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ABSTRACT: New physics realized above the electroweak scale can be encoded in a model
independent way in the Wilson coefficients of higher dimensional operators which are in-
variant under the Standard Model gauge group. In this article, we study the matching of
the SU(3)¢ x SU(2)r, x U(1)y gauge invariant dimension-six operators on the standard B
physics Hamiltonian relevant for b — s and b — ¢ transitions. The matching is performed
at the electroweak scale (after spontaneous symmetry breaking) by integrating out the top
quark, W, Z and the Higgs particle. We first carry out the matching of the dimension-six
operators that give a contribution at tree level to the low energy Hamiltonian. In a sec-
ond step, we identify those gauge invariant operators that do not enter b — s transitions
already at tree level, but can give relevant one-loop matching effects.
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1 Introduction

The Standard Model (SM) of particle physics as the gauge theory of strong and electroweak
(EW) interactions has been tested and confirmed to a high precision since many years [1].
Furthermore, the observation of a Higgs boson at the LHC [2, 3] and the first measurements
of its production and decay channels are consistent with the SM Higgs mechanism of EW
symmetry breaking.

Nevertheless, the SM is expected to constitute only an effective theory valid up to a new
physics (NP) scale A where additional dynamic degrees of freedom enter. A renormalizable
quantum field theory of NP, realized at a scale higher than the EW one, satisfies in general
the following requirements:

(i) Its gauge group must contain the SM gauge group SU(3)c x SU(2)r x U(1)y as a
subgroup.



(i) All SM degrees of freedom should be contained, either as fundamental or as composite
fields.

(#ii) At low-energies the SM should be reproduced, provided no undiscovered weakly cou-
pled light particles exist (like axions or sterile neutrinos).

In most theories of physics beyond the SM that have been considered, the SM is recov-
ered via the decoupling of heavy particles, with masses A > My, guaranteed, at the per-
turbative level, by the Appelquist-Carazzone decoupling theorem [4]. Therefore, NP can be
encoded in higher-dimensional operators which are suppressed by powers of the NP scale A:

1 1 1
Lon = LS + O + 550 c9Q¥ 1+ o (Ag> . (1.1)
k

Here ﬁgﬁ\)/[ is the usual renormalizable SM Lagrangian which contains only dimension-
two and dimension-four operators, QI(,EL) is the Weinberg operator giving rise to neutrino
masses [5], Q](f) and C,gﬁ) denote the dimension-six operators and their corresponding Wil-
son coefficients, respectively [6, 7].

Even if the ultimate theory of NP was not a quantum field theory, at low energies
it would be described by an effective non-renormalizable Lagrangian [8] and it would be
possible to parametrize its effects at the EW scale in terms of the Wilson coefficients
associated to these operators. Thus, one can search for NP in a model independent way
by studying the SM extended with higher-dimensional gauge-invariant operators. Once a
specific NP model is chosen, the Wilson coeflicients can be expressed in terms of the NP
parameters by matching the beyond the SM theory under consideration on the SM enlarged
with such higher dimensional operators.

Flavor observables, especially flavor changing neutral current processes, are excellent
probes of physics beyond the SM: since in the SM they are suppressed by the Fermi constant
G as well as by small CKM elements and loop factors they are very sensitive to even small
NP contributions. Therefore, on one hand flavor processes can stringently constrain the
Wilson coefficients of the dimension-six operators induced by NP. On the other hand, if de-
viations from the SM were uncovered, flavor physics could be used as a guideline towards the
construction of a theory of physics beyond the SM. The second point is especially interesting
nowadays in light of the discrepancies between the SM predictions and the measurements of
b — sutp~ and b — cTv processes: the combination of B — D*7rv and B — D7v branch-
ing fractions disagrees with the SM prediction [9] at the level of 3.9 standard deviations
(o) [10]. Furthermore, b — s¢T¢~ global fits even show deviations between 4 ¢ and 50 [11-
13]. These deviations have been extensively studied recently. Many NP models have been
proposed to explain the anomalies, (see for example [14-35] for b — su™p~ and [34-47] for
b — crv.). Therefore, at the moment, B physics is probably our best guideline towards NP.

The effective field theory approach is an essential ingredient of all B physics calculations
within and beyond the SM. However, the Hamiltonian governing b — s and b — ¢ transi-
tions is not invariant under the full SM gauge group, but only under SU(3)¢c x U(1)gy since
it is defined below the EW scale where SU(2) 1, x U(1)y is broken (see for example [48, 49] for



Figure 1. Mass scale hierarchy: the matching of the NP model onto the gauge invariant dimension-
six operators is performed at the mass scale A. After the EW symmetry breaking, the matching of
dimension-six operators on the effective Hamiltonian governing B physics is performed at the mass
scale py. The Wilson coefficients at different mass scales are connected via RGE evolution.

a review of the use of effective Hamiltonians in B physics). As a consequence, the SM ex-
tended with gauge invariant dimension-six operators must be matched onto the low energy
effective Hamiltonian governing B physics (see figure 1). In the flavor sector only partial
analyses exist: the matching effects in the lepton sector were calculated in refs. [50-52],
while in the quark sector b — sutp~ transitions and their correlations with B — K® v
and B — D™ v were studied in refs. [54-58]. However a systematic and complete phe-
nomenological study of the gauge invariant dimension-six operators in B physics is still
missing. Such analysis proceeds, in a bottom-up approach, in the following three steps.

(i) The matching at the EW scale pup, of the order of Myy, of the gauge invariant
operators onto the low-energy B physics Hamiltonian by integrating out the heavy
degrees of freedom represented by the top quark, the Higgs and the Z and W bosons.
It is the aim of this article to perform such systematic matching of the gauge invariant
operators.

(i) The evolution of the effective Hamiltonian’s Wilson coefficients from the scale uy
down to the B meson scale up, where py is of the order of my. This is obtained by
solving the appropriate renormalizarion group equation (RGE). We note that after
the matching procedure the set of operators in the B physics Hamiltonian is larger
than the SM one since new Lorentz structures must be taken into account, therefore
the anomalous dimension matrices get also bigger compared to the SM.?

!See ref. [53] for an analysis of non-gauge invariant effective operators for tau decays.
For the anomalous dimension matrices beyond the SM for AF = 2 processes see for example refs. [59,
60], for 4-fermion operators ref. [60] and for b — sv refs. [61, 62].



(7i) The assessment of the constrains on the dimension-six operators’ Wilson coefficients
(defined at the EW scale uyp) stemming from the available flavor observables. An
example of such analysis can be found in the section 5, while the complete numerical
analysis will be given in a subsequent publication.

The purpose of the outlined study is to depict the general pattern of deviations observed
in B physics employing dimension-six operators. It is worth noting however that in the
framework of higher dimensional operators, in order to correctly interpret any deviations
of the SM in terms of a specific NP model, it is necessary to map the pattern of deviations
observed at the EW scale back to the scale A where the BSM physics was supposedly
integrated out (see figure 1). Indeed due to operator mixing, the pattern of deviations at
the EW scale differs from the pattern of Wilson coefficients at the matching scale A. The
connection between these two mass scales is given by the RGE evolution of dimension-six
operators [63-65].

The outline of this article is as follow: in section 2 we list the operators relevant for
our analysis and discuss the EW symmetry breaking. Then, in section 3, we establish
our conventions for the B physics Hamiltonian and we perform the complete matching of
the dimension-six operators that give contributions to b — s or b — ¢ transitions at tree
level. In section 4 we identify and calculate the leading one-loop EW matching corrections
for b — s processes for those operators which do not enter b — s transitions already at
tree-level. A phenomenological application of the computed matching conditions will be
given in section 5. Finally we conclude.

2 Gauge invariant operators

In this section we list the gauge invariant operators, following the conventions of ref. [7],
that contribute to b — s or b — ¢ transitions at tree-level. Here we only consider operators
involving quark fields. The importance of flavor physics in constraining operators which
modify triple gauge couplings has been studied in ref. [66]. Recall that the gauge invariant
dimension-six operators are defined before EW symmetry breaking, implying that they are
given in the interaction basis (as the mass basis is not yet defined). After the EW symmetry
breaking, the fermions acquire their masses and the necessary diagonalizations of their mass
matrices affect the Wilson coefficients. As we will see, all these rotations can be absorbed
by a redefinition of the Wilson coefficients, except for the misalignment between the left-
handed up-quark and down-quark rotations, i.e. the Cabibbo-Kobayashi-Maskawa matrix
(CKM) which relates charged and neutral currents.

2.1 Operator formalism

In table 1 we list the operators contributing to b — s at the tree level (and possibly also
to b — c transitions), while table 2 gives the operators generating at tree level b — ¢ but
not b — s. For the SM Lagrangian we adopt the standard definition

4 1 1 1 1 2
L, = —ZGZ‘VGA’” - ZWJVWI’” = 3 BB + (D) (DH ) +mPpT — A (@*@)



+z‘(m€+élzﬁe+alﬁq+ﬂlz>u+alz)d) - (Z}@egp+qYuu¢+qudg@+h.c.), (2.1)

where ¢, ¢ and ¢ stand for the lepton, quark and Higgs SU(2) 1, doublets, respectively, while
the right-handed isospin singlets are denoted by e, u and d. Here @' = &;;(¢?)*, where
€;j is the totally antisymmetric tensor with €12 = +1. Flavor indices 1,7, k,l = 1,2,3 are
implicitly assigned to each fermion field appearing in (2.1), and the Yukawa couplings Y, ,, 4
are matrices in the generation space. Therefore, in table 1 the operator names in the left
column of each block should be supplemented with generation indices of the fermion fields
whenever necessary. Covariant derivatives are defined with the plus sign, i.e. for example

I
. . T .
Duq= (3” + zgSTAGZ‘ + zg?Wlf + zg'YBu> q, (2.2)

where Y is the hypercharge and T4 = %)\A; M and 7! are the Gell-Mann and Pauli
matrices, respectively. With the above definition for the covariant derivative, the gauge
field strength tensors read

G4, = 0,Gf — 9,G} — g tPCGRGY
Wi, =0,W,) —9,W, — g wIwk,
B, = 9,B, — 8,B,. (2.3)

Moreover the Hermitian derivative terms are defined as

+—

iD= iol(D, — D tiD 1o = iot(rID, — D! 2.4
e'iDyp =1ip"(Dy — D), oD o =i (17" Dy — D7), (2.4)

where QDTBMQO = (Dunp)Tgo. For further details concerning conventions and notations, we
refer the reader to ref. [7].

For the operators in the classes (LL)(LL),(LL)(RR),(RR)(RR) and ¥?¢*D (except
for Qeua), hermitian conjugation is equivalent to the transposition of generation indices in
each of the fermion currents. Moreover, the operators Qg}]), Q((]Z), Quu and Qgq are symmet-
ric under exchange of the flavor indices ij <> kl. Therefore, we will restrict ourselves to
the operators satisfying [ij] < [kl], where [ij] denotes the two digit number [ij] = 10i + j.

2.2 EW symmetry breaking

Although the set of gauge invariant dimension-six operators we have just introduced is
written in term of the flavor basis, actual calculations that confront theory with experiment
are performed using the mass eigenbasis which is defined after the EW symmetry breaking.
In the broken phase, flavor and mass eigenstates are not identical and the SU(2), doublet
components are distinguishable. Therefore, we need to rotate the weak eigenstates into
mass eigenstates via the following transformations:

u’L — St ij u?, u’R — Sk ij uﬁ, (2.5)

Z): - Sg ij dy, ZR — S?% ij d%, (2.6)



(ZR)(RL) or (ZR) (ZR) (ZL)(ZL) w2X %)
Qtedq (€7 e;)(draf’) W @) @ta) | Qaw | (@otd)T oW,
Qo | @uea@d) | QW | @wl)@r'a) | Qs | (@0 d)eBu
QW | @T u)ean@T d) | Q%) | @)@t a) | Quc | (@o* T d;)eGs,

(LL)(RR) S ) @ ) Y23

Qua | Tovaly)(diydy) Quo | (Plo)@d; o)
Qe (@v495) (@t er) (RR)(RR) V22D

W (@72a) @™ u) | Qua | (dvudy) (v dy) 5| (D) @A)
Q) (@7u4;) (dr*dy) Qed (@vues) (diytdr) @ | (1D, o) (@ )

© | @nrra) @ T | QY | @) @rd) | Qea | (91iDue)@ivid;)
QW | @ T )@y Tdr) | QW) | (@i, T uy)(diy* Tdy) | Quua | (P Dy) (@it dy)

Table 1. Complete list of the dimension-six operators that contribute to b — s (and possibly also
to b — ¢) transitions at tree level.

(LR)(LR)
Qéequ (leej )gab (qzul)

Qeequ (0 " €5)eap (@0 )

Table 2. The two dimension-six operators that contribute to b — ¢ but not to b — s transitions
at tree level.

where Sg, S}i%, S} and S} are the 3 x 3 unitary matrices in flavor space that diagonalize the
mass matrix as
S%Tn" my” Sh iy = Mg;0ij - (2.7)
With these definitions, the CKM matrix V is given by
V= (5% s¢. (2.8)

After these necessary field redefinitions, there are no flavor changing neutral currents
at tree-level in the SM, due to the unitarity of the transformation matrices, and mixing be-
tween generations only occurs in the charged quark current. When dimension-six operators
are included in the Lagrangian, the effect on them by the matrices Sg r cannot be elimi-
nated by unitarity. However, these rotations can be absorbed into the Wilson coefficients.
As a first example, we consider the operator ()4 which takes the form:

crmnqm — cmn (D, ) (Tpatds) — € ('iDyp ) (dpSE " Shadl) - (2.9)
pd pd p e R7 CR pd e RPRim7Y PRnjAR) - :

Redefining

Cs@d - C RzmSRn] ) (210)

we can indeed absorb S% p into the overall coefficient:

Cod' Qi = C” (cp ZD“(,O) (@ﬂ“dﬁ) . (2.11)



In contrast to the SM, it is not possible anymore to avoid the appearance of flavor changing
neutral currents for all operators. Moreover, the redefinitions of the Wilson coefficients are
not unique, in general. Let us consider as a second example the operator ng) :

< m .
C&Z) ang(alq) mn _ C((plq) mn <80T1Du80> (HTLTL,Y#UE +d; fyﬂdL> (2.12)
© .
— C((;])mn <¢TiDu¢) (uLSLzm’y SLn]uL —I-dLSLZm’Y SgnjdjL) . (2.13)

In this case we cannot absorb at the same time the rotation for the up quarks and for the
down quarks, so that we can choose to define

~(1) 4 mn od
C(‘(D%J) J— 0(1) SLszgLnj 7 (2.14)
or
X(1) ij 1) mn
C‘»(Oq) T = CS(OQ) LzmSLnj (215)
obtaining the two equivalent expressions
iy =0 (i) (waprd +Trd) 10
“Wii (LD I IR 7ot b O
= Cyy ©'iDyp (uL’y up + Vi Vidpy dL> . (2.17)

For both definitions, the mass diagonalization leads to flavor changing neutral currents
either in the up sector, for the coefficient denoted with the tilde (~), or in the down sector
for that one with the check (V). The two notations are related through the identity

C = Vy V;;CH. (2.18)

All operators reported in table 1 must be analogously expressed in the mass basis. We
report in appendix A the explicit expressions for the Wilson coefficients C.

2.3 Qdp and Qyy

The operators Qq, and @), play a special role as they contribute to the quark mass matrices
after the EW symmetry breaking. For example, the down-quark mass matrix receives two
contributions, one from the SM Yukawa interactions and one from the operator @ g:

NG 2 A2

where Yy is the Yukawa matrix of the SM and v = 246 GeV is the vacuum expectation value

S A
mi = L <Yd” - vCé{p) : (2.19)

of the SM Higgs field. For the coupling of the Higgs with the down-type quarks, defined
by the Lagrangian term £y = —hd;I""dp + h.c., the extra contribution is enhanced by a
combinatorial factor of three compared to the contribution to the mass term:

1 3 v2 m¥ 1 0?2
h _ 1) e ] _ d _ ij
Fdidj = —ﬁ (Yd 2—AQC > = V3 A2 C’d@ (2.20)



Unlike in the pure dimension-four SM, the mass matrix and the quark-Higgs coupling
cannot be diagonalized simultaneously: a flavor changing interaction between the SM Higgs
and the quarks appears [51, 67, 68]. Indeed the first term in eq. (2.20) is rendered diagonal
by a field redefinition as in (2.6),

d i d
Uty mby U s =mg 655, (2.21)

where the new Ui{ r matrices, necessary to diagonalize the mass in the presence of the Qg4
operator, differ from S}i » by terms of order 1/A?. The quark-Higgs coupling matrix is now

given by
R _ Md; 1 o2 ~Nij
La,a, = =703 = Epcdjw (2:22)
where we have defined
i 1
Q#—Cﬁk@ﬂﬁm—(%wwﬁgq+0<m>. (2.23)

Note that in this approximation all Wilson coefficients of the operators discussed above
remain unchanged since the extra rotation induced by the 4, operator would lead to a
1/A* effect. Similar considerations apply to the operator Quep-

3 Tree level matching

In this section we perform the tree-level matching of the gauge invariant dimension-six
operators relevant for b — s and b — ¢ transitions. This matching is performed at the EW
scale on the effective Hamiltonian governing B physics, which is defined below the EW
scale. Therefore, the effective B physics Hamiltonian contains the SM fields without W,
Z, the Higgs and the top quark, while these are dynamical fields of the gauge invariant
dimension-six operator basis. As we will see, the B-physics Hamiltonian contains operators
with additional Lorentz structures compared to the ones relevant in the SM.

3.1 AB=AS=2

In this section we consider Bs-Bs mixing. Here, following the conventions of refs. [59, 69],
the effective Hamiltonian is given by

5 3
HEP=2572 = Z C; 05 + Z C’J" O; +h.c., (3.1)
Jj=1 J=1

with the operators defined as

O1 = (59, PLb) (59" Prb) Oy = (5Ppb) (5Prb),
O3 = (3aPLbg) (35PLba) 5 Oy = (5Ppb) (SPgb) ,
Os = (8aPrbp) (35Prba) , (3.2)

where a and 3 are color indices. The primed operators O , 3 are obtained from O1 23 by
interchanging P; with Pg.



The contributions from the four-fermion operators to the Hamiltonian in eq. (3.1) read:

o) = _% [5’%) 225 4 3O 2323} ’ (3.3)
ol = _% 2303 (3.4)
Ca= 15 5(53) 2828 (3.5)
Cs = A12 [20(561)2323 0(8)2323} ’ (3.6)

where N, denotes the number of colors. In addition, we include for completeness the effects
of Qq, even though they are formally suppressed by 1/A? because the 1/A? effect in the
B-physics Hamiltonian is suppressed due to the m¢/v coupling of the Higgs to the light
fermions.® Here we get

_ 1 hx 2
Cy = “omZ (Fbs> ; (3.7)
1 2
I h
Ch =~z () (3:8)
1
C,= F F 3.9
4 mh bs » ( )

where ng 4, is defined in eq. (2.20). Note that we do not include the analogous contribu-
tions from a modified Z coupling since in this case the coupling to light fermions are not

suppressed and especially b — su™ ™~ processes will give relevant tree-level constraints at
the 1/A? level.

3.2 AB=AC=1

For the charged current process b — cf;v; we write the effective Hamiltonian as

HAB=a0=1 45f CrOr + Z C; 0; + C! O] (3.10)
=S,V

where the operators are

Oy = (E’Y”PLb) (Z’yuPLV) , Or= (6U#VPLb) (ZO'M,,PLV> , Og= (EPLb) (ZPLV) ,
(3.11)
and the prime operators are obtained by interchanging P <> Pg in the quark current.*
The four-fermion operators lead to the following contribution to the effective Hamil-
tonian:

o =2, e Ol = vy Cp i (3.12)

A2 2A2

3Note that this counting argument already suggest, that the EFT approach to flavor changing Higgs

decays has quite limited applicability.
4The operator O’ is identically zero due to Fierz transformations.



where the summation over 7 = 1,2, 3 is understood. The operators Q,,q and Qg]) induce
an anomalous u-d-W coupling. Their contribution to the b — cfv transition reads:

[
CV - _W gpud? (314)

Cy = — VCZC() . (3.15)

A2
The effect of such modified W couplings to quarks on the determination of V,; (and anal-
ogously on V,;) has been discussed in refs. [70-80].

In principle, also momentum dependent modifications of the W-c-b coupling can lead
to effects in b — clv transitions as examined in refs. [73, 78] at the level of non-gauge
invariant operators. However, these effects scale like myv/(m#,A?). Furthermore, also
corrections to Z-b-b couplings can appear which are stringently constrained, making the
possible contributions tiny [79]. Therefore we do not include these effects here.

3.3 AB=AS=1

We describe the b — s¢~¢'* and b — s transition via the effective Hamiltonian

HAB=AS=1 4\(/{1: <ZC O; +C’O’+chq Oq Cq0q> (3.16)
i q

where the index ¢ runs over all light quarks ¢ = u, d, ¢, s,b. The operators contributing in
the first part are:

01 = (§TA’}/MPLC) (ETA"}/“PLZ)), 02 = (g’)/MPLC) (E'y“PLb),
v 9s _ v
07 = 167 2mb (S U/WPR b) F“ 08 = 1672 (STAU#VPR b) G" Aa
o2 B , 2 _
oY = 3 (57, Pb) (I"0') ot = 672 (57, PLb) (bv*vst'),
04 = (5Pgb) (20'), 0% = (5Pgrb) (ys¢'),
O = (50"b) (Lo, l'), 05 = (50"b) (Lo st') - (3.17)

While in the second part of the Hamiltonian we have four-quark operators with vectorial
Lorentz structures,

04 = (37, Pud) (@v"q) Of = (3T, PLb) (qT*+"q),
Of = 5vumpPrb) @' v°q), O = ST v, Prb) @T 4*4"~7q),  (3.18)

and four-quark operators with scalar and tensor Lorentz structure (with the notation
of [62]),

Of5 = (5Prb)(qPra) , Ofs = (50 Prbs)(G3PRrY0) ,

~10 -



Of; = (3Prd)(qPLq) , Ofs = (34 Prbs)(G5PL4a) »
Oy = (so" Prb)(qo,uPrY) 0%y = (500" Prbg) (430, PrYa) - (3.19)

The primed operators are obtained by interchanging everywhere Pr <+ Pr. We recall that
in the SM only the vector operators receive contributions, while for the scalar/tensor op-
erator the matching contribution is zero. However, NP is expected to contribute to the
Hamiltonian also via scalar/tensor operators. We also note that the operators in (3.16) are
redundant since O; and O3 can be obtained from Of_, when ¢ = ¢, via Fierz rearrange-
ments. We will include all NP contributions into the definition of C§_6 even though for
q = c they could be absorbed in ('} and C as well. Interestingly, at the leading-logarithmic
order only the operators Of; ., mix into the magnetic and chromomagnetic operators O7
and Og. The vector operators on the other hand mix neither into the magnetic and chro-
momagnetic nor into the scalar-tensor four-quark operators. The scalar-tensor operators
however mix into the vector ones [62].

Four fermion operators that involve two right handed currents (Qg4q, Ql(id), and QSZ)),
give the following contribution to the effective Hamiltonian:

2 2
rq=d,s,b _ U7 ~1123,2223,2333 rg=dsb _ VT 1123,2223,2333

C3 - 6A2 dd ’ 05 T 94A\2 Tdd (320)

Through a Fierz rearrangement also the operator Ngl?lm contributes to

2 2

v 1 ~ v 1 ~
C/d — _ 1321 , Cld — 1321 , 321
5 6A2 N, 4 5 T 24A2 N, (3:21)

v 1301 1d v i3
o = —— Cy = Cu . 3.22
4 3A2 dd > 6 19A2 dd ( )

Operators with up-type quarks give:

2
rq=u,c _ ~(1)1123,2223 rq=u,c U7 (1)1123,2223
Cy = —Wc , C; = 5472 Cud , (3.23)
2 2
! q=u, VT ~(8)1123,2223 ! g=u, v 8) 1123, 2223
G = o : 6 = 5yp2Cud o) (3.24)

In the set (LL)(RR) in table 1, the operators with right-handed up-type quarks give the
following contributions:

Ca=ue _ 20° ~ ~(1) 2311, 2322 C9=we _ v’ ~(1) 2311, 2322 (3.25)
B 3T YV Cht b '
CF=e = 20% (8)2311, 2322 4= _ v? U p(®)2311,2322
C 3Nz 6 24N T (3:26)

For the same operator set, but with left-handed up-type quarks, we obtain

= 20% 1)1123 2223 ! q=u,c v? ( )1123 2223
ClI=me = ! CLaI=he = (3.27)
3A2 5 242
2U >(8) 1123, 2223 = U2 >(8)1123,2223
cla=ue _ - ® , Cra=ne = 50 o , (3.28)

- 11 -



where C(1 8)ijkl _ Vi V* C(l 8) mnkil

m VY in~qd

down- type quarks give

2
rq=d,s,b _ ~(1)1123, 2223, 3323 rq=d,sb _
c; - el .l -

2
Cra=dsb _ 2v (1) 2311, 2322, 2333 Cla=dsb _
3 3A2 Tad ’ -
2
cra=dsh _ 2v £9(8) 1123, 2223, 3323 cla=dsb _
4 3A2 qd ’ 6 -
cp dsb 20 (3) 2311, 2322, 2333 Cra=dsb _
3A2 q ’

2

v 5(1)1123,2223,3323
24A2 "ad

2

U x(1)2311,2322,2333
24\2

2
v 6,(8) 1123, 2223, 3323
242 qd

v C(s) 2311,2322,2333
 24A2

)

)

i

, as defined in section 2. The operators with four

(3.29)
(3.30)
(3.31)

(3.32)

Let us now investigate the set of four-fermion operators with the Dirac structure (LL)(LL).

Recalling that for this class of operators we consider only those that fulfill [ij] <

[k1]. We

obtain the following matching contribution from the vertices involving four left-handed

down-type quarks:

2
O = x|
2
G = +2ZA2
2
cd = —& _
2
C3 =+
2
ot
C8 =+

N - 1
1)1123 3) 1123
C(gq) +CPMB 4 N (

|

Ci(1) 1321

1

aq
qq

~(1) 1123 ~(3) 1123
e+

qq

1) 1321 ~(3) 1321
o+ o

L1
N.

~(3) 1321
ceggm)

).

U [{i(1)2223,2333 4 C( ) 2223, 2333}

[C( )2223,2333 | C( )2223,2333]

~(1) 1321 ~(3) 1321
e+ o)

(C( )1321 —|—C(3) 1321)] 7

From the operators with two left-handed up-type quarks we obtain

Cq:u,c _ U2 1)
3 - 6A2 Xu,e
Cq:uvc = U2 1
5 T Ty \ M
- 202
Cz e = 3A2 ’SL Z )

2
Cq uc__'_i (3)

6AZ e

where the symbols x, and =, stand for

X
[kl]<[23]

Z éég)) leS‘/qu;;Z + Z 6«(52) 23klv;1kvq>iz +26v(§ )2323V

[kl]<[23]

[kl]>[23]

[kl]>[23]
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Z qu k123v WV Z qu 23klv V*+2C( )2323V o

qb’

(3.33)
(3.34)

(3.35)
(3.36)

(3.37)

(3.38)

(3.39)
(3.40)

(3.41)

(3.42)

(3.43)

(3.44)



5(3) — Z C(S) 2]k3v*v + Z qu ]32k’v* ‘/;1] + 20( ) 2323

{ “ Vs (3.45)
[24]<[k3) [j3]<[3K]

qb

Dim-6 operators involving scalar currents generate the following matching contribution for
the operators O15_9¢ in eq. (3.16) involving u or ¢ quarks:

07" = s (U - GO+ G ™). o
G = g (™ - G v Cil™)
i = g [Coni™ 4 Vv (O™ — g 8] e
e = A G Vi (Gl = o) o
O = o Vg‘;svmqﬁi)q;”’"‘”’, (3.50)
Chy " = 3212&2 ViVir i ™™ (3.51)
iz _ 16A2 Uy (Céizlzlnm:a 2]1\70 C’éi)q?mg) ’ (3.52)
i = Vi (Gl = Ol (353

The operators ng),@g)q),de and Qgq, involving a Z and W coupling with right-
handed fermions, contribute to the four-quark operators in eq. (3.10) in the following way:

Ci — v? 1 Ti 1 wi T§ inZ 0 Gm23 | ~(3)23 3.54

3—p 37]\[6 3+§ wq EﬁLQZSlD w <<pq + »q ) s ( )

03 = p §T3 — Ql S 9W de, (355)
;202 1 i

Ci=zm <T3 > Sy (3.56)
i _ U2 T3 ~(1)23 4 A(3)23 1 i
! U T

C5 - _ﬁécwd 3 (358)
7 U2 1 7
i U2 i *

Cls =~ 12 <T3 ) Vi G (3.60)
' v’ i 1 Sxi2

018 == —p T3 + 5 V C ud’ (361)

where ¢ = u,d, ¢, s,b and (); and Ti denote its charge and third isospin component, respec-
tively. Moreover we introduced the short notation ZZ = C’(g)] 3V Vi + C’g]) 2 VibVij.
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The operators involving a vector-current with left-handed quarks directly appear at
tree level in the coefficients for Og, Oqg in eq. (3.17):

2

ij _ TV (1)ig23 | ~(3)i23 | ~23ij
G = on G O O (3.62)
2
i _ T U7 [Nosij  ~(1)ig23  X(3)i523
ci= T2 [eg - ey ] o

where the indices i,j = 1,2, 3, corresponding to e, u and 7. Similar contributions appear
for the operators O, O}, from vector-currents involving right-handed quarks:

ij T U T i3 1523

o =15 i+ il (3.64)
i TV [ijes | ijes

o = 255 O - G (3.65)

Scalar operators contribute to the coefficients of O, O%:

. v2
o =cf = 5 G (3.66)

Also, for the operators Op,Og we have

02
ij %5132
Cd=-Cp = Wc&féq : (3.67)
where the hermitian conjugate of the operator QZZ" is defined as (7; 63;1" (éﬂéﬁi) (qrdy) .
These results agree with those in [57] in the case of lepton flavor conservation. Also the

operators QQup and Qg appear already at tree-level in the effective Hamiltonian through
O7 and 0/7:

m Mw v? ~o . ~o
_ 2\/§s1n0W oy A2 (cos 0, C%, —smGWC'CQI%/) , (3.68)
M N
C, = 2\@sm0wﬂ—vbvz2 (cos 0, C3% — sin HWC’*32) . (3.69)

The operators Og and Oqp, and similarly Of and O, receive the following lepton flavor
conserving tree-level contribution through the effective 5-b-Z coupling appearing in the

operators QQuq, ng) and Q&Sq) :

2
i TV (N ~ :
C = ~3 <C<(p%1) 23 05(03:1) 23) (-1 +4sin®6,,) , (3.70)
2
m™v
Cii = A2 (C< )23 4 ()2 ) (3.71)
Cylt = 7@ 5 3 (—1+4sin?0y) , (3.72)
2
g _ TV =23
ClO = Eﬁ od (373)

— 14 —



The operator Q¢ contributes to the Wilson coefficients of Og and Of in the following way:

872 My v ~

Cs = \/597; %%Cﬁé, (3.74)
872 My v? ~

Ol =2 2W U 32 (3.75)

ggs my A2

where g and g, are the SU(2);, and SU(3)¢ coupling constants, respectively. Interestingly,
as already noted in ref. [57], there is no matching contribution to tensor operators at the
dimension-six level.

The tree level contribution to the four-quark scalar operators stemming from the op-
erator (g, is given by

b _ b

Cl5 =CYy = —7m}2l Ve A2 Cic (3.76)
, , M in Oy, v2 ~

O = = - ZWIe SN Tw U G 52 (3.77)

mi V2e A2

4 One-loop matching corrections

In this section we analyze the leading one-loop matching corrections to the b — s tran-
sitions arising from the dimension-six operators in (1.1). Let us define what we mean by
“leading” one-loop matching corrections. First of all, if one of the gauge invariant opera-
tors can contribute already at tree-level to b — s transitions, a calculation of loop effects
is not necessary, since the corresponding Wilson coefficient would already be stringently
constrained. Therefore, the loop contribution would only be a subleading effect. With this
argument, one can already eliminate all operators that do not contain right-handed up-type
quarks: left-handed up quarks always come with their SU(2) 7, down quark partner that then
contributes to the Hamiltonian at the tree level. Note that it might be possible that an op-
erator containing quark doublets is flavor-violating for up-type quarks but flavor conserving
concerning down-type quarks (i.e. not contributing b — s transitions due to an alignment
in flavor space). However, we do not consider this possibility here and focus on operators
with up-quark SU(2)[, singlets. Therefore, we are left with the operators given in table 3.

In the following, we will identify six different classes of matching effects which can
be numerically relevant and discuss each of them in a separate subsection. We have the
following contributions of gauge invariant dimension-six operators to the ones of the B
physics Hamiltonian:

1. 4-fermion operators to 4-fermion operators (AB = AS =1).
2. 4-fermion operators to 4-fermion operators (AB = AS = 2).
3. 4-fermion operators to O7 and Og.

4. Right-handed Z couplings to Og, O19 and OF_.

5. Right-handed W couplings to O7 and Os.

6. Magnetic operators to O7, Og, Og, O19 and OZ.
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VX (RR)(RR) (LL)(RR)
Quw (Qigﬂuuj)TISDVV/iu Qeu (QZVuEJ)(uk’Y#UZ) Qru ( M i) (T uy)
QuB (@UWUJ')QPBW Quu (Ei’Yﬂuj)(Ek'VHUl) Ql(lz) (qi’Yqu)( kY ur)
Que | @o" TGy, | QW | @) (dyrd) | QW | (@7.0"q) @™ T w)
V292D QW) | (@i TAuy) (day T4 dy) (LR)(LR)
Qpua | (F1Dyp) (wid;) Qo (@ uj)ean(@L)
Qeu | (P1iDup) (@i u;) QU | @ T u))eay(@T dy)

Table 3. Dim-6 operators that contribute to b — s transitions at the one-loop level.

Figure 2. One-loop diagrams in unitary gauge contributing to the low energy theory generated
by the four-fermion operators in table 3.

We perform the matching of the operators in table 3 by integrating out the heavy
degrees of freedom represented by the Higgs and the top quark, together with the W and
Z bosons. The amplitudes are evaluated at vanishing external momenta, setting all lepton
and quark masses to zero except for the top quark mass. To calculate the contribution to
the magnetic operators O; and Og, as well as the photon and gluon penguins, we expanded
the amplitudes up to the second order in external momenta and small quark-masses. In
order to check our result we performed the calculation in a general R¢ gauge, and we
explicitly verified the cancellation of the ¢ dependent part in the final results.

In several cases, the amplitudes have ultraviolet (UV) divergences. Such divergences
signal the running and/or the mixing of different gauge invariant operators between the NP
scale A and the EW scale. The divergences can be (and are) removed via renormalization
for which we choose the MS scheme. The residual finite terms constitute in these cases
the matching result. To indicate the exact origin of the logarithms, we used the notation
log(m3 /u?,) for the one-loop contributions where only the top quark appears in the loop
internal legs, while log(M3,/u%,) signals the presence of at least one W-boson in the loop.

4.1 Contribution of 4-fermion operators to 4-fermion operators (AB = AS =
1)

We start by reporting the matching contribution to the semi-leptonic operators Og and
01 from four-fermion operators that couple up-type quarks and charged leptons: Qp,
and Q¢,. Obviously, only a charged particle (i.e. the W and the charged Goldstone) can
give a contribution to a bs operator which is only possible via a genuine vertex correction.

~16 -



Moreover, the result turns out to be proportional to m2 . Therefore, we include only the
top-quark contribution while u or ¢ quark effects are vamshmg in the massless limit.

Calculating the diagram in figure 2a (and the analogous Goldstone contribution unless
one is working in unitary gauge) gives the following matching contributions:

. A V% [xiis3 s

(- 1] 1533

9 sin2 ' A2 [Céu + Ceu } I(xt) ) (4'1)
. ) VERRETEAN PO i

iy _ ij33 _ ~1j33

where z, = m?/ME, and

I(n) = 2 [_ In (i‘g; ) g (”“’1'5:;) - "73(; 2;"71; I (xt)] . (4.3)

The four-fermion operators involving only quark fields can also contribute to Cé/) and C’ﬁ))
through a closed top loop (figure 2¢) to which an off-shell Z or photon is attached. In this

case the contribution is evidently lepton flavor conserving;:

Oy = G XZ (8 si?;?ew - 3% B §> n (Z%i) ’ (44
e XZ (8 siig;tQW - % a §> = (Z%i) ’ (4:5)
iy = —CL1 2338 jﬁgsi%v In (Z%i) , (4.6)
clii — &332 X? s;s,i?;rgtew In <Z§> . (4.7)

Furthermore, through a W-boson exchange (figure 2b) the operators under discussion
give a one-loop matching contribution to AB = AS = 1 four-quark operators of the form:

, 2 3x 2 .o 2( . W\ |Vul?I(z,)

Ci = G2sss & Y Y I W R TR B3 O A Y LTG0
3 au 4 A2 3 + 325in 0, +3 5 2) sin?6, , (48)
I’ 2 3ac 2 - 8( . 1\ |Vul*I(z,)

cl = 0(1)3323 a L mt = i v | S (i 2 el 2t 4.9
87 Yud  yr A2 T3) " Sanze,) 337 2) anZe, S (49)

2 2 2
i _ (82333 V) Os mi a i 1 [Vl * 1 ()
€= C Az {247T . (ﬂ%v) " 6n T 2) sin’6, |’ (4.10)
2 2 2
i _ pi(8)3323 VT [ Qs m;\  2a (o Vil I(xt)
ci = ol {m In <M%V> ° (T3 2) ul (4.11)
O = —((1)2333 o« ﬁ Tiz, In mig + é i _ 1 |%Z_|2 I(z,) (4.12)
g o 32rsin?0, A2 [T\ ) 3\ 2 N
2 2
i v(1)3323 o Yo (T 4 T _ 1 127 4.1
O =10 e, A2 [ 3 D<M%V> t3\B—g) Wl i) (4.13)
2
i _ (9(8)2333 o v } i 2
06 Cqu 247_(_811,12 0W A2 (2 T3) |‘/;51| I(wt)7 (414)
2
i ~(8)3323 o v i 1 2
O =Cui ™ SranZe, A2 <T3 2) Vel I{ae). (4.15)
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where Q; is the charge of the quark, T4 = 1/2 for ¢ = u,c and T4 = —1/2 for ¢ = d, s,b.
Four-fermion operators not containing the flavor violating current sb contribute to the

four-quarks operators in (3.16) in the following way:

2 -
Cz dys,b _ o v 4C( )33ii 1)1133} I
Y67 sin? O, A2 L
Ci:u,c_>\ o ﬁ 4 CN«ii33 C7,33z )1133 )
8 T Morsin? Oy A2 v I@,),
2 - iy
Ci=hsb _ o U [y G®) 380 _ 8)1133} I(z
4 Y67 sin? 0, A2 L ud
Ci=we o ﬁ QCHi33i _ (8)ii33| g
4 - t67TSiIl2 9W A2 __ uu qu (xt>7
2 -
i=d,s,b _ o VT [~ aiss _ /(1) 336
e iz e }1(:@),
5 ¢
i=u,c Q U™ | X(1)#33 _ Mii33 L ~izsi
C; " = Atmﬁ _Céu’” - O + ﬁccfm l} I(z,),
2 -
i=d,s,b _ o VT [ A(8) 433 _ ~(8) 33dd
" = Mgy 1 (O = Gt 1),
Ci=me _ o v? -é(S)ii33 o (Vi33i| 1
6 = M a7, A7 (G 2 T

where here we used also the notation introduced in section 2: Cv’q(qi’g) R _ V;mV* Cou

(4.16)
(4.17)
(4.18)
(4.19)
(4.20)
(4.21)
(4.22)

(4.23)

~(1,8) mnkl

4.2 Contribution of 4-fermion operators to 4-fermion operators (AB = AS =

2)

The Hamiltonian for Bs-B, mixing in eq. (3.1) gets a one-loop matching contribution

through the graph in figure 2b:

A\ o 1
“Arsin? 0y, A2

o 1
Op= —N—o
4 Y9 sin? 6, A2

C =

I(x,
() C~,(5C;l) 3323

1 ~(8) 2333 ~(1) 2333
) Kl + NC> 39255 _ o233

9

1
Cs = M~ (1) [ CL%B 4 —C< >3323} .

7sin? 6y, A2

4.3 Contributions of 4-fermion operators to Oy and Og

(4.24)
(4.25)

(4.26)

Four-fermion operators with scalar currents contribute to the low energy Hamiltonian (3.16)

through the diagram in figure 2d:

Cr=—

C 6my A2

1 my v? mi\ [ ~(1)2333 ~(8) 2333
G qz (:“12/1/ O + el

quqd

quqd

1 2 2 M~y . ~
mg v In (Z%) qug;)d3332 +CpC (8)3332] 7
w/t

1 2 2 Mo 1 ~
Cg = — v <”;t> o233 1 5(8) 2333] ’

4mb A2

My

quqd 2N, quad
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1my v? m? \ [ (1) 3332 #(8) 3332
! t
Tl (uw) [Cquqd —Cquqd , (4.30)

where Cr = (N2 — 1)/(2N.). Note that the contribution to C7 or Cg from 4-fermion
operators involving vector currents vanishes (excluding QCD corrections).

4.4 Contributions of right-handed Z couplings to Og, O10 and O3_¢

The operator (), involving only right-handed up-type quarks, gives through a Z-penguin
(figure 3f) a matching contribution to the AB = AS = 1 Hamiltonian in eq. (3.16) of the

form:

2
i - v (33 ) 1,
Cg = —Athz I(xt) ou <QZ Sin GW + 3T3> ; (431)
2
: « v
Ct=\—"F— 033 T , 4.32
57 orsin? 0, A2 I(z.) 3 (4.32)
ci = MV 1+ 4sin? 6 4.33
= n2gy A2 Cen T (214 dsin ) (4.3
i A v? ~33
= — I(x,), 4.34
ClO sin29 A2 Cgou (.Z’) ( 3 )

where I(z,) has been defined in eq. (4.3). The possibility to probe the anomalous couplings
of the Z boson to top quark with rare meson decays were also studied in [81].

4.5 Contributions of right-handed W couplings to Or and Og

The operator (Q,uq couples the W boson to right-handed quarks, which induces a non-zero
contribution only to the magnetic terms Oz, Os:

m

@:%M%mwﬂm, (4.35
@=%Xﬂ@<mmw” (4.36)
@:%;@Mm@w%, (437)
%=$L@M)@ﬁm, (4.38)

where the z,-functions, in agreement with [82, 83], are

—522 + 31z, — 20  z,(2 — 3x,)

E! = 1 4.
pua(Tt) 24(z, — 1) A(z, — 1)3 n () , (4.39)
2+, +4 3z
B} () = — s+ ——In(z,) . (4.40)

8(x, —1)2  4(x,—1)
4.6 Contributions of magnetic operators to O, Og, Og, O1¢ and O}

In this subsection we summarize the matching contributions arising from the magnetic
operators in table 3. The operators Q.5 and Q,w contribute to the effective Hamiltonian
for b — sy and b — sl transitions via the one-loop diagrams in figure 3.
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Figure 3. One-loop diagrams in the unitary gauge for b — sV transitions (with V = Z,v,9)
originating from the operators Q.5, Q.w and Q.g. The red dots represent an operator insertion.
For each of these diagrams a symmetric one must also be considered, with the effective operator
in the W-t-b vertex. Box diagrams and self energies on the external legs (not depicted here) must
also be included.

For simplicity, let us first consider the operators 6’3%‘, and CN'S% that generate an extra
term for the top anomalous magnetic moment resulting in a chirality flipping vertex with
the W boson. We will later analyse the case when the vertices with the photon and the
Z are flavor violating. Here we include only the contributions to four-quark operators
arising from gluon-penguin diagrams, which are of O(a;), and we neglect the subleading
EW penguin diagrams, of O(«). We obtained the following contributions to the effective
Hamiltonian in eq. (3.16):

. Qs m \/51)2 ~
Ci = At?MTtVT Auw(z)Re(C3), (4.41)
mi 20 N33 T 33 T cos by 33 7 ~#33 7
@=Aqm,Az{QMEWWJHQWRM@»+mePwEww»HnBﬂgaﬂ7<4M>
me V202 [ ~
08 = )‘t M;V T [CS%V Efw(xt) + Cu?/l?/’ Ffw(wt)] ’ (443)
ii me V202 ~33 Yuw (2.) cos By ~33
O = N 2 [Re (@) (250 g0 (0 ) - 0 R (@) Zun(e)|  (441)
. 202 Y, (, .
N WL V2 wr (Te) g @ (4.45)

Mw A2 sin?6,

where the explicit expressions for the x,-dependent functions are

1 M?2 —9234-6322 —61z,+19 3zt —1223—9224-202,—8
E7 ) = | w t t t t t t t 1 . 4.46
aw (@) = gln ( 12, ) 48(z, — 1)3 24(z, — 1) n(z),  (4:46)
3z — 1722 + 4w, + 4 x,(2 - 3x2,)
FT (x,)=——"1¢ ¢ : ! “n(z,) , 4.4
1 M? (x, +1)2  22%(z, —3)
E" (z,)=—=1 A P — =t In (z, 4.4
) = g (58 - i — S e (4.48)
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Flo(w) = -3, (4.49)
_ 3xt2—13xt+4 br, — 2

Egy () S 17 (e, — 1) In(z,) , (4.50)
Fiy(z,) = x;xf)ftl)g? + 4(xf’”f1>4 In (z,) (4.51)
Yow(@) = 4(3:?:$—t N 4(33?% myz (@) (4.53)
Lo (o)) = 9923 52(6;2_12)2:5 +50  24a? Giﬂjl )147@ T2 (4.54)
Zop(w,) = _xi(:t?)f,i;f . 2(3;2—_12)3 In (z,) . (4.55)

We found that the expressions for the functions E2 FHW,Y w and Z,, are in agreement
with the results reported in [82, 83], while Auw, Z.p, E7, and F, are new to the best
of our knowledge. Note that the effect on the magnetic operators O7 and Og is divergent
while it is finite for the four-fermion operators. Moreover, all these effects scale like 1/A?
and do not possess an additional suppression by 1/Mj;,. 2

Now we turn our attention to the operators Z3 and Q% w5, Where 7 = 1,2. > These
operators lead to an anomalous W-t-d* coupling, plus two flavor-violating neutral currents
(Z/~)tc and (Z/~)tu, so then in the diagram 3b one top quark propagator becomes ¢ = u, c.
However, we recall that this amplitude is non-zero only for the v penguin, or the transition
b — sy — the effective coupling is proportional to c”¥q,,, where ¢ is the momentum of the
boson. Only the functions arising from a v penguin will be modified in this case, i.e. the
functions Z, E7, F”. Repeating the calculations performed for 6’3% and CN’S%, we obtain the
following results for the matching:

Qs My \@v

Ci= e Aw(@) Suw, (4.56)
Cr=11- O VAV () + CoffVaVi i ()

o [ VaV B (o) + o Vas u3<xt)}}7 (4.57)
Cs = A’Zv‘ff [C’ ViV B3, () + CHi3 Vi Vi uw(xt)} , (4.58)
i — Ayzvx/f;z {Euw <m - ;W(xt)> - Z?EZZE“BZ;B(xt)] , (4.59)
Cih = —— v2e" Yorlody o (4.60)

My A% sin?6,

where X, = (C” ViV + C’*Z?’VsztS)/2 and X,p = (C” ViV + C*Z?’VsztS)/Q (the
summation over ¢ = 1,2 is implied). The new functions introduced above are:

®The effect of a right-handed W-t-d coupling on b — dvy was studied in ref. [84].
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5423 — 5922 — 35z, + 34 1523 — 2722 + 10z + 1

ZuW(xt) = 18 (mt _ 1)3 - 3($t _ 1)4 In (xt)a (461)
Zuplw) = 7——In(z.) (4.62)
/ 1 M2 —3234+6322—672,+19 32*—1823—322+202,—8
7 _ = W t t t t t t t
Euw(xt) - ) 1 (ﬂ%/v) 48($t _ 1)3 24(5L't — 1)4 In (l‘t) , (463)
, 1 M2 z,+1 22
7 _ = w t . t
Bo(w)=—gln ( 12, ) T 6w =1 8@ -1 ™ (@) - (4.64)

The operator f’fé gives a chromo-magnetic coupling with the top quark, that con-
tributes at one-loop to Og and Oy through the gluon-penguin diagrams in figure 3b, 3f.
The explicit matching contributions are

A me V202 ~
Ci = Niesy 2oz Re (Gl Al (4.65)
g my V202 [~ ~.
Cs =Moo |0 Bl + O ()] (4.66)
S
where A,¢ = ZuB, EEG = EZ p and FS = FJB. Moreover, the operators fo’G lead to a

flavor violating neutral current involving a gluon and up-type quarks, whose effects in the
effective Hamiltonian are

i 995 i V207, CBVa Vit + CalBvy Vi
Ci= 1622 My, A2 uG (%) 5 : (4.67)
me V202 [ . .
Ce = gg MVtV 1o |CutVaVis B () + CigVis Vi ch(xt)} : (4.68)

/ / '8 7
where A) » = Z, p and E, = E 5.

5 Phenomenological example

As an example of phenomenological applications of the matching conditions reported in sec-
tions 3 and 4, we will consider the operator @f&d that gives rise to a one-loop contribution
to C7 and Cy (see eqs.(4.35) and (4.37)). We can employ the inclusive B — Xy branching
ratio to constrain the the Wilson coefficient CN'g‘Zd. Let us denote the Wilson coefficients
n (3.16) as C;(u) = CPM(u) + AC; (1), where AC;(u) are possible non-SM terms. The
calculation of the contribution to the decay B — X, proceeds precisely as in the SM case:

e The evolution of the Wilson coefficients in (3.16), from the mass scale p = py down
to u = pp, where pyp is of the order of my, by solving the appropriate RGE.

e The evaluation of the corrections to the matrix elements (sv| O;(u) |b) at the scale
u = iy, and the subsequent shift induced in the branching ratio B(B — X,7).
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The beyond-SM effect on B(B — X7), driven by the new additive contribution involving
AC7 g, can be compactly written as

8.22 AC7 + 1.99 ACy
VinVis

B™(B — X.v) x 10 = (3.36 £ 0.23) — , (5.1)
where AC7 g are defined at the mass scale puy = 160 GeV [85]. The theoretical predic-
tion (5.1) incorporates NNLO QCD corrections as well as nonperturbative effects. The
input parameters and their uncertainties can be found in appendix D of ref. [86]. Moreover
it is assumed that the quadratic terms in AC7 g are negligible.

For the purpose of this example we assume C’gi 4 to be real and we neglect the imaginary
part of Vi, and Vis. Identifying the non-SM terms AC7g with the results in eqgs.(4.35)

and (4.37), and taking into account the current world average [10]
B*P(B — X,v) = (3.43 £ 0.21 £ 0.07) x 1074, (5.2)

we can find the current 95% C.L. bounds

2

~33x107% < OB, [uw = 160GeV] % <2.7x 1073, (5.3)

This quite strong bound takes place due to a relative enhancement m;/my compared to the
SM case: the SM chiral suppression factor m,/Myy is replaced by the factor m; /My [87].
It can be interesting to compare (5.3) with the Wtb vertex structure searches at the LHC.
The 8 TeV data on the single top quark production cross section and the measurements of
the W-boson helicity fractions allowed the authors of [88] to set a bound on 6‘2‘2 g (V?/A?%)
at the level of 107!, Also, ATLAS searches for anomalous couplings in the Wtb vertex from
the measurement of double differential angular decay rates of single top quarks produced
in the t-channel show similar sensitivities [89].

6 Conclusions

In this article, we calculated (at the EW scale) the matching of the gauge invariant
dimension-six operators on the B physics Hamiltonian (including lepton flavor violating
operators) integrating out the top, W, Z and the Higgs. After performing the EW symme-
try breaking and diagonalizing the mass matrices, we first presented the complete tree-level
matching coefficients for b — s and b — ¢ transitions. Operators involving top quarks do
not contribute to b — s processes at the tree level, as the top is not a dynamical degree
of freedom of the B physics Hamiltonian. Therefore, we identified all operators involving
right-handed top quarks which can give numerically important contributions at the one
loop-level:

1. 4-fermion operators to 4-fermion operators (AB = AS =1).
2. 4-fermion operators to 4-fermion operators (AB = AS = 2).

3. 4-fermion operators to Oy and Os.
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4. Right-handed Z couplings to Oy, O19 and OF_.
5. Right-handed W couplings to O7 and Os.
6. Magnetic operators to Oz, Os, Og, O19 and Of.

Once the necessary running between the EW scale and the B meson scale is performed,
our results can be used systematically to test the sensitivity of B physics observables on
the dimension six operators.
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A Dimension-six operators in the mass basis

Here we explicitly relate the Wilson coefficients of the gauge invariant operators in the
interaction basis to the mass basis. This translation is necessary, if the results obtained
in this article have to be related to a UV complete model, where the interaction basis is
specified. For the notation, we refer the reader to the original paper in ref. [7].

Operator | Definition in the mass basis

~Nij — v ) i v j v 7 0
Qu | Cify Vi ah ot iy + dporvdly (V22| B,

ci, = cmagiht S s

Lim

S v gi (v iY
Quw | Cily [V Whom iyt — dpomdly (“EHE )| Wi, +
Czl]VV = CZln LzmSRn]

Qub C” { U“”uR (”H\LE“’ ) -V EIZU’“’ug%@*} B

C;JB = CLnB 3 SRn]

Lim

Quw 5:LJW {ﬂia‘“’ug (vH\wa ) + Vi dLo“ uRgo } ng, +

~ t
C;L]W - C SzzmSan

Qac C [Vm uLa“VTAdJ ot _|_d J/U/TAdJ <v+h%)} GA
CdG - C LzmSRn]

Quc | O [To Ty (52 v o Ty ] G

V2

A vm u
CuG - OuG SR

Lzm
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Operator | Definition in the mass basis

1 ~(1)ij Ras . n i ;
s(oq) ng) ! <¢TZDM‘P> (Vmivnj up'yHuy + dL’Y“dJL>
~(1)ij 1) mn od

sgq) = ngzq) SLTimSgnj

Q

@ | w45 ' P

o4 Coq (go”Dmo) (Vmi Hf'y“d% + V,fj dL’y“u’i) + ...
~(3)ij 3)mn od
Cg(oq) J_ Céq) gt

d
LimSLnj

i R — )
Qpa Cgojd <¢T1Dugo> (dR'y“d%,)

~ij _ vmn Qdt d
C«p - Cgod SRimSan

~id R » .
Qou | Cdu <90”Du<p> (um“%)

~ij _ mn qut u
C%"u - C&Du SRimSan

Qpud 5;]@ (#'iDup) (ﬂzﬁfwdiz>

~iJ o _ mn qut d
C«pud - CtpudSRimSan

2o |26, (50) e+ o (52

Aij _ ~vmn gdf d
Cdcp - Cdgp San

Lim

Table 4. Operators with quarks, gauge and/or Higgs bosons.

Operator | Definition in the mass basis

W | O (Vv mparag + dird), ) (Vs Vyy wp et + dyydy)
Ciy M = o "S5 ST St
@ | ORI (Vv gy — dpyd]) (VeVig g — dpdl) + -
Caa " = O PS5 1S T St
Q| O (Vi Vi + Ayl (i)
O = el 51, Sha
Q| O8I (ViniVigy wpar TAug + dpy TG ) (dg T4
5;2) o Céfz) pqrssﬁpsg qjsgkr‘s%sl
E;) C‘éi) . (Vmivﬁkj upyfur + EZJ.:'Yudi) (ﬂ’}%%ulR)
Cipd M = O™ S S1 S St
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Operator

Definition in the mass basis

G| ORI (VansVigy wpan TAE + dyy TAG, ) (T k)

& — s g s s

Q| L (o) (@)
L = Ly, S, St Sha

QU | O (whrAyrad,) (dhT )
agl) IH = qui) pqrssgipsﬁ qumeSi‘%sz

Qad cir (3327“ d{{) (E];z’mdlg)
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Chud = CoruntSEhyS oy Sthr St

Q| Cooid™ [ (aym ) (dprAdl) = Vis Vi (4 TG, ) (wpTdby) |

G®)idkl _ (8 pars gut

u df d
quqd quqd L ipSR qj SL kr SR sl

Table 5. Four-fermion operators with four quarks.

Operator | Definition in the mass basis

1
Qi

Q

T (T +inred) (Vi Vi gy + dyd))

Q

~(1)igkl  ~(1)igmn odt d
Lq - Cﬂq SL kmSLnl

3
QL

Q

n - , ~ -
W (vl — el (Ve Vi Pt — dfyudl) -+
~(3)ijkl _ ~B3)ijmn qdt  qd
Lq - Clq SL kmSL nl

Q

Qeu

Cal! (et (@hou'y)

~Nigkl _ ~igmn qut u
Ceu” = Ceu SkaSRnl

Qed

Cl! (ehredy) ()

~Nijkl _ ~igmn odf d
Ced - Ced SkaSRnl
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Operator

Definition in the mass basis

Q@u

Cp (v +eiared) @houl)

~igkl — ~igmn
C - C Ska Rnl

Qrd

Cé?ikl( L’Y“V +eite] )(dzﬂud )

~Nijkl — ~igmn
Céd - Y SkaSRnl

Qqe

Gt (Vi Vi Wt + i ) (@ rre)

~ijkl _ ~mnkl gdf
C C SL zmSL nj

Qfedq

Cithe Vi (vieq) (@hu) + (ehed) (@hdl)]

~Nigkl — ~ijmn odf d
Cﬁedq - Cﬁedq SR kmSL nl

(1)

Lequ

Clen™ [V (ieth) (@puk) — (2hed) (@hedy)]

~(1)igkl  ~(1)igmn u
Céequ - “Ylequ SL km SR

3
Q.

~(3) gkl N v, J Tm l Y
Ceequ Vim (V10" eg (dLUW“R)_ ero

~(3)ijkl (3) igmn qut u
Céequ Cﬁequ SL km*~ Rnl

uv,J —k
eR) (“LUW“R

)]

Table 6. Four-fermion operators with two quarks and two leptons.
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