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Deep learning & deep thinking

Shows wonderful performance (and likely more to come)

“We’re not concerned by IRC safety (in ATLAS)”
(undisclosed source)

“It’s time to organize and move forward. It’s time for deep thinking,
reformation of the Democratic Party”

(K. Vanden Heuvel)

“More is different: Just because you know the QCD Lagrangian doesn’t
mean you know all of its physics”

(Andrew’s intro on Monday)

More than “Deep learning v. Deep thinking”,
what about “Deep Understanding”?
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there would be no BOOST without...

New Substructure Tools
still new ideas after all those years

New calculations
now mainstream!

Progress with pileup mitigation
why shouldn’t we use R = 1 after all?
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there would be no BOOST without...

new tools
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No Boost without... Great New Tools

Recursive SoftDrop [Frederic’s talk]

Apply SoftDrop recursively (top-down or bottom-up):

N = 0 → N = 1 → N = 2 → N ≥ 3
Recursive Soft Drop: example

N � 0

Frédéric Dreyer 10/20

Recursive Soft Drop: example

N � 1

zg > zcut

Frédéric Dreyer 10/20

Recursive Soft Drop: example

N � 2

zg > zcut

Frédéric Dreyer 10/20

Recursive Soft Drop: example

N � 3

zg > zcut

Frédéric Dreyer 10/20
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No Boost without... Great New Tools

Recursive SoftDrop [Frederic’s talk]

Alternative bottom-up implementation

Bottom-Up Soft Drop: Pruning-like bottom-up implementation with Soft
Drop recombination scheme.

I Properties very similar to RSD.

I Can be applied both at the jet
(local) or the event (global) level.
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Global event-wide grooming does not
require any prior jet clustering!

Frédéric Dreyer 13/20
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Good resolution for almost any
observable (including pileup)

Improved analytic properties
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No Boost without... Great New ToolsIterated soft drop
6

• begin at trunk of C/A clustering tree with  
 

 

• at branching into subjets i,j require  

 

otherwise terminate algorithm

• if soft drop criterion is satisfied  

 

then 

 

• follow harder subjet i or j and recurse  

θij > θcut

zij > zcut
�
θij

R

�β

fail

fail

z1,θ1

z2,θ2

θ < θcut

angular cut

 algorithm’s parameters:
used to define variables: zn ,θn

zcut ,β ,θcut

zn = zij

θn = θij

n� n + 1

n = 1

see Frederic Dreyer’s talk for  
“recursive soft drop”

Larkoski, Marzani, Soyez, Thaler 
JHEP 1405 (2014) 146

Iterative SoftDrop [Christopher’s talk]
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Great
performance

Calculability

Still large

Pythia/Herwig

differences

(Herwig 7.1 to come)

Starting to explore multiple emissions deep in the jet

“Deep Deep Thinking”
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there would be no BOOST without...

pileup mitigation
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No Boost without... pileup mitigation

Update on PUPPI [Leonora’s talk]

Works great for muon isolation

Works great for MET

Works great for substructure

Does marvel at HL-LHC [Julie’s talk]

Leonora Vesterbacka 22

Muon isolation

CMS-DP-2015-034

 PF PUPPI weighted isolation (“with 
muon”) 

Straightforward application. Use 
weight that PUPPI calculates. 

PF PUPPI calculated with no muons 
Computes particle weights 
excluding prompt muons from 
PUPPI input 

PF PUPPI combined: 
average of the two.

Leonora Vesterbacka
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flatter = better

Efficiency Mistag rate

flatter = better
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No Boost without... pileup mitigation

PU jet Id [Leonora’s and Jennifer(II)’s talk]

Forward Stochastic Pile-Up Jet Tagging
I Stochastic jets have a wider time distribution, due to effects from out-of-timepile-up
I The jet width w =

Σk∆R(jet,k)pkT
ΣkpkT

tends to be larger for stochastic pile-up jets
I This information can be parameterized to better tag stochastic pile-up jets
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wider time

larger width

Leonora Vesterbacka 8

Pileup Jet ID

pileup jets tend to be broader and more diffuse than jets from hard scatteringpileup jets tend to have larger <ΔR2> 

Track based variables: 
Number of reconstructed vertices 

β = Σi∈PV
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and many more variables….

Train BDT on 8 jet shape variables and 4 track based variables

CMS-PAS-JME-13-005

<ΔR2> β 

8 jet shapes
+4 track-based
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No Boost without... pileup mitigation

PU jet Id [Leonora’s and Jennifer(II)’s talk]
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I This information can be parameterized to better tag stochastic pile-up jets

 [ns]jett

50− 40− 30− 20− 10− 0 10 20 30 40 50

N
or

m
al

iz
ed

 E
nt

rie
s/

ns

5−10

4−10

3−10

2−10

1−10

1

10

210
Stochastic Pile-up

QCD Pile-up

Hard-scatter

ATLAS Simulation
tPowheg+Pythia6 t

=22〉µ〈 = 13 TeV, s
 EM+JES R=0.4tkAnti-

|<4.5η<30 GeV, 2.5<|
T

20<p

PVN

0 5 10 15 20 25 30

〉
C

lu
st

er
 W

id
th

〈

0.1

0.15

0.2

Stochastic pile-up jets

QCD pile-up jets

Hard-scatter jets

ATLAS Simulation
tPowheg+Pythia6 t

=22〉µ〈 = 13 TeV, s
 EM+JES R=0.4tkAnti-

|<12 ns
jet

<30 GeV, |t
T

|<4.5, 20<pη2.5<|

Hard-scatter Jet Efficiency

0.5 0.6 0.7 0.8 0.9 1

S
to

ch
as

tic
 P

ile
-u

p 
Je

t E
ffi

ci
en

cy

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

|<12 ns
jet

Cluster width, |t
|<12 ns

jet
Tower width, |t

|<12 ns
jet

, |tγ

ATLAS Simulation
tPowheg+Pythia6 t

 = 13 TeVs
 EM+JES R=0.4tkAnti-

<30 GeV
T

|<4.5, 20<pη2.5<|
<40〉µ〈≤30

J. Roloff 27 / 29
Leonora Vesterbacka 9

Pileup Jet ID
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For central jets (30< pT <50 GeV), rejection of 89% of pileup jets and efficiency of 96% for gluon jets. 

central forward

CMS-PAS-JME-13-005
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No Boost without... pileup mitigation

ATLAS and particle-flow! [Jennifer(II)’s talk]

reduces fluctuations in jet resolution

reduces fake jetsParticle Flow
Each track is associated with one or more cluster
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Particle Flow
Remnants are removed, if consistent with fluctuations
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Particle Flow
I Particle flow reduces fluctuations in jet energy resolution due to pile-up
I Also reduces fake jet population in the central region
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No Boost without... pileup mitigation

[Jennifer(I)’s talk]

SoftKiller

overall pt cut

Pro: simplicity
Con: too simplistic

PUPPI

1. local reweighting
2. complex cut
Pro: local info
Con: complexity

married into:

SoftPUPPI (NEW)

(local) PUPPI weights
(global) SoftKiller cut
efficient
& simple

Mass Response as a function of pT and NPU
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I SoftPuppi mass response and width more
stable with pileup

I Also close to unity, indicating effective
pile-up suppression
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Con: too simplistic

PUPPI

1. local reweighting
2. complex cut
Pro: local info
Con: complexity

married into:

SoftPUPPI (NEW)

(local) PUPPI weights
(global) SoftKiller cut
efficient
& simple

Mass Response as a function of pT and NPU
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stable with pileup

I Also close to unity, indicating effective
pile-up suppression
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No Boost without... pileup mitigation

Several other ideas [Jennifer(II)’s talk and others]

Based on

SoftKiller

ConstituentSubtractor

Voronoi subtraction

Cluster Vertex Fraction

Machine Learning [Eric’s talk]

Constituent-Level Pile-Up Mitigation Performance
I These results become more relevant as pile-up increases
I Can improve pT resolution over area subtraction by up to 15-20%
I For more discussion of HL-LHC results, see Anna’s talk
I Plots available here, note soon to come!

 [GeV]true

T
p

R
el

at
iv

e 
fit

 r
es

ol
ut

io
n

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ATLAS Simulation Internal
= 13 TeVsPythia Dijet 

 LCW, R=0.4TAnti-k
>=20µ|<0.8, <η|

No Pileup Correction
Jet-Area subtraction
Voronoi Spreading
Voronoi Spreading + CVF 5
Voronoi Sub. + SK 0.6

=0.25 + SK0.6maxR∆CS, 

 [GeV]true
T

p
20 25 30 35 40 45 50 55 60

U
ns

ub
tr

ac
te

d.
R

at
io

 to

0.9

0.95

1

〈µ〉 = 20

 [GeV]true

T
p

R
el

at
iv

e 
fit

 r
es

ol
ut

io
n

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ATLAS Simulation Internal
= 13 TeVsPythia Dijet 

 LCW, R=0.4TAnti-k
>=80µ|<0.8, <η|

No Pileup Correction
Jet-Area subtraction
Voronoi Spreading
Voronoi Spreading + CVF 5
Voronoi Sub. + SK 0.6

=0.25 + SK0.6maxR∆CS, 

 [GeV]true
T

p
20 25 30 35 40 45 50 55 60

U
ns

ub
tr

ac
te

d.
R

at
io

 to

0.7

0.8

0.9

1

〈µ〉 = 80

 [GeV]true

T
p

R
el

at
iv

e 
fit

 r
es

ol
ut

io
n

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ATLAS Simulation Internal
= 13 TeVsPythia Dijet 

 LCW, R=0.4TAnti-k
>=200µ|<0.8, <η|

No Pileup Correction
Jet-Area subtraction
Voronoi Spreading
Voronoi Spreading + CVF 5
Voronoi Sub. + SK 0.6

=0.25 + SK0.6maxR∆CS, 

 [GeV]true
T

p
30 35 40 45 50 55 60

U
ns

ub
tr

ac
te

d.
R

at
io

 to

0.7

0.8

0.9

1

〈µ〉 = 200
J. Roloff 23 / 29

My personal comments:

May not be optimal now but keep all these ideas in mind!

local v. global: ρarea–median v. γntr/chg

Both helpful, (marginal) gain in combination
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there would be no BOOST without...

calculations

Gregory Soyez BOOST 2017 - Theory Summary July 21 2017 13 / 42



No Boost without... Calculations

Update on top mass measurement w substructure [Aditya’s talk]

scheme dependence included in EFT calculation

Extract from Soft-Drop jets: sweet spot/region

12
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 Get Constraints on  
Soft Drop parameters:

“light grooming” here

Ensure soft drop 
does not touch mass

Ensure soft drop 
removes most 
contamination

▸ Light grooming region: zcut ~ 1% 

▸ Minimum pT allowed by constraints ~ 500 GeV

Non-pert. effects from 1-parameter
shape function fitted to Pythia
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No Boost without... Calculations

Update on top mass measurement w substructure [Aditya’s talk]

scheme dependence included in EFT calculation

Extract from Soft-Drop jets: sweet spot/region

12

CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS
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 Get Constraints on  
Soft Drop parameters:

“light grooming” here

Ensure soft drop 
does not touch mass

Ensure soft drop 
removes most 
contamination

▸ Light grooming region: zcut ~ 1% 

▸ Minimum pT allowed by constraints ~ 500 GeV

Non-pert. effects from 1-parameter
shape function fitted to Pythia

24

THEORY FITS TO PYTHIA
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION

▸ Get mt within 0.3 GeV out of 
independent fits to MPI-on and MPI-
off Pythia. 

▸ Mainly the model function changes 
between MPI-off and MPI-on sample. 
(as expected: Waalewijin et. al. 2012). 

▸ Parameterize the model dependence 
through the first moment Ω1. 

▸ Small residual dependence on the 
second moment (cumulant) is 
parameterized as                    

     x2 = (Ω2- (Ω1)2 )/(Ω1)2. 

▸ Bands correspond to perturbative 
uncertainty.
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No Boost without... Calculations

Update on top mass measurement w substructure [Aditya’s talk]

scheme dependence included in EFT calculation

Extract from Soft-Drop jets: sweet spot/region

12

CONSTRAINTS FOR SOFT DROP ON BOOSTED TOP JETS
TOP JET MASS WITH SOFT DROP
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 Get Constraints on  
Soft Drop parameters:

“light grooming” here

Ensure soft drop 
does not touch mass

Ensure soft drop 
removes most 
contamination

▸ Light grooming region: zcut ~ 1% 

▸ Minimum pT allowed by constraints ~ 500 GeV

Non-pert. effects from 1-parameter
shape function fitted to Pythia

Looks promising so stay tuned
Question: what uncertainty?
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THEORY FITS TO PYTHIA
PYTHIA STUDIES: PYTHIA COMPARISON WITH SOFT DROP FACTORIZATION

▸ Get mt within 0.3 GeV out of 
independent fits to MPI-on and MPI-
off Pythia. 

▸ Mainly the model function changes 
between MPI-off and MPI-on sample. 
(as expected: Waalewijin et. al. 2012). 

▸ Parameterize the model dependence 
through the first moment Ω1. 

▸ Small residual dependence on the 
second moment (cumulant) is 
parameterized as                    

     x2 = (Ω2- (Ω1)2 )/(Ω1)2. 

▸ Bands correspond to perturbative 
uncertainty.
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No Boost without... Calculations

Generalised Fragmentation functions

[Benjamin’s talk]

Extended Framework for computing
substructure observables:

RG Evolution: Generalized Fragmentation Functions
Fi (x , µ) carries information about all particles in S
Leading order evolution follows evolution along all paths → nonlinear
NLO evolution involves 1→ 3 splittings

µ
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Jet Charge: x̂ = zκx1 + (1− z)κx2

pDT : x̂ = z2x1 + (1− z)2x2
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No Boost without... Calculations

Generalised Fragmentation functions

[Benjamin’s talk]

Quark/Gluon Discrimination: Distributions
Multiple Partons, C/A Trees
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better (more like multiplicity) ← pDT → worse (less like multiplicity)
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Reproduces collinear evolution for a wide variety of observables
e.g. jet charge, pDt , some iterative SD mult./ang., fractal observables,...
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No Boost without Calculations

(N)LO+(N)NLL in SCET

[Andrew’s talk in 2016]
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Figure 11. Comparison of Monte Carlo (left panels) and analytic results (right panels) for the

modified mass-drop tagger (mMDT). The upper panels are for quark jets, the lower panels for gluon

jets. Three values of ycut are illustrated, while µ is always taken to be 0.67 (its precise value has no

impact on the results, as long as it is not substantially smaller than this). The details of the MC

event generation are as for Fig. 1.

tagger deserves further investigation in view of possibly becoming the main recommended

variant of mMDT.13

7.5 Interplay with filtering

The mass-drop tagger is often used together with a filtering procedure, which reduces

sensitivity to underlying event and pileup. In its original incarnation a filtering radius Rfilt

13This would of course leave “modified Mass Drop Tagger” as a somewhat inappropriate name!
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13

Measurability and Calculability Working Group Minutes 
BOOST 2011
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Figure 3: The energy correlation functions C
(↵=2)
1 for quark-initiated jets. Here we compare

Pythia 8 [120] (left), our MLL formula in Eq. (3.8) (right, dashed curves), and our MLL

plus multiple-emissions formula in Eq. (3.13) (right, solid curves). These ↵ = 2 curves

correspond to the case of jet mass-squared (normalized to jet energy squared). We show

both the ungroomed (plain jet) distribution, as well as groomed distributions from soft drop

declustering with zcut = 0.1 and various values of �. For � = 2, 1, we see the expected Sudakov

double logarithmic peaks, while � = 0 (mMDT) has only single logarithms and � = �1 cuts

o↵ at small values. The Pythia 8 distributions do not have hadronization e↵ects, and the

MLL distributions are evaluated by freezing ↵s in the infrared.

find worst agreement between analytics and Monte Carlo in the ungroomed (plain jet) case.

However, one should keep in mind that although the two approximations are roughly of the

same accuracy (MLL), Monte Carlo parton showers also partially contain many subleading

e↵ects. Using the results of Refs. [92, 93], we have checked that subleading e↵ects (like initial-

state radiation and non-global logarithms) play a non-negligible role. Indeed, Pythia 8 is

closer to the full NLL result than to the (less accurate) MLL plus multiple emissions one

presented here. Because the action of soft drop is to remove large-angle soft radiation (e.g.

initial state radiation and non-global logarithms), it is reassuring that our calculations for

the finite � soft-drop curves are indeed in better agreement with the parton shower.

In Fig. 4, we compare our analytic resummation to the parton shower for C
(↵)
1 with

↵ = 1.5, 1, 0.5. Again, the plots on the left are obtained with Pythia 8 while the ones on

the right are the MLL plus multiple emissions results. The same gross features seen with

↵ = 2 are also present here, including the fact that the agreement between Monte Carlo and

analytics is better with grooming than without. Overall, however, the agreement gets worse
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Figure 15. mMDT analytical signal significance from tree level signal and resummed background

as a function of ycut (top left) compared to Herwig++ 2.7.0 [44] at parton level (top right) and with

hadronisation and MPI (bottom left). The signal process used is pp ! ZH where we require the

Higgs and Z to decay hadronically and leptonically respectively with quark backgrounds. We place a

generator level cut on the Higgs transverse momentum pT of 1, 2 and 3 TeV. Jets are tagged around

the Higgs mass with a mass window �M = 16 GeV. The bottom right panel shows the analytic

optimal ycut values as a function of pT (red line) with a 2% variation in signal significance about the

peak (red shaded area). We overlay the optimal results for ycut obtained using Herwig++ 2.7.0 with

hadronisation and underlying event at 1, 2 and 3 TeV, with an equivalent 2% variation about the peak

signal significance (blue bars) and at parton level (black bars).
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Figure 12: Comparison between soft-drop groomed e
(2)
2 distributions with zcut = 0.1 and

� = 0 (top) and � = 1 (bottom) for matched and normalized NNLL, parton-level, and hadron-

level Monte Carlo. All curves integrate to the same value over the range e
(2)
2 2 [0.001, 0.1].

The uncertainty band for soft drop with � = 1 at NNLL includes the variation of the two-loop

non-cusp anomalous dimension.

Fig. 12 also illustrates that soft drop grooming eliminates sensitivity to both hadroniza-

tion and underlying event until deep in the infrared. The parton-level and hadron-level dis-

tributions for each Monte Carlo agree almost perfectly until below about e
(2)
2 . 10�3. That

hadronization e↵ects are small is expected from our e+e� analysis, but this also demonstrates

that underlying event e↵ects are negligible. A similar observation was made in Ref. [8], though

at a much higher jet pT (pT > 3 TeV). As in e+e� collisions, we expect that the hadronization

e↵ects that are observed in the Monte Carlo can be explained by a shape function, though

we leave this to future work.
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Figure 3. Comparison of our analytic results (right) with Pythia simulations (left) for di↵erent choices

of grooming. For the analytic curves, we show the result including only the leading logarithms in ⇢,

Eq. (2.16), valid independently of the groomer, as well as the results including the resummation of the

ln y terms for the pure Y-splitter case, Eq. (2.20), and the mMDT jet mass, Eq. (3.25).

practically used values of y) than other subleading in ⇢ e↵ects we have neglected, such as

non-global logarithms and multiple emission e↵ects. Non-global logarithms in particular are

known to have a substantial impact on the peak height of the jet-mass spectrum [20]. However

these other e↵ects are harder to treat and hence we used the ln y resummation as a convenient

method to assess the impact of some subleading terms on the LL result.

4 Variants

4.1 Y-splitter with mass declustering

We have seen in the previous section that beyond the strict leading logarithmic approximation

in ln 1
⇢ , the behaviour of the tools can be quite complex, especially when we combine Y-splitter

with grooming. In this section, we discuss a small modification to the definition of Y-splitter

that largely simplifies this calculation and has the fringe benefit of coming with a small

performance enhancement.

Most of the complication in the calculations we have done so far comes from the fact that

the emission which passes the Y-splitter cut is the highest kt emission, which can be di↵erent

from the emission that dominates the mass. Such configurations produce only terms beyond

leading-logarithmic (LL) accuracy but as we have seen their structure is rather involved. The

discussion and results beyond LL would clearly be simpler if the kt scale entering Y-splitter

was directly calculated based on the emission that dominates the jet mass. One can readily
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Figure 15: Same as figure as 8 and 7 now obtained from our analytic calculation

instead of Monte-Carlo simulations. In the right-hand plot, for clarity, the �-function

that appears at ⌧dichroic
21,groomed = 1 (dijets) has been represented with finite width and scaled

down by a factor of 5.

full jet mass, are less peaked than the Monte-Carlo ones. This is likely due to sublead-

ing logarithmic corrections, like multiple-emission corrections which would e↵ectively

increase the Sudakov exponent.

The ⌧21 distributions for both QCD jets and signal (W ) jets are shown in the

right plot of Fig. 15, to be compared with Fig. 7. The ordering between the di↵erent

curves is well captured by our analytic expressions. Di↵erences related to the over-

simplicity of our leading-logarithmic approximation are larger than what was seen for

the mass distribution. First, our analytic calculations are non-zero when ⌧21 ! 1.

This region is however not under control within our strongly-ordered approximation.

Similarly, the kink observed for ⌧21 ⇠ 0.5 is not physical. It comes from the onset of

the secondary-emission contribution which starts, in our formulas, at ⌧21 = bg. The

analytic calculation for our dichroic combination is given by the black curves in the

right plot of Fig. 15. The dijet case clearly has a contribution proportional to �(⌧21�1)

(cf. Eq. (5.9)) (scaled down by a factor of 5 for clarity), which is not observed in

the Monte-Carlo results. In practice, additional emissions at smaller z✓2 would also

contribute to ⌧21, and they would transform the �(⌧21� 1) contribution into a Sudakov

peak at ⌧21 & 1, which is visible on the Monte-Carlo simulations. We are currently

working on a better analytic calculation, lifting the assumption that emissions are
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Figure 12. Final results at NLO+LL, with non-perturbative corrections, for the normalised jet mass

distribution, in the case of the ungroomed pt,jet selection.

Figure 13. Final results at NLO+LL, with non-perturbative corrections, for the pt,mMDT selection.

Fig. 11 and Fig. 12 show the results (in black, with grey uncertainty bands) for the

ungroomed pt,jet selection in the two representative transverse momentum bins: 460 < pt,jet <

550 GeV and pt,jet > 1300 GeV. The former is the jet mass distribution, while the latter

is normalised to the NLO jet cross-section in the appropriate transverse momentum bin.

Similarly, in Fig. 13 we show our final results for the pt,mMDT selection. As discussed in

the paper, the NLO jet cross section is not well-defined in this case, so we only present

unnormalised distributions. For comparison, we also show in red the purely perturbative

NLO+LL results with their uncertainties. As previously noted, non-perturbative corrections

are sizeable (with large uncertainties) in the first few mass bins (m . 10 GeV) and at very

large masses, close to the end-point region. Nevertheless, there exists a region in mass,

which increases in size as pt,jet grows, where non-perturbative e↵ects are genuinely small and
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Figure 14: Analytic NLL distributions compared to parton shower generators for (top row)

quark jets, (middle row) gluon jets, along with (bottom row) the corresponding ROC curves.

Parameters are chosen according to Eqs. (3.17), (3.18), and (3.20) with ⇤NP = 2 GeV and

(left column) � = �1 and (right column) � = �0.5.
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4

At Born level, the jet has a single parton, so zg is
undefined. We can, however, define F (zg) to be the one-
prong zg distribution, such that F (zg) acts like a non-
trivial measurement function that is independent of the
kinematics. Working to O(↵s) in the collinear limit,

p(zg) = F (zg) +
↵sCi

⇡

Z 1

0

d✓

✓

⇥
 

P i(zg)⇥(zg � zcut)� F (zg)

Z 1/2

zcut

dz P i(z)

!

+ O(↵2
s) . (20)

There are two terms at O(↵s). The first term accounts
for the resolved case where the jet is composed of two
prongs from a 1 ! 2 splitting. The second term corre-
sponds to additional one-prong configurations (with the
same F (zg) measurement function as the Born case), aris-
ing either because the other prong has been removed by
soft drop grooming or from one-prong virtual corrections.

For a general F (zg), (20) is manifestly collinearly di-
vergent because of the ✓ integral, and F (zg) must be
renormalized. But there is a unique choice of F (zg) for
which collinear divergences are absent (at this order),
without requiring renormalization:

FUV(zg) =
P i(zg)R 1/2

zcut
dz P i(z)

⇥(zg � zcut) . (21)

Plugging this into (20), the O(↵s) term vanishes, and we
recover precisely the distribution in (19).

In this way, zg at � = 0 exhibits an extended version of
IRC safety, where a non-trivial (and finite) measurement
function is introduced in a region of phase space where
the measurement would be otherwise undefined. Similar
measurement functions appeared (without discussion) in
the early days of jet physics [23, 24], where symmetries
determined their form. Here, we used the cancellation
of collinear divergences order-by-order in ↵s to find an
appropriate F (zg). We can also extend (20) beyond the
collinear limit by considering full real and virtual matrix
elements, leading to finite O(↵s) corrections to p(zg).

As alluded to above, FUV(zg) also has the interpre-
tation of being a UV fixed point from RG evolution.
The collinear divergence of (20) can be absorbed into a
renormalized FF, F (ren)(zg; µ), at the price of introduc-
ing explicit dependence on the MS renormalization scale
µ. Requiring (20) to be independent of µ through O(↵s)
results in the following RG equation for F (ren)(zg; µ):

µ
@

@µ
F (ren)(zg; µ) =

↵sCi

⇡
(22)

⇥
 

P i(zg)⇥(zg � zcut)� F (ren)(zg; µ)

Z 1/2

zcut

dz P i(z)

!
.

As µ goes to +1, the IR boundary condition is sup-
pressed and F (ren)(zg; µ) asymptotes to FUV(zg).
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FIG. 2. Distributions of zg for � = 0 and zcut = 0.1 at the
13 TeV LHC, as simulated by Herwig++ 2.6.3. The pT of
the jets ranges from 50 GeV to 2 TeV, and the asymptotic
distribution for quark jets, F q

UV in (21), is solid black.

This UV asymptotic behavior can be tested using par-
ton shower Monte Carlo generators. In Fig. 2 we show
the zg distribution for � = 0 for Herwig++ 2.6.3 [25]
at the 13 TeV LHC, using FastJet 3.1 [26] and the
RecursiveTools contrib [27]. As shown in the supple-
ment, other generators give similar results. As the jet pT

increases, p(zg) asymptotes to the form in (21) (which
happens to be nearly identical for quark and gluon jets).
This is due both to the RG flow in (22), which suppresses
non-perturbative corrections, and the decrease of ↵s with
energy, which suppresses O(↵s) corrections to p(zg).

In this paper, we gave a concrete definition of Su-
dakov safety, which extends the reach of pQCD beyond
the traditional domain of IRC safe observables. Even
at lowest perturbative order, the zg example highlights
the di↵erent analytic structures possible in the Sudakov
safe regime, and the FF approach to the IRC safe/unsafe
boundary yields new insights into the structure of per-
turbative singularities. In addition to being an interest-
ing conceptual result in perturbative field theory, (4) of-
fers a concrete prescription for how to leverage the grow-
ing catalog of high-accuracy pQCD calculations (both
fixed-order and resummed) to make predictions in the
IRC unsafe regime. This can be done without have to
rely (solely) on non-perturbative modeling, enhancing
the prospects for precision jet physics in the LHC era.
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Explosion of theory predictions!

NLO+(N)LL in “traditional” QCD

[Lais’ talk]

Final results LL + NLO
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Relatively small NP corrections above m = 10GeV.
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Milestone for two reasons:

we are entering into the precision-physics territory

we start to address th uncertainties
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Personal aside: Uncertainties

Question from BOOST 2014

“What is the uncertainty on the performance of our taggers?”

We start to be able to answer these questions

Tools to make that possible: mMDT, SoftDrop, Recursive SoftDrop

Existing calculations: groomed jet mass (NLO+(N)NLL)

Possible calculations: Calculation and measurement is target for 2018

Groomed angularities, ...
Shapes: τ21, D2, possibly N2 ((un)groomed or dichroic)
should work at the LO+(N)LL accuracy. NLO probably possible

Progress on uncertainties in Parton-Shower as well

We should be able to put a th uncertainty on ROC curves for tagger!
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there would be no BOOST without...

applications of the tools to physics
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No Boost without... applications

Many experimental measurements... but SM th are alive as well!

Measure new Higgs decays to light leptons [Xing’s talk]

Fermionic Decays

❖ In SM, Fermionic decays establish 
interesting hierarchy, due to 
Yukawa couplings.

❖ How about                 ?

❖ Naively suppressed by         .

❖ Not always the case. 
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Figure 3: SM Higgs decay branching fractions to fermions with and without the additional

photon Eγ > 15 GeV and ∆R > 0.4.

decay branching fractions to fermions in Fig. 3. It is quite informative to compare our

results for the exclusive radiative decays h → ff̄γ with those from h → ff̄ .

It is interesting to explore some kinematical distributions to appreciate the underlying

decay mechanisms and to guide future experimental searches. In Fig. 4, we show the photon

energy distributions in the Higgs boson rest frame for the individual fermionic channels for

the QED radiation (solid blue curves) and for the EW+γ processes (solid red curves) and

the total (upper curves). The Eγ spectrum of the QED radiation exhibits the common

infrared behavior: the observable photon energy spectrum diverges like dEγ/Eγ , although

the inclusive integrated rate is finite due to the cancelation from the virtual loop diagrams.

The energy spectrum of the EW+γ processes, on the other hand, exhibits a double-hump

structure as seen from the red curves in Fig. 4, characterizing the two dominant underlying

processes

Eγ =
mh

2
(1 − m2

Z

m2
h

) ≈ 30 GeV, for γZ production, (2.7)

Eγ =
mh

2
(1 −

m2
γ∗

m2
h

) ≈ 63 GeV, for γγ∗ production. (2.8)

The diagrams of Figs. 2c and 2e have a spurious divergence in the infrared (soft) and

collinear region. However, in the soft/collinear limit, the amplitude has to be proportional
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e+e�

h! ff̄�

Q2
f↵

Large due to EW loops

Measurable at HL-LHC

h→ ccγ > h→ J/Ψ γ

constraints on charm Yukawa

Comparison

Method κc upper limit projection

at HL-LHC (3 ab−1)

h → cc̄γ (this work) 6.3

h → cc̄+fit [68] 2.5

h + c production [69] 2.6

Higgs kinematics [70] 4.2

h → J/ψγ [54] 50

Table 6: Projected sensitivities for probing the hcc̄ Yukawa coupling κc = yBSM
c /ySM

c at

the HL-LHC with various methods.

jets to be mis-tagged as c-jets. Another major background is the QCD 3-jet production,

leading to two mis-tagged c-jets associated with a fake photon radiation. Following an

ATLAS analysis [76], we take the photon fake rate from a light-quark jet and from a gluon

jet to be

ϵq→γ = 0.06%, ϵg→γ = 0.006%, (4.1)

respectively. We note that the fake photon contamination contributes about (10− 30)% to

the total background. Another potentially large background is from jet fragmentation into

a real photon. We assume that the stringent photon isolation requirement will be sufficient

to suppressed this QCD background, as pointed out in the prompt photon studies [77]. In

our simulations, we require that both the c-jets and the photon be hard and well-isolated

in the central region

pT > 20 GeV, |η| < 2.5, and ∆R > 0.4. (4.2)

The ultimate sensitivity for the signal h → cc̄γ depends on the invariant mass reconstruc-

tion Mjjγ = mh, and thus the energy resolution of the charm-jets. In this study, we assume

that the Higgs resonance peak can be reconstructed within 20% and thus we require

100 GeV < Mjjγ < 150 GeV. (4.3)

Tightening this mass cut would linearly improve the signal-to-background ratio. We also

apply pmax
T > 40 GeV to further increase the signal-to-background ratio S/B. After the

above cuts applied, we list the numbers of events in Table 5 for an integrated luminosity of

3000 fb−1. We note that, within the SM, the signal events from the QED radiation and the

EW+γ processes are comparable, unlike the situation in h → J/ψ γ where the dominant

contribution is from the “indirect contribution” via γ∗ → J/ψ. Unfortunately, with the

Standard Model predictions for the signal and backgrounds being S/B < 10−4, it would

not be promising to observe this channel at the HL-LHC.

If the BSM physics significantly modifies the charm-Yukawa coupling as parameterized

in Eq. (3.13), then the QED radiation will be scaled by a factor of κ2
c . Although both the

QED radiation and EW+γ processes contribute to the signal, it would be dominated by

the QED radiation if the charm-Yukawa coupling significantly deviates from the SM value.

– 15 –

Method κc upper limit projection

at HL-LHC (3 ab−1)

h → cc̄γ (this work) 6.3

h → cc̄+fit [69] 2.5

h + c production [70] 2.6

Higgs kinematics [71] 4.2

h → J/ψγ [54] 50

Table 6: Projected sensitivities for probing the hcc̄ Yukawa coupling κc = yBSM
c /ySM

c at

the HL-LHC with various methods.

ATLAS analysis [77], we take the photon fake rate from a light-quark jet and from a gluon

jet to be

ϵq→γ = 0.06%, ϵg→γ = 0.006%, (4.1)

respectively. We note that the fake photon contamination contributes about (10− 30)% to

the total background. Another potentially large background is from jet fragmentation into

a real photon. We assume that the stringent photon isolation requirement will be sufficient

to suppressed this QCD background, as pointed out in the prompt photon studies [78]. In

our simulations, we require that both the c-jets and the photon be hard and well-isolated

in the central region

pT > 20 GeV, |η| < 2.5, and ∆R > 0.4. (4.2)

The ultimate sensitivity for the signal h → cc̄γ depends on the invariant mass reconstruc-

tion Mjjγ = mh, and thus the energy resolution of the charm-jets. In this study, we assume

that the Higgs resonance peak can be reconstructed within 20% and thus we require

100 GeV < Mjjγ < 150 GeV. (4.3)

Tightening this mass cut would linearly improve the signal-to-background ratio. We also

apply pmax
T > 40 GeV to further increase the signal-to-background ratio S/B. With these

cuts applied, the background rate at the HL-LHC would be controlled below 1 kHz, within

the detector’s trigger ability. A fully implementable trigger scheme and the cut optimization

are under investigation. After the above cuts applied, we list the numbers of events in

Table 5 for an integrated luminosity of 3000 fb−1. We note that, within the SM, the

signal events from the QED radiation and the EW+γ processes are comparable, unlike the

situation in h → J/ψ γ where the dominant contribution is from the “indirect contribution”

via γ∗ → J/ψ. Unfortunately, with the Standard Model predictions for the signal and

backgrounds being S/B < 10−4, it would not be promising to observe this channel at the

HL-LHC.

If the BSM physics significantly modifies the charm-Yukawa coupling as parameterized

in Eq. (3.13), then the QED radiation will be scaled by a factor of κ2
c . Although both the
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at HL-LHC (3 ab−1)
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Higgs kinematics [71] 4.2

h → J/ψγ [54] 50

Table 6: Projected sensitivities for probing the hcc̄ Yukawa coupling κc = yBSM
c /ySM

c at

the HL-LHC with various methods.
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via γ∗ → J/ψ. Unfortunately, with the Standard Model predictions for the signal and

backgrounds being S/B < 10−4, it would not be promising to observe this channel at the

HL-LHC.

If the BSM physics significantly modifies the charm-Yukawa coupling as parameterized

in Eq. (3.13), then the QED radiation will be scaled by a factor of κ2
c . Although both the

QED radiation and EW+γ processes contribute to the signal, it would be dominated by
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Perez et al.    1505.06689
Brivio et al.    1507.02916
Bishara et al.  1606.09253
Bodwin et al.  1306.5770

11/12
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No Boost without... applications

Many experimental measurements... but SM th are alive as well!

Measure new Higgs decay to jets (gg) [Zhuoni’s talk]

/ 14

Higgs Decay to Light Jets 
Mass Reconstruction

Linda M. Carpenter, Tao Han, Khalida Hendricks, ZQ, Ning Zhou (2016)
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Boosted or Resolved: arxiv:1506.04973 (2015) Jon M. Butterworth et al.
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Higgs Decay to Light Jets 
Signal Process
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Figure 3. Invariant mass distributions mjj of the signal process pp ! Zh, h ! gg, Z ! `` (solid

curves, scaled up by a factor of 5000) and the leading background pp ! Zjj (dashed curves) for (a)

with 2 jets only, (b) with 2 leading jets to reconstruct mjj , (c) with 2 leading jets plus other jets

together to reconstruct mjets. All selection cuts as in Sec. 3.1 except for mh cut are applied.
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Figure 4. Invariant mass distributions constructed from (a) two-jet events and (b) three-jet events

with di↵erent pile-up values hµi = 0, 15, 50, 140, respectively.

3.1 `+`� + jj channel

For the two-lepton channel, we simulate the signal processes as in Eq. (2.2) with Z !
`+`�, h ! gg. We require exactly one pair of charged leptons `± = e± or µ±, same fla-

vor, opposite charge, along with at least two energetic jets. The dominant background is by

far from Z + jj. The two leading pT jets are required to be close by having a separation less

than Rmax = 1.4, and an invariant mass between 95 and 150 GeV. They satisfy the following

acceptance cuts

• 2 leptons with pT (l) > 30 GeV and |⌘l| < 2.5

• pT (``) > 200 GeV

• at least 2 jets with pT (j) > 30 GeV and |⌘j | < 2.5

– 8 –

 Two Leading jets 
& additional jets within R<1.4 
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Figure 2. Kinematical distributions of the signal process pp ! Zh, h ! gg (solid curves, scaled up

by a factor of 5000) and the leading background pp ! Zjj (dashed curves) for (a) pT (Z), (b) Rjj ,

(c) mjj , and (d) event scatter plot in Rjj � pT (Z) plane, with the (red) dense band with crosses as

the signal events and (blue) dots as the background. Generator level cuts of Eqs. (2.3) and (2.4) have

been applied.

the (red) dense band with crosses presents the signal events and the (blue) dots show the

background events. We see the strong correlation between the boosted pT (Z) and collimated

jets with smaller Rjj .

To suppress the huge QCD di-jet backgrounds, we must optimize the reconstruction of the

Higgs mass. There are two common methods to reconstruct hadronic decays of Higgs boson

depending on the kinematical configurations. One is the sub-structure (fat-jet) approach:

an early example for Higgs search in bb̄ channel was introduced in Ref. [14]. Because of the

highly boosted nature of the Higgs boson, a fat-jet identified as the hadronic decay products

of the Higgs boson is first selected. Various jet substructure observables and techniques such

as mass-drop and filtering [14], pruning [25], trimming [26], N-subjettiness [27] etc. can be

– 6 –

In the end: S√
B
≈ 1.08 at HL-LHC(3 ab−1) after q/g tagging

Question: is there a gain from a shape-like cut?
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No Boost without... applications

Many experimental searches... but BSM th are alive as well!

BSM with boosted objects [Bogdan’s talk]

“many possible BSM scenarios, many constraints already”

many requires a dedicated search

many boosted topologies: boosted W and boosted t all over the place
e.g. vector-like quarks: t ′ → tτ+τ− with boosted t

More fancy situations:
“anomalon”→WZ or →WH (4 prongs)
H+ →Wbb̄ or H+ → tb̄ (4 prongs)
H0 → tt̄ (6 prongs)
W ′ → H+H0 → 3 boosted t
G ′ → (bb̄)jet + (tt̄)jet or G ′ → (bb̄)jet + (bb̄jj)jet

Very exciting!
Are we ready for this?
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there would be no BOOST without...

an update on FastJet
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FastJet 3.3.0

Date: Sun, 16 July 2017

Hi Gregory,
I am sorry to bother you with that, but students - at least undergrads in X
- seem to prefer python over c++. I was wondering if there is a pthon
wrapper for fastjet, or if there is another way of running fj with python?
Cheers,
***

Date: Wed, 12 July 2017

Release of FastJet 3.3.0
This is a main release which adds a first version of a Python interface to
FastJet.
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this year’s edition of BOOST was special

the Boost Universe is Expanding

towards the Monte-Carlo community

towards the Heavy-Ion community

towards the Les-Houches community
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BOOST expands towards...

the Monte-Carlo community
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Expansion 1: Substructure and Monte-Carlo

huge progress in fixed-order Monte-Carlo recently

Reaching NNLO accuracy [John’s talk]

Available for a series of 2→ 1 and 2→ 2 processes
Recently, dijets at NNLO
sometimes large NNLO corrections (e.g. H → bb̄ at NNLO in VH)

Including electro-weak effects [Doreen’s talk]

Relevant in several cases:
(α/π) ∼ (αs/π)2: as important as NNLO

Soft/collinear photon: α
π

log(
m2

f
Q2 )

Soft/collinear W /Z : α
π

log( Q2

m2
V

)

automated QCD+EW in fixed-order+parton shower
(Recola/OpenLoops+Munich/GoSam)+Sherpa

all great but not really relevant (yet) for substructure
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Personal aside: tentative NNLO timescale?

When will NNLO be relevant for substructure?

we want 2→ 3 e.g. W /Z+jet or dijets
(so as to have at least 2 particles in the jet!)

2→ 2 is availale

rule of thumb adding one loop or one leg takes O(10) years

⇒ NNLO meets BOOST around 2025

Note 1: large community effort so we may hope for better

Note 2: Boost=small angles ⇒ delicate corner of phase space
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Expansion 1: Substructure and Monte-Carlo

EW showers [Junmou’s talk]

Introduction: Parton Shower in QCD
Parton Shower
EW showering

Numerics and Simulations
Summary

✏µs=±,n are “stripped ” out of propagators, and inserted into vertices.
11 / 30

Main target: 100 TeV collider

Already relevant for substructure (W in (light) jet) today

Gregory Soyez BOOST 2017 - Theory Summary July 21 2017 27 / 42

https://indico.cern.ch/event/579660/contributions/2587489/attachments/1494319/2325127/BOOST-EWShower.pdf


Expansion 1: Substructure and Monte-Carlo

But: NLO+PS and MEPS are available [Marek’s talk]

“NNLO for X in Boost often
from NLO X+j”

(approximate) EW corrections

NLO DGLAP in DIRE

(1→ 3 splitting)
test with substructure??

No NLO shower yet
(needed for many things)

(N)NLO in ME NLO in PS Conclusions

NLO corrections in parton showers
Höche, Krauss, Prestel arXiv:1705.00982
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• larger effects in Sudakov shapes in pp

• reduced scale uncertainty (commonly not assessed in LO parton
showers)

Marek Schönherr Higher orders and parton showers 16/19
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Personal aside: PS v. ME+PS
12

Disagreement
@low p

T

Disagreement
@low p

T

Pythia slightly 
Better than Herwg

High mass
off

CMS-SMP-16-010

[fig from Phil’s talk]

Some things are a bit surprising:

analytic resum:
gain between LO and NLO

Parton Shower:
no difference between Pythia and
Powheg+Pythia

(would be easier to see on mdσ/dm)

Why? Other observables?
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Expansion 1: Substructure and Monte-Carlo

[Stefan’s talk]

“Your garbage is my treasure”

Life is complicated:
More detailed measurement
→ understand data better
→ confident with other data

Need detailed tool to transfer
knowledge → new data.

(QCD) toolbox:
Factorization, fixed-order, PDF
fits, resummation…
Anything beyond means:
More fits + Tuning

..

Tuning: Adjust parameters to absorb calculable but unknown
effects (“higher orders”).

5 / 17

Fitting MPI → Tuning perturbative physics?
Plot from arXiv:1512.00815

Hard QCD has considerable impact on taylored MPI observables!
But what about the converse? 12 / 17

Tune perturbative params

Fit hadronisation and MPI

Things are inter-connected

Q (Stefan): Can we isolate a
MPI region?

A(?): can we exploit m/pt
dependence for different pt?
(similar to using different R for jets)
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BOOST expands towards...

the Heavy-Ion community
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Expansion 2: Substructure in Heavy-Ions

zg measurement was (one of the) highlights of Boost 2016
Large interest of the heavy-ion community in jet substructure

Jet quenching

The creation of the Quark Gluon Plasma (QGP)

I A hot and dense medium is created during the collision
I The medium quickly thermalizes and allows a hydrodynamic description of its

spacetime evolution, eventually turning into soft hadrons
I Energetic jets are also produced abundantly in the medium

Y.-T. Chien Heavy ion jet physics 3 / 22

What can we learn from the properties of the QGP?
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zg measurement was (one of the) highlights of Boost 2016
Large interest of the heavy-ion community in jet substructure

Jet grooming

zg and splitting functions

x, k⊥

1− x, − k⊥

P (x, k⊥) ∝ 1
x k⊥ ∆z

x, k⊥

q⊥ 1− x, − k⊥

I In vacuum, the soft branch kinematics is closely related to the Altarelli-Parisi splitting
function

I In the medium, the bremsstrahlung component modifies the soft branch kinematics

Y.-T. Chien Heavy ion jet physics 15 / 22

[Yang-Ting’s talk]

medium-induced corrections to splitting

predicts the zg distribution
and get “g”

work towards the jet mass

Jet grooming

Theory calculation of zg

I The medium enhances the soft branches, and the effect becomes smaller for higher pT jets
I Qualitatively expected and quantitatively surprising (CMS is updating the data

(CMS-HIN-16-006) soon. Stay tuned!)

I Cutting on the angle between branches selects a special subset of the jet sample
I Jets with a two prong structure not typical for QCD jets
I The scale of this subjet branching is high: hard jet substructure

Y.-T. Chien Heavy ion jet physics 17 / 22

My concern: nice but just one (LO) splitting potentially over-simplified
qualitatively OK but is it quantitative?
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Expansion 2: Substructure in Heavy-Ions

zg measurement was (one of the) highlights of Boost 2016
Large interest of the heavy-ion community in jet substructure

K. Tywoniuk (CERN) BOOST2017 17.07.2017

NEIGHBORING JET ENERGY LOSS

•two charges :: color correlations
• short formation time               & soft gluons & large-Nc

•delay due to finite resolution power of the medium

9

Y.	Mehtar-Tani,	KT	arXiv:1706.06047	[hep-ph]

tf ⌧ L

contributions from interferences

P2(✏) = P1(✏)⌦Psing(✏)

total	color	charge

✓br(!c) ⇠
r

1

q̂L3
⌘ ✓c✓br(!c) ⇠

r
1

q̂L3
⌘ ✓c

td(✓c) ⇠ L
0 tf tdtd ⇠ (q̂✓12)

�1/32

[Konrad’s talk]

a promising
step

K. Tywoniuk (CERN) BOOST2017 17.07.2017

PROBABILITY OF 2-PRONG IN JET

11

Suppression at large angles: 
jet collimation

3

and likewise for single-parton configurations as QR(E) =

P̃R (n/E, L).
Let us now consider jet grooming, concretely the

mMDT/SoftDrop with � = 0 [3, 4]. Given a jet, the
procedure singles out the hardest splitting in an angular
ordered tree. This allows us to define the probability of
splitting at a given angle, which at leading order reads

pvac(✓) =
↵̄

✓

Z 1/2

zcut

dz P̄ (z) , (16)

where P̄ (z) ⌘ P̂ (z) + P̂ (1 � z) and ↵̄ ⌘ ↵sCi/⇡. Thus,
we neglect the e↵ect of multiple splittings that should be
resumed in a Sudakov form factor.

At very high jet energy we expect the z-distribution
not to be strongly modified by energy loss as confirmed
by the CMS data for E > 300 GeV. Furthermore, if
zcutE > !c = q̂L2, the contribution of medium-induced
hard gluon radiation is negligible due to LPM suppres-
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which measures the suppressed yield of two-pronged sub-
structures inside a jet that has passed through a quark-
gluon plasma. According to Eq. (9), this is well approxi-
mated by the two-prong colour singlet energy loss distri-
bution,
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for steeply falling spectra. Note that the quenching of
the total colour charge factors out, and we are left with
a common suppression factor for quark and gluon split-
tings. The definition in Eq. (19) is naturally valid beyond
leading order.

We plot the two-pronged quenching factor for photon
splitting in Fig. 2 as a function of the opening angle of

FIG. 2: Quenching factor for a two-pronged structure inside
a jet with E = 100 GeV as a function of its opening angle,
for spectral indeces n = 5 � 7. The value of the one-pronged
quenching factor for the same parameters is marked by an
arrow. The dark grey area delimits small-angle emissions that
are happening outside of the medium while the light grey area
marks where we violate the condition in Eq. (22) for splittings
with z ⇠ 1/2.

the pair for a range of spectral indices. As is clear from
the figure, the amount of suppression is quite sensitive to
the opening angle.

In the figure, we have also delimited to regions with
grey which correspond to kinematics that we have not
considered in this work. We consider only symmetric
splittings, z ⇠ 1/2, which are quite typical for the studied
decay process. First we have to demand that the split-
ting takes place inside the medium. Given the quantum-
mechanical formation time of the creation of the dipole,
tf ⇠ (z(1� z)E✓2

12)
�1, this amounts to tf < L, or
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where ✓d ⌘ (EL)�1/2. The angular region where this con-
dition is violated is marked by a dark grey area in Fig. 2.
Secondly, we have so far considered the situation where
the dipole is formed early in the medium. This assump-
tion also implies that tf ⌧ td, which puts a constraint on
how asymmetric the dipole splitting can be,
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where ✓c ⌘ (q̂/E3)1/4. The angular region where we vio-
late Eq. (22) is marked by the gray area in Fig. 2. In
particular, for ✓12 ⇠ ✓c all possible splittings will be
formed in a decohered state. These splittings have to be
treated with care, and are sensitive to additional trans-
verse momentum broadening in the medium. From the
phenomenological point of view it is therefore important
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Measure yield of 2 hardest substructures at given angular 
separation w/jet grooming

Y.	Mehtar-Tani,	J.	Casalderrey,	C.	Salgado,	KT	(in	preparation)

DGLAP/Parton-Shower understood

Pure medium-induced reasonably
understood

Question: Medium-induced after
collinear splitting?

several “times” in the problem
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Expansion 2: Substructure in Heavy-Ions

zg measurement was (one of the) highlights of Boost 2016
Large interest of the heavy-ion community in jet substructure

K. Tywoniuk (CERN) BOOST2017 17.07.2017

NEIGHBORING JET ENERGY LOSS

•two charges :: color correlations
• short formation time               & soft gluons & large-Nc

•delay due to finite resolution power of the medium

9

Y.	Mehtar-Tani,	KT	arXiv:1706.06047	[hep-ph]

tf ⌧ L

contributions from interferences

P2(✏) = P1(✏)⌦Psing(✏)

total	color	charge

✓br(!c) ⇠
r

1

q̂L3
⌘ ✓c✓br(!c) ⇠

r
1

q̂L3
⌘ ✓c

td(✓c) ⇠ L
0 tf tdtd ⇠ (q̂✓12)

�1/32

[Konrad’s talk]

a promising
step
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PROBABILITY OF 2-PRONG IN JET
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Suppression at large angles: 
jet collimation
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and likewise for single-parton configurations as QR(E) =

P̃R (n/E, L).
Let us now consider jet grooming, concretely the

mMDT/SoftDrop with � = 0 [3, 4]. Given a jet, the
procedure singles out the hardest splitting in an angular
ordered tree. This allows us to define the probability of
splitting at a given angle, which at leading order reads
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where P̄ (z) ⌘ P̂ (z) + P̂ (1 � z) and ↵̄ ⌘ ↵sCi/⇡. Thus,
we neglect the e↵ect of multiple splittings that should be
resumed in a Sudakov form factor.

At very high jet energy we expect the z-distribution
not to be strongly modified by energy loss as confirmed
by the CMS data for E > 300 GeV. Furthermore, if
zcutE > !c = q̂L2, the contribution of medium-induced
hard gluon radiation is negligible due to LPM suppres-
sion. In this situation, the two-prong substructures will
form via hard vacuum splitting at very short times com-
pared to the length of the medium and their yield will
depend on the opening angle of the pair: when ✓ ⌧ ✓c,
the unresolved pair loses energy as a single parton, con-
versely, at large angle ✓ � ✓c, the two colour charges
are resolved by the medium and hence lose energy inde-
pendently, as a result, the two-prong probability is more
suppressed. The corresponding probability in medium,
also at leading order, reads then
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dNmed

�
dE

dN2-prong
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, (17)
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where we divided and multiplied by the vacuum spectrum
in order to get to the second line. It is normalised by the
spectrum (flux) of the parent partons before splitting.
This allows us to define the two-pronged suppression fac-
tor as

R2-prong(✓) ⌘ pmed(✓)

pvac(✓)
, (19)

which measures the suppressed yield of two-pronged sub-
structures inside a jet that has passed through a quark-
gluon plasma. According to Eq. (9), this is well approxi-
mated by the two-prong colour singlet energy loss distri-
bution,

R2-prong(✓) ' P̃12

⇣ n

E
, L
⌘

. (20)

for steeply falling spectra. Note that the quenching of
the total colour charge factors out, and we are left with
a common suppression factor for quark and gluon split-
tings. The definition in Eq. (19) is naturally valid beyond
leading order.

We plot the two-pronged quenching factor for photon
splitting in Fig. 2 as a function of the opening angle of

FIG. 2: Quenching factor for a two-pronged structure inside
a jet with E = 100 GeV as a function of its opening angle,
for spectral indeces n = 5 � 7. The value of the one-pronged
quenching factor for the same parameters is marked by an
arrow. The dark grey area delimits small-angle emissions that
are happening outside of the medium while the light grey area
marks where we violate the condition in Eq. (22) for splittings
with z ⇠ 1/2.

the pair for a range of spectral indices. As is clear from
the figure, the amount of suppression is quite sensitive to
the opening angle.

In the figure, we have also delimited to regions with
grey which correspond to kinematics that we have not
considered in this work. We consider only symmetric
splittings, z ⇠ 1/2, which are quite typical for the studied
decay process. First we have to demand that the split-
ting takes place inside the medium. Given the quantum-
mechanical formation time of the creation of the dipole,
tf ⇠ (z(1� z)E✓2

12)
�1, this amounts to tf < L, or

z(1� z) >

✓
✓d

✓12

◆2

, (21)

where ✓d ⌘ (EL)�1/2. The angular region where this con-
dition is violated is marked by a dark grey area in Fig. 2.
Secondly, we have so far considered the situation where
the dipole is formed early in the medium. This assump-
tion also implies that tf ⌧ td, which puts a constraint on
how asymmetric the dipole splitting can be,

z(1� z)�
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◆4/3

, (22)

where ✓c ⌘ (q̂/E3)1/4. The angular region where we vio-
late Eq. (22) is marked by the gray area in Fig. 2. In
particular, for ✓12 ⇠ ✓c all possible splittings will be
formed in a decohered state. These splittings have to be
treated with care, and are sensitive to additional trans-
verse momentum broadening in the medium. From the
phenomenological point of view it is therefore important
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Measure yield of 2 hardest substructures at given angular 
separation w/jet grooming

Y.	Mehtar-Tani,	J.	Casalderrey,	C.	Salgado,	KT	(in	preparation)

DGLAP/Parton-Shower understood

Pure medium-induced reasonably
understood

Question: Medium-induced after
collinear splitting?

several “times” in the problem

All this is evolving fast, so stay tuned!
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BOOST keeps an open mind
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Open Data! or Open Data?

[Aashish’s talk]

Open discussion/controversy

Massive effort

Many interesting observations

Overall message:

Do we have Open Data?
(my thought: yes, sure!)
Educational and research?
What timescale?
Under what format?
Can we make it easier?

It should in no way kill (proper)
measurement by the (real) exp!
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Boost beyond Boost
(or my anti-summary)
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Foreword

Substructure tools become mainstream
⇒ things happen outside of this meeting

Example: Les-Houches PhysTev Workshop

2015: study of quark-gluon separation

2017: study of 2-prong tagging techniques

2017: αs measurement at colliders

This is a wonderful community effort
“Boost” should stay connected

[Jesse’s summary in LH 2017]
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Comprehensive 2-prong tagging study

[LH2017 in progress]

groomed mass + (vary cut on) shape

Performance: S/
√
B

Resilience:

against NP effects (here)
(possibly) against pileup
(possibly) against detector

Many combinations

mass: plain, mMDT,
SD(β = 2)

shape: τ21, D2, N2, M
(β=1,2)
2

shape: 6= grooming num/den

Need to sort through it!
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Comprehensive 2-prong tagging study

[LH2017 in progress]

teaser of the many observations:

ATLAS & CMS strategies(∗)

grooming strategy has at least
as much impact as shape choice

recent th effort pays off

family of options with trade-off
between perf. and resilience

deep connection with talks from
this week

Q: how does “flatness” fit in?

(∗) Trimming has kinks that might give you a

hard time at high pt
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Measurement of αs

[LH2017 in progress]

Idea: extract αs from substructure measurements

Setup:
Use mMDT/SD

Precise th. calculations
small non-pert. effects

Use jet mass and angularities
Pseudo-data, stat only

Delicate issues:

q/g fraction
(depends on αsCR)

how to use fixed order?

10% seems plausible!

just the tip of the iceberg
lots of open questions

Jesse Thaler — Report of the Les Houches Jet Physics Subgroup(s) 38

Fitting in Mixed Quark/Gluon Samples?	
Toy fit with αs = 0.1
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Global Fit to Multiple Groomed Angularities?	
Toy fit with αs = 0.1, non-joint probabilities
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Very Busy Boost ⇒ summary of summary (take home messages)

My Boost is solid

amazing
understanding

precision
calculation

theory
uncertainties

My Boost is opened

New ideas

still proposed

still welcome

My Boost is expanding

fast progress in
calculations

expand towards MC

expand towards HI

Thanks Sal & Simone for
Beautiful Outstanding Organisation and Superb Time
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“I could just go home and implement all of this”
(Rickard)

Don’t: it’s already implemented ... play with it, think about it!

Looking forward for more
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We welcome you to Paris in
2018 for the 10th BOOST

There should/will be this:

[https://indico.cern.ch/e/boost2018]
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