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We study the implications of the recent measurements of Rx and Rk by the LHCb collaboration.
We do that by adopting a model-independent approach based on the Standard Model Effective
Field Theory (SMEFT), with the dominant New Physics (NP) effects encoded in the coefficients of
dimension-six operators respecting the full Standard Model (SM) gauge symmetry. After providing
simplified expressions for Rx and Rgk~+, we determine the implications of the recent LHCb results
for these observables on the coefficients of the SMEFT operators at low and high energies. We also
take into account all b — s¢¢ data, which combined lead to effective NP scenarios with SM pulls
in excess of 5 . Thus the operators discussed in this paper would be the first dimension-six terms
in the SM Lagrangian to be detected experimentally. Indirect constraints on these operators are
also discussed. The results of this paper transcend the singularity of the present situation, and
set a standard for future analyses in b — s transitions when the NP is assumed to lie above the

electroweak scale.

Introduction.— An absolute priority in particle physics
is to detect and measure the effects of dimension-six
terms in the SM Lagrangian. These must be there since
the SM is only valid up to a physical scale A > pgw,
where pgw =~ 100 GeV is the electroweak scale. These
effects are suppressed by a factor p2,, /A2, so if A is very
large precision tests are needed.

Lepton-flavour universality (LFU) —lepton gauge in-
teractions being identical for e, u, 7 — is a strong test of
certain dimension-six terms. Omne such test is given by
the observables Ry (., defined as [1]

2
[ dr(B = KOt )

[Rycco] (1)

2 421 = ,
[47,43] qu2§ dF(B N K(*)e+€_)
1

with ¢? the dilepton squared invariant mass. For ¢2 >
4mi, lepton-mass effects are negligible and LFU predicts
Ry ~ 1, making these ratios exceptional probes of
dimension-six terms breaking LFU.

The LHCD collaboration has measured some of these
ratios, finding values significanlty smaller than one [2, 3]:

Ry = 0.745750% 1+ 0.036, ¢ € [1,6] GeV?,
Rrc- = 0.66019-110 £ 0.024, ¢? €[0.045,1.1] GeV?,
Ri- = 0.685T0083 £0.047, ¢ € [1.1,6.0] GeVZ. (2)
Comparing these results to their LFU predictions [4-6],

RM =1.00£0.01, ¢°€[1,6] GeV?,

RM =0.92+40.02, ¢°<[0.045,1.1] GeV?,

RM =1.00+£0.01, ¢°€[1.1,6.0] GeV?, (3)

one concludes that the LHCb measurements represent
deviations from LFU at the level of 2.60, 2.20 and
2.4 0, respectively. The Belle collaboration has also
found slight differences between e and p channels in their
B — K*¢*¢~ angular analysis [9], most notably in the
pioneering measurement of the clean observables Q4 and
Q5 [10]. While each individual measurement is not very
significant in itself, their combination constitutes an in-
triguing set of anomalies. Recent studies analysing these
new measurements in terms of models and the Weak Ef-
fective Theory (WET) can be found in Refs. [7, 8, 11-14].

Dimension-six operators breaking LFU will manifest
also in b — sft¢~ (¢ = p or e) observables such as
branching ratios and angular distributions. Notably,
anomalies have been observed in b — su™u~ transitions
too [15-17] and these are consistent with the anomaly in
Ry [18-20]. Global analyses of b — su™u~ data lead to
scenarios that can accommodate Rx and Ry~ [4, 21, 22].

Many models have been proposed to address the b — s
anomalies. These models involve a Z’ boson from an ex-
tended gauge group [23-58], leptoquarks (or R-parity vi-
olating supersymmetry) [57, 59-81], a massive resonance
from a strong dynamics [82-86] or Kaluza-Klein excita-
tions [87-90]. Refs. [91-94] have explored renormaliz-
able models that explain Rx at the one-loop level, while
the MSSM with R-parity conservation was considered in
Ref. [95].

We interpret these measurements in the context of the
SMEFT [96, 97]. This is the most convenient framework
when the new degrees of freedom are much heavier than
tew, and allows for a more transparent connection to pos-
sible ultraviolet scenarios as it incorporates the full elec-
troweak gauge symmetry. We start by providing simpli-
fied analytical expressions for the observables of interest



and for the SMEFT Wilson coefficients (WCs) at low and
high energies. With these expressions at hand, we study
the implications of the LHCb measurements on the coef-
ficients of the SMEFT operators both at gy and at the
scale A where the (unknown) heavy degrees of freedom
decouple. For this purpose we use DsixTools [98], imple-
menting the complete SMEFT one-loop Renormalization
Group Equations (RGEs). This allows to study the ap-
pearance of other effective operators at low energies due
to renormalization, leading to indirect constraints on the
scenarios that explain the LHCb measurements.

Effective Field Theory.— At energies relevant for the
B decay the most general Hamiltonian for semileptonic
b — s transitions contains the terms

4
Heff o = GF a AstC 017 (4)

where A = ViV, with V the CKM matrix, A’ ~
—0.04 [99], and the sum runs over all the relevant opera-
tors for semileptonic AB = AS = 1 observables, includ-
ing

The dipole operator O; = (30,5Prb) F*# is only
marginally relevant for [Rp-][0.045,1.1. Assuming now
that the SM degrees of freedom are the only ones present
below a certain mass scale A > gy, one can describe de-
viations from the SM in a general way using the SMEFT.
Dominant NP effects are parametrized by effective oper-
ators of canonical dimension six,

1
LsmEFT O 33 > ChQx (6)
P

where the sum extends over all operators in the Warsaw
basis [97], Cx, being the WCs and @y, the operators. This
effective theory is more suitable to describe NP above
the electroweak scale, since it incorporates the restric-
tions imposed by gauge invariance and leads to relations
among operators that would otherwise be missing, see
e.g. [18, 100).

Matching the SMEFT onto the operators in Eq. (4) at
tree level, one obtains the following matching conditions
at pw ~ O(My) [18, 101] (with a = e, p):
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SMEFT operator Definition Matching Order
(QWleszs  (frule) @1"as)  Obao Tree
[Qg)]aazs (bavumla) (@7"7qs)  Oopo  Tree
[Qqe]23aa (G271q3) (Eav"eq) 09,10 Tree
[Qed)aa23 (Cayul a) ( Y ds3) Oy10 Tree
[Qedlaa2s (Eayp€a) ( “d3) Oy10 Tree
[Qfalg)}aa (90 ZD;LL,O) Loy E 09,10 1-loop
[fo,}}aa (tp z’Dfm) (bay*7"0a)  Oo,10  1-loop
[Qru)aass (Cavula) (Usy"us3) 09,10  1-loop
[Qeelaa (¢Ti<ﬁ>u¢) (Ba¥"ea) 09,10 1-loop
[Qeulaass (ayuea) (Usy"us) Og.10 1-loop

TABLE L List of relevant operators (see Ref. [97] for definitions)

that contribute to the matching to Céf)lo, either at tree-level or
through one-loop running. The index a = e, i denotes the lepton

flavour. Contrary to Eq. (5), here £ denotes a lepton SU(2).
doublet.

, T v 5 5
Croa = _Wﬁ [Cfd] aa23 [Ced] aa23 [ (7)

Only operators that break LFU have been included.
These matching conditions are summarized in Table I,
where the operators of the SMEFT are defined. We also
show in this table the operators that contribute via one-
loop running, but leave out a few others that contribute
with finite terms to the matching. Here we implicitly
assume that the WCs are defined at the matching scale
pew- The tilde over the SMEFT WCs denotes that they
are given in the fermion mass basis (see [101]). Through-
out the paper we adopt the weak basis where V;, = 1
and VdR,“R =1.

Ezplaining the LHCbH measurements.— For the phe-
nomenological discussion we derive approximate formulas
for Rk k- in terms of the relevant WCs. These formu-
las are obtained with the same approach as Ref. [4], but
neglecting terms that are not important for the present
discussion and linearising in the NP coefficients. We find:

[Rr]p,6 >~ 1.00(1) + 0. 230(Cgu e —I—Céu_e)
- 0233( )(CIOM e +Cl()p, e)’ (8)

[RE+]j0.045,1.1] = 0.92(2) +0.07(2 )Cgu e
- 0.11(2)Cy0,, . + 0.11(2)C,, . + 0.18(1)C"

—0.10(2)Cy,,
9 (9)

[RK*][l.l,G] ~ ]..00(].) +0.20( )Cgu e 0‘19(1)(:{/);1,76
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FIG. 1. Rk and Rg+ as a function of the SMEFT WC C(l)
with A = 30 TeV. The experimental ranges for Rx and Rk« at
95% CL are also shown for comparison.

—0.27(1)CN) _, +0.21(1)C

10p—e» (10)

where CQM . = CgLP — CYF etc., and all WCs are defined
at the scale pp = 4.8 GeV. We have linearised the depen-
dence with respect to the WCs, consistently assuming
that contributions from dimension-eight SMEFT oper-
ators interfering with the SM and the self interference
of dimension-six terms are both negligible. For [Rf](1 g
and [R-]1.1,6) We have good agreement with [19].

We now investigate the implications of the LHCb mea-
surements by considering the measured 95% confidence
level intervals. We start with single-operator scenarios
where only one of the relevant operators is assumed to
be present at the electroweak scale. The effect of the
dipole operator O7; on the low-¢2 bin of Ry« is very
small given the bound it receives from b — sy transitions
(—0.05 < CNF < 0.08 at 30 [4]). The deviations from
the SM in these three observables must then be caused
mainly by the four-fermion semileptonic operators of
the WET. In what follows we discuss single-operator
scenarios that can potentially explain the anomalies:

1,3 .
> Céq ) o Cé\LPfe = C10M . these scenarios ac-
commodate the experimental measurements of Rk K+

for Cgu c < —0.2, corresponding to C 2 0.3 with

A =30 TeV, see Flgure 1.

All the other operators fail:

» Cra — Co,_. = —Clg,_: gives rise to Ry~ > 1 in the
central-bin when Rx < 1. Rk« in the low-bin is also

. A=30TeV
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FIG. 2. Constraints on the SMEFT WCs Cé;) and Cgq with

A = 30 TeV, assuming no NP in the electron modes. The
individual constraints from Rx and Rg= at the 3o level are
represented by filled bands. The combined fit to Rx and Rx=
is shown in blue (1,2 and 3 o contours). The result of a global
fit with all b — s¢™¢~ data included in [7] is shown in a similar
way as red dashed contours.

above the experimental range when Ryx < 1.

» Cea — Cy,_. = Cig,—.: has a very small effect on R.

For reasonable values of the WC it holds Rx ~ R3M.
Furthermore when Rg~ < 1 in both bins, R > 1.

» Ce = Copi . = Ci,_. : has a very small effect on Rg.
For reasonable values of the WC it holds Rx ~ R3M.

We now consider two-operator scenarios. In this case,
assuming that only two operators are non-zero at a time,
it is possible to accommodate Rg r- with:

(1,3
>C ) Cq€—>69u evCIOue

(1,3)
> C Cfd - C9p, e = CIO/,L e ’Céufe = _CiOp,fe

(1,3)
> C Ced — Cgp, e — ClO,u e Cﬁl)plfe = C{Oufe

3
>, NP =N,

The bounds obtained for the WCs in the scenario
(Céq ,Cuq) are shown in Figure 2. Here we have used the
exact expressions for the observables, without linearising
in the NP coefficients. The results are identical for
the scenario (Cg’),ng). In order to accommodate
the anomalies one needs a positive NP contribution to



Cé;) —&-Cég). The bound obtained on Cy4 arises because the

measurements are compatible with [Rx+]central/Rr =~ 1
and this double ratio is mainly sensitive to Cgq [19].

The following scenarios with two operators fail to
accommodate the data with reasonable values of the
WCs:

NP / _ / .
>. qu, Cf.d - CQ}/‘—g — Yop—e > CQu—e - 7ClO/L—€ .
within this scenario it is not possible to accommodate

both Rx+ and Rg simultaneously.

» Coq, Ceq — Céﬂ_e , C{O#_e : again, it is not possible to
accommodate both Ri+ and Ry simultaneously.

NP _ NP / _ . thi
» Coe, Cea = Co—e = Cipp—e s Cou—e = Cigu—e: this

scenario cannot generate the needed deviation on Rg.

In summary, the explanation of the Ry g+ anomalies
within the SMEFT at the level of dimension-six operators

requires the presence of Céql) and/or C,Sj).

A plausible scenario is that the NP enters mainly
through muons. Under this hypothesis, which will be
taken in the following, all the viable explanations of the
Ry i+ anomalies provide a good fit of the b — sutpu~
data [4, 21, 22]. This observation is non-trivial given
that a large fraction of the b — su*u~ decay observ-
ables probe different combinations of the WCs. Note
also that having only the operator Cé\LP of the WET,
which alone provides a very good fit of b — su™ ™~ data,
requires at least two SMEFT operators of the Warsaw
basis, Cé;) (or Cg)) and Cge. Other benchmark scenar-
ios of the WET that provide a good fit, for instance
Chy = —Cq,,Cio, = Clo,, are more involved to realize
within the SMEFT due to the constraints imposed by
electroweak gauge symmetry.

In Table II we use the result from the global fit to
b — sfl in [7] to give the corresponding bounds on the

WCs for the scenarios that can accommodate the R g«
anomalies. The involved WCs are O(1) for A ~ 30 TeV.

The result of the global fit in the scenario (Cé;’g),ng) is
shown in Figure 2 as red dashed contours.

Renormalization group effects.— The SMEFT WCs in
the previous equations, given at yu = pgw, can be ob-
tained in terms of their values at the NP scale A by means
of the SMEFT RGEs [102-104]. Using a first leading log
approximation we find

2\ sb
Yi A
1ACH uazs = = 225 L (1057 (W)]aw = [Cou(W)]aans )

2 \sb .
1AC oy = 2L (1C5) (M)

1672 vt
v
[Acqe]23aa = - 1672 L ([Ccpe(A)}aa - [Ceu(A)]aaSS) 3

[ACrd)aa2s = [ACed)aazs =0, (11)

4

where AC; = C;(tgw) — Ci(A) and L = log (HELW) We
have made use of top dominance assumptions, only keep-
ing Yukawa terms including y; = v2my /v ~ 1, the top
quark Yukawa coupling, neglecting other Yukawa-driven
terms. These expressions agree very well with precise
numerical calculations when the dominant terms are the
direct (tree-level) ones, while they may deviate slightly
when the one-loop induced terms dominate due to the
running of the top Yukawa coupling. In the following we
only take them as guiding tool and obtain all our nu-
merical results using DsixTools [98]. We observe that,
in principle, it is possible to achieve an explanation of
the Rk x~ anomalies via operator mixing effects with a
NP scale A ~ 1 TeV and WCs of O(1). Specifically,

by generating [Cpy(A)]2233 ~ —1, [Cf(,lg)(/\)bz ~ 1, or

[CS?(A)]QQ ~ —1. However, we will see later that the pos-

sibility of [CS@’S) (A)]a2 is ruled out by experimental data.
For the interesting scenario, [Cp, (A)]2233, we note that for
matching scales pgw ~ my, NLO corrections vanish to a
good approximation and the leading RGE contribution
dominates, see [105] for similar observations.

We now analyse the implications of the WCs required
to explain the anomalies in other low-energy observ-
ables. In particular we focus on the bounds from other
LFUV observables and from Electroweak Precision Data
(EWPD). We separate the discussion in two cases: when
the operators that explain the anomalies are generated
at tree-level and when they are induced at one-loop.

» Tree-level generated operators: First we focus on
the observables that can give a direct constraint on the
operators given in Table II. As noted in Refs. [106, 107],

the operators QZ’B) could modify the ratio R}Y.,, =

I'(B - K®up)/T(B — K*v)sm. Moreover, the WC
Cg) also affects the LEUV ratio I'g_, p) 0 /T g D) e
However we find that the contributions to these observ-
ables are always below the experimental sensitivity. This
result is consistent with the analysis done in Ref. [108].
We do not find any other direct constraint on these sce-
narios. Furthermore, we also consider the case where the
relevant operators explaining the anomalies are gener-
ated at the NP scale and use DsixTools [98] to obtain
the pattern of RGE-induced operators. We find that the
new WCs generated in the running are sufficiently small
to avoid the experimental constraints from EWPD and
LFUYV observables.

» One-loop induced operators: We now consider op-
erators at the NP scale that cannot explain the anomalies
directly. In this case the relevant contributions can still
be generated through renormalization-group effects. Due
to the loop suppression, the size of the WCs necessary to
account for the anomalies should be larger and /or the NP
scale should be lower, yielding more interesting bounds at
low energies. In fact, requiring WCs to be O(1) or smaller
implies A < O(1) TeV in this case. We find that among



Fit from b — sl observables

Operator(s) x (30 TeV/A)? Best fit lo 20
ci? 0.95
I . [0.75,1.14] [0.56,1.36]
(652'3’,@8) (1.03,0.80) | ([0.89,1.18],[0.61,0.98]) | ([0.74,1.32],[0.42,1.17])

iy, Cra)
(g™, Cea)

(1.02,0.20)

([0.81,1.22], [—0.00, 0.41])

(1.02,-0.33) | ([0.80, 1.23], [-0.54, —0.12]) | ([0.59, 1.44], [-0.75, 0.10])

([0.60, 1.43], [—0.21,0.62])

TABLE II. Constraints on the SMEFT WCs obtained from the global fit to b — s¢¢ in terms of the WET operators from [7].

WC (= A)||Rkx and Rg~ Constraints

No relevant constraints

N
g
< s

No relevant constraints

Excluded due to EWPD

>

Excluded due to EWPD

v No relevant constraints

—— — —— ——
()
2
-

PR e e Rt
R

TABLE III. SMEFT operators at ;# = A that can potentially
explain the anomalies. The first two WCs contribute to Rx and
Rk~ at tree-level while the last three contribute at the one-loop

level. We find that [6;2’3)]22 cannot work due to constraints
from EWPD.

the three possible scenarios, the ones based on C (14’3) are
excluded by EWPD since they induce excessivefy large
modifications to the W mass and/or the Z couplings.

In particular, the required value of C(ge) is well beyond
the allowed value from the bound on the W mass, while

C;le) induces a large contribution to Z — p*u~ that is ex-
cluded by the LEP-I measurements, and to C,p (the WC
of Qup = (¢TD")*(pT D)), which is also constrained
by the W mass [109, 110]. In contrast, we find that the
scenario where Cy, is obtained at the NP scale remains
as a viable candidate, with [Cp,(A)]2233 ~ —1 and A ~ 1

TeV. RGE evolution down to the electroweak scale gen-
erates in this case contributions to [prle) |22 together with
the four-lepton operators [Qrel22aa = (C2yul2)(la¥"La)
and [Qre)22aa = (L27ul2)(€aY"€q), which are found to be
well below the experimental limits [109, 110].

Summary.— An increasing significance for New
Physics in b — s transitions is accumulating since the
first LHCb measurements of the B — K™ puu angular dis-
tribution in 2013 and their later lepton-flavour univer-
sality violating hint in Rg. A crucially important con-
firmation of such hints has appeared just recently with
the LHCb measurement of Ri+ in two large-recoil bins,
complementary to Ry in regards to New Physics.

In this paper we have analysed the implications of these
new measurements, in terms of the SMEFT. Our conclu-
sions on the required WCs at the scale y = pgw can be
summarised as follows:

» The [Clg;’g)]gggg coefficients play a crucial role in the
explanation of the anomalies. All solutions (with one
or two operators) require their presence to accommodate
the LHCb measurements of Rx and Ry«.

» The coefficients [Cra]y993, [Cqelogoy and [Cedlsnqs cannot
explain the anomalies.

Turning to our conclusions regarding the WCs at the
UV scale, u = A, they can be summarised as:

» When the anomalies are explained with operators that

contribute to the Ry -+ ratios at tree-level ([Cé;’g)]zm?,),
the resulting bounds are not significant. In this case the
NP scale can be as high as ~ 30-50 TeV and still keep
the WCs < O(1).

» In contrast, when the anomalies are explained with
operators that contribute via RGE operator-mixing ef-

fects ([Cgf)]gz and [Cpy)2033), the indirect bounds turn

out to be very relevant. In fact, the coefficients [C;lég)]gg

cannot explain the Rg g+ ratios since the required val-
ues are excluded by EWPD. For the [Cy 2233 coefficient
no relevant constraints were found. In this case the NP
scale must be very low once we assume [Cyy]2233 ~ O(1):
A <1 TeV, making this scenario potentially testable by
other experimental means.

If confirmed, the violation of lepton flavour universal-
ity would have far-reaching consequences. In our anal-
ysis we have identified the crucial operators that a spe-
cific New Physics model would have to induce in order
to be able to explain the Rk i~ anomalies. These mini-
mal requirements can be regarded as a general guideline
for model building. In addition, when combining these
measurements with all b — sf¢ data a consistent pattern
arises (see Fig. 2), with the New Physics scenarios con-
sidered in this paper favoured with respect to the SM
hypothesis by around 5 standard deviations, and with a
high goodness of fit [7]. As described in the introduction,
these scenarios could be reproduced in extensions of the



SM possibly including leptoquarks, heavy Z’ bosons or
other additional heavy states. We look forward for mea-
surements of lepton-flavour universality-violating ratios
at low hadronic recoil, as well as of other ratios such as
R, and Rx,, clean observables such as ()5, and improved
measurements with increased statistics.
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