijij = _( & 2) [Cuulijji = —#,
2My, M7,
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qiqj ,did;j qiq; didj\*
[C (1)] - w [C (1)] - M
ijij M%, ’ ijji M%, !
qiqj A Uildj qiqj Uil jy*
ey = AT AR ch - _ AT (ART)
ijij M2 qu lijji M%/
did; Uil j didj*
Au,u]A J Al/ A'!
1 1
(Codliyyy = =" Gy = - = 55— AEIZR @12
z' A

where i < j. In the case of real couplings Ay r, we thus
find the relations

W Lcw !
[Caqiji; = 5 Caqlisii+ [Caalijij = 5 [Cadlijji,
1
[Cuu]ijij = E [Cuu]ijjiv
[C;B]iﬁj =IC (1)]lljl’ [C(l)]lm [C(l ]lj]l»
[Ch i = [Co i 2.13)

The relations in Eq. (2.12) hold at the UV matching scale
Anp & My . In order to obtain the predictions for meson
mixing observables, we use the SMEFT RG Equations
(RGEs) to evolve the WCs down to the electroweak scale,
where we match the SMEFT to the WET, which we then
evolve further down using the WET RGE:s to the scale at
which the meson mixing matrix elements are evaluated. The
dominant contributions to the SMEFT RG running and mix-
ing of the Wilson coefficients in Eq. (2.12) in the first leading-
log approximation are given by [29-31]

[C3)Nijij(Mz) ~ [ ;1;]”,1 (ANP)

m_ log (Mz/Anp)
x [,qum] . T] ,
[C,;q lijij (Anp)
qqV log (Mz/Anp)
| aa® 1672 ’
[Caalijij (ANp)

[ log (Mz/Anp)
x | 148341 TZZ} ;

[C3Nijij (Mz) ~
X

[Caalijij(Mz) =

[Céiz)]i./ij(Mz) ~ [C;ig)]ijij(ANP)
d<|>
<1+ 180
[C;Z)]ijij(ANP)
qd“) log (Mz/ANp)
ﬁqd(s) i |

log (Mz/ANp)
1672 ’

[C[(;Z)]ijij(MZ) ~

1672
[Cuulijij(Mz) ~ [Cyuulijij (Anp)
X |:1 + B lij
[C;L)]ijij(MZ) A [C;L)]ijij(ANP)
x [1 520 1

log (Mz/ANp)
1672 ’

log (Mz/Anp)
1672 ’
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[C;i)]ijij(MZ) A [C;L)]ijij(ANP)

u_ log (Mz/Anp)
:Bqu(%%) 7y e O

2.14
1672 219
where we have defined

(1)

8240 1y =
62001 =3 (82 + &%),
(B ij =

82500 = (3% +

+310als P+ 3 10¥aki + 4 (Yl )

(2 + 482 +20r i +200"1),

(482 + 387 + 200 b +210"1).

+ %+ 07 + N+ g1y

qd“)

Bl Ty = (= 1282 + 4] Yaly [ +2100aki + 2 |Yal )
Bty = (482 + K &+ 210 + 21715 ),
201 = (= 482+l + s+ i + 1
+3 |1+ S P+ 3 (5.
B 1y = (= 1282 + 4|0y + 20000 + 2|Vl ).
2.15)
Here
vy = %[Y Vit Yaygl v =1,
v = 1YY (2.16)

with the Yukawa matrices Y, and Y,,. Subleading contribu-
tions are collected in Appendix E.

We mostly work in the flavour basis in which the down-
type Yukawa matrix is diagonal, Y; = diag(y4, ys, y») and
Y, = gKM diag(yy, Ye, ¥1). In some cases, in particular
when considering D° mixing, we will also work in the basis
in which the up-type Yukawa matrix is diagonal. In this
case, all objects carrying flavour indices will carry a hat,

e.g. Ya = Ve diag(va, ys, yp) and ¥, = diag(yu, ye, -
2.3 Matching to the WET and RG evolution in the WET
We define the AF = 2 meson mixing observables in terms
of the effective Hamiltonian of the WET,
Hal = = Hai sm + Heifne» (2.17)

where the first and second term contains the SM and NP
contributions, respectively. For the NP part, we consider?

Hetf NP Z

q1q2€{cu,ds,db,sb}

H& - (2.18)

2 Note that in the WET, we use ¢| and ¢» as placeholders for any quark
mass eigenstate, which should not be confused with the quark doublets
used in the SMEFT. To avoid confusion, we will use the notation for
the Z’ couplings introduced in Eq. (2.11).

where the terms relevant for Z’ models are
N2~ N2 ~92 9192
Heff e = —Cyrr Oy — Cyrr Ovgr
99 Hq192 992 H9192
—Cyir Ovir — Csir Osig +he., (2.19)

which contribute to meson mixing in the up-type sector
for gigo = cu and in the down-type sector for giq €
{ds, db, sb}. The operators are defined as

Ol = (@1YuPLa2)(G1y" PLg2).
O = (4174 Pra2)(@1V" Pra2).
oM = (G1vu PLg2) (G1y" Prq2),
051’z = (@1 PLg2) (@1 Prq2).- (2.20)

In order to connect the SMEFT Wilson coefficient in
Eq. (2.14) to the WET Wilson coefficients in Eq. (2.19), we
match the SMEFT to the WET at the electroweak scale and
find the relations

did;
Cyrp =1C Nijij +1CNijij
)
viL = [C ]1212 + [C ]1212’
did;
CVR/R = [Cdd]uu»

did; (M)
Cyrr= [Cyalijij —

CVRR = [CMM]T212’
[C;?]ijij,
Citor = [CO T — l[éﬁ)]fzn’
C?ﬁe = [C;Ejz)]uu’ Csir = _[éc(ji)]TMZv

where we denote SMEFT Wilson coefficients in the flavour
basis in which the up-type Yukawa matrix is diagonal with a
hat.

As the hadronic matrix elements entering meson mixing
observables are evaluated at a scale u = O(GeV), the coef-
ficients at the scale Mz in Eq. (2.21) have to be evolved
down to p using the WET RGEs. We express the WCs at the
scale u in terms of those at Mz and the RG evolution matrix
U (u, Mz),

221

CY 3 () CY 3 (Mz)
CyRr(1) Cygr(Mz)
q192 = U, Mz) q192 (2.22)
Cyrr() CyrrMz)
Csrr(w) Csrr(Mz)

Solving the leading order RGEs, the evolution matrices in
the up-type sector for ¢1g2 = cu and in the down-type sector
for q1q2 € {ds, db, sb} are given by

0.776 0 0 0
‘ 0 0776 0 0
cu =
UMQGeV.Mz)=1 o o 0899 o |
0 0 —1.1612.641

(2.23)
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0.785 0 0 0
s | o0 0785 o0 0
UPQGV. M =1 o o o801 0o |
0 0 —1.1432.606
(2.24)
U 4.2GeV, My) = U*?(4.2GeV, My)
0.843 0 0 0
0 0.843 0 0
| o o 0922 o |’ (2.25)
0 0 —0.696 1.966

where we have set u to the scale at which the matrix elements
are evaluated, © = 2GeV for q1q2> € {uc,ds} and u =
4.2 GeV for q1q3 € {db, sb}.

Combining the results of the SMEFT matching, Eq. (2.12),
the SMEFT RG evolution, Eq. (2.14), the WET matching,
Eq. (2.21), and the WET RG evolution, Eq. (2.22), we find
the following expressions for the WET WCs at the hadronic
scale u:

919> = uc
. (A7)’
Cy1L(2GeV) ~ ~0.338
Z,

x [1 4£3.26 x 1072 log (MZ/MZr)],

(A%
2
z

x [1 £2.92 x 1072 log (MZ/MZ/)] ,

—0.338

Clep(2GeV) ~

AUCH AUC*
AL AR
2
7

x [1 +1.12 x 1072 log (MZ/MZ/)] ,

Cl (2GeV) ~ —0.899

A UC * Auc *

o ~ L R
Ciip(2GeV) ~ 1161 =L H—

Z/
x [1 ~ 1571 x 1072 log (MZ/MZ/)} ,
(2.26)

4192 =ds

Adx 2
0.393 4 Lz)
2,
x [1 £3.26 x 1072 log (MZ/MZr)] ,
2
(A%)
2
2
x [1 +2.58 x 1072 log (MZ/MZ/)] ,

C¥,,(2GeV) ~ —

C%er(2GeV) ~ —0.393

ds ads

c% . (2GeV) ~ —0.891 L Ak
VLR : M2
Z/

X [1 +1.29 x 1072 log (Mz/Mz/)]a

ds Aa’s
s 1(2GeV) ~ 1.143 fw R

2
7

@ Springer

x [1 ~15.58 x 1072 log (MZ/MZ/)} ,

(2.27)
q192 = dib, i € (1,2}
d;ib\2
. N
Cl? (42GeV) ~ —0.422 ( Lz)
Z/
x [1 43.67 x 102 log (MZ/MZ/)] ,
d;ib\2
v N
cl? (42GeV) ~ —0.422 ( Rz)
Z/
x [1 4+2.58 x 1072 log (MZ/MZ/)} ,
i dib Ad;b
i ~ L R
CV7p#2GeV) ~ ~0.922 =L
Z/
x [1 1 1.50 x 1072 log (MZ/MZ/)} ,
dib  dib
. INLIN
Cylp(42GeV) ~ 0.696 —L—K_
Z/
x [1 ~19.41 x 1072 log (MZ/MZr)].
(2.28)

2.4 Meson mixing amplitude

The meson mixing observables of a given meson M depend
on the dispersive part M 1/\24 and the absorptive part F{\Z/l of the
mixing amplitude. We consider new physics contributions to
M 1/\2/1 which is defined as

(MIHEE=2 M)
2M pq

where M 5 is the mass of the meson M. Using Eq. (2.17),
we can separate the SM and NP contributions,

Myt = , (2.29)

M M M
Miy" = Miz s + Miz nps (2.30)

and we can express M 1/\2/‘ np interms of the WCs and operators
in Eq. (2.19),

(0V11)
M]J\z/l = — (192 4 942
NP ( VLL VRR) 2MM
q19 q19
_ 1192 (OV1L2R> _ q192 <052Rg) 23
CVLR SLR 4 ( . 1)
2M zq 2M pm

where we used that (O7'{%) = (O7'[7). In this equation,

q1q2 is cu for M = Dy, sd for M = Ky, db for M = By,
and sb for M = By. The matrix elements ( 0? 192y are defined
in Appendix B.

Using our results for the WCs at the scale where the corre-
sponding matrix elements are evaluated, Egs. (2.26), (2.27),
(2.28), and assuming the left-handed couplings of Z’ to
quarks to be non-vanishing, we can express M {;" Np @S

192 )

M _ q9192 ( VLL
Miy'\p = —C

VLL D100 2q1q2+ (2.32)
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where

qu]z = I:l + (1 + nqlqg) rtnqz + 2Kq1q2 rqu] (233)

parameterizes contributions due to non-vanishing right-
handed couplings of Z’ to quarks, with
a9
Ak

T'q192 = Aq|q2 (234)
L

defined as in Eq. (1.1). The quantities k4,4, and 14,4, are
given by

_ (C"Vlf’;; (OViR) | CSr <0§‘£,%>> !

Kgigo =

9192 q192 q192 9192 ’
CVLL <0VLL> CVLL <0VLL) 2r¢11q2
qu¢12 1
_ _VRR
Ng1q2 = Cq1q2 ) - L (2.35)
viL "q¢2

The quantity 74,4, accounts for the small differences in the
SMEFT RG evolution of left- and right-handed WCs C{'/7
and C{'{%, and is of order 1% in all four meson mixing
sectors. It only depends on the SMEFT RGEs and is inde-
pendent of the hadronic matrix elements. The quantity x4,
captures the contributions from the left-right Wilson coeffi-
cients CY//% and C%} % relative to those from CY//7 . In addi-
tion to the SMEFT and WET RG effects, it depends crucially
on the hadronic matrix elements and therefore has different
characteristic values in the four different meson mixing sec-
tors. These values are shown in the left panel of Fig. I as
functions of the Z’ mass M. We include uncertainty bands
stemming from the uncertainties of the hadronic matrix ele-
ments (O]'?). The My dependence is obtained from the
numerical solution of the leading-order (LO) RGEs in the
SMEFT and the WET, summing large logarithms. Note that
ksp and kg are essentially equal and cannot be clearly dis-
tinguished in Fig. 1.

Using Egs. (2.26), (2.27), (2.28), we find the following
approximate expressions for 14,4, and k4,4, in the four dif-
ferent meson mixing sectors. They are given by

q192 = uc

Kue ~ (133 gk} — 172 (He) )

+ (2.85 {ghHE — 32.6 (et )
x1072 10g<M2/>
~ 0.34 x 102 1og(MZ’) (2.36)

419, =ds

113 19%) 45 (Oi
s = (1123 - s s )

(2 23 (%e) 974 —SLR>>

OésLL) (Ol\iSLL>

%1072 log<Mz’>

~ 0.68 x 1072 1og(MZ’) (2.37)

q19, =dib,i € {1,2}

o dib
Kap ~ (1 09 %l _ (g2 —<055,R>>
VLL ()
ol (0% |
(2 37 %) 19,0 Oste) )
OVLL (OVtLL)

x1072 log(MZ')

Nap ~ 1.09 x 1072 log(MZ/) (2.38)

2.5 Suppression of Z’ contributions to meson mixing

The NP contribution to the dispersive part of the meson
mixing amplitude, Mf\z/‘NP, is proportional to the quantity
Zq¢, defined in Eq. (2.33). While z4,4, simply reduces to
Zg14» = 11in the case of vanishing right-handed couplings of
7' to quarks, the ratio of left-handed and right-handed cou-
plings r,,4, can take values that result in a vanishing z;4,4,
and therefore no contribution to M 1/\241\113 (cf. [2]). Solving
Zg1qp = 0 for rg,q,, we find?

2
©) “Kqrga — [ Kgiqp T 1 =114,
r =17 =
9192 9192 _
2g14y=0 1+ Ng1q2
2
“Kqiq2 — V Karg» — 1
1
- , (2.39)
264142

where in the second line we used that 4,4, < 1 and in the
third line that x4, 4, << —1.

It follows that if the relation in Eq. (2.39) is approxi-
mately satisfied, Z’ contributions to the corresponding meson
mixing observables will be strongly suppressed. Simultane-
ously, the presence of the right-handed couplings will have
some impact on rare FCNC decays. The values of ré?()n with
q1q2 € {uc,ds, db, sb} for which the first line of Eq. (2.39)
is satisfied are shown in the right panel of Fig. 1. As for k4, ,
the Mz dependence is obtained from the full numerical solu-
tion of the RGEs at LO and the uncertainty bands correspond

to the uncertainties of the hadronic matrix elements. rs(g and

r; b) are essentially equal and cannot be clearly distinguished

in Fig. 1. We find that in the case of K — K mixing the

corresponding condition reads
AF ~0.004 A, (2.40)

implying a large fine tuning between right- and left-handed
couplings, but then also negligible impact of right-handed
currents on rare K decays. NP contributions to ex can be

3 We select the solution for which |A% 7| < [AT%| for kg4, < —1
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Fig. 1 Values of kg4, (left -4
panel) and "15(1)212 (right panel) for
q1q2 € {uc,ds, db, sb} as

functions of the Z’ mass M/ -8 1

Kqige
L
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—20
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M z! [TG‘V]

suppressed with less fine tuning in a scenario where the rel-
evant sd coupling is nearly imaginary [32], with interesting
implications for rare Kaon decays and ¢’/¢.

On the other hand, a cancellation of right- and left-handed
NP contributions to DY — D°, B; — By, and B, — B, mixing
is possible with less fine tuning, under the conditions

Al ~0.05 A% and A% ~ 0.1 497 (2.41)

In these cases, the left-handed Z’ couplings A?'?* can take
on large values that are unconstrained by their direct con-
tribution to the corresponding meson mixing amplitude,
Eq. (2.32), as z4,4, ~ 0. However, indirect contributions to
other meson mixing sectors that we discuss in the following
Sects. 2.6 and 2.7 are still induced and can provide relevant
constraints.

2.6 Correlations in meson mixing from SU(2); gauge
invariance

In the SM, the left-handed up- and down-type quarks are uni-
fied into doublets of the SU(2); gauge group. This means
that SU(2); gauge invariance implies relations between
the interactions of up- and down-type quarks. In partic-
ular, as discussed in Sect. 2.2, the Z’ couplings of left-
handed up-type quarks are related to those of the left-
handed down-type quarks by Eq. (2.10). This allows us to
express the Z’-u-c coupling Af that contributes to the D
meson mixing amplitude M 1% through the Wilson coefficient
CV 1 (cf.Eq. (2.26)) in terms of the couplings of down-type
quarks,

~ s
Ayt = Af (Vi Vaa + €78 Vi Vi)
s 1db
8" (Vi Vi + 798 V2 Vi)
i osb
+A2h (Vj, Vs + 672“7)" V::' Vuh)

+ (A‘Zd —~ A’Z”) Ve Vua + (A“L" - A}Zh) Ves Vus, - (242)

where c/)zlidj denote the complex phases of the couplings
Aiidj . In the absence of right-handed Z’ couplings, the

@ Springer
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squares of A%, A‘zb, and A“Lb are directly proportional to

the NP contribution to the meson mixing amplitude M 1/\2/1
with M € {K, By, By} and are therefore strongly con-
strained by experimental data. In the presence of a right-
handed coupling, on the other hand, as discussed in Sect. 2.5,
the contribution to M {EA can become negligibly small, allow-
ing for a potentially large left-handed Z’ coupling. However,
Eq. (2.42) implies that even in this case, a single left-handed
coupling cannot be arbitrarily large without the presence of
at least one other large left-handed coupling. Furthermore, if
the flavour-conserving left-handed couplings to down-type
quarks are approximately equal, their contribution to the rela-
tion in Eq. (2.42) vanishes as a consequence of CKM uni-
tarity. In this case, we find a direct relation between the left-
handed contributions to all four meson mixing amplitudes,

~

uc

o Ads db
AT ~ AT+ ALV

dd o ASS o Abb
ATIRAP AT

a3 (Vi Vs + 720 V). (2.43)
where we used V4 ~ V. &~ 1 and neglected numerically
small terms.

This result is particularly important in the presence of
a single dominant flavour-changing Z’ coupling to only b
and s quarks. In this case, a real ASLI’ necessarily leads to
a complex Ag", contributing to the imaginary part of the
dispersive mixing amplitude in the D — D° system. An
observable particularly sensitive to this is

P = x| sin@h). (2.44)
with x7 and ¢ defined by [33]
xB=2tp IME| and ¢B =argME/TE),  (245)

where Tp is the average D? lifetime.
The phenomenological consequences are demonstrated in
the examples we present in Sects. 2.8 and 3.
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2.7 SMEFT renormalization group contributions to meson
mixing

In addition to the flavour-conserving contributions to the
SMEFT RG running and mixing given in Eq. (2.14), the
SMEFT RGE:s also generate small flavour-changing contri-
butions. Due to these contributions, in principle any AF = 2
WC at the scale Anp generates effects in all four meson mix-
ing sectors. Usually these effects are very small and phe-
nomenologically irrelevant, as the AF = 2 WC are severely
constrained from their tree-level contributions to meson mix-
ing. However, if these tree-level contributions are suppressed
as described in Sect. 2.5, the corresponding AF = 2 WC can
be large and the RG induced effects can become relevant.

As an example, we consider the contribution to the Kaon
mixing observable ex generated from the WC [Cc(zlz)]2323
(Anp). Since ek is particularly sensitive to even very small
NP contributions, this effect can in principle become phe-
nomenologically relevant as we will see in Sect. 3. The con-
tribution to €k is generated in two steps:

e Inthefirststep, the SM couplings and dimension-six WCs
are run from the matching scale Axp down to the elec-
troweak scale M. This leads to off-diagonal entries in
the initially diagonal Yukawa matrix Y;, and C denotes
the WC in the corresponding non-canonical flavour basis.
The WC [Cyq 2323 (Anp) mixes into [Cyg l1232(Mz),
which in the first leading-log approximation is given by
[30]

[Ci)1232(M7) ~ 2 [C{)Ta323(ANp)
log (Mz/Anp)
1672

[C{})12323(5 TeV)
x(—1.44 —0.58i) x 107*

x [y s

Anp=5TeV

(2.46)

where yq(y) = %[Yu YJ—}-YdY;]With Yy = diag(yvq, ys, ¥b)
and ¥, = VCTKM diag(yy, ye, y¢) such that [j/q(Y)]lg ~
3V Vi V.

The self-mixing of [C;lq)]2323 in the first leading-log
approximation results in

[Cia323(Mz) ~ [C{Ta323(Anp)
x[14 (2 + 3%+ 21 2 + 211 V1s3)
log (MZ/ANP):|

1672

Anp=5TeV

[C{})12323(5 TeV) x 0.96. (2.47)

e In the second step, the WCs are transformed into the
canonical flavour basis, in which Y is diagonal. To this
end, one has to re-diagonalize the Yukawa matrices using
flavour rotations that also rotate the flavour indices of the
WCs (for more details and explicit rotation matrices see
Appendix C). Applying these flavour rotations, we get

[C{ 212 (Mz) = [C{P11232(M2)
(U;)ll Ug)n2 (UJ)I.% (Ug)22

HIC 12323 (Mz) (U))22 (Ug)1z (U2 U1z

ANp=5TeV -
we [CD11232(Mz) x (—1.81 —0.72i) x 107

HIC ) 323 (Mz) x (274 +2.611) x 1078, (2.48)
where the ellipsis corresponds to numerically irrelevant
strongly suppressed contributions.

Combining the above two effects, we find for Anp = 5 TeV
in the first leading-log approximation

[C{N212(M2) ~ [CD 12303 (5 TeV)

x (4.8 +4.6i) x 1078, (2.49)

While this contribution seems to be very small, it can have a
relevant impact on €, as this observable is highly sensitive
to the imaginary part of [Céz)]lzu(M 7). To be specific, one
can obtain an approximate semi-analytic expression for the
dependence of ex on [C;l,)]lzlz(MZ),

ex ~ eM x (1 —1.55 x 108 TeV2 x Im([C;;)]mz(Mz))).
(2.50)

If we combine this with Eq. (2.49) and assume [C;;)]2323
(5TeV) to be real, we find

ex ~ e x (1 — 7.1 TeV? x [CL) 133 (5 TeV)). (2.51)

Consequently, a shift of ex by around 7-8%, which corre-
sponds to the theoretical uncertainty of its SM prediction, can
be generated by [CLy 12323 (5 TeV) of order 0.01 TeV~2. Note
that if the Z' coupling A% is real, the WC [Cly) 12303 (5 TeV)
is always real and negative (cf. Eq. (2.12)), such that the
generated shift in ek is positive.

This upward shift in g through RG effects analyzed here
turns out to be welcome, but eventually not crucial. Indeed,
as demonstrated in Appendix A, the SM estimate of g with
the values of the parameter B k from either Dual QCD [34]
or the most recent NLO analysis of the RBC/UKQCD col-
laboration [35], and the other input parameters as described
in Appendix A, is around 5% below the experimental value.
However, the very recent NNLO analysis of [36] reduces this
difference significantly, although this depends on the values
of y and | V.|, asillustrated in Table 2. Therefore, eventually,
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in accordance with the strategy in [37,38], NP contributions
to ek are not required to reproduce the experimental data.

2.8 Numerical analysis: suppression of Z’ contributions to
By — B mixing

In this section, we demonstrate the effects discussed in the
previous sections in a numerical analysis, using the example
of By — By mixing. To this end, we perform fits of the Z’-b-s
couplings using the open source python package flavio
[39]. The theoretical uncertainties of the observables con-
sidered in our analysis depend strongly on the size of the
NP WCs and can be much larger than the SM uncertainties.
In particular, AM; can have a significantly enhanced the-
ory uncertainty in the presence of large NP WCs, even if its
central value is SM-like due to the cancellation described in
Sect. 2.5. Itis therefore crucial to account for the new physics
dependence of the theory uncertainties in our fits, which we
do using the method of [40]. We consider constraints from
various relevant A F = 2 observables:

e AM,, the mass difference in the By — B system.

e Sy¢,themixinginduced CP asymmetry in By — J /¥ ¢.

° x{rzn’D, the normalized imaginary part of the dispersive
mixing amplitude in the D? — D° system.

e cx, the indirect CP violation parameter in the K¢ — K
system.

e AMy, the mass difference in the B; — By system.

All of these observables receive considerable contributions
either directly or through RG effects, except for AM,;. How-
ever, the theoretical uncertainties of e and AM, are corre-
lated and this correlation slightly affects the global fit, even
in the absence of NP contributions to AM,. Note that in our
fit we do not include Sy g, the mixing induced CP asym-
metry in By — J/¥ Kg, as this observable is used as input
observable to determine the angle 8 of the CKM unitarity
triangle. N

The Z’ couplings A’L", g always enter the matching rela-

tions in the form of a ratio involving the Z’ mass, AiLj r/ Mz,
so that the WCs are not individually sensitive to the cbuplings
or the mass. Consequently, in our numerical analysis we vary
the ratios AILJ r/Mz.However, the Z " mass enters our results
indirectly in ferms of the matching scale ANp &~ M/, which
we use as the renormalization scale at which the numerical
values of the SMEFT WCs are defined. For our numerical
analysis, we set Axp = 5TeV.

To show how the By — By constraints on Alzs are suppressed
in the presence of A’;g satisfying Eq. (2.41), we present like-
lihood contours in the 2D plane AﬁS/MZ/ Vs. A%S/AbLS in
Fig. 2.

@ Springer

In the left panel of Fig. 2, we see that the region allowed
by AM; at the 1o level (in green) includes large values of
AZS /M if the ratio All’g / AIZS is roughly between 0.08 and
0.10, demonstrating the suppression of M IBZJ np discussed in
Sect. 2.5. The pink contour shows the constraint from the
D" — DY mixing observable x{rzn’D, which is induced by
the correlation due to SU(2); gauge invariance discussed
in Sect. 2.6, and which places a limit on the magnitude of
Agx /Mz. We show the combined constraint from AF =
2 observables in blue, demonstrating that for Al]’g / A’f ~
0.08, the left-handed Z’-b-s coupling A’is is allowed to be
roughly two times larger than for vanishing right-handed Z’-
b-s coupling.

In the right panel of Fig. 2, we show a scenario in which the
contributions to D?— D° mixing are also suppressed, which is
e.g. possible in the presence of right-handed Z’-c-u couplings
that compensate the effect of Eq. (2.43). Consequently, the
magnitude of A'ZS /M7 is not limited by xgl’D and can be
considerably larger than in the left panel of Fig. 2. However,
in this case RG effects, and in particular those described in
Sect. 2.7, become important. The cyan band shown in the
right panel of Fig. 2 corresponds to the region allowed by g
atthe 1o level, clearly limiting the magnitude of All’f /Mz . In
green and blue, we again show the regions allowed by A M
and by the combined A F = 2 observables, respectively. For
A;’;/A}Zs ~ 0.085, the left-handed Z’-b-s coupling AIZS is
allowed to be about ten times larger than for vanishing right-
handed Z’-b-s coupling.

The cut through the blue region visible in the right panel
of Fig. 2 corresponds to a constraint from Sy . In this nar-
row region, the NP contribution to M f;zs has a similar mag-
nitude and opposite sign to the real part of the SM contri-

bution, M%’NP ~ —Re(Mles SM). This leads to a vanishing

Re(MIBZ“), and consequently to |M132“| ~ |Im(M132‘°)|. Since
Sy 1s approximately proportional to Im(M f;‘ )/ IM 132“ |, itis
considerably enhanced in this case, leading to a strong exper-
imental constraint. While |M1325| ~ |Im(M Ss)l also implies
a significant suppression of the central value of AMj, the
additional dependence on the NP bag parameters increases
the theoretical uncertainty of AM; to about 50% of its SM
central value, making even the suppressed central value com-
patible with experimental data. On the other hand, the depen-
dence of Sy on the NP bag parameters is partially cancelled
when the ratio |Im(M]BZS)|/|Mle‘| is close to unity, so that
in this case Sy can provide a strong constraint even in the
presence of large NP WCs.

In the left and right panels of Fig. 2, the black dashed
lines show the values of Ali’g / A’is that allow for the largest
magnitude of AZf/MZr, A%S/Abs = 0.083 in the presence
of D? — D° mixing constraints, and A?{/Al;f = 0.089 in
their absence. We use these values as benchmark scenarios
in Sect. 3.
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Fig. 2 Constraints on Z'-b-s 0.12 7 0.110
couplings from AF =2 |
observables. The left panel 010 01057
shows the regions allowed by 0100 -
AM; (ingreen) and x}5°° o [ o
pink) at the 1o level, as well as 0.08 1 0.095
the 1o and 20 contours of the 'zlq 'i]-q 0,090 - _
combined A F' = 2 likelihood. = 0.06 - NN AT .
The right panel shows the 2]': *é]m 0.085 -
regions allowed by AM; (in
green) and e correlated with 0.04 7 0.080
AM, (in cyan) at the 1o level, -== AR/AP =0083 005~ Ak/AE =0.089
as well as the 1o and 20 0.02 4 o5l 1o ’ — ek lo
contours of the combined — AM; 1o 00704 — AM; 1o
AF = 2 likelihood — AF=21l0,20 —— AF=210,20
0.00 T T T 0.065 — T T T
—0.020  —0.015  —0.010  —0.005 0.000 —0.12 —0.10 —0.08 —0.06 —0.04 —0.02 0.00

A /My [TeV—Y]

3 The impact on AB = AS = 1 transitions

In the previous section we have studied the WCs of the four-
quark operators including RG effects both in the SMEFT and
WET under the conditions of suppressed NP contributions to
AF = 2 processes. At the NP scale Anp these conditions are
summarized in (2.40) and (2.41). In the present section we
will investigate what is the impact of the relation in (2.41)
for the By — By mixing on the transitions b — svv and
b — su*u~. This involves not only B — K (K*)vb and
B — K(K*)utu™ decays but also By — ™.

Our goal is to find out the correlations between these five
decays and in particular the implications for B — K (K*)vv
and B; — puTp” taking into account the suppressions of
B — K(K*)u™ ™ relative to the SM predictions observed
by the LHCb experiment.

To this end, in Sects. 3.1 and 3.2 we will perform the
steps done for the four-quark operators in the previous sec-
tion, this time for semi-leptonic operators relevant for the
decays considered here. This includes the matching between
the Z’ model to the SMEFT, RG running within the SMEFT,
the matching of the SMEFT onto the WET and RG running
within WET.

Subsequently, in Sect. 3.3 we will study correlations
between the WCs for b — svv and b — s i~ transitions
within the WET and their dependence on the Z’ couplings
to ™ concentrating on vector and left-handed couplings.
Here the requirement of the suppression of NP contributions
to for By — B, mixing has an important impact on these cor-
relations.

In Sect. 3.4 we define a number of observables for all
decays analysed by us. We summarize their experimental
status and discuss the relevant formfactors. Subsequently in
Sect. 3.5 we perform a numerical analysis. This includes the
global fit of Z’ couplings and in particular the correlations
between various observables that are the most important phe-
nomenological results of our paper.

A /My [TeV—!]

3.1 Matching to the SMEFT and RG evolution in the
SMEFT

When we match the Z' model defined by Eq. (2.1) to
the SMEFT, the matching relations relevant for the B —
K(K*)vb, B — K(K"utu™, and By — puTu~ decays
at tree-level are those of the quark flavour changing semi-
leptonic operators (see Appendix D for the full tree-level
matching results),

Aei Asb Ali Asb
M L2L
[Coelozii = ——2=L, (€ Niizs = ——27E,
Mz, Mz,
Aei ASb Ali Ash
[Cealiiny = ——28 . [Craliin = ——25%. (3.1
Mz, Mz,

The relations in Eq. (3.1) hold at the UV matching scale
Anp = My . In order to obtain the predictions for B —
K(K*)vv, B - K(K*)uTn=, and B, — puTu~ observ-
ables, we use the SMEFT RGEs to evolve the WCs down
to the electroweak scale, where we match the SMEFT to the
WET, which we then evolve further down using the WET
RGE:s to the scale at which the B — K (K*) matrix elements
are evaluated. The dominant contributions to the SMEFT RG
running and mixing of the Wilson coefficients in Eq. (3.1) in
the first leading-log approximation are given by [29-31]

- ool 221
1+ [Bgelii %

[Cyel2zii (Mz) ~ [Cyelasii (Anp)

e (A o)
+l Iq liiz3 (Anp) [,qu lii 1672 s

tog( 1% )
.. ~ .. edq. %\ Anp
[Cealiia(Mz) = [Cealiiza(Anp) | 1+ [Beglii — g2

lo; ,}\W—Z
+[Cialiizz(Anp) |:[;Bé£dl]ii gl(ﬁﬁp):| ;

1) log Mz
[C[(;)]iiZ.?(MZ) ~ [C[(;)]iiZS(ANP) |:1 + [5,12(1) lii 1(62}§P>:|
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ge 1 le(aE)
FCqel2zii (ANp) | [Byy Vi —g2 | »

log( Az
[Cialii2za(Mz) =~ [Cialiioz(Anp) [1 + B4 i g](g,ﬁi")}

(3.2)

i lo; II\WZ
+[Cealits(Axp) | [B59 i g( NP):|’

where we have defined
Bielii = ¥ g% + vV l2 + V13 + 2 1r i,
1B = 4 g2 — 2110
BT = 0 g2 + v\ oo + vy 13 + 21r i,

[Biglii = % &% — 211l

81l = — % + vl + Iy + 200
ﬁ,qm]”- =387~ Il¥elul®,

Bl = 2 &% + [y 2 + vy 1s + 210 i

[,3 ]ll - 3g - |[Y ]lll . (33)

The quantities y(y) and y<y) are defined in Eq. (2.16) and

v = %[YeYJ], v = 1Y), (3.4)
Apart from the WCs in Eq. (3.1), which are generated by
the tree-level matching, additional WCs relevant for B —
K(K*)vv, B — K(K*)utu~, and By — utu~ decays
are generated through SMEFT RG effects. In particular,
[Cl(ql)]i,~23 (ANp) generates a contribution to [Cl(g)]iizg, (My),
and both the semi-leptonic WCs in Eq. (3.1) and the four-
quark WCs i m Eq. (2.12) generate contributions to the coef-
ficients [Cy,13(Mz). [Cyy/las(Mz), and [Cpalas(Mz).
which correspond to effective Z-b-s couplings. In the first
leading-log approximation, these contributions are given by
[29-31]

1g™
0 1163, Niizs (Ane),

O v~ )
[Cry lis(Mz) = — 5= (B

3 log (1)
[Coo 123 (Mz) ~ 1<6?;§") B0

g
M
log (7%

[ConTaa(Mz) ~ = 181715 1C) Tiaa (Ane)
+HB o lii [Caelasii (ANp)

C( )]2323 (Anp),

—

)
+[/3;q<1>]2323 [C( )]2323 (Anp)

[,3¢q<1>]2332 [C ]2332(ANP)],

tox( %)
[Coalaa(Mz) ~ — L [ (B i [Craliizs (Ane)
+1B5q i [Cealiins (Anp)

d® 1
+Bgq 1232 [C((id)]2323(ANP)
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dM
HBpg 123 [C;3]3332(ANP)], (3.5)
where we have defined

() N
;3,{1(1) =3¢ [ﬂgq(g)]=—2[YuYu]32,

(1) 2 qq(l) _ B
[ﬁw(])]” =—58" = 2|[Yelil", [/3¢q(1,]2323 = 14[Y, Y, 132,
(B 0 it = —% g2+ 20Xl T8 w2 = 6%, ¥ s,
(B0 = —3 % = 20¥dal . 1829 L = 61Yu¥, 5.
B4l = —3 g2 + 21¥lalP . (B2 Do = 61%u ¥, 13, (3.6)

In Z' models with real A, we have [Cly 12323 (Anp) =
é[c(;]2332(1\1\1p) < 0. In this case, the contribution to

[C (l)]23 (Mz) from left-handed four-quark operators, which
is usually the dominant one in the scenario given by
Eq. (2.41), is always negative.

3.2 Matching to the WET and RG evolution in the WET

For the low-energy phenomenology of rare semi-leptonic
decays, we work in the WET and define the effective Hamil-
tonian at the b-quark scale pup = 4.8 GeV,

Hett = Hefr,sM + Hett,Np, 3.7

where the first and second term contains the SM and NP
contributions, respectively. For the NP part, we consider

Hefr Np = Heff NP T Hegfeﬁpv (3.3)

where Hé’lff‘fl‘ilp and HelﬁnyP parameterise the b — svb and
b — s¢*¢~ transitions, respectively. The contributions rel-
evant for Z’ models with couplings to left- and right-handed
quark currents are

HglffleIP =N <C2wv Obwv + Clbi’sw Oib?svv> +he., (3.9

and

bstl
Heff,NP =-N

Z (C;;sez Of”“ " Cl_/,hsa Ol(,bsél) the., (3.10)
i=9,10
with the normalization factor
4GF o
N =——ViVy, 3.11
«/_ . tb ( )

which renders all the WCs in Egs. (3.9) and (3.10) dimen-
sionless. Note that we define the WCs C; to correspond to
NP contributions only, while we explicitly denote the SM
contributions as C; sm. The b — svv operators are defined
as

O = 5y, PLb)(y™ (1 — ys)v),

O™ = (Syu PrD)(By" (1 — y5)v), (3.12)
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with only the first one present in the SM, and the b — s£* ¢~
operators are given by

0Lt = 5y, PLb)(Ey™0),

O4H = Sy PLb)(Ey"yst), 3.13)
047t = (5y, Prb) (Ly"0),

016" = Gy Prb)(Ey"yst), (3.14)

with only the first two present in the SM. The coefficients
CZ”", Cébsu and Cigsu, which are absent in the SM, signal
the presence of flavour violating right-handed quark currents.

In order to connect the SMEFT Wilson coefficient in
Sect. 3.1 to the WET Wilson coefficients defined in Egs. (3.9)
and (3.10), we match the SMEFT to the WET at the elec-
troweak scale and find the relations

2N €Y = [Cyelasii + [Cz(ql)]ii23 + [Cl(;)]”” —fez,
2N CR0Y = [Cpelaii — [C) Niins — [CF Niins + ez,
2Ncbsvl v _ [C[(;)]ii23 — [Clc} liioz + ¢z,

2N CPY = [Ceqliins + [Craliins — ¢ ¢l

2N €17 = [Cealiins — [Craliins + ¢

2/\/C?V’W = [Cialiiz + ¢, G.15)

where NV is the normalization factor defined in (3.11), ¢z and
¢, denote the contribution from modified Z couplings,

cz =[C5 s +1C5 3. ¢y = [Coalas. (3.16)

and ¢ = 1 —4s2 ~ 0.08 is the accidentally small vector cou-
pling of the Z to the charged leptons. While the WET WCs
are dimensionless due to the normalization factor N\, the
SMEFT WCs are dimensionful and proportional to 1/ A%P
with Anp being the NP scale.

It should be emphasized that in Z’ models [Cl(s)],-i23, cz
and c’Z vanish at the NP scale Axp. However, as discussed in
Sect. 3.1, they all can be generated at the electroweak scale
through RG running from Anp down to the electroweak scale.
At the scale Mz, the RG induced contribution to ¢z, using
the expressions for [C (;1{])]23 and [Céj;]g from Sect. 3.1, can
be expressed in the first leading-log approximation as

log ANp) Abs o I
cr ~ 2 = (2 vl ? (A% - A)

Z,
242 (A;'; + AZL"> 112 Re([YuYJ]gz AT))

1 ANP Abs
~ % L ( ~0.33 Re(Alzs)), (3.17)
M2,
and ¢/, is related to cz by
Abs
¢y = A,f’s cz. (3.18)
L

In the second line of Eq. (3.17) we have inserted the SM
parameters at the scale Anp, using Anp = 5TeV as our
reference scale, for which in particular the top Yukawa
coupling is suppressed compared to the electroweak scale,
y;(5TeV) =~ 0.81. We observe that for sizable A’ZS, for
which the terms proportional to A‘;é and Alli can be safely
neglected, the RG induced contribution to Re(cz) is always
negative. Since the normalization factor A/ is approximately
real and negative, this leads to a contribution to Re(C bs”)
that is always positive, which in particular suppresses the
By — 't~ branching ratio.*

Moreover, in the process of electroweak symmetry break-
ing cz and ¢/, can receive contributions from Z" — Z mix-
ing. This mixing is clearly model dependent and we will not
include it in our analysis. It has been investigated in 331
models in [41].

As the hadronic matrix elements entering b — svv and
b — stte~ processes are evaluated by the Lattice QCD
collaborations at the scale u, = 4.8 GeV, the coefficients at
the scale Mz in Eq. (3.15) have to be evolved down to
using the WET RGEs. For WCs involving charged leptons,
we express those at the scale pp, in terms of those at Mz and
the RG evolution matrix Uy, M7),

Cbsu(/j,b) bstt bSUZ( My)
et | =MD | an |- O
CLo (o) C|bst (M)

Solving the leading order RGEs, the evolution matrix is given
by

0.9950.008 0 0

bstt | 0.0081.000 0 0

UP e, M2) =170 0 0.995 —0.008
0 0 —0.008 1.000

(3.20)

The WCs involving neutrinos are essentially invariant under
the RG evolution and we simply use

Cr (My), R (Mz).

(3.21)

CP™ (up) = CR™" () = C

Combining the results of the SMEFT matching, Eq. (3.1),
the SMEFT RG evolution, Egs. (3.2) and (3.5), the WET
matching, Eq. (3.15), and the WET RG evolution, Eq. (3.19),
we can express the WET WCs at the scale pup, in terms of the
Z' couplings. For the WCs involving charged leptons, we

4 Recall that the SM contribution to C{’g“ is negative.
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find
b G bs Al %
St — = 0.987 + 1.003 —*
(p) ~ —2N [ Ai
A% Re(AL*)
+ | —1.04 — 055——002—1
A} Ap
x 1072 log<Mz’>i|,
Abs Ali e;
bstit; L 2L
C ! ~ —=—=— x| —0.992 4+ 1.008 —~
10 (p) —ZNM%, |: ]
AG Re(A)
+ 0.87—0.38— 0.21 —F
A} Ap

x 1072 10g<MZ/)i|,

bs Ali |:1 003 + 0.987 Ak
—2/\/ Al

A" Re(A%s
+ ( 0.51 —= —0.02 %)
AL AL

x 1072 10g<MZ’)i|,

bstit;
Co”* " (up) ~

CIstt () ~ AR AL x [ — 1.008 + 0.992 Ak
10 —2N M2, ' Al
A Re(Ab)
+(-017-033 =8 4021 — L=
A} AL
x 1072 log (MZ’) } (3.22)

All these expressions depend on the rat10 of left-handed to
right-handed lepton couplings, A% n/ A ’, and are therefore
different for vector and purely left handed Z’ lepton cou-
plings. On the other hand, the WCs involving neutrinos are
independent of A‘;, and are given by

Abs AI
2
2N M,

Re(Abs
x[l + <0.63 +021 R4 )> x 107 log( £ ) }
AI

L

bsviv; ~
CMY (up) ~

li
bév:“:(u )N AII’QS AL
—2N M2,

R Abs
><|:l + (0.17+0.21 a L )> x 1072 1og(74—22’)]
AI

L

(3.23)

For small Z'-lepton couplings and large Z’-b-s couplings, for

which RC(A ) = (O(100), the contributions proportional to

this ratio become very relevant, since such a large ratio com-
pensates for the loop suppression. However, as we will see in

@ Springer

Sect.3.5.2,b — s£+_£_ data combined with the bounds from
DY — DY and K° — K° mixing discussed in Sect. 2.8 require

% < 10, and thus the RG effects in C2™"" (1) and

Cr bs”’ " (up) are very small.

The special cases of Vector and left-handed Z’-lepton cou-
plings correspond to A /AL’ = 1and A%/A = 0, respec-
tively. In these two cases, the expressions for WCs involving
charged leptons simplify considerably.

For vector Z’-lepton couplings we find

Abs Ali

bstil L L
€5 (up) ~ —E L
2N M2,

Re(Abs
x [1.99+<—159 0.02 2 )> 10~ 210g<M2’>},
AL

Abs Ali

bstil; L L
C1() "(up) & 2
2N M2,

Re(A*) i
x |0.016 + (0.49 +0.21 x 10 1og(
AI

My
Mz ’
L
s Ali
/bs[ Z,( ) A? AL
—2N M2,

Ab&‘
x|:l.99+<70.51 0.02 ¢ ))x10_2 1og(MZ’)],
Al

L

I
/bS[ ti (up) ~ &
—2N M3,
Re(ADS
x [—0.016+<—0.50+0,21 ([L)) < 10- zlog(MZ/)].
AI
L

(3.24)

As mentioned above, we observe that C, bstiti (up) and

1bstil;
CIO

find the following correlations between C(/) bstiti (up) and
C(/)bvl e,( b):

"(up) are entirely generated from RG effects. We

hvl 2 (up) ~ 0.01 Cth il (1p)
« 1080+ (025 +0.11 24 £ 10g(@)

. v ) |-
/hvé 2 (1p) ~ 0.01 C/hrl il (un)

x|:—0.80+( 0.2540.11 e(AIL))log(AA{,ZZ/)} (3.25)
L

which for Re(A )

< land My = 5TeV results in

L

bsl 4

(b)) ~ 0.02C07 Y (),
1bst;l;

c;’o’“ () & =002 C5" Y ().

Since b — s€1¢~ data requires Alf/AlL" < 0, the cor-

(3.26)

relation between Cgse[ ti (up) and C{agf,'é,' (up) can turn into

. . Re(AL) .
an anti-correlation for large values of |—=L=| 2 5, while

L
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/bw b (up) and Clgw i (11,) are always anti-correlated. But b _ Cé’bsz"[i - C;’gseiei B+ o (330)
in any case, since DY — D% and K° — K mixing constraints R - 2 AN 2 '
bs
require Re(?L) < 10, the values of C(’ ) bstiti (up) are usu-  which have been presented already in [42] neglecting the
AL

ally only few percent of Cé/) bstiti (1),
For left-handed Z’-lepton couplings we find

Ahs Ali

bst;t; L L

Chtiti () ~ oL 2L
N M,

Re( 5
x |0.987 + ( — 1.04 — 0.02 x 10 log<
AL

M,
Mz ’

L
o Al
h?[ 4 (M ) ~ ﬁ
—2N M2,
R Abs
x [ ~0.992 + (0.87 +0.21 R8s )> % 1072 10g(ﬁ) ]
li My
AL
Abs All
ity ~ —R ZL_
9 (1p) —2/\/’M§/
R Abs
X [1.003 + (— 0.02 M) 1072 10g<Mz’>]7
Ar
Abs Ali
C/bstiti () ~ SR L
o)

X [—1.008+( 0.17+0.21

Re(4 )) 10~ 2log(MZ’>i|.
A}

(3.27)
In this case, C10 i '(Mb) and ClgYZ iti (up) are already gener-
ated from tree-level matching. We find the following corre-

lations between C(/) bstiti(1;,) and Cio Dbsbiti )y

bsl £; bsé L

") - "(1p)
R Abs
x [1.005 + <0.l8 .19 2 L )) x 1072 log(MZ’):| ,
A
/bsé l; (lbe) ~ _ /bsl £; (Mb)
bs
x [1.005 + <o.17 ~0.19 Re(?L )) x 1072 log(MZ'):| ,
A
(3.28)
bs
which for % <« land M, = 5TeV results in
L
bstit; ~ bst;t;
ClO™ b (up) ~ —1.01 €570 ). (3.29)

Once again, the D° — D% and K° —
bs
% < 10 keep the RG effects at the level of

K mixing constraints

requiring

only few perce%t.

3.3 Correlations between WET Wilson coefficients

The matching relations in (3.15) imply

bst;t; bst;t;
. C -C 3
chsvivi _ &0 10 ( +§) —[C(z)]”23,

L= 2 AN PN

contribution from [C 1(3)]”23.
Al at the NP

scale we have [Cyel23ii = [Cl(ql)],-iB at this scale but through
RG effects this relation is violated at the electroweak scale:

1
Agsii = [Caelaii — [C}, Niizs # 0.

From Eq. (3.15) we obtain then the following relation
between the WET WCs at the scale M,

For a vector Z'-lepton coupling, i.c. A% =

(3.31)

) 1 2 9.
Cisv,v, _ zcbvi il + ( ;;)Clb‘;fzfz
(1—20)
v [C}ii23 — Z N<3+¢)Am (3.32)

On the other hand, for a purely left-handed Z’-lepton
coupling, i.e. A;ﬁ = 0 at the NP scale we have [Cjel23ii =
0 at this scale. However, again through RG evolution
[Cyel2zii # O at the electroweak scale. We obtain then

bsv,—v,— _ 2 bS[,’[,’ (1 + é‘) bSZ,‘Z,‘
LT Ta—pto
1 G+0)
N[Cl3)]1123 g ol 33

In fact the relations in (3.32) and (3.33) are at the basis
of the pattern of correlations between the B — K(K*)vv,
B — K(K*)u™nu~ and By — utu™ decay rates that we
will find in Sect. 3.5.

Of interest are also the RG effects that lead to the violation
of the following NP-scale relations for vector and left-handed
Z' couplings to leptons respectively:

bst;l; bst;il; bstil;
C1(§ =0, ng = _C1(§ , (u=Mz). (3.34)

At the electroweak scale, the inclusion of RG effects implies
respectively

ZNCM b= Agsii — [Cl(j)]iil% +cz, (b= My),

(3.35)
(1 =¢)cz,
(3.36)

Cgsﬁ,-é, _ _Clsﬁ il + —

(u = Mz).

In particular, as mentioned in Sect. 3.2, the RG effect con-
tributing to cz always increases Re(Cff)‘Z e,) In models
with vector Z’ couplings, which fulfil Eq (3.35), this could
be the dominant COl’ltI'lbuthIl to Cp bstit I, slightly suppress-
ing the B; — p ™ branching ratio below its SM predic-
tion and improving the agreement with experimental data.
However, as discussed in the previous section, this would
require Re(A’is) > |AIL’|, which is strongly disfavoured
by the b — s£T¢~ data combined with the bounds from
D’ — DY and K° — K mixing on A* discussed in Sect. 2.8.

[qu]23zz

N 2/\/
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The relation (2.39) necessary for the suppression of Z’
contributions to BY — B? mixing implies that all four WCs
of the operators in (3.13) and (3.14) are affected by Z’ con-
tributions but in a correlated manner. Up to RG effects, we
have

1,bstl bstl 1,bstl bstl
Cy = Tps Cgs , Clyg = Tbs Clé . (3.37)

Therefore, only two of them are independent. In addition,
with (3.30) and (3.37) we also have up to RG effects

Czswvi = Fps Ciﬂ’ivi. (338)

Consequently, determining the NP contributions to C 3 S€C and
C {’6“ from the b — st~ data will automatically deter-
mine their right-handed counterparts, as well as the ratio of
bsvjv; bsvjv;
Cp and C;" ™.
In this manner the » — svb and b — suT ™ transi-
tions are correlated and this correlation is governed by the

parameter rps and the SU(2); gauge symmetry relation
AV = A" (3.39)

that is already taken into account in all relations above.

3.4 AB = AS = 1 observables
34.1 B— K(K*)vv

The effect of right-handed currents can be tested in b — svv
transitions. Defining

B(BT — K*tvb)

R = ,
K Bsm(BY > K+vp)
B(BY — K%vp)

Ri*py = , 3.40

Ky Bsm (B — K%pp) ( )
we have (cf. [42-45])

Rivww = 62 +2 77],
Riceoy = € — iy 7, (3.41)
where «; = 1.33 £ 0.05 and €2 and 7 are given by’

- |C2s§11<4 + CZSVV'Z + |C§7esvvl2 0
€= |Cbsvv |2 (3:42)

L.SM
and
R ( bsvv bsvv)
- _R (Cbsw) e(Crlsm +C7
n=Re{Cg bsvv |2
|CL,SM|
Im (Cbsuv + Cbsvu)
+Im (Cﬁ’;““) S A (3.43)
I sml?

5 We define and use 7j = —e2p, while 7 is used in [42-45].
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such that the difference of R, and Rg+py,

Rrww — Rrxww = 2+ Kn) n (3.44)

is proportional to 7 and thus depends linearly on the real
and imaginary parts of the right-handed coefficient CZ”",
which in turn, given Eq. (3.38), is proportional to rps. A non-
zero difference between R,y and R+, directly signals
the presence of right-handed currents.

The analytic formulae for the branching ratios B(B —
Kvv) and B(B — K*vv) can be found in [42] and in Sec-
tion 9.6 of [46]. They all are incorporated in the open source
python package flavio [39] that we will be using in our
numerical analysis. The branching ratios in the SM depend
quadratically on |V,;| which is subject to known tensions
between its inclusive and exclusive determinations [47,48].
Moreover, they depend on the chosen B — K ® form fac-
tors. As in the recent papers [8—14] different choices of |V, |
and of form factors have been made, we illustrate this depen-
dence in Table 1 by presenting SM results which correspond
to two choices of | V.| and two choices of form factors.

For |V, ;| we use

[Vp| = 42.6(4) x 107 and

|Veplinel = 41.97(48) x 1073, (3.45)

The first value follows from the strategies of [37,38,49] that
allow to avoid the |V, | tensions in question by determining
CKM parameters solely from AF = 2 observables. The
second value follows from inclusive decays [50]. In our
numerical analysis presented in Sect. 3.5, we use | Vp lincl-
For the B — K form factors we use either the HPQCD
2022 [51-53] form factors or the average of HPQCD 2013
[54], FNAL+MILC 2015 [55], and HPQCD 2022 form fac-
tors as presented in GRvDV 2023 [56]. For the B — K*
form factors we use the combination of LQCD and LCSR
results presented in BSZ 2015 [57]. In our numerical analy-
sis presented in Sect. 3.5, we use the GRvDV 2023 B — K
form factors and the BSZ 2015 B — K™ form factors.
Now in [51-53] that use the first value of | V| in Eq. (3.45)
and the HPQCD 2022 form factors, the SM prediction for
BT — KTvbincludes a 10% upward shift from a tree-level
long distance contribution pointed out in [58]. This results in

B(BT — KTvi)IHTP = (5.53 +£0.30) x 107°,
B(B® - K™vi)gm = (10.11 £0.96) x 107°.

(3.46)
(3.47)

Otherwise, as seen in Table 1, the first branching ratio would
be (4.92 +£0.30) x 107°. In fact the latter result should be
compared with the experimental result given below and in
what follows we will leave out this tree level long distance
contribution from our analysis. We observe that the results
for the SD+LD and the purely SD branching ratios differ
roughly by 20 taking uncertainties in |V, | and the form fac-
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tors into account. They are typical by 10% higher than those
used in most of the recent analyses [8—14]. This difference is
presently immaterial in view of large experimental errors but
could turn out to be important when the experimental errors
will be significantly reduced.

On the other hand the best current experimental bounds
[59,60] including the BaBar results [61,62] and most recent
results from Belle 11 [7] read®

B(BT — Ktvi) = (13 +4) x 1076, (3.48)
BB - k%) <26 x 107 @ 90% CL, (3.49)
B(BY — Kt*vp) <40 x 10°° @ 90% CL, (3.50)
B(B® - K™vp) <18 x 107® @ 90% CL. (3.51)
342 B— K(KHutuw and By — ptpu~
For B — K(K*)ut ™ decays we define
B(B+ > K+,uﬂ)[1'l’6'0]
Rkun = Bsm(B+ — K+ pji)l-1.6017
B BO K*O ~\[1.1,6.0]
Rgospy = ( 0_> O,uu)_ 1.1,6.0]" (3.52)
Bsm(BY — K% puji)lt-1.601

We will also consider By — utu~ decay for which we

define

Ry = BB = pi) (3.53)
Bsm(Bs — 1)

with the overline indicating the inclusion of AT’ effects [63—

65].

The analytic formulae for the branching ratios B(B —
Kutp ), B(B— K*utpu™)and B(B — utp)in terms
of the WCs are well known in the context of b — sut ™
anomalies and can also be found in [46]. They all are incor-
porated in the open source python package flavio [39]
that we will be using in our numerical analysis. For the
B — K form factors we use the average of HPQCD 2013
[54], ENAL+MILC 2015 [55], and HPQCD 2022 form fac-
tors as presented in GRvDV 2023 [56], and for the B — K*
form factors we use the combination of LQCD and LCSR
results presented in BSZ 2015 [57].

3.5 Numerical analysis

We perform a numerical analysis of the observables described
in Sect. 3.4 to study the implications of the Z’' parameter
space with suppressed NP contributions to B; — By, as iden-
tified in Sect. 2.8. Following the discussion in Sect. 2.8, we

6 Note that Ref. [60] reports B(B® — Ksvb) < 13x107° @ 90% CL,
which has been converted to a bound on B(B® — K°v) by assuming
B(B® — K%b) =2B(B° —» Ksvb).

vary the ratios A'L],R/Mz' and set Anp = My = 5TeV. We
consider two benchmark scenarios:

Benchmark 1 We consider the bound of the D? — Do

mixing observable x{rzn D onthe magnitude of Alis /My
We choose the benchmark value
AbS /A = 0.083, (3.54)
which maximizes the allowed magnitude of AZZS /My for
Mz = 5TeV in the presence of the D® — DY bound.
Benchmark 2 We consider the scenario in which the
contributions to D? — D mixing are suppressed and the
K- k° mixing observable ¢ g provides the strongest
bound on the magnitude of Alis /Mz . We choose the
benchmark value
AL /A = 0.089, (3.55)
which maximizes the allowed magnitude of A’ZS /My for
Mz = 5TeV in this scenario.

3.5.1 The global b — stT£~ fit

The products of Z’-lepton and Z’-b-s couplings enter the
predictions of semi-leptonic rare B decays based on the
b — s¢T ¢~ transition. Since SM predictions of b — s£1 £~
observables show tensions with experimental data, we inves-
tigate whether these tensions can be reduced by Z’ contri-
butions that are compatible with Benchmark 1 and Bench-
mark 2. To this end, we perform a fit to experimental data in
the 2D-plane spanned by the products of quark and lepton
couplings. We consider two scenarios of flavour universal
lepton couplings:

o Left-handed Z’ couplings, for which we define

AT = AL =AlL (3.56)
e Vector Z’' couplings, for which we define
AT'R = AL = AL = A% =A%, (3.57)

The results of the fits in these two scenarios are shown in
Fig. 3 with left-handed and vector Z’ couplings shown in
the left and right panels, respectively. We find a clear prefer-
ence for a negative A% A7"" (left panel) or A% A7y (right
panel), while A%S AeL”j-‘, (left panel) and A?g Ai’“ (right panel)
are compatible with zero, but show a preference for positive
All’g / A’is. This result is fully compatible with the positive
A’}S / All’f values of Benchmark 1 and Benchmark 2, which
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Table 1 SM predictions for Bt — K v and B® — K% v for different | V.| and form factor values

Observable Form factors

[Vep| = 42.6(4) x 1073 [Vep| = 41.97(48) x 1073

B(B* — K+v)$h HPQCD 2022 [52]
GRvVDV 2023 [56]

B(B® — K%vi)sm BSZ 2015 [57]

(4.92 £0.30) x 107
(4.854+0.23) x 107°
(10.11 £ 0.96) x 107°

(4.78 £0.30) x 1076
(4.714+0.23) x 107°
(9.81 £0.96) x 1076

are shown as (nearly overlapping) dashed and dotted lines in
both plots.

In contrast to a previous numerical study [66] that consid-
ered the effects of left- and right-handed Z’-b-s couplings on
b — s£* ¢~ observables and B — BY mixing, the picture has
significantly changed due to the recent measurement of R g ()
by LHCb [4,5]. Previously, the slightly larger value of Rx
compared to Rk indicated negative All’é‘ / A}Zs and was there-
fore incompatible with the positive values required for the
suppression of BY — BY mixing discussed in Sect. 2. An expla-
nation of the b — s£7£~ anomalies by a Z’ then required
very small Z’-b-s couplings to be compatible with B? - B?
mixing. The fact that Ry are now in agreement with LFU
means that they do not affect an LFU fit to b — s¢¢~
data anymore, which can now comfortably accommodate the
positive values of All’g / AT shown by the black dashed and
dotted lines in Fig. 3 that can hardly be distinguished from
each other.

3.5.2 Global fit of Z' couplings

Having demonstrated the compatibility of Benchmark 1
and Benchmark 2 with the b — s¢1T¢~ observables, we
perform global fits to all experimental data constraining the
Z' quark and lepton couplings. We consider the following
scenarios:

Scenario 1 Benchmark 1 with left-handed Z’-lepton cou-
plings: (1,1).
Scenario 2 Benchmark 2 with left-handed Z’-lepton cou-
plings: (2,1).
Scenario 3 Benchmark 1 with vector Z’-lepton cou-
plings: (1,2).
Scenario 4 Benchmark 2 with vector Z’-lepton cou-
plings: (2.2).

The results of these fits are shown as a 2 x 2 matrix in Fig. 4
with the different entries allocated as indicated above. The
left and right panels show the results for left-handed and
vector lepton-Z’ couplings, respectively. The top and bottom
panels show the results for Benchmark 1 and Benchmark 2,
respectively. We find the following results for the four sce-
narios in question:
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e The plots for Scenarios 1 and 3 (top panels) show that
values of the Z’ couplings that can explain the b —
s£T ¢~ data are allowed by the combined constraints from
D° — DO mixing and LEP2 eTe™ — ¢1¢~ data. These
three data sets select compact best-fit regions shown as
red contours.

e The plots for Scenarios 2 and 4 (bottom panels) show
that in these cases the bound from eg allows consider-
ably larger magnitudes of left-handed Z’-quark couplings
AIZS, and even slightly prefers non-zero values. Conse-
quently, the b — s£1¢~ data can be explained with rel-
atively small Z’-lepton couplings, and the bound from
LEP2 ete™ — £7¢~ data plays no important role.

e In Scenarios 3 and 4 with vector Z’-lepton couplings
(right panels), no contribution to Cfée" b (up) is gener-
ated from tree-level matching of the Z’ model. Since the
b — st~ data prefers a slightly positive Cfgz’ei (p)
(see e.g. [6]), which can be generated from four-quark
WCs through the RG effects described in Sects. 3.1
and 3.2, a sizeable A';S ~ —0.2 gives the best fit to
b — s€T¢~ data. While such a large magnitude of
A’is is disfavoured by the bounds from D? — D° and

K — K% mixing, the preference for non-zero C fgeiei (up)
disfavours small magnitudes of A[ZS, which can be clearly
seen in Scenario 4 (lower right panel). This effect is
less pronounced in Scenario 3 (upper right panel), as the
DY — DY mixing bounds restrict the magnitude of A’f
to much smaller values.

e InScenarios 1 and 2 with left-handed Z’-lepton couplings
(left panels), a contribution to C%K"z" (up) is already
generated from tree-level matching, which slightly over-
shoots the value preferred by b — s¢1£~ data (see e.g.
[6]). Consequently, the opposite effect as in the scenarios
3 and 4 with vector Z’-lepton couplings can be observed:
smaller magnitudes of Ais are preferred by b — s£T¢~
data. However, in Scenario 2 (lower left panel), this effect
is partially compensated in the global fit by the prefer-
ence of ex for non-zero A}f. In Scenario 1 (upper left
panel), the effect of C fé& & (mp) 1s again less pronounced
due to the stringent bound from D — D® mixing on the
magnitude of AIZY.
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3.5.3 Predictions for b — svv observables

The global fits presented in Sect. 3.5.2 select compact
regions in the parameter space of Z’ couplings. This in turn
implies correlations between the theory predictions of var-
ious observables. In order to study these correlations, we
generate samples of Z’ couplings that are distributed accord-
ing to the global likelihood, while assuming LFU in all three

lepton generations. From these samples we make predictions

for b — suT ™ and b — svi observables. The results are

shown in Fig. 5 for the four scenarios discussed in Sect. 3.5.2.
We observe the following:

o As expected from the data entering the fits, R, and
Ri+uu are always suppressed below unity. The NP
effects in both of these ratios are slightly larger in the case
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Fig. 5 Predictions for various observables distributed according to the
global fits in Sect. 3.5.2. The two left panels show the results for Bench-
mark 1, while the two right panels show the results Benchmark 2. The
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blue and orange points correspond to scenarios with vector and left-
handed Z’ lepton couplings, respectively

of purely left-handed leptonic couplings (orange dots)
than in the case of vector leptonic couplings (blue dots).
The main reason for this is that the size of NP effects
in the vector couplings is constrained by angular observ-
ables like Ps, which are included in the fit. The addi-
tional axial-vector component present in the left-handed
case enhances the NP effect in branching fractions with-
out being significantly constrained by the angular observ-
ables.

R kv and R g+, are always anti-correlated with R g
and Rkxyyu. The suppression of Ry, and Ry
below unity as observed by the LHCb experiment implies
enhancements of the Rx,, and R+, ratios by up to
20%. The ratios of the anti-correlated quantities,

Kvv

R
RV/M(K)=R

and R/, (K*)= —K20v
Kup v/ R
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are particularly sensitive to the NP effects and are
enhanced by up to 60%.

Ry, clearly distinguishes between scenarios with left-
handed (orange dots) and vector (blue dots) Z’ lepton
couplings. Only in the former case can a contribution to
Cféﬂ’{" (up), and thus to R, be sizeable, since it is gen-
erated from the tree-level matching of the Z’ model. In the
latter case, contributions to R/, are purely RG generated
and small. These two different kind of contributions lead
to different correlations. In the case of left-handed cou-
plings (orange dots), R, and R g, are correlated and
equally sensitive to the NP effects, being nearly directly
proportional. In the case of vector lepton couplings (blue
dots), R, and R g e AT anti-correlated, but the sensi-
tivity of R, to the NP effects is very weak compared to
Ry Bvenif Rge,,, are significantly suppressed,
R, remains practically SM-like as opposed to the left-
handed case. A similar behaviour, but with correlations
and anti-correlations exchanged, can be observed in the
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relationships between R, and R g +),,,,. This is of course
expected from the anti-correlation between R g+, and
R - Evidently, the constraint on the chirality of lep-
tonic couplings will improve with the experimental preci-
sion of R, and it is possible that a scenario with a linear
combination of left-handed and vector leptonic couplings
will fit the data best.

e The correlation between R, and Rg=,, reflects the
ratio of left-handed over right-handed quark currents
fixed by Benchmark 1 and 2. As seen in (3.44), both
ratios would be equal in the absence of right-handed cur-
rents, and the violation of this equality corresponds to the
benchmark values A}I’Qs / AIZS ~ 10%.

e The size of all effects is very similar in Benchmark 1
and Benchmark 2. The main difference between the two
is that RG effects generating leég" b (up) are allowed to
be considerably larger in Benchmark 2, given that Z’-
quark couplings entering these RG effects are allowed
to be larger. This is in particular reflected by the slightly
less strict (anti-)correlations between Ry, and the other
ratios. The difference between Benchmark 1 and Bench-
mark 2 is more pronounced in the case of vector lep-
ton couplings (blue dots), where C fgz’[" (up) is generated
exclusively from RG effects.

4 Summary

In the present paper, we have provided a comprehensive dis-
cussion of meson mixing constraints in Z’ models, in particu-
lar taking into account effects from the SMEFT and WET RG
evolution and the implications of SU(2),; gauge invariance.

We have reviewed how NP contributions to the meson
mixing amplitude can be suppressed in the presence of both
left- and right handed Z’-quark couplings. This suppression
depends both on the ratio of left- and right-handed couplings,

q192
AR

——, “.n
A%qu

Tq190 =
and on the renormalization scale © = Anp at which this ratio
is defined and the Z’ model is matched to the SMEFT. For a
reference scale u = 5 TeV, we find suppressions of the four
different meson mixing amplitudes as follows:

e The BS - BS and B? — BY mixing amplitudes are sup-
pressed for

rap ~ 0.1, ie{l,2}. 4.2)
e The K* — K mixing amplitude is suppressed for
rqs ~ 0.004. 4.3)

e The D° — DY mixing amplitude is suppressed for

rue ~ 0.05. 4.4
If the NP contribution to one of the four meson mixing ampli-
tudes is suppressed due to Egs. (4.2), (4.3), or (4.4), SU(2),,
gauge invariance implies a contribution to the other meson
mixing amplitudes. In addition, RG effects in the SMEFT
lead to correlations between all four meson mixing sectors.
Focusing on the example of Z’-b-s couplings, we have made
the following observations:

e If NP contributions to B? - B? mixing are suppressed
due to Eq. (4.2), constraints on CP violation in D — D°
mixing provide stringent bounds on the Z’-b-s couplings.
These bounds are due to SU(2); gauge invariance and
are only by a factor three weaker than the unsuppressed
bounds from B?— B? mixing. The contribution to CP vio-
lation in D° — D° mixing even from real Z’-b-s couplings
stems from the fact that the SU(2); relation between left-
handed Z’-b-s and Z'-u-c couplings involves the CKM
phase.

e If in addition, the D — D° mixing contributions are also
suppressed due to Eq. (4.4), constraints on CP violation
in K% — K° mixing provide bounds on the Z’-b-s cou-
plings. These bounds are due to RG effects in the SMEFT
and are by around a factor six weaker than the unsup-
pressed bounds from CP violation in D® — D° mixing
mentioned above. The contribution to CP violation in
K — KO mixing even from real Z’-b-s couplings stems
from the fact that the RG mixing through the SM Yukawa
couplings, as well as the re-diagonalization of the running
SM Yukawa matrices both involve the CKM phase.

The suppression of the NP contributions to B — BY mixing
due to Eq. (4.2) has important implications for rare semi-
leptonic b — s decays. We have found that in this case it
is possible to explain the present anomalies in b — spu™ ™
with the help of a Z’" while satisfying all existing constraints
(see Figs. 2, 3, 4). The determination of the Alzs g couplings
from a global fit including b — sutu~ data, combined
with the SU(2); gauge symmetry and RG effects within the
SMEFT, imply

e enhancements of B — K (K*)vv branching ratios by up
to 20% relatively to the SM predictions that are correlated
with the observed suppressions of B — K(K*)u™u~
branching ratios as seen in Fig. 5. The larger the sup-
pression of b — su ™ branching ratios the larger the
enhancement of b — svv branching ratios. Therefore
the ratios in Eq. (3.58) can be enhanced by up to 60%.

e significant suppression of the By — u*u™ branching
ratio in a scenario with purely left-handed Z’-lepton cou-
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plings, and practically no effect on By — p+ ™ branch-
ing ratios in a scenario with vector Z’-lepton couplings.

We are looking forward to improved Belle II data on B —
K(K*)vv, on B — K(K*)u™ ™ decays from Belle II and
LHCb and for By — u = from LHCb, CMS and ATLAS.
The correlations we have found between these decays in Z’
models will allow us to further test the viability of a Z’ expla-
nation of the b — s 1~ anomalies. Interestingly, through
the suppression of NP contributions to B? - BSO mixing, the
scenarios we have studied also predict additional CP viola-
tion in D° — DY and K° — K° mixing. However, to identify
NP in meson mixing will require significant improvement
on the precision of input parameters, as we show for g in
Appendix A. Particularly important will be the precise deter-
mination of the CKM elements that currently dominate the
theory uncertainties of many meson mixing observables.
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Appendix A: SM predictions for e

The formula for e x used in our numerical analysis is by now
well known and we refer to [67] for details. As stressed in
particular in [37] it depends strongly on the value of |V,|,
which is used as an input parameter for the CKM elements.

@ Springer

For | V.| we use either the value determined from inclusive
B — X.tv decays (|Vqp| = 41.97(48) x 1073) [50] or from
AF = 2 observables (V| = 42.6(4) x 1073) [37,38,49].
In this appendix, we compare the results obtained with each
of these values, while we use the first value in our numerical
analysis.

Here we want to show that also the dependence on the non-
perturbative parameter By is still sizable. In fact, for Bx one
can use not only the FLAG [68] averages for Ny =2+1+1
[69] or Ny = 2+1[35,70-73], but might want to use the lat-
est and most precise single lattice determination obtained by
the RBC/UKQCD collaboration [35]. This latest lattice deter-
mination agrees in an impressive manner with Bx = 0.73(2)
from the Dual QCD approach [34] obtained already ten years
ago. Recently, also next-to-next-to-leading-order (NNLO)
results for B x have become available [36], which increase the
previous results by 1-4%. We collect various values of By in
Table 2. In our numerical analysis we use the NNLO version
[36] of the latest and most precise single lattice determina-
tion by RBC/UKQCD [35], rather than using a combination
including older lattice data that are in slight tension with the
more recent results.

Finally, in view of the experimental progress on the deter-
mination of the angle y in the UT, it is of interest to com-
pare the value for ex obtained with the 2024 HFLAV aver-
age (y = 66.4(30)°) [74] with that obtained using the
latest LHCb determination (y = 64.6(28)°) [75]. For the
UT angle B we use the most recent HFLAV [74] average
sin(28) = 0.709(11) that implies 8 = 22.6(4)° compared
to the previous average of g = 22.2(7)°.

SM predictions for ex x 103 for different values of B K,
|Vep| and y are given in Table 2. They should be compared
with the experimental value, which is sigp = (2.228 +
0.011) x 1073 [76].

We find that for the full range of parameters considered,
the SM predictions are in agreement with the experimen-
tal value at the 1o level, but in most cases for the inclusive
value of | V| the central SM values are below the experi-
mental value. Interestingly, our analysis in Sect. 2.7 provides
an upward shift in eg from NP through RG effects. Yet,
to identify NP contributions to ex will require significant
improvements in the three parameters considered, as well as
in the parameter 7;; (the QCD correction factor for the top
contribution to K mixing). On the other hand, as expected
on the basis of [37,38,49], for the higher value of |V,,| and
lower value of y, the central SM values for ek, in partic-
ular in the NNLO case, are in a very good agreement with
experiment.

In Fig. 6 we display the error budget of g corresponding
to the choice of parameters used in our numerical analysis
(shown in bold in Table 2). The overall uncertainty of 7.0%
is dominated by the uncertainties of |V,|, y, and n;;. Note
that we use n;; = 0.550(23), which includes the residual
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Table 2 SM predictions for ex x 103 for different values of ﬁK, [Vepl, and y. The experimental value is eexP (2.228 £ 0.011) x 1073 [76].
The value used in our numerical analysis is shown in bold, which is in good agreement with the experimentdl value

Bk |Vep| = 41.97(48) x 1073 [Vep| = 42.6(4) x 1073
y = 64.6(28)° y = 66.4(30)° y = 64.6(28)° y = 66.4(30)°
e%M x 103
Ny =2+1+1, NLO [68]* 0.706(18)(16) 1.98 £ 0.15 2.03+0.15 2.08 £0.15 2.134+0.16
Ny =2+1+1, NNLO [36] 0.733(26) 2.06 £0.16 2.10£0.16 2.16 £0.16 2.21£0.16
RBC/UKQCD 24, NLO [35] 0.7436(82) 2.09 +0.15 2.134+0.15 2.194+0.15 2.24+0.15
RBC/UKQCD 24, NNLO [36] 0.7600(53) 2.13+0.14 218+ 0.15 2.244+0.15 2.29+0.15
Ny =2+1,NLO [68] 0.7533(91) 2.07+£0.14 2.11+£0.14 2.17+£0.14 2.22+0.14
Ny =2+ 1, NNLO [36] 0.7637(62) 2.14+£0.15 2.194+0.15 2.254+0.15 2.30+0.15
all LQCD, NNLO [36] 0.7627(60) 2.14 £0.15 2.19+0.15 2.25+0.15 2.30+£0.15

#Note that we have converted the four-flavour version of the bag parameter, Z§K (Ny = 4), to the three-flavour version EK =B k(Ny = 3),

reducing the numerical value by 1.5% [36]

Vb
3.9%
v
3.7%
1.2%
1.3% other
1.6% Ko
3% 2.2% 3
Re
Tt

Fig. 6 Error budget of ¢ . The total uncertainty is 7.0%, which equals
the numbers shown in the plot summed in quadrature. The area of each
wedge in the pie chart corresponds to the square of the attached number

theory uncertainty from missing higher-order perturbative
corrections estimated in [67]. While the uncertainty of éK
plays a very minor role (0.7%, contained in “other” in Fig. 6),
it should be kept in mind that different values of By used in
the literature differ significantly from each other and lead
to considerably different central values of ¢g, as shown in
Table 2.

Appendix B: AF = 2 matrix elements

In this appendix, we list the matrix elements of the operators
defined in Eq. (2.20). We define

B.1)

)
P g 0 mg )

where M a4, mg,, and mgy, are the masses of the meson M
and the quarks ¢; and ¢ and w is a renormalization scale.
We recall that g¢; is cu for M = Dy, sd for M = Ky, db
for M = By, and sb for M = B,. The matrix elements are
then given by

(0771 (W) _ (OV'rR)(10)

2M zq 2M pq
_ 1 2 )
=3 M fag Bpg(),
(0f%y(w) 1 1
ZSJLW—R 7 Mt Fia B ) (r(u) + 5) :
(0% (w) 1 3
% = M 4 B (1) <r(u) + 5) , (B.2)

where ) is the decay constant of the meson M and the B(’)
are its so-called bag parameters, which are normalized such
that in the vacuum saturation approximation (VSA), they are
all given by B |VSA =1.
Sometimes an alternative convention is used for B( ) and
BY) v (see e.g. [77]), which we denote in the followmg with a
tllde to distinguish them from those in Eq. (B.2). In the alter-
native convention, terms that are higher order in the chiral
expansion are omitted, which simplifies the scaling proper-

ties of the bag parameters. In this convention, 58 and B(S)

are given by

(040w 1 = (4)

— = = - MMz B ,
2M = f M P ()r ()

ORI _ 1, o g

~VLRTCE. — __ M B B.3
M 0q ¢ Mm I B (wr (), (B.3)

and B\)(w) = B{) ().
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In our numerical analysis, we use the results of the
HPQCD collaboration for the B; and B bag parameters [78],
which are given in the convention of Eq. (B.2). For the D° bag
parameters we use the result of the ETM collaboration [69]
given in the alternative convention of Eq. (B.3). For the K°
bag parameter we use the result of the RBC/UKQCD collab-
oration [35] given in the alternative convention of Eq. (B.3).

Appendix C: Re-diagonalizing the running quark Yukawa
matrices

Starting at a high scale Axp with the quark Yukawa matrices
Y (Anp) and Y, (Anp) in a canonical flavour basis (e.g. the
one where Y;(Anp) = l?d(ANp) is diagonal) and running
them down to the electroweak scale leads to off-diagonal
entries in an initially diagonal Yukawa matrix. In order
to obtain results in the initial canonical flavour basis, the
Yukawa matrices in the non-canonical flavour basis after the
running, Y;(Mz) and Y, (Mz), have to be diagonalised,

Uj, Ya(Mz) Uy = Ya(My),

Us, Yu(Mz) Uyy = Yu(M2), (€.

and all WCs have to be rotated back to the initial flavour
basis.” E.g., the flavour basis in which Y;(Mz) = I?d(MZ)
is diagonal is obtained by choosing U, = Uy, and rotating
all flavour indices associated with g7, dr, and u  fields using
the matrices Uy, Ugg, and Uy,.

For Anp = 5TeV and vanishing Cy4y, Cy¢, the rotation
matrices Uy, Uy, and Uy, for rotating to the canonical basis
with diagonal Y; = Yy after running in the first leading-log
approximation to the scale Mz are given by

Ug—1
0.00 +0.00i —0.08—-0.03; 1.81+0.72i
= 0.08—0.03; 0.00+0.28;i —8.88+0.17i
—1.814+0.72i 8.88+0.17i 0.0040.28i
x1074, (C.2)
Ugp — 1
0.00 +0.00i —0.07—-0.03; 0.03+0.01:
= 0.07—-0.03; 0.00+2.78i —3.50+0.07i
—0.034+0.01/ 3.504+0.07i 0.00+4+2.75i
%1073, (C.3)
Uup — 1
0.00 4+ 0.00i 0.00 +0.00: 0.00 4+ 0.00
= 10.00+0.007 0.00 4+ 2.78i 0.00 4+ 0.00
0.00 + 0.007 0.00 + 0.00i 0.00 +2.75i
%1072, (C.4)

7 Various phenomenological consequences of this so-called “back-
rotation* have been explored in [79].
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where we used the freedom to choose an overall phase to
make (Uy )11 real and positive.

If the one-loop RGEs are numerically solved to resum all
logs, the resulting rotation matrices are

0.004+0.00i —0.11 —0.04i 2.54+1.01i
Uyj—1 =1 011-005; —0.0140.39i —12.47 +0.23
—2.5441.01i 12.47+0.23i —0.01 +0.39;
x1074, (C.5)
0.00 +0.00i —0.10 —0.04i 0.05+ 0.02i
Uge —1 = | 010-0.04i 0.00+3.89; —4.89+0.09i
—0.0540.02i 4.89+0.09i 0.00+3.87i
%1073, (C.6)
0.00 + 0.00i 0.00 4 0.00i 0.00 4 0.00i
Uig —1 = |0.00+0.00i 0.00+3.89i 0.00 + 0.00i
0.00 + 0.00i 0.00 4 0.00 0.00 + 3.87
x1073. (C7)

Appendix D: Matching of simplified Z’ model to SMEFT

( ‘1[‘1/)2 |A‘1[(1j |2
[Coo Vi = =5 [CWijji = =5
q9 ZM%, qq M%,
didj\2 did; 2
A%idi idj
ddlijij = — , ddlijji = — ,
oty =]
M2, M2,
Au,-uj 2 ujnj |2
[Cuulijij = —( & 2) s [Cuulijji = —| R2 | ,
2 M2, M2,
qiqj 4 did; 9iqj ( Adidjyx
(€D = — oL TAR (= AL " (a%7)
qd lijij = 2 s qd lijji = M2 P
7 z
qiq;j A Uillj qiqj Uil j*
[CONijij = A ZAR [COijji = S Be ) (AZR )
qu 2tJ5 ’ qu )
M2, M2,
uiuj  did; uiuj didj\*
(cD,; = — 2 T’ [, = — 2 "(ax)
u Ju 2 ’ u ¥ - 2 ’
M2, M2,
L’k)z A% A4
[Citlkkkk = ——25—.  [Culuar = ——25E,
2 M2, M3,
°)? 2 A% A%
- R __“8Rr 2R
[Ceelkkkk = — 0 [Ceelkkit = — Mz
Ak A% A% A%
(Crelikik = — fwz R [Creluar = — ij12 R,
7 z
A Ak
[Crelunk = — =255,
M2,
e A4i4j eg qiqj
(O iy =~ 2LBL (Gl = —2EAL
lq J M%, ’ qelij M%, ’
Aek Aq:'qj Aek A‘ii‘]/
[Cealkrij = —RMizR, [Cralrkij = —LMizR, (D.1)
z z

where k </ andi < j.
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Appendix E: SMEFT RGE effects in AF = 2 Wilson
coefficients

e Contributions to [C;lq)]ijij (M7):
[C;;)]ijij (Mz) ~ [C;Id)]ijij (ANP)

i log (Mz/ANp) ]

x | —[Yalii [Y]1; T2

+ [C;il)]ijji (Anp)
i log (Mz/ANp) |

x | =[Yalij [Y] )i T2

+ [Célu)]ijij(ANP)

x | =[Yulii Y, 1

log (Mz/Anp) |
1672
+ [C,Slu)]ijji(ANP)

log (Mz/Anp) ]
X _[Yu]ij [Y:]ﬂw

1672

+ [C5Pijij (Axp)

i m_ log (Mz/Anp)
X 1 + [ﬂZZ(]) ]lj T

(E.1)

— ij = 12, up-aligned flavour basis:
[Ci0N212(Mz) ~ [Cly Tz (Anp)

x | —1.95 x 107! log (MZ/ANP)]
+ [622)11221(ANP)

X -1.01 x 10712 log (MZ/ANP)]
+ [C{) 11212 (Anp)

x [~1.10 x 1071 log (MZ/ANP)]

+ [é(g},)]IZZI(ANP) x 0

+ [éc(,lq)]lzn(ANP)

x [1 +6.45 x 1073 log (M /ANP)] (E.2)
— ij = 12, down-aligned flavour basis:

[CO)T212(Mz) ~ [C;L')]IZIZ(ANP)

x [—2.05 x 1011 log (MZ/ANP)]

+ [C;Z)]IZZI(ANP) x 0

+ [C;},)]IZH(ANP)

x [~1.08 x 107 log (Mz/Axp) |

+ [C5) 11221 (Ap)

x [2.24 x 10712 log (Mz/ Axp) |

+ [C{)T212(ANp)

x [1 +6.46 x 1073 log (M /ANP)] (E.3)

— ij = 13, down-aligned flavour basis:
[C30Ti313(Mz) ~ [Cly Ti313(Anp)

x [—1.03 x 1072 log (MZ/ANP)]

+[CL 11331 (ANp) X 0

+ [Cé},)]1313(ANP)

x [<2.94 x 1078 log (MZ/ANP)]
+ [C5 331 (Anp)
x [(=3.22 4 9.031) x 10711 log (MZ/ANP)]
+ [C{)Ti313(Anp)
x [141.06 x 1072 log (MZ/ANP)] (E4)

— ij = 23, down-aligned flavour basis:
[C4) 12323 (Mz) ~ [C;Id)]2323(ANP)
x [—2.10 x 1078 log (MZ/ANP)]
+[C;1,')]2332(ANP) x 0
+ [C) 12323 (Anp)
x [—1.47 x 1075 log (MZ/ANP)]
+ [C;L)]2332(ANP)
x [(2.26 —0.05i) x 1078 log (MZ/ANP)]
+ [C{}) 12323 (Ap)

x [1 +1.06 x 1072 log (MZ/ANP)] (E.5)

e Contributions to [C;%I)]ijij (Mz):

[CNijij(Mz) ~ [C{)ijij (Axp)

1 Mz /A
y [[533((3))] og(lér/2 NP):| E6)

— ij = 12, up-aligned flavour basis:
[CSN212(M2) ~ [C{) Ti212(Anp)
x [2.61 x 1072 log (MZ/ANP)] (E.7)
- ij = 12,13, 23, down-aligned flavour basis:
[C$ijij (Mz) ~ [C5)ijij (Axp)
x [2.61 x 1072 log (MZ/ANP)] (E.8)

e Contributions to [Cyqlijij (Mz):
[Caalijij(Mz) ~ [C;B]ijij(ANP)
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x| =2[Yqlj; (Y] )ii

log (M7 /ANp)
1672

+ [C;b)]ijji(ANP)

I Mz /A
x| =2 1¥ali; 1771 W]

+ [Caalijij (Anp)

I log (Mz/Anp)
x | 1+ [B491;) T]

— ij = 12, up-aligned flavour basis:
[Caalioin(Mz) ~ [é;il)]IZIZ(ANP)
% [<3.9 x 10712 1og (MZ/ANP)]
+ [@51}]1221 (ANp)
x [2.01 x 10712 10g (MZ/ANP)]
+ [Caali212(Anp)
x [142.58 x 1072 log (MZ/ANP)]

(E.10)
— ij = 12, down-aligned flavour basis:
[Caali2i2(Mz) ~ [C(Sl)]IZIZ(ANP)
x [—4.1 x 10711 log (MZ/ANp)]
+ [Cc(,ld)]lzzl(ANP) x 0
+ [Caali2i2(Anp)
x [1 +2.58 x 1072 log (MZ/ANP)] (E.11)
— ij = 13, down-aligned flavour basis:
[Caali313(Mz) ~ [C;Z)]1313(ANP)
x [—2.06 x 107 log (M /ANp)]
+ [C(S[)]IBI(ANP) x 0
+ [Caaliz13(ANp)
x [1 +2.58 x 1072 log (M /ANP)] (E.12)
— ij = 23, down-aligned flavour basis:
[Caal323(Mz) ~ [Cy Tazos (Anp)
x [—4.2 % 1078 log (M /ANP)]
+ [C;L)]2332(ANP) x 0
+ [Cadl2323(ANp)
x [1 +2.58 x 1072 log (MZ/ANP)] (E.13)
o Contributions to [Cyyijij (Mz):
[Cuulijij(Mz) ~ [C;L)]ijij (Anp)
log (MZ/ANP)i|

X |:_2[Yu]jj (Y, i 62
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(E.9)

+ [Cﬁ)]ijji(ANP)
X |:—2 (Yulij (Y1

+ [Cuulijij (Anp)

log (M7 /A
% [1 + B i —Og(lézn/z NP)}

log (Mz/Anp)
1672

(E.14)

— ij = 12, up-aligned flavour basis:
[Cuulizin(Mz) ~ [ééi,)]lzlz(ANP)
x [—2.21 x 10710 Jog (MZ/ANP)]
+ [C 1212 (Axp) % 0
+ [Cunli212(Anp)
x [1 +2.92 x 1072 log (M7 /ANP)] (E.15)
— ij = 12, down-aligned flavour basis:
[Cuuli212(Mz) ~ [CS)Ti212(ANp)
x [—2.16 x 10710 Jog (MZ/ANP)]
+ [C,ﬁ)]lzzl(ANP)
x [4.48 x 10712 log (M /ANP)]
+ [Cuuli212(Anp)
x [1 £2.92 x 1072 log (MZ/ANP)] (E.16)
— ij = 13, down-aligned flavour basis:
[Cuuli313(Mz) = [CS)T1313(Anp)
x [—5.88 x 1078 log (MZ/ANp)]
+ [C5) 331 (Anp)
x [(—0.64 +1.810) x 10710 log (MZ/ANP)]
+ [Cuuli313(ANp)
x [1 +3.75 x 102 log (MZ/ANP)] (E.17)

— ij = 23, down-aligned flavour basis:

[Cuul2323(Mz) ~ [C,) 12323 (Anp)

+ [C) T332 (Anp)

x [(4.53 = 0.100) x 1078 log (MZ/ANP)]

+ [Cuul2323(Anp)

x [143.75 x 1072 log (MZ/ANP)]

x [22.95 x 1075 1og (MZ/ANP)]

(E.18)

e Contributions to [C;ll)]ijij (Mz):

1
[Cc(,}i)]ijij(Mz) A [C,Ed)]ijij(ANP)
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[ log (M7 /A -8
X | =[Yulii Y1) W} X [—2.95 x 107° log (MZ/ANP)]
L (D ]
+ [C A X [(—6.64 4+ 8.201)
+ [Clild)]lj]l(ANP) [ MT3]1331( NP) [(
vy ve, 108 Mz/ Axe) (MZ/ANP)} x 107 log (MZ/ANP)]
| e 1672 + [Caal1313(ANp)
+ [Caalijij (Ane) x [ <275 x 107 log (Mz/ Aw)]
i log (Mz/Axp) -
8
x | =3 Yalii (Y1 T len2 + [C3) 11313 (Anp)
+ [Cé;)]ijij(ANP) x| —4.81 x 107° log (MZ/ANP)]
r log (Mz/A i
| =5 v 1 R TLLAND) NP)} + [CY 313 (Anp)

+ [C;L’)]ijij(ANP)
qd“> log (Mz/ANp)
Bl —— 5

e (E.19)

— ij = 12, up-aligned flavour basis:
[Co1212(M2) ~ €l Tia12(Axp)
x [—1.10 x 10710 log (MZ/ANP)]
+ [é,iil)]lzzl(ANP) x 0

+ [Caalia12(Axp)
x [<5.19 x 1071 1og (MZ/ANP)]

+ €S i212(Ane)
x [<9.08 x 107! log (MZ/ANP)]
+ [ééli)]IZIZ(ANP)

x [145.65x 107* log (MZ/ANp)] (E.20)

— ij = 12, down-aligned flavour basis:

[ ;2)]1212(1‘42) ~ [Cf,lg)hzlz(ANP)
[ 1.05 x 10719 10g (M, /ANp)]
[C,Ed)]IZZI(ANP)

x [5.55 x 10712 log (MZ/ANP)]

+ [Caali212(ANp)

x [—5.47 x 10711 log (MZ/ANP)]
+ [C{)11212(Anp)

x [—9.57 x 10711 log (MZ/ANP)]
+[C T2 (Anp)

x [1 +5.69 x 107* log (MZ/ANP)] (E21)

— ij = 13, down-aligned flavour basis:

[C Ti313(Mz) ~ [C Ti313(Anp)

x [142.64 x 1073 log (MZ/ANP)] (E.22)

— ij = 23, down-aligned flavour basis:
[C;Z)]2323 (Mz) =~ [C;Z)]2323(ANP)
[—1.47 x 107 log (MZ/ANP)]
[C,Sg)]lzzl(ANP)
x [(2.81 —0.05i) x 108 log (MZ/ANP)]
+ [

Cdal2323(ANp)
x [ —5.6 x 1078 log (Mz/ANP)]

+ [C{ ) 12323 (Anp)

x [<9.81 x 107 log (MZ/ANP)]
+ [C(d 12323 (Anp)

x [142.64 x 1073 log (M, /ANP)]

(E23)
e Contributions to [C{})1;jij (Mz):

[C,Eii)]ijij (Anp)
log (Mz/Anp)
1672

[Célu)]ijij(MZ) ~

x | =[Yalii [Y1)

+ [C;Z)]ijji(ANP)
x| =[Yalij [Y;1;i
+ [Cuulijij (Anp)

x | =8 [Yulii (Y1

log (Mz/Anp)
1672

log (Mz/Anp)
1672

+ [C3ijij (Anp)

14
x| =5 [Yulj; [Y; )i 62

log (MZ/ANP)]

+ [C;L)]ijij(ANP)

X |:l + [ﬁqu(l)]ij IOg (MZ/ANP)j|

oo e (E.24)
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— ij = 12, up-aligned flavour basis:
[CA’;L)]lzlz(Mz) ~ [él(lld)]1212(ANP)
x [—1.95 x 10711 log (MZ/ANP)]
+ [éilg)]lzzl (ANp)
x [1.03 x 10712 log (MZ/ANP)]
+ [Cuuli212(Anp)
x [=2.95 x 10710 10g (MZ/ANP)]
+ [652)11212(ANP)
x [=5.15 x 10710 10g (MZ/ANP)]

+ [é(gb)]lzlz(ANP)

x [1=1.13 x 1072 log (Mz/ Axp)

| I

— ij = 12, down-aligned flavour basis:
[CSN1212(M2) ~ [C3 Ti212(Axp)
x [—2.05 x 10711 log (MZ/ANP)]
+[Cly 11221 (Anp) X 0
+ [Cuuli212(ANp)
x [—2.79 x 10710 Jog (MZ/ANP)]
+ [Célq)]lzu(ANP)
x [—4.89 x 1071 log (MZ/ANP)]
+ [C5) 1212 (Anp)
x [1 113 x 1073 log (MZ/ANP)]
— ij = 13, down-aligned flavour basis:
[COi313(M2) ~ [Cp Ti313(Anp)
x [—1.03 x 1079 log (MZ/ANP)]

+1C 11331 (ANp) X 0
+ [Cuul1313(ANp)

x [~7.86 x 1078 log (MZ/ANP)]

+ [Cl) 11313 (Anp)

x [~1.38 x 1077 log (MZ/ANP)]

+ [C5)Ti313(Anp)
x [146.47 x 1073 log (MZ/ANp)]

— ij = 23, down-aligned flavour basis:
[C;L)]2323 (Mz) =~ [C;Z)]2323(ANP)

x [—2.10 x 1078 log (MZ/ANP)]
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(E.25)

(E.26)

(E.27)

+1C ) 13z (Anp) x 0

+ [Cuul2323(Anp)

x [—3.93 x 1075 log (MZ/ANp)]
+ [C{}) 12323 (Ap)

x [—6.87 % 1075 log (MZ/ANP)]
+ [C{3) 12323 (Ap)

x [1 +6.48 x 1072 log (M /ANP)] (E.28)

e Contributions to [ng)]iji.i (Mz):

[C;?]ijij(Mz) ~ [Caalijij (ANP)

log (Mz/A

X |:—4[Yd]ii (Y1) —Og(léT/z NP)]
+ [C;},)]ijij(ANP)

log(Mz/A
X |:_4 [Yd]jj [Y;]ii M]

1672
+ [Céld)]ijij(ANP)
« [[ﬂqd(l)]ij log (MZ/ANP)]

o o (E.29)

— ij = 12, up-aligned flavour basis:
[éﬁ)]lzlz(Mz) ~ [Caali212(Anp)

x [<7.78 x 107" 1og (MZ/ANP)]

+ €S i212(Anp)

% [<7.78 x 107" 1og (MZ/ANP)]

+ [652)]1212(1\NP)

x [<7.4 x 1072 log (M, /ANP)]

(E.30)

— ij = 12, down-aligned flavour basis:
[C;i)]IZIZ(MZ) ~ [Caali212(ANp)
x [—8.20 x 10711 log (MZ/ANP)]
+ [C;;)]lzlz(ANP)
x [—8.20 x 1071 log (MZ/ANP)]
+ [C;Z)]IZH(ANP)
x [—7.4 x 1072 log (MZ/ANP)] (E.31)
— ij = 13, down-aligned flavour basis:
[C;Z)]1313(Mz) ~ [Caali313(ANP)
x [—4.12 x 1072 log (M /ANP)]

+ [C{)Ti313(Anp)
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x [—4.12 x 1079 log (MZ/ANP)]

+1C{ 11313 (Axp)

x [—7.4 x 1072 log (M /ANP)] (E.32)
— ij = 23, down-aligned flavour basis:

[C 512323 (M7) ~ [Caala323 (Ane)

x _—8 41 x 1078 log (MZ/ANP)]
+[C (1)]2323 (Anp)
x [~8.41 x 1078 log (MZ/ANP)]

+ [C,Sl)]zm (Anp)

x [=7.4 x 1072 log (M, /ANp)] (E.33)

e Contributions to [C;?,,)]iji j(Mz):

— ij = 13, down-aligned flavour basis:
[C(S)]1313(Mz) ~ [Cuul1z13(Anp)

x [<1.18 x 1077 log (MZ/ANp)

+ [c< ¢ 11313 (Anp)

% [~1.18 x 1077 1og (MZ/ANP)

+ [C( 11313 (ANp)

X —6 57 x 1072 log (MZ/ANP) (E.37)

— ij = 23, down-aligned flavour basis:
[C812323(M7) ~ [Cuul2323 (ANp)
x [—5.89 % 1075 log (MZ/ANp)]
+ [C{}) 12323 (Ap)
x [—5.89 x 1075 log (MZ/ANP)]

[ ]l]lj (MZ) [Cuu]t]l] (ANP) + [C;L)]2323 (ANP)
log (Mz/Anp)
x [ AV 1Y) = x [—6.57 x 1072 log (MZ/ANP)] . (E38)
+ [C ]ljl] (ANP)
log (Mz/Anp)
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