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pp ! DX

Inclusive D-meson 
data taken at the LHC

Similarly CMS, ALICE
Nucl. Phys. B 907 (2016) 717
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pp ! DX

Similarly CMS, ALICE
Nucl. Phys. B 907 (2016) 717 Kneesch, Kniehl, Kramer, Schienbein - ’08GM-scheme

Meson and quark mass effects

Inclusive D-meson 
data taken at the LHC



Introduction                            Perturbative QCD                                    Resummation                                                 ConclusionsQCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         ConclusionsQCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions        Inclusive Jet Production                                   Jet Fragmentation Function                                                        Conclusions           pp baseline                                       Medium Modification using SCET                                                      Conclusions

D-meson production              l

6

pp ! DX

Next-to-leading order in QCD
Jäger, Stratmann, Vogelsang `02

DD
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pp ! DX

Next-to-leading order in QCD
Jäger, Stratmann, Vogelsang `02

DD
c (zc, µ)

pp ! DX
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Using FFs from
Kneesch, Kniehl, Kramer, Schienbein ’08

• Zero mass variable flavor scheme
• General mass scheme
• fit from                    datae+e� ! DX
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pp ! DX

Data taken at the LHC

Similarly CMS, ALICE
Nucl. Phys. B 907 (2016) 717
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pp ! DX

Charm-gluon-uds FFs

Q2 = 20GeV2 Q2 = 1000GeV2
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pp ! DX

Charm-gluon contribution

Similarly CMS, ALICE
Nucl. Phys. B 907 (2016) 717
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The Jet Fragmentation Function                  l
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Kang, FR, Vitev `16, `16

pp ! (jeth)X

Procura, Stewart `10; Liu `11; Jain, Procura, Waalewijn `11 
and ’12; Procura, Waalewijn `12; Bauer, Mereghetti `14;
Baumgart, Leibovich, Mehen, Rothstein `14, Arleo, 
Fontannaz, Guillet, Nguyen `14, Kaufmann, Mukherjee, 
Vogelsang `15, Chien, Kang, FR, Vitev, Xing `15, Bain, Dai, 
Hornig, Leibovich, Makris, Mehen `16 …

“semi-inclusive fragmenting jet function” in SCET

see also:

where

resummation of       , i.e.   lnR NLO+NLLR
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Comparison to ATLAS data
at

p
s = 7TeV

Using DSS FFs
de Florian, Sassot, Stratmann - ’07

Light charged hadrons h = ⇡ +K + p
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Comparison to ATLAS and CMS 
data at

p
s = 2.76TeV

Using DSS FFs
de Florian, Sassot, Stratmann - ’07

Light charged hadrons h = ⇡ +K + p
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Comparison to ATLAS data
and PYTHIA simulations
at

p
s = 7TeV

Using FFs from
Kneesch, Kniehl, Kramer, Schienbein - ’08
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Comparison to ATLAS data
and PYTHIA simulations
at

D-meson
jet fragmentation function

p
s = 7TeV
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taken from 
Gian Michele Innocenti’s talk (CMS)
at Initial Stages 2016
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taken from 
Gian Michele Innocenti’s talk (CMS)
at Initial Stages 2016

D-meson suppression in AA

Energy loss, not SCET  !G
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SCET
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FR, Vitev - in preparation

Feynman rules for interaction with the medium 
do not depend on the mass to leading-power!

M,G

LSCETM,G = LSCETM + LG(⇠n, An, AG)

Leibovich, Ligeti, Wise `03•  

•  

LSCETM,G = LSCETM + LG(⇠n, An, AG)

Ovanesyan, Vitev ’12

Idilbi, Majumder `08, D’Eramo, Liu, Rajagopal `10

Bauer, Fleming, Luke, Pirjol, Rothstein, Stewart `00-`02



Introduction                             Perturbative QCD                                    Resummation                                                 ConclusionsPerturbative QCD                        Threshold Resummation                             Hadronic       Production                                  ConclusionsW±QCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         Conclusionse+e�QCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsQCD Threshold Resummation                   Di-Hadron Production                     Single-Inclusive Jet Production                        ConclusionsColor Singlet Processes                   QCD Hard Scattering                     Heavy Gauge Boson Production                        ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions         Jet Fragmentation in pp                                         Modification in AA                                                       Conclusions

        splitting kernels

21

SCETG

Basic ingredients for the calculation
of the modification in AA collisions:

1. Final state

2. Initial state

Ovanesyan, Vitev ’12

Ovanesyan, FR, Vitev - ’15

x,

IS

FS

hard� scattering
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SCET     splitting kernels

22

Basic ingredients for the calculation
of the modification in AA collisions:

Final state - massive

x,

vacuum:•  

x, do not factorize

M,G



Introduction                             Perturbative QCD                                    Resummation                                                 ConclusionsPerturbative QCD                        Threshold Resummation                             Hadronic       Production                                  ConclusionsW±QCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         Conclusionse+e�QCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsQCD Threshold Resummation                   Di-Hadron Production                     Single-Inclusive Jet Production                        ConclusionsColor Singlet Processes                   QCD Hard Scattering                     Heavy Gauge Boson Production                        ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions         Jet Fragmentation in pp                                         Modification in AA                                                       Conclusions

23

Basic ingredients for the calculation
of the modification in AA collisions:

Final state - massive

x,

medium: e.g.•  

SCET     splitting kernelsM,G

where: ,

, …

k ⇠ (1,�2,�)

q ⇠ (�2,�2,�)
q
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Basic ingredients for the calculation
of the modification in AA collisions:

medium: e.g.•  

SCET     splitting kernelsM,G

where: ,

, …
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Basic ingredients for the calculation
of the modification in AA collisions:

Final state - massive

x,

medium: e.g.•  

SCET     splitting kernelsM,G

where:

, …

,
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Basic ingredients for the calculation
of the modification in AA collisions:

Final state - massive

x,

medium:  Soft gluon approximation•  

SCET     splitting kernelsM,G

keeping only the first correction in the denominator, similarly

Q ! gQ, g ! QQ̄

Q ! gQ, g ! QQ̄

⇠

⇠



Introduction                             Perturbative QCD                                    Resummation                                                 ConclusionsPerturbative QCD                        Threshold Resummation                             Hadronic       Production                                  ConclusionsW±QCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         Conclusionse+e�QCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsQCD Threshold Resummation                   Di-Hadron Production                     Single-Inclusive Jet Production                        ConclusionsColor Singlet Processes                   QCD Hard Scattering                     Heavy Gauge Boson Production                        ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions         Jet Fragmentation in pp                                         Modification in AA                                                       Conclusions

27

Basic ingredients for the calculation
of the modification in AA collisions:

Final state - massive

x,

medium:  Soft gluon approximation•  

SCET     splitting kernelsM,G

Soft gluon limit is consistent with
Djordjevic, Gyulassy `03

Instead

Gyulassy, Levai, Vitev `00
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Numerical results

10−2

10−1

100

101

0.1 1

q → qg, Q → Qg, E0 = 100 GeV

x
(d
N
/d

x
)

x

massless



Introduction                             Perturbative QCD                                    Resummation                                                 ConclusionsPerturbative QCD                        Threshold Resummation                             Hadronic       Production                                  ConclusionsW±QCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         Conclusionse+e�QCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsQCD Threshold Resummation                   Di-Hadron Production                     Single-Inclusive Jet Production                        ConclusionsColor Singlet Processes                   QCD Hard Scattering                     Heavy Gauge Boson Production                        ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions         Jet Fragmentation in pp                                         Modification in AA                                                       Conclusions

29

Numerical results

10−2

10−1

100

101

0.1 1

q → qg, Q → Qg, E0 = 100 GeV

x
(d
N
/d

x
)

x

massless

m = 4.5 GeV



Introduction                             Perturbative QCD                                    Resummation                                                 ConclusionsPerturbative QCD                        Threshold Resummation                             Hadronic       Production                                  ConclusionsW±QCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         Conclusionse+e�QCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsQCD Threshold Resummation                   Di-Hadron Production                     Single-Inclusive Jet Production                        ConclusionsColor Singlet Processes                   QCD Hard Scattering                     Heavy Gauge Boson Production                        ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions         Jet Fragmentation in pp                                         Modification in AA                                                       Conclusions

30

Numerical results
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Application of in-medium splitting functions
• SCET is an important tool to understand the structure of cross sections, e.g. jets
• Hadron cross sections

Kang, FR, Vitev `16, `16

O(↵s)

vaccum

⌦⌦

�(0)
qq Dh

q (z, µ)Pqq(z)

decompose
       as
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Application of in-medium splitting functions
• SCET is an important tool to understand the structure of cross sections, e.g. jets
• Hadron cross sections

Kang, FR, Vitev `16, `16

⌦⌦

�(0)
qq Dh

q (z, µ)Pqq(z)

⌦⌦

�(0)
qq Dh

q (z, µ)Pmed
qq (z)

O(↵s)

vaccum

O(↵s)

medium
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Application of in-medium splitting functions
• SCET is an important tool to understand the structure of cross sections, e.g. jets
• Hadron cross sections

Kang, FR, Vitev `16, `16
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Application of in-medium splitting functions
• Hadron cross sections

Qiu, Collins `88

⌦⌦

�(0)
qq

O(↵s)

medium

Dh,med
q (z, µ)

↵s

2⇡
CF

Z µ2

dk

2
?

k

2
?

1 + (1� z)2

z

� �(1� z)
↵s

2⇡
CF

Z µ2

dk

2
?

k

2
?

Z 1

0
dx

1 + (1� x)2

x

vacuum

medium

cut-off scheme

↵s

2⇡
CF

Z µ2

dk

2
?P

med
qq (z, k?)� �(1� z)

↵s

2⇡
CF

Z µ2

dk

2
?

Z 1

0
dxP

med
qq (x, k?)

real virtual



Introduction                             Perturbative QCD                                    Resummation                                                 ConclusionsPerturbative QCD                        Threshold Resummation                             Hadronic       Production                                  ConclusionsW±QCD Resummation for SIDIS                        Phenomenological Results                                 Annihilation                         Conclusionse+e�QCD Resummation for SIDIS                    Hadron multiplicities                      Longitudinal spin asymmetries                        ConclusionsQCD Resummation for SIDIS                               Annihilation                      Longitudinal spin asymmetries                        Conclusionse+e�      Approximate NNLO results                                      Mellin code and NNLL                                                               ConclusionsQCD Threshold Resummation                   Di-Hadron Production                     Single-Inclusive Jet Production                        ConclusionsColor Singlet Processes                   QCD Hard Scattering                     Heavy Gauge Boson Production                        ConclusionsIntroduction                          Di-hadrons                               Jets                              Other work                                   Conclusions             Jet Fragmentation in pp                                                   EIC                                                           Conclusions         Jet Fragmentation in pp                                         Modification in AA                                                       Conclusions

35

Application of in-medium splitting functions
• Hadron cross sections

Qiu, Collins `88
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• DGLAP formalism Kang, Lashof-Regas, Ovanesyan, Saad, Vitev `14,
Chien, Emerman, Kang, Ovanesyan, Vitev `15
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Numerical results

PRELIMINARY

Light charged hadrons D-mesons
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Outline

• proton-proton baseline

• Medium Modification using SCET

• Conclusions

Kang, FR, Vitev `16, `16
Chien, Kang, FR, Vitev `15

FR, Vitev - in preparation
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• NLO or resummed pp baseline

• Inclusive production and jet fragmentation functions

• Extension to SCET

• Consistent treatment for the modification

M,G

… please stay tuned!

• Light hadrons as well as D, B-meson suppression

 of hadron and jet observables in the medium
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Inclusive Jet Production in SCET                  l
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pp ! jetX

“semi-inclusive jet function” in SCET
(perturbatively calculable)

Kang, FR, Vitev `16, `16

Jäger, Stratmann, Vogelsang `04, Mukherjee, Vogelsang `12, Kaufmann, 
Mukherjee, Vogelsang `15, Dasgupta, Dreyer, Salam, Soyez `14, `16

see also:
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Inclusive Jet Production in SCET                  l
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pp ! jetX

Kang, FR, Vitev `16, `16

Follows standard timelike DGLAP

resummation of       , i.e.   lnR

Definition similar to FFs 
but perturbatively calculable:

NLO:

NLO+NLLR

Especially relevant for heavy-ion phenomenology!
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see also 
Dasgupta, Dreyer, Salam, Soyez `15, `16


