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ABSTRACT: Two categories of four-fermion SMEFT operators are semileptonic (two quarks
and two leptons) and hadronic (four quarks). At tree level, an operator of a given category
contributes only to processes of the same category. However, when the SMEFT Hamiltonian
is evolved down from the new-physics scale to low energies using the renormalization-group
equations (RGEs), due to operator mixing this same SMEFT operator can generate operators
of the other category at one loop. Thus, to search for a SMEFT explanation of a low-energy
anomaly, or combination of anomalies, one must: (i) identify the candidate semileptonic and
hadronic SMEFT operators, (ii) run them down to low energy with the RGEs, (iii) generate
the required low-energy operators with the correct Wilson coefficients, and (iv) check that
all other constraints are satisfied. In this paper, we illustrate this method by finding all
SMEFT operators that, by themselves, provide a combined explanation of the (semileptonic)
b — 5(t¢~ anomalies and the (hadronic) B — 7K puzzle.
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1 Introduction

The standard model (SM) of particle physics has been enormously successful in describing
the physics up to energy scales of O(TeV). It has made many predictions, almost all of which
have been verified. Even so, it is not complete, as it cannot account for several observations
(neutrino masses, dark matter, the baryon asymmetry of the universe, etc.). There must
be physics beyond the SM.

No new particles have been observed at the LHC, so we are forced to conclude that this
new physics (NP), whatever it is, must be heavy. The modern, model-independent approach
to analyzing such NP uses effective field theories (EFTs). When the NP is integrated out,
one obtains the SMEFT [1, 2], an EFT that contains only the SM particles and obeys the
SM gauge symmetry, SU(3)c x SU(2)r x U(1)y. The leading-order (dimension-4) terms are
those of the SM; higher-order terms are suppressed by powers of the NP scale A.

These higher-order, non-SM terms can provide new contributions to low-energy processes.
Their presence leads to an indirect signal of NP when the measurement of an observable in a
given process disagrees with the prediction of the SM. Indeed, whenever such an anomaly is
observed, one wants to identify the type of NP that could lead to this effect. One method is to
build models. But the model-independent approach is to determine the SMEFT operator(s)
that can modify the low-energy process. This is a complicated procedure because of operator
mixing. A SMEFT operator is defined at the scale A. When the Hamiltonian is evolved
down to low energies using the renormalization-group equations (RGEs), many operators are
generated at one loop. This means that there are a number of SMEFT operators that could

'For a review, see ref. [3].



affect the process in question. But it also means that, if a given SMEFT operator creates
a deviation in one low-energy process, it is likely to also lead to a discrepancy in another
process (or more). Using the RGEs, we can determine which low-energy processes can be
affected by each SMEFT operator (see, for example, refs. [4-12]).

At present, there are a number of anomalies in B decays. Some are in semileptonic
decays,? while others are in hadronic decays [14-18]. Various NP solutions have been proposed
as explanations of the individual anomalies, and as simultaneous explanations of all the
semileptonic anomalies [19-28]. However, nobody has looked for a combined solution to one
of each type of anomaly.® This involves finding NP that contributes to both semileptonic and
hadronic b — 5 transitions. In this paper, we show that this can be done within SMEFT:
when one takes a single SMEFT operator and runs it down to the scale my, both semileptonic
and hadronic b — § operators can be generated. It is then necessary to check that the Wilson
coefficients of these low-energy operators take the right values to explain the semileptonic and
hadronic B anomalies. Other operators will also be generated, so that constraints from other
processes must be taken into account. This procedure is quite general — it can be applied to
any low-energy processes that exhibit a discrepancy with the SM (not just B decays).

In order to illustrate how this method works, here we focus on two specific B anomalies.
First, for more than ten years, there have been a number of measurements of observables
involving the semileptonic decay b — 5¢1¢~ (¢ = p,e) that are in disagreement with the
predictions of the SM. Until 2021, these could be explained if only b — suT ™ receives NP
contributions [13]. However, in late 2022, LHCb announced that it had remeasured the
ratios Rx and R+, which test lepton-flavour universality, and found that they agree with
the SM [30, 31]. Now the most promising explanation is that the NP contributes equally
to b — sutp~ and b — sete” [32-35).

The second B-decay anomaly has been around even longer, about 20 years: it is the
B — 7K puzzle (see refs. [14, 15] and references therein). Here the amplitudes for the four
decays BT — 77 K? Bt — 7K+, B® - 7= K+t and B° — 7K obey a quadrilateral
isospin relation. However, the measurements of the observables in these decays are not
completely consistent with one another — there is a discrepancy at the level of ~ 30.

Because b — §(T¢~ and B — 7K decays both involve b — § transitions, it is natural
to look for a simultaneous explanation of the two anomalies. In this paper, we search for
a single SMEFT operator that, when run down from the scale A to m;, generates both
b— 5010~ and b — 5qq (¢ = u,d) operators with Wilson coefficients of the right values to
account for the b — 5¢7¢~ and B — nK anomalies. Constraints from other observables,
such as b — svw, AM,, etc., must also be satisfied. As we will see, there are a handful of
four-quark SMEFT operators that can do this.

We begin in section 2 with a review of the b — §¢T¢~ anomalies and the B — 7K puzzle.
In section 3, we examine the b — §¢t¢~ anomalies in the context of the SMEFT. We find
that one semileptonic and six four-quark SMEFT operators can account for the b — 5074~
results, while satisfying all other constraints. The B — wK puzzle is studied in the context

2For example, see ref. [13)].
3This is not completely true. In ref. [29], a Z' mode; is proposed to explain the b — 5u™ ™ anomaly and
the B — mK puzzle (and £’/e), but this was before the latest LHCb results regarding Rx and R~ [30, 31].



of SMEFT in section 4. Of the seven SMEFT operators identified in section 3, we find that
three four-quark operators can also give a good fit to the B — wK data, while one four-quark
operator provides a passable fit. We conclude in section 5.

2 B-decay anomalies
2.1 b— 56T~

Over the years, there have been many analyses in which a global fit to all the b — 5¢¢~
data was performed with the aim of determining which NP scenarios are preferred to explain
the anomalies. The method is as follows.

At the scale my, the physics is described by the WET (weak effective theory), obtained
by integrating out the heavy degrees of freedom. These include all SM and NP particles
heavier than the b quark. The WET operators obey the SU(3)c X U(1).,, gauge symmetry.
The effective Lagrangian describing b — 5(¢~ transitions is given by [36]

AG
Lo = \/,F Vi Vi 16 . Zc 0, (2.1)

where Vj; are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the WET
operators are

Os(alz) = (§7uPL(R)b)(Z'7#£) ; Oige = (579, Pr(r)b) ((4"750)
oY = - " (50, Preyb) F™ |

OY) = (5Pr(yb)(20) OV, = (5Prpyb) (Pyst) (2.2)

with Prry = $(1 = (+)75). In the above, only operators that are generated at dimension
6 in the SMEFT have been kept. This requirement also imposes the following conditions
on the Wilson coefficients (WCs): Csy = —Cpy and Cy, = Chp,.

Hest is valid at the scale my. All information about the heavy particles that have been
integrated out is encoded in the WCs of the operators, C;. Of the eight operators describing
b — §¢t¢~ transitions, the SM contributes mainly to O7, Oy, and Oy, but the NP can
contribute to all of them.

There are a great many b — 5(t¢~ observables. Some involve only the b — sut ™
transition. These include branching ratios (e.g., B(BT — Ktu*tu~), B(Bs — utu™), ete.)
and angular observables in four-body decays (e.g., B — K*(— Km)utu~, Bs — ¢(—
K+tK™)utp™). Others measure lepton-flavour-universality violation:

BB = K*ptp)  , _ B(Bs = épuu)
B(B — K*ete™)’ ® " B(Bs — pete)

B(BT — Ktutu™)

g = B(Bt — Ktete™)’

Ry =

L (2.3)

The SM predicts that all of these ratios equal 1 (to a very good approximation).
All observables can be written as a function of the WCs in eq. (2.1). These WCs are
separated into their SM and NP contributions: C; = CPM + CNP. By performing fits to

NP
Ci

the data, using subsets of the as free parameters, it is possible to determine which

(combinations of) ClNP best explain the data, and what their best-fit values are.



Decay Bx 1076 Acp Scp
Bt —» ntK? | 239406 | —0.003+0.015
Bt 70K+ | 13.2+04 | 0.027 £0.012
BY - 7Kt | 20.0+£0.4 | —0.0831 4 0.0031
B - 70K? | 10.14+0.4 0.00 & 0.08 0.644+0.13

Table 1. Branching ratios, direct CP asymmetries Acp, and mixing-induced CP asymmetry Scp (if
applicable) for the four B — 7K decay modes. The data are taken from the Particle Data Group
2024 [37].

Following the LHCDb announcement in 2022 of the new results for Rx and Ry~ that
agreed with the SM, four global-fit analyses appeared, refs. [32-35]. All found that the NP
scenario that best fits the data involves a single WC, C})\LP = C)P = CY. And they found
similar best-fit values: C§ = —1.08 £ 0.18 [32], CY = —0.77 + 0.21 [33], —1.177015 [34],
—1.18 4 0.19 [35]. In our analysis, we require that Cg§' equal the last of these best-fit values.

22 B—>nK

Here we follow and update the analysis of ref. [14]. There are four B — wK decays:
BT — 77K° (designated as +0 below), BT — 7K+ (0+), B® - 7~ Kt (—+) and
B — 79K? (00). Their amplitudes obey a quadrilateral isospin relation:

V2AY 1 AT = /240 4 A0, (2.4)

Using these decays, nine observables have been measured: the four branching ratios, the
four direct CP asymmetries Acp, and the mixing-induced indirect CP asymmetry Scop in
BY — 79K°. The latest data are shown in table 1.

Within the diagrammatic approach of refs. [38, 39], B-decay amplitudes are expressed
in terms of six diagrams:? the color-favored and color-suppressed tree amplitudes 7" and
(', the gluonic penguin amplitudes P;. and P, and the color-favored and color-suppressed
electroweak penguin amplitudes Ply;;, and PRy (the primes on the amplitudes indicate b — 5
transitions). The B — 7K amplitudes are given by

|
A0 = Pl 4+ P e — gp,gcw,

, ‘ , 2
V2A° = —T'e"" — C'e" + P), — Pl — Phy — ngECW ’
. o2
A = T 4 B~ Pl = 2P
, . 1
VBAW =~ — P+ Pl — Py — SPE, (25

3

The weak-phase dependence (including the minus sign from Vj;Vi, [in P).]) is written explicitly,
so that the diagrams contain both strong phases and the magnitudes of the CKM matrix

4The annihilation, exchange and penguin-annihilation diagrams are neglected, as they are expected to be
very small in the SM.



Zin/d.of. =16.9/5,
p-value = 0.005
Parameter | Best-fit value
vy (64.74 +2.86)°
B (22.12 + 0.69)°

|T| 8.44+0.9
| P/ | 51.2+04
Sp; (—13.2+1.7)°
dcr (260.7 £+ 16.0)°

Table 2. 2. /d.o.f. and best-fit values of unknown parameters in amplitudes of eq. (2.5). Constraints:
B — 7K data, measurements of 3 and v, theoretical inputs |C’/T’| = 0.2, P!, = 0.

elements. The amplitudes for the CP-conjugate processes are obtained from the above by
changing the sign of the weak phase ~.

For the fit to the data, we use the following conditions regarding the unknown theoretical
parameters (we refer the reader to ref. [14] for explanations). (i) The diagrams Ppy, and
PE%V are not independent — to a good approximation, they can be related to 77 and C’
within the SM using flavor SU(3) symmetry [40-42]. (ii) We fix |C'/T"| = 0.2, its preferred
theoretical value [43-47]. (iii) We neglect P...°> (iv) We adopt the convention that the
strong phase 077 = 0 [49]. (v) For the weak phases, we include the constraints from direct
measurements: 3 = (22.2 + 0.7)°, v = (66.2734)° [50].9

With the above conditions, there are four independent theoretical parameters in the
amplitudes: |T"|, | [, and the two strong phases 0p; and écv. With nine B — K observables,
a fit can be done; the results are given in table 2. The fit is poor: x2,,/d.o.f. = 16.9/5,
corresponding to a p-value of 0.5%. This is the B — 7K puzzle: there is a discrepancy
with the SM at the level of 2.80.

We now turn to NP. At the level of the WET effective Hamiltonian, the NP operators
that contribute to the B — 7K amplitudes take the form (9%’1% ~ s ql'jq (¢ = u,d), where
I'; j represent Lorentz structures, and color indices are suppressed. The NP contributions
to B — 7K are encoded in the matrix elements (7K|O%%|B). In general, each matrix
element has its own NP weak and strong phases.

In ref. [14], it was argued that the NP strong phases are negligible (see also ref. [49]), so
that one can combine many NP matrix elements into a single NP amplitude, with a single weak
phase. There are two classes of such NP amplitudes, differing only in their color structure:

Z<7TK\ 5al'iba qs1jqp | B) = A6
7K 5alibs GTs0a |B) = A9, g =u,d. 2.6
BYBL j

®For example, see ref. [48].
6See also online updates at [51].



Although there are four NP matrix elements that contribute to B — wK decays, only three
combinations appear in the amplitudes: A"ombei® = _ gluei® 4 Ahdei®y A/Cugi® anq
ACdei®T  The B — nK amplitudes can now be written in terms of the SM diagrams
and these NP matrix elements:

1
3
V240t — P —T e Ppy — C' o ; PEC;V + Alcombi® _ piChu i :

- H/C
A+0 — _Pt/c o P/ECI;V _’_A/C,del@d ’

) 2 B/
At = Ptlc _ T et — gPéC"/V _ AlC,ue@UC :
) 1 Iy )/
VRA® = ), ~ Py = C' % = SPfy 4+ A 4 4040 7

We note in passing that a better understanding of these NP contributions can be found
with a change of basis [52]:

-3/ - &/ -5/
PE?W,NP ezCDEW = A/,uezt‘bu _ A/,dez‘bd ’

B! 1 H/C 2 :H!C
P]/VP GZ(I)P = gA/C’,uez@u + gAlC,delCDd 7

Pg{/v NP i ®Ew = A/Cugi®? _ Cd il (2.8)
In order, these three terms correspond to the inclusion of NP in the color-allowed electroweak
penguin, the gluonic penguin, and the color-suppressed electroweak penguin amplitudes.

In the most general case, each of the three independent NP matrix elements has its own
weak phase. There are therefore 10 parameters in the B — 7K amplitudes: 5 magnitudes
of diagrams, 2 strong phases, and 3 NP weak phases. This is greater than the number of
observables (9), so a fit cannot be performed.

However, suppose that these NP matrix elements are the low-energy remnants of the
same SMEFT operator. That is, we begin at the high-energy NP scale with a single SMEFT
operator and evolve it down to the scale m; with the RGEs. This will generate a variety of
b — 5qG operators (¢ = u,d), and these can be used to compute the NP matrix elements
(magnitudes and weak phases). A fit can then be performed to see if the addition of these
NP contributions removes the discrepancy with the SM. As we will see in the next section,
this is indeed possible. Not only that, but this same SMEFT operator will generate Ogy
with C§ = —1.18 £ 0.19!

3 SMEFT and b — 50+¢~

In the previous section, we saw that the most promising NP scenario to explain the b — 5070~
anomalies involves a new contribution to the WET operator Oy = (57, Prb)(¢y*£) with a
value of the WC CY = —1.18 4+ 0.19. We also saw that any solution to the B — 7K puzzle
must involve NP contributions to WET b — 5¢¢ operators (¢ = u,d). And we intimated
that combined explanations can be found in which the WET operators all arise from the
same SMEFT operator.

In order to see how this comes about, we need to examine (i) properties of the SMEFT,

(ii) the SMEFT solution of the b — 5/T¢~ anomalies, and (iii) how this b — 5¢*¢~ SMEFT



solution connects to the B — wK puzzle. In this section, we focus on the first two points;
the connection to B — wK will be discussed in section 4.

3.1 SMEFT
Up to dimension 6, the SMEFT Lagrangian can be written as
Lovprr =Lsvu+ . CaQa+ Y. (CaQu+CiQL). (3.1)
Ql=Qu Ql#Qa

Here Lgy is the dimension-4 part of the SMEFT Lagrangian. The ), are dimension-6
operators; the C, are their Wilson coefficients. All the @, were derived in refs. [2]; this
set of operators is known as the Warsaw basis.

The SMEFT Lagrangian describes the physics from the scale A down to the weak scale. At
the weak scale, the SU(3)¢ x SU(2)r x U(1)y gauge symmetry is broken to SU(3)c X U(1)em
and the WET Lagrangian is now applicable. One can work out which SMEFT operators
generate a given WET operator. These are known as matching conditions.

But note that SMEFT operators are defined in the flavour (gauge) basis, whereas the
WET operators use the physical mass basis. Thus, matching SMEFT and WET operators
requires us to take into account the unitary transformations from the flavour to the mass
basis. We adopt the convention that the flavour and mass eigenstates are the same for the
charged leptons and down-type quarks. For the neutrinos, the difference between the two
bases is unimportant, since they are not detected. However, for up-type quarks,

UL =V UY, . (3.2)

where U = (u,c,t)T, V is the CKM matrix, and the superscript 0 (lack of superscript)
indicates the flavour (mass) eigenstates.

Finally, both the SMEFT and WET are energy-dependent. That is, although the SMEFT
is applicable from scale A down to the weak scale, the coefficients of the operators are not
constant. Their values change due to operator mixing as the SMEFT evolves from one
energy scale to another. This can all be computed using the RGEs. This also applies to
the WET. RGEs can be used to calculate how the WET coefficients change as we evolve
from the weak scale down to my.

3.2 b— 30t¢~ in SMEFT

As discussed above, the preferred NP solution to the b — 5¢7 ¢~ anomalies is that there is a
new contribution to the WET operator Ogy = (57, Prb)(£y"() with a value of CgLP =0 =
CY = —1.18 £0.19. The question is: what is the origin of this lepton-flavour-universal (LFU)
effect? (Note that here “universal” refers to only e and p.)

3.2.1 WET-SMEFT matching conditions

There are five vector SMEFT operators that involve two quarks and two leptons:

Qé? = (vl (@7 qe) Qg) = (Liyu ) (@ q0)
Qea = (Liryuly) (dpyde) Qqe = (Givugj)(exrer)
Qed = (€iyue;) (di"dy) - (3.3)



Here ¢ and ¢ are LH SU(2); doublets, while d and e are RH SU(2), singlets. i, j, k,[ are
flavour indices — they indicate the generation of the fermion field. There are three vector
SMEFT operators involving the Higgs field:

- .
QY) = (sOTlgusO)(in“Qj), QY = (o' Do) (@ v"q;)
Qua = (911 D o) (diy"dy) - (3.4)

There are four vector b — 5¢t/~ WET operators: Os()/e) and (’)ggg [see eq. (2.2)]. The
matching conditions between the WET and SMEFT operators are given by

Co = % ([ng)]ll% + [ Nuzs + [Caelasu + [0&)23 + Cfp‘rf])%] (—1 + 4sin® GW)> ,
Croe = ﬁ ([qu]ZSIl - [C}S)]uz:a - [08)]1123 + [0&)23 + C&?Qﬂ) ,

Cyy = ﬁ ([Ced}uzs + [Cealuzs + C25(—1 4 4sin® HW)) ,

Cloe = % ([Ced]llzs — [Craluas + Cifz) : (3.5)

where N = %WM@Z%. For ¢ = e, u and 7, the indices [l are respectively 11, 22 and 33.
Note that, since sin? Ay = 0.223, the factor —1 + 4sin? @y = —0.11, so that the contribution
of Cé1q)23 + Cé?;)zg to Cyy is suppressed compared to its contribution to Cig .

These matching conditions are very informative. First, for a given ¢ (e or u), in order
to have only Cy, nonzero, we require particular relations among [Ceqli23, [Cedlu2s and Ci‘?i

(for Cy, and Cfy,), and among [Cyel2au, [Cé;)]llzg, [Cég)]llgg, Célq)% and Cé%)zs (for Choy).

Second, in order to have Cy, = Cy ., an additional equality among WCs is needed, namrly

[02)]1123 + [C'g)]nz:s + [Coel2sn = [Céql)]2223 + [08)]2223 + [Cgel2322. In other words, we
require many special relations among the WCs of operators that are a-priori independent.

While this is logically possible, it is somewhat “fine-tuned.”

3.2.2 One-loop RGE running

Fortunately, there is an alternative, more compelling explanation. Suppose we have a
single SMEFT operator that contributes to b — 5ff, where f is a light SM fermion. As
the Hamiltonian is evolved down to low energies, renormalization-group running naturally
generates b — §¢1¢~ transitions at one loop via the exchange of an off-shell neutral gauge boson
(GB) [53]: ff — GB* — (T¢~. For the running from A to the weak scale, GB = W3, B,
while for the running from the weak scale to my, GB is dominantly a photon. This produces
the operator Ogy. And since the p and e have the same quantum numbers (I3, Y, Qe ), we
automatically have CSLP = CP = C§. This can then potentially account for the b— st~
anomalies.

SMEFT operators that contribute to b — 5ff come in two categories: (i) semileptonic
operators (two quarks, two leptons), and (ii) four-quark operators.” These can have scalar or

vector Lorentz structures. However, we also require that the renormalization-group running

"Four-quark operators that contribute to b — §¢7¢~ at one loop have also been considered within WET,
see refs. [54-56].



operator definition chirality | flavour structure
ng) (Livuly) (@ qe) (LL)(LL) 3323
QW | (Lt )@y qe) 3323
Qud (Livuly)(dgyde) | (LL)(RR) 3323
Qge (7u95) (exy"er) 2333
Qi | (erpe)(drd) | (RR)(RR) 3323

Table 3. The list of semileptonic SMEFT operators that can potentially generate an LFU Og, at
scale my,.

operator definition chirality | flavour structure
Qb (77 95) (@K qe) (LL)(LL) 7123
Qb (@i’ 45) (@77 qe) 123
QEI? (@vua;) (dry™dy) (LL)(RR) | 23ii and 423
QW | @I a) (e TAdy) 23ii and 123
Qind (ivua;) (upy ) 23ii
QW | @vTAa) (" TAug) 234
Qaa (divudy) (dey*de) (RR)(RR) 7123
QL (@iyuus) (diy*de) 23
Q% (@i uy) (diy 7" dy) 123

Table 4. The list of four-quark SMEFT operators that can potentially generate an LFU Oy, at scale
myp. Here i1 = 11,22 or 33.

of an operator generate an LEU Og, at the scale my. This excludes the SMEFT operators
with a scalar Lorentz structure.

The list of vector semileptonic SMEFT operators that can potentially generate an LFU
Oy is given in table 3 [see also eq. (3.3)]. Although the flavour indices are suppressed, we
can easily deduce the possibilities. Because we have a b — s transition, the quark current
must have indices 2 and 3. And because we want CEI)\LP = C3F, the indices for the leptonic
current can only be 3 and 3. There are a total of 5 possible semileptonic operators.

Table 4 contains the list of possible vector four-quark SMEFT operators. One of the
quark currents must have flavour 1nd1ces 2 and 3, while the other quark current has indices ¢
and i, ¢ = 1,2, 3. For the Q( ad and Q gd OPerators, this flavour assignment can be done in two
different ways. There are therefore a total of 33 possible four-quark operators.

3.2.3 C¢ = —1.18£0.19

Having identified the 5 semileptonic and 33 four-quark SMEFT operators that have the
potential to generate an LFU g, operator with Cg = —1.18 £ 0.19, we must now determine
which ones actually do this. To this end, we use the Wilson package [57] to perform the



Csmerr (TeV™?) cy Cly | GV | Cig
(€M )az2s —0.23+0.04 | —1.20—0.022 | —0.004 | 0 | 0
[01(5)13323 —0.234+0.04 | —1.17 —40.022 | —0.021 | 0 0

[Cyel23zs  —0.22£0.03 | —1.16 —i0.022 | —0.005 | O 0

Table 5. For the subset of semileptonic SMEFT operators in table 3 that generate the desired Cy
when run down to my: (i) central value and error of the WC that generates CY = —1.18 £ 0.19 and
(ii) central values of predictions for CY/, C), C{V, CJ¥. Operators producing all the desired WET
WCs are highlighted in gray.

renormalization-group running from the NP scale A to the weak scale within SMEFT, and
then from the weak scale to my within WET.

We begin with the semileptonic SMEFT operators and calculate the values of Cyg 4, Cio,

E/M and Cio,z for ¢ = e, u generated when we perform the running from scale A to my;. Note
that, because Qg and Q¢q involve only RH down-type quarks (see table 3), they can never
generate Cy ¢ (or Co¢). However, the other three semileptonic operators can generate Co .
Indeed, they all generate WCs that are universal, i.e., equal for £ = e, u. In table 5, we list
these operators, along with the central value + error of the SMEFT WC that generates the
desired C§ and the central values of the generated WET WCs.

We now turn to the four-quark operators. The 15 operators Qg}i) and Q((IZ) with flavour
assignment 123, Q4q, Q%, and Qég all involve only RH down-type quarks (see table 4),
and so cannot generate Cg (or Chg¢). However, the remaining 18 four-quark operators can
generate C§ and CJ},, but here the universal index U means equal for £ = e, i, 7. In table 6,
we list these operators, along with the central value + error of the SMEFT WC that generates
the desired C§ and the central values of the generated WET WCs. Although all operators
can generate the right CY, they are not all viable solutions of the b — 5/T¢~ anomalies. The
point is that the preferred solution has NP contributions to C’EI,J , but Cl% is small. However,
in table 6 we see that four operators — [C(gé)]gg,gg, [C(gg)]gggg, [Céi)]gggg, [Cq(i)]gggg — also
generate large CJ}). This occurs because these operators mix strongly with C¢1q , which has a
large contribution to Cig [see eq. (3.5)]. These operators are therefore excluded.

The upshot is that there are 3 semileptonic and 14 four-quark SMEFT operators that
generate the required C§' WC when run down to the m; scale. These are therefore potential
solutions to the b — §¢T¢~ anomalies. However, this running may also generate other
operators which may be constrained by different observables. For example, we see that the
running generates a small imaginary piece of CY/. While this is unimportant for b — 5¢7¢~
processes, imaginary pieces of the WCs of other operators may be generated. In principle, this
may result in new, CP-violating contributions to other processes, and there may be constraints
on such contributions. These other constraints are examined in the next subsubsection.

3.3 Other constraints

In general, through running, a given SMEFT operator will contribute to a variety of WET
operators, and there may be important constraints on some of these. Thus, before declaring
that the addition of a particular SMEFT operator can explain the b — §¢T¢~ anomalies, one
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Csmprr (TeV™?) Cy Clo Cy’ | Oy
(C]1123  0.214£0.03 | —1.17 — 0.022 —0.004 0| 0
(C o223 0.25+£0.04 | —1.18 — i0.022 0.028 0 | 0
(CD]g505 25404 | —1.17-140.022 |  104.8 +41.9 0| o
[CP]1193  —0.07£0.01 | —1.15 — 0.022 —0.019 0 | 0
[CP]9903  —0.091 £ 0.014 | —1.17 — 0.022 —0.023 0| 0
(CP]9g33  —0.134£0.02 | —1.17 —40.022 |  2.86 + i0.05 0| o0
(C{)os11  —0.2240.03 | —1.18 - i0.022 —0.005 0| 0
CW]osz  —0.2240.03 | —1.18 — i0.022 ~0.005 0 | 0
CDlaz3s  —0.22£0.03 | —1.18 - 0.022 0.008 0 0
(€% ]os11 ~310£0.50 | —1.17 —0.022 | —0.040 —0.0007 | 0 | 0
(€& )a32s —310+£050 | —1.17 —i0.022 | —0.040 —i0.0007 | 0 | 0
(€% ]as33  —3.10£0.50 | —1.17 —0.022 | —0.041 —0.0007 | 0 | 0
(€311 0.114£0.01 | —1.19 — 0.022 —0.004 0| 0
(C]a322 0114001 | —1.19 — i0.022 —0.005 0 | 0
(C$]a533 050 40.08 | —1.19—40.022 | —20.97—i0.39 | 0 | 0
(C®)os1 1124018 | —1.18 — i0.022 0.013 0 | 0
[C®ag02 1124018 | —1.18 —0.022 0.013 0| 0
(C o333 185+30 | —1.17-40.022 | —14.83-i027 | 0 | 0

Table 6. For the subset of four-quark SMEFT operators in table 4 that generate the desired Cy
when run down to my: (i) central value and error of the WC that generates C§ = —1.18 £ 0.19 and
(ii) central values of predictions for CY, C1,, C{V, CJy. Operators producing all the desired WET
WCs are highlighted in gray.

has to be sure that all other constraints have been taken into account. In what follows we
discuss the important constraints for each SMEFT operator under consideration.

Note that the b — 5¢t¢~ anomalies are not the only measurements of semileptonic
B decays that disagree with the SM. For many years, there have been anomalies in the
measurements of R, that suggest NP in b — ¢7~ v, [58]. And recently, Belle II measured
B(B* — K*vu, finding a value almost 30 above the SM prediction [59]. We do not require
our SMEFT operator to explain these anomalies. Instead, the constraint imposed is that the
predictions for these observables should not be larger than the experimental value within
20, though it can be smaller. For the other constraints, we require that the prediction agree
with the experimental value within 2o.

3.3.1 b— svp

We begin with b — sv0 transitions. The first step is to identify the WET operators that
(i) contribute to b — svv and (ii) can be generated when we run the SMEFT operators
down to the my scale. The SMEFT operators that have been identified above as having the
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potential to generate the required C§' WC are all vector operators. As a consequence, they
will generate only vector b — svv WET operators. These are

NCL(57,Prb) (vy" (1 — v5)v) + NCr(57,Prb) (v (1 — v5)v4) + h.c., (3.6)

where N is defined below eq. (3.5).
For the first operator, the tree-level matching condition to the SMEFT operators is
Cr = ﬁ([oz(;)hm - [Cz(;)]ii23)~ (3.7)
A nonzero [Ol(ql)]3323 or [Cl(s)]gggg are both potential solutions to the b — §¢*¢~ anomalies,
see table 5. So there may be important constraints on these WCs from b — svv. (Note
that these constraints can be evaded in a specific model such as that of the U; leptoquark,
in which [C’l(;)]3323 = [Cl(;)]3323.) For the second operator, the WC Cr matches at tree
level to Cjq. However, Qyq does not generate the required Cg WC, so that constraints on
Cyq are irrelevant. Of course, all the semileptonic WCs of table 5 may generate one or
both of these WET operators through one-loop RGE running; if so, we must compute the
constraints on these SMEFT WCs.
There are three b — 5v processes that have been measured. Their current experimental

values are

B(BT — Ktwp) = (2.3 4 0.5(stat) 702 (syst)) x 1072,
B(BT — K*"(892)vi) < 4 x 107° (90% C.L.),
B(B° — K%w) < 2.6 x 107° (90% C.L.). (3.8)

We take the first measurement from ref. [59] and the other two from ref. [37].

For the constraints on the SMEFT operators, we require only that the predicted branching
ratios not exceed the measured values/limits to within 20 (the theoretical and experimental
(if applicable) errors are combined in quadrature).

3.3.2 b—cr Uy

Turning to the transition b — c¢7~ v, there are again several WET operators that contribute.
However, only a single one can be generated by the running of a dimension-6 vector SMEFT
operator. It is

N'CP (exybr) (Frapver) (3.9)
where N/ = 4GT;VCI,. Its tree-level matching condition to the SMEFT operators is
1 31k
0‘3/3 - 2./\[/ ‘/Qk [Cl(q)]33k3 ) (310>

where Vo is a CKM matrix element [see eq. (3.2)]. In particular, [C’l(;’)]gggg, which generates
the required Cg when run down to my, also generates b — ¢7~ 7, at tree level. We stress that
the other semileptonic WCs of table 5 may also generate such a transition, albeit at loop level.
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The decays B — D® 75, involve the transition b — ¢r~ .. The ratios Ry are
defined as

B(B — Dt~ ;) R B(B — D*r~ ;)
D* =

Rp=—— , d
P B(B = Dt—1) B(B — D*(~ 1)

l=ep. (3.11)

These have been measured by several different experiments. The latest world averages are [58]
Rp =0.344 £0.026, Rp-~ =0.285+0.012, (3.12)

with a correlation of —0.39. Both values are larger than the SM predictions, which are
Rp =0.298(4) and Rp- = 0.254(5) [50, 51]. When the data of all the b — ¢~ observables
are combined, there is a 4.30 disagreement with the SM.

As was the case with b — v, we do not require that our SMEFT operator explain the
b — ¢~ v, anomaly. (Indeed, only [C’l(q3 )]3323, which generates b — ¢7~ v, at tree level, could
possibly do so.) Instead, we only require that the predicted values of R .) not exceed the

measured values to within 20. That is, these predicted values can be smaller (like the SM).

3.3.3 AF = 2 observables

The four-quark operators of table 6 violate quark flavour by one unit at tree level. All of
them have AB = AS = 1, and those that involve up-type quarks can have AC' = 1 due to
eq. (3.2). This means that, at one loop, i.e., through RGE running, they can contribute
to AF = 2 processes [6]. That is, there may be constraints on the SMEFT operators from
low-energy measurements of the real and imaginary parts of K°-K° D9-DO Bg—Bg and
BY-BY mixing. This is examined in this subsubsection.

There are a variety of AF = 2 observables that can, in principle, be used to constrain the
SMEFT operators, but we find that only two of these — AM; and ex — provide significant
constraints. Here we focus on these two observables.

There are scalar and vector WET operators that contribute to AF = 2 meson-mixing
processes. As usual, since we have only vector SMEFT operators at the high-energy scale,
only vector WET operators will be generated when we run down to the scale my. These
WET operators are

05" igij = (diyuPrd;)(din* Prd;),

[Oga " ijiy = (divuPrd;)(din* Prdy) ,
040" ijis = (dinuPrd;)(diy" Prdy)
(O Misis = (diy PLTd5) (i7" PRTd;), (3.13)

[Cr  isis = —((CWijis + [CNisis)
Cg i = —[Cé?]ijij ;
(Co Riig = —[CTigis
(Cai ™ igis = —[Caalisis- (3.14)
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None of these SMEFT operators appear in table 6. This is good, as they would produce meson
mixing at tree level, which is excluded. On the other hand, some operators in table 6 may mix
at one loop with the above operators, and will thereby contribute to AF = 2 meson mixing.

Consider first AM,, which measures the real part of the BY-B? mixing amplitude. The
operator [C(%)]gggg (see table 6) contributes at tree level to (by,Prb)(5v*Prb). But the
(b, Pb) current can be turned into a (57, P.b) current at one loop via a box diagram similar
to that describing B%-B? mixing. In the same way, other AF = 1 operators in table 6 may
also contribute to meson mixing at one loop, though the size of the effect depends on the
exact flavour configuration [6].

In order to include the AM, constraint, we run the AF =1 SMEFT WCs down to my
and generate the AF = 2 operators. These are then converted into a prediction for AMg,
which is compared with its experimental value [37]:

(AMy)exp. = 1.1683(13) x 107 GeV. (3.15)

We require that the prediction and the experimental value agree to within 20, which places
a constraint on the SMEFT WC.

The second important AF = 2 observable is e, which measures the imaginary part of
the K°-K° mixing amplitude (i.e., indirect CP violation). As was the case for AM,, when
the AF =1 SMEFT operators are run down to my, they may generate at one loop AF = 2
operators that lead to K°-K° mixing. Here the key point is that, even if the SMEFT WC
is real, the running can produce an imaginary part of the WET WC, as was done with C§
(see table 6). This may lead to an important contribution to eg.

To place constraints on the SMEFT WCs from ex, we use [§]

(ex)V = ke x 1072, —0.2< k. <0.2. (3.16)

3.3.4 CP violation in K; — 7w

Another observable that can be used as a constraint is ¢’/e, which is a measure of direct CP
violation in Kj — ww decays. This is a AF = 1 process, which receives contributions from
a variety of WET operators describing s — dqq (¢ = u,d) transitions.

Including isospin-breaking corrections, along with recent computations of the matrix
elements from the RBC-UKQCD lattice group [60], the SM prediction is given by [61, 62]

(¢'/e)sm = (13.9 £ 5.4) x 1074, (3.17)

The experimental world average of measurements from the NA48 [63] and KTeV [64, 65]
experiments is

(£'/€)exp = (16.34+2.3) x 107, (3.18)

which is consistent with the SM prediction within the errors.

When our SMEFT operators are run down to my. they may generate some WET s — dqq
operators. And since the running may produce an imaginary piece for these WET WCs,
there may be a contribution to ¢’/e. To compute this contribution, we use the master
formula from ref. [66].
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As a constraint, we require that the value of ¢’ /e found when one includes the SM and
NP contribution agree with the experimental value within 20. However, we note that the
error on the SM prediction is very large (40%). Furthermore, this error is almost entirely
theoretical, so it is only an estimate. For this reason, we will not use the ¢’ /e constraint to
exclude any SMEFT operators; we will only note if there is a tension.

3.3.5 High-pr searches

We began our analysis by looking for SMEFT operators that contribute to b — 5f f, where f
is a light SM fermion. In the literature, it has been suggested that one can search for, or put
limits on, NP in b — 5ff by looking at the high-py distribution for pp — ffX at the LHC.

The idea is as follows. The SM contribution to pp — ffX comes mainly from ¢ — ff
via the s-channel exchange of a v, Z° or gluon, while the NP contribution is simply a
four-fermion interaction. We can write

Csym . Cnp
where, for simplicity, we take Cgps and Cyp to be real. This leads to
1 E? E*
’A‘Q =51 C§M+2CSMCNPF+CJ2VPF (3.20)

At low energies (E < A), this is dominated by the SM contribution. But as £ — A, the
NP contributions become increasingly important. Thus, by looking at the distribution for
pp — ffX as a function of the ff invariant mass?, and by subtracting the SM contribution,
one will be sensitive to the NP contribution at high invariant mass?. Perhaps a signal of NP
will be seen, and if not, a limit can be placed on Cyp/A%. This type of analysis has been
done in refs. [67, 68] (f = 7), [69, 70] (f = ¢) and [71] (f = e, u).

The problem here is that an EFT is really only applicable at F < A. As F — A, the
expansion in 1/A begins to break down. For example, in eq. (3.19) above, we included only
the dimension-6 NP contribution. But say we add a dimension-8 term. This could be a
four-fermion interaction with two derivatives. The coefficient is proportional to 1/A%, but
by dimensional analysis there must be a factor of E2 in the numerator (e.g., coming from
the two derivatives). We then have

e Csm | Cnp | Cnps

B2 T Az T pd

2 4 4

1 E E E
AP = 1 | C8u +20smCnp 55 + Chp 57 +20suCOnps 11 | - (321)

Now, for E ~ A, the last contribution is as important as the others. Even if E < A, the
last term has the potential to be as important as the third term, since it is possible that
Cnpg > Cnp. The point is that there is a certain amount of uncertainty in this type of
analysis, depending on how close F is to A. For this reason, we do not require our SMEFT
WCs to satisfy such constraints.
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CSMEFT B(B — KI/D) Rp Rp~«
[C]3323 | (6.18£0.88) x 1074 (x) | 0.202£0.007 (/) | 0.24240.007 (/)
(O )32 | (855 1.04) x 107 (x) | 052440013 (x) | 0.435£0.010 ()
[Coelasss | (4.38£0.62) x 1076 (/) | 0.205 £ 0.006 (v/) | 0.245 £ 0.006 (/)

Table 7. Semileptonic SMEFT WCs of table 5: predictions for B(B — Kvv), Rp and Rp-+, along
with an indicator of whether the constraint is satisfied (/) or violated (x). Operators that satisfy all
the constraints are highlighted in gray.

3.3.6 SMEFT operators confront other constraints

There are two types of SMEFT operators that can generate the correct value of C’g when run
down to the my scale, semileptonic operators (table 5) and four-quark operators (table 6).
Similarly, the other constraints described above come in two categories, semileptonic con-
straints (b — 50, Rp() and hadronic constraints (AM;, eg, €'/¢). It turns out that the
constraints of a given type are important only for SMEFT operators of the same type. That
is, the semileptonic (four-quark) operators satisfy all the hadronic (semileptonic) constraints.

In table 7, we show the predictions of the semileptonic SMEFT WCs of table 5 for
B(B — Kvv), Rp and Rp-. [Cl(ql)]3323 and [Cl(s)]gzggg both predict values for B(B — Kvv)

that are much larger than the experimental measurements [eq. (3.8)], and [C’l(é3 )]

values for Rp and Rp- that are also larger than the experimental values [eq. (3.12)]. Only

3323 predicts

[Cyel23ss satisfies all the constraints.

In table 8, we show the predictions of the four-quark SMEFT WCs of table 6 that
generate the desired WET WCs for AM;, ex and &'/e. Of the 14 WCs, only 6 of them
— é;)]uz:j,, [053’]1123, [0(511)]2311, [Céi)bm, [Céi)]zzm, [Céi)bsm — satisfy the constraints.
Also, there is a caveat that [Cgé)hlgg has a possible tension with &’/e.

4 SMEFT and B - 7K

In section 2.2, we saw that the B — 7w K amplitudes can be expressed in terms of diagrams.
When the ratio |C"/T"] is fixed to 0.2 (its preferred theoretical value) and a fit to the data is
performed, we find that there is a 2.80 discrepancy with the SM. This is the B — 7K puzzle.

We also saw that all NP contributions to B — wK can be combined into three distinct
matrix elements, each with its own weak phase. If all these phases are different, then there
are too many unknown parameters to do a fit. However, if all three NP matrix elements are
generated when a single SMEFT operator is run down to the scale my, then there will be
only two NP parameters, the magnitude and the phase of the SMEFT WC. In this case, a fit
can be performed, and we can see if the addition of the NP produces a good fit.

In the previous section, we found seven SMEFT operators that, when run down to
the scale my, solve the b — 5/T¢~ anomalies by generating C§ = —1.18 £ 0.19, and are
also consistent with all the other constraints. In this section, we examine whether any of
these can also generate the right values of the NP B — 7K matrix elements to also solve
the B — wK puzzle.
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CsmerT | AM; (x101! GeV) Ke ' /e (x10%)

[CS 123 | (1.15£0.06) (v) | —0.012 (v) | 384 (?)
[CS8)203 | (272£0.10) (x) | 011 (v) | 158 (V)
[CS 1123 | (116 £0.06) (/) | —0.005 (v) | 23.1 (V)
[C8)903 | (059 £0.05) (x) | —0.04 (v) | 178 (V)
[C oy | (116£0.07) (1) | —0.75 (x) | 139 (V)
(€W )gg0 | (155£0.07) (x) | 075 (x) | 139 (V)
(€233 | (0.76£0.06) (x) | 0.0 () 13.9 ()
(€8 os11 | (L16£0.06) () | —150 (x) | 128 (V)
[C8)os22 | (11840.05) (v) | 143 (x) | 128 (V)
(€ ggs | (106£05) (x) | 0001 (v) | 128 (V)
[CS 231 | (1.15£0.06) (v) | 0.0 (V) 13.9 (V)
[C]ag02 | (1.16£0.06) (V)| 00 (V) 13.9 (V)
[C&as1n | (1.15£0.06) (v/) | 0.0002 (v) | 139 (V)
[C®ason | (1.15£0.06) (v/) | —0.0003 (v/) | 139 (V)

Table 8. Four-quark SMEFT WCs of table 6 that generate the desired WET WCs: predictions for
AM,, ke and €' /e,along with an indicator of whether the constraint is satisfied (/) or violated (x),
or if there is a tension (7). Operators that satisfy all the constraints are highlighted in gray.

4.1 New physics
Reminder: the three NP matrix elements that appear in the B — nK amplitudes are
Aleombei®’ = _ phugi®l 4 ghdei®)  A1Cugi®ll anq A'Cdei®y where the individual contri-
butions are defined in eq. (2.6) and are repeated here for convenience:

Z (rK|54iba qsl'jq5 |B) = Al1ei® ,

Z (rK| sal'ibg qal'jqa |B) = A/C’qeiq);c , ¢g=u,d. (4.1)
In the above, the b — 5¢§ WET operators can have any Lorentz structure. But in our case,

since they are generated from the running of vector SMEFT operators, only the vector WET
operators are relevant. Four of these are color-allowed:

CV,, N (spyubr)(@ar) , CY.  N"(507ub1)(GrY"qR) |
CY., N (3rvubr) (@ ar) Y. N"(5rVubR)(GrRY"qR) » (4.2)
where N = 4%”1/}1)1/;? Four are color-suppressed:
7C s ] ,C —i —
O N (52b7) (@779 O N (357,00 ) (@™ a)
C _ _ C _ _
Che, N (8hvubr) (@0 a2) Ol N (831b) (@5 a5) (4.3)

The matrix elements in eq. (4.1) have been computed for vector WET operators in
ref. [43] using QCD factorization. With these results, we can write the three NP B — 7K
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matrix elements in terms of the WET WCs of egs. (4.2), (4.3):

A/C’dewf =X\ ngcAwK )

AlC’,ueiqS;lC =N C‘I?CAWK ’

A/combei¢/ =N\ C‘t}dAKﬂ_ : (4'4)
where \; = V;Vis. Here,

AC _ ~dC | KAdC  ~dC K qdC
CV - CVLL + Tx CVLR CVRR Tx CVRL ’

u,C _ ~u,C K u,C  ~uC K -~uC
CV - CVLL + "x CVLR CVRR ¢

X ~'Vrr
' = (~Ct,, + Oy, + Oty — CF)
+ (Ol = Ol — Gy + O, ) (4.5)
with )
ry (1) = 2K : (4.6)

() (mg () + ms (1)

which is formally of O(1/m;), but is numerically close to unity. Also,

Arg = iﬁ(m% —m2)FS 7™ (mE) fi s
_ % 2 2\pBoK/ 2
Agr =1 (mp mK)Fo (mw)fﬂ’v (4.7)

where FP~M(¢?) are semileptonic form factors, and f, (fx) is the pion (kaon) decay constant.

In order to illustrate the effect of NP, we (i) add the three NP matrix elements to the
B — wK amplitudes [see eqgs. (2.7) and (4.4)], (ii) assume that all three have the same NP
weak phase, and (iii) redo the fit to the B — 7K data. The results are shown in table 9.
We see that, with the addition of NP, one obtains a good fit to the data. These results
suggest that the A’* NP amplitude is the most important, with A’¢¢ being smaller, and
Aheomb jrrelevant (it is consistent with zero).

4.2 Simultaneous explanations

We have identified seven SMEFT operators that can solve the b — §/7¢~ anomalies by
generating C§ = —1.1840.19 when run down to the scale m;. This running will also generate
the WET operators of egs. (4.2), (4.3). Given the values of the WET WCs, we can compute
the real and imaginary values of C’gfc, C‘I}’C and C¥ [eq. (4.5)]. We can then perform a
fit to the B — wK data and see if the fit is good.

We follow this procedure for each of the seven candidate SMEFT operators. The results
can be found in table 10. We see that, in fact, none of the SMEFT operators produce a good
fit. The fits of two of them — [Cgé)]llgg and [01518)]2322 — have p-values of 0.12, which is
passable, but we are looking for stronger explanations of the B — nK data.

It is clear what is going on here. When the B — wK fit was performed including NP, a
good fit was found, see table 9. However, a small, nonzero NP weak phase was required. But
the SMEFT WCs in table 10 are all real, which leads to B — wK fits that are passable at best.
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Zm/d.o.f. =0.30/1,
p-value = 0.58
parameter | best fit value
¥ (66.46 + 3.44)°
3 (22.12 4 0.69)°
d 52+ 1.2
|PL| 51.840.5
CLC 0.012 + 0.007
cwe 0.074 4 0.017
Ccud 0.0+ 1.4
Spr (198.2 + 4.0)°
Scr (—28.7 4 34.4)°
b (1.95 4 0.57)°

Table 9. x2, /d.o.f. and best-fit values of unknown parameters in amplitudes of eq. (2.7) [see
also eq. (4.4)], with the same NP weak phase ¢ for all NP diagrams. Constraints: B — 7K data,
measurements of 8 and +, theoretical inputs |C’/T'| = 0.2, P,. = 0.

CsMmERT o cwe Ccud 2,/d.of. | p-value
[Cael2333 0 0 0.0001 16.7 0.005
(] 12s | 0.056 4+ 0.001i | 0.056 + 0.001i —0.001 8.8/5 0.12
(C)1123 | —0.020 — 0.0004i | 0.022 +0.0004i | 0.123 + 0.002i 15.1/5 0.01
()31 | 0.0016 +0.00003¢ | —0.043 — 0.001i | —0.071 —0.0013i | 14.7/5 0.01
[C’qu Jasz22 | 0.0016 4+ 0.00003¢ | 0.0017 + 0.00003: —0.0001 16.5/5 0.005
(C &)1 | 0.056+0.001i | —0.915—0.017i | 0.120+0.002i | 65.0/5 0
(C)a322 | 0.056 + 0.001 0.056 + 0.001 0 8.8/5 0.12

Table 10. Candidate SMEFT WCs: predictions for the NP B — 7K parameters Cd ¢ , Oy ¢ and
Cud ) along with the result of the B — 7K fit in terms of x2,,/d.o.f. and the p-value. None of the
operators produce a good fit to the B — 7w K data.

To correct this problem, we add a small NP weak phase to the SMEFT WCs. The
results are shown in table 11. For b — §¢T¢~, nothing has changed — all SMEFT WCs
still generate the desired value of CY. But there is a marked difference in the B — 7K
fits: now three WCs — [Cq(é)]ngg, [Céi)]ggu and [C(gi)]ggﬂ — produce good B — 7K fits.
A fourth WC, [Cég’)]mg, has a passable fit.

The addition of a NP weak phase could potentially affect CP-violating observables such
as ke, €' /e and S (the imaginary part of B%-B? mixing). However, because the added NP
weak phase is small, we do not expect significant contributions to the observables. Indeed,
this is what we find. For all four of the WCs that produce good or passable B — 7K
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Csmerr (TeV™?) Cy Ch
[Cuelazss  —0.22¢%19% | —1.15 — 0.14i | —0.005 — 0.0006

(O 1105  0.21€205% | —1.17 — 0.08i | —0.004 — 0.0003
(C]1195  —0.07¢%1% | —1.14 —0.14i | —0.019 — 0.002
(C]og11  0.11e%1% | —1.18 — 0.14i | —0.004 — 0.0005
[CW]g300 0116929 | —1.16 — 0.26i | —0.005 — 0.0014
(Co31 1.12¢%10% | —1.17 —0.14i | 0.013 — 0.001i
[Cg300  1.12¢%05% | —1.18 —0.08i | 0.012 + 0.0008i
5]
Csmprr (TeV™?) C$C C‘L}’C Cud X2, /d.o.f. | p-value
[qu]zsss —0.22¢1% 0 0 0.0001e=39% | 16.5/5 | 0.005

[qq]mg 0.21€995 | 0.056e 0901 | 0.056e%97" | 0.001e2 78! 0.43/5 0.99
[C1105 —0.07e0100 | 0.02e3120 | 002201150 | (.123¢0-116¢ 8.8/5 0.12
[qu]m 0.11e%1% | 0.0016€%9% | 0.043e=302¢ | 0.071e=3-0% 2.67/5 0.75
€4
(@
[Che

Dogea 0110200 | 0.0016¢%%42 | 0.0017¢%22 | 0.0001e~297 14.5/5 0.01
Dostn 1.12e0100 | 0.056e0057 | 0.915¢302 | 0.120¢%1% 62.4/5 0.0
ogee 112005 | 0.056e%038 | 0.056e%96% | 0.00016¢12% |  3.65/5 0.60

Table 11. Candidate SMEFT WCs: predictions for (i ) CY and CY, of b — 504~ (upper table), and
(ii) the NP B — 7K parameters Céc, Cy © and Cul, along with the result of the B — 7K fit in
terms of x2,;,/d.o.f. and the p-value (lower table). Operators that produce a good fit to the B — 7K
data are highlighted in gray.

fits, the contributions to k. and &’/e are virtually unchanged from table 8. As for fs, we
choose to compute instead Sy, the indirect CP asymmetry in BY — 4¢, which is a function
of Bs. For all four WCs, the prediction for Sy is essentially the same as that of the SM,
and this is consistent with experiment. Thus, except for the fact that [C(%)]llgg still has
a possible tension with €’/e, see table 8, the constraints from all CP-violating observables
on the NP weak phase are satisfied.

4.3 Discussion

We have found three four-quark SMEFT operators which can provide a combined explanation
of the b — §¢*t¢~ anomalies and the B — 7K puzzle. One obvious question is: is it possible
to distinguish these scenarios? Each SMEFT operator contributes at tree level to a set of
four-quark WET transitions, and these sets are not the same for all three operators, so
the answer is potentially yes.

To be specific, from table 4 we see that the operators (i) [Qqq J1123, (ii) [Qqu J2311 and
(iii) [Qgi)]%p respectively include (i) colour-allowed b — 5dd, b — suii, b — 5c¢, b — 5ué and
b — 5cu transitions, (i) only colour-allowed b — sui transitions, and (iii) both colour-allowed
and colour-suppressed b — 5cé transitions. All operators also contribute to processes in which
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the b — § is replaced by ¢ — ¢ The point is that the three operators will affect different
types of hadronic B decays. The measurements of a variety of such decays may reveal which
ones are affected by NP or not, which will allow us to distinguish the three solutions.

Another question one might ask is: what model of NP can explain b — §¢t¢~ and
B — wK? This is complicated. We have found solutions with a single SMEFT operator. But
realistic models typically contain many SMEFT operators, so our solutions only provide a
starting point. The full NP model would presumably include one of our SMEFT operators,
but then it would be necessary to compute the contributions of the other SMEFT operators
to b — §¢t¢~ and B — 7K, in order to see if the model still provides an explanation of
the two anomalies.

One important ingredient in our analysis was the use of both semileptonic and four-quark
operators within SMEFT. As we have stressed, due to RGE running, each type of SMEFT
operator can potentially generate the other type of WET operator at one loop. This was key
in identifying the SMEFT operators that could generate the desired value of C§ in b — s¢+¢~.
In the literature, most analyses generally focus on the semileptonic WET operator b — 5717~
(for example, see ref. [72]). However, we showed that there are more four-quark SMEFT
operators (i.e., b — 53¢ WET operators) that can do this.

We also found that, while some hadronic SMEFT operators can explain both the
semileptonic b — 5¢1¢~ anomalies and the hadronic B — K puzzle, the semileptonic
SMEFT operator that explains b — 5¢7¢~ cannot also explain B — 7K. In this particular
case, the RGE running of the semileptonic operator, which involves only electroweak gauge
bosons, did generate the b — 5¢q, ¢ = u,d WET operators, but the WCs were not sufficiently
large. The four-quark SMEFT operators did not have this problem because their RGE
running involves both gluons and the Higgs in addition to electroweak gauge bosons. This
suggests that it may be difficult to explain hadronic anomalies with semileptonic SMEFT
operators. However, this cannot be concluded definitively, so it is worthwhile to continue
to explore this possibility.

Finally, we note that this is the first time anyone has attempted to explain the B — 7K
puzzle within SMEFT. In our treatment of the B — wK puzzle, we minimized the theoretical
hadronic input. We fit to the SM parameters (no form-factor calculations were needed), and we
treated the NP effects with factorization. (While one must worry about non-factorizable effects
in performing SM calculations, these are just second-order corrections when dealing with NP.)

5 Conclusions

Despite its success in explaining almost all experimental data to date, we know that the
standard model is not complete — there must be physics beyond the SM. Since no new
particles have been seen at the LHC, we also know that this new physics, whatever it is, must
be heavy, with masses greater than O(TeV). When these NP particles are integrated out, one
obtains the SMEFT, which includes the (dimension-4) SM and higher-order non-SM operators.

Because the NP is very heavy, it is likely that the first signs of NP will be indirect: the
measured value of an observable in a low-energy process disagrees with the prediction of the
SM. Whenever such an anomaly is seen, we want to know what kind of NP could account
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for it. In SMEFT language, this amounts to asking which SMEFT operator(s) can generate
the low-energy WET operator that describes the observable.

If the anomaly is in a semileptonic or hadronic process, the first thought is to look for
the semileptonic (two quarks and two leptons) or hadronic (four quarks) SMEFT operators
that contain the desired WET operator. One thing we have stressed in this paper is that this
is not enough. When one uses the renormalization-group equations to evolve the SMEFT
Hamiltonian down to low energies, due to operator mixing semileptonic (hadronic) SMEFT
operators can generate hadronic (semileptonic) WET operators at one loop. The point is that,
if one wants to find an explanation of any low-energy anomaly, or combination of anomalies,
within SMEFT, one must (i) identify the candidate semileptonic and four-quark SMEFT
operators, (ii) run them down to low energy with the RGEs, (iii) generate the required WET
operators with the correct WCs, and (iv) check that all other constraints are satisfied.

In this paper, we have illustrated this method by applying it to two anomalies in the B
system. We have found three four-quark SMEFT operators which, when run down to the
scale my, can simultaneously explain the semileptonic b — 5¢1¢~ anomalies and the hadronic
B — wK puzzle. A key ingredient in our analysis was considering both semileptonic and
hadronic SMEFT operators. Note that, while different NP scenarios have been proposed to
explain each of these anomalies, this is the first time a combined explanation has been found.
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