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What is the Drell-Yan (DY) process?
• In 1970, Sidney Drell and Tung-Mow Yan suggested to explain the 

production of  lepton-antilepton pairs in high-energy collisions
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Annihilation of
quark-antiquark

Via Z boson or 
virtual g

Decay to dilepton
(muon, electron)

Phys. Rev. Lett. 25, 316 (1970)
Erratum Phys. Rev. Lett. 25, 902 (1970)

https://doi.org/10.1103/PhysRevLett.25.316
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.25.902.2


Parton Distribution Function (PDF) and nuclear PDF(nPDF)

• Probability density for 
finding a parton 
within the proton
– Flavor, momentum fraction,         

scale of scattering dependence
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CT18 NNLO PDF

PRD 103 (2021) 014013x : momentum fraction of parton
Q2 : scale of scattering

From J. Wang’s slides

• x : momentum fraction
• Q : dimuon mass
• √sNN : collision energy
• yCM : dimuon’s rapidity in center-of-mass frame



Parton Distribution Function (PDF) and nuclear PDF(nPDF)

• Probability density for 
finding a parton 
within the proton
– Flavor, momentum fraction,         

scale of scattering dependence
• nPDF : modified parton 

distribution function 
in the bound nucleons
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From J. Wang’s slides



List of some nPDFs
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nCTEQ15HQ EPPS21 nNNPDF3.0 TUJU21 KSASG20
Order in as NLO NLO NLO NNLO NNLO
DIS lA ✓ ✓ ✓ ✓ ✓
Drell-Yan pA ✓ ✓ ✓ ✓
Drell-Yan pA ✓ ✓
LHC pPb dijets ✓ ✓
LHC pPb W & Z ✓ ✓ ✓ ✓ ✓
LHC pPb D-mesons ✓ ✓ ✓
RHIC dAu p0, p± ✓ ✓ ✓
Baseline proton PDF ~CTEQ6.1 CT18A ~NNPDF4.0 ~HERAPDF2.0 CT18
Data points 1484 2077 2188 2410 4353
Free parameters 19 24 256 16 18
Error analysis Hessian Hessian Monte Carlo Hessian Hessian
Reference PRD 105 (2022) 

114043
EPJC 82 (2022) 
413

arXiv (2022) 
2201.12363

arXiv (2022) 
2207.04654

PRD 104 (2021) 
034010

Based on Ann. Rev. Nucl. Part. Sci. 2024 74:1-41
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Based on Ann. Rev. Nucl. Part. Sci. 2024 74:1-41

Various nPDFs in Pb nucleus arXiv:2112.12462



We have another probes – Electroweak probes
• Condition of  the probe for initial stages

– Information with initial stages
– No final state interaction with QCD matter after the collisions 

→ No color charge

• Electroweak probes
– W boson

•  
• By decay lepton and neutrino measured by missing ET

• Charge asymmetry could be useful
– Prompt photons

• Not decayed from hadrons
• Sensitive to gluon distributions
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W boson

Prompt photons

Drell-Yan process

In detail, Roli’s talk



Why DY is more powerful?
• Features of  the Drell-Yan process

– Direct connection of PDFs
– Theoretical Simplicity
– Broad x and Q2 coverage

• Electroweak probes
– W boson

• Decayed neutrinos make larger uncertainties in reconstructing 
missing energy

• Less sensitive to low x and Q2 regions
– Prompt photons

• Significant background contamination
• More complex theoretical predictions due to higher-order QCD 

corrections, increasing uncertainties
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W boson

Prompt photons

Drell-Yan process



History of DY, Z boson measurement in ion collision
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pPb PbPb
CMS PLB 759 (2016) 36 : Differential cross section, RFB

JHEP 05 (2021) 182 : DY, Differential cross section, 
RFB

PRL 106 (2011) 212301 : Differential cross section
JHEP 03 (2015) 022 : Differential cross section, 
RAA
PRL 127 (2021) 102002 : TAA-normalized Z boson 
yields
PRL 128 (2022) 122301 : angular dependence

ATLAS PRC 92 (2015) 044915 : Differential cross section PLB 697 (2011) 294 : Z boson reconstruction
PRL 110 (2013) 022301 : Differential cross section, 
v2
PLB 802 (2020) 135262 : Differential cross section, 
RAA

ALICE JHEP 02 (2017) 077 : Production cross section 
(mainly W boson)
JHEP 2009 (2020) 076 : Differential cross section

PLB 780 (2018) 372 : Differential cross section, 
RAA
JHEP 2009 (2020) 076 : Differential cross section, 
RAA

LHCb JHEP 09 (2014) 030 : Differential cross section
JHEP 06 (2023) 022 : Differential cross section, 
RFB, RpPb



Reconstruction of Z boson
• Reconstruct with dimuon or dielectron pair

• Clean signal with good signal to background ratio (S/B)
– Even if 38-39 Z boson and publish first series of paper from Z boson at LHC
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ATLAS : PLB 697 (2011) 294
2.76 TeV PbPb, 6.7 µb-1

ATLAS : PLB 802 (2020) 135262
5.02 TeV PbPb, 490 µb-1 



Previous Z boson measurement – in the sight of PDF and nPDF

• Compared to proton PDF and nPDF with same proton PDF as the 
baseline

• In AA collision, not distinguish favor between proton PDF and nPDF
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ALICE : PLB 780 (2018) 372 
CMS : PRL 127 (2021) 102002

ATLAS : PLB 802 (2020) 135262 



Previous Z boson measurement – in the sight of PDF and nPDF

• Compared to proton PDF and nPDF with same proton PDF as the 
baseline

• In AA collision, not distinguish favor between proton PDF and nPDF

• In pA collision, nPDF is favor to the proton PDF

12Hyunchul Kim  (Chonnam National University) – ATHIC 2025, Jan. 14th. 2025CMS : PLB 759 (2016) 36 CMS : JHEP 05 (2021) 182



Now from LHC, we only have one DY result in ion collision..

• Should be the reference and need to focus here

• First trial of  the DY analysis in 8.16 TeV pPb 
collision
– pPb collision can access smaller x than PbPb or pp 

collisions
– Expect smaller QCD backgrounds than in PbPb

• Summary of  the condition
– Total integrated luminosity : 173.4 ±	6.1 nb-1

– Trigger : Require at least one muon with pT > 15 GeV
– Kinematic cuts with offline reconstructed muons

• At least two muons with opposite charges
• |hlab| < 2.4 : CMS muon acceptance
• pT > 10 GeV (at least one with pT > 15 GeV)
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Drell-Yan in 8.16 TeV pPb

• x : momentum fraction
• Q : dimuon mass
• √sNN : collision energy
• yCM : dimuon’s rapidity 

in center-of-mass frame

JHEP 05 (2021) 182



Measured variables in proton-ion collisions
• Cross sections

– Wide mass coverage 15-600 GeV

• Forward-backward ratios (RFB)
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Cross section 15 < Mµµ < 60 GeV 60 < Mµµ < 120 GeV
vs. pT First measurement Highest precision
vs. |y| (y : -2.87~1.93) First measurement Highest precision
vs. f* First measurement First measurement

15 < Mµµ < 60 GeV 60 < Mµµ < 120 GeV
RFB First measurement Highest precision

• f* ~ dimuon pT / dimuon mass
• Better precision than pT

        especially at lower pT values
• f* < 1 corresponds to dimuon pT up to 100 GeV 

near the Z boson peak

p-going
y>0

Pb-going
y<0

opening angle between the leptons

related to the emission angle of the dilepton 
system with respect to the beam

Beam axis

Df

µ1
µ2



Background estimation (key point)
• Various kinds of  background source

• Involving two isolated muons
– t, W related : Z/g* → t+t-, ttbar, tW, dibosons

• Estimated from simulation and corrected using the 
“eµ method”

– The small contribution from heavy-flavor meson 
decays is estimated from same-sign eµ events

• With one or more muons in jets            
(W+ jets and multijet)
– Estimated by the “misidentification rate method”
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Data

Background
(emu and FR)

Background
subtraction

Unfolding
(Detector resolution)

Acceptance & 
Efficiency correction

Unfolding
(FSR)

Cross 
sections

Signal MC

RFB

Condition for EW related MC
• Using the NLO generator POWHEG v2
• CT14 + EPPS16 nPDF is used
• Parton showering by PYTHIA 8.212 with the 

CUETP8M1 underlying event tune
Diboson and QCD multijet, and signal MC
• Leading order using PYTHIA



Comparison of the data with signal and background

• A good overall agreement between 
data and prediction,                      
which is dominated by DY signal
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Lower mass region
15 < mµµ < 60 GeV

Z-boson mass region
60 < mµµ < 120 GeV

Lower mass region
Z-boson 

mass 
region



Differential cross sections
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Fiducial (without acceptance correction)Corrected with acceptance correction

Fiducial measurements : Absence of  acceptance correction
→ Lower theoretical uncertainties + Reduction of model dependence



Differential cross sections (1) – mass, yCM dependence

• In lower mass region, we can access to lower x region
• EPPS16 can give better description than CT14 PDF 

alone, in Z boson mass region
• Uncertainties in the measurement are smaller than 

nPDF uncertainties, in Z boson mass region
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Fiducial (without acceptance correction)

CT14 – proton PDF
CT14+EPPS16 - nPDF

Lower mass region
Z-boson 

mass 
region

Lower mass region
15 < mµµ < 60 GeV

Z-boson mass region
60 < mµµ < 120 GeV
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Differential cross sections (2) – pT, f* dependence

• From pT or f*  results in Z boson mass 
region, CT14 looks give better 
description, contrary to |yCM| results

• Strong conclusions about nPDFs are 
prevented by imperfect modelling in 
POWHEG

• The precise measurement in pPb 
collisions provides new insight into 
the soft QCD phenomena dominating 
the production at low boson pT or f*
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Fiducial (without acceptance correction)
CT14 – proton PDF
CT14+EPPS16 - nPDF
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Differential cross sections (2) – pT, f* dependence

• From pT or f*  results in Z boson mass 
region, CT14 looks give better 
description, contrary to |yCM| results

• Strong conclusions about nPDFs are 
prevented by imperfect modelling in 
POWHEG

• The precise measurement in pPb 
collisions provides new insight into 
the soft QCD phenomena dominating 
the production at low boson pT or f*
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Fiducial (without acceptance correction)
CT14 – proton PDF
CT14+EPPS16 - nPDF



Forward-backward ratio

• Lower uncertainties by partial cancellation the correlated uncertainties
• In Z boson mass region, indication of  a RFB < 1 is found, consistent with the expectations 

from nPDFs than proton PDF only
• Smaller uncertainties of  data than the model can give the constraint to further modelling
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p-going
y>0

Pb-going
y<0

proton PDF
 CT14
nPDF
 EPPS16
 CTEQW/Z



DY data is applied in nPDF improvement
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arXiv (2022) 2201.12363nNNPDF3.0

Expect to provide constraints to models and contribute to further developments J



Then what is the future of the DY analysis?
• DY in pPb during the run 2 HI period show the smaller 

uncertainty than in PDF
– But in run 3 period, pPb data will not be provided

• Only PbPb data in run 3 HI period
– Up to run 2 period, data uncertainty is closed to PDF uncertainty

• Expect the visible smaller uncertainty in run 3 accumulated data

• DY Analysis in pp collision is continuous with 
improvement
– Leading group is in Korean (close to ATHIC range)

• DY in PbPb might show the nPDF effect clearly than 
in pPb

• Still might be difficult, but might not be impossible
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run
period

year Collision 
energy

integrated 
luminosity 
(µb-1)

run 2 2015 5.02 594.6

2018 1893.4

run 3 2023 5.36 1979.7

2024 1668.3

2025 ?

2026 ?

Expect 4 times 
than in 2018?



Summary
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• Drell-Yan (DY) process is the powerful probe to investigate the inside of  the nucleus, but only focused to Z boson 
region until now

• In first Drell-Yan measurement results (lower mass + Z boson mass(f*)) at proton-ion collisions
– Drell-Yan results for 60 < mµµ < 120 GeV have smaller uncertainties than those from models, expect to provide novel constraints on nPDFs
– Measurements for 15 < mµµ < 60 GeV give access to a new phase space for nPDF studies

• In run 3 period, expect more accurate measurement with larger statistics

Lower mass region Z-boson mass region
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• Drell-Yan (DY) process is the powerful probe to investigate the inside of  the nucleus, but only focused to Z boson 
region until now

• In first Drell-Yan measurement results (lower mass + Z boson mass(f*)) at proton-ion collisions
– Drell-Yan results for 60 < mµµ < 120 GeV have smaller uncertainties than those from models, expect to provide novel constraints on nPDFs
– Measurements for 15 < mµµ < 60 GeV give access to a new phase space for nPDF studies

• In run 3 period, expect more accurate measurement with larger statistics

Lower mass region Z-boson mass region

Hope to see DY in PbPb 
collision results here..



Thank you very much for your attention
Hope a Delightful Year for you
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Kinematic coverage

Hyunchul Kim  (Chonnam National University) – ATHIC 2025, Jan. 14th. 2025 27

u
u

d

u
u

Z/g*

d

ū
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valence quark
sea quark

Annihilation of
quark-antiquark

Via Z boson or 
virtual g

Decay to dilepton
(muon, electron)

• x : momentum fraction
• Q : dimuon mass
• √sNN : collision energy
• yCM : dimuon’s rapidity in 

center-of-mass frame



nPDF region explanation
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Help from chatGPT J
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Previous Z boson measurement – measured variables
• Differential cross section

– vs. pT, y, and <Npart> (centrality)
– With larger statistics, finer binning is available
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CMS : PRL 127 (2021) 102002ATLAS : PRL 110 (2013) 022301 

ALICE : PLB 780 (2018) 372



HG-PYTHIA
• PYTHIA particle production +.          

HIJING initial collision geometry
• Describe geometric and selection biases

TAA-normalized Z boson yields in PbPb
• TAA : transverse overlap function representing 

the collision’s effective integrated nucleon-
nucleon luminosity
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AuAu

PbPb

PRL 127 (2021) 102002 PLB 773 (2017) 408

31



Previous Z boson measurement – measured variables
• RAA, RpPb : Ion collision compared to pp 

collision

• Compared with W boson (RW/Z)

• Azimuthal 
anisotropy (v2)
– Zero as expected
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CMS : PRL 127 (2021) 102002ATLAS : PLB 802 (2020) 135262 



eµ data-driven method
• If  we believe MC totally,

– But we can’t, validate with other kind of data

– Validate with eµ data

33Hyunchul Kim  (Chonnam National University) – ATHIC 2025, Jan. 14th. 2025

NBkg.
Est. =                  * NAll

Data            
NBkg.

MC

NTotal
MC

NBkg.
Est.µµ =                        *   NBkg

Data(Obs.) eµ            
NBkg.

MC, µµ

NBkg.
MC, eµ

NBkg.
Est. µµ =                         *                               * NAll

Data(Obs.) eµ            
NBkg.

MC, µµ

NBkg.
MC, eµ NTotal.

MC, eµ

NBkg.
MC, eµ

NBkg.
Est. µµ =                         * NAll

Data(Obs.) eµ            
NBkg.

MC, µµ

NTotal.
MC, eµ



Fake rate(misidentification) method
• Background with one (W+jet) or two (QCD 

multijet)muon inside jets and identified as 
prompt muon
– Also pass the muon selection including muon ID and 

isolation cuts

• Use “fake rate” technique
–  Using QCD or W+jet MC, get fake rate

• # of fake muons = # of total muons * FR
• # of non-fake muons = # of total muons * (1-FR)

– # of fake muons = FR /(1-FR) * # of non-fake muons

• Validate with same sign data with other 
analysis cuts
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Fake rate (FR) =                                                                               =
Muons passing all selection cuts                           iso

Muons passing all selection cuts w/o isolation     tight

Fake 
DY

True
DY

Isolation cut

Fake muons



Forward-backward ratio

• For both cases, deviation from free proton PDF(CT14) is observed
• Shadowing in nCTEQ15, hinted by the W boson measurement, is not predicted with nCTEQ15WZ
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p-going
y>0

Pb-going
y<0

W boson in pPb Drell-Yan in pPb

PLB 800 (2020) 135048



Z bosons in pPb (CMS)

Favor nPDF than proton PDF only

36Hyunchul Kim  (Chonnam National University) – ATHIC 2025, Jan. 14th. 2025

PLB 759 (2016) 36

Z boson in pPb 5.02 TeV (2013) Drell-Yan in pPb 8.16 TeV (2016)



Correlation between pT vs. f*
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Summary of systematic uncertainties
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Source of uncertainty 15 < mµµ < 60 GeV 60 < mµµ <120 GeV Correlated
Event activity reweighting < 3% < 1% Fully correlated
Muon momentum < 1% < 3%
Data-driven efficiencies 1-5% 1-4%
Acceptance and efficiency (MC stat.) < 4% < 4%
Background estimation 2-15% 0.1-3% Fully correlated
Acceptance and efficiency (theory) 1-10% (< 1%) < 1% (< 1%)
Unfolding: detector resolution < 2% < 2% Fully correlated
Unfolding : FSR < 1% < 1% Fully correlated
Total 6-15% 1-12%
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Correlation matrices for the systematic uncertainties

• Correlation across bins of  
all the systematic 
uncertainties have also 
been evaluated

• Integrated luminosity is 
excluded for clarity

• The difference between the 
matrices in the two mass 
selections can be explained 
by the background 
uncertainty, which is one of  
the dominant systematics 
source

Hyunchul Kim  (Chonnam National University) – ATHIC 2025, Jan. 14th. 2025 39


