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Introduction

Flavor changing neutral currents (FCNCs) are sensitive probes of new physics (NP) and

can strongly constrain many extensions of the standard model (SM). In this work we focus

on how the wealth of recent FCNC measurements in the B system constrain models with a

light gauge boson. We study the dark U(1)p model which gives rise to a dark photon or a



dark Z in specific circumstances. If only kinetic mixing between the U(1)p gauge boson and
the electromagnetic field strength tensor occurs, then it is a dark photon with purely vector
couplings to all SM fermions except neutrinos [1]. If the dark vector boson also has mass
mixing with SM gauge fields, then it is a dark Z, often called a Z’ [2, 3]. We collectively
denote a dark photon and a dark Z by Zp. In either case, FCNC processes are generated
through loops, and as in the SM, the loops are enhanced for up-type quarks because the
large top quark mass suppresses the GIM mechanism. In the case of D decays, the quarks
in the loop are down type, which suppresses FCNC decays. Hence, we concentrate on
FCNC B and K decays.

A characteristic feature of models with light mediators is that the new physics cannot
be integrated out, resulting in ¢ dependent Wilson coefficients (WCs). The role of light
mediators in FCNC b — s*¢~ transitions has been discussed extensively [4-15]. In this
paper we study a light vector mediator Zp with mass 0.01 < Mz, /GeV < 2 and allow
for onshell as well as off shell effects in Zp decay. We calculate rates for FCNC processes
for both the dark photon and dark Z models.! Further, we include hadronic decays of
the vector boson in estimating its width. We study extensions of the model with direct
interactions of Zp with muons, and with muons and electrons, apart from mixing induced
couplings. We also allow for an additional invisible decay of Zp which could arise from Zp
couplings to dark sector particles.

The paper is organized as follows. In section 2 we discuss the general formalism of
FCNC B and K decays in the dark photon and the dark Z models. The Wilson coefficients
pertaining to b — s/~ and the treatment of the new physics branching fractions in the
narrow width approximation, are provided. In this section, we also calculate the width of
the Zp boson including decays to leptonic, hadronic and invisible states. In section 3 we
describe our three model cases and place experimental constraints on them in section 4. In
section 5, we present the results of our fits to B and K decay data. After a short discussion
of the muon anomalous magnetic moment in section 6, we summarize in section 7.

2 Formalism

We assume that Zp is associated with a broken U(1)p gauge symmetry of a dark sector
and couples with the SM gauge symmetry via kinetic mixing between U(1)y and U(1)p [1].
Following ref. [3] we write the gauge Lagrangian as,

1 1 ¢ 1
Lgauge = _ZBW/B“V + imbjZ%V - ZZD,LU/Z![L)V )
By = 8,B, — 9By, Zpuw = 042Dy — 0 Zp, (2.1)

with ¢ is a dimensionless parameter and 6y is the weak mixing angle.

'Previously in ref. [16], flavor changing b — sZp processes were studied without including the contri-
bution from the ¢* independent dark Z monopole operator. Consequently, O(1) mixing parameters were
incorrectly obtained from b — s¢T¢~ data.
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Figure 1. Feynman diagrams for the FCNC process b — sZp at the parton level. G denotes
Goldstone bosons.

After diagonalizing the gauge sector [3, 17], an induced coupling of Zp to the SM
electromagnetic current is generated. To leading order in ¢,

LD eeZ T — iee HZDW+W—H , (2.2)
where
[[ZDw+W_}} = ey, (k1) (ka)eqy— (ka)
X [(k1 — k2)aguw + (k2 — k3)ugux + (k3 — k1)ugaul - (2.3)

This is the usual dark photon model. If the U(1)p symmetry is broken by a scalar that is
charged under the SM, then Zp can mix with the SM Z boson via mass terms [2, 3]. The
physical eigenstates can be written in terms of the weak eigenstates as
Z = Z%cos€ — Z% sin&,
Zp = Z%sin€ + 7Y, cos ¢, (2.4)

where £ parameterizes the mass mixing between the gauge bosons. This induces a coupling
of Zp with the SM fields given by,

L4 >

COSQQW enZh % — igeosbwey [[ZoW W] (2.5)
where 7 = 3 tan 2£. Such an interaction defines the dark Z model. Note that if U(1)p is
broken by SM singlet scalars, then £z = 0 and we recover the special case of a dark photon.
We do not consider a specific Higgs sector for the spontaneous symmetry breaking of U(1)p
and instead study mass mixing of the general form in eq. (2.4). Since the gauge kinetic
mixing parameter ¢ affects the mass-mixing angle £ at subleading order, we neglect its effect.
The free parameters of the model are the mixing parameters € and £z, and the mass of the
dark boson M, . Updated allowed values of these parameters can be found in refs. [18-20].

2.1 Partonic amplitude of FCNC processes

FCNC B and K decays proceed via the underlying quark level transitions d; — d;Zp,
where d; ; are down type quarks. The quark level transitions are b — s, b — d and s — d.



Since Zp is flavor conserving, the decay occurs at loop level. The process d; — d;Zp can
be written in terms of the SM d; — d;v and d; — d;Z processes by modifying the couplings
to include the kinetic and mass mixing parameters (e, £7). The processes can be described
by generic effective local operators and their Wilson coefficients. The monopole operators,
which conserve chirality, are

n 0, v v 2 v 2,
Heit > (Fyy" Pk [(Ea,g)m ¢+ (0 —a'a) (B27), | Ve (26)
and the dipole operators, which flip chirality, are
Her O (Fio" PLrFyaVe) (M), (2.7)

where P, g = (1/2)(1 F+°) are the projection operators, the metric tensor is defined as
g = diag(l,—-1,—-1,-1), o = (i/2) [y*,7"], and ¢* is the outgoing momentum of a
neutral vector boson V. Fermions of different families are denoted by F and F’, and
a, b, c¢ are color indices. Note that in ref. [16], the first term in eq. (2.6) which provides
the leading contribution for a dark Z, is neglected.

In the above basis of the effective Hamiltonian, the hadronic part of the amplitude
involving different Lorentz structures is given by

Mz, = (Haldiu Py nd; | Ha) H (B4, + (EgiiQ)L/R} o (2.8)

H{(B3L), o+ (BAL), o) (97 - '0”)

+<H2|Jiiqu0'“yPL/Rdj|7'_ll> {(Mcll’fé)L/R + (Mclfiz)L/R} VVZD ’

Zp
Vi

with V?P is the polarization vector of Zp and the hadronic currents are provided in
appendix A. We use the PengdBSM@LO package [21] to calculate the amplitudes of b —
sZp, s = dZp, and b — dZp that arise from penguin diagrams; see figure 1. The loop
functions are calculated to first order in the small masses and momenta of the external
fermions. The contribution of the monopole terms dominates over the dipole terms. Fx-
pressions for the various loop factors of the triangle diagrams are given in appendix B.

2.2 Semileptonic FCNC amplitudes

Semileptonic b — s¢T¢~ processes are described by the effective Hamiltonian,

AGp €2
bsll F *
Heg = T3 16m2 Vi Vi % (C;:O; + C,O;), (2.9)

)

[

*)

relevant to our study are Oy = (5.v"br)(ly,l) and O19 = (5,7"br)(fy,75¢) and their

where C;’ are the WCs corresponding to the dimension six operators O,;’. The operators
primed counterparts, which are obtained by flipping the chirality L — R.
To calculate the WC for the b — s¢*¢~ transition, we combine the hadronic loop

factors of the previous section, with the appropriate leptonic Zplf vertex factor and the



Zp propagator, to get

2,A
[<< (), )
- (o eat),
q MZD—I-ZFZDMZD cw
0,2 2,4 2,2 2
ClO,f = [((Ec1,cz) (ECI CQ)L <E01,C2) }(] )
: (awesss)
x . &z : 2.11
(q2 et erDMZD> I s (211)
Cor = Clor =0, (2.12)
where gi, = (—1+4s%,)/2 and g% = —1/2 are the vector and axial vector coupling constants

for the SM Z/¢ interaction; sy and cyy are the sine and cosine of Oy, respectively. When
obvious, we suppress the £ subscript in the WCs.

If My, is outside the measured ¢* bin, an off-shell contribution to the semileptonic
decay amplitude can interfere effect with the SM amplitude. However, if Mz, lies within
a particular ¢ bin, then the new physics contribution can be treated as arising from the
on-shell production of the light boson followed by its subsequent decay to lepton pairs
(H1 — H2Zp,Zp — £707). As the width of the light boson is much smaller than the
energy resolution of the detector, the narrow width approximation can be employed to
write the branching fraction as [9]

(BYpsseeldmex = (BYFAL |2 4 B(Hy — HaZp)B(Zp — €707) - G (qmuins Gimax) » (2.13)

Qmin Gmin

where )
(lal-Mzp, )

qmax _72
d|qle e , 2.14
e L .

is a Gaussian smearing function with 7, = 10MeV and r, = 2MeV. It is important to

g(w) (Qmim qmax) =

note that the on-shell decay of the light boson always enhances the contribution to the
branching fraction in a bin.

2.3 Dark boson decay width

In the mass range of interest, Zp decays to lepton pairs and to hadronic final states. While
the ete™ and v final states are always kinematically allowed, the p*p~ final state is
possible only for Mz, > 2m,,. The decay widths to charged and neutral leptons are given by

e2 2

m
(Zp — 0T~ - 1-4—X (8 2 M 2.15
(Zp ) = 062y 5% My, MZD ciysiye(2m] + ZD) (2.15)

—dew sw(4syy — V)eez(2mf + M3z,)
+e% (mj(16syy — 8siy — 1) + Mz (8syy, — 4sjy + 1))> ,

2 2
N(Zp — vi) = S M20%7 (2.16)

2 2 -
967y sty
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Figure 2. Decay width of the dark boson to light hadronic final states for different mixing parameter
values.

Hadronic decays, however, cannot be calculated using perturbative QCD and we rely on
the vector meson dominance model (VMD) to describe low energy QCD [22-26]. Recently,
the hadronic decay width of light U(1) vector bosons has been calculated in a data driven
approach [27-29]. The hadronic decay of a dark photon, with coupling proportional to the
electric charge, can be expressed by an appropriate rescaling as

I(Zp = H)=T(Zp = pTp~) x R} (2.17)

where R? = o(ete” — H)/o(ete™ — pp~) has been experimentally measured [30].
For energies far from the hadron resonances, e"e™ annihilation slowly transitions towards
perturbative quark pair production, in which case R ~ N, f:%d,S(ng)z = 2 for SM,
where N, = 3 is the color factor and Q/,, is the electromagnetic charge of fermion f.
The hadronic decay width of baryophilic dark photons has been computed in ref. [29] by
summing over various hadronic final states in the VMD model. We adapt this analysis to
the vector coupling of the dark Z. For the axial vector coupling of Zp we use quark level
decays to estimate the contribution to the hadronic width. In figure 2 we show the Zp
partial width to hadronic final states for different mixing parameter values.

3 Models

We study three different cases of the light Zp model as specified below.

o Case A: this is the dark photon and dark Z model described by egs. (2.2) and (2.5).
The model has two mixing parameters (¢ and €z) and the mass M.

e Case B: a muonphilic Zp in which Case A is extended with an additional direct
interaction of the dark Z with muons:

LH D ghiivapZ. (3.1)

This scenario has an additional free parameter gf,.



e« Case C: case A is extended with additional direct interactions of the dark Z with
both electrons and muons:

LE D ghevaeZd + ghivanZy. (3.2)

We assume g, is fine-tuned so that it cancels the coupling of Zp to electrons via
mixing. Then, all observables for the electron mode are described by the SM only.

4 Constraints

4.1 B, mixing

B meson mixing plays an important role in the search for new physics and provides a strong
constraint on our models. In the SM, the mixing has its origin in a box diagram with a
W boson and top quark in the loop. The dominant contribution to the mass difference due
to BY — BY mixing is given by [31]

G2 Mgp,

AMEY = WM%/(WM’;)QHBJ”%SEBSSO(W?/M%)7 (4.1)

where Sp(z) is the Inami-Lim function [32],

dg — 112% + 23 3rlnx
= — 4.2
SO(‘T) 4(1 _ l‘)2 2(1 — l’)2 ) ( )

and m; = 163.53 GeV is the M .S mass of the top quark [33]. Here, ng &~ 0.551 is a numerical
factor that arises from the leading and next-to-leading order QCD corrections to the box
diagram [34]. The long-distance physics in the hadronic matrix element, parametrized by
the decay constant fp, and the bag parameter B B, is the major source of theoretical
uncertainty. The product fg, \/;135 = 256.1(5.7) MeV is obtained from lattice calculations
with Ny = 2414 1 dynamical fermions [35]. The dominant NP correction to the mass
difference comes from the monopole operator and is given by [§]

1 1
AMEPY = - ————f3
©3M3E - M3 P

B My {(EV7) 32 (1= 208 (4.3)
s Ths 8 M2

D

Note that (Eg SZ )1 does not depend on ¢ at one-loop order.
In the SM, the mass difference is [36]

AMEM = (18.4%97) ps~ (4.4)

which is in agreement with the experimental measurement [30]
AMEP = (17.765 £ 0.006) ps~" . (4.5)

The total mass difference including the Zp contribution can be expressed as

NP

AM
_ SM NP _ SM Bs | _— SM ,
AMp, = AMEM + AMNP = AME! <1 + % §M> = AMZM(1+ Apiz),  (4.6)
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Figure 3. Sensitivity of B? — ES mixing to €z as a function of Mz,. At leading order A,,;, is
independent of €. The red band is the uncertainty in A,;x taken to be the 20 lower uncertainty in
AMSM,

where A,,;» contains the NP information and is free from uncertainties in the decay con-
stant and bag factor. Since A, < 0, the 6.5% lower uncertainty in the SM expectation
translates into a 6.5% uncertainty in A,,;.. We plot Az as a function of the dark Z mass
for different values of ez in figure 3. It is evident that lighter Zp require smaller values of
ez for Ay, to lie within the 20 uncertainty of the SM prediction. We find that €z = 0.001
is disallowed for Mz, < 60 MeV.

4.2 B, —ptp~

The branching fraction of the rare Bs — pu* ™ decay, including new physics contributions,
is given by

G202 4m2 [m? 4m?
B(Bs— utp ) =75 f2 m% L [V Vi | 1— —2 | =B [1— =L ||Cs—CLI? (4.7
(Bs—uu™) 7B, fB,MB, 647r3| Vsl mQBS mng ICs —Cg| (4.7)
21

In the Zp model, contributions from the scalar and pseudoscalar WCs, Cg) and CI(DI), are

mp, m
—f—‘ - (Cp—C};)-i—QmigS(Clo —Cio)

absent. The dominant contribution therefore comes from Cjo as given in eq. (2.11). For
our numerical estimates we use fp, = 230.3(1.3) MeV [37]. The SM expectation [38, 39]
and experimental measurements are [40]

B(BY = ptp™)5™ = (3.67+£0.15) x 1077, (4.8)
BBY — ™) O 22— (3,007 346H01T) x 1070,
The Zp contribution to this rare decay is shown in figure 4. Since the decay rate

depends only on the new axial-vector interaction of the dark Z, it is independent of . It
is evident that ¢z as large as 0.01 is allowed by the data at the 30 confidence level (CL).
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Figure 4. Branching fraction for B, — uTpu~ for different values of 5. The horizontal red
(light red) band denotes the 1o (30) allowed region from experiment [40]. The decay rate does not
depend on €.

4.3 B — K®up

B — K™y can be considered as a resonance decay with on-shell production of Zp from B
decay, followed by Zp — vv. The decay widths for dark Z production can be written as [41]

Ry
I'(B— KZp) = — M , 4.10
( D)= G iz V)P (410)
\L/2
[(B = K"Zp) = 70—~ L (| Hol* + |Hy|” + [H-), (4.11)
where A stands for the Kallen function,
)\K(*)(q ) = mB+mK<>—i—q —2(mBmK +mK<)q +m%q%), (4.12)
and the helicity amplitudes are given by
1 mg My
Hy = g} (—2(mB +mi-) A1 (MZ,) ez, + ﬁm;A o(Mz,) (2% 7, — 1)) )
_ 94 2 mx+-Mz, /.2
Hy = ?(mB + mK*)Al(MZD) +9\V/WV(MZD) Theeg, — 1, (4.13)

with wx-z;, = (my —mij. — Mz )/(2mjMy,). The effective interaction strengths gi,, g%
are related to the loop functions by gy, 4 = (E%Z + E%’Z). The form factors V(q?), A1(¢?)
and A3(q?) can be found in ref. [42].
The SM predictions for the above flavor changing decays are [43]
B(BT — KTvi)gy = (4440.7) x 1079 (4.14)
B(B® = K*%)spr = (11.6 £ 1.1) x 107°. (4.15)

A recent search for BT — K Tvw by the Belle II experiment using a new inclusive tagging
method led to the 90% CL upper bound [44],

B(BT - Ktwvo) <4.1x1077, (4.16)
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Figure 5. Branching fraction of B — K )y as a function of the Zp mass for three values of €
and € = 0.001.

which, when combined with previous measurements by Belle and Babar puts the weighted
average at
B(BY = K wo)wa = (1.1+£0.4) x 107°. (4.17)

Although the weighted average shows an enhancement over the SM expectation, caution
should be exercised before treating it as a hint of new physics [43]. The most recent 90% CL
upper bound on the branching fraction of B — K*vv is [45]

B(BY - K*%p) < 1.8 x 107°. (4.18)

In figure 5, we plot the branching fractions for some benchmark values of ez. We find that
they are more than an order of magnitude smaller than the respective upper bounds even
for €4 as large as 0.1.

4.4 Kaon decay and mixing

The flavor changing K — wvv decay is mediated by the s — dvv transition at the quark
level. The two golden decay modes are KT — 7ntvi and K; — 7%vi. The most recent
measurement of the branching fraction of the charged kaon decay is that of the NA62
experiment [46],

B(K' — nvw) = (10.675 stat + 0.95y5) x 10711 (4.19)
while the 90% CL upper bound on K7, decay from the KOTO experiment [47] is
B(Kp — 7vp) < 4.9 x 1077, (4.20)
The SM expectations for these decays are [30, 48]

B(K'* = ntvi)sy = (8.4+1.0) x 1071 (4.21)
B(Ky — n°vi)sy = (3.440.6) x 10711, (4.22)

The two decays are theoretically related in a model-independent manner by the Grossman-
Nir bound [49] via B(K} — 7'vv) <4.3 B(KT — ntvp).

~10 -



As in the case of B — Kvv, the dark Z contribution to kaon decay can be considered
to be resonant. The hadronic part of the amplitude is similar to that in figure 1 with s
and d quarks in the external legs. The s — dZp transition is much suppressed compared
to b — sZp and so the branching fractions of semileptonic kaon decays to invisible final
states are tiny even for ez ~ 0.01.

The neutral kaons K0 and K" undergo oscillations with a corresponding mass splitting
just like the BY mesons. The leading SM contribution to the mass difference is given by

G% Mg
672
where 1 = 1.38 is the QCD correction factor, frx = 155.7(0.3) MeV [35] is the kaon

decay constant, and Br = 0.717(18)(16) [35] is the bag factor. The NP contribution is
determined by the monopole operator and is given by

AMM = M, (VeaVie)m f3 Bre So(m? /M3,) (4.23)

1 1
- 3ME - MZ

. 5 m?2
AMEP fEBx Mg (EYD)E (1— = ) : (4.24)

The experimentally measured value is given by [37]

AMp = 3.484(6) x 10712 MeV, (4.25)

which is in accord with the SM expectation. We find that for Mz, = 10MeV and ez =
0.001, AM}(VP = —4.64 x 1071 MeV which is consistent with measurement. Hence, AMp
does not impose a strong constraint on the model.

4.5 Radiative K+ — pTv,Zp decays

The three body decay K™ — pu*v,Zp can be considered as a radiative correction to the
standard K — ptv, decay in which Zp is radiated off the muon leg and decays invisibly.
Such dark emissions are likely when the dark boson mass is below 2m,, and is produced on
shell.

For a general interaction of the dark boson with the muon,

Lh = igvra + 94707 2 (4.26)
the amplitude squared of the radiative decay process K™ — ptv,Zp is

2 _ G%fIQAVU«SP 1 2 "4 2 M2 2 M2
Z ‘M’ - (QQ — m2)2 M2 (gLQ (QEMmK(m,u + Zp Q ) - 2EDmK Zp
© Zp

—m%(mi +m%Q?* — m;‘; + mi@2 + 2M§D

Cm2M2 M2 02 16 2072 02(02% — m2
+ggmy, (—2Bumic (my, + M7, — Q°)

+2Ep(E, Mz, (mj — Q%) + mj(Q* —m?)
+mgQ*(my, + Mz, — Q%)) + Miem;, + mjc Mz,
—M§Q2 + m%(mi — m%miéf — Sm%MéD

+2mEmZ MZ,, + My, Q% — m2 M3, Q%) , (4.27)

- 11 -
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Figure 6. Dependence of the K+ — T + invisible branching fraction on the mixing parameters
in Case A (left) and on the direct coupling g, in Case B (right). The red shaded region shows the
90% CL upper limit on the branching fraction in eq. (4.31).

where gr,r) = gv F ga. For a final state neutrino with energy £, and a muon with energy
E,, Q*=(k—q)?= m%( — 2mg FE, is the momentum transfer and Ep is the energy of the
emitted dark boson. The three-body decay width is given by

1
(K — puvZp) = 647TBmK/ > IMPdE,dE, (4.28)

spins

with integration limits,

Emin =m pmax H 4.29
“ . # 2mp ’ (4.29)
2 2 2 2 2 2
) mi +ms — Mz —2migFE mi +m* — Mz —2migFE
EII/IHH _ K [ Zp Ko Emax _ K | Zp Ko (430)

The emitted dark boson can subsequently decay to a pair of neutrinos and modify
the missing energy spectrum of K+ — uTv. The NA62 experiment has set the following
90% CL upper limit from searches for kaon decays to single muon final states [50]:

BK* = ptvvw) <1.0x107°, (4.31)

for a signal acceptance of A,,,, = 0.103. We use this measurement to constrain the
parameter space. However, since only a dark Z can decay to a pair of neutrinos, the bound
does not apply to a dark photon. For Case A, the emission of the dark boson from the
muon leg can occur with coupling gy = —ee + 4ch ez(—1+4s},) and g4 = —ﬁez. The
rate is mixing suppressed for this scenario and even for very light masses and €,z ~ 0.001,
the branching fraction stays well within the upper limit of eq. (4.31), as shown in the left
panel of figure 6. On the other hand, for Cases B and C, gy = —ec+ ﬁez(—l+4s%ﬁ/)+g%.
For small mixings, ¢}, provides the dominant contribution and can be tightly constrained.
From the right panel of figure 6, it can be seen that for Case B, g}, must be less than 0.01

to satisfy eq. (4.31).
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Figure 7. Dependence of the K+ — ptvete™ branching fraction on g%, in Case B. The red shaded
region shows the 30 interval of the branching fraction in eq. (4.32).

The dark Z can also decay to ete™ instead of neutrinos. The rate for K+ — ptvete™
has been calculated in the SM and measured in experiments. In the SM, this decay takes
place through the emission of a photon from the muon or the kaon (inner bremsstrahlung).
The experimentally measured value of the branching fraction of K™ — ptv,ete™ is [30, 51]

B(KT — ptvete™) = (7.06 £0.31) x 1078, (4.32)

for the invariant electron-positron mass me. > 145 MeV. In our model, this decay occurs via
K — uvZp(— ete™) and the above constraint applies for My, > 145MeV. We find that
g,e7 ~ 0.001 is allowed by the data. For Case B, the dependence of the K™ — ptvete™
branching fraction on g%, is shown in figure 7. Clearly, g7, > 0.001 produces an enhancement
in the branching fraction for 145 < Mz, < 200MeV if ez < ¢ and Zp decays primarily
to eTe” below the muon threshold. This constraint does not apply for Case C as Zp does
not couple to electrons.

4.6 Radiative 7t — [,L+VHZD decays

Similar to radiative kaon decay, 7+ — uTvZp can be enhanced for 0 < M Zp < Mg —Mmy,.
The PIENU experiment has presented an upper bound on the ratio R™X = I(nt —
ptv,X)/T(r" — ptv,) in the range 0 < My < 33.9MeVwhere X decays invisibly [52].
We utilize this bound to constrain our model parameters.

The decay rate is mixing suppressed in Case A and ~ (gf,)? for Cases B and C. For
the general interaction in eq. (4.26), the amplitude squared of 7% — pu*v,Zp is given by
eq. (4.27) with the substitutions fx — fr, Vus = Vug and mg — my. In figure 8, we
show the dependence of R™¥X on gp. The 90% CL upper limit set by PIENU for the
muon kinetic energy ranges, T), > 1.2MeV and T}, < 1.2 MeV, is shown by the solid black
and red curves, respectively. We find that g%, < 0.1 is allowed for the My, < 34MeV
if the dark Z does not primarily decay to neutrinos i.e., if ez < €. However, if ez 2 ¢,
B(Zp — vv) is large (unity, if Zp does not decay to electrons) and ¢/, > 0.1 is not allowed
for Mz, < 15MeV.
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Figure 8. Dependence of R™X = D(nt — ptv,Zp(— vw))/T(xt — pty,) on gh for ez = 1075
(left) and 10~% (right). The black and red solid curves punctuated with points show the 90% CL
upper limit from PIENU for the muon kinetic energy ranges, T,, > 1.2MeV and T, < 1.2MeV,
respectively.

4.7 Atomic parity violation

Since the dark Z can couple to first generation SM fermions through mixing, the model
parameters are subject to strong constraints from atomic parity violating observables. The
interaction of the dark boson with the electromagnetic and weak currents of the SM in
egs. (2.2) and (2.5) modify the weak charge Qw of the proton and nuclei such as cesium
(Cs), which are measured to be [30, 53, 54]

QY™ = 0.0719(45),  Quy P = —72.82(42). (4.33)

The weak charges of the proton and '33Cj nuclei are given by [55]

e . «
Q’I},ZD = —2pag% (Kasin® Oyy) (1 — 277) , (4.34)

and

Qu C%P = —2p, {ch (9% (kasin® Gw + 0.00005) + Ne, (g4 + 0'00006)} <1 - ;T) ’

(4.35)
including radiative corrections. Here, ggpv(‘f") is the effective electron-proton (electron-
neutron) coupling and is equal to —1/2+2sin? @y (1/2) in the SM at tree level. The Fermi
constant G and the weak mixing angle Ay, are modified by the dark Z interaction to

Gr — paGr, sin?0y(Q?) — kgsin? Oy (Q?), (4.36)
where ) )
g =1+ (]Z‘ZZD ez + ]\:fZDgtan9w> f (A%) : (4.37)
and )
kg=1—¢ (Z\ZZZZD ez + ]TWnZZDgtanaw> J\ZZD cot Oy f (A%) . (4.38)
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Figure 9. The 30 CL upper bound on £z from measurements of the proton and cesium weak
charges in atomic parity violation experiments.

For the proton, f(QQ/M%D) = M%D/(Q2 —|—M%D) where Q? is the momentum transfer. For
cesium, f is a constant that depends on Mz,. For example, f ~ 0.5 for Mz, ~ 2.4 MeV
while f ~ 1 for Mz, ~ 100 MeV. We follow ref. [55] to infer f(QQ/M%D) for intermediate
values of Mz,. The number of neutrons and protons in the cesium nucleus is N¢, = 78
and Z¢, = 55, respectively.

In figure 9, we plot the 30 CL upper bound from APV on ez for different values of
€. By and large, for larger values of €, ez is more constrained. Among the constraints dis-
cussed so far, APV places the strongest constraint on €z in the few MeV-GeV mass range.
The coupling ¢, which appears in Case B is unconstrained by APV. Again, because of our
fine-tuned choice of g%, to cancel the Zp coupling to electrons, Case C is also unconstrained
by APV.

4.8 Neutrino trident and CEvNS

Muon neutrinos can scatter off a nucleus and produce a pair of muons in a weak process
known as neutrino trident production. The muon pair is produced through Zp exchange
as shown in figure 10. The neutrino trident has been measured in several neutrino beam
experiments including CHARM-II [56] and CCFR [57]:

0 (v = vl 1 Jexp _ {1.58 +0.64 (CHARM-II) %)

oWy = vuptp~)sm | 0.8240.28 (CCFR).

Nonobservation of any excess puts strong upper limits on the couplings of Zp with
muons. In ref. [58], bounds have been placed on the gauge coupling and mass of a Z’
based on the U(1)r, r, symmetry. For Cases B and C, we repurpose the bound in the
(Mz:,¢') plane to the (Mz,,e7) plane by the scaling (¢')> — gezg,/4cw, where the ez
suppression comes from the Zpvv vertex. Since the bound on ¢’ was derived by assuming
vector-like interactions of the lepton, it cannot be applied to Case A which has both vector
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Figure 10. Neutrino trident mediated by Zp.

and axial-vector interactions with the muon. However, we anticipate that a CCFR bound
on Case A will not be as stringent as the APV bound.

The COHERENT experiment first observed coherent elastic neutrino-nucleus scatter-
ing (CEvNS) in a Csl detector [59] and subsequently in a liquid Argon detector [60, 61].
The data have been used to set upper limits on gauged U(1) x model parameters [62—64]. In
our model, CEvNS can occur via the exchange of Zp and so COHERENT data constrain
ez for a given Zp mass. We rescale bound from ref. [62] according to ¢’ — ez % g9\ with
g =1/2, g = % — %5%‘,, g{‘l/ = —% + %8124/ Bounds on ez turn out to be much weaker
than on a direct gauge coupling ¢’. For example, we find €z < 0.0005 for Mz, < 10MeV.

~

4.9 Collider and other bounds

It is possible for Zp to be produced on- or off-shell from Z decay. An example is Z — Zp
where Zp is radiated from one of the lepton legs. Zp may then decay to a pair of leptons
or jets, which lead to Z — 4¢ (¢ = e, pu), final states that have been searched for at
ATLAS [65, 66] and CMS [67, 68]. The results are consistent with the SM. The invariant
2 5GeV. For our model, the

~

4¢ mass peaks at the Z mass and places a bound for Mz,
Zp couplings to leptons are suppressed by the mixing parameters making the decay rate
for Zp — 40 small. Also, the emitted dark boson is expected to be soft and therefore will
not produce energetic leptons in the final state. Hence, the bounds from this decay do not
impact our model. The same applies to NP searches in the jets + missing energy final state.

Recently, Belle II searched for an invisibly decaying Z’ boson in eTe™ — putpu=+
missing energy channel [69]. The search puts an upper limit on the Z’ coupling to muons
to be between 0.05 — 1 for Mz < 6 GeV under the assumption that Z’ decays only to
invisible particles. The bound becomes weaker for B(Z’' — invisible) < 1. Consequently,
this limit is not as competitive as the low energy bounds discussed previously.

The dark boson can contribute to the leptonic decay width of the W boson, which is
measured very precisely. Additional contributions to I'(W — ¢ + invisible) arising from
W — lvZp,Zp — vv) can be significant due to the enhancement from the longitudinal
polarization of the Zp. In the limit my, Mz, < My, if Zp decays mostly invisibly, the
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three body leptonic decay width is given by [14]

(Cuezy, — Cuuzp)*GrMiy
512v2m3 M3

W — tvZp) ~ , (4.40)
where Cyoz,,, 6’@@213 are the effective vector and axial-vector Zpff couplings, respectively

Fo a dark photon CMZD = ee and CN’MZD = 0, and for a dark Z, Cyz,, = 9 5ng and

COSs
Cuz, = 9W EZgA The new contribution to the W — ¢4 invisible decay is then given by

(W — ¢+ invisible) =T (W — lvZp) - B(Zp — vv). (4.41)

We conservatively require the new contribution to lie within the uncertainty of the mea-
sured decay width of the W boson. For Case A, if the dark boson mass is below the dimuon
threshold, B(Zp — vir) ~ 70% for ez ~ O(1073). Then, since I'yy = 2.08540.042 GeV [30],
the 20 bound on the mixing parameters is given by

ez S 0.08 (10](\)%&3(3\/) : (4.42)
which is not competitive with our previous bounds. The bound gets more restrictive if
there is a direct coupling of the dark Z to muons, as we discuss later.

The LHCDb collaboration has performed searches for dark photons in dimuon sam-
ples [70] and put stringent bounds on the mixing parameter. It is found that ¢ < 10~ for
Mz, ~ 200MeV and € < 0.0005 for Mz, ~ 2GeV at the 90% CL. This bound directly
applies to Case A, and for Cases B and C, we recast the bound on € to the coupling g, by ap-
propriately scaling the effective pp — Zp — up interaction strength from (ec)? — (eg)gh.
This rules out gf > 1073 for Mz, > 210 MeV.

5 Parameter fits

We fit the most recent experimental data for the exclusive decays, B — K®)¢t¢~ and
BY — ¢utp~, as well as the inclusive decays, B — X /7¢~, in different ¢* bins as listed
in table 1. Note that we only analyze data below the c¢ resonances. We use flavio [78]
to calculate the SM and NP expectations. We determine the allowed parameter values
(denoted X) for each model using

" (BIM(X exp
)=y B0 BT 6.1)

=1 Z

where n is the number of measurements, B" is the branching fraction, B¢*P is the corre-
sponding experimental value and o is the uncertainty from measurement and theory added
in quadrature. For the theoretical uncertainty, we take the SM uncertainty estimated by
flavio. To produce two-dimensional allowed regions, we marginalize over the third pa-
rameter and define the 1o, 20 and 30 CL regions by x? < x2,, + 2.30, x? < x2;, + 6.17,
and x? < x2;, + 11.83, respectively, where x2; is the global minimum. We define the pull
with respect to the SM as \/x%,; — x>

For Cases A and B, we fit all 27 observables in table 1, while for Case C, we exclude
the 6 electron mode observables. x%,;, = 93.56 for the fit to muon and electron mode
observables, and X% v = 84.30 for the fit to only muon mode observables.
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Decay Ref. | q° bin (GeV?) Measurement SM expectation

0.1-0.98 11067957 4+ 0.29 4+ 0.69 10.60 + 1.54

(30 KOty < 10° | [71) 1.1-25 3.26355? +0.10 £0.22 4.66 £+ 0.74
2.5 — 4.0 3.347031 +0.09 £ 0.23 4.49 4 0.70

4.0 — 6.0 3.547927 +0.09 + 0.24 5.02 4 0.75

0.1-2.0 5927158 +0.40 797+ 1.15

& (BY = K™ ™) x 10° | [72) 2.0 — 4.0 5.597199 40.38 4.87 +0.76
4.0 - 6.0 2.497 008 +0.17 5.43 +£0.74

0.1 —0.98 3.32+0.18 £ 0.17 3.53 +0.64

1.1-20 2.33+0.15 4 0.12 3.53 £ 0.58

(Bt K tan) < 10° | (72 2.0 - 3.0 2.82+0.16 4 0.14 3.51 4 0.52
3.0 —4.0 2.54 +0.1540.13 3.50 £ 0.63

4.0 - 5.0 2.21+0.14 +0.11 3.47 £ 0.60

5.0 — 6.0 2.31+0.14 4+ 0.12 3.45 4 0.53

0.1-2.0 1.2270%9 4+ 0.06 3.28 £ 0.52

S (B® = Koutpu~) x 10% | [72] 2.0 — 4.0 1.871035 +0.09 3.25 £ 0.56
4.0 -6.0 1.73703% £0.09 3.2140.54

0.1 —0.98 7.744+0.53+£0.12 + 0.37 11.31 +1.34

950 gyt o) x 10° 73] 1.1-25 3.1540.29 + 0.07 £ 0.15 5.44 + 0.61
2.5 — 4.0 2.34 4+ 0.26 + 0.05 + 0.11 5.14 £+ 0.73

4.0 - 6.0 3.1140.24 + 0.06 £+ 0.15 5.50 £ 0.69

BBY 5 K'ete ) x 10° 74] 0.1—4.0 18.0733 £0.5 13.73 £1.88

4.0 — 8.12 9.6723 +£0.3 14.11 £ 1.88

B(B® — K*%Te™) x 107 [75] 0.03% — 1.0? 31755102 4+ 0.2 2.56 + 0.44
B(B — Xoputp™) x 10° [76] 1.0 — 6.0 0.66708210-30 1+ 0.07 1.6740.15
B(B — XseTe™) x 10° [76] 1.0 -6.0 1.937547492L +0.18 1.74 £ 0.16
g (BT — Kfetem) x10° | [77] 1.1 -6.0 25.5713 £ 1.1 34.94 6.2
d (B = K*%tem) x 107 | [77] 1.1 -6.0 33.3727 +2.2 4774175

Table 1. Experimental measurements and SM expectations in ¢? bins. The SM x? for the fit to
all the observables is 93.56, and for just the muon modes it is 84.30.

5.1 Case A

In accordance with the bounds of the previous section, we restrict € < 0.001 and ez < 0.002.
Our fit to the data shows an improvement with respect to the SM with x% » = 85.8 and
pull = 2.79 at the best fit point,

Mgz, =10.07 MeV, e=16x10"", ez =0.002. (5.2)

In figure 11, we show the marginalized 1o (pink), 20 (brown) and 30 (dark brown) allowed
regions in the (Mz,,ez) and (M, , ) planes. The best fit point is marked by a blue circle.
Above Mz, = 30MeV, Zp contributes as a resonance to the B® — K*YeTe™ branching
fraction in the [0.032,12) GeV? bin, and we use the narrow width approximation to obtain
the branching fraction. The sharp drop in the allowed values of €z above 30 MeV is a
consequence of this resonance. The bound relaxes gradually as the mass increases until
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Figure 11. The lo (pink), 20 (brown) and 3¢ (dark brown) regions allowed by the data in table 1
for Case A. The best fit point is marked by the blue circle. Top panel: 20 upper limit from BS—FS
mixing and 1o upper limit from COHERENT neutrino scattering data are shown by the dashed
magenta and green curves, respectively. The 3o upper limits on €z from the APV measurements for
€ = 0.0001,0.001 and 0.01 are shown by the cyan, dark cyan and blue dotted curves, respectively.
Bottom panel: the orange shaded region is excluded by LHCb dark photon searches at the 90%
CL. The 30 upper limits on € from APV measurements for ez = 0.0001 and 0.001 are shown by
the cyan and dark cyan curves, respectively; regions to the left of the curves are excluded.

about Mz, ~ 300 MeV when Zp starts appearing as a narrow resonance in the 0.1 GeV?
bin for b — suu, and causes another sharp drop in €z. Similar drops in the allowed values
of € occur for the same reason. However, since the & dependent b — s loop coefficient
is suppressed compared to the ¢? independent, £z dependent monopole contribution, the
limits on € are less stringent than those on €z. The expected drop around Mz, = 30 MeV
is not visible because we restrict the plot to € < 0.001.
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Figure 12. The 1o, 20 and 30 allowed regions for Case B with the best fit point marked by a
blue circle. However, the entire parameter space is ruled out by measurements of K™ — pTvX,
X = invisible/eTe™) and separately by the W boson width.

The model parameters are, however, in conflict with some low energy constraints. In
particular, the weak charges measured in APV experiments rule out the entire allowed
parameter space for Mz, < 30MeV at more than 30. An important outcome of fitting
the binned b — s¢/¢ data is that for Mz, > 30 MeV, we obtain upper limits on the mixing
parameters that are even stronger than the APV limits.

Clearly, additional new physics is needed to reconcile all the data. To weaken the
bound on €z for Mz, < 30MeV, we consider an additional contribution to the invisible
decay width of the dark boson between 10% and 100% of the decay width to neutrinos.
However, we find that this has a negligible impact on the fit. The best fit values of the
mixing parameters remain the same with a slight improvement in the x?2.

5.2 Case B

The direct interaction of the dark Z with muons results in a contribution to the Wilson
coefficient Cy ,, apart from the mixing induced contribution in eq. (2.10). The hadronic
part of the amplitude is still loop induced and proportional to the mixing parameters. In
our data analysis, we fix ¢ = 107 and £z = 107 to evade stringent constraints from APV
and meson mixing. We find the best fit point to be

Mz, =103 MeV, gk =0.28, (5.3)

with a X%V p = 75.15 and pull = 4.29 from the SM. Case B represents a substantial improve-
ment over Case A. Since there are only two fit parameters in this scenario, no marginal-
ization is needed to obtain the allowed parameter space in figure 12.

Although we have chosen the mixing parameters to evade the APV bounds, due to
the unsuppressed coupling of Zp with muons, the K+ — uTvX decay rate, where X =
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invisible/ete™) rules out the entire parameter space in figure 12; see the right panel
figure 6. (In Case A, this rate was suppressed by the mixing parameter.) The allowed
parameter space is separately excluded by measurements of the W boson width because
the Zppp interaction contributes to I'(W — uvZp). As in section 4.9, we require I'yy =
2.085 £ 0.042 GeV [30], and obtain the 20 bound,

My
no 0022 (20 5.4
9p < (100 MeV) ’ (5-4)

which is in agreement with ref. [14]. We do not show these constraints in figure 12 since
the entire region is ruled out.

As a further extension of Case B, consider an additional axial-vector coupling of the
dark Z to muons:

LE D ghivpZ + g aiv s Zh - (5.5)

The axial-vector interaction generates a new contribution to the Wilson coefficient Ciq .
Introduction of an additional parameter improves the quality of the fit and results in
g4 ~ —g which is in accordance with global fits for the scenario, Cg = —Cy9. However,
due to additional contributions to the branching fractions of leptonic kaon decays, leptonic
W decay, and B(Bs — uu), we anticipate even more stringent constraints on the parameter
space than before. Hence, we do not entertain this possibility any further.

5.3 Case C

In addition to g/, we now consider a direct coupling g% of Zp to electrons. As mentioned
earlier, we assume that g is fine-tuned to cancel the Zp coupling to electrons via mixing.
Then, all observables for the electron mode are well described by the SM. The motivation
for this scenario is that it provides an alternate way to bypass the APV constraints and
relax bounds on the mixing parameters. We redo the fit to the b — s data except the 6
electron mode observables in table 1. This reduces the number of b — s observables from 27
to 21. We set ¢ = ez = 1074 to satisfy bounds from B — E‘j mixing. The best fit point is

My, =302 MeV, g =0.033, (5.6)

with X% p = 56.90 and pull = 5.23 (x%,, = 84.30). This is a marked improvement over the
previous cases. As expected, ¢/, is an order of magnitude smaller than in Case B since £z
is larger by an order of magnitude. The allowed region with exclusions from all applicable
bounds is shown in figure 13. The most stringent constraints are provided by neutrino tri-
dent production at CCFR (dashed magenta, 95% CL), K — u + invisible (dashed yellow,
90% CL) and the W width (dashed dark blue, 95% CL). Dark photon searches at LHCb
rule out the region to the right of the vertical dashed dark cyan line at 90% CL. A region
of parameter space bordered by 100 < Mz, < 200MeV and 0.015 < g5 < 0.035 explains
the binned b — sutp~ data at 20 CL and is consistent with other bounds.
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Figure 13. The 1o, 20 and 30 allowed regions for Case C with the best fit point marked by a
blue circle. Upper limits from neutrino trident production at CCFR (at 95% CL), K — urX (at
90% CL) and the W width (at 95% CL) are shown by the dashed magenta, yellow and dark blue
curves, respectively. Dark photon searches at LHCb rule out the region to the right of the vertical
dashed dark cyan line at 90% CL.

6 Muon anomalous magnetic moment

Measurements of the anomalous magnetic moment of the muon a, = (g — 2),/2 [79, 80]
differ from the SM expectation [81] by

Aay, = af — ™ = 251(59) x 107" (6.1)

In Case A, Zp couples to muons via mixing, while in Cases B and C, Zp couples directly
to muons. The new contribution to a, in the three cases is given by [82]

2 01 9 2
A _ mu/ dzx 2,201 g(—1+4spy) 2
— & N (i 1-2) (6.2
= 42 )y m2z?+ Mz (1-x) [(65) v(1-2) deyy Z) 7 (1-2) (62)
9 ? 3,2 /272
+(12ez) @-a)a—1)-20 mH/MZD)] ,
B N2l 2
B,C _ (gDmﬂ) / o (]‘7‘T) d 6.3
Uy 4m? Jo mZa?+ Mz (1-x) v (6:3)

The FCNC constrained values of ¢}, yield values of a, much larger than dictated
by eq. (6.1). Also, the axial-vector contribution to a, in Case A leads to an overall en-
hancement in the total yield of a,. For the best-fit points, we find af = —3.45 x 1077,
af = 0.00077 and ag = 7.38 x 1079, This suggests that some other source of new physics
is needed to suppress the contribution. One possibility is a dark charged scalar which gives

a negative contribution to a,.
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7 Summary

We performed a comprehensive study of the contributions of a dark photon and dark Z to
b — slT{~ observables. We correctly treated the FCNC decay amplitudes via the monopole
and dipole operators of the dark bosons, and included the decay of the dark boson to light
hadronic states to calculate its width. We implemented a fit to the binned b — s¢T¢~ data
to find the preferred values of the mass and mixing parameters.

We find that the base model with no direct Zp couplings to charged leptons is ruled
out by constraints from low energy experiments. Two extensions of the model with direct
muon and electron couplings provide an improvement in the fit to b — s data over both
the SM and base model without direct couplings. However, the many constraints permit
only one of the extensions, with the viable parameter space confined to a small region.
Consistency with measurements of the anomalous magnetic moment of the muon requires
yet another source of new physics. We summarize the main results for each case below.

e Case A: for the base Zp model, we find that e, ~ 1073 and Mz, < 30MeV
is required to explain the binned b — sf¢ branching fraction data; see figure 11.
However, the parameter space is excluded primarily by measurements of the proton
and cesium weak charges in atomic parity violation experiments. Above My, =
30 MeV, the mixing parameters are severely constrained by FCNC measurements to
which Zp contributes as a sharp resonance.

e Case B: case A is extended with a direct coupling of Zp with muons. To respect
bounds on ¢ and £ from meson mixing and APV, we fix e = 107* and ez = 107°. As
a result, the parameter space is restricted to Mz, < 30 MeV. The coupling g4, = 0.1
provides an unsuppressed contribution to the branching fraction to the muon modes.
The entire parameter space is ruled out because of enhancements to K — purX and
to the W boson width.

e Case C: in addition to a direct muon coupling, Zp has a fine-tuned direct coupling
to electrons to cancel its coupling to electrons through mixing. This avoids the
constraints from APV and K — uveTe™. A fit to the b — su™pu~ observables gives
a best fit at Mz, = 30.2MeV and g5 = 0.033 for ¢ = ez = 10~* with a pull of
4.94 from the SM. Bounds from neutrino trident production at CCFR, LHCb dark
photon searches, W width measurements and K — prX rule out much of the allowed
parameter space as shown in figure 13. A 20 region around 100 < Mz, < 200 MeV

and 0.015 < ¢4, < 0.03 remains viable provided a fine-tuned cancellation with other
new physics is arranged to satisfy the constraint from the a, measurement.
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A Form factors

The form factors (FFs) for transitions to the vector hadronic states, B — K* B —
p, B— w, B — ¢, Bs — K* are as below. The vector and tensor hadronic currents are
parameterized by seven FFs [83]:

ev (K™ (p,m)|5v" (1 F15)bl B(pp)) = P{' Vi(®) £ P§ Va(d®) + P Vs(¢?) £ PpVp(d®)
ev (K™ (p,)|5igu0"” (1 £45)b| B(pp)) = P{Ti(¢*) £ P{Ta(q*) £ P{T3(¢%), (A1)

where the Lorentz structures P! are defined by [84]

Pf=2e" 5 ™ P, Py = i{(m% — mi )™ — (n*-q)(p + pB)"}
. q
PH = * oo 1
5 =i ¢ —

2
s—(p+pe)}t, Pp=i(n"-q)q", (A.2)
B K*

where 7 is the vector meson polarization and eg193 = +1 defines the convention for the
Levi-Civita tensor. The factor ¢y accounts for the flavor content of particles: ¢y = /2 for
p°, w and ¢y = 1 otherwise.? The parameterization in eq. (A.1) makes the correspondence
between vector and tensor FFs explicit. The correspondence between Vp 2 3 and the more
traditional FFs Ag 123 and V is as follows:

2y 2mic o Vi) o A
Vp(q®) = 2 Ao(q®), Vi(e) = e — Va(q7) = e——
mp + mig= mp — Mk 2m e+
Vo(a®) = =P Ale?) - = A(e) = = As(e). (4.3)

The form factors ff , f& and fF which are relevant for the B — P transition, where
P denotes the pseudoscalar hadronic states 7, K or 7, are defined as follows [85]:3

POV 1BE) = {0+ ps)~ "2 g2 + {TEEE ) )
P)VLIB(ps)) = 4 (p+pB)u R 1 AU gy o @),
(P(p)|JP7|B(pp)) = ————{P(p+pB)p — (m% — mB)gu} £ (6P 1), (A.4)

mp -+ mp

where V7" = u7y,b is the standard weak current, VMK is given by VNK = 5v,b and Ji g

Jaw,q”b, Jf"’ = 50,,¢"b are penguin currents. The momentum transfer is given by ¢ =
pp — p and the physical range in ¢ is 0 < ¢> < (mp — mp)>.
The hadronic current in the decay process K™ — wtvi is given by [86]

(7" (pr)|dy™ (L F 5)s|KF (pk)) = f+(®) px + pa)* + [-(6*) (K — P, (A.5)

2To be precise, cy is v/2 for p° in b — u and for w, and —v/2 for p® in b — d, with the flavor wave
functions p° ~ (@u — dd)/v/2 and w ~ (@u + dd)/+/2. We assume that ¢ is a pure s3 state.
3The following notation is frequently used in the literature: f = Fy and fo = Fp.
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where ¢ = (px — pr)? and fi(q?) are the FFs [87, 88],

Fe(@®) = f£(0)(1 + As(q?/m24)) (A.6)

with A_ =0, f_(0) = —0.332, f4(0) = 0.57 [87] and

1
M@ /) = — [k + w2 = )2 — dmim?. (A7)

The three different components to the decay processes K% — 7ete™ and K9 — 70vis
are: 1) a CP-conserving process which proceeds through two-photon exchanges, 2) an
indirect CP-violating effect proportional to the parameter e, and 3) the direct CP-violating
effect which is manifested in the penguin reactions. We consider the contribution of the
direct CP-violating effect to constrain the mixing parameters (g, 7). Note that the
amplitude is proportional to the imaginary components of the CKM matrix elements in
the hadronic loop coefficients in appendix B. The form factors that describe the direct
CP-violating contribution, which is manifested in the penguin reactions, to the hadronic
current K9 — ¥ can be found in [89]

(r° (K) [sy"d| KL (P)) = ((P+ K FI° () + (P = K)" £ (2)) . (A)
—T2 0.0 0.0
PO () = 2 (0 ) - O ()

where 7, = M, /Mg, z = ¢ /M?(O The slopes extracted from K3 decays by neglecting
isospin breaking are [30, 90-93],

0
for (o) = 0 oy = O o8, A =02, (A.9)
’ ’ 1-— )\0,4_2

0

in the pole parametrization. Accounting for isospin breaking in 7° — 1 mixing, at zero

momentum transfer one finds [94],
£ (0) = (1.0231) 71 K7 (0) ~ 0.939 (A.10)
with the Leutwyler-Ross prediction ffO”Jr (0) = 0.961 (8) [95], which is confirmed by lattice
studies [96-98].
The hadronic current K3 — 7 is given by [99]

(n” (K) [s7"d|K§ (P)) = Ws(Z) (P + K)", (A.11)

where

Ws(Z) = (as +bsZ), (A.12)

with |ag| = 1.0810:2%, bg/as = m%s/m?), and z = q2/m%{5.
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B Hadronic loop contributions

The Wilson coefficients for the dark photon contributions in eq. (2.8) for b — sZp are
obtained using the PengdBSMGOLO package [21]:

A
(ESQ,CS)L = Oa (Bl)
A
(B =0, (B.2)
3 i3
C2 03 Z e’e (VCKM) V(J:KM502 c3

2 115202 (a3 — 1) 4 (22 — 1) *ME,s2,

x (4 (325 — 3028 + 542 — 3223 + 8) (22 — 1) *log (21)

—(@f = 1) (4 (2} — 1) ® (325 — 302 + 54z} — 3227 + 8) log ()
+(a3 — 1) (252 — 1925 + 2 (322} — 5727 + 19)

+ (8228 + 7522 — 25) ol + (572§ — 7521) a1))) (B.3)
(E%%s)r =0, (B.4)
3 . 3 2 \epds
= 3 e
x (—12;]54 (323~ 2) (22 = 1) "log (a1)
—1) (12 (23 - 1) %z} (322 - 2) log (=)
(2% = 1) («f (—292 + 3127 — 8) + 27 (82 + 527 — 7)
(zgx — 622 = 5) 2t + (~312f + 62} +7) 21))) , (B.5)
e = 3 e e
x (=122 (323 = 2) (2% = 1) log (1)
+@? = 1) (12 (23 — 1) *xf (327 - 2) log ()
+(@ = 1) (2f (~292] + 8123 = 8) + 27 (82] + 527 — 7)
+ (2925 — 623 = 5) ot + (=3125 + 62} + 7) 21)) ) . (B.6)

The equations are simplified by using CKM matrix unitarity and introducing z; =
mj/Myw where m; are the masses of the internal quarks in the loop and de 3 is the
Kronecker delta function on the color states of the incoming and outgoing quarks.

The Wilson coefficients for the dark Z contributions in eq. (2.8) for b — sZp are

23: ez (Vi) Virudez
3L
Hebe =2 6472 (23 — 1) 2 (:J:J2 - 1) 2¢y 83,

X (21‘1 (3x1 + 2) ( ) log (1)
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+(x? 1) (—2 (:1:% - 1) a:? (3%2 + 2) log ()

+ (22=1) ((22 =1) 2t = (2] = 6) 2t + 22 («2 - 6)))) ,

0,
23: € 5Z(VéKM) VCKM‘S 2 c3
230472 (22 — 1) 4 (22 — 1) ey, M3, 53,

]:

+ ot (1-s2) =828 (1-s2) + 321 (8 (1-52) +3)))

x (22 =1)* = (@} = 1) (4 (2% = 1) *log ()

x (325 — 362 + 362 — 6422 +16) 52, — 3 (4 — 1207

+af (1—s2) =828 (1= s2) +32) (8 (1-52) +3)))
~(@ —2)(2? = 1) (10 - 52} — 112} - 527 — 262307
+43z1z] — 112 + 43z{z] — 38aix]

+(1 = s2) (=58 = 7323 + 292 + 2F (—1452] + 42227 - 73)
+ af (142] - 14523 + 29) ) — 52, (58 + 2327 + 92

+ (502) + 3127 +9) af + (312 — 23427 + 23) 2?) ) ) ) ,

23: ze m 5Z(V(Jj%(1\/[) V({‘i{M(SCQ c3
76877 (2 — 1)+ (2 — 1) 4y M, s,

2

x( 1227 log (1) (2( 20121,4—23120—1)4—:6‘11(6@—1)4-1)
(53 1) o e ) (12 1) o)

x(x?( 2¢2 + 252 —1)—1—3}?(603}—1)—%1)—(3@—;1??)

x(x] - 1) (10 1722 + xf — 1737? + 2235%30? + 7331133]2 + w?

X

+72ta) — 142ta] + 282 (24 527 — 2 + o (22] + 527 — 1)
+ a2 (53531 — 222 + 5)) +2¢2 (—5 +1022 + 7o}
+ (31x;¥ — 2627 + 7) x] —2 (13:1:? +4af — 5) xf)))) )
> iempe g (V(%%(M)*Vé?;(M(sCQ 3
76877 (2% — 1) (2 — 1) 4y M3, s,

Jj= J

2
X (—121’% log (x1) (a:% (—2030 + 252 — 1) + 2} (6ch - 1) + 1)
X (:1332 — 1) Y (22 -1) (12 (x% — 1) 330? log ()
(=

X (x (—2ci + 252 — 1) +x? (60%0 - 1) + 1) - (:c% —a:jz)

_97 —

2
x (41og (1) ( (32 — 362§ + 3621 — 642 +16) 52 — 3 (4 — 1243

—~ o~
S @
o
~—

(B.9)
(B.10)

(B.11)



x (23 —1) (10 = 172} + 2{ — 1727 + 220827 + Tafe? + 2]
+7x%x§ — 14x%x? + 252 (2 + Bx? - x? + 2} (23:? + 593? - 1)
+ 22 (5:3? — 221‘? + 5)) +2¢2 (—5 + 10:UJ2 + 7x§

+ (312) - 2622 +7) 2t - 2 (132] + 42 — 5) 21)))) . (B.12)

The Wilson coefficients for b — dZp and d — sZp can be obtained by changing the

CKM matrix elements and the masses of the incoming and outgoing quarks in the equations

above.
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