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Ø Cross section measurement in full lepton phase space - EPJ C84 (2024) 315

Ø Low mass Drell-Yan – work in progress

https://arxiv.org/abs/2309.09318


Event selection
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Ø 3 channels:
Ø eeCC: 2 electrons with 𝑝! > 20 GeV,    

|𝜂| < 2.4
Ø 𝝁𝝁CC: 2 muons with 𝑝! > 20 GeV,    

|𝜂| < 2.4
Ø eeCF: central electron with 𝑝! > 25 

GeV, |𝜂| < 2.4, forward electron with 
𝑝! > 20 GeV, 2.5 < |𝜂| < 4.9

Ø 𝑠 = 8 TeV, L = 20.2 fb-1

Ø 80 < mll < 100 GeV
Ø Double differential 𝑝!, y cross section

Ø 8 y bins over |y| < 3.6
Ø 23 𝑝! bins between 0.0 < 𝑝! < 4000 

GeV
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Event selection

● √s = 8 TeV, L = 20.2 fb-1

● Three channels:

● eeCC: 2 electrons with pT > 20 GeV, |h| < 2.4

● mmCC: 2 muons with pT > 20 GeV, |h| < 2.4

● eeCF: central electron with pT > 25 GeV, |h| < 2.4, 
forward electron with pT > 20 GeV, 2.5 <  |h| < 4.9

Channel Events

eeCC 6.2 M

mmCC 7.8 M

eeCF 1.3 M

Total 15.3 M

● 80 < mll < 100 GeV

● Double differential pT, y cross section

● 8 y bins over |y| < 3.6

● 23 pT bins: {0, 2.5, 5.0, 8.0, 11.4, 14.9, 
18.5, 22.0, 25.5, 29.0,32.6, 36.4, 40.4, 
44.9, 50.2, 56.4, 63.9, 73.4, 85.4, 
105.0, 132.0, 173.0, 253.0, 4000}

UA1/UA2 LEP Tevatron 1.96 TeV LHC 8 TeV LHC 13 TeV

Z→ ℓℓ events 200 500 K 300 K 15 M 150 M

Channel Events

eeCC 6.2 M

𝜇𝜇CC 7.8 M

eeCF 1.3 M

Total 15.3 M

UA1/UA2 LEP Tevatron 1.96 TeV LHC 8 TeV LHC 13 TeV

Z à ll events 200 500 K 300 K 15 M 150 M



𝒅𝟐𝝈/𝒅𝒚𝒅𝒑𝑻 measurement uncertainties
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Ø Statistically dominated

Ø Largest experimental systematic 
uncertainties from lepton 
calibration

Ø Negligible theory uncertainties
Ø PDFs are at the level of 0.1-1 

per-mille
Ø Other theory uncertainties even 

smaller

15

ds/dpTdy measurement uncertainties

● Statistically dominated 
measurement

● Largest experimental systematic 
uncertainties from lepton calibration

● Negligible theory uncertainties: 
PDFs are at the level of 10-4 / 10-3, 
other theory uncertainties even 
smaller
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𝒅𝝈/𝒅𝒚 measurement uncertainties
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Ø Per-mille level precision in the central region

Ø Sub-percent uncertainties up to |y| < 3.6 (x2 improvement in the forward 
region wrt previous measurement)

Ø Dominant uncertainties from lepton calibration

Ø Small/negligible theory uncertainties (mostly PDFs)
16

ds/dy measurement uncertainties

● Permille level precision in the central region, subpercent 
uncertainties up to |y| < 3.6, with a factor of 2 improvement in 
the forward region with respect to previous measurement

● Dominant uncertainties from lepton calibration

● Also in this case small/negligible theory uncertainties (PDFs)



Full lepton phase-space rapidity
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21

Full-lepton phase space rapidity

● Full-lepton phase space rapidity cross section 
enables precise and unambiguous PDF 
interpretation

● Measured total cross section in agreement 
with fixed order predictions within PDFs and 
1.8% luminosity uncertainty

● Measurement precision provides strong PDF 
sensitivity from the y-differential shape

● NLO EW corrections included in the 
comparison (-0.4%)
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● Full-lepton phase space rapidity cross section 
enables precise and unambiguous PDF 
interpretation

● Measured total cross section in agreement 
with fixed order predictions within PDFs and 
1.8% luminosity uncertainty

● Measurement precision provides strong PDF 
sensitivity from the y-differential shape

● NLO EW corrections included in the 
comparison (-0.4%)

Ø Full-lepton phase space rapidity 
cross section enables precise and 
unambiguous PDF interpretation

Ø Measured cross sections agree with 
FO predictions within PDFs/luminosity 
uncertainty

Ø Measurement precision provides 
strong PDF sensitivity

Ø NLO EW corrections included in the 
comparison (-0.4%)



Full lepton phase-space rapidity
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Ø First comparison to N3LO QCD predictions

Ø Enables precise and unambiguous PDF interpretation with QCD scale 
uncertainties now smaller than PDF ones

Ø Ideal measurement to be included in the current and upcoming N3LO PDF fits
22

Full-lepton phase space rapidity

● First comparison to N3LO QCD predictions

● Enables precise and unambiguous PDF interpretation with 
QCD scale variations now smaller than PDF uncertainties

● Ideal measurement to be included in the current and 
upcoming N3LO PDF fits



Low mass DY - theoretical motivations

The Low Mass Drell-Yan
Measurement of the Drell-Yan process in the dimuon channel
� In proton-proton collision at ݏ ൌ ͳ͵ TeV
� At low invariant mass, ݉ఓఓ ൌ ͹ െ ͸Ͳ GeV (below the ܼ pole 

݉௓̱ͻͳܸ݁ܩ)

Measure Single and Double differential cross section in dimuon 
pair quantities
� ௗఙ

ௗ௠ഋഋ

� ௗఙ
ௗ௠ഋഋ ௗȁ௬ഋഋȁ

: rapidity more sensitive to ݔ

The analysis explores extreme region of the phase
� With ݉ఓఓ ̱8 'Ğs�ї̱ݔ��� 4×10-5

� Test low-x resummation prediction

Prev. Analysis at 7TeV
4

Alessandro Guida - Low Mass Drell Yan Measurement with the ATLAS Detector

x-Q2 plane showing the kinematic region 
accessed by the analysis, complementary 
region to one accessed by HERA

Image from
http://www.hep.ph.ic.ac.uk/
~wstirlin/plots/plots.html

ଵǡଶݔ ൌ ݁േ௬ഋഋ
ܯ

ͳ͵���
ܳ ൌ ܯ
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Ø Previous 7 TeV ATLAS lmDY measurement 

Ø 𝒅𝟐𝝈/𝒅𝒎𝝁𝝁𝒅|𝒚𝝁𝝁| and 𝒅𝟐𝝈/𝒅𝒎𝝁𝝁𝒅𝒑𝑻,𝝁𝝁

Ø Advance our knowledge of the PDFs

Ø Sensitive to small-x resummation effects

Ø Constrain the NP part of the Z 𝒑𝑻 modelling 
for future 𝑚& determination

https://link.springer.com/article/10.1007/JHEP06(2014)112
https://link.springer.com/article/10.1007/JHEP06(2014)112


Low mass DY – major challenges
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Ø Main challenges in this measurement:
Ø QCD multijet background estimation
Ø Isolation for low-pTand low-mass muon
Ø Trigger efficiencies

Ø Pinning down trigger efficiencies might be challenging

Ø Possible solution à lower L1 thresholds

Ø Fully open Barrel L1 eta trigger window in low pile-up runs

Ø Unfortunately missing the endcaps we can not go very low in x i.e. endcap 
thresholds are not efficient at low pT

Ø Trigger-level analyses at HL-LHC? 

Strongly reduced if low-𝜇 runs



Backup Slides



Full lepton phase-space rapidity
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Ø Interpretation of fiducial cross sections 
hampered by breakdown of fixed order 
(FO) perturbation theory
Ø Fiducial cuts lead to unphysical FO 

predictions
Ø When approaching the limit of 𝑝!" → 𝑝!# FO 

becomes unreliable
Ø The issue is more critical when 𝑝! is closer to 

mll and at forward rapidities

19

Full-lepton phase space rapidity

● Interpretation of fiducial cross sections hampered by 
breakdown of fixed order perturbation theory

● Fiducial cuts lead to unphysical fixed order 
predictions

● When approaching the limit pT,2 → pT,1 fixed order 
becomes unreliable

● The issue is more critical when pT(ℓ) is closer to mℓℓ, 
and at forward rapidities

Eur. Phys. J. C 77 (2017) 367 

19

Full-lepton phase space rapidity

● Interpretation of fiducial cross sections hampered by 
breakdown of fixed order perturbation theory

● Fiducial cuts lead to unphysical fixed order 
predictions

● When approaching the limit pT,2 → pT,1 fixed order 
becomes unreliable

● The issue is more critical when pT(ℓ) is closer to mℓℓ, 
and at forward rapidities

Eur. Phys. J. C 77 (2017) 367 EPC 77 (2017) 6, 367

https://inspirehep.net/literature/1502620


Full lepton phase-space rapidity
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Ø Large attention to the problem, and 
several solutions proposed:
Ø Local-subtraction scheme for FO 

predictions - 2104.02400
Ø Change the definition of fiducial cuts -

2106.08329
Ø Use Ai theory predictions to extrapolate 

measured cross sections - 2001.02933
Ø Include resummation corrections into 

predictions - 2006.11382, 2209.13535

Ø Ai – based elegant solution:
Ø Fiducial cuts removed by analytic 

integration of (𝑐𝑜𝑠 𝜃 , 𝜙) in the full phase 
space of the decay leptons through 
the measured Ai coefficients

Ø With only Run 1 8 TeV data, few per-
mille total uncertainties for 𝑑𝜎/𝑑𝑦 and 
negligible theoretical uncertainties for 
all measurements

𝑁𝑁𝐿𝑂 QCD Predictions
with DYTurbo

9

Prediction for 𝑍 mass peak (other bins in backup) cross section
• 𝑞𝑇 subtraction result
• Include linear power corrections with 𝑞𝑇 recoil
• Include 𝑞𝑇 resummation

Negligible statistical uncertainty, 0.1 − 0.5per mille

20

● The problem has received large attention with several 
proposed solutions:

● Use local-subtraction scheme for fixed order predictions

● Change the definition of fiducial cuts

● Use Ai theory predictions to extrapolate the measured 
cross sections

● Include resummation corrections into predictions

Full-lepton phase space rapidity

● All above solutions introduce either experimental or 
theoretical uncertainties/problems

● Ai-based elegant solution:

● Fiducial cuts removed by analytic integration of 
(cos⇥,f) in the full phase space of the decay 
leptons through the measured Ai coefficients

● With only Run-1 8 TeV data, few permille total 
uncertainties for ds/dy and negligible theoretical 
uncertainties for all measurements

arXiv:2209.13535

arXiv:2106.08329 Salam, Slade

arXiv:2001.02933 Glazov

arXiv:2209.13535 Amoroso et al. arXiv:2006.11382 Ebert et al.

arXiv:2104.02400 Alekhin et al.

https://arxiv.org/abs/2104.02400
https://arxiv.org/abs/2106.08329
https://arxiv.org/abs/2001.02933
https://arxiv.org/abs/2006.11382
https://arxiv.org/abs/2209.13535


Ø Resummation formalism based on kT-factorization and BFKL

Ø Developed in the 90s-00s                              

Ø Recent developments: 1607.02153, 1708.07510

Ø Resummation matched to NNLO, allowing NNLO+NLLx phenomenology

Ø Public code: HELL

Small-x resummation

Gain in 𝝌𝟐 of 72 units
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Figure 3 The up valence PDF xuv, the gluon PDF xg and the total singlet PDF xS for the final fits with (NNLO+NLLx) and without (NNLO)
ln(1/x) resummation.

showing a good stability of the fits for the variation of these
physical parameters.

Since the charm data are in a kinematic region in which
ln(1/x)-resummation corrections are important, this data set
will also be included in our final fits. The beauty measure-
ments mostly lie at higher x and Q

2 and thus are not expec-
ted to give a significant contribution in the region of interest.
Indeed, we have verified that including these data in the fit
does not change the PDFs in any appreciable way. Moreover,
the c2 of the beauty datasets computed from PDFs determ-
ined with and without those data are basically the same. This
is mostly due to the fact that these datasets contain only a
very small number of datapoints (29 in total) with large un-
certainties. While their inclusion in the fit does not impact
the PDF determination, we decided to retain them for our
main results.

4.2 Final results with full uncertainties and comparison

with data

The final fits that we are going to present use HERA in-
clusive, charm and beauty data with the new values of mc =
1.46 GeV, mb = 4.5 GeV and Q

2
0 = 2.56 GeV, and make

use of the FONLL-C scheme, with and without ln(1/x) re-
summation as implemented in HELL. An exploration of vari-
ous sources of the uncertainties has been performed, follow-
ing the HERAPDF2.0 prescription. In addition to the ex-
perimental uncertainty, which is evaluated using either the
Hessian (our default) or the Monte Carlo method, a num-
ber of model uncertainties are considered. Specifically, we
have varied the charm mass (Dmc = ±0.05 GeV), the bot-
tom mass (Dmb =±0.25 GeV), the strong coupling aS(m2

Z
)

(DaS = ±0.001), the fraction of strangeness (D fs = ±0.1),
the initial scale (Q2

0 = 2.88 GeV2), and the Q
2
min cut on the

data (Q2
min = 2.7 GeV2 and Q

2
min = 5 GeV2). Additionally,

parametrisation uncertainties have been explored by adding

Figure 4 The difference between the gluon distribution determined
in the fits at NNLO with and without NLLx resummation taking into
account the correlations between their uncertainties. The orange (red)
band indicates the full (experimental) uncertainty on the difference.

extra terms to the polynomials Pi(x) of Eq. (3). This can give
rise to different PDF shapes with only slightly different c2’s
from that of the main fit. In the present case, the only notice-
able difference comes from the inclusion of a linear term to
the polynomial Puv

(x) of the valence up quark PDF (this was
also found in the HERAPDF2.0 study). The largest differ-
ence on the uncertainty of the gluon distribution arises from
the variation of the Q

2
min cut to 5 GeV2. Interestingly, this

uncertainty decreases for the fit with ln(1/x) resummation
due to the reduced tensions with the data, see the discussion
below.

Fig. 3 shows a direct comparison of PDFs with and
without ln(1/x) resummation at Q

2 = 3 GeV2. This fig-
ure displays also the full uncertainty bands. Note, how-
ever, that since the data used in the two fits are the same,
the uncertainty bands are highly correlated. In order to
quantify the difference in the gluon shape taking into ac-

1802.00064

https://arxiv.org/abs/1607.02153
https://arxiv.org/abs/1708.07510
https://arxiv.org/abs/1802.00064


TMDs

V. Bertone, 
G. Bozzi

Ø TMD factorisation applies for qT≪ Q

Ø The region qT ≃ Λ'() is relevant for hadron structure, no matter how large Q

Ø As Q increases, the cross section drops and low qT becomes hard to access
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