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Transverse momentum of Z/γ∗ (pZT )

Inclusive Z/γ∗ production and decay at hadron colliders

Well known cross section

Calculated up to NNLO
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Motivations of pZT measurements

Provide a test of pQCD.

Study the low pZT region where non-perturbative effects may play a
role.

Help in improving the modelling of W boson production
needed for a precise measurement of the W mass.

Help in understanding the low pT spectrum of the Higgs boson.
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Latest pZT measurements at the LHC: CMS Collaboration

Physics Letters B 749 (2015) 187-209: permil uncertainties at low pZT

PIC 2016 Quy Nhon, 17 September 2016 T.K.O. DOAN 4/21



Latest pZT measurements at the LHC: ATLAS Collaboration

Eur. Phys. J. C (2016) 76:291: permil uncertainties at low pZT

⇒ Looking for any tiny effects on these precise measurements such as

effect of pZT binning.
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why binning effect?

pZT measurement presentation:

Results of pZT measurements are presented in the form:
1

σ
· dσ
dpZT

, where σ is measured cross section in choosen phase

space.
The measured pZT spectrum (with choosen binning) is corrected
for detector and QED final state radiation (FSR) effects using
an unfolding technique to the underlying “true” spectrum.

Which binning should be choosen for the pZT distribution with more
than 80% of statistics at low pZT (< 30 GeV)?

Binning choices with same bin width lead to high statistical
uncertainty at high pZT .
Bin width at low pZT is limited by the detector resolution.

⇒ Binning effect on these measurements needs to be quantified.
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What we do in this study?

1 Produce the “true” pZT spectrum using a high statistical sample of
one Monte-Carlo program (RESBOS).

2 Model the resolution of the pZT measurement which presents the
detector and QED final state radiation (FSR) effects.

3 Use several binning choices for the pZT spectrum and smear the
“true” pZT spectrum with this resolution (folding procedure) to get
the reconstructed pZT spectrum and the response matrix for the
unfolding procedure. (binning choosen with/without the
requirement of purity of the reconstructed pZT ).

4 Unfold the reconstructed pZT and then compare unfolded spectra
with the “true” spectra in different cases of binning.
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1. The “true” pZT spectrum

� In this study, the pZT “true” spectrum (0 - 380 GeV) in proton-proton
collisions at

√
s = 7TeV is produced by the theoretical prediction

program RESBOS which can describe data within 4% at low pZT
(JHEP09(2014)145, Eur. Phys. J. C (2016) 76:291).

� Selections: the lepton (` = e, µ) transverse momentum p`T > 20
GeV, the lepton pseudorapidity |η`| < 2.4 and the invariant mass of the
lepton pair 66 GeV < m`` < 116 GeV.
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2. Resolution of pZT measurements

Resolution of pZT measurements due to detector and QED FSR effects is modeled based
on the information in CERN-THESIS-2013-001 and is fitted by:

The sum of 3 Gaussian functions for the mean of the resolution:
89.1077e−0.5[(x+88.143)/31.2624]2 + 0.29835e−0.5[(x−42.8884)/11.7911]2 +
0.496752e−0.5[(x−113.684)/99.9182]2 − 1
The sum of 2 Gaussian functions for the rms of the resolution:
0.972987e−0.5[(x−25.5911)/9.27524]2 + 4.06601e−0.5[(x−256.691)/191.119]2
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The “true” pZT spectrum is then smeared by these resolution functions to obtain the
recontructed spectrum.
(Note that this resolution was of the pZT measurements at the beginning of the ATLAS
data taking in Run 1 and was higher than the resolution reached by the ATLAS now).
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3. Purity, binning and smearing (1/4)

� Purity is the fraction of events reconstructed in a particular pZT bin which
have true pZT in the same bin.
⇒ Relating to the event migration, higher purity corresponds with lower
migration → control the unfolding procedure.

Purity =
Nreconstructed and true events in the same bin

Nreconstructed events in the bin

� Binning: 6 cases.

20 bins with increasing purity (> 65%).

23 bins with increasing purity (> 50%).

23 bins with same bin sizes in sub-ranges.

28 bins with 2.5 GeV bins at low pZT .

22 bins with 5 GeV bins at low pZT .

14 bins with 10 GeV bins at low pZT .
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3. Purity, binning and smearing (2/4)
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3. Purity, binning and smearing (3/4)

� Smearing:
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3. Purity, binning and smearing (4/4)
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Smearing effect is regular for all binning choices.
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4. Unfolding the reconstructed pZT spectra

� Instead of measuring x one typically measures a related variable y:
y = Ax , A is the response matrix describing detector effects
→ need an unfolding procedure to correct for detector effects and to
obtain the true spectrum.

� Iterative Bayesian unfolding (implemented in RooUnfold package):

µ̂i =
1

εi

m∑
j=1

p(ti |oj) nj

µ̂i : Number of events in truth

εi : Efficiency

p(ti |oj) =
p(oj |ti )pi

N∑
i=1

p(oj |ti )pi

nj : Number of events observed

p(oj |ti ) is the response matrix and can be inferred from Monte Carlo.
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Results: 20 smooth purity bins vs 23 smooth purity bins
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Results: 20 smooth purity bins vs 23 smooth purity bins
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Reduce purity at low pZT
from 65% to 50% could
increase binning effect to
the level of 0.3� (yellow

bands to show the order of ef-

fect)
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Results: 23 smooth purity bins vs 23 sub-range purity bins
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Different binning choices
with purity in range of
50% − 65% at low pZT
would give the same ef-
fect.
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Results: Same size binnings at low pZT : 28 bins, 22 bins, 14 bins
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Results: Same size binnings at low pZT : 28 bins, 22 bins, 14 bins
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Same size binnings with
purity below 65% at
low pZT would increase
binning effect.
Binning optimization
based on purity and
statistics would give
better results.
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> 65% purity binning choices - stable results

 [GeV]Z
T

p
0 10 20 30 40 50 60 70 80 90 100

P
u

ri
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

20 smooth purity bins

14 bins

 [GeV]Z
T

p
0 10 20 30 40 50 60 70 80 90 100

U
n

fo
ld

ed
/T

ru
th

0.999

0.9992

0.9994

0.9996

0.9998

1

1.0002

1.0004

1.0006

1.0008

1.001

/ndf = 1.042χ20 smooth purity bins, 

/ndf = 1.082χ14 bins (10 GeV bin), 

Binning effect is negli-
gible if purity of the
pZT measurement is in-
creased as function pZT
from 65%.
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Conclusion

Reduce purity at low pZT from 65% to 50% could increase
binning effect to the level of 0.3 �.

Different binning choices with purity in range 50%− 65% at
low pZT would give the same effect.

Binning effect is negligible if purity of the pZT measurement
increases as function pZT from 65%.

⇒ For the precise low pZT measurements (permil uncertainties)
with binning purity below 65%, 0.3� uncertainty due to the
binning effect should be considered in the unfolding procedure.
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Thank you for your attention!
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Backup
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pZT predictions at hadron colliders

� At LO: pZ
T = 0

� Beyond LO:
dσ
dp2

T
can be expressed in
powers of αs

bbbbb

dσ
dpT

[pb/GeV]

b

pT [GeV]

For high pZ
T → the contribution of higher orders in αs decreases quickly

→ a perturbative calculation is applicable.

� At NLO (O(αs)), (Q2 = M2
Z ):

dσ
dp2

T
= αs

(
A

ln(Q2/p2
T )

p2
T

+ B 1
p2
T

+ C (p2
T )
)

,

where A and B are calculable coefficients and C is an integrable function.
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pZT predictions at hadron colliders at low pZT
(Soft and collinear gluon emissions)

Dominant contributions to the differential cross section (Q2 = M2
Z ):

dσ
dp2

T
∼ αs

p2
T

ln
(

Q2

p2
T

)[
v1 + v2αs ln2

(
Q2

p2
T

)
+ v3α

2
s ln4

(
Q2

p2
T

)
+ ...

]
For pT → 0, αs ln2(Q2/p2

T ) is large even when αs is small

→ the pT distribution diverges.

→ Two approaches:

� Applying resummation of leading logarithms to all orders in αs .

(Resbos: Resummation + NLO corrected to O(α2
s ) using K−factor)

� Or modeling by parton shower generators.
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JHEP09(2014)145
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Results: 20 smooth purity bins vs 23 smooth purity bins
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Results: 20 smooth purity bins vs 23 smooth purity bins
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Results: 23 smooth purity bins vs 23 sub-range purity bins
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Different binnings with
purity in range of 50%−
65% at low pZT would
give the same effect.
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Results: Same size binnings at low pZT : 28 bins, 22 bins, 14 bins
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Results: Same size binnings at low pZT : 28 bins, 22 bins, 14 bins
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Same size binnings with
purity below 65% at
low pZT would increase
binning effect.
Binning optimization
based on purity and
statistics would give
better results.
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> 65% purity binning choice - stable results

 [GeV]Z
T

p
0 50 100 150 200 250 300 350

P
u

ri
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

20 smooth purity bins

14 bins

 [GeV]Z
T

p
0 50 100 150 200 250 300 350

U
n

fo
ld

ed
/T

ru
th

0.999

0.9995

1

1.0005

1.001

Binning effect is negligi-
ble if purity of the pZT
measurement increases
as function pZT from
65%.

PIC 2016 Quy Nhon, 17 September 2016 T.K.O. DOAN 32/21


