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Begin of the story 
Discrepancy of the CP5 tune from low pT(Z) DY data (13 TeV)

!2

Drell-Yan transverse momentum deviates considerably 
from the data compared to CUETP8M1

-> To improve the predictions on the tuning side

CUETP8M1 tune CP5 tune

αS(mZ) ~ 0.13 0.118
Update to NNPDF 

Less soft radiation and smear in the low pT spectrum
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Fix the discrepancy 
Primordial kT tune based on CP5

!3

Primordial kT: 
The transverse momenta of the partons in the 
incoming colliding hadrons
→ Not calculable in perturbative QCD 

→ Described by phenomenological models

In PYTHIA:  
Gaussian distribution of primordial kT e−kT

2 /σ 2

Free parameters to determine

Related parameter:  
BeamRemnants:primordialKThard ∝ σ
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The transverse momenta of the partons in the 
incoming colliding hadrons
→ Not calculable in perturbative QCD 

→ Described by phenomenological models

In PYTHIA:  
Gaussian distribution of primordial kT e−kT

2 /σ 2

Free parameters to determine

Related parameter:  
BeamRemnants:primordialKThard ∝ σ

Primordial kT in partons → pT(Z) 
Smear of primordial kT σ ↑   →   low pT(Z) spectrum flattened 
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Primordial kT tune strategy

!4

CP5 tune:  
• Dedicated for underlying event (UE) description  
• Tuned simultaneously for UE in 1.96 TeV, 7 TeV 

and 13 TeV pp collisions 
• 5 parameters in UE modeling

Primordial kT tune: 
• Fix the low pT(Z) spectrum in DY 
• Hope to describe the spectrum for a wide 

energy range e.g. from 1.96 to 13 TeV 
• 1 parameter for primordial kT smearing: 

BeamRemnants:primordialKThard
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-> optimization in 6-dim space

To combine
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Normally, to tune 6 parameters on UE+DY data 
-> optimization in 6-dim space

To combine

Harder in complexity & optimization

Luckily, we find a short cut 
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Primordial kT has little impact on UE obs



Department of Physics

Primordial kT tune strategy

!5

CP5 tune:  
• Dedicated for underlying event (UE) description  
• Tuned simultaneously for UE in 1.96 TeV, 7 TeV 

and 13 TeV pp collisions 
• 5 parameters in UE modeling

Primordial kT tune: 
• Fix the low pT(Z) spectrum in DY 
• Hope to describe the spectrum for a wide 

energy range e.g. from 1.96 to 13 TeV 
• 1 parameter for primordial kT smearing: 

BeamRemnants:primordialKThard

Envelope (CL 100.0 %)
Data
CP5+kT tune
CP5+kT tuneup
CP5+kT tunedown

0

0.5

1

1.5

2

CMS, 13 TeV, MB, TransMAX charged-particle density

(1
/

N
ev

en
ts
)

d
N

ch
/

dη
dφ

5 10 15 20
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pmax
T [GeV]

M
C

/
D

at
a

UE observable (e.g. Nch in transMAX)  
variation when changing primordial kT

Envelope (CL 96.0 %)
Data
CP5 up+kT tune
CP5 down+kT tune
CP5 nominal+kT tune

0

5

10

15

20

25

30

35

40

45

CMS, 13 TeV, Z → ℓ+ℓ−

dσ
/

d
p

Z T
[p

b
/

G
eV

]

10−1 1 10 1 10 2 10 3
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pZ
T [GeV]

M
C

/
D

at
a

pT(Z) from DY (after kT tune) variation 
when changing CP5 parameters

Primordial kT has little impact on UE obs



Department of Physics

Primordial kT tune strategy

!5

CP5 tune:  
• Dedicated for underlying event (UE) description  
• Tuned simultaneously for UE in 1.96 TeV, 7 TeV 

and 13 TeV pp collisions 
• 5 parameters in UE modeling

Primordial kT tune: 
• Fix the low pT(Z) spectrum in DY 
• Hope to describe the spectrum for a wide 

energy range e.g. from 1.96 to 13 TeV 
• 1 parameter for primordial kT smearing: 

BeamRemnants:primordialKThard

Envelope (CL 100.0 %)
Data
CP5+kT tune
CP5+kT tuneup
CP5+kT tunedown

0

0.5

1

1.5

2

CMS, 13 TeV, MB, TransMAX charged-particle density

(1
/

N
ev

en
ts
)

d
N

ch
/

dη
dφ

5 10 15 20
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pmax
T [GeV]

M
C

/
D

at
a

UE observable (e.g. Nch in transMAX)  
variation when changing primordial kT

Envelope (CL 96.0 %)
Data
CP5 up+kT tune
CP5 down+kT tune
CP5 nominal+kT tune

0

5

10

15

20

25

30

35

40

45

CMS, 13 TeV, Z → ℓ+ℓ−

dσ
/

d
p

Z T
[p

b
/

G
eV

]

10−1 1 10 1 10 2 10 3
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pZ
T [GeV]

M
C

/
D

at
a

pT(Z) from DY (after kT tune) variation 
when changing CP5 parameters

Primordial kT has little impact on UE obs

CP5 parameters have little impact on pT(Z)



Department of Physics

Primordial kT tune strategy

!5

CP5 tune:  
• Dedicated for underlying event (UE) description  
• Tuned simultaneously for UE in 1.96 TeV, 7 TeV 

and 13 TeV pp collisions 
• 5 parameters in UE modeling

Primordial kT tune: 
• Fix the low pT(Z) spectrum in DY 
• Hope to describe the spectrum for a wide 

energy range e.g. from 1.96 to 13 TeV 
• 1 parameter for primordial kT smearing: 

BeamRemnants:primordialKThard

Envelope (CL 100.0 %)
Data
CP5+kT tune
CP5+kT tuneup
CP5+kT tunedown

0

0.5

1

1.5

2

CMS, 13 TeV, MB, TransMAX charged-particle density

(1
/

N
ev

en
ts
)

d
N

ch
/

dη
dφ

5 10 15 20
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pmax
T [GeV]

M
C

/
D

at
a

UE observable (e.g. Nch in transMAX)  
variation when changing primordial kT

Envelope (CL 96.0 %)
Data
CP5 up+kT tune
CP5 down+kT tune
CP5 nominal+kT tune

0

5

10

15

20

25

30

35

40

45

CMS, 13 TeV, Z → ℓ+ℓ−

dσ
/

d
p

Z T
[p

b
/

G
eV

]

10−1 1 10 1 10 2 10 3
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pZ
T [GeV]

M
C

/
D

at
a

pT(Z) from DY (after kT tune) variation 
when changing CP5 parameters

Primordial kT has little impact on UE obs

CP5 parameters have little impact on pT(Z)

The two parts can be factorized



Department of Physics

Primordial kT tune strategy

!5

CP5 tune:  
• Dedicated for underlying event (UE) description  
• Tuned simultaneously for UE in 1.96 TeV, 7 TeV 

and 13 TeV pp collisions 
• 5 parameters in UE modeling

Primordial kT tune: 
• Fix the low pT(Z) spectrum in DY 
• Hope to describe the spectrum for a wide 

energy range e.g. from 1.96 to 13 TeV 
• 1 parameter for primordial kT smearing: 

BeamRemnants:primordialKThard

Envelope (CL 100.0 %)
Data
CP5+kT tune
CP5+kT tuneup
CP5+kT tunedown

0

0.5

1

1.5

2

CMS, 13 TeV, MB, TransMAX charged-particle density

(1
/

N
ev

en
ts
)

d
N

ch
/

dη
dφ

5 10 15 20
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pmax
T [GeV]

M
C

/
D

at
a

UE observable (e.g. Nch in transMAX)  
variation when changing primordial kT

Envelope (CL 96.0 %)
Data
CP5 up+kT tune
CP5 down+kT tune
CP5 nominal+kT tune

0

5

10

15

20

25

30

35

40

45

CMS, 13 TeV, Z → ℓ+ℓ−

dσ
/

d
p

Z T
[p

b
/

G
eV

]

10−1 1 10 1 10 2 10 3
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

pZ
T [GeV]

M
C

/
D

at
a

pT(Z) from DY (after kT tune) variation 
when changing CP5 parameters

Primordial kT has little impact on UE obs

CP5 parameters have little impact on pT(Z)

The two parts can be factorized

Primordial kT can be tuned on top of CP5 
without destroying UE description
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Solutions
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• Keep the CP5 parameters in the primordial kT tune ← they have little effects on DY pT(Z) 
• For description of DY processes in different energies 

• Tune the primordial kT individually 
• Different primordial kT parameters for DY MC in these energies

Center of mass energy Experiments Tuned BeamRemnants:primordialKThard 
(default 1.8)

38.8 GeV NuSea pp collisions 0.988 +- 0.026

62 GeV R209 pp collisions 1.24 +- 0.06

200 GeV PHENIX pp collisions 1.47 +- 0.11

1.96 TeV D0 p+p- collisions 1.96 +- 0.13

7 TeV CMS/ATLAS pp collisions 2.55 +- 0.11 / 2.47 +- 0.10

13 TeV CMS pp collisions 2.48 +- 0.05
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Improved description of DY pT(Z)
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Improved description of DY pT(Z)
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Energy dependent primordial kT broaden
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What we observe from the tune

Center of mass energy ↑    BeamRemnants:primordialKThard (width of kT distribution) ↑ 

Approximately 

primordial kT distribution width 

∝ log(√s)

NuSea

R209

PHENIX

D0

ATLAS
CMS
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Energy dependent primordial kT broaden

• Theoretical indications for this observation 
• Are there any models that explain this kT scaling with center of mass energy?

• Primordial kT modeling in generators 
• Can we have energy-dependent primordial kT parametrization in generators? 
• Tune to the slope and intercept of kT width - log(√s) dependence instead 
• Able to extrapolate the parameter to higher energy MC
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Summary & To-do list
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We have observed the primordial kT & UE factorization for the the Pythia 8 parameters sensitive to them 
• Perform primordial kT tune without changing the UE parametrization 

Non-universal primordial kT distribution width for different energies 
• Primordial kT tune for individual energies 
• Energy dependent tune

To-do 
• Validate the primordial kT tunes for all the energies (description for UE and other processes) 
• Check the situation for other generators -> Can we see the same dependence relation? 
• Energy-dependent primordial kT parametrization in Pythia -> need the input from the generator group 
• Explore the theoretical explanation or indication -> need the input from theorists
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Primordial kT parameters in Pythia 8
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Backup

https://pythia.org/latest-manual/BeamRemnants.html


