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1. Introduction

Flavor physics observables are powerful probes of physics beyond the Standard Model (SM) at
low-energies, since they can be sensitive to energy scales well beyond the reach of the direct searches
at the LHC. The most constraining of these observables are the ones related to rare processes, which
are either suppressed or forbidden in the SM. Noticeable examples are Flavor Changing Neutral
Current (FCNC) decays, which are suppressed by the loop and CKM factors in the SM, allowing us
to probe scales as large as O(105 TeV) [1]. Currently, there is an extensive experimental program
dedicated to 𝐾-, 𝐷- and 𝐵-meson decays, which will offer many opportunities to unveil deviations
from the SM predictions in precision measurements [2].

The precision frontier is one of the best options to seek new physics effects if the scale Λ where
new physics particles arise is very large. However, flavor data is also compatible with concrete
flavor-physics scenarios with a much lower scale Λ, in the O(TeV) range, provided flavor violation
is suppressed, as realized e.g. in Minimal Flavor Violation [3] and scenarios with the 𝑈 (2)5 flavor
symmetry [4]. This is particularly relevant to reconcile flavor observables with other SM issues
such as the hierarchy problem that points at new physics at the TeV scale. In these scenarios, the
direct and indirect searches at the LHC are also useful probes of new physics in the flavor sector, as
we discuss in these proceedings.

Under the assumption that new physics arises well above the electroweak scale, the SM
Effective Field Theory (SMEFT) provides the best description of experimental data [5]. Over
the past several years, the high-energy tails of the 𝑝𝑝 → ℓ𝜈 and 𝑝𝑝 → ℓℓ′ processes (with
ℓ, ℓ′ ∈ {𝑒, 𝜇, 𝜏}) have shown to be complementary to the flavor-physics measurements at low-
energies, see Ref. [6, 7] and references therein. These observables allow us to probe semileptonic
operators with five quark flavors that are available in the proton, with contributions that are energy-
enhanced in the tails of the kinematical distributions [8]. An example of this complementarity
is the discrepancy between the SM predictions and the experimental determinations of the ratios
𝑅𝐷 (∗) = B(𝐵 → 𝐷 (∗)𝜏𝜈)/B(𝐵 → 𝐷 (∗) 𝑙𝜈) [9], with 𝑙 ∈ {𝑒, 𝜇}, for which LHC is essential to
discard several proposed new physics explanations [6].

In the following, we will explore this complementarity between low- and high-energy probes
in 𝐵-physics observables. In Sec. 2 and 3, we will briefly review the EFT description of 𝑝𝑝 → ℓ𝜈

and 𝑝𝑝 → ℓℓ′ at high-energies. These results will then be used in Sec. 4 to discuss two few specific
examples: (i) the 𝑅𝐷 (∗) ratios and (ii) the decays based on the 𝑏 → 𝑠𝜈𝜈 transition, which are related
through 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 gauge invariance.

2. EFT framework

We assume that the new physics scale lies well above the electroweak scale and consider the
EFT invariant under the 𝑆𝑈 (3)𝑐 × 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 gauge symmetry, namely the SMEFT [5]. The
leading effects in the SMEFT are described by 𝑑 = 6 operators.

L (6)
eff =

∑︁
𝑎

C (6)
𝑎

Λ2 O (6)
𝑎 , (1)

where Λ denotes the EFT cutoff. The effective coefficients are generically denoted by C (6)
𝑎 and the

operators O (6)
𝑎 can be of several types. We will consider the Warsaw basis for the 𝑑 = 6 operators [5]
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𝜓4 Operator

O (1)
𝑙𝑞

(
𝑙𝛾𝜇𝑙

) (
𝑞𝛾𝜇𝑞

)
O (3)
𝑙𝑞

(
𝑙𝛾𝜇𝜏𝐼 𝑙

) (
𝑞𝛾𝜇𝜏

𝐼𝑞
)

O𝑙𝑢

(
𝑙𝛾𝜇𝑙

) (
𝑢̄𝛾𝜇𝑢

)
O𝑙𝑑

(
𝑙𝛾𝜇𝑙

) (
𝑑𝛾𝜇𝑑

)
O𝑒𝑞

(
𝑒𝛾𝜇𝑒

) (
𝑞𝛾𝜇𝑞

)
O𝑒𝑢

(
𝑒𝛾𝜇𝑒

) (
𝑢̄𝛾𝜇𝑢

)
O𝑒𝑑

(
𝑒𝛾𝜇𝑒

) (
𝑑𝛾𝜇𝑑

)

𝜓4 Operator +h.c.

O𝑙𝑒𝑑𝑞

(
𝑙𝑎𝑒

) (
𝑑𝑞𝑎

)
O (1)
𝑙𝑒𝑞𝑢

(
𝑙𝑎𝑒

)
𝜀𝑎𝑏

(
𝑞𝑏𝑢

)
O (3)
𝑙𝑒𝑞𝑢

(
𝑙𝑎𝜎𝜇𝜈𝑒

)
𝜀𝑎𝑏

(
𝑞𝑏𝜎𝜇𝜈𝑢

)

Table 1: Hermitian (left) and non-Hermitian (right) dimension 𝑑 = 6 semileptonic operators in the SM
EFT. Quark and lepton doublets are denoted by 𝑞 and 𝑙, respectively, and the weak singlets read 𝑢, 𝑑 and 𝑒.
𝑆𝑈 (2)𝐿 indices are denoted by 𝑎, 𝑏, with 𝜀12 = −𝜀21 = +1, and 𝑆𝑈 (3)𝑐 indices are omitted. Flavor indices
are also omitted in this Table.

and focus on the ones that contribute at tree level to Drell-Yan processes. There are only three types
of operators that fulfill this requirement: (i) four-fermion semileptonic operators (𝜓4), (ii) dipole
operators (𝜓2𝐻𝑋), and (iii) Higgs-current operators (𝜓2𝐻2𝐷).

The Higgs-current operators contribute to the partonic processes 𝑞𝑞 → ℓℓ′ via the modifica-
tion of the 𝑊- and 𝑍-boson couplings to SM fermions and, therefore, cannot induce an energy-
enhancement of the amplitude. The contributions from the dipoles to the amplitude M scale as
M ∝ 𝑣𝐸/Λ2, whereas the one from semileptonic operator scale as M ∝ 𝐸2/Λ2, which can be
prominent at the tails of the distributions [6]. In the following, we will focus on the semileptonic
operators defined in Table 1, as they provide the largest contributions to the observables that we
consider.

3. Probing flavor at high-𝑝𝑇

The cross-section of the Drell-Yan process 𝑝𝑝 → ℓ−
𝑖
ℓ+
𝑗

is given by

𝜎(𝑝𝑝 → ℓ−𝑖 ℓ
+
𝑗 ) =

∑︁
𝑘,𝑙

∫
d𝑠
𝑠
L𝑞𝑘 𝑞̄𝑙 𝜎̂(𝑞𝑘𝑞𝑙 → ℓ−𝑖 ℓ

+
𝑗 ) , (2)

with

L𝑞𝑘 𝑞̄𝑙 (𝑠) ≡
∫ 1

𝑠/𝑠

d𝑥
𝑥

[
𝑓𝑞𝑘 (𝑥, 𝜇𝐹) 𝑓𝑞̄𝑙 (

𝑠

𝑠𝑥
, 𝜇𝐹) + (𝑞𝑘 ↔ 𝑞𝑙)

]
, (3)

where
√
𝑠 = 13 TeV, 𝑖, 𝑗 and 𝑘, 𝑙 stand for lepton and quark flavor indices, respectively, 𝑓𝑞𝑘 and 𝑓𝑞̄𝑙

denote the Parton Distribution Functions (PDFs) of 𝑞𝑘 and 𝑞𝑙, and 𝜇𝐹 is the factorization scale.
The partonic cross-section 𝜎̂(𝑞𝑘𝑞𝑙 → ℓ−

𝑖
ℓ+
𝑗
) contains the SM contributions, as well as the ones

induced by higher-dimensional operators, as computed e.g. in Ref. [6]. The energy enhancement of
the cross-section can compensate to some extent the heavy-flavor PDF suppression, thus allowing
us to probe the five quark flavors available in the proton. Furthermore, LHC also allows probing

3



P
o
S
(
B
E
A
U
T
Y
2
0
2
3
)
0
4
9

Connecting flavor at low- and high-𝑝𝑇 in the SMEFT Olcyr Sumensari

quark-flavor violating processes (with 𝑞 ≠ 𝑙), such as the 𝑏 → 𝑠 transition, if they are induced by
𝑑 = 6 operators.

We consider the reinterpretation of the available CMS and ATLAS searches for the dilepton
𝑝𝑝 → ℓℓ′ and monolepton 𝑝𝑝 → ℓ𝜈 channels at high-𝑝𝑇 from Ref. [7], with 140 fb−1. These
results cover all possible leptons in the final state and they are implemented in the HighPT package. 1

4. Explicit examples

4.1 𝑏 → 𝑐𝜏𝜈

Current status: The first example that we consider to discuss the complementarity of low- and
high-energy searches is the 𝑏 → 𝑐𝜏𝜈 transition. Lepton Flavor Universality (LFU) ratios based on
the 𝑏 → 𝑐ℓ𝜈̄ transition have been determined to be [9]

𝑅
exp
𝐷

=
B(𝐵 → 𝐷𝜏𝜈)
B(𝐵 → 𝐷ℓ𝜈) = 0.357(29) , 𝑅

exp
𝐷∗ =

B(𝐵 → 𝐷∗𝜏𝜈)
B(𝐵 → 𝐷∗ℓ𝜈) = 0.284(12) , (4)

which are larger than the SM predictions, 𝑅SM
𝐷

= 0.294(4) [10] and 𝑅SM
𝐷∗ = 0.265(13) [11] (see

also Ref. [13]). While there is an agreement for the 𝐵 → 𝐷 transition between different lattice
QCD determinations [12], there is still an ongoing debate for the different calculations of 𝐵 → 𝐷∗

form-factors [11, 13] and their compatibility with 𝐵 → 𝐷∗ℓ𝜈 differential data [9]. This issue is
particularly important for the determination of |𝑉𝑐𝑏 | from 𝐵 → 𝐷∗ℓ𝜈, which is considerably lower
than the inclusive determinations.

Before discussing the interpretations of these experimental results, we emphasize that the
definition of the 𝐵 → 𝐷 (∗) LFU ratios could be optimized to reduce the impact of theoretical
uncertainties. This could be achieved by defining observables where the (known) LFU-breaking
effects from the SM are already taken into account. These definitions can be particularly useful for
𝐵 → 𝐷∗, where the various form-factor determinations disagree [14, 15]:

• Firstly, a very simple but useful modification that already allows to reduce the theoretical
uncertainties is to consider the same bins in the denominator and numerator, i.e. 𝑞2 ∈
[𝑚2

𝜏 , (𝑚𝐵 − 𝑚𝐷 (∗) )2], defining 𝑅cut
𝐷

[14, 15]. For this observable, we obtain slightly more
precise SM predictions, namely 𝑅cut

𝐷
= 0.572(4) and 𝑅cut

𝐷∗ = 0.343(6), for the same form-
factors, which reduce the SM uncertainties by a factor of ≈ 2 in both cases.

• In the case of 𝐵 → 𝐷∗ decays, the LFU ratio can be further optimized by reweighing the
muon rates as follows [15], 2

𝑅
opt
𝐷 (∗) =

∫ 𝑞2
max

𝑚2
𝜏

d𝑞2 dB
d𝑞2 (𝐵 → 𝐷 (∗)𝜏𝜈̄)∫ 𝑞2

max

𝑚2
𝜏

d𝑞2
[
𝜔𝜏 (𝑞2)
𝜔𝜇 (𝑞2)

]
dB
d𝑞2 (𝐵 → 𝐷 (∗)𝜇𝜈̄)

, (5)

1https://github.com/HighPT
2Note that such a cancellation would not be efficient for 𝐵 → 𝐷 decays, since the scalar form-factor ( 𝑓0) contribution

is sizable, appearing with a different phase-space prefactor.
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where 𝜔ℓ (𝑞2) ≡ (1 − 𝑚2
ℓ
/𝑞2)2(1 + 𝑚2

ℓ
/2𝑞2) is the lepton-dependent part of the phase-space

function. In this case, we find 𝑅opt
𝐷∗ = 1.080(4), which improves the relative precision by a

factor of ≈ 10 in comparison to the usual definition. Notice that the above definitions only
require a redefinition of the muon rates, for which the differential spectrum can be easily
binned, as already performed at the 𝐵-factories [9].

Even though the experimental uncertainties are still dominant, having more precise SM predictions
will be needed, given the expected sensitivity of Belle-II for these observables [16].

Low- vs high-energy probes The most general effective Lagrangian describing the 𝑏 → 𝑐𝜏𝜈̄

with operators up to 𝑑 = 6 reads

L𝑏→𝑐𝜏𝜈
eff = − 2

√
2𝐺𝐹𝑉𝑐𝑏

[
(1 + 𝐶𝑉𝐿

)
(
𝑐𝐿𝛾𝜇𝑏𝐿

) (
𝜏𝐿𝛾𝜇𝜈𝐿

)
+ 𝐶𝑉𝑅

(
𝑐𝑅𝛾𝜇𝑏𝑅

) (
𝜏𝐿𝛾𝜇𝜈𝐿

)
+ 𝐶𝑆𝐿

(
𝑐𝑅𝑏𝐿

) (
𝜏𝑅𝜈𝐿

)
+ 𝐶𝑆𝑅

(
𝑐𝐿𝑏𝑅

) (
𝜏𝑅𝜈𝐿

)
+ 𝐶𝑇

(
𝑐𝑅𝜎𝜇𝜈𝑏𝐿

) (
𝜏𝑅𝜎

𝜇𝜈𝜈𝐿
) ]

+ h.c. ,
(6)

where 𝐶𝑉𝐿 (𝑅) , 𝐶𝑆𝐿 (𝑅) and 𝐶𝑇 are effective operators that can be matched onto the SMEFT ones
from Table 1, see e.g. Ref. [7]. Several combinations of these effective coefficients can explain
current data, as discussed e.g. in Ref. [17]. One of the simplest solutions of 𝑅𝐷 (∗) is to rescale the
SM contribution via C𝑉𝐿

, which receives contributions in the SMEFT from C (3)
𝑙𝑞

, with appropriate
flavor indices. A possible ultraviolet completion of this scenario is the𝑈1 ∼ (3, 1, 2/3) leptoquark,
which induces C (1)

𝑙𝑞
= C (3)

𝑙𝑞
[17]. The constraints from flavor, electroweak precision and Drell-Yan

data on these coefficients are shown in Fig. 1 for both the EFT and the 𝑈1 leptoquark. Clearly,
there is a complementarity of these different probes. Similar conclusions hold for the other SMEFT
operators contributing to 𝑏 → 𝑐𝜏𝜈 such as C𝑙𝑒𝑑𝑞, C (1)

𝑙𝑒𝑞𝑢
and C (3)

𝑙𝑒𝑞𝑢
, as discussed in detail in Ref. [7].

Figure 1: Constraints on the SMEFT coefficients (left panel) and the corresponding𝑈1 leptoquark couplings
(right panel from flavor-physics (blue region), electroweak-precision (gray) and high-𝑝𝑇 LHC observables
(red). The combined fit is shown in green. See Ref. [7] for details.
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4.2 𝑏 → 𝑠𝜈𝜈

Current status Another powerful probe of new physics are the theoretically clean decays 𝐵 →
𝐾 (∗)𝜈𝜈̄ [18], which are currently being studied at the Belle-II experiment. The current experimental
values read [19, 20]

B(𝐵+ → 𝐾+𝜈𝜈̄)exp = 2.40(67) × 10−5 , B(𝐵0 → 𝐾∗0𝜈𝜈̄)exp < 2.7 × 10−5 (90% CL) , (7)

which are to be compared to the SM predictions, B(𝐵 → 𝐾𝜈𝜈̄)SM = (4.44 ± 0.14 ± 0.27) × 10−6

and B(𝐵 → 𝐾∗𝜈𝜈̄)SM = (9.05 ± 1.25 ± 0.55) × 10−6, where the first uncertainty corresponds to
the form-factors and the second one to the CKM elements, see Ref. [21] for a detailed discussion
on the theoretical inputs. Note, in particular, that the B(𝐵 → 𝐾𝜈𝜈̄) value obtained by the recent
Belle-II measurement is considerably above its SM value [22].

Low- vs. high-energy probes The effective Lagrangian describing the 𝑏 → 𝑠𝜈𝜈̄ transition with
operators up to 𝑑 = 6 reads

L𝑏→𝑠𝜈𝜈
eff =

8𝐺𝐹√
2
𝛼em
4𝜋

∑︁
𝑖, 𝑗

[
𝐶
𝑖 𝑗

𝐿

(
𝑠𝐿𝛾

𝜇𝑏𝐿
) (
𝜈̄𝐿𝑖𝛾𝜇𝜈𝐿 𝑗

)
+ 𝐶𝑖 𝑗

𝑅

(
𝑠𝑅𝛾

𝜇𝑏𝑅
) (
𝜈̄𝐿𝑖𝛾𝜇𝜈𝐿 𝑗

) ]
+ h.c. , (8)

where 𝑖, 𝑗 are the neutrino flavor indices and 𝐶𝑖 𝑗

𝐿 (𝑅) are the Wilson coefficients. In the SM, only
𝐶
𝑖 𝑗

𝐿
= 𝐶SM

𝐿
𝛿𝑖 𝑗 is nonzero, with 𝐶SM

𝐿
= −6.32(7) [18]. The 𝐶𝐿 and 𝐶𝑅 effective coefficients receive

tree-level contributions from C (1,3)
𝑙𝑞

and C𝑙𝑑 [18], respectively.
Even though there is not a precise LHC observable that can efficiently probe the 𝑏 → 𝑠𝜈𝜈̄

transition at high-𝑝𝑇 , it should be stressed that the SMEFT operators contributing to 𝑏 → 𝑠𝜈𝜈̄ will
also contribute e.g. to 𝑏𝑠 → ℓℓ and 𝑏𝑐 → ℓ𝜈, which can be probed at high-𝑝𝑇 [6]. To illustrate
this complementarity, we consider two SMEFT scenarios depicted in Fig. 2: (i) C (1)

𝑙𝑞
= −C (3)

𝑙𝑞

vs. C (1)
𝑙𝑞

= +C (3)
𝑙𝑞

, and (ii) C (1)
𝑙𝑞

= −C (3)
𝑙𝑞

vs. C𝑙𝑑 , with the quark flavor indices corresponding to
the 𝑏 → 𝑠 transition and the leptonic to the 𝜏-lepton. 3 We find that right-handed operators are
preferred to explain the excess in the 𝐵+ → 𝐾+𝜈𝜈̄ results [22]. Furthermore, we find once again
that low- and high-energy are complementary in probing the SMEFT operators.

5. Summary

By using the results from Ref. [6, 7], we have shown in two explicit examples that Drell-
Yan constraints on SMEFT operators relevant for 𝐵-physics can be complementary to low-energy
measurements of tree- and loop-induced 𝐵-meson decays. Similar studies have also been made for
the charm sector in Ref. [23] and for LFV decays in Ref. [24]. These examples illustrate that the
combination of low- and high-energy searches is fundamental in order to understand discrepancies
in low-energy observables, such as 𝑅𝐷 (∗) , and to constrain the possible flavor structure of physics
beyond the SM.

Acknowledgment
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3We focus on the 𝜏-lepton as the couplings to electrons and muons are already tightly constrained, cf. Ref. [22].
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Figure 2: Low- and high-energy constraints on the SMEFT coefficients coupled to left-handed 𝜏-leptons that
are relevant to the 𝑏 → 𝑠𝜈𝜈̄ transition. In the left panel, flavor and LHC constraints are complementary. In the
right panel, flavor constraints are far more constraining. We use the shorthand notation C (1±3)

𝑙𝑞
≡ C (1)

𝑙𝑞
±C (3)

𝑙𝑞
.
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