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Introduction 

High-Mass Drell–Yan (HMDY) pp  is a clean, high-statistics  
probe of electroweak dynamics at the LHC  
 
Experimental access to high-Q2 region with excellent precision  
and precise SM predictions  
 
Important for SMEFT, notably four-fermion operators with effects that  
grow with energy  
 
Complementary constraints to operators also probed by  
low-energy flavour  
 
This talk, experimental overview of current (ATLAS) measurements  
in HMDY and relevance for SMEFT and future prospects 

→ ll/lv



Process can be reliably studied in the high-mass 
region over a large mass range reliable statistics,  
even at high-Q2

 
Clean (e, μ) final states:
– High efficiency and excellent resolution →  
   enables precise differential measurements 
– Requires tight control of backgrounds  
   (top, fake leptons, and EW) and detector   
   systematics for accuracy 

τ final states:  
- Enhanced sensitivity to flavour dependent  
  New Physics
- limited by jet→τ fakes and missing neutrinos  
- low efficiency and poor mₜ resolution. 

Experimental reach
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QHW H†HW i

µ⌫
W Iµ⌫ QHe (H†i

 !
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Table 1. L6 operators in the Warsaw basis [42], categorized into eight classes L
(n)
6 as in [48]. Only

baryon number-conserving invariants are retained. The flavor indices p, r, s, t are suppressed in the
operators’ names.

– 6 –

Warsaw basis SMEFT at d=6

U(3)5 flavour symmetry : all generations affected by the same effect

Four-fermion  
couplings

Higgs-gauge

Higgs-gauge 
-fermions

Dipole operators

Higgs 
propagator

Boson 
self-coupling

Yukawa  
modifi

10.1007/JH
EP 04 (2021) 073 

Four-fermion couplings 

(ℓℓqq) operators dominate at tree level 

and produce contact-interaction like  
deviations (especially at high mll).  
 
Gauge-fermion couplings  
modifications to gauge-fermion couplings,  
more precisely controlled in on-shell region 
 
Gauge propagator 
Shift in gauge bosons wave function 

Dipole operators
Suppressed by fermion mass, effect  
can be probed in τ channel   

 
Bosonic operators 
Enter at one-loop level, theory calculations  
available Phys. Rev. D 99, 035044

https://doi.org/10.1007/JHEP04(2021)073
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.035044
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Flavour assumptions and parameterisation

O
(8)→
quqd

d

d̄

u

ū

ω

2.3 Effective field theory approach 29

U(3)5 topU3l top general

all !!CP all !!CP all !!CP all !!CP

X3 4 2 4 2 4 2 4 2
H6 1 - 1 - 1 - 1 -

H4D2 2 - 2 - 2 - 2 -
X2H2 8 4 8 4 8 4 8 4

ω2H3 6 3 10 5 14 7 54 27
ω2XH 16 8 28 14 36 18 144 72

ω2H2D 9 1 15 2 21 2 81 30
(L̄L)(L̄L) 8 - 16 - 31 - 297 126
(R̄R)(R̄R) 9 - 27 2 40 2 450 195
(L̄L)(R̄R) 8 - 31 4 54 4 648 288

(L̄R)(R̄L), (L̄R)(L̄R) 14 7 40 20 64 32 810 405

tot 85 25 182 53 275 71 2499 1149

Table 2.3: Number of independent real parameters in each class of baryon number conserv-
ing dimension-6 operators, for the U(3)5, topU3l, top scheme. !!CP denotes the
number of CP-violating parameters and the number of operators without any fla-
vor assumptions is denoted as the general scheme. Taken from [70].

2.3.3 Flavor symmetry749

From the 2499 operators that preserve baryon and lepton numbers at dimension-750

6, many of the operators can be merged by invoking additional flavor symmetries.751

These flavor symmetries reflect experimental considerations where it is not pos-752

sible to distinguish the flavor of the underlying light quarks involved in the high-753

energy process. The flavor symmetries can also help optimize sensitivity to specific754

theories that match the corresponding flavor structure.755

Some classes of operators, such as those in the classes - X3, H6, H4D2, X2H2 -756

corresponding to 15 parameters in total, are unaffected by flavor. Thus, most of the757

operators in the SMEFT are sensitive to flavor-specific signatures of New Physics.758

Under a flavor symmetry, operators do not distinguish certain flavors of particles.759

As the most massive fundamental particle with O(1) Yukawa coupling, the top760

quark is treated separately in many EFT flavor symmetry schemes. More discussion761

on the flavor symmetry can be found in [70, 74]. The three flavor symmetries that762

are considered in the interpretations performed in this thesis are763

• U(3)5: This flavor symmetry corresponds to an unbroken global flavor symme-764

try in the SM Lagrangian, valid in the limit where the Yukawa couplings are765

small (Yu, d, e → 0). The symmetry group is given by U(3)q ↑ U(3)u ↑ U(3)d ↑766

[ January 5, 2024 at 6:51 – classicthesis Version X.X.X ]

10.1007/JHEP 04 (2021) 073

Relax symmetries

- Parameterisation derived from SMEFTsim UFO, (LO SM), currently top scheme is the most popular as it  
  allows for dedicated lepton operators in addition to dedicated operators for top and bottom quarks.

 
- All relevant d=6 operators are considered and parameterisation is derived for linear and quadratic terms  

https://doi.org/10.1007/JHEP04(2021)073
https://arxiv.org/abs/2012.11343
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Experimentally disentangling operators

High-mass tails (mₗₗ / mT): amplified sensitivity to four-fermion (ℓℓqq) contact terms  

Angular observables (cosθ*CS): separate chiral structures (LL vs RR vs LR) and distinguish vector vs axial currents. 

Charge asymmetries & lepton-flavor universality: W⁺/W⁻ and e/μ/τ comparisons probe chiral and flavour structure  
 
Multi-differential bins (mₗₗ vs cosθ,yll): break degeneracies between four-fermion operators and gauge coupling  
modifiers  

Measuring in b-jet multiplicity: tagging b-jets in the final states allows to probe 4f fermion operators affecting b-quarks

 
 
 
 
 
 
 
 
τ polarization: dedicated τ polarisation can also be used to disentangle dipole operators and chiral combinations of  
four-fermion operators

Physics Letters B, 807,2020.135541

https://www.sciencedirect.com/science/article/pii/S0370269320303452
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Current HMDY measurements

5

ATLAS Run 2 analyses overview

Here at LAPP

arxiv:2502.21088 arxiv:2503.19836

Not yet

- Searches performed with Run-2 dataset  
across all channels, already used for EFT  
interpretations for instance, in HighPT 

- Next step, performing measurements to  
provide unfolded differential cross-sections 

- Two recent results this year, both containing  
EFT interpretations 

- NC HMDY for light-leptons being finalised  
and should be published soon 

- CMS HMDY measurements pertaining to 
NC Drell-Yan(ll) 
i.2103.02708 : di-lepton search includes  
 unfolded ratio  
ii. 2506.13565: di-lepton unfolded ratio as  
a function of b-jet multiplicity

Rμμ/Ree

- arxiv:2506.13565

https://arxiv.org/abs/2502.21088
https://arxiv.org/abs/2503.19836
http://www.apple.com/uk
https://arxiv.org/pdf/2103.02708
https://arxiv.org/pdf/2506.13565
https://arxiv.org/pdf/2506.13565
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Charged-current HMDY with ATLAS 2502.21088

(a) (b)

Figure 17: The combined Born-level cross-sections for the single-di!erential distributions are shown for the (a) 𝐿+
and (b) 𝐿→ final state. The middle panels show a comparison to the predictions from S!"#$%, P&’!"(+P)*!+% and
the fixed-order calculation from DYT,#-&, each using the CT18../& PDF. In addition, a fixed-order calculation
using DYT,#-& and the CT180"1 proton PDF is shown. A comparison to predictions with di!erent PDFs using
DYT,#-& is displayed in the lower panel. The 90% CL PDF uncertainty is shown for CT18../& prediction. The
statistical uncertainty of the combination is displayed with the error bars. The inner uncertainty band indicates
the systematic uncertainty while the outer band corresponds to the total measurement uncertainty (excluding the
luminosity uncertainty).

9.2 E!ective Field Theory constraints

The measurements presented here may be sensitive to potential new physics beyond the direct energy reach
of the LHC. EFTs are a useful tool for describing the physics below a defined energy cuto! scale ω. The
SMEFT is a generalised extension of the Standard Model, o!ering a broad and largely model-independent
approach to search for new physics [92]. This approach is adopted here to interpret the cross-section
measurements in terms of indirect contributions from physics beyond the Standard Model.

The SMEFT Lagrangian includes all possible operators constructed out of the SM field content:

LSMEFT = LSM +

∑
𝐿>4

L𝐿 = LSM +

∑
𝐿>4

∑
𝑀

𝑀𝑀,𝐿

ω𝐿→4 O𝑀,𝐿 ,

where LSM is the SM Lagrangian, and O𝑀,𝐿 are SMEFT operators of dimension 𝑁 > 4. Each operator
is weighted by a dimensionless parameter, the Wilson coe"cient 𝑀𝑀,𝐿 , and is additionally suppressed by
powers of the energy cuto! scale ω.

It is conventional in SMEFT analyses to set ω to 1 TeV, with higher dimensional operators having
increasingly suppressed Wilson coe"cients. For this reason, it is common to truncate the SMEFT to
dimension 𝑁 ↑ 6, as operators with 𝑁 > 6 will likely have reduced impact on physical observables.
Additionally, all odd mass-dimension operators in the SMEFT violate at least one of baryon or lepton
number conservation, which are believed to be strong symmetries. All odd-dimension operators can
therefore also be neglected, which justifies only considering the dimension-6 operators of the SMEFT.

32
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Figure 21: The (a) expected and (b) observed limits on Wilson coe!cients at 95% CL. The results are shown for
linear-only and linear+quadratic fits, for both the electron and muon channels, as well as their combination. The
inner (outer) error bars indicate the limits when using the 68% (90%) CL for the PDF uncertainty.

where 𝐿𝐿 is the SM prediction, and 𝐿lin,𝐿 and 𝐿quad,𝐿 are constants describing the dependence of the
cross-section on 𝑀 and 𝑀

2 respectively. These two coe!cients, 𝐿lin,𝐿 and 𝐿quad,𝐿, as well as 𝑁𝐿 must be
determined from MC simulation in order to infer information about the Wilson coe!cients.

As the SMEFT and SM predictions are only computed at LO in QCD, the predictions are modified to
account for higher-order QCD and EW corrections via

𝐿𝐿 = 𝐿
best
𝐿

(
1 + 𝑀

𝐿lin,𝐿

𝐿
LO
𝐿

+ 𝑀
2𝐿quad,𝐿

𝐿
LO
𝐿

)
,

where 𝐿
best
𝐿

represents a higher-order SM prediction, and 𝐿
LO
𝐿

represents the LO SM prediction. It is
assumed that the relative e"ect of higher-order predictions does not change in the presence of dimension-six
operators. The higher-order SM prediction is generated using DYT!"#$, as introduced Section 9.1. The
prediction uses the CT18%%&$ PDF set, with 𝑂𝑀 = 0.118 and additive EW corrections.

Theoretical uncertainties arising from variations of 𝑂𝑀, PDFs, EW corrections, and the renormalisation
(𝑃𝑁) and factorisation scale (𝑃𝑂) variations are implemented as follows: the value of 𝑂𝑀 (𝑄𝑃) at the 𝑅 pole
is varied by ±0.001; 𝑃𝑁 and 𝑃𝑂 are varied independently by factors of 2 avoiding extreme variations; the
EW corrections are included as multiplicative factors on the predictions, rather than additive; and the PDF
eigenvector variations for the CT18%%&$ set are used at the 90% CL.

Expected limits on the Wilson coe!cients are derived by using the DYT!"#$ prediction as the measurement
pseudo-data instead of using the actual measurement as for the observed limits. The fits are performed
first by using only the linear SM and EFT interference terms, then by including the quadratic pure EFT
contributions as well. They are obtained by allowing only one coe!cient to be non-zero at a time.

The expected and observed limits on the Wilson coe!cients are given in Figure 21 and are also shown
in Table 3. All observed limits are compatible with the 𝑀𝐿 = 0 assumption at 95% CL, indicating no

37

- Analysis provides unfolded cross-sections of  for W  and for  and also as a function for  
lepton pseudo-rapidity | |. 

- EFT Interpretation performed for  observable, only affected by four SMEFT operators ! 
 
 
 
   

- PDF unc. on SM predictions are an important systematic
- Leading constraint on 4f fermion operators, important input for global fits 

-

mW
T

± l = e, μ
η

mW
T

4f

W modifiers

https://arxiv.org/pdf/2502.21088
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Neutral-current HMDY (ττ) with ATLAS 2503.19836

production and Drell–Yan). The uncertainty bars on the data contain all experimental uncertainties. The
uncertainties in the SM predictions include the e!ect of QCD renormalization and factorization scale
variations, and PDF uncertainties.
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Figure 6: Unfolded fiducial cross-section, di!erential in 𝐿
vis
𝐿𝐿

, compared with SM predictions from MEPS@NLO
(S!"#$% 2.2.11) and NLOPS (P&’!"( B&) +P*+!,% 8), where all SM processes that contribute significantly to
the cross-section are considered. The curve labelled ‘Drell–Yan (MEPS@NLO)’ corresponds to S!"#$% 2.2.11
generated Drell–Yan process only, shown with only MC statistical uncertainties, to indicate the expected contribution
from this process. The rightmost bin is an overflow bin, integrating the cross-section above 635 GeV, as indicated on
the right-hand axis label.

The theory predictions from both MEPS@NLO and NLOPS lie within the uncertainty bars of the unfolded
data. At lower masses the predictions lie somewhat above the data, with the agreement improving for
𝐿

vis
𝐿𝐿

> 300 GeV. The covariance matrix for the uncertainties is constructed, under the assumption that the
theory and experimental uncertainties are normally distributed. Using this matrix, the p-value for the fit is
0.78. The results are made available in HEPData [126], with an accompanying Rivet routine [127].

6 Search for new non-resonant interactions

Generic non-resonant interactions can be described by an e!ective field theory (EFT). Of particular interest
in the 𝑀𝑀 final state are preferential couplings to third-generation fermions. Such couplings would enhance
the e!ect on the 𝑀𝑀 mass distribution in events with one or two 𝑁-jets, as the presence of 𝑁-jets suggests the
primary interaction involves 𝑁-quarks. Since the background also depends on 𝑁-jet multiplicity, the analysis
is separated into events with 0, 1, or at least 2 𝑁-jets. A profile likelihood fit to the data is performed for
general 𝑀𝑀𝑂𝑂 and 𝑃 (/𝑄)𝑀𝑀 EFT couplings, and for leptoquarks and 𝑃

→ bosons coupling preferentially to
𝑁-quarks.

13

Figure 9: The results of likelihood fits for individual coupling coe!cients using only the first-order expansion of the
coupling (‘linear’) or the first-order and partial second-order contributions to the cross-section (‘linear + quad.’). The
upper panel illustrates the symmetrized 1𝐿 uncertainty in each coupling coe!cient at a scale of ω = 1 TeV (left
𝑀-axis) and the scale probed for a unit coe!cient for the linear results (right 𝑀-axis). The lower panel shows the
best-fit coe!cient and the 68% and 95% confidence intervals relative to the symmetrized 1𝐿 uncertainty.

Figure 10: Comparison of central values and confidence intervals on 𝑁𝐿𝑀 from this measurement and measurements
probing the 𝑂-lepton anomalous magnetic moment [143–145].

their masses. For the leptoquark coupling scenarios preferred by the 𝑃-hadron anomalies the limits exclude
a small portion of the preferred coupling-mass plane (Figure 11). Constraints are also set on the vector
leptoquark couplings 𝑄

33
𝑁

and 𝑄
23
𝑂

, on the scalar leptoquark coupling 𝑅, and on the 𝑆
→-boson coupling

combinations
√
𝑇𝑃𝑇𝑄 and

↑
𝑇𝑅𝑇𝐿 , all shown in Figure 12. The limits improve on previous constraints from

20

Four fermion ΔGF Zττ dipole

Rotate

- Analysis provides unfolded cross-sections of  and also has dedicated leptoquark interpretation at reco. level 

- Unfolded cross-sections used to set one-at-a-time constraints to all SMEFT operators affecting the process 
 
 
 
   

 

- Direct handle on four-fermion operators containing ττ, and provides better constraint on τ-anomalous magnetic  
moment ( ) than dedicated photon-induced ττ measurement

mvis
ττ

∝ ℜ(cτγ)

https://arxiv.org/abs/2503.19836
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Figure 7. Clipped expected limits from LHC dimuon searches for flavor conserving operators O(1)
lq

and OdW as a function of the sliding maximal scale Mcut. The dashed and solid contours correspond
to the EFT truncation at O(1/Λ2) and O(1/Λ4), respectively.

Next, we investigate how the limits on single operators are affected by restricting the
Drell-Yan data in the tails with a maximal energy cut (Mcut) [100]. This procedure, known
as clipping [101], provides a useful way to obtain more robust EFT constraints. In figure 7
we show the expected limits for the vector operator (upper row) and the quark-dipole
operator as a function of the sliding upper cut Mcut > mµµ. The results are given for
an EFT truncation at O(1/Λ2) (dashed lines) and O(1/Λ4) (solid lines). Here again we
can appreciate the relevance of including O(1/Λ4) corrections for the vector operators.
Irrespective of the truncation order and the operator, these results also indicate that the
clipped limits for maximal values above Mcut ∼ 1.5TeV saturate, leading to upper limits
that are comparable to those obtained when using the full kinematic spectrum.

4.3 Flavor dependence

We now discuss the constraints on the SMEFT coefficients shown in figure 4 from the
perspective of flavor. For fixed leptonic flavors, as expected, we find that the most con-
strained coefficients are the ones involving valence quarks, but useful constraints are also
obtained for operators involving the heavier s-, c- and b-quarks despite their PDF suppres-
sion. Overall, the upper limits for O(1,3)

lq and the quark dipoles for different (i, j) indices
follow approximately the expected hierarchies between the parton-parton luminosity func-
tions Lij given in eq. (2.24). For fixed quark flavor indices, we find comparable constraints

– 24 –
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Figure 7. Clipped expected limits from LHC dimuon searches for flavor conserving operators O(1)
lq

and OdW as a function of the sliding maximal scale Mcut. The dashed and solid contours correspond
to the EFT truncation at O(1/Λ2) and O(1/Λ4), respectively.

Next, we investigate how the limits on single operators are affected by restricting the
Drell-Yan data in the tails with a maximal energy cut (Mcut) [100]. This procedure, known
as clipping [101], provides a useful way to obtain more robust EFT constraints. In figure 7
we show the expected limits for the vector operator (upper row) and the quark-dipole
operator as a function of the sliding upper cut Mcut > mµµ. The results are given for
an EFT truncation at O(1/Λ2) (dashed lines) and O(1/Λ4) (solid lines). Here again we
can appreciate the relevance of including O(1/Λ4) corrections for the vector operators.
Irrespective of the truncation order and the operator, these results also indicate that the
clipped limits for maximal values above Mcut ∼ 1.5TeV saturate, leading to upper limits
that are comparable to those obtained when using the full kinematic spectrum.

4.3 Flavor dependence

We now discuss the constraints on the SMEFT coefficients shown in figure 4 from the
perspective of flavor. For fixed leptonic flavors, as expected, we find that the most con-
strained coefficients are the ones involving valence quarks, but useful constraints are also
obtained for operators involving the heavier s-, c- and b-quarks despite their PDF suppres-
sion. Overall, the upper limits for O(1,3)

lq and the quark dipoles for different (i, j) indices
follow approximately the expected hierarchies between the parton-parton luminosity func-
tions Lij given in eq. (2.24). For fixed quark flavor indices, we find comparable constraints
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SMEFT validity for Drell-Yan
-  SMEFT fits typically assume scale of New Physics  TeV, however Drell-Yan measurements probe  
  region much higher than 1 TeV. 
 
-  For four-fermion operators, given the energy dependence, high-mass bins ends up driving the sensitivity 
  despite lower experimental precision.

- No standard prescription on how to treat - different proposals from LHCEFTWG, documented in  
  CERN-LHCEFTWG-2021-002

- Nice talk from Felix at EFT validity for Drell-Yan tails at LHCEFTWG (link) discussing source of  
contribution, EFT expansion (  vs ), and convergence for dedicated NP-models. 

Λ = 1

Λ−2 Λ−4

- 4f operators are mainly constrained by high-mass bins, unlike dipole operator

JHEP 03 (2023) 064
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• Example:  boson

𝒪Λ1
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- Matching to specific models to check for EFT validity
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• EFT cross section computed to different orders in  and normalized to full model 

•  vector leptoquark:

𝒪Λ1

U1
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https://cds.cern.ch/record/2798082/files/CERN-LHCEFTWG-2021-002.pdf
https://indico.cern.ch/event/1453443/contributions/6117985/attachments/2932475/5150079/Drell-Yan_EFT-validity.pdf
https://link.springer.com/article/10.1007/JHEP03(2023)064
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(d)

Figure 9: Summary of the uncertainties in the unfolded (a, b) single-di!erential and (c, d) double-di!erential
cross-sections for the (a, c) 𝐿+ and (b, d) 𝐿→ final state. Similar sources of uncertainties are combined via their
quadratic sum. The light blue band indicates the total systematic uncertainty. In addition the statistical uncertainties
in the prediction and in the data are shown.

Electron trigger, reconstruction, identification and isolation e!ciencies The e"ciencies of the trigger,
electron reconstruction and identification, and of the isolation criteria are estimated with 𝑀 ↑ 𝐿

+
𝐿
→ data

using a tag-and-probe method [66, 71]. The uncertainties are given in a scheme using a single nuisance
parameter for each of the isolation, reconstruction and trigger e"ciency contributions and two nuisance
parameters for the charge misidentification. The remaining identification uncertainties are given by 16
sources correlated between measurement bins. An additional 24 nuisance parameters describe the impact
of sources uncorrelated in |𝑁 | and 𝑂T, but fully correlated between electron charges.

Among those, the largest uncertainties are due to the isolation and identification e"ciencies. The former is
largest for 𝑃W

T ↓ 1 TeV where it reaches 2%. The latter is dominated by one bin-to-bin correlated source
in particular which reaches 1% in size for 𝑃W

T above 0.5 TeV, while the uncorrelated sources contribute
typically at the level of 1% in their respective |𝑁 | bin.
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Improvements for future measurements

- While more data will improve the precision of the highest-mass bins,  
the rest of the spectrum requires improvement on experimental  
systematics sources  

- Better feedback between unfolding observable choices and the  
EFT sensitivity can further help improve precision 

- Better background handling : current background from physics process  
subtracted before unfolding - moving towards publish also more inclusive (in process) distributions would  
aid in handling better the SMEFT effects of different processes (top, diboson) that are considered as  
background 

- Developing observables to separate different helicity operators will be crucial to disentangle 4f operators

- DrellYan measurements are also sensitive to PDF fits and could be handled consistently in a joint  
SMEFT+PDF fit 

JHEP 07 (2021) 122

Unc. contribution Of mW
T

https://inspirehep.net/literature/1856558
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Conclusions

- HMDY measurements are an important input for SMEFT  crucial for 4-fermion operators, Searches have 
already been used as inputs for EFT fits, new suite of unfolded measurements underway. 
i. Charged current HMDY (light lepton) - allows to set stringent constraints on  
ii. Neutral current HMDY (ττ) - Allows to constrain τ-specific 4-fermion operators and τ-dipole moment 
operators 
iii. Neutral current HMDY (light lepton) - expected to set stringent constraints on a large set of 4-fermion 
operators 

- Given the high-Q2 of the measurement, additional complications regarding EFT validity - experimentalists 
needs  recommendations from theorists, LHCEFTWG offers the opportunity to bring together the 
experts 

- While Run-2 measurements are being consolidated and the EFT interpretation are treated as post-hoc,  
future measurements can be designed to help gain better EFT sensitivity.

→

clq(3)

Thank you !


