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Abstract: Neutral current Drell-Yan (DY) lepton-pair production is considered in the

framework of the Standard Model Effective Field Theory (SMEFT). Using the open-source

fit platform xFitter, we investigate the impact of high-statistics measurements of the neu-

tral current DY (NCDY) forward-backward asymmetry AFB near the weak boson mass

scale in the present and forthcoming stages of the Large Hadron Collider (LHC). Besides

recovering earlier results on the AFB sensitivity to parton distribution functions, we analyze

the precision determination of Z-boson couplings to left-handed and right-handed u-quarks

and d-quarks, and explore Beyond-Standard-Model contributions using the SMEFT frame-

work. We comment on the role of the AFB asymmetry for the electroweak SMEFT fit and

precision Z-boson physics at the LHC and high-luminosity HL-LHC.

Keywords: SMEFT, Electroweak interaction, Lepton production, proton-proton scatter-

ing, Parton Distribution Functions
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1 Introduction

The physics program centering on electroweak (EW) precision observables receives essential

inputs from measurements of W and Z bosons at the LHC. Owing to the cancellation of

many systematic uncertainties, the forward-backward asymmetry AFB in NCDY lepton-

pair production is a crucial component of this program. The AFB asymmetry is employed

for determinations of the weak mixing angle θW from LHC measurements at the Z-pole [1–

4], complementing LEP/SLD [5] and Tevatron [6] results.

Given that parton distribution functions (PDFs) constitute one of the dominant un-

certainty sources in the precision EW physics program at the LHC, it is especially relevant

that the AFB asymmetry has been shown to provide us with new sensitivity to PDFs [7–

11]. This sensitivity is currently not exploited in global PDF extractions [12–16], and could

potentially lead to dramatic improvements in our knowledge of PDFs. This applies, in par-

ticular, in kinematic regions which are relevant for new physics searches in the multi-TeV

region at the LHC, for instance in the context of Beyond-Standard-Model (BSM) heavy

Z ′ [17, 18] and W ′ bosons [19], and photon-induced di-lepton production processes [20–22].

Furthermore, as in Ref. [11] the impact of the forward-backward AFB asymmetry in the

neutral current sector may be combined with that of the lepton-charge AW asymmetry in

the charged current sector. This points to strategies which are alternative to those taken in

experimental analyses such as in Refs. [1, 3, 23], and aim at exploiting new measurements,

capable of providing sensitivity to PDFs with low theoretical and experimental systematics

while controlling correlations. Related investigations of the AFB asymmetry in Ref. [24]

focus on the behavior induced by the NNPDF4.0 set [14]. See also the studies [25–30] based

on the package ePump [31, 32].

To systematically investigate the role of the asymmetry in precision EWmeasurements,

searches for BSM phenomena, and determinations of PDFs, a well-established framework

is provided by the Standard Model Effective Field Theory (SMEFT) [33]. Details can

be found in recent reviews [34, 35] and SMEFT fitting packages [36–38]. Recent SMEFT
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studies of precision electroweak observables in di-lepton channels at the LHC have been

performed in Refs. [39–44] and analogous studies on the role of PDFs in BSM searches in

Refs. [45, 46].

In this paper we will concentrate on AFB asymmetry measurements in NCDY pro-

duction in the region near the Z-boson mass scale. The analysis will be performed in the

framework of the SMEFT Lagrangian, including operators up to dimension D = 6 [33, 47],

L = L(SM) +
1

Λ2

N6
∑

j=1

C
(6)
j O(6)

j , (1.1)

where the first term on the right hand side is the SM lagrangian, consisting of operators of

mass dimension D = 4, while the next term is the EFT contribution containing N6 oper-

ators Oj of mass dimension D = 6, each weighted by the dimensionless Wilson coefficient

Cj divided by Λ2, where Λ is the ultraviolet mass scale of the EFT.

In the di-lepton mass region near the Z-boson peak, four-fermion operators and dipole

operators coupling fermions and vector bosons can be neglected [39, 43] in Eq. (1.1), and

the whole effect of the D = 6 SMEFT Lagrangian is a modification of the vector boson

couplings to fermions. Using LEP constraints [5], corrections to Z-boson couplings to

leptons can also be neglected [43]. We will thus focus on the SMEFT corrections to Z-

boson couplings to u-type (including c) and d-type (including s, b) quarks, that are least

constrained by LEP and have not comprehensively been studied at the LHC.

To explore these SMEFT couplings, we will extend the implementation of the AFB

asymmetry provided in Ref. [9], using the quantum chromodynamics (QCD) fit platform

xFitter (formerly known as HERAFitter) [48–50]. As a check, we will recover the results

of Ref. [9] on PDF extracted from AFB pseudodata, and in addition we will obtain new con-

straints on Z-boson vector and axial couplings. We will examine the projected luminosity

scenario of 3000 fb−1 for the High-Luminosity LHC (HL-LHC) [51–53].

The paper is organized as follows. In Sec. 2 we present the SMEFT treatment of the

NCDY di-lepton production process in terms of EFT corrections to the SM couplings, and

its implementation to make predictions for the AFB asymmetry in xFitter. In Sec. 3

we describe the AFB pseudodata generation. In Sec. 4 we carry out the main analysis

within xFitter, leading to the determination of the SMEFT couplings. In Sec. 5 we give

conclusions.

2 AFB within SMEFT in xFitter

In this section we start by describing the D = 6 SMEFT Lagrangian for Z-boson interac-

tions with fermions, and introduce the SMEFT couplings for left-handed and right-handed

u-quarks and d-quarks. Next we define the SMEFT vector and axial couplings, and ex-

press the forward-backward asymmetry AFB in terms of these couplings. We discuss the

extension of the xFitter implementation [9] for AFB to the SMEFT case.
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The SMEFT lagrangian for the coupling of the Z-boson to fermions is given by

L(SMEFT)
Z = 2MZ

√

Gµ

√
2 Zα

{

qLγα

(

gZq

L(SM) + δgZq
L

)

qL + uRγα

(

gZu
R(SM) + δgZu

R

)

uR

+ dRγα

(

gZd
R(SM) + δgZd

R

)

dR + {leptonic terms}
}

(2.1)

Here qL is the left-handed quark SU(2) doublet, while uR and dR are the right-handed

quark SU(2) singlets. The left-handed and right-handed quark SM couplings are expressed

in terms of the weak mixing angle θW as follows,

gZu
R(SM) = 1/2− 2/3 sin2 θW , gZu

L(SM) = −2/3 sin2 θW ,

gZd
R(SM) = −1/2 + 1/3 sin2 θW , gZd

L(SM) = 1/3 sin2 θW . (2.2)

The SMEFT couplings are obtained from the SM couplings via the corrections δg, i.e.,

g(SMEFT) ≡ g(SM) + δg:

gZu
L ≡ gZu

L(SMEFT) = gZu
L(SM) + δgZu

L , gZu
R ≡ gZu

R(SMEFT) = gZu
R(SM) + δgZu

R ,

gZd
L ≡ gZd

L(SMEFT) = gZd
L(SM) + δgZd

L , gZd
R ≡ gZd

R(SMEFT) = gZd
R(SM) + δgZd

R . (2.3)

The vector and axial couplings of the Z-boson are defined by taking the combinations L±R

of the left-handed and right-handed fermion couplings. So the SMEFT vector and axial

couplings are given by

gZu
V = gZu

R + gZu
L , gZu

A = gZu
R − gZu

L ,

gZd
V = gZd

R + gZd
L , gZd

A = gZd
R − gZd

L . (2.4)

In order to maximize the sensitivity, we consider the DY triple-differential cross section

in the di-lepton invariant mass Mℓℓ, di-lepton rapidity yℓℓ and angular variable θ∗ between

the outgoing lepton and the incoming quark in the Collins-Soper (CS) reference frame [54].

In this frame, the decay angle is measured from an axis symmetric with respect to the two

incoming partons. The expression for the angle θ∗ in the CS frame is given by

cos θ∗ =
pZ,ℓℓ

Mℓℓ|pZ,ℓℓ|
p+1 p

−

2 − p−1 p
+
2

√

M2
ℓℓ + p2T,ℓℓ

, (2.5)

where p±i = Ei ± pZ,i and the index i = 1, 2 corresponds to the positive and negative

charged lepton respectively. Here E and pZ are the energy and the z-components of the

leptonic four-momentum, respectively; pZ,ℓℓ is the di-lepton z-component of the momentum

and pT,ℓℓ is the di-lepton transverse momentum. At leading order (LO) in QCD and EW

theory, this cross section can be written as

d3σ

dMℓℓdyℓℓd cos θ∗
=

πα2

3Mℓℓs

∑

q

Pq

[

fq(x1, Q
2)fq̄(x2, Q

2) + fq̄(x1, Q
2)fq(x2, Q

2)
]

, (2.6)

where s is the square of the centre-of-mass energy of the collision, x1,2 = Mℓℓe
±yℓℓ/

√
s are

the momentum fractions of the initial-state partons, fq,q̄(xi, Q
2) are their PDFs, Q2 is the
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squared factorization scale, and the factor Pq contains the propagators and couplings of

the Z-boson, photon, and Z-γ interference,

Pq = e2ℓe
2
q(1 + cos2 θ∗) (2.7)

+
M2

ℓℓ(M
2
ℓℓ −M2

Z)

2 sin2 θW cos2 θW
[

(M2
ℓℓ −M2

Z)
2 + Γ2

ZM
2
Z

](eℓeq)
[

gZℓ
V gZq

V (1 + cos2 θ∗) + 2gZℓ
A gZq

A cos θ∗
]

+
M4

ℓℓ

16 sin4 θW cos4 θW
[

(M2
ℓℓ −M2

Z)
2 + Γ2

ZM
2
Z

]

×
{

[(gZℓ
A )2 + (gZℓ

V )2][(gZq
A )2 + (gZq

V )2](1 + cos2 θ∗) + 8gZℓ
A gZℓ

V gZq
A gZq

V cos θ∗
}

.

Here MZ and ΓZ are the mass and the width of the Z boson, eℓ and eq are the lepton and

quark electric charges, gZℓ
V = −1/2 + 2 sin2 θW and gZℓ

A = −1/2 are the vector and axial

couplings of leptons, and gZq
V and gZq

A are the SMEFT vector and axial couplings of quarks

in Eqs. (2.3), (2.4). The first and third terms on the right hand side of Eq. (2.7) are the

square of the s-channel diagrams with photon and Z-boson mediators respectively, while

the second term is the interference between the two.

The forward-backward asymmetry A∗

FB is defined as

A∗

FB =
d2σ/dMℓℓdyℓℓ[cos θ

∗ > 0]− d2σ/dMℓℓdyℓℓ[cos θ
∗ < 0]

d2σ/dMℓℓdyℓℓ[cos θ∗ > 0] + d2σ/dMℓℓdyℓℓ[cos θ∗ < 0]
. (2.8)

We will consider the measurement of the A∗

FB asymmetry differentially in Mℓℓ and yℓℓ
according to Eqs. (2.6), (2.8).

To perform this study, we extend the implementation [9] of the A∗

FB asymmetry in the

xFitter platform [48, 49] to i) include the SMEFT couplings described above in Eqs. (2.3),

(2.4), and ii) upgrade the calculations to double-differential distributions in both invariant

mass Mℓℓ and rapidity yℓℓ of the di-lepton final-state system. The collider energy, accep-

tance cuts and bin boundaries in Mℓℓ and yℓℓ are adjustable parameters in the present

computation. Fiducial selections are applied to the leptons, by requiring them to have

a transverse momentum pℓT > 20 GeV and pseudorapidity |ηℓ| < 5. The mass effects

of charm and bottom quarks in the matrix element are neglected, as appropriate for a

high-scale process, and the calculation is performed in the nf = 5 flavour scheme. The

input theoretical parameters are chosen to be the ones from the EW Gµ scheme, which

minimizes the impact of NLO EW corrections, see e.g. Ref. [55]. The explicit values for

the relevant parameters in our analysis are the following: MZ = 91.188 GeV, ΓZ = 2.441

GeV, MW = 80.149 GeV, αem = 1/132.507.

The predicted AFB as a function of the invariant mass and rapidity of the di-lepton

system at LO in the SM is shown in Fig. 1. The AFB crosses zero around Mℓℓ ≈ MZ . Also,

due to its definition using the longitudinal boost of the di-lepton system, it approaches

zero at yℓℓ = 0. For this calculation, we used the HERAPDF2.0 [16] PDF set, however, its

general features do not depend on the PDF set.1

We next investigate the dependence of the predicted AFB on the couplings. In Figs. 2

and 3 we show the numerically-calculated partial derivatives of the AFB with respect to

1Theoretical predictions for AFB obtained using other PDF sets can be found e.g. in Ref. [3] or Ref. [7].
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Figure 6. The average error in the fitted couplings as a function of the invariant mass (left) and

rapidity (right) bin widths.

a χ2 expression, which follows the one used in Ref. [16] and includes the uncertainties of

pseudodata and PDFs. The latter are incorporated using the profiling technique [62]. In

this method, the PDF uncertainties are included in the χ2 using nuisance parameters which

are further constrained according to the tolerance criterion of the fit. As the tolerance crite-

rion we use ∆χ2 = 1. In this approach, one assumes that the new data are compatible with

the theoretical predictions using the existing PDF set. No further theoretical uncertainties

beyond the PDF uncertainties are considered when calculating the χ2. The uncertainties

on the fitted parameters are obtained using the HESSE method which computes numeri-

cally the second derivatives of the χ2 with respect to the fitted parameters [48, 50]. This

assumes that the dependence of the theoretical predictions on the parameters of interest

is linear near the minimum of the χ2. We cross-checked the uncertainties using the MINOS

algorithm which uses the profile likelihood method to compute asymmetric confidence in-

tervals, as well as the MNCONT algorithm [61] which explicitly finds 2D contours where the

χ2 is minimal, and found a good agreement with the hessian uncertainties.

The results of the fit are presented in Figs. 11–19 as allowed regions for different pairs

of corrections to the Z couplings to u- and d-type quarks at confidence level (CL) of 68%.

The resulting uncertainties on the couplings to the d-type quarks are roughly a factor of

two larger than the corresponding uncertainties for the u-type quarks. A similar impact

of the AFB measurements on the PDFs was found in Ref. [9]: it was shown that these

measurements are most sensitive to the weighted sum (2/3)uv + (1/3)dv of the valence

u- and d-quarks, and we report the same finding in the present study. This is related to

the valence quark content of the proton and also to the fact that the dd̄ initiated process

gets more suppressed at high rapidity (where the sensitivity to the couplings is largest) in

comparison to the uū initiated ones [8]. The exact details of this effect depend on the quark

PDF behaviour at high values of the partonic momentum fraction x [17, 24, 25, 46, 63].
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5 Conclusions

We have studied the possibility to improve constraints on the Z couplings to the u- and

d-type quarks using the future measurements of AFB at the HL-LHC with 3000 fb−1.

We have investigated in detail the dependence of the AFB on the various couplings in

different regions of the invariant mass of the lepton pair, and we have shown that a wide

range of 45 < M(ll) < 145 GeV is profitable to constrain the couplings. Furthermore,

a measurement as function of the rapidity of the lepton pair provides a significant added

value. Thus, we suggest double-differential measurements of the AFB as a function of both

the invariant mass and rapidity of the lepton pairs. Our quantitative analysis of the impact

of the binning scheme on the precision of the extracted couplings suggests the choice of a

specific binning scheme which ensures a substantial sensitivity to the couplings in such a

measurement.

The resulting uncertainties on the couplings to the d-type quarks are found to be

approximately a factor of two larger than the corresponding uncertainties for the u-type

quarks. Since the AFB observable is strongly sensitive to the proton PDFs, we find a

significant dependence of the results on the PDF set used for such study, as was checked

using the ABMP16, CT18, HERAPDF2.0, MSHT20 and NNPDF4.0 PDF sets. Preferably,

in the future such analyses should comprise a simultaneous fit of the proton PDFs and the

couplings.

The results were compared with the existing analyses of the LEP, HERA, Tevatron

and LHC data, as well as with the results which are expected at the future colliders LHeC

and FCC-eh. The uncertainties on the Z couplings to the u- and d-type quarks at the

HL-LHC are expected at percent level, thus outperforming by an order of magnitude any

determinations of these couplings using existing data sets. This level of precision is similar,

but a little inferior to the one which is expected at the LHeC and FCC-eh.
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