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Drell-Yan SMEFT at NLO
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The Drell Yan (DY) scattering is an highly sensitive probe for new physics. Indeed, being a well
measured phenomenon, any deviation between experimental and theoretical results could point
at new physics beyond the Standard Model. To enable precise comparisons between theory and
experimental data, extensive calculations have been performed in both the electroweak and QCD
sectors of the Standard Model. Following this line of reasoning, the DY scattering has been
investigated also in the Standard Model Effective Field Theory (SMEFT) framework, both at LO
and NLO. Nevertheless, existing results do not include 4-fermion operators at NLO SMEFT. In
this PoS, we extend these calculations in order to include all dimension-6 operators in the SMEFT
framework, providing NLO QCD and electroweak contributions for the neutral Drell-Yan process.
The paper is divided as follow. In section 1 we introduce the notation used in this work. In
section 2, we present our LO calculation for the DY process, showing explicitly the up quark
initial states case. In section 3 we discuss in detail the calculation of the NLO contributions,
explaining how we treated the different Feynman diagrams. Finally in Section 4, we provide an
initial phenomenological study for O(3)qq . This PoS is based on an ongoing project and a paper is
in preparation.
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Figure 1: LO Feynman diagrams for DY process. Realized with [16]
.

1. Notation

In previous studies [10, 11], the effect of 2-fermion and bosonic operators inDYwere treated. In
the following, we will consider all dimension-6 operators,including 4-fermion operators. Assuming
real coefficients and neglecting CP violation effects, within the SMEFT framework, We compute
both NLO QCD and EW contributions. We set the CKM matrix to be diagonal and we set all
masses other than the top quark to be 0. We use the Warsaw basis and we normalize the coefficients
according to:

L = LSM + Σ
∞
k=5Σ

n
a=1

Ck
a

Λk−4O
k
a . (1)

Our calculations involve flavor indices and we consider amplitudes up to linear order in the
dimension-6 SMEFT coefficients, including 1-loop effects in the QCD and EW couplings.
We use as input parameters for the EW sector MW, MZ , and Gµ. 4-fermion operators give contri-
butions to the decay of the µ, changing the relation between the vev, v, and the Fermi constant Gµ

as

Gµ ≡
1
√

2v2
−

1
2
√

2Λ2
(Cll[2112] + Cll[1221]) +

√
2

2Λ2 (C
(3)
φl,
[11] + C(3)

φl
[22]) . (2)

2. LO DY calculations

In this section we show the LO results for q(p1)q(p2) → l+(p3)l−(p4). Fig 1 shows the two
possible topologies present at LO. In terms of helicity amplitudes we have:

MXY =

[
u(p2)γµPXu(p1)

]
·

[
u(p3)γ

µPYu(p4)

]
, (3)

with PL,R =
1∓γ5

2 . At tree level we have

ALO = ΣXYGXY MXY (4)

with
GXY = GSM

XY + δGXY (5)

where the δ term represents the SMEFT contributions.
Summing over helicity amplitudes and averaging over the spin and color we have

| ALO(s, t) |2 ≡
1
12
ΣXY | GXY |

2 | MXY |
2

≡
1
12
| ALO |

2 . (6)
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a) b)

c) d) e)

Figure 2: Samples of Feynman diagrams contributing at NLO for DY process. Realized with [16]. a)
Renormalization counterterms, b) Vertex, c) Box, d) 4-fermion vertex, e) 4-fermion box.

The partonic cross sections, averaged over spin and color are given by:

dσ̂
dt

=
1

48πs2

{
(| GLL |

2 + | GRR |
2)u2 + (| GLR |

2 + | GRL |
2)t2

}
σ̂LO =

1
16πs2

∫ 0

−s

dt | ALO(s, t) |2 , (7)

where t = (p1− p3)
2 and u = (p1− p4)

2. The numerical results of the tree level 4−fermion operators
has been extensively studied in the literature [3, 5, 6, 12, 14]. According to [4], the Drell Yan
process can give useful information not only from the high-energy regime.

3. SMEFT NLO DY calculations: Virtual contributions

In this section, we provide a detailed account of the calculation of virtual NLO corrections
within the SMEFT for the Drell-Yan process. The notation follows that of previous works [7–9, 11].
The virtual corrections to Drell-Yan encounter both UV and IR divergences, which we handle
by working in d = 4 − 2ε dimensions using the dimensional regularization. We schematize the
contributions to the virtual NLO corrections into box, vertex, 4-fermion vertex triangle, 4-fermion
box triangle and renormalization counterterm contributions, as shown in Fig. 2. We notice that
our computation includes only NLO corrections that interfere with the LO amplitudes. Unlike
[10], due to the 4 fermion operators inclusion, we see that also topologies that do not appear at the
SM level are involved in the calculation. We use FeynRules [1] routines to convert Rξ Feynman
rules [13] for the SMEFT into a FeynArts [15] model file, then using FeynCalc [19] we compute
amplitudes and we reduce 1-loop integrals to Passarino-Veltman integrals. We do not fix the gauge
in the SMEFT Lagrangian and we verify at the end the cancellation of ξ terms, in order to have
a further check on our computation. Excluding the renormalization counterterms, we determine
the one loop contributions by contracting NLO amplitudes with MXY , acting as projectors in the
massless fermion limit. To be consistent in the SMEFT expansion, our approach requires to consider
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Feynman diagrams with at most a single SMEFT operator insertion. This ensures renormalizability
by avoiding divergences that cannot be countered without introducing higher-order operators at
leading order. The treatment of γ5 in D dimension requires particular care. Indeed, the complex
Dirac traces of the SMEFT raise difficulties in the calculation process. To evaluate the Dirac traces,
our choice between the NDR or Kreimer scheme depends on the specific class of Feynman diagrams
illustrated in Figure 2.

Renormalization counterterms

The effective field theory coefficients of the dimension-6 operators are treated asMS quantities,
defined at the scale of the measurement, i.e. the EW scale. The poles of the one-loop coefficients
Ci are extracted from Refs. [2, 17, 18],

Ci(µR) = C0,i −
1
2ε̂

1
16π2 γi jCj, (8)

where µ is the renormalization scale, γi j are the one-loop anomalous dimensions,

µR
dCi

dµR
=

1
16π2 γi jCj, (9)

and ε̂−1 ≡ ε−1 − γE + log(4π).

Vertex

Vertex contributions involve 1PI vertex amplitudes that are extracted by contracting amplitudes
with MXY . We notice that the presence of SMEFT operators does not raise the issue of the D-
dimensional evaluation of the Dirac trace, because at most 4 Dirac matrices are involved. Thus, in
this case we can use the NDR scheme when γ5 is involved in the calculation.

Box

In this case we considered "SM type" box diagrams, meaning that in this subsection we studied
box topologies that appear already at the SM level. As in the previous case we extract the box
contributions by contracting amplitudes with MXY , using them as "projectors". In this case, we
have fermion chains that involve up to 6 Dirac matrices and therefore we use the Kreimer scheme
using a consistent reading point. The reading point prescription effectively specifies with which
Dirac matrix to start the non-cyclic trace in the Kreimer scheme. Our choice is to begin reading the
Dirac traces from the projector insertion.

4-fermion vertex triangle

The diagrams discussed in this subsection are the NLO corrections to the 4-fermion operators
appearing at LO; in particular we considered the case where a gauge boson is "connecting" 2 leptons
or 2 quarks. The fermion chains appearing in these diagrams have the some form as those in the
vertex 3 and, after projecting through MXY , we can use the NDR scheme to evaluate the Dirac
traces.
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Figure 3: O(3)qq different center-of-mass energies.

4-fermion box triangle

Finally, we discuss NLO 4 fermion feynman diagrams with a gauge boson connecting different
type of fermions, e.g quark and lepton. According to the Kreimer scheme when we have more
than 5 Dirac matrices and we are dealing with several axial current we should employ a symmetric
reading point. However, even if we have several γ5 involved in the calculations we are handling
open fermion chains, not closed fermion loops. This means we can reduce the fermion chains using
the Dirac algebra before we project through MXY . After this operation, the chains appearing in
these diagrams will have the same form of 3. By the same reasoning, we use the same reading
point of the box diagrams, starting to read our Dirac traces from the projector insertion. Finally, we
notice that not employing a reading point would not give us the correct results for these diagrams, as
expected. Indeed, as explicitly verified, this choice would lead to gauge and chiral violating terms.

4. Phenomenology

The analytical results discussed in this PoS are going to be implemented in Montecarlo pro-
grams, in particular in POWHEG code, in order to include also contributions coming from PDF
factorization and hard non-collinear contributions from the 2 → 3 process. Being an ongoing
project, we can not present a detailed phenomenological analysis at this stage. However, we can
provide a preliminary study of the phenomenology involving 4-fermion operators first appearing at
NLO.

In Fig 3, we compare different center-of-mass energies:
√

s = 13.5 TeV, which is the energy
at which the LHC runs, and

√
s = 100 TeV, the expected energy for the future collider Fcc-ee. We

set C(3)qq[1122] = 0.1 and C(3)qq[1221] = 0. Due to the linear dependence of the SMEFT coefficient
on the cross section, this results in a simple rescaling of dσEFT. We see that increasing the energy
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Figure 4: Correlation between the coefficients C(3)qq[1122] and C(3)qq[1221] in the U(2)5 scenario.

scale doesn’t significantly affect the contributions in any of the flavor scenarios. However, we do
observe a systematic reduction of a few percent between the energy scales.

In Fig 4, we show the correlation between the coefficients C(3)qq[1122] and C(3)qq[1221] in the
U(2)5 scenario, assuming

[
dσEFT

dσSM
− 1

]
> 2% or 10%, Mll > 500 GeV. (10)

According to [20], the current DY relative uncertainty for muon dilepton mass Mll > 500 GeV is
& 19% . Under these conditions, we can detect BSM events in this channel only if they deviate
more than 19% from the SM. It is reasonable to assume that the precision will increase at future
colliders and that this upgrade will allow us to measure possible deviations with higher sensitivity.
For this reason, in this analysis we considered two scenarios, a "conservative" one at 10% and
a more "optimistic" one at 2%. We notice that, due to the linear approximation, we can not set
bounds on the SMEFT coefficients, since the area of the allowed values is delimited by two straight
parallel lines. Nevertheless, these results can be used to check the consistency of the constraints
coming from other sources, for example by studying specific regions. Indeed, it is meaningful
to point out that the two parameters show a strong correlation. The constraints on the 4-fermion
operators derived from this analysis appear to be less stringent than those obtained, for example,
from the EWPOs. However, it should be emphasized that this is still a preliminary study and does
not include, for example, NLO corrections to the SM. We expect that the bounds resulting through
the DY process can be used to strengthen those from other sources.
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