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The Boosted Regime	
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Key Substructure Techniques 

Grooming: ⇒
[Mass Drop/Filtering, Trimming, Pruning, Soft Drop, Jet Reclustering…;	
for pileup:  Area Subtraction, Jet Cleansing, SoftKiller, PUPPI, Constituent Subtraction…]

e.g. ISR/UE/pileup

Discrimination:
vs.

[pT Balance, Y-splitter, Angularities, Planar Flow, N-subjettiness, Angular Structure Functions,	
Jet Charge, Jet Pull, Energy Correlation Functions, Dipolarity, pT

D, Zernike Coefficients,	
LHA, Fox-Wolfram Moments, JHU/CMSTopTagger, HEPTopTagger, Template Method,	
Shower Deconstruction, Subjet Counting, Wavelets, Q-Jets, Telescoping Jets…]

e.g. 1-prong vs. N-prong
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[using Larkoski, Marzani, Soyez, JDT, 1402.2657]
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CMS:  Zγ Resonance Search
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    pruned mass ∈ [75,105] GeV	

    (+ subjet b-tagging for Z → bb)

γ candidate 

    pT > min[180 GeV, 0.34 Mjγ]	
    Rjγ > 1.1

[CMS, 1410.4227, 1612.09516] 	
[using Ellis, Vermilion, Walsh, 0903.5081, 0912.0033] 

Top control sample	
(with W candidates)

Z window~ 20% signal efficiency	
(vs. ~5% for e/μ)
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CMS:  Zγ Resonance Search

[CMS, 1410.4227, 1612.09516] 	
[using Ellis, Vermilion, Walsh, 0903.5081, 0912.0033] 
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ATLAS:  Dark Matter plus Higgs Search
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[ATLAS, 1609.04572; using Krohn, JDT, Wang, 0912.1342] 
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    anti-kt R = 1.0, pT > 250 GeV	
    trimmed jet mass as discriminant	
    double b-tagging via R = 0.2 track jets

Missing Energy 

    ET > 500 GeV in merged analysis	
    (+ separate resolved analysis)
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ATLAS:  Dark Matter plus Higgs Search

12

[ATLAS, 1609.04572; using Krohn, JDT, Wang, 0912.1342] 
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CMS:  Vector-like Quark Search
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    anti-kt R = 0.8, pT > 300 GeV 	
    τ2/τ1 cut	
    pruned mass ∈ [105,135] GeV	

    double subjet b-tagging

top candidate 

    anti-kt R = 0.8, pT > 400 GeV 	
    τ3/τ2 cut	
    soft drop mass ∈ [110,210] GeV	

    single subjet b-tagging

[CMS, 1612.05336, JME-13-007] 	
[using JDT, Van Tilburg, 1011.2268, 1108.2701; Ellis, Vermilion, Walsh, 0903.5081, 0912.0033; Larkoski, Marzani, Soyez, JDT, 1402.2657] 
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CMS:  Vector-like Quark Search

[CMS, 1612.05336, JME-13-007] 	
[using JDT, Van Tilburg, 1011.2268, 1108.2701; Ellis, Vermilion, Walsh, 0903.5081, 0912.0033; Larkoski, Marzani, Soyez, JDT, 1402.2657] 
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intricate final states with extreme kinematics
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First-Principles QCD Calculations

Combination of fixed-order, direct resummation, SCET, RG evolution,	
and new techniques (e.g. Sudakov safety, multi-differential projections)

First precision prediction of	
2-prong discrimination power

1-prong:

	 Jet mass:  Dasgupta, Khelifa-Kerfa, Marzani, Spannowsky, 1207.1640; Chien, Kelley, Schwartz, Zhu, 1208.0010;	                
	 	 Jouttenus, Stewart, Tackmann, Waalewijn, 1302.0846	                            
	 Jet shapes:  Ellis, Vermilion, Walsh, Hornig, Lee, 1001.0014; Banfi, Dasgupta, Khelifa-Kerfa, Marzani, 1004.3483;	             
	 	 Li, Li, Yuan, 1107.4535; Larkoski, Neill, JDT, 1401.2158; Hornig, Makris, Mehen, 1601.01319	                            
	 Angular scaling:  Jankowiak, Larkoski, 1201.2688; Larkoski, 1207.1437	      
	 Quarks vs. gluons:  Larkoski, Salam, JDT,1305.0007; Larkoski, JDT,  Waalewijn, 1408.3122;	  
	 	 Bhattacherjee, Mukhopadhyay, Nojiri, Sakaki, Webber, 1501.04794	                            
	 QCD grooming:  Dasgupta, Fregoso, Marzani, Salam, 1307.0007; Dasgupta, Fregoso, Marzani, Powling, 1307.0013;	     
	 	 Larkoski, Marzani, Soyez, JDT, 1402.2657; Frye, Larkoski, Schwartz, Yan, 1603.06375, 1603.09338	                            
	Double differential:  Larkoski, JDT, 1307.1699; Larkoski, Moult, Neill,1401.4458; Procura, Waalewijn, Zeune, 1410.6483	
	 In heavy ions:  Chien, Vitev, 1405.4293; Chien, 1411.0741	         
	 pT balance:  Larkoski, Marzani, JDT,1502.01719; Chien, Vitev, 1608.07283	             
	 Small R jets:  Dasgupta, Dreyer, Salam, Soyez, 1411.5182, 1602.01110           

2-prong:
	 Signal grooming:  Rubin, 1002.4557; Dasgupta, Powling, Siodmok, 1503.01088	     
	2-prong jet shapes:  Feige, Schwartz, Stewart, JDT, 1204.3898;	 
	 	 Isaacson, Li, Li, Yuan, 1505.06368;	                            
	 	 Salam, Schunk, Soyez, 1612.03917	                            
	 Separation power:  Larkoski, Moult, Neill, 1409.6298, 1507.03018;	  
	 	 Dasgupta, Schunk, Soyez, 1512.00516;	                            
	 	 Dasgupta, Powling, Schunk, Soyez, 1609.07149                             

3-prong:
	 Planar flow:  Field, Gur-Ari, Kosower, Mannelli, Perez, 1212.2106	           
	 Fractional jets:  Bertolini, JDT,  Walsh, 1501.01965	       
	 Power counting:  Larkoski, Moult, Neill, 1411.0665     

Non-pert:
	 Jet charge:  Krohn, Schwartz, Lin, Waalewijn, 1209.2421;	             
	 	 Waalewijn, 1209.3019	                       
	 Track-only shapes:  Chang, Procura, JDT, Waalewijn, 1303.6637, 1306.6630  

• ( )

( )

+ -

[ ] =
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Soft-dropped Mass?

β < 0 β = 0 β > 0

Less Grooming

β → ∞β → –∞

More Grooming

!
[Larkoski, Marzani, Soyez, JDT, 1402.2657; see also Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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Soft-dropped Mass?
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Kink from zcut
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Soft-dropped Mass?
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First NNLL + O(αs
2) calculation	

for substructure in pp (!)
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D2:  Energy Correlation Functions

=

[Larkoski, Salam, JDT, 1305.0007; Larkoski, Moult, Neill, 1409.6298, 1507.03018; 	
see also Banfi, Salam, Zanderighi, hep-ph/0407286; Jankowiak, Larkoski, 1104.1646]

3

Derived for 2-prong W/Z tagging	
using EFT power counting	
!
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Robustness of D2?

[Moult, Necib, JDT, 1609.07483]
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After grooming

Remarkably stable distributions

Explains ATLAS strategy of	
R2 (trimming) + D2 (discrimination)

[Moult, Necib, JDT, 1609.07483]

⇒ ⇒

Robustness of D2?
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N2:  A New Angle on Energy Correlators

=
2

[Moult, Necib, JDT, 1609.07483]

Not the most obvious substructure discriminant	
Kind of a hybrid of D2 and N-subjettiness (hence the name) 
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N2:  A New Angle on Energy Correlators

=
2

[Moult, Necib, JDT, 1609.07483]

Not the most obvious substructure discriminant

Derived using EFT power counting for both…
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Grooming/Discrimination Interplay

[Salam, Schunk, Soyez, 1612.03917]
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Analytic calculations to identify optimal use of substructure information

⇒vs.⇒

(N.B. for this talk,	
tagged ⇒ groomed)
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Grooming to Explore QCD

[Larkoski, Marzani, JDT, 1502.01719; using Larkoski, JDT, 1307.1699]	
[Larkoski, Marzani, Romero, Tripathee, Xue, JDT, in progress]
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[JADE,1979]

Quark vs. Gluon?

Quark: CF = 4/3

Gluon: CA = 3

vs.

Cartoon:

usually signals

usually backgrounds

gluon	
mistag ≃

quark	
efficiency

CA/CF

( )
barely improves S/√B
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An Old Idea…

HOW TO TELL QUARK JETS FROM GLUON JETS 2027

algorithm look reasonable. (It is quite easy to make up

jet finders that occasionally assign cells to jets in an un-

reasouable manner. Simply using the hottest cells as the

centers of the jets, or as the initial jet axis for an itera-
tion, for example, should be avoided for detailed purposes
such as ours. )
Most of the Ez of each jet comes from cells that lie well

within the chosen cone size R&,t, ——0.8, as seen in Fig. 1.

Hence the observed jet energy is not overly sensitive to
the arbitrary size and circular shape chosen to define the

jet.

III. VARIABLES WHICH DISCRIMINATE
BETWEEN QUARKS AND GLUONS

The goal was to find a single variable whose probability
distribution for the ensemble of known quark jets is sig-

Quark Nzp = 7.22 E2~ = 0.0026 (b) QUARK N9p = 14 ~67 Eg~ = 0 ~0072

r

/
/
/
/

)

/

/

I

I

I

I

I
l

/
/
/
/

/

/

I

I

I

/

I

/

/

I

/
/
/
/

/

/

I

I

I

l

I
l

I

I

I
I

I
I

/

/

/
/
/
/

/

/

(c) GLUON Ngp = 14.67 E~ mirt = 0.0066 GLUON NQp
= 21.41 Ep~ = 0.0222

/
/
/
/

)

/

/

I

I
I

I

I

I

l

L

I

I

I

I
/

/

r

I

/
/
/
/

/

/

/
/
/
/

/

/

I

I
I

I

I

I
l

I

I

I

I

/

/

I

I

/
/
/
/

/

FIG. 1. Typical patterns of Ez deposition for quark jets [(a), (b)] arid gluon jets [(c), (d)] at ET = 50GeV. The Ez
deposited in each 0.1 x 0.1 cell is represented by one dot per 0.250 GeV. The dashed line shows the assumed cone size

R), t ——0.8 .

[Pumplin, 1991]

N90 = Cell count for 90% of jet pT

676
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L . Lönnb l ad e t a l . / Neur a l ne t s and j e t s

i n e + e - r eac t i ons us i ng t he neur a l ne t wor k approach by on l y cons i de r i ng ene rgy

and momen t um i n f orma t i on f rom t he l ead i ng pa r t i c l es we r e r epor t ed . The r r esen t

pape r con t a i ns , among o t he r t h i ngs , e l abor a t i ons and ex t ens i ons o f t hose r esu l t s

w i t h r espec t t o t he i nc l us i on o f seconda r y qua r ks , us i ng mor e t han one Mon t e

Ca r l o mode l f or gene r a t i ng t he even t s , i nc l us i on o f expe r i men t a l accep t ance

e f f ec t s , and es t i ma t es o f t heor e t i ca l l i m i t s . The r esu l t i ng de t ec t i on e f f i c i ency

( - 85% ) exceeds pr ev i ous s t a t e - o f - t he - a r t i n t h i s f i e l d . The approach i s a l so used

t o i den t i f y heavy qua r ks w i t h ve r y encour ag i ng r esu l t s . We a r e ab l e t o d i s t i ngu i sh

b - qua r ks w i t h an e f f i c i ency and pur i t y l eve l , wh i ch i s compa r ab l e w i t h wha t i s

expec t ed f rom ve r t ex de t ec t or me t hods . A l so , we pur sue t he sepa r a t i on o f g l uons

t o hadron - hadron r eac t i ons . We f ee l t ha t our r esu l t s cou l d se r ve as examp l es f or

many o t he r app l i ca t i ons a r eas ; we a r e j us t sc r a t ch i ng t he t i p o f an i cebe rg .

The neur a l ne t wor k approach i s no t h i ng bu t f unc t i ona l f i t t i ng t o da t a . I n f ea t ur e

r ecogn i t i on s i t ua t i ons one wan t s t o cons t ruc t a mapp i ng F be t ween a se t o f

obse r vab l e quan t i t i es x k and f ea t ur e va r i ab l es y , ,

by f i t t i ng F t o a se t o f M known " t r a i n i ng " pa t t e rns ( xkn ' ; y , p ' ) , p = 1 , . . . . M .

Once t he pa r ame t e r s i n F a r e f i xed one t hen uses t h i s pa r ame t r i za t i on t o

i n t e rpo l a t e and f i nd t he f ea t ur es o f " t es t " pa t t e rns no t i nc l uded i n t he " t r a i n i ng "
se t . The NN approach cons i s t s o f a pa r t i cu l a r cho i ce f or F . I t i s an expans i on o f
s i gmo i da l un i t s g ( a , T) i n a ne t wor k s t ruc t ur e ( see f i g . 1) ,

g ( a , T) = -, t anh ( a / T) ,

�

(2)

whe r e t he " t empe r a t ur e " se t s t he ga i n . The ad j us t men t o f pa r ame t e r s , or l ea rn i ng ,
i s done w i t h a gr ad i en t descen t me t hod , e . g . back - propaga t i on [2] .

Th i s pape r i s organ i zed as f o l l ows . I n sec t . 2 we br i e f l y desc r i be t he back - propa -
ga t i on l ea rn i ng a l gor i t hm . I t s de r i va t i on and de t a i l s on pa r ame t e r cho i ces e t c . can

be f ound i n append i x A . Append i x B con t a i ns a br i e f desc r i p t i on o f a F77 so f t wa r e

W j k

y i = F ( xk ) 9

Y i

h j

Xk

F i g . 1 . A f eed - f orwa rd neur a l ne t wor k w i t h one l aye r o f h i dden un i t s .

[Lönnblad, Peterson, Rögnvaldsson, 1991]

Neural Network Classification

39 TESTS FOR DETERMINING THE PARTON ANCESTOR OF A. . . 2551

gram HERwKl. ) Instead of using the sum over quark-

antiquark pairs built into the program, we choose the

quantum numbers of the initial pair of partons (coupled

in a color singlet) to be, for example, a u and a b. The

program is then run and all particles are decayed down to

a small set of "stable" particles.
In this particular study, the "stable" particles were

chosen to be K+,K, E'L ~+,m, ~,p, n, p, n, and all

the simple quark-model resonances containing b quarks.
Jets were then determined by a standard approach, " and
events with more than two energetic jets were discarded.
Because the 8 meson was kept stable, the jet containing it
can be determined. The other jet is then taken as a speci-

rnen of the u-type quark jet. By considering appropriate

pairs, we can obtain specimens of all the quark and anti-

quark jets for the lowest two "families" of quarks.
For gluon jets, we began with a color singlet decaying

into two gluons. Both jets of the two-jet events are then
used.

The same approach could, of course, be used for b-

quarks jets if one had a good idea of the decay properties
of b's. A "dummy" place-holder quark could be inserted

to fill the role of the b in our calculations.
In this particular study, a center-of-mass energy for the

color-singlet pair of 85 GeV was chosen. Hence the jets
used here have energies within 10 GeV of 40 GeV. Be-
cause the properties of the jets do change with energy,

the identification probabilities need to be determined for
different energy bins and the data needs to be separated
in the same way. However, these properties change very

slowly with energy, so very tight bins are not needed.

The results discussed here should be equally applicable to

jets in e+e scattering at 60 and 90 GeV, and to jets of
around 40 GeV transverse momentum produced in had-

ron colliders.

quark species.

(e) Obviously, we have studied a particular case with
particular assumptions about what can be seen. For any
given detector, there will be differences in what can be

seen, and the efficiency with which it can be detected. It
is for this reason that we are advocating a method, rather
than promulgating a particular set of probabilities.

III. RESULTS WITHOUT
PARTICLE IDENTIFICATION

A. The main bins for classi6cation

Many experiments can track charged particles, identify
the charge of the fastest particle in the jet, determine the

angular spread of the energy in the jet, and detect fast

charged muons (and sometimes electrons) within the jet.
In this section, we explore the extent to which this infor-

mation can help determine the jet's ancestry.
The basic principles here are based on QCD. First, be-

cause the quark which initiated a quark jet tends to retain
a large amount of its initial momentum after gluon radia-

tion, the quark jets should have more fast particles on the

average than the gluon jets. We use the number of
charged particles with x greater than 0.3 as a measure of
this effect.

A related fact is the feature that the energy of the
gluon jet tends to be spread out over a larger angular

cone than that of the quark jet. In consequence, we can

use the fraction of the jet energy within a 10' cone of the
jet axis as a discriminator between quarks and gluons.

The charge of the leading hadron in the jet has some
correlation with the charge of the initial quark, so it

helps discriminate between quark species. Weak decays

B. Binning

Our goal is to reduce the rnultiparticle information
contained in the jets to (one or more) one-dimensional ar-

rays such that every event is plotted once in each array;
i.e., we are looking for useful projections of the informa-
tion. In this we have been guided by the following princi-

ples.

(a) We will typically be dealing with samples of a few
hundred to a few thousand events. Hence the array
should not have too many bins, since we want to have

reasonable statistics in at least the most important bins.

(b) It would not be a good idea to use very "wee" parti-
cles in the decisions, since it is in practice hard to decide
which jet they come from. Hence such frequently quoted
theoretical properties as the large multiplicity of very wee

partons in gluon jets will not be used.

(c) It would be nice to use only properties that most all
experiments can measure. As we discuss in Sec. III
below, these seem to be adequate to tell quark jets from
gluon jets, but they are not adequate to differentiate the
different Qavors of quarks.
(d) Some experiments can differentiate between K

mesons and m mesons. As discussed in Sec. IV below,
this greatly enhances our ability to differentiate certain
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FIG. 1. Probabilities to be in the 54 basin bins, for each

species of parton. Bins are defined in Table I.

[Jones,1988]

Binned hadron flavor/kinematics

[see also Nilles, Streng, 1981; Fodor, 1990; …] 
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…with Renewed LHC Interest

[CMS, JME-13-002]

Quark-Gluon Likelihood Discriminant
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[Komiske, Metodiev, Schwartz, 1612.01551]
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[see also Gallicchio, Schwartz, 1106.3076, 1211.7038; Krohn, Schwartz, Lin, Waalewijn, 1209.2421;	
Larkoski, Salam, JDT, 1305.0007; Larkoski, JDT, Waalewijn, 1408.3122; Bhattacherjee, Mukhopadhyay, Nojiri, Sakaki, Webber, 1501.04794]



Jesse Thaler — Using Jets and QCD to Boost the Search for New Physics

…with Renewed LHC Interest

[see also Gallicchio, Schwartz, 1106.3076, 1211.7038; Krohn, Schwartz, Lin, Waalewijn, 1209.2421;	
Larkoski, Salam, JDT, 1305.0007; Larkoski, JDT, Waalewijn, 1408.3122; Bhattacherjee, Mukhopadhyay, Nojiri, Sakaki, Webber, 1501.04794]
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Gluon Jet Rejection
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Challenge:  Theoretical Uncertainties

trackn
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[ATLAS, 1602.00988]	
[Soyez, JDT, Freytsis, Gras, Kar, Lönnblad, Plätzer, Siodmok, Skands, Soper, 1605.04692]
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Challenge:  Theoretical Uncertainties
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The Next Frontier:  Information Beyond CA/CF

“Deep Learning” inspires “Deep Thinking”

Collinear

Soft

zs

Collinear

Soft

zs

Collinear

Soft

zs

Typical Quark/Gluon	
Discriminants

[Moult, Necib, JDT, 1609.07483]
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The Next Frontier:  Information Beyond CA/CF

“Deep Learning” inspires “Deep Thinking”
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Discriminants

[Moult, Necib, JDT, 1609.07483]

Derived using EFT power counting to probe	
perturbative multi-point soft-gluon phase space
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Using Jets & QCD for BSM

Wide range of searches capitalizing on jet substructure

Precision calculations inspire improved, robust techniques

Using detailed radiation patterns to enhance new physics searches


