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Why a workshop?

⚫ Good news, everyone!

⚫ 2->2 NNLO revolution has 

reached final states involving 

heavy flavor jets, such as Z+b

⚫ Significant reduction in scale 

uncertainty from NLO to NNLO

⚫ Too good to be true? See later.



Z+b at NNLO prediction
⚫ Carried out by combining a massless NNLO and a massive NLO 

computation at order (as
3) 

initial state b-quarks from gluon splitting resummed by PDF evolution; finite b-quark mass 

effects also incorporated (presumably same could be done for Z+c)

note: massless calculation means IR-safe definition of jet flavour must be used; not 

consistent with experimental choice

desired to have data unfolded to level of partonic flavour-kT jets or some equivalent

reasonable

agreement with 

data

(arXiv:2005.03016)
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Why a workshop?

⚫ Good news

⚫ 2->2 NNLO revolution has 

reached final states involving 

heavy flavor jets, such as Z+b

⚫ Significant reduction in scale 

uncertainty

⚫ Bad news

⚫ Hard to include masses in the 

calculation; with masses, no 

IRC safe problem

⚫ Without masses, IRC-unsafe 

jet algorithms more sensitive 

to log-enhanced effects 

⚫ antikT jet algorithm is IRC 

unsafe for heavy quark jets

⚫ Use of antikT jets for heavy 

flavour quark jets introduces 

an error/uncertainty into the 

measurement, possibly on the 

order of 10-20% (my guess)
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Why a workshop?

⚫ Good news

⚫ 2->2 NNLO revolution has 

reached final states involving 

heavy flavor jets, such as Z+b

⚫ Significant reduction in scale 

uncertainty

• take this extreme reduction in scale 

uncertainty with a grain of salt.

• probably sensitive to the same accidental

scale cancellations that plague Z+j (or dijet); 

can be illuminated by calculating 

R-dependence

• I’m looking into it arXiv:1903.12563



Now, an aside: Why is the uncertainty so small?

Parametrize R dependence 

according to form shown above;

log R term includes effects of

radiation inside jet; R2 term 

takes into account ISR. Do so

for each scale from 7-point 

scale variation.

There can be accidental 

cancellations of logarithmically

enhanced higher order corrections 

that appear both as a result of 

scale variations and as a result of 

phase space restrictions. 

Definition of a jet implies an 

exclusive measurement and 

effectively acts as a veto on real-

radiative corrections that fall 

outside the jet area. 

uncertainty ~0

NLO NNLO



What to do?

Expand cross section around 

reference value Ro (typically 

0.7); add in quadrature uncertainty

from two first two terms. 

Three different ansatze to do this. 

Ansatz 3 is original from Gavin

Salam et al. We proposed Ansatze

1 and 2 as more reasonable 

(preserves central value). 

Result is a larger uncertainty, roughly

independent of R, with no 

accidental zeroes.  



also 

happens

for jet

production



…but not

for H+jet



Ok, back to some history: flavour kT jet algorithm

⚫ For quark and gluon jets

⚫ Key issue is distance measure

⚫ Quark production only has collinear 

divergence, but no soft divergence; soft 

large angle q,qbar from soft gluon deemed 

similarly close to all particles

How to define a quark jet and a 

gluon jet? 

…if only it was that

easy in the data



What to do? 

• Calculate better the flavour that’s there

• Make jet algorithms IRC safe up to some order (e.g. NNLO)

• Make jet algorithms IRC safe to all orders



Make Jets IRC

Safe Again



Make Jets IRC

Safe Again
(at least to NNLO)















We’ve had talks on all

of these algorithms

within the ATLAS

PDF forum

below



below

Algorithms require a 

knowledge of all 

heavy flavor quarks in

the event. 

Ok for theory/MC.

For data?

antikT kinematics may

or may not be

preserved, depending 

on algorithm

problem IRC configuration

at NNLO (for standard jet

algorithms); classified as b

jet; divergence 𝛼𝑠
2 𝑙𝑛𝑝𝑇,𝑗𝑒𝑡/𝑚𝑞



arXiv:1707.00657;JHEP02 (2018) 059

Consider a jet initiated by a

gluon. The probability that the

gluon splits into a qqbar pair

grows logarithmically with jet

pT.

The number of gluons produced

in a parton shower (from either

a quark or gluon jet) also grows

logarithmically. Each gluon can 

then split into a qqbar pair. 

The net enhancement of a heavy

flavor tag, where the tag pT <<jet pT

grows as 𝛼𝑠
2𝐿3

MPI can also

produce heavy

flavor pairs that 

can contaminate

jets.



A (very) few highlights



Les Houches flavour studies

G. Stagnitto

Z + b jet

Sherpa







How well do parton showers model g->bb

dear Joey, frankly I don't know the answer to your 

question. On one side, since the tevatron days the 

modeling of g->QQ splitting in at least some 

codes has evolved (eg Herwig uses a different 

algorithm that it used to, certainly in H7, but I 

believe even since the first C++ version came 

out). Where the evolution led to a practical 

improvement vis a vis tevatron I do not know, I 

wonder whther it's ever even been tested. And for 

what concerns the LHC I am not aware of recent 

analysis of this. It's clear that the g->QQ 

modeling enters in many analysis and to some 

extent it is being monitored, but I cannot think of 

recent (or not-so-recent) direct measurements 

specifically aimed at this process.

You raise a good point, I guess this shold

stimulate some dedicated exptl analysis!

best, mlm



Effects more serious for c jets





Another reason this is important

Is intrinsic charm present in the

proton? May need a better 

understanding of the theory,

and in particular the heavy flavor

jet algorithm. 



One does not simply discover  intrinsic charm. 



Aside: charm and b quark distributions

⚫ Perturbative view is that c and b quarks are not present in the 

proton at scales lower then their masses

⚫ They can be produced in the initial state at scales higher then their 

masses through gluon splitting into quark-antiquark pairs (thus 

primarily at lower x)

• only things that drive production (besides the gluon distribution) 

are the heavy quark mass and the value of as(mZ)

⚫ But the proton can also have an intrinsic charm (and bottom for 

that matter) component arising from scattering contributions 

beyond leading twist

• there are models (BHPS, incorporated by the CTEQ group), 

and increasingly, predictions from lattice gauge theory, some of 

which have been incorporated into CT fits

⚫ CT has published PDF sets in which an intrinsic component of 

charm is modeled. The addition of this intrinsic component leads to 

a noticeable reduction in global c2, but not at the level we would 

consider to be a discovery



Greatest 

sensitivity for

BHPS models

comes from

BCDMS and

ATLAS 7 TeV

W and Z

Note: not

free fits

->models

We could have claimed a discovery from this, but felt that stronger evidence was needed. 



V+HF: inputs for (s),b,c PDFs

⚫ A heavy flavor quark can be present in the initial state or produced through 

gluon splitting

⚫ The calculation can be performed in a scheme where there are only 4 

parton flavours (4FNS) or in which the b-quark is included (5-FNS)

⚫ The kinematics can drive the subprocess for the production, as for 

example, whether the final state heavy quark (jet) has to pass only some 

minimum pT requirement, or whether it has to roughly balance the boson 

transverse momentum

⚫ If it’s the former, then the final state c or b quark is likely to arise through 

gluon splitting, especially given the additional gluon splittings that may 

occur in a parton shower (JHEP 02 (2018) 059)

this effect is more pronounced if there is a hierarchy of scales, i.e. 

pT
jet>>pT

charm (would be useful to measure differentially in pT
jet)



Arnd Behring: NNLO (FO)

some 

differences

between 

Pythia and Herwig

NNLO 

has 

y-dependence





Alberto Rescia: Z + bB ATLAS

Madgraph5+Pythia8



Alberto Rescia: Z + bB ATLAS

Madgraph5+Pythia8







Leticia Cunqueiro (CMS)



(from Alberto)



(My)Summary

⚫ Very useful gathering of theorists and experimentalists at workshop

unfortunately, not very much participation from CMS; conflict with other 

meetings

⚫ Work of Les Houches group will continue, with goal of publication

⚫ Key points so far: 

IRC jet algorithms are necessary to extract full precision of heavy flavor jet 

cross sections at the LHC

such algorithms require full knowledge of heavy quarks in the event, e.g. g>bB; 

in my opinion difficult to implement on experimental level, but testing how well 

we can measure g->bB would be useful in (1) understanding the environment 

and (2) testing how well parton shower Monte Carlos can describe gluon 

splitting

many different IRC-safe jet algorithms have been developed (“let a thousand 

flowers bloom”); in general, agreement, but there can be differences even at 

truth level

need a way(s) to directly compare/map experimental jet cross sections with 

theoretical ones using IRC-safe algorithms

is one algorithm better than others; does a new algorithm need to be developed? 

how much of a benefit is having the same antikT jet kinematics? 



VBF production at 13 TeV

includes NNLOJET,

Sherpa, Herwig and 

Powheg authors

arXiv:2105.11399

comprehensive 

comparison of the

above programs for

VBF production

(no hadronization/UE);

ggF H+2j from Sherpa

original goal was to 

have ggF predictions

from Herwig and 

Powheg as well, but that

fell through; it will be in

the new paper



quite a strong R

dependence at low pT

due to kinematic cuts

arXiv:2105.11399



How well does the

R-dependence for 

NNLO match onto

the R-dependence 

for NLOPS/data? 



Note the growth of the low dijet mass peak for high pT Higgs. Second

jet is not a tagging jet, but gluon radiation from lead jet. Loss in

efficiency. 



New paper
⚫ We are running both ggF and VBF at fixed 

order at 13.6 TeV, as well as ME+PS 

predictions for both VBF and ggF from 

Sherpa, Powheg+Pythia and 

Powheg+Herwig

⚫ Involving NNLOJET, Powheg, Pythia, 

Herwig and Sherpa authors

⚫ …as well as Ahmed Tarek and myself 

from ATLAS, and Yacine Haddad from 

CMS

⚫ We would also like to reduce/understand 

the systematics for VBF and its 

backgrounds that result from parton

shower variations and non-perturbative 

tunes

Stephen 

Jones





The Les Houches wishlist (arXiv:2207.02122)
A. Huss, J. Huston, S. Jones, M. Pellen

2023 revision in progress with

above plus Raoul Rontsch

Higgs sector



arXiv:2207.02122

feedback would

be appreciated



OAPEN
https://library.oapen.org › 
9780199652747_Print

now available as a free

download thanks to the

SCOAP3 foundation

Enkhbat Tsedenbaljir

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjN4u-1tM__AhXUVqQEHb6XDFUQFnoECA0QAQ&url=https%3A%2F%2Flibrary.oapen.org%2Fbitstream%2Fhandle%2F20.500.12657%2F59105%2F1%2F9780199652747_Print.pdf&usg=AOvVaw1cVlLjasuVFh0QPoQUggrI&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjN4u-1tM__AhXUVqQEHb6XDFUQFnoECA0QAQ&url=https%3A%2F%2Flibrary.oapen.org%2Fbitstream%2Fhandle%2F20.500.12657%2F59105%2F1%2F9780199652747_Print.pdf&usg=AOvVaw1cVlLjasuVFh0QPoQUggrI&opi=89978449




Extra



Z+c jets (arXiv:2109.08084)

⚫ The forward layout of LHCb makes it particularly sensitive to the 

presence of any charm component at high x

⚫ For greater sensitivity, measure the ratio of

Zc to Zj

c

c

fiducial region for

LHCb measurement

predictions from PRD93 074008 summed over 3 jet bins (20-100 GeV)

excess over no

intrinsic charm

15



M. Guzzi DIS24



W+c jets

⚫ Measurement carried out inclusively, and differentially as function 

of pT and h of lepton

arXiv:2112.00895 (submitted to EPJC)

Note: W and c quark should

be of opposite sign; SS-OS

suppresses contributions from

gluon splitting

7

no strange

quark asymmetry



Differential cross sections

⚫ Require an isolated lepton (e or 

m) with pT>30 GeV and |h|<2.1

⚫ Require a jet with pT>25 GeV 

with |hjet|<2.5. Jets not selected 

if DR(jet,l)<0.5

⚫ Data are larger then (NLO+PS) 

predictions for lepton pT less 

then 65 GeV, but compatible 

within uncertainties

⚫ NNLO corrections for W+c

predicted to be on the order of 

5% for lepton pT less then 60 

GeV and about 1% for larger pT

values

JHEP 06 (2021) 100

⚫ This would improve the level of 

agreement with the data

arXiv:2112.00895 (submitted to EPJC)

cross section ratio 



NNLO W+c-jet cross section calculation

⚫ Large reduction in uncertainties from NLO->NNLO

⚫ NNLO scale uncertainties smaller then PDF uncertainties

⚫ NB: the NNLO calculation used flavor tagging for the charm jet; the 

experimental measurement used the antikT algorithm with later flavor 

identification; NNLO corrections to subleading CKM-mediated 

processes not included in this calculation (but are now available)

JHEP 06 (2021) 100

10

sizeable difference for NNLO

compared to data



Photon+charm jets
⚫ Photons measured in central and forward rapidity

⚫ Jets are defined with antikT algorithm, R=0.4; pT
jet>20 GeV

if jet contains a b-hadron with pT>5 GeV within DR=0.3 of jet, then it is assigned as a 

b-jet; if there is no b-hadron, but there is a charm hadron, it is assigned as a c-jet

⚫ All predictions agree reasonably well with data (relatively large uncertainties)

⚫ There are differences at high ET when intrinsic charm included in predictions of 

similar size to uncertainties

⚫ NNLO predictions would be very useful (have to deal with photon isolation)
Phys.Lett.B776(2018) 295

2 intrinsic

charm 

PDFs



Photon+b jets

⚫ 5FNS scheme works better then 4FNS scheme

⚫ Best description of the data provided by Sherpa with up to 3 

additional partons included in 5FNS scheme

⚫ Again, NNLO would be useful
Phys.Lett.B776(2018) 295

14



Z+b jets
⚫ The b quark is treated as perturbatively produced by all PDF fitting groups; i.e. 

inside the proton, at higher Q2 scales, only things that drive it are the b-quark mass 

and the value of as(mZ)

⚫ Also sensitive to final state gluon splitting

⚫ Calculation can be performed either in 4FNS or 5FNS

ATLAS JHEP 07 (2020) 44

16

CMS-SMP-20-015 arxiv:2112.09659 



Z+b jet
⚫ The b quark is treated as perturbatively produced by all PDF fitting groups; 

i.e. inside the proton, at higher Q2 scales only things that drive the PDF are 

the b-quark mass and the value of as(mZ)

⚫ Also sensitive to gluon splitting (and multiplicative factor of parton shower)

⚫ Calculation can be performed either in 4FNS or 5FNS

4FNS underestimates cross section; better agreement with5FNS

ATLAS JHEP 07 (2020) 44

17

note Fusing prediction

of 4FNS+5FNS

schemes

Monte Carlo 

equivalent of FONLL/

ACOT



Most  important information comes from differential distributions, though

⚫ NNPDF3.1 PDF is the most up-to-date of the PDFs shown; would be nice 

to have comparisons of more modern PDFs as well (CT18, MSHT20, 

NNPDF4.0 (NNPDF3.1’)

sizeable

difference

depending on

whether 

massless or

massive 

NLO+PS

prediction used

arxiv:2112.09659  CMS-SMP-20-015
ATLAS JHEP 07 (2020) 44

18



Z+b at NNLO prediction
⚫ Carried out by combining a massless NNLO and a massive NLO 

computation at order (as
3) 

initial state b-quarks from gluon splitting resummed by PDF evolution; finite b-quark mass 

effects also incorporated (presumably same could be done for Z+c)

note: massless calculation means IR-safe definition of jet flavour must be used; not 

consistent with experimental choice

desired to have data unfolded to level of partonic flavour-kT jets or some equivalent

large reduction

in uncertainty in 

going from NLO

to NNLO

reasonable

agreement with 

data

(arXiv:2005.03016)

19



Strange/charm PDFs

⚫ Consider the strange quark PDF

⚫ There is a large difference between CT18 and 

CT18A/MSHT20/NNPDF3.1 due almost entirely to 

the ATLAS 7 TeV W/Z data (see my talk on Monday)

⚫ The difference between the W and Z cross sections 

requires a larger strange quark (s-sbar->Z)

⚫ All 3 groups fit the ATLAS W/Z data equally 

poorly

⚫ Because of its fitting criteria, CT18 does not use the 

7 TeV W/Z data for its main fit (but it is in CT18A)

⚫ W+c data offer another window on the strange quark 

distribution

⚫ NNPDF3.1 has a different charm distribution then 

CT18/MSHT20, due to its fitting the charm 

distribution as a free parameter, rather then 

generating perturbatively through gluon splitting; an 

intrinsic charm component may be present at high x

⚫ CT has published PDF sets in which an intrinsic 

component of charm is modeled. The addition of this 

intrinsic component leads to a small, but noticeable, 

reduction in global c2

⚫ Z+c/g+c offers another window on the charm quark

PDF4LHC21: arXiv:2203.05506

3



(W+c) strange quark PDF

⚫ Derived CMS strange quark consistent with that 

obtained by CT18 and MSHT20 for x<0.01; 

somewhat larger at higher x

• NB: MSHT20 includes ATLAS 7 TeV W/Z data

arXiv:2112.00895 (submitted to EPJC)

strangeness suppression factor

9



(W+c) strange quark PDF

⚫ Derived CMS strange quark consistent with that 

obtained by CT18 and MSHT20 for x<0.01; 

somewhat larger at higher x

• NB: MSHT20 includes ATLAS 7 TeV W/Z data

⚫ Compare to results from ATLAS PDF21 fit

• CT18 does not include ATLAS 7 TeV W/Z 

data, CT18A does

arXiv:2112.00895 (submitted to EPJC)

strangeness suppression factor
x
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perhaps more consistency between

ATLAS and CMS determinations of s

thanks to Francesco Giuli for making

the ATLAS plots



W+c at NNLO-differential

JHEP 06 (2021) 100



W+c at NNLO

JHEP 06 (2021) 100

12

⚫ Ratio plots sensitive to s-s asymmetry

NNLO uncertainties very small; potential for constraining asymmetry


