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The persistent hints of LFU violation in b — sf¢ may imply an existence of leptoquarks close to
the TeV scale that couple to by and su. These leptoquark Yukawa couplings can in full generality
be complex and thus provide a new source of CP violation. We show that a large CP phase with a
definite sign is perfectly viable for an S3 leptoquark of mass below a few TeV, consistent with CP
even and CP odd b — s¢{ and B mixing observables. Furthermore, we show how the direct CP
asymmetries in B — Kpu are significantly enhanced in the vicinity of narrow charmonia, and that
their measurement in the future could provide important additional information in constraining
the potentially CP violating NP in b — s{¢.
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1. Introduction

Even though the Standard Model (SM) of particle physics describes the basic constituents of
matter and their interactions in unprecedented detail, it has many shortcomings, from the lack of an
explanation of neutrino masses and dark matter, to the flavor puzzle, hierarchy, strong CP and the
cosmological constant problem. As direct searches for physics beyond the Standard Model (BSM,
or new physics — NP) to this day failed to provide clear evidence of new degrees of freedom, the
language of effective field theories (EFT) is often used to extend the SM to the SMEFT - Standard
Model Effective Field Theory. In the SMEFT, a tower of higher-dimensional operators is added to
the renormalizable SM Lagrangian, e. g. introducing 59 new baryon number conserving operators
at dimension 6 [1]. Similar to the SM, the flavor sector introduces the majority of free parameters in
the theory, and assuming no flavor symmetry there are 1350 CP conserving and 1149 CP violating
new, independent Wilson coefficients introduced. Hence, studying the possible new sources of CP
violation might provide crucial new information on NP [2].

In the SM, the couplings of leptons to the gauge bosons are predicted to be lepton flavor uni-
versal (LFU), as was also experimentally confirmed to great precision in various processes, ranging
from meson decays to weak gauge boson decays. Nevertheless in recent years hints of LFU violation
(LFUV) have emerged in various B meson decays, with arguably the most striking results presented
by LHCb in the LFU-sensitive ratios Rg) =I'(B — K pu) /T(B — K™ ee), who found in the
region ¢ € [1.1,6] GeV?: Rx = 0.846002+0.013 [3_5] Ry = 0.69*0-11+0.03 [6]. The discrepan-
cies with respect to the SM predictions of Rg () = 1.00(1) [7] can be studied in a model independent
way with the effective Hamiltonian description Heg = ?{:flfw - %th Vi % > 0C;0;, where 6C;
encapsulate the short distance NP contributions to the b — s€¢ process. In this work we assume
NP only affects the b — suu channel. A modification of the purely left-handed effective op-
erator Qg — Oy o« (5.y*br)(fiLyupr) can explain both the LFUV anomalies, as well as other
discrepancies related to b — s££ [8, 9]. Moreover, the 6Cy = —dC1o Wilson coeflicient can in full
generality be complex and thus provide a new source of CP violation [9, 10]. Measurements of
CP violating observables, such as the Ty-odd angular observables A7 39 in B — K*up [11], might
furthermore provide a discriminating power among various possible NP scenarios behind the Ry ()
anomalies [9, 12].

2. An S; leptoquark model

The scalar leptoquark (LQ) S3 = (3,3,1/3) couples to the SM fermions with the Yukawa
interactions £ D y; jQiC(iT2TI )L Sé + h.c. [13], where Q (L) is a SM left-handed quark (lepton)
doublet, and I = 1,2,3 is the weak isospin index. We work in the down-diagonal mass basis
and assume that only the y,, and y;, Yukawa couplings are non-zero, as well as that the diquark
couplings that could cause a rapid proton decay are forbidden by a suitable symmetry. At the

level of the SMEFT, the LQ generates the semileptonic operators Q ;;’3) at tree level and the four-

quark operators Q ((11(1’3) at one-loop level, with the following Wilson coefficients with flavor indices
(prst) = (pusb) [14]
c = M c® = YouYsp o _ 9(ybuy1f,1)2 o _ _(yb,uyf;#)2
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Figure 1: Left: Constraints on the S3 LQ model in the 6Cy = —6C}¢ complex plane at 1o~ level. The black
contour lines show combined B,-mixing constraints from AM; and Sy 4 at various LQ masses, whereas the
blue contours show the combined fit regions. The blue stars denote the maximal allowed ImoCy for each
benchmark. Right: Benchmark predictions of AAcp, see Eq. (4).

At the scale u = my, the S3 LQ generates the appropriate purely left-handed current scenario, able
to explain the Ry () anomalies at tree level
T y b /.ly : u

\/EGF th Vt*s aemmg

3

6Cy = —-6Cyo = (2)
At one-loop level however we generate important contributions to B¢-mixing observables. Match-
ing onto the AB = AS = 2 effective Lagrangian with exclusively left-handed quarks L5 =
~2E (Vi Vi) X CEE(w) (51yb1)? 1151, with CEE = CEEOM 4 6CLL and the SM part given in
Refs. [15, 16], we can express the NP contribution as
_ .6/23 5Grag,
128V2r*

where n = a(ms,)/as(myp) at leading order [17, 18].

(6Co)*m3,, 3)

On Fig. 1 we present the constraints on the S3 model in the complex 6Cy9 = —0Cjy plane,
showing contours from the CP-even R ) and By — pu, CP-odd A7 g 9, and CP-mixed constraints
from Bg-mixing. For details on expressions and measurements used see Ref. [19]. In line with
Eq. (3), the constraining power of Bs-mixing observables grows with increasing LQ mass. The
constraints from A7 g9 show a preferred direction towards negative values of IméCq. For a LQ
of mass of O(1TeV) a large CP-violating Imd§Cy is allowed, whereas the interplay with By mixing
observables can significantly limit the allowed IméCy for higher masses of the LQ.

3. Resonantly enhanced CP asymmetries

Direct CP asymmetries, defined as Acp = (' —T') /(" + '), where I'(T’) is a decay width of a
(CP-conjugated) decay mode, potentially integrated in a ¢ bin, are sensitive to CP violating phases
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Figure 2: The measurements [20] and our SM and NP predictions of Acp(B — Kpupu) as a function of
q2 [21]. The vertical red lines show regions of narrow charmonia which are vetoed in the measurement,
and where a significant enhancement of Acp could be observed. In orange we show our proposed bins of
g% € [8,9] GeV? and ¢* € [10, 11] GeV? for future measurements of Acp.

as well as strong phases, both having to be non-zero for Acp # 0. In the case of B — Kupu,
the SM weak phases entering the process are negligible, hence one expects Acp ~ 0. LHCb has
measured a (binned) Acp for this decay mode in Ref. [20], reporting results consistent with the SM
prediction. However, Acp can be enhanced in the vicinity of narrow charmonium resonances in the
spectrum [10, 22]. These regions have been vetoed in the analysis presented in Ref. [20], however
in Ref. [23] the CP-averaged spectrum of B — Kuu has been measured, including a model of

non-perturbative, long distance contributions due to intermediary charmonium resonances, in the

eff( 2\ _ X e
form of C§" (q°) = Co + % T @)’
parameterizes the contribution of a resonance j € {J/¥,y¥(2S),...}. The model parameters

milini€ 7 \where each term j in the sum of the Breit-Wigners

have been extracted from a fit to the measured spectrum, and crucially the phases ¢; of narrow
charmonia have been determined as 6,y = —1.66(—1.50), 6 (2s) = —1.93(2.08) for branch 1(2)
of the 4 degenerate fit solutions (see Ref. [23] for the rest of the branches, as well as the rest of the
fit parameters and their uncertainties).

On Fig. 2 we show the measurement of Acp [20], as well as its prediction throughout the
physical ¢ region, including the vetoed narrow charomina regions (denoted by vertical red lines),
for a benchmark scenario 6Cy = —6Cj9 = 0.46 —0.71i in black, and for the SM in blue. We observe
a significant enhancement of Acp in the regions of narrow charmonia, especially striking around
the J/y with its asymmetric behavior. Due to this, we propose a measurement of Acp in the bins
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of g% € [8,9] GeV? and ¢? € [10, 11] GeV?, which could lead to a significant enhancement of the
sensitivity of such measurements to CP violating NP effects!, which could be further enhanced by
exploiting the asymmetric behavior of Acp by measuring

~ Tg01 —Tg.01 = Thiooiny + Tiog g

AAcp = —= — . 4
['ig,01 + g0 + 10,117 + 10,11

On Fig. 1 (right) we show the predictions of AAcp for various benchmark scenarios of the S3 LQ
model. For mg, = O(TeV) an effect of AAcp = O(25%) could potentially be observed.

4. Conclusion

The LFUV ratios Rk (- and other b — suu observables might be hinting at NP at the scale of
O(TeV), and the CP nature of this NP should be scrutinized. Measurements of CPV observables
could help discriminate among various NP scenarios, as well as between non-perturbative and
genuine NP effects. We have proposed a measurement of the resonantly enhanced direct CP
asymmetry in B — Kuu, AAcp (4), as an effective probe of such CPV effects. In the S5 LQ model,
we have shown that a large CP-violating IméCy of O(1) is consistent with current constraints from
CP even and CP odd b — suu and B, mixing measurements, and that such a LQ could induce a
large effect in the measurement of AAcp of up to O(25%).
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