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1) General introduction 

‣ Final state jets 

‣ Related progress in fixed-order calculations 

2) The challenges of jet flavour 

‣ The problem(s) 

‣ Summary of recent solution(s)
 
 
3) The flavour dressing algorithm 

‣ Motivation and context 

‣ Some pheno. results (Z+c-jet)
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AB → f + X
leptons
hadrons
photons
missing  
jet(s)
…

ET

  composed of :f

dσdata (meas.)
PP→f+X dσtheory

PP→f+Xvs

critical question: how to define  to best enable this comparisonf

Generic scattering processes
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LHC scattering processes

fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA

A

PB

B

f

dσpp→f+X = ∑
i,j

∫ dx1dx2 fa(x1) fb(x2) d ̂σab→f+X̂( ̂s, . . . ) (1 + 𝒪(ΛQCD/Q))

d ̂σab→f+.. = d ̂σLO
ab→f+.. + αs d ̂σNLO

ab→f+.. + α2
s d ̂σNNLO

ab→f+.. + . . .

‣ (renormalised) amplitudes
‣ subtracting/slicing
‣ application of jet algorithm

…
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• Those not impacted by collinear splitting(s) or emission(s) of soft particles 

• Those calculated in terms of quarks and gluons where the  limit 
does not introduce singularities (Stermann, Weinberg ’77) 

➡ Can (reliably) use fixed-order perturbation theory 

mq → 0

KLN theorem: (Kinoshita ’62, Lee & Nauenberg ’64)

• For such observables, a cancellation of IRC divergences between virtual 
and real emissions is ensured (order-by-order) 

• IRC unsafe observables can be defined, all-order-resummation/factorisation 
theorems typically required (PDF evolution, obs. dependent resummation)

InfraRed and Collinear safe observables

dσdata (meas.)
PP→f+X dσfixed−order

PP→f+Xvs
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particle flow objects

jet algorithm
set of hadronic jets {j1, . . . , jm}

Experiment:

Theory:

parton level (quarks, gluons) 

hadron level (e.g. [N]NLO+PS)

Final state jets

jet algorithm

hadronic jets {j1, . . . , jm}
partonic jets {j1, . . . , jm}

dσdata (meas.)
PP→f+X dσtheory

PP→f+Xvs
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particle flow objects

jet algorithm
set of hadronic jets {j1, . . . , jm}

Experiment:

Theory:

parton level (quarks, gluons) 

hadron level (e.g. [N]NLO+PS)

jet algorithm

hadronic jets {j1, . . . , jm}
partonic jets {j1, . . . , jm}

dσdata (meas.)
PP→f+X dσtheory

PP→f+Xvs

a) Higgs physics (hadronic decays)

b) Top-quark physics ( )

c) New physics searches (f-jet )

d) Gauge-boson + heavy-flavour 

…

|Vtb | ∼ 1

+Emiss
T

H

b

b
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focus of this talk will be flavour identified (c/b) jets

Final state jets
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All calculations consider flavoured jets 
 
 

2016 2017 2018 2019 2020 2021 2022 2023 2024

t, t̄ t, t̄
VH

VH

tt̄

VH(mb)

VH Z + b Z + c

W + bb̄(mb)

W + bb̄W + c
tt̄(+B)

Antenna 
Stripper
Nested SC 

 subtraction 
 +CoLoRFul 

Slicing + P2B
Slicing (MCFM)

QT
QT

Methods

Recent NNLO progress with flavoured jets 

[Luca’s talk]
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All calculations consider flavoured jets 
 

… few calculations consistently compared to data 
(a mismatch between jet-flavour definitions)

2016 2017 2018 2019 2020 2021 2022 2023 2024

t, t̄ t, t̄
VH

VH

tt̄

VH(mb)

VH Z + b Z + c

W + bb̄(mb)

W + bb̄W + c
tt̄(+B)

Antenna 
Stripper
Nested SC 

 subtraction 
 +CoLoRFul 

Slicing + P2B
Slicing (MCFM)

QT
QT

Methods

Recent NNLO progress with flavoured jets 

[Luca’s talk]
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Jets at the LHC

dij = min (k2p
Ti , k2p

Tj )
ΔR2

ij

R2

diB = k2p
Ti

ΔR2
ij = (yi − yj)2 + (ϕi − ϕj)2

(Inclusive) clustering proceeds by identifying the min. distance:

- If it is  combine particles ij (update list to contain combined particle)

- If it is  , identify i as a jet and remove from list
[repeat until list is empty]

dij

diB

Or… initialise a list of particles (pseudo jets) from these objects
 
Introduce distance measures between particles (pseudo jets) and a Beam: 

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,…) 
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)
 

The anti-kT algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects

anti-kT (p=- )1
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Jets at the LHC

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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anti-kT (p=- )1 kT (p= )1

anti-kT has nice geometrical properties (used in all LHC analyses)

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,…) 
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)
 

The anti-kT algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects



Typical experimental approaches of defining jet flavour (truth/data level): 
(ATLAS arXiv:1504.07670, CMS arXiv:1712.07158, LHCb arXiv:1504.07670) 

i) First identify flavour-blind anti-kT jets in a fiducial region

ii) Tag these jets with flavour by the presence of 1 or more D/B hadrons 

iii) [ATLAS/LHCb] Apply pT requirement to D/B hadron ~ pD/B
T > 5 GeV

13

Heavy-flavour jets at the LHC

ΔR( j, D/B) < 0.5
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Heavy-flavour jets at the LHC

ΔR( j, D/B) < 0.5
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“The Flavour-kT algorithm” 
(Banfi, Salam, Zanderighi: hep-ph/0601139)
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Solutions to this problem
Comments/status



“The Flavour-kT algorithm” 
(Banfi, Salam, Zanderighi: hep-ph/0601139)

… theory progress on NNLO QCD jet calculations (VH,  w/ decay, ) … 

Practical jet flavour through NNLO 
(Caletti, Larkoski, Marzani, Reichelt: arXiv:2205.01109) 
 
Infrared-safe flavoured anti-kT jets 
(Czakon, Mitov, Poncelet: arXiv:2205.11879) 

A dress of flavour to suit any jet 
(RG, Huss, Stagnitto: arXiv:2208.11138) 

 

tt̄ V + j
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Solutions to this problem
Comments/status

kT jets 

 

(substructure based) 
 
 

approx. anti-kT jets 
 

Tested at N3LO ( ) 
 

e+e− → jets



“The Flavour-kT algorithm” 
(Banfi, Salam, Zanderighi: hep-ph/0601139)

… theory progress on NNLO QCD jet calculations (VH,  w/ decay, ) … 

Practical jet flavour through NNLO 
(Caletti, Larkoski, Marzani, Reichelt: arXiv:2205.01109) 
 
Infrared-safe flavoured anti-kT jets 
(Czakon, Mitov, Poncelet: arXiv:2205.11879) 

A dress of flavour to suit any jet 
(RG, Huss, Stagnitto: arXiv:2208.11138) 

Flavoured jets with exact anti-kT kinematics 
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler: preliminary—Moriond Mar ’23)

tt̄ V + j

kT jets 

 

(substructure based) 
 
 

approx. anti-kT jets 
 

Tested at N3LO ( ) 
 

(substructure based)

e+e− → jets
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Solutions to this problem
Comments/status



“The Flavour-kT algorithm” 
(Banfi, Salam, Zanderighi: hep-ph/0601139)

… theory progress on NNLO QCD jet calculations (VH,  w/ decay, ) … 

Practical jet flavour through NNLO 
(Caletti, Larkoski, Marzani, Reichelt: arXiv:2205.01109) 
 
Infrared-safe flavoured anti-kT jets 
(Czakon, Mitov, Poncelet: arXiv:2205.11879) 

A dress of flavour to suit any jet 
(RG, Huss, Stagnitto: arXiv:2208.11138) 

Flavoured jets with exact anti-kT kinematics 
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler: preliminary—Moriond Mar ’23)

tt̄ V + j

kT jets 

 

(substructure based) 
soft unsafe at N3LO 

 
approx. anti-kT jets 

potential issues with ICIC 

Tested at N3LO ( ) 
issues at N4LO [requires changes] 

(substructure based)

e+e− → jets
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Solutions to this problem
Comments/status

Systematic IRC-safety tests 6 / 11

I Implemented such a fixed-order framework:

Cluster “hard” event

FSR-DS = double-soft

ISR-DS

FC = FS hard-collinear

IC = IS hard-collinear

possibly nested

Set of hard jets
Jhard = {(p1, f1), ...}

Set of hard+IR jets
Jhard+IR = {(p̃1, f̃1), ...}

!
=

Systematic framework to test IRC safety  
[Caola et al., numerical tests up to ]𝒪(α6

s )
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‣ Final state jets 

‣ Related progress in fixed-order calculations 

2) The challenges of jet flavour 

‣ The problem(s) 
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Our motivation:  A well defined flavour algorithm applicable to anti-kT jets 
                               

Also, applicable to heavy-flavour tagging in LHC analyses

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Toy event

Z boson

j1

j2

set of jets {j1, . . . , jm}

(actually, any jet)
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Our motivation:  A well defined flavour algorithm applicable to anti-kT jets 
                               

Also, applicable to heavy-flavour tagging in LHC analyses

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Toy event

Z boson

j1

j2

Flavoured particles 
b-quark (theory) 
secondary vertex (exp.)

set of jets {j1, . . . , jm} set of flavoured objects { ̂f1, . . . , ̂fn}

(actually, any jet)
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Our motivation:  A well defined flavour algorithm applicable to anti-kT jets 
                               

Also, applicable to heavy-flavour tagging in LHC analyses

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Toy event

Flavoured particles 
b-quark (theory) 
secondary vertex (exp.)

Z boson

j1

j2

set of jets {j1, . . . , jm} set of flavoured objects { ̂f1, . . . , ̂fn}
(flavoured particles not required to be final state!)

(actually, any jet)
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Our motivation:  A well defined flavour algorithm applicable to anti-kT jets 
                               

Also, applicable to heavy-flavour tagging in LHC analyses

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Toy event

(actually, any jet)

Flavoured particles 
b-quark (theory) 
secondary vertex (exp.)

set of jets {j1, . . . , jm} set of flavoured objects { ̂f1, . . . , ̂fn}
(flavoured particles not required to be final state!)

algorithm assigns  to ̂fi jk
Z boson

j1

j2
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{f1, . . . , fn} → { ̂f1, . . . , ̂fn−2m}
flavoured particles  flavoured ‘clusters’ 

(potentially annihilating m collinear  pairs*)
→

fi fj

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Stage 1: dress the flavoured particles with collinear radiation 
(altering momenta but not flavour)

*adjustment of original algorithm
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Stage 2: Calculate  for all ,dab {j1, . . . , jm} { ̂f1, . . . , ̂fn}

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

dab = ΔR2
ab max (pα

T,a, pα
T,b) min (p2−α

T,a , p2−α
T,b )

daB± = max(pα
T,a, pα

T,B±
(y ̂fa

)) min(p2−α
T,a , p2−α

T,B±
(y ̂fa

))

(this is the original flavour-kT distance)

(rapidity dependent measure of the Beam)

Note: only evaluate  if the  is associated to the jet (e.g. a constituent)dfj f
[complete details in back-up slides]

‣ If min. is  : assign  quantum number to j, [remove  from list]

‣ If min. is:  or  , [remove   from list]

dfj f f

dff dfB f
[repeat until list is empty]
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Stage 2: Calculate  for all ,dab {j1, . . . , jm} { ̂f1, . . . , ̂fn}

A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Note: only evaluate  if the  is associated to the jet (e.g. a constituent)dfj f

Adjustment required (Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler) 

[e.g. unsafe configuration “IDS x FDS” encountered at N4LO]

dab = 2pa ⋅ pb

(TBC, simple fix with Jade distance and <2 in clustering)β

[complete details in back-up slides]

‣ If min. is  : assign  quantum number to j, [remove  from list]

‣ If min. is:  or  , [remove   from list]

dfj f f

dff dfB f
[repeat until list is empty]
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A dress of flavour to suit any jet
(RG, Huss, Stagnitto arXiv:2208.11138)

Stage 3: Count how many flavours assigned to each jet {j1, . . . , jm}

How to count flavour quantum numbers: 
• With charge info. (  vs ),  then   and   

(net flavour is sum of the  and  assigned to jet )  

• If one cannot (e.g. experiment),    
(net flavour is sum [modulo 2] of the  and  assigned to jet ) 

[i.e. even tagged jets are NOT flavoured]

q q̄ q = + 1 q̄ = − 1
qi q̄j jn

|q | = | q̄ | = 1
qi q̄j jn

This algorithm is applicable at the measurement level in experiments

Outcome: a set of flavour identified (anti-kT) jets {j f1
1 , . . . , j fm

m }



Summary
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i) Several theory motivated algorithms for jet flavour, with differences:

* Reproduction of exact anti-kT kinematics (at parton or hadron level)

* Fixed-order IRC safety (between N2LO and N6LO+) 

* Applicability at truth-level (parton) or measurement (unstable B/D hadrons) 

ii) Experimental feasibility (or dependence on an unfolding correction)

* Size of this correction may be strongly algorithm/process dependent

(reminder: I have detailed the  “flavour-dressing” approach)



Summary
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i) Several theory motivated algorithms for jet flavour, with differences:

* Reproduction of exact anti-kT kinematics (at parton or hadron level)

* Fixed-order IRC safety (between N2LO and N6LO+) 

* Applicability at truth-level (parton) or measurement (unstable B/D hadrons) 

ii) Experimental feasibility (or dependence on an unfolding correction)

* Size of this correction may be strongly algorithm/process dependent

(reminder: I have detailed the  “flavour-dressing” approach)

a lot of exciting work: close experiment + theory collaboration still required

critical question: how to define  to best enable this comparisonf

dσdata (meas.)
PP→f+X dσtheory

PP→f+Xvs



Whiteboard
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i) Initialise a list of all particles 

ii) Add to the list all flavoured particles, removing any overlap

iii) Calculate the distances   between all particles  

iv) If  terminate the clustering. Otherwise:

1. (i & j flavourless) replace i & j in the list with combined object ij
2. (i or j flavoured) combine i and j if: 

 
 
 
Otherwise:  
(i & j flavoured) remove both from list 
(i or j flavourless) remove only flavourless object

[Repeat until list empty, or no flavoured particles left]

dij = ΔR2
ij

dmin
ij > ΔR2

cut

min(pT,i, pT,j)
pT,i + pT,j

> zcut (
ΔRij

Rcut )
β

(RG, Huss, Stagnitto arXiv:2208.11138)
flavoured particles (quarks, hadrons) not collinear safe. Define new objects:

31

[Soft-drop] 
(Larkoski et al. arXiv:1402.2657)

(1/3) collinear-safe flavoured objects



(RG, Huss, Stagnitto arXiv:2208.11138)

32

 
Introduce a Counting or Accumulation for flavour: 

• with charge info. (  vs ),  then   and  (net flavour is sum)

• if one cannot (e.g. experiment),   (net flavour is sum modulo 2) 

[i.e. jets with even number of  are NOT flavoured]

q q̄ q = + 1 q̄ = − 1
q = q̄ = 1

qi + q̄j

We now have have ,  

 
We introduce an Association criterion for  with  (some possibilities):  

• the flavoured particle  is a constituent of jet  

• or  

• or Ghost association of  (include direction of  in anti-kT clustering)

{j1, . . . , jm} { ̂f1, . . . , ̂fn}
̂fa jb

fa jb
ΔR( ̂fa, jb) < Rtag

̂fa
̂fa

(2/3) Association criterion and counting

(association criterion required as not assumed that  is a stable particle) fa



(RG, Huss, Stagnitto arXiv:2208.11138)
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We now have have , , association, and counting rules 

 
Dressing algorithm: 

• Calculate a set of distances between the flavoured objects, jets and beam:

‣ [ff]  between all all flavoured objects  and  

‣ [fj]  between  and  ONLY if there is an association

‣ [fB]  for all  without a jet association  

• Find the minimum distance of all entries in the list

‣ if it is an [fj] assign  to   (removing entries involving  from list)

‣ otherwise just remove  [fB] or   and  [ff] from the list

[repeat until list empty] 

• The flavour of each jet is then just the accumulation of its flavour

{j1, . . . , jm} { ̂f1, . . . , ̂fn}

dab
̂fa

̂fb

dab
̂fa jb

daB
̂fa

̂fa jb ̂fa
̂fa

̂fa
̂fb

(3/3) The flavour dressing algorithm



(RG, Huss, Stagnitto arXiv:2208.11138)
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We now have have , , association, and counting rules 

 
{j1, . . . , jm} { ̂f1, . . . , ̂fn}

(3/3) The flavour dressing algorithm

dab = ΔR2
ab max (pα

T,a, pα
T,b) min (p2−α

T,a , p2−α
T,b )

daB± = max(pα
T,a, pα

T,B±
(y ̂fa

)) min(p2−α
T,a , p2−α

T,B±
(y ̂fa

))

(Banfi, Salam, Zanderighi hep-ph/0601139)
Note: Originally we used the distance measures proposed in flavour-kT

As pointed out by (Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler) alteration 

required 

[e.g. unsafe configuration “IDS x FDS” encountered at N4LO]

dab = 2pa ⋅ pb(TBC: addressed with Jade distance and )β < 2



Tests of the algorithm ( )e+e−
(RG, Huss, Stagnitto arXiv:2208.11138)
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(Banfi, Salam, Zanderighi hep-ph/0601139)

These tests originally proposed/shown in the original flavour-kT study

Consider the process  at fixed-order using kT algorithm 
 
Look at ‘bad’ events (i.e. where we do not find 2 flavoured jets,  ) 
 
The ‘bad’ cross-section should vanish in the  limit 
(  defines the distance measure at which the event goes from 2 jet  3 jet)
(  corresponds to limit of extremely soft and/or collinear emissions)

e+e− → 2 jets

e+e− → qq̄

y3 → 0
y3 →
y3 → 0

-4

-2

0

2

4

6

8

10

12

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2

Durham (kT) jets e+ e- → jets

coeff of (ɑs/2π)2

(1
/σ

Bo
rn
)
dσ

ba
d/
dl
og
(y

3)

log(y3)

naive
dress [ɑ=2]
dress [ɑ=1]

-1000

-500

0

500

1000

1500

2000

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2

Durham (kT) jets e+ e- → jets

coeff of (ɑs/2π)3

(1
/σ

Bo
rn
)
dσ

ba
d/
dl
og
(y

3)

log(y3)

naive
dress [ɑ=2]
dress [ɑ=1]

-40

-20

0

20

40

-20 -16 -12 -8

Durham (kT) jets e+ e- → jets

-0.1

0

0.1

0.2

0.3

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2

Durham (kT) jets e+ e- → jets

coeff of (ɑs/2π)

(1
/σ

Bo
rn
)
dσ

ba
d/
dl
og
(y

3)

log(y3)

naive
dress [ɑ=2]
dress [ɑ=1]

𝒪(αs) 𝒪(α2
s ) 𝒪(α3

s )

soft/collinear
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Can also perform all-order ‘sensitivity’ tests using Parton Shower framework 
 
In this case study, also use resolution variable to probe IRC sensitive regions 
(here we study the behaviour, rather than the bad cross-section vanishing)

Here consider dijet events (exclusive  algorithm) with 

We use the resolution variable: 

kT ET ≥ 1 TeV

ykT
3 = dkT

3 /(ET,1 + ET,2)
(Buonocore et al. arXiv:2201.11519)

(Banfi, Salam, Zanderighi hep-ph/0601139)
These tests originally proposed/shown in the original flavour-kT study
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Application of the algorithm (pp)
(RG, Huss, Stagnitto arXiv:2208.11138)
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Now consider the process  in Fiducial region (13 TeV, CMS-like) 
 
(N)NLO at fixed-order w/ NNLOJET,  RG et al. arXiv:2005.03016 
 
NLO+PS Hadron-level with aMC@NLO interfaced to Pythia8 
 
Tests sensitivity to: all-order effects, hadronisation (also FO IRC safety in pp)

pp → Z + b − jet

ηb−jet pT,b−jet pT,Z



Higher-order configurations / pitfalls
(Ludovic Scyboz, Moriond QCD)
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Examples of pitfalls / III 11 / 11

Hard event:
! 1 flavourless jet

b b̄

b b̄

f̂1 f̂2 f̂3 f̂4

Hard+IR event:

1(b) accumulated into hard g,
but not 2(b̄)

f̂2 and f̂3 annihilate,
but f̂1 and f̂4 do not

! 1 b-jet (+ 1 b̄ beam jet)

• Some analytic/numerical understanding of the complicated
interplay between distances (as a function of ↵ and �)

! suggests ↵ · � < 2 is fine for this configuration
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Figure 5: Measured R
c
j distribution (gray bands) for three intervals of forward Z rapidity,

compared to NLO SM predictions [29] without IC [42], with the charm PDF shape allowed to
vary (hence, permitting IC) [39,76], and with IC as predicted by BHPS with a mean momentum
fraction of 1% [38]. The predictions are o↵set in each interval to improve visibility.

Table 3: Numerical results for the R
c
j measurements, where the first uncertainty is statistical

and the second is systematic.

y(Z) R
c
j (%)

2.00–2.75 6.84± 0.54± 0.51
2.75–3.50 4.05± 0.32± 0.31
3.50–4.50 4.80± 0.50± 0.39

2.00–4.50 4.98± 0.25± 0.35

enhancement. Indeed, Fig. 5 shows that, after including the IC PDF shape predicted
by BHPS with a mean momentum fraction of 1%, the theory predictions are consistent
with the data. Incorporating these novel forward R

c
j results into a global analysis should

strongly constrain the large-x charm PDF, both in size and in shape. While the large
enhancement in the forward-most y(Z) interval is suggestive of valence-like IC, no definitive
statements can be made until the R

c
j results are included in a global PDF analysis.

In conclusion, events containing a Z boson and a charm jet are studied for the first
time in the forward region of pp collisions. The data sample used corresponds to an
integrated luminosity of 6 fb�1 collected at a center-of-mass energy of 13TeV with the
LHCb detector. The ratio R

c
j is measured in intervals of y(Z) and compared to NLO

SM calculations. The observed spectrum exhibits a sizable enhancement at forward Z
rapidities, consistent with the e↵ect expected if the proton wave function contains the
|uudcc̄i component predicted by BHPS. However, conclusions about whether the proton
contains valence-like intrinsic charm can only be drawn after incorporating these results
into global PDF analyses.

7

LHCb measurement (13 TeV), arXiv: 2109.08084

p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

c-jet 

 
  

Forward kinematics: 
 

 

 
unique probe of large(small) 

x1(2) ∼
1

s (mZ
T e+(−)yZ + pj

T e+(−)yj)
x

see Boettcher et al., arXiv: 1512.06666
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Our determination of intrinsic charm can be compared to theoreti-
cal expectations. Subsequent to the original intrinsic charm model of 
ref. 1 (BHPS model), a variety of other models were proposed5,35–38 (see  
ref. 2 for a review). Irrespective of their specific details, most models 

predict a valence-like structure at large x with a maximum located 
between x ≃ 0.2 and x ≃ 0.5, and a vanishing intrinsic component for 
x ≲ 0.1. In Fig. 1 (right), we compare our result to the original BHPS 
model and to the more recent meson/baryon cloud model of ref. 5.
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Fig. 2 | Intrinsic charm and Z + charm production at LHCb. Top left, the 
LHCb measurements of Z-boson production in association with charm-tagged 
jets, j

cR , at s = 13 TeV, compared with our default prediction, which includes 
an intrinsic charm component, as well as with a variant in which we impose  
the vanishing of the intrinsic charm component. The thicker (thinner) bands  
in the LHCb data indicate the statistical (total) uncertainty, while the theory 
predictions include both PDFU and MHOU. Top right, the correlation 
coefficient between the charm PDF at Q = 100 GeV in NNPDF4.0 and the LHCb 
measurements of R j

c for the three yZ bins. The dotted horizonal line indicates 

the maximum possible correlation. Centre, the charm PDF in the 4FNS (right) 
and the intrinsic (3FNS) charm PDF (left) before and after inclusion of the LHCb 
Z + charm (c) data. Results are shown for both experimental correlation models 
discussed in the text. Bottom left, the intrinsic charm PDF before and after 
inclusion of the EMC charm structure function data. Bottom right, the 
statistical significance of the intrinsic charm PDF in our baseline analysis, 
compared to the results obtained also including the LHCb Z + charm (with 
uncorrelated systematics) or the EMC structure function data, or both. The 
dotted horizontal line indicates the 3σ threshold.
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(not observed by all pdf fitting groups, CTEQ-TEA Guzzi et al. arXiv:2211.01387)
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Possibility for multiple hard interactions in a single pp-collision 

e.g. single-parton-scattering (SPS), double-parton-scattering (DPS), …

Hard Process 1 (HP1)  = Z+jet Hard Process 2 (HP2)  = cc̄

The jet is flavour inclusive Large cross-section at LHCb

g

g

c̄

c
p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

jet 

 
  

Probability that  leading to a charm tagged jet  

(small phase-space compensated by large  cross-section)

ΔR( jHP1, cHP2) ≤ 0.5
cc̄
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NNLO QCD corrections positive and grow with  (mimicking intrinsic charm)yZ

Note: no direct comparison to data:
 
- IRC safe jet algorithm required 
(resumming charm PDF critical) 
 
- Data sensitive to MPI contributions 
(positive and rapidity dependent) 
 
More details in backups

RG, Gehrmann-De Ridder, Glover, Huss, Rodriguez Garcia, Stagnitto, arXiv:2302.12844



Applications: Z+c-jet at LHCb … MPI

43

MPI correction required when the considered observable is sensitive to the 
combination of H1 and H2 (a genuine physics effect not described by SPS)
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Figure 7: E↵ect of MPI contributions on the Z rapidity distribution y
Z in the Z + c-jet

process (a), in the Z+ jet process (b) and in the ratio of the two (c). NLO+PS predictions

are obtained with Pythia8 (orange) or Herwig7 (purple) as parton showers. In the upper

panels predictions including (excluding) MPI contributions are depicted in darker (lighter)

colours. The lower panels show the ratios of curves with and without MPI e↵ects.

sensitivity to the quark mass is resummed.

B Multiple Particle Interactions

During the high-energy scattering of two protons, there is a probability for multiple hard-

interactions to occur (i.e. more than one).

For the LHCb kinematics defined at the beginning of Section 3.1, and also applying

the (IRC unsafe) definition of jet flavour as in [9], we observe a large contribution to

the production of a Z boson and a c-jet from MPI. In Fig. 7a we show the cross-section

for Z + c-jet production after fiducial cuts, which is plotted di↵erentially with respect to

the Z-rapidity y
Z. The predictions are provided at NLO+PS accuracy for Z + 1j events

generated with MadGraph5 aMC@NLO interfaced with Pythia8 and Herwig7, where the

role of MPI is subsequently modelled by the two di↵erent Monte Carlo generators. We show

the predictions obtained when including/excluding the MPI contributions, which lead to a

– 17 –

0

100

200

300

400

500

600

700

800

900

d
æ
/d

yZ
[f
b
]

LHCb cuts
Experimental tagging

pp ! Z + c-jet
p

s = 13 TeV

NLO+Py8 (w/ MPI)

NLO+Py8 (w/o MPI)

NLO+Hw7 (w/ MPI)

NLO+Hw7 (w/o MPI)

2.5 3.0 3.5 4.0

yZ

0.9

1.0

1.1

1.2

1.3

1.4

w
/

M
P

I
/

w
/o

M
P

I NLO+Py8

NLO+Hw7

(a)

0

5000

10000

15000

20000

25000

d
æ
/d

yZ
[f
b
]

LHCb cuts

pp ! Z + jet
p

s = 13 TeV

NLO+Py8 (w/ MPI)

NLO+Py8 (w/o MPI)

NLO+Hw7 (w/ MPI)

NLO+Hw7 (w/o MPI)

2.5 3.0 3.5 4.0

yZ

0.9

1.0

1.1

1.2

1.3

1.4

w
/

M
P

I
/

w
/o

M
P

I NLO+Py8

NLO+Hw7

(b)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

d
æ

Z
+

c-
je

t /
d
yZ

/
d
æ

Z
+

je
t /

d
yZ

LHCb cuts
Experimental tagging

Ratio Rc
j

p
s = 13 TeV

NLO+Py8 (w/ MPI)

NLO+Py8 (w/o MPI)

NLO+Hw7 (w/ MPI)

NLO+Hw7 (w/o MPI)

2.5 3.0 3.5 4.0

yZ

0.9

1.0

1.1

1.2

1.3

1.4

w
/

M
P

I
/

w
/o

M
P

I NLO+Py8

NLO+Hw7

(c)

Figure 7: E↵ect of MPI contributions on the Z rapidity distribution y
Z in the Z + c-jet

process (a), in the Z+ jet process (b) and in the ratio of the two (c). NLO+PS predictions

are obtained with Pythia8 (orange) or Herwig7 (purple) as parton showers. In the upper

panels predictions including (excluding) MPI contributions are depicted in darker (lighter)

colours. The lower panels show the ratios of curves with and without MPI e↵ects.

sensitivity to the quark mass is resummed.
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During the high-energy scattering of two protons, there is a probability for multiple hard-

interactions to occur (i.e. more than one).

For the LHCb kinematics defined at the beginning of Section 3.1, and also applying

the (IRC unsafe) definition of jet flavour as in [9], we observe a large contribution to

the production of a Z boson and a c-jet from MPI. In Fig. 7a we show the cross-section

for Z + c-jet production after fiducial cuts, which is plotted di↵erentially with respect to

the Z-rapidity y
Z. The predictions are provided at NLO+PS accuracy for Z + 1j events
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are obtained with Pythia8 (orange) or Herwig7 (purple) as parton showers. In the upper

panels predictions including (excluding) MPI contributions are depicted in darker (lighter)

colours. The lower panels show the ratios of curves with and without MPI e↵ects.
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During the high-energy scattering of two protons, there is a probability for multiple hard-

interactions to occur (i.e. more than one).

For the LHCb kinematics defined at the beginning of Section 3.1, and also applying

the (IRC unsafe) definition of jet flavour as in [9], we observe a large contribution to

the production of a Z boson and a c-jet from MPI. In Fig. 7a we show the cross-section

for Z + c-jet production after fiducial cuts, which is plotted di↵erentially with respect to

the Z-rapidity y
Z. The predictions are provided at NLO+PS accuracy for Z + 1j events

generated with MadGraph5 aMC@NLO interfaced with Pythia8 and Herwig7, where the

role of MPI is subsequently modelled by the two di↵erent Monte Carlo generators. We show

the predictions obtained when including/excluding the MPI contributions, which lead to a
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Z+c-jet (MPI on / MPI off)

Possibility for multiple hard interactions in a single pp-collision 

e.g. single-parton-scattering (SPS), double-parton-scattering (DPS), …
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dσ3fs = dσmc=0 + dσln[mc] + dσmc

Massless component 
 in 4fs𝒪(α2

s nf )
 effects

(exact kinematics)
𝒪(m2

c )

g

c̄
g

c

γ/Z → ll̄
γ/Z → ll̄

q̄

q

c̄

c

Calculated in the 3fs scheme (i.e.  in PDFs, and  evolution)nmax
f = 3 αs

Note, initial-state mass singularities still there (even with IRC safe jet alg.)
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dσ3fs = dσmc=0 + dσln[mc] + dσmc

g

c̄
g

c

γ/Z → ll̄
γ/Z → ll̄

q̄

q

c̄

c

Calculated in the 3fs scheme (i.e.  in PDFs, and  evolution)nmax
f = 3 αs

Note, initial-state mass singularities still there (even with IRC safe jet alg.)

100%  = +16% +92% -8%

0.220 = +0.203 [pb]   +0.0364 -0.019
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The perturbative corrections are enormous: resummation critical 
(this class of logarithm resummed by PDF evolution)

I am showing fixed-order pdf versus a resummed one (PDF evolution)

                  Note! αm
s lnn[μ2

F /m2
c ], m ≥ n αs ln[m2

Z /m2
c ] ≈ 1.0

5−10 4−10 3−10 2−10 1−10
x

0.2

0.4

0.6

0.8

1

1.2(x
,Q

)
cre

f
(x

,Q
) /

 f
cf

LO

NLO

LL2N

PDF Set = PDF4LHC21

LL2Reference = N

Q = 100 GeV

LHCb cross-section: Leading Log (1st order) = 0.203pb, Leading Log (resumed) = 0.332pb

< x1 > ∼ 0.2

< x2 > ∼ 6 × 10−4



47

MPI effects
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Figure 6: Comparison between the total theoretical uncertainty (sum in quadrature of scale and PDF
uncertainties) for the kinematics of D0 production at LHCb. The results for the three calculations,
aMC@NLO, POWHEG, and FONLL calculations, are normalised to the respective central values.
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Figure 7: Comparison of the LHCb data on B0 meson production, both for central and for forward
rapidities, with the theoretical predictions from POWHEG and aMC@NLO. The theory uncertainty
includes only scale uncertainties.

PDF uncertainty, which arises in turn from poor knowledge of the small-x gluon PDF due to a
lack of direct experimental constraints. In this section we study the dependence of our predictions
on the choice of input PDF set, in particular we compare those of the baseline NNPDF3.0 to
CT10 and MMHT14 NLO sets. The comparison of the small-x gluon PDF between these three
sets shown in Fig. 2 indicates that predictions for charm production cross-sections are expected
to be reasonably similar.

In Fig. 9 we show the comparison of the theoretical predictions for charm production at 7
TeV within the LHCb acceptance found using the POWHEG calculation with NNPDF3.0, CT10
and MMHT14 PDFs. The uncertainty band corresponds to the 68% confidence level for each
PDF set, and the shown results have been normalised to the central value of the NNPDF3.0
prediction. From this comparison, we see that the dependence of the charm cross-section on the
choice of input PDF set is moderate, with the three central values consistent within large PDF
uncertainties. Recall that at fixed rapidity, smaller values of the D meson pT correspond to
probing smaller x values for the gluon PDF, and that, likewise, for a fixed value of pT , forward
rapidities corresponds to smaller x values. It is therefore reasonable that PDF uncertainties are
largest at small pT and forward rapidities, as shown in Fig. 9.

14

These are the theory uncertainties (PDF+scales) for D-cross section at LHCb

With a requirement of  QCD uncertainties >> 50% (at best) 

 

The charm MPI component generates a ~15% contribution to LHCb Z+c-jet  

Extracting the SPS component will lead to increased uncertainties (>>7.5%)

PT,c > 5 GeV

σ

(RG et al., arXiv:1506.08025)



Z+b-jet and unfolding
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How to account for theory-experiment mismatch?

Use an NLO + Parton Shower prediction (which can evaluate both) 
1) Prediction at parton-level, flavour-kT algorithm (Theory)
2) Prediction at hadron-level, anti-kT algorithm (Experiment)

Calculate an “Unfolding” correction from  2) Experiment  1) Theory→

We use RooUnfold (following the procedure used in the exp. analyses)
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