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ABSTRACT: Dark Z/dark photon (Z’) is one candidate of dark force carrier, which helps
to interpret the properties of dark matter (DM). Other than conventional studies of DM
including direct detection, indirect detection and collider simulation, in this work we take
flavor physics as a complementary approach to investigate the features of dark matter. We
give an exact calculation of the new type of penguin diagram induced by Z’ which further
modifies the well-known X, Y, Z functions in penguin-box expansion. The measurement of
rare decays B — K®putp~ and By, — ptp~ at LHC, together with direct CP violation
g /e in K — 7w as well as K, — u*u~, are used to determine the parameter space. The
size of coupling constant, however, is found to be O(1) which is much weaker than the

known constraints.
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1 Introduction

Dark matter (DM) constitutes about 27% of the energy-matter budget of universe, signifi-
cantly more than 5% of baryonic matter [1]. Nevertheless, the exact nature of DM is kept
mysterious so far. Yet it is still unclear whether DM can be described by scalar, fermion,
vector or even graviton.

Among various DM candidates, dark photon has been the one of particular interest.
The idea was initialed in 1980s [2], and developed in recent years [3-15]. Suppose there
is an extra U(1)p group besides SM gauge group, under which all the SM interactions
are invariant. The gauge boson of U(1)p, named dark photon, interacts with SM U(1)y
gauge boson via a kinetic mixing term. It helps to explain the astrophysical observation
of positron excesses [16], as well as other astrophysical phenomenology such as supernova
bounds [17] and Big Bang Nucleosynthesis [18]. The direct search of dark photon, for
example XENON 100, has put a very strong constraint [19]. For eTe™ collider, a recent
search performed at BaBar shows a null result, neither finds nor rules out dark photon [20].
A further experiment, the Heavy Photon Search (HPS) experiment located at Jefferson
Lab [21], is designed to search dark photon in the mass range 20 MeV to 1 GeV as well as
the related coupling. However, it has been realized recently that a simple dark photon is



not favored by 3.60 deviation of muon anomalous magnetic moment [22]. Given the fact
that dark photon model is the extreme case when the parameter to describe Z-Z’ mass
mixing is closed in a more generic dark Z model, it is necessary to extend dark photon to
dark Z which is the working frame of this paper.

Flavor physics is not only taken as a platform for precise test of SM, but also plays
an important role in indirect search of new physics (NP) beyond Standard Model (SM).
Great progresses have already been made since LHC runs. For example, it was hoped for
decades that NP might exist in zero crossing point g3 of the differential branching ratio
of B — K*utu~ (see for example [23]) but finally turned out tiny NP effect [24]. Taken
DM theory as one kind of ordinary NP theory, flavor physics then would provide as a
complementary way for conventional approaches of DM study, including direct detection,
indirect detection and collider production. Based on the great achievement made in Run I,
the LHC has already started its Run II in 2015. Then it would be interesting, and timely,
to connect together these two different fields, dark matter and flavor physics. A similar
effort can also be found in [25].

The paper is organized as follows. In section 2, we will briefly set up the dark Z model.
An exact result of Z’ penguin and further modifications to X,Y, Z functions are given in
section 3. Some typical processes which are affected by the Z’ including the recently
measured B — K*u*pu~ and By — putu~, as well as ¢/ /e and K, — pT ™ are discussed in
section 4, also the relevant formulas are given therein. In section 5 the obtained numerical
results are shown, based on which we will make a discussion. The details of Z’ penguin
calculation can be found in appendix.

2 The model

Suppose there exits an extra U(1) group, other than SM U(1), what it brings in phe-
nomenology is an interesting question. It was considered how electromagnetic charge is
shifted by this extra U(1) group in the initial paper [2]. Until recently it becomes popular
to take this U(1) gauge boson as a DM candidate.

Under the dark group, notated as U(1)p, all the SM interactions are invariant. The
connection between dark photon with SM particles is from a kinetic mixing term, leading
to the effective Lagrangian [15]

1~ 4 1 A - 1., -
£ - _ZBMVB“V + = BMVZ e ZZ'L‘ Z MV, (21)

where 6y is Weinberg angle, Z' and B are dark photon and SM B field with the corre-
sponding field strength

By =0,B,—0,B,,  Z,,=0.7,-0,Z,, (2.2)

and the mixing of gauge bosons is mimicked by parameter e, which is supposed to be
small and need to be determined. The convention above, in gauge interaction state, is not



diagonalized. By redefining fields as

Z -0\ (2
(5)-(2)6) &

the Lagrangian is then rotated to a diagonal form

1 1 /
L=~ BuB" ~ 7}, 2" (2.4)
Note here the field after rotation with a subscript 0 differs from the one before rotation with
a hat. In SM the B field can be projected to photon and Z after spontaneous symmetry

breaking (SSB). Incorporating Z|, the related neutral gauge fields are shifted,

A=A—eZ)
Zy = Z() + etan szo
Zh =2} (2.5)

The rotation does not change the definition of Z), however, photon and Z field are modified
indeed. Due to this modification of gauge fields, the interaction between Z{, and ordinary
matter is induced, which is named as dark photon model.

When Z{-Z mass mixing is considered, the simple dark photon model is then extended
to dark Z model. Generally speaking, the mass of Z’ could either be added by hand which
is called Stiickelberg mechanism [26] (the origin of Stiickelberg photon, for example, is
discussed in string theory [27]) or by applying Higgs mechanism, see [15] as an example.
In this paper, we shall adopt the treatment of Z’ mass in the latter case, without involving
the details of the mechanism itself. After the neutral gauge bosons obtain mass after SSB,
a further rotation is required after the one in eq. (2.3) for diagonalising mass matrix

Z\ [cosC —sin¢\ [ Zo (2.6)
Z']  \sin¢ cos¢ Zj, :

where the rotation angle ¢ is model dependent and analytically might be complicated,
but numerically should be small, (for example, see [15]). Now combine together the two
rotations eq. (2.3) and eq. (2.6), the modifications to photon and Z by dark Z shows

A=A, —eZ, (2.7a)
Zy, = cos(Zoy — €z Z), ~ Zoy — €27, (2.7b)

Formally the shift of neutral fields in dark photon model is characterised by two independent
parameters € and ez, respectively. In fact €7 also has a lengthy analytical expression based
on detailed model. The equivalent €z defined to replace the complicated structure brings
the convenience. The dark Z field here and also hereafter is denoted as Z’, with original
SM field denoted with a hat. The two coupling constants together with Z’ mass constitute
the unique 3 model parameters of dark Z, which could be measured in experiments.



Apparently the interactions between Z’ and SM particles are simply induced by the
shifted neutral gauge field. Explicitly, we show how Z’ couples to SM fermions,

‘CZ’ff = — <€€ng + €Z2COZQVVJ§C> ZL (28)

in which the SM electrical current and weak neutral current are

‘]gm = fo’wf,
Jhe = (Tsp — 2Qp sin® 0w ) fA* f — Tsp fA"vsf (2.9)

where f stands for fermions with corresponding electric charge @y, isospin T3y = :l:%.
With both vector coupling and axial-vector coupling, Z’ behaves as a light version of Z
and heavier version of photon. For the coupling of Z’ and other gauge bosons, it has both
“Z component” and “A component” sized by € and ez respectively.

3 The Z’ effect in FCNC processes

As current energy frontier, the LHC brings plentiful opportunities for flavour physics which
dominated by flavour changing neutral current (FCNC) processes. In this section, we will
investigate these processes of meson physics in dark Z model. It is known in SM FCNC
processes are induced at loop level. Conventionally the Feynman diagrams contributing to
FCNC can be classified to three point penguin diagram and four point box diagram. If NP
exists, the new interaction brought in by NP will modify parts/all of these SM penguin and
box contribution. Within the Z’ model working frame, however, this modification is only
applied in photon penguin and Z penguin, keeping box diagram contribution unchanged.
To make the new effect more distinguishable, we extract these modifications alone and
name it as Z’-penguin specifically.

3.1 7' penguin

We take b — sZ’ as an example, noting similar result can be applied to b — dZ’ and
s — dZ' when necessary conditions are satisfied.

In Feynman-t” Hooft gauge there are totally 10 Feynman diagrams giving contributions
to b — sZ’. During our realistic calculation, we group two of the external leg corrections
and replace them by an effective vertex shown in figure 1, with Z’ inserted in either two
legs. The four self-energy diagrams, effectively two, are then shown as (g) in figure 2,
together with the remaining six ordinary three point diagrams given as (a) to (f).

As mentioned above the full result can be decomposed into “A component” (or e
component) and “Z component” (or €z component). The ¢ component is same as b — sy
while the latter one is similar to b — sZ. For photon penguin, there are two types of
effective verteices corresponding to real and virtual photon. In below since we focus on
semileptonic processes thus only the virtual photon vertex is taken into account. In order
to keep the final result the same structure as photon penguin, the ez component differs



Figure 1. The effective vertex for b — s transition.
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Figure 2. The Feynman diagrams contributing to b — sZ’ in Feynman-t’ Hooft gauge. Figure (a)
to (f) are three point diagrams while figure (g) is from the correction to external leg where the
effective vertex denoted by a cross is explained in figure 1.

from SM Z penguin by neglecting dipole term contribution. An exact calculation, shown
in appendix A, gives the Z’ penguin vertex as

sI'*b

., Gr e _
2 =N g Hol(w)sla™" = ¢ ) (1 = )b, (3.1)

2
in which \; = Vi Vit (1 = u, ¢, t), 25 = :nn—; and ¢ is outgoing momentum carried by gauge
w
boson. The vertex function Hy(z;) consisting of photon component function Dy(z;) and
newly calculated Z component function Dy(x;), are characterised by € and €z, giving

Ho(z) = eDg(z) + ez Do () (3.2a)
3 2 2 2
e = e
Po(z) = — 1 [34:,;3 — 14122 + 1472 — 58 N (—32* 4+ 1822 — 2722 + 192 — 4)Inx
Swew 216(—1)3 36(z —1)*
s (—47953 + 23722 — 3122 + 104 N (3z* — 3023 + 5422 — 322 + 8) lnxﬂ
108(z — 1)3 18(x — 1)4 ’
(3.2¢c)

with sy = sinfw,cw = cosby. Note during evaluating, the light down type quark is
supposed to be massless and the momentum transfer is small, comparable to light quark
mass. We also assume the light Z’ mass smaller than the mass threshold for muon pair
production, which guarantees no Z’ resonance is produced when final state of charged
lepton is muon. Also in this work we will not touch electron and neutrino as the lepton
final state for the production of Z’ when my is above electron threshold. Nevertheless, it
is safe to neglect myzs in this paper.

3.2 The modification to X,Y, Z function

In the state-of-the-art effective Hamiltonian approach, physical observables can be fac-
torized into short distance (SD) and long distance (LD) contribution. The SD part is



treated in perturbative theory while LD hadronic matrix resorts to various methods in-
cluding lattice QCD. The SD contribution gives various combination of penguin diagrams
and box diagrams and leads to he so-called XY, Z functions, which also depends on both
the theoretical working frame and the calculated physical observable. For example, Y is
to characterize the Wilson coefficient in the effective Hamiltonian of B, — ¢*¢~, and for
a more complicated process B — K*u™p~ more functions are involved. In the frame of
Z' model, we have already discussed a new Z’ penguin in previous sector. Before com-
bining detailed phenomenology, to include Z’ contribution in standard X,Y, Z functions
systematically is now our target,

In SM the X,Y, Z functions are obtained via combing bsvy, bsZ, box diagram vertex
(see [28]), and now we need to contain bsZ’ vertex. The amplitudes of b — sf¢ (or 3b — £f)
mediated by different gauge bosons are in the form of

iM, ?/g ;;TDO(:::i)(Eb)V_ A(00)y (3.3)
iMy = sz O 2Cy (i) [os (3b)v—a(LL)y — ag(sb)y—a(LL)4]

) G o swHo(xs) ,,_ - swHo(zi) , 7
My = f2 200(@1) | gor ey U1 EOV-a(LL)y = 2 om P (3h)y-a(LL)a

with L = (¢,v) and the coupling of Zff and Z'f f
Uf:Tgf—QQfS%V, af:Tgf,
U} =€- QQfSWCW + Gz(Tgf — 2Qf812/V) s a’f = GzTgf . (34)

For convenience Z and Z' contribution can be put together in a compact form by showing
exact final state

iMY, = i;/g 5 ° Co(wz‘) (=1 + 4s3) (1 + 61)(3D)v—a()v + (1 + 62)(3D)y— A (£0) 4]
2 = inCE O (@) [+ 8 a()y — (L4 8)E)v-a()a]  (35)

"2 2 s,
in which we have introduced two parameters

swHo(z;) ) dew sw 4.
4CWC()(.’L‘Z') 1-— 48%,[/ Z1>

01 =

Incoperating box diagram contribution, the Wilson coefficients of operators Qge = (Sb)y_a
(0)y, Q% = (3b)y—a(fl) 4 as well as quark-neutrino operator QY , = (8b)y_a(Pv)v_4a
can be explicitly extracted as

ckt = A\G/g(z‘;%v (st - 4(Zo(xi) + AZo(x:)) — (Yo(wi) + AYy (2))]
Cly = N [0(m) + V(2] G.1)
C%" =\ Gr_a [Xo(a:z) + AXo(;)]

"3 2ms



in which the X,Y, Z functions are given in the combination of penguin and box diagrams
Xo(z) = Co(z) — 4By(z), Yo(z) = Co(z) — Bo(z), Zo(x) = Co(x) + $Do(z). The corre-
sponding corrections to X, Y, Z are then given as

AYy ()
AXo(x)

61Co(z), AZy()
62Co (), AY,(x)

1Co(7), (3.8a)

1)
92Co(z) . (3.8b)

Especially, we find that the modification to Y has two types due to different Dirac structure
of lepton pair in the operators, while modification to X and Z function are in a fixed way.
The modifications can be written in a more explicit form as

AXo(z) = itweZHg(x) (3.92)

AVa(z) = itwezﬂg(x) (3.9b)
82

AYy(z) = {61_2;12/‘/ + GZtZV] Hy(z) (3.9¢)
82

AZo(z) = {el_ZVS%V + eZtZV] Ho(z). (3.94)

In the limit of € — 0, §; = d2, the modifications are identical. However, if €z — 0 (exactly
dark photon model case), leading to AXy = AY4 = 0, then the phenomenology is much
more tedious.

4 Phenomenology

The physical observables can be classified into two types in dark Z model. One type relating
to box diagram, like the mass difference of neutral meson, is not modified by Z’. The other
one involving photon and Z penguins, such as the direct CP violation in K — 7w, does
change. In this section, we will choose several typical processes to see a generic effect of Z’
on flavour physics.

4.1 By — ptpo

It has been hoped for decades that NP might be unfolded in rare decay Bs — u*u~.
However, no hint of NP appeared in Bs — ptu~ mode from LHC Run I data, given by
the full combination results of CMS and LHCb [29]

B(Bs — pp7) = (287078 x 107° (4.1a)
B(Bg — ptp™) = (3.971%) x 10710, (4.1b)

Though Bs — ptu~ turns out to be SM-like, there remains a hope for NP in the much
rarer mode By — ptp~ (for example, see [30]).

Due to the precise measurement of decay By — ¢T/~ is now realistic, one should
consider the effect of sizeable width difference AT’y in BQ-E? oscillation. The theoretical



formula has to be corrected to compare with measured branching ratio [31, 32] which is
denoted with a bar,

1—92 —
B(BY — ¢ti7) = [_] B(BY — ¢t~ (4.2
s )= Aty BB ) )
(L) _p(s) _ et _petes _
where y; = %155 = %, g}e = %. It is known AQFZ = 1in SM [32], thus
H L

BB? = 0T07)=(1-y>)BB° = ¢717). (4.3)

The latest estimation of parameter ys is ys = 0.069 + 0.006 given in [35]. Note in the dark
photon model, the relation of eq. (4.3) does not change. While for the rarer By — £7¢~
decay, the effect from oscillation in BY%-B~ can be neglected thus we do not take this
correction.

The (uncorrected) SM branching ratio of B, — ¢*¢~ is induced by Z penguin and
hence depends on Q19, (see ref. [36]). Now incorporating Z’-penguin, which gives a similar

4m?
SEmimp |1 = 5k i 2 (Yo(a) + AYa ()|
B

(4.4)
with neg = 0.9882 % 0.0024 which takes into account NNLO QCD correction and NLO
electroweak correction [36]. Apparently the reason why only AYy contributes, is exact

component as Z, leads to

G2 a \°
B(B, = (T¢7) = 7(B,)—L (>
4 U 47?3‘2,[,

with the same reason why photon penguin contribution vanishes.

4.2 B— KWyt~

The quest for NP in B — K™t~ has been performed for a long time. In the beginning
the zero crossing-point qg is of the first priority, however, qg turns out to be compatible
with SM prediction finally from the released LHC data. The remaining possibility for NP in
this mode, the P} problem, requires more data to confirm. Meanwhile for the B — K{t¢~
channel, there is a NP hint, so called Rx problem, which violates lepton universality.

The theoretical study for this channel has been developed for around 30 years, including
multi-loop calculation of Wilson coefficients at high energy. The most matured theoretical
treatment in low energy to the semileptonic decays are based on QCDF. It is not necessary
to repeat the whole long story in this work. Instead, we would like to simply focus on Cy
and Cig to see how the data constrain the NP parameter space. In dark Z model, the
modification of Cy and C1g due to the dark Z contribution is

ACQ(.’L'Z) = 4AZ()(33¢) — A};‘g(xl) (4.58,)
W
ACIO(-%‘) = A};g(xl) . (4.5b)
w

Driven by new data many efforts have been made to extract the information hidden
inside the two coefficients. In [37] a model-independent fit was taken based on B — X (10~



B — Xy, B— K*yand B — K*u"pu~, we will adopt their constraints on ACy and AChg
at 20!

—1.5 < Re(ACy) < 1.2, —2.8 < Im(ACy) < 2.8 (4.6a)
—-1< Re(AClo) < 1.5, -3 < Im(AClo) < 3. (4.6b)

In our scenario, the NP only exists in the change of real part of Cy,1¢.

4.3 K — pjpt

The branching ratio of Kj — pjii contains LD and SD contribution. The calculation of LD
contribution remains a challenge in theory. Combining a latest theoretical LD estimation
and experimental bound [39],2 the constraint to SD is

B(Kp — pp)sp < 2.5 x 1077, (4.7)
The branching ratio from SD (see ref. [40])

Re(Ac)
| Vs

Re()\t)

2
L)

B(Kp — p'p”)sp = "@u[ P.(Yk)+

with Ay = VA Vaa (¢ = ¢,t) and r, = (2.009 +0.017) x 1072 (Vsh)® P (vye) = (0.115 +

0.018)(%)8 [41], QCD correction factor ny = 1.012 [42], now is modified as

Re(A¢)
Vs |

Re()\t)
Vs |°

PC(YK) +

2
B(Kp — M+N_)SD = Ky I: ny (Yo(m‘t) + AYA(xt)):| , (4.8)

by including the dark Z contribution.

4.4 ¢
£

Historically two approaches, operator production expansion (OPE) method and penguin-
box expansion (PBE) method, are adopted for the study of direct CP violation in K — 7,
which involves all the QCD penguin and electroweak penguin in SM. For the phenomenol-
ogy study here, we make use of the simple analytical formula based on the PBE method [43].
By modifying relevant parts due to the dark Z effect, an updated formula® to depicted
' [e is

/

Re% = alm(N) - F(zy) (4.9)

Later in another independent analysis [38], the global fit combining B — X £T¢~, B — K*utu~,
B — Kuﬂ;f and Bs — ,u*uf together obtained a similar constraint on Cio.

2The SM prediction is then B(Kr — u* ™ )sp = (0.79 £ 0.12) x 10™°, the experimental value in PDG
is B(Kz, — p™p Jexp. = (6.8440.11) x 107°.

3We should keep in mind that the original formula was obtained by comparing with two methods in
SM [43]. A more serious formula in dark Z model should be given by repeating this work similarly due
to different types of AY, which is beyond the scope of current work. In the numerically study below, we
will take AYy as an example. However, we will understand the exact form of AY should keep the paper’s
conclusion.



where F'(x) is given by

F(z) = Py+ Px [Xo(z) + AX ()] + Py [Yo(z) + AY (2)] + Pz [Zo(z) + AZ] + PrEy(z)
(4.10)
and the factor a = 0.9240.03 [44], which takes into account the correction due to AI =5/2
transitions [45]. Note the dark Z modifies most parts of SM F' function but keep the gluon
penguin vertex E(x) unchanged. The coefficients P; (i = 0, X,Y, Z, E) are given in terms
of R6, Rg
P = r(()o) + T§6)R6 + ?”Z(s)RS : (4.11)

We adopt their numerical values for as(Mz) = 0.1185 [46] given in table 1 of ref. [44]. For
the nonperturbative parameters,we adopt the value Rg = 0.6, Rg = 1.1. The former one is
obtained from lattice [47], with the translation by ref. [44]. But a reliable lattice result for
Ry is still lack, here we choose 10% deviation from large N result. The experimental value
with 1o error for &’/e is

/

/
% ~ Re <‘Z> = (1.66 = 0.23) x 1073, (4.12)
taken form PDG [46].

5 Results and discussion

There are limited three free parameters in dark Z model, my:, € and €z. In our working
scenario, the light Z’ mass is ignored thus it might be promising to determine the remaining
two by above observables. We take the global fit of Wolfenstein parametrization of CKM
matrix as input since Z’ does not change SM flavour structure. The other related input
parameters have been given herebefore. Combining By — pu*p~, K — pu™p~ and ACy,
AC from a global fit of B — K™yt~ and so on, we plot allowed parameter space in
(¢, €z) plane shown in figure 3.

The ranges of € and ez are both shown in the section (—10,10). Due to its large
uncertainty SD of K; — u™u~, as presented in grey region, gives a pretty wide band with
% slope. The green band with the same slope and less width of grey one, together with
the gap out of this band surrounded by a set of hyperbolic curve, is resulted from ACig.
Another parameter obtained from B — K® utpu~ samely, ACy, constrains parameters
in blue colour, which is restricted in two sets of hyperbolic curves and extended to slope
% direction as well as near vertical direction. Apparently the latter part is excluded by
K — ptu~ (or Cyo) while the former one is embedding in green area. Remarking in
orange, the important By — put ™ also embeds in AC1g but somehow has an overlap part
with ACy. In principle, By — p*p~ can also be included. Considering its uncertainty is
larger than By — ptu~, the allowed region is then also wider than current orange area
thus we do not show it. Here we also add in a typical constraint from &’ /e by fixing its non-
perturbative parameter Rg and Rg. Showing as two narrow hyperbolic curves in yellow, it
looks &’ /e could give a very strict constraint. However, due to the large uncertainty of the
two non-perturbative parameters, especially Rg, one cannot take the direct CP violation of

~10 -
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Figure 3. The allowed € — €z parameter space by various experiments if mz is less than 2m,, and
hence ignored. The meaning of colours are given as: grey stands for K — u* ™, orange represents
B, — ptu~, green denotes AC1g, blue stands for ACy while the yellow is one example of &’ /e with
(Rg, Rg) = (0.7,1.1) and the black dot remarkes SM case.

kaon too seriously. Nevertheless, once Rg is fixed within certain precisement in the future,
¢’ /e can be taken as an important discrimination to further constrain the parameter.
Aiming at the determination of parameter space of dark Z model, we reach the allowed

(6, €z) in the narrow linear region

€z = ge (5.1)
and especially —2 < € < 2, —1 < ez < 1 are favored. In other words, the order of mixing
parameters is constrained to be O(1). Generally speaking, more FCNC processes can be
considered to determine the bound, but we can believe O(1) should be the typical value
from flavour physics.

Many other works have already put constraints on dark photon model. Though it is
not exact same model as our working scenario, the obtained mixing angle in dark photon
still enlightens parameters in dark Z model. For example, based on supernova 1987A
the limit on mixing angle could be O(1071%5) for mz > 2m,. [17]. A recent work from
direct detection experiments such as XENON10 and XENON100, for the absence of an
ionization signal, puts a even more stringent limit on ¢ down to O(107!%). One may
expect if €7 is added, the bound of € will also be changed from astrophysical observables
and direct detection experiements. Meanwhile, the working scenario in flavour physics
can also be modified to allow Z’ resonance production [15], leading to a possible different
constraint on mixing parameters. In any case, given the bound from flavour physics in
current scenario O(1), one may not expect a dramatical change (a more than 10 orders of
magnitude) happens unnaturally.

In the existence of dark Z, we have investigated its effect in flavour physics especially
by connecting the effect to the newly measured processes at LHC. However, the obtained
bound, O(1), may not compete with the corresponding one in traditional dark matter
study.
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A The calculation of Z’ penguin

The effective bsZ’ vertex is in the form of
2

g . v
Lk, ko) = e)\im [Fl (qud — q2’yM)IP’L + Fyioug mbIF’R} , (A.1)

which satisfies Ward Identity approximately in the limit of mz — 0. In the phenomenology
study of this work, we only focus on F} contribution, which has the relation with Hy in
section 3.1

Hy(x) = —2F(x). (A.2)
For convenience, in following calculation the effective vertex (A.1) can be rewritten as

2
_ . 92 I “w
F’u(k‘l, ]{72) = EAZM [CLTL + CbTb + CsTéu] (A3)

by introducing ¢, = Fy + Fb, ¢s = Fo — I, ¢, = —F» and T} = miy"'P,, T}' = f1k['P.,
Tt = f1kYP,. Particularly we have

1
Fy = 5(% —Cs) . (A.4)
In the calculation, the F; function may be projected to
F1:6F1‘7—|-EZF1’Z (A5)

Following we will evaluate F; component by component.

A.1 The ¢ component

The contribution of € component is exactly same as b — s case. Here we recalculate the
photon penguin contribution. In Feynman-t’ Hooft gauge, with the approximation ms = 0,
¢*> = 0 and making use of quark on-shell condition as well as unitary CKM relation, we
have the total contribution as

2
. . g
i) =iehiz ( Ajr)z ;Mg‘]v (A.6)
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with the individual amplitude from each diagram

4
Ma‘,y = —= [( —2Ch0 + m?CQ — m%(CQ +2C1 +Cy + Cq1 + Cu))TL

3
+ 2(011 + Cl)Tb + 2(0(] +C1+Cy + Clg)Ts] (A7)
2 m? 1
Mb‘ = —77; [(— 2Co0 + = + meo — mg(Cn +Cy+ Cia + Co)>TL
v 3m 2
w

+2C1 T, + 2(012—02)115}
MC"Y = —[(12Cq0 +mi(3C1 + 2Ca + 2C11 + 2C12)) T,

+ (4C11 +2C)) Ty + (4C9 — 2C) — 202)Ts]

2
Md‘,y = —% [QCOOTL + (2C11 + 3C14+Co) Ty + (2C21 + C142C, + C())Ts]
w

Me‘,y = me’oTL
th = (m?Co—l—m%Cl)TL-i-QCQTS
1

Mg"y = 3

2 2
m m
B0+ B0) (24 20 ) = L (B iy ) — Bo(O, ik )| T
1% w

in which B;, C; (i =0,1; j = 0,1,2,11,12,21,22) are Pasarrino-Veltman integrals [48], and
the positions for variables are assigned as B(mZ, m#,, m?), Cqp(m?,0,0,m¥,, m?, m?) for
a, b case, and Cc,d,e,f(mz,(),(], m?, m%,v,m%v) for ¢,d, e, f case. Note in the calculation, the
light down type quark contribution in Goldstone-quark-quark vertex cannot be neglected.

The PV functions can be reduced into basic scalar function By, Cy, and we further

perform Taylar expansion up to mg. Sum up all the contribution together, we have

. . 2 1 T
ZFN'|’y = Ze)\l‘2(4ﬂ:g)227n%‘/ |:<— § — 2A5> miLg + CLTL + CbTb + CSTS (AS&)
el = 27 (2 = 3x) Inwy  222f — 15327 4 159z, — 46 (A.8h)
Py ™ 720 — 1) 36(z; — 1) '
3xd — 323 + 3622 — 322, + 8) Inzy 1923 — 22222 + 165z, — 34
| _ Bz — 3a L~ 82m )Inz; 1927 ¢+ 165z, (A.8¢)
g 18(xy — 1) 108(2¢ — 1)
3zt + 5723 — 7222 + 322, — &) Inxy;  113z3 — 69622 + 789z, — 242
e|, = (=3} t L ¢ —8) I + t t - ¢ (A.8d)
g 18(x; — 1) 108(z; — 1)

The first term in eq. (A.8a) gives zero contribution after applying the unitary triangle
relation ), \; - constant = 0. Also we have

3t — 3023 + 54x? — 32z, + &) Inay  —4Tx3 + 23722 — 3122, + 104
t t t t t

|, —cs|, =

gl gl 9(zy — 1)* 54(wy — 1)°
-2 (Do(l't) + ;g) (A.9)
F1’7 = —Do(.’L‘Z’) (AlO)
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in which Dg(z;) is vertex function of virtual photon in b — sy. Note in my calculation,
the Dy, D}, differs from the one in [28], up to a minus sign, for the different convention in
QED vertex.

A.2 The ¢; component

The total contribution for b — sZ is
2
. _ . 9 92, I
Compared with b — s case, we only need to recalculate figure (a) and figure (b),

2
Fg‘z = gs%v . 2{ [ —2Cho + m?C’o — mg(Cu + Cio +2C1 + Cy + Co)]Tg
+ 2(011 + Cl)TIf + 2(012 +Cy+Cq + Co)TSH}
1
=5 2{[ 2000 — m{(C11 + Crz2 + 201 + C2 + Co)] T}
+2(Ci1 4+ C)T} +2(Cra + Co + C1 + Co)TH} (A.12a)

2 m?2 1
w

+ 2011T# =+ 2(012 — CQ)TSM}

1 2
-5 %{ [m2Cy — m3(Co + C1)| Th — 2C,TH} (A.12b)
w

while the other contributions are obtained by the following replacement

Figure (c) : e — gacw
1—2s}
Figure (d) : e — ggisw
26W
2
Figure (e), (f): e — — LW
cw
: L 1,
Figure (g) : —Qp — —| — 3 + 35w (A.13)

with the same PV function convention as in b — s7 case.
In this work, since we only consider the (g4 — ¢*v,) term, thus only the coefficients
of T} and T¥" are of interest. Especially they are listed individually,

3T — —5x2 4221, —5 (1-3x;)Inmy 2 2(5x7—227,+5)  4(3x;—1)Inazy v
Whalz = | 18(x—1)3 3 —1)t W 27(x—1)3 9(z;—1) b
2027 — 7wy =7 (627 — 624 + 1) Inz
18(.%5 — 1)3 3(l‘t — 1)4
Lo 2(2022 — Txy —7)  4(622 — 624 + 1) Inay T
Sw 3 4 s
27(113,5 - 1) 9(.’Et - 1)
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2222 — Twy +11)  4dxylnay
2 M 2 t 1
™, = T,
miw Ty, $W< 27(1 o 9w 1)
act :ct— welnxy o (w(1107 —432,+38)  2(3x;—4)Ina ],
SW — 1 T
ZL‘t— fL‘t—l)3 27(l‘t—1)3 9(1’15—1)

2 —1722 —8xt+1 o2 (ze+3)Inay o (17T2248x—1 27 (24+3)Inay "
miwTe|, = —1)3 —1)4 Sw 13 —1)4 T
—38x7 + 43z — 11 222 (4w — 3) Inzy
g(l't - 1)3 3(l't - ].)4
L 227 (4xy — 3)Inzy 382 — 43z, + 11
W 3z — 1)4 9(z; — 1)3

TH

S

m2 FM} — l‘t(.’E% - S.Tt - 17) ‘Tt( — 31775 + 6) In T
Whdlz 72(z; — 1)3 12(xy — 1)4
<xt(xt —8xy —17)  2?(2? — 3w +6)Inay >] T

+s 2
WA T 36(1 — 24)3 6(xy — 1)%
x4(2327 — 2274 — 13) B (2 + 37, — 6) Inxy
72(z, — 1)3 12(z; — 1)*
e xy(—23a7 + 2234 + 13) a7 (af 4 3z — 6) Inay
W 36(x; —1)3 6(z; —1)4

TH

S

1-3x x2lnz
2 H 2 _ t _ t t “w
Al = (i i)

Sum up together, we have

o, = —35x3 + 15622 — 213z +20  (—3z} + 927 — 1822 + 287, — 4) Inxy (A14)
bz~ 216(z, — 1) 36(z, — 1) '
L 1923 — 22227 + 1652, — 34 (3} — 32} + 3627 — 32z + 8) Inay
W 108(zy — 1)3 18(2 — 1)4
—103z} + 43827 — 507z + 136 (32} — 272} + 3627 — 10z +4) Inxy
CS’Z = 3 + 1 (A.15)
216(z; — 1) 36(z; — 1)
2 1132} — 69627 + 789x; — 242 N (—=3x} + 573 — 7222 + 3274 — 8) Inmy
W 108(x; — 1)3 18(z; — 1)

Now we obtain the f)o function as

[34;::? — 14122 + 1472, — 58 (—3z} + 182} — 2722 4+ 192, — 4) In z

aly el = 216(z; — 1)3 36(z; — 1)*
L — ATz 423722 —3122,+104 (32} —30x} + 5427 —3224+8) In 24 '
w 108(z;—1)3 18(z;—1)4
1
Do(wi) = ~Filz = 5 —— (e, — sl ) (A.16)

Take into account Dy and Dy together, the vertex function for Z’ penguin Hy is produced.
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