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Drell-Yan process

The Drell-Yan process (DY) consists in the annihilation of a
quark and an antiquark giving a virtual photon or a Z boson, which
decays in a pair lepton-antilepton.

Figure: Schematic representation of the DY process



Data

▶ Data from the proton-proton interactions at the CMS
experiment

▶ LHC Run 2 : center-of-mass energy of
√
s = 13 TeV

▶ 2 files with information on the muons and electrons

▶ Large sample of data (∼ 40 million events in each file)

Figure: Root interface where data can be found



Simulation

Monte Carlo simulation :

▶ Generator MADGRAPH used to generate the three canals
DY → µµ, ee, ττ

▶ Cut : Ml+l− > 50 GeV

▶ Generator of the parton shower and hadronization

▶ MPI and PILE UP

▶ Simulation of the detection and reconstruction of particles



Selection of events

Criteria on the selection of the
pairs of leptons :

▶ Transverse
momentum :
pT ∈ [20 GeV , 100 GeV ]

▶ Charge : a pair
lepton-antilepton,
Ql1 ∗ Ql2 = −1

▶ Pseudorapidity :
|η| < 2.4

▶ Isolation : iso < 0.23
(only for the muons)

▶ Id : strict identification

η = −ln
[
tan(θ/2)

]

Figure: subdivision in η of the CMS
detector

iso ∼ ΣconePT

P l
T



Invariant mass of the pairs of muons

Figure: Distribution of invariant mass
of the pairs of muons

Figure: zoom on the small invariant
mass

Figure: Distribution of invariant mass
of the pairs of muons of the simulation

Figure: Zoom on the small M for the
simulation

→ Kinematic of the pair of muons resulting from the decay of the
Z boson well described by the simulation.
→ Few events of small M in the MC due to the cutoff at 50 GeV .



Invariant mass of the pairs of electrons

Figure: Distribution of invariant mass
of the pairs of electrons

Figure: zoom on the small invariant
mass

Figure: Distribution of invariant mass of
the pairs of electrons of the simulation

Figure: Zoom on the small M for the
simulation



Breit-Wigner distribution I

Breit-Wigner distribution : probability distribution of producing
resonance at a given center-of-mass energy E .
The probability density function is

f (E ) =
k

(E 2 −M2)2 +M2Γ2

k : normalization constant
M : mass of resonance
Γ : decay width (related to the mean timelife of the particle by the
relation Γ = ℏ

τ )

The production rate of the unstable particle as a function of energy
follows a Breit–Wigner distribution → so does our distributions of
invariant mass of the systems µ+µ− and e+e−.



Breit-Wigner distribution II

Fit of the BW: maximum-likelihood method of TH1::Fit method
of ROOT.

Mass and lifetime of the Z boson : Γ = 2.4952± 0.0023 GeV ,
mZ = 91.1876± 0.0021 GeV

Figure: fit of the BW on the distribution
of the invariant mass of µ+µ− of the
data

Γ̂ = 4.094± 0.005 GeV
m̂Z = 90.795± 0.002 GeV

Figure: fit of the BW on the distribution
of the invariant mass of µ+µ− of the
simulation

Γ̂ = 2.753± 0.002 GeV
m̂Z = 91.115± 0.001 GeV



Breit-Wigner distribution III

Figure: fit of the BW on the
distribution of the invariant mass of
e+e− of the data

Γ̂ = 5.589± 0.007 GeV
m̂Z = 90.807± 0.003 GeV

Figure: fit of the BW on the
distribution of the invariant mass of
e+e− of the simulation

Γ̂ = 5.229± 0.005 GeV
m̂Z = 90.920± 0.002 GeV



Breit-Wigner distribution IV

▶ The fits give masses and lifetimes of the right magnitude but
the values do not correspond to the ones expected.

▶ The width is too large : uncertainty in the data.

▶ The mass is too small : skewed fit (underfitting?)

A more complex statistical model could fix the problems.



Breit-Wigner distribution V

Analysis of the data and simulations give similar results but have
clear differences :

▶ The simulation seems to have smaller uncertainty

▶ The bias of m̂Z is higher in the data

The results using electrons and muons differ a bit :

▶ There are more uncertainties on electrons’ measurement

▶ The values of m̂Z correspond to each other in the data but
differ in the simulation - the values obtained with simulated
electrons is smaller than with the simulated muons



Pseudorapidity of the muons

Figure: Distribution in η of the muons
Figure: Distribution in η of the muons
for the simuation

▶ Similar distributions → kinematic well described by the MC.

▶ Dips in the real data → defects in the muon detectors.



Pseudorapidity of the electrons

Figure: Distribution in η of the
electrons

Figure: Distribution in η of the
electrons for the simuation

▶ Dips in |η| = 1.5 → less efficient detection at the intersection
of the ECAL barrels and the endcaps.

▶ Too many events on the edges compared to the center →
problem of misidentification.



Migration in mass due to photon emission

Bump on the left of the Z
peak
→ events measured with
smaller invariant mass
→ migration effect

Figure: Distribution of invariant mass
of the pair of muons (bump framed in
red)

Part of this migration effect
could be due to the emission
of a photon by one of
the muons resulting from the
decay of the Z boson.

Figure: Feynman diagram
Z → µ+µ−γ



Cone opening angle

∆R =
√
(∆η)2 + (∆φ)2

∼ angular distance between two events

Figure: Distribution of ∆R between µ1

and e+e−

We consider that a photon
(that materializes into a pair
e+e−) has been emitted
by one of the muons if
∆R(µ, e+e−) < 0.3



Asymetry in the distributions of ∆R

Figure: ∆R(µ1, e+e−) after the
selection

Figure: ∆R(µ2, e+e−) after the
selection

▶ More pairs e+e− close the second muon than to the first one.

▶ The muons are sorted by decreasing transverse momentum.

▶ The second muon probably has less energy than the first one
and it could be because it emitted a photon.



Implementation of the logic of the selection

We want the distribution of invariant mass of the pairs µ+µ− with
the radiative correction if a photon has been emitted.

▶ ∆R(µ, e+e−) < 0.3
→ A muon emitted a photon
→ We add the condition iso < 0.23 on the second muon
→ If satisfied, M(µµee)

▶ ∆R(µ, e+e−) > 0.3 for both muons
→ None of them emitted a photon (that materializes)
→ We ask iso < 0.23 for both muons
→ If satisfied, M(µµ)



Comparison of the distributions of invariant mass
with and without correction I

Figure: Invariant mass of the muons
with a pair.

Figure: Invariant mass of the pairs of
muons with (green) and without (red)
corrections.

Some events part of the bump on the left are moved to the right
by the correction. The effect is not noticeable in the complete
distribution → small proportion of events involved.



Comparison of the distributions of invariant mass
with and without correction II

Figure: Difference of the two
distributions

Figure: Ratio of the two distributions

▶ Migration effect in the
range of 10 GeV .

▶ Affects especially the
events between
60− 120 GeV and
negligible under 60 GeV .

▶ Approximately 0.5% of
the events with
M ∼ 60− 80 GeV are
shifted and added to the
events with
M ∼ 100− 120 GeV .



Transverse momentum of the dimuons system

▶ LO : p⃗T
µ1 + p⃗T

µ2 = p⃗T
Z = 0

▶ Movement of the quarks in the hadrons : The Z boson has a
small transverse momentum PZ

T << mZ

▶ NLO : Emission of gluons, p⃗T
Z + p⃗T

g = 0

Figure: Distribution in pT of the pairs
of muons of the data

Figure: Distribution in pT of the pairs
of muons of the simulation

▶ Kinematic well described by the MC

▶ Better understanding of the process to understand the shape
of the distribution.



Migration in transverse momentum due to photon
emission

The emission of a photon by one of the muons could tend to
reduce the measured value of the transverse momentum of the pair.

Figure: Transverse momentum of muon pair (red) and muons+electrons (green)

→ The changes are not obvious.



Higgs boson

Figure: µ+µ−e+e− of high invariant
mass

▶ Part of the bump : H decay
H → Z ∗Z

▶ More likely : a virtual Z
(around 34 Gev) and a real
Z

▶ Still gives an excess of event
in the region of the bump
compared to just the DY.

▶ Some e+e− pairs outside
the muons’ cones with high
invariant mass
(M > 20 GeV ) could be
from a Higgs boson or
something else



Conclusion

The data and the simulation give similar results.

▶ Kinematic of the process globally well described by the
simulation.

▶ Some significant differences : distribution of η for the
electrons, fit of the BW distribution.

Radiative effect due to photon emission :

▶ Effect noticeable affecting the events of measured invariant
mass around 60− 80 GeV before correction.

▶ Small proportion of events involved.

▶ Visible more clearly in the distribution of invariant mass than
in the distribution of transverse momentum.



To go further

▶ Migration in mass and momentum due to photon emission for
the pairs of electrons.

▶ Including the leptons τ in our analysis.

▶ NLO of the Drell-Yan process → better understanding of the
distribution of transverse momentum of the pairs of muons.

▶ further analysis → other phenomena : decay of the boson H
into two bosons Z, several Drell-Yan processes happening at
the same time etc.


