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Monte-Carlo v. analytic

[M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]

First analytic understanding of jet substructure:
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Similar behaviour at large mass/small boost (region tested so far)

Significant differences at larger boost

Grégory Soyez (IPhT, CEA Saclay) Boosted jets tagging From Run I to run II SM@LHCApril 21st 2015 27 / 29
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The analytical tool to understand the structure of jets is QCD resummation 

¥ Double logarithms due to constraining the radiation kinematics 
commonly happen to exponentiate exactly (formalised with the 
concept of rIRC safety) 
!
¥ non-exponentiating observables are avoided because of issues with 

the simulation in event generators, e.g. JADE algorithm 
!

¥ For such observables we can deÞne a new perturbative order 
by expressing the cross section as an exponential function  
!
!
!
!

¥ In the region where                  , LL are enhanced w.r.t. the Born, 
NLL are as large as the Born cross section itself, NNLL count 
as NLO corrections, and so on

Logarithmic accuracy
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Challenges to reach NNLL accuracy 
 
¥! Complicated observablesÕ 

definitions 

( + )1 ! s

Factorisation of observable 
constraint not needed 
 
General method for recursive IRC 
safe event-shape and jet rates 
 
ARES1.0: semi-numerical NNLL 
for event shapes in e+e- 
 
Extension to jet rates and hadron 
collisions in progress 
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Challenges to reach NNLL accuracy 
 
¥! Complicated observablesÕ 

definitions 

¥! Correlations between radiation 
inside and outside the jets 

( + )1 ! s

non-global logarithms
¥ Non global logarithms are due to wide-angle gluon radiation that 

propagates near the edge of the limited rapidity region where the 
measurement is performed (e.g. a jet) 
!

¥ Requires treatment of correlated splittings to all orders 
!

¥ Up to recently performed in the planar limit @ NLL 
!
!
!

¥ Extension to the Þnite Nc case obtained through analogy between BMS 
and BK equations 
!
!
!
!
!
!

¥ Numerical solution challenging, but possibleÉ

15

B-JIMWLK equation

BK equation BMS equation

Nc ! 1

Dasgupta, Salam (2001)

Dasgupta, Salam (2001); BanÞ, Marchesini, Smye (2002)

Weigert (2003)

Hatta, Ueda (2014)

Recently formulated at all orders 
beyond large-Nc limit: ready for NNLL? 
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Challenges to reach NNLL accuracy 
 
¥! Complicated observablesÕ 

definitions 

¥! Correlations between radiation 
inside and outside the jets 

¥! Multi-scale problems 

( + )1 ! s

¥ Additional scales in the problem can increase the number of logarithmic 
sources, e.g. H+1 jet rate 
!

¥ Two different (possibly large) scale gaps: each region is governed by a 
different resummation 
!
¥ e.g. jet at the hard scale (                   ) 
!
!
!
!

!
!
!
!
!
!

¥ Not yet clear how to describe them simultaneously in the regime

Multiple-scale problems
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FIG. 2: Comparison of the 1-jet cross section in bins ofpT J . The direct (blue, hatched error bands)
and indirect (red, solid error bands) approaches are shown. Scheme A is on the left, B is on the
right (the two schemes are described in the text). The line atpo!

T = 60 GeV indicates that the
indirect approach is used forpT J < p o!

T and the direct approach is used forpT J > p o!
T .

to include the NNLO H +1-jet hard function. We compare the matching of the low pT J and

high pT J regions in two schemes:

¥ Scheme A: complex scale setting for the 0-jet terms in the indirect approach, and the

direct 1-jet cross section with the NNLO hard function incorporated.

¥ Scheme B: no complex scale setting for the 0-jet terms in the indirect approach, and

the direct 1-jet cross section with only the NLO hard function.

Scheme A will lead to larger cross sections due to the �2 corrections and the NNLO hard func-

tion, whose e! ects on the indirect and direct cross sections are roughly equivalent. Scheme A

incorporates more known information than Scheme B, and is therefore our preferred choice

for matching the 0-jet and 1-jet bins. We will show that it leads to a smoother matching,

and that it is also more independent of the parameter po!
T that is used to separate the two

regions.

To make predictions in bins of pT J , we must extend Eq. (16), which is only valid for a

bin whose lower boundary is the veto scale pcut
T . The correct generalization comes from the

di! erence of Eq. (16) with di! erent values of po!
T :

⇥1([pT a, pT b]; pcut
T ) =

!
⇥! 1(pT a) ! ⇥! 1(pT b)

"
!

!
⇥! 2(pT a, pcut

T ) ! ⇥! 2(pT b, pcut
T )

"
. (26)

We compare the direct and indirect cross sections in bins of pT J of 10 GeV width between 30

GeV and 80 GeV. The results are shown in Fig. 2. In both schemes, the indirect and direct

1-jet cross sections are in relatively good agreement. The large uncertainties at low pT J in

14

pt ,jet ! mH

Control on terms
! 2n

s L 2n + ! 2n
s L 2n ! 1

in the expansion

Liu, Petriello (2012)
Boughezal, Liu, Petriello, Tackmann (2013)

Example: H+1jet 

Not well-formulated 
for all possible 
hierarchy of scales 
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¥ Impact substantial in the low transverse momentum region 
!
!
!
!
!
!
!
!
!
!
!

¥ Wide-angle interference effects at NLL can be automated for all rIRC safe 
observables 

¥ Is it possible to parametrise this structure at NNLL using the known two-
loop singularities (single poles) of multiparton amplitudes ?

Coloured final states

11

Matching with NNLO necessary at large qT 
(large K factor)

Zhu, Li, Li, Shao, Yang (2013)

BanÞ, Salam, Zanderighi 2004

Catani (1998) 
Dixon, Magnea, Sterman (2008) 

Gardi, Magnea (2009) 
Becher, Neubert (2009) 

Ferroglia, Neubert, Pecjak, Yang (2009)

State of the art:  tt̄

Well-formulated, mostly analytical 

Soft large-angle relevant  

Challenges to reach NNLL accuracy 
 
¥! Complicated observablesÕ 

definitions 

¥! Correlations between radiation 
inside and outside the jets 

¥! Multi-scale problems 

¥! More than two emitting legs 
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Improvements in parton-shower: include exact colour correlations 

Shower Improvements
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Colour-exact radiation patterns
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Colour connections are now included in PYTHIA hadronisation and MPI 

Hadronization Colour Reconnection

Hadronization
Colour Reconnection

New Model of Beam Remnant and Colour Reconnection [Christiansen, Skands - in progress]

Beam Remnant
Conservation Laws (Flavour, Colour, Momentum)
SU(3) structure
Example: 8⊗ 8 = 27⊕ 10⊕ 10⊕ 8⊕ 8⊕ 1

New beam remnant model - colour conservation
Possible colour states for the two gluons:

8 ! 8 = 27 " 10 " 10 " 8 " 8 " 1

27
2 C & 2 AC
+ 1 gluon

10
0 C & 3 AC
+ 0 gluon
(junction)

10
3 C & 0 AC
+ 1 gluon
(junction)

8
1 C & 1 AC
+ 0 gluon

1
0 C & 0 AC
+ 0 gluon
(not allowed)

Examples of the27 and the8 conÞgurations:

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

Jesper Roy Christiansen (Lund) October 8-10 5 / 17
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3 C & 0 AC
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8
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1
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Examples of the 27 and the 8 configurations:

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

Jesper Roy Christiansen (Lund) October 8-10 5 / 17Colour reconnection allows us to reshuffle colour before hadronisation
SU(3) multiplet structure → allowed reconnections
! measure → preferred reconnections
Graeme Nail (Manchester) Parton Shower Monte Carlo: Progress SM@LHC, April 23, 2015 13 / 16

Hadronization Colour Reconnection

Hadronization
Colour Reconnection

Ordinary String Reconnection

q q

q q
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q

q

q

Triple Junction Reconnection
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Inclusive cancellation of MPI for fully inclusive observables (e.g. Z pt) only! 
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MPI sensitive observables

What about jet observables? 
 
Cancellation does not happen 
 
Clean theoretical formulation missing 
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Inclusive cancellation of MPI for fully inclusive observables (e.g. Z pt) only! 
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What about jet observables? 
 
Cancellation does not happen 
 
Clean theoretical formulation missing 
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Spin and colour correlations give additional effects! 
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PDFs : Why ?  
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PDFs : How?  

Summary and Outlook : QCD 15 



PDFs : What next? 
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AlphaS : Why? 
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¥! Fundamental QCD quantity 

¥! Least known of the three coupling constants 

¥! Running of αS sensitive to new physics! 

C.Quigg 



AlphaS : How ?  
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AlphaS : What next? 

! ! Use 13 TeV to further extend the measurement of the 
strong coupling constant into the > 1 TeV regime. 

! ! Add more measurements like ratio of events with four 
to three jets, instead of three to two in order to have 
smaller theoretical uncertainty. 

! ! Interpret more carefully measurement vs Q. 
 

! ! Extract results with the most appropriate jet cone-size 
and study dependence. 
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MC Tunning 
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MC Tunning 
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MC Tunning 
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Multi Parton interactions 
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Multi Parton interactions 
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Other processes with high DPS purity but statisitically limited with run I   Other processes with high DPS purity but statisitically limited with run I   

Z+D (LHCb)   

W+J/psi (ATLAS)   


