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1. Introduction

Solutions of long-standing problems in the Standard Model (SM), such as the hierarchy, point
to New Physics (NP) at the TeV-scale. Moreover, there are motivated approaches to the flavour
puzzle, based on multi-scale scenarios, in which the lowest NP scale lies in the same range (see
e.g. [2]). The flavour structure of generic NP scenarios, however, is tightly constrained by flavour-
physics, with the strongest bound on the scale coming from the kaon sector (ΛNP & 105 TeV).
This implies that some flavour assumptions (e.g. MFV [1], 𝑈 (2)5 [3]) need to be made on the
NP in order to lower the bound down to the TeV-scale. With hypothetical NP at a few TeV, it is
natural to consider the LHC as a complementary probe with respect to low-energy experiments and
electroweak precision tests. Guided by the recent interest in semileptonic transitions, we focus,
from the high-𝑝𝑇 side, on Drell-Yan measurements, and provide an example of how high-energy
and low-energy measurements can be complementary in constraining the same NP scenarios. The
results are derived using the Mathematica package HighPT [4, 5],

2. EFT setup: connecting observables at different energy scales

Under the assumption of heavy NP, the best way of parametrising effects at low energies,
such as the EW scale or the 𝐵 meson mass, is through an Effective Field Theory (EFT) approach.
Above the EW scale, we can use the so-called Standard Model Effective Field Theory (SMEFT)
[6, 7]. This is the theory obtained by complementing the SM lagrangian with higher-dimensional
operators, constructed out of all SM fields, and invariant under 𝑆𝑈 (3)𝑐 × 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 gauge
symmetry:

LSMEFT = LSM +
∑︁
𝛼,𝑑>4

C𝛼

Λ𝑑−4 O
(𝑑)
𝛼 . (1)

In the broken phase of the SM, i.e. at energies below ∼ 200 GeV, the SMEFT gets replaced by the
Low-Energy Effective Theory (LEFT), invariant under 𝑆𝑈 (3)𝑐 ×𝑈 (1)em, and with the heavy SM
fields (𝐻, 𝑡,𝑊± and 𝑍) integrated out. When evaluating the theory prediction for an observable, the
matrix elements and Wilson coefficients need to be evaluated at the relevant energy scale, meaning
that Renormalization Group Equation (RGE) running effects have to be taken into account when
going from ΛNP, at which the SMEFT coefficients are generated, to e.g. 𝜇ew or 𝑚𝑏. In the latter
case, the full chain of SMEFT running, SMEFT-LEFT matching and LEFT running needs to be
evaluated in order to get the LEFT coefficients at the 𝐵-physics scale. As a simple example, consider
the semileptonic operator (in the SMEFT)

[O (3)
𝑙𝑞

]𝛼𝛽𝑖 𝑗 = (𝑙𝛼𝛾𝜇𝜎𝐼 𝑙𝛽) (𝑞𝑖𝛾𝜇𝜎𝐼 𝑞 𝑗) . (2)

From [8] we know that

[ ¤C (3)
𝐻𝑙

]𝛼𝛽 ⊃ 2𝑁𝑐 [C (3)
𝑙𝑞

]𝛼𝛽𝑘𝑙 [𝑌†
𝑑
𝑌𝑑 + 𝑌†

𝑢𝑌𝑢]𝑙𝑘 , [O (3)
𝐻𝑙

]𝛼𝛽 = (𝐻†𝑖𝐷𝜇𝜎
𝐼𝐻) (𝑙𝛼𝛾𝜇𝜎𝐼 𝑙𝛽) , (3)

gives by solving the RGE with a leading-log approximation

[C (3)
𝐻𝑙

]𝛼𝛽 (𝜇ew) = 2𝑁𝑐 [C (3)
𝑙𝑞

]𝛼𝛽𝑘𝑙 [𝑌†
𝑑
𝑌𝑑 + 𝑌†

𝑢𝑌𝑢]𝑙𝑘 log
𝜇ew
ΛNP

. (4)
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The operator above yields a modification of the𝑊 boson couplings to leptons:

L𝑊
eff = − 𝑔

√
2

∑︁
𝛼,𝛽

[
𝑔
𝑊 𝛼𝛽

ℓ𝐿

(
ℓ̄𝐿𝛼𝛾

𝜇𝜈𝐿𝛽
) ]
𝑊𝜇 + h.c. (5)

𝑔
𝑊 𝛼𝛽

ℓ𝐿
= 𝛿𝛼𝛽 + 𝑣2

Λ2 [C
(3)
𝐻𝑙

]𝛼𝛽 (6)

This shows how a four-fermion operator, originating from some UV dynamics, can have an effect
in EW precision observables [9].

3. Input parameters and input redefinitions

When searching for NP effects, it is important to be clear about the experimental inputs used
to determine the SM predictions for the different observables, and how these may be affected by
NP, in order to avoid inconsistencies. Indeed, a NP contribution to an observable used to extract
e.g. one of the gauge parameters of the SM is technically not observable, it will however affect all
other observables in which said parameter appears. For example, the Fermi constant 𝐺𝐹 , extracted
from 𝜇 decays, will enter all weak interaction processes. Parametrising the NP contributions to the
𝜇 decay in SMEFT, and defining 𝐺𝐹 = 𝐺

(0)
𝐹

+ 𝛿𝐺𝐹 , where 𝐺 (0)
𝐹

is the “bare" SM value, one finds

𝛿𝐺𝐹

𝐺
(0)
𝐹

=
𝑣2

Λ2

( [
C (3)
𝐻𝑙

]
22 +

[
C (3)
𝐻𝑙

]
11 −

1
2
[
C𝑙𝑙

]
2112 −

1
2
[
C𝑙𝑙

]
1221

)
+ O

( 𝑣4

Λ4

)
. (7)

Not only the gauge parameters are affected by this, but also the extraction of the CKM elements. Ex-
tracting the matrix elements from semileptonic meson decays, NP contributions can be parametrised
as [10]

B(𝑃 → 𝑃′ℓ�̄�)
B(𝑃 → 𝑃′ℓ�̄�)SM =

|𝑉𝑖 𝑗 |2

|𝑉 (0)
𝑖 𝑗

|2
=

∑︁
𝛼𝛽

𝜌
𝑖 𝑗 ℓ

𝛼𝛽
(𝜇) 𝐶𝑖 𝑗 ℓ

𝛼 (𝜇) 𝐶𝑖 𝑗 ℓ

𝛽
(𝜇)∗ , (8)

where 𝜌𝛼𝛽 are numerical coefficients computed using hadronic form-factors, and 𝐶𝛼 are LEFT
Wilson coefficients. Defining again |𝑉𝑖 𝑗 | = |𝑉 (0)

𝑖 𝑗
| + 𝛿 |𝑉𝑖 𝑗 |, we find that, for example,

|𝑉 (0)
𝑢𝑑

| = 1 −
𝑉2
𝑢𝑠

2
−
𝑉4
𝑢𝑠

8
+ 𝛿 |𝑉𝑢𝑠 |

(
𝑉𝑢𝑠 +

𝑉3
𝑢𝑠

2

)
+ O(𝛿 |𝑉𝑢𝑠 |2) , (9)

where 𝛿 |𝑉𝑢𝑠 | is a function of the Wilson coefficients that can be extracted from Eq. (8) with the
appropriate choice of quark flavour indices.

Our input scheme is {𝐺𝐹 , 𝑚𝑍 , 𝛼em, 𝛼𝑆} for the gauge parameters, with numerical values as in
[11]. All other quantities can be expressed as a function of these, plus the Higgs and top-quark
masses. For example,

cos2 𝜃𝑊 =
1
2

1 +
(
1 − 4𝜋𝛼em√

2𝐺𝐹𝑚
2
𝑍

)1/2 . (10)

The CKM matrix elements are determined as follows:
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• |𝑉𝑢𝑠 |: from the PDG average of B(𝐾+ → 𝜋0𝑒+𝜈) and B(𝐾𝐿 → 𝜋±𝑒∓𝜈) [12].

• |𝑉𝑐𝑏 |: from the HFLAV average of B(𝐵0 → 𝐷−ℓ+𝜈) and B(𝐵+ → 𝐷0ℓ+𝜈), with ℓ = 𝑒, 𝜇

[13].

• |𝑉𝑢𝑏 |: from the BaBar and Belle determinations
dΓ(𝐵 → 𝜋ℓ�̄�)

d𝑞2 at high-𝑞2 (𝑞2 > 16 GeV2

bin) [14, 15].

• 𝛾: from the UTfit NP analysis [16].

With these inputs, our CKM matrix reads

𝑉 =

©«
0.97487(15) 0.2228(6) 0.0039(2) 𝑒−𝑖 68.7(4.2)◦

−0.2231(7) 0.9739(7) 0.0405(4)

0.0084(3) 𝑒−𝑖 24.8(1.4)◦ −0.0398(4) 𝑒𝑖 1.13(7)◦ 0.998990(11)

ª®®®¬ . (11)

4. An example using HighPT: LFU tests in 𝑏 → 𝑐ℓ𝜈 transitions

As an illustration, we show how high-𝑝𝑇 Drell-Yan searches combine with other measurements
in the case of LFU tests in charged current 𝐵-decays. The observables of interest at low-energy are

𝑅𝐷 (∗) =
B(𝐵 → 𝐷 (∗)𝜏𝜈)
B(𝐵 → 𝐷 (∗)ℓ𝜈)

����
ℓ∈{𝑒 𝜇}

, (12)

which have recently been updated with a new measurement from LHCb [17] and are still showing
a tension with the SM. The low-energy description goes through the effective lagrangian

L𝑏→𝑐𝜏𝜈
eff = − 2

√
2𝐺𝐹𝑉𝑐𝑏

[
(1 + 𝐶𝑉𝐿

)
(
𝑐𝐿𝛾𝜇𝑏𝐿

) (
𝜏𝐿𝛾𝜇𝜈𝐿

)
+ 𝐶𝑉𝑅

(
𝑐𝑅𝛾𝜇𝑏𝑅

) (
𝜏𝐿𝛾𝜇𝜈𝐿

)
(13)

+ 𝐶𝑆𝐿

(
𝑐𝑅𝑏𝐿

) (
𝜏𝑅𝜈𝐿

)
+ 𝐶𝑆𝑅

(
𝑐𝐿𝑏𝑅

) (
𝜏𝑅𝜈𝐿

)
+ 𝐶𝑇

(
𝑐𝑅𝜎𝜇𝜈𝑏𝐿

) (
𝜏𝑅𝜎

𝜇𝜈𝜈𝐿
) ]

+ h.c. . (14)

There are three viable leptoquark scenarios to explain the anomaly (see [18]): (i) the vector
𝑈1 ∼ (3, 1, 2/3), and the scalars (ii) 𝑆1 ∼ (3̄, 1, 1/3) and (iii) 𝑅2 ∼ (3, 2, 7/6). The most relevant
operators, at the matching scale Λ for each of these scenarios are 1

𝑈1 :
[
C (1)
𝑙𝑞

]
3323 =

[
C (3)
𝑙𝑞

]
3323 ,

[
C (1)
𝑙𝑞

]
3333 =

[
C (3)
𝑙𝑞

]
3333 ,

[
C𝑙𝑒𝑑𝑞

]
3333 . (15)

𝑆1 :
[
C (1)
𝑙𝑞

]
3333 = −

[
C (3)
𝑙𝑞

]
3333 ,

[
C (1)
𝑙𝑒𝑞𝑢

]
3332 = −4

[
C (3)
𝑙𝑒𝑞𝑢

]
3332 . (16)

𝑅2 :
[
C (1)
𝑙𝑒𝑞𝑢

]
3332 = 4

[
C (3)
𝑙𝑒𝑞𝑢

]
3332 . (17)

At high-𝑝𝑇 , the relevant processes are

𝑝𝑝 → 𝜏𝜏 , 𝑝𝑝 → 𝜏𝜈 , (18)

1The coefficients refer to operators expressed in the Warsaw basis [7]
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Figure 1: 1𝜎 and 2𝜎 preferred regions for 𝑅𝐷 (∗) (blue), EW observables (gray), 𝑝𝑝 → 𝜏𝜏(𝜏𝜈) (red),
and their combination (green). The dashed (dotted) red lines indicate 1𝜎 and 2𝜎 projections for the high-
luminosity phase of LHC (3 ab−1).

and their likelihoods can be computed within HighPT (for more details on the package see [4, 5]
and the talk by Florentin Jaffredo at this conference). In Figure 1 we show the results of the fit,
including also EW observables, for the 𝑈1 case. On the left panel, the LHC likelihood has been
computed in the SMEFT, i.e. not including possible propagation effects of the leptoquark. On
the right, such effects are accounted for, and the likelhood is computed directly in terms of the 𝑈1

couplings to fermions, which are governed by the lagrangian

L𝑈1 = [𝑥𝐿1 ]𝑖𝛼 𝑞𝑖 /𝑈1𝑙𝛼 + [𝑥𝑅1 ]𝑖𝛼 𝑑𝑖 /𝑈1𝑒𝛼 + h.c. (19)

and we chose to switch on only [𝑥𝐿1 ]23,33, since these are the couplings needed to generate the
operators in Eq. (15). It is worth noticing, however, that also the operators [𝐶 (1,3)

𝑙𝑞
]3322 are generated

in this case, giving for example additional contributions to the 𝑝𝑝 → 𝜏𝜏 cross-section. From the
plots one can see that the information coming from LHC is already restricting the viable parameter
space, with room for improvement coming from the high-luminosity phase of LHC.

5. Summary and outlook

High-𝑝𝑇 tails measured at LHC can give complementary and competitive constraints on NP
compared to low-energy experiments. The package HighPT provides an easy-to-use framework to
extract LHC likelihoods from Run-2 ATLAS and CMS Drell-Yan searches, with all possible leptonic
final states. In a future release, the ideas and methodology presented in this proceeding will be
included in the package, allowing for a combined analysis of high- and low-energy observables,
within a unified and well-defined framework.
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