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Outline

Introduction and basics

Some key theory issues

Selective review of recent developments
Lessons and future directions
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Basic ideas

XAT REST BOOSTED X

Key idea : for tagging a particle with mass M exploit boosted
regime i.e. Py >>M
12 E_ither from going to
H2 — high p; or from
p72(1 — 2) decay of heavy new
particle

Hadronic decays reconstructed in single “fat” jet.
Use our knowledge of QCD jets to distinguish this
from background.
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Basic ideas

- — - d(z) < 1

/,,

« Exploit the asymmetric nature of QCD splittings. Produce jets
with single hard core or prong versus 2 pronged W/Z/H and 3
pronged t.

» Colour singlet nature of W/Z/H suppressing soft large angle
radiation.
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Lots of tools

Some of the tools developed
for boosted W/Z/H/tog

Several of these Jet Declustering

currently used in Seymourg3 reconstructior
searches and other
studies.
[ YSplitter Jet Shapes
Matrix-Element
Mass-Drop+Filter ATLASTopTagger
JHTopTagger ™W Planar Flow
Templates
CMSTopTagger Pruning
Trimming CoM N-subijettiness (Kim) ACF
HEPTopTagger
(+ dipolarity) - N-subjettiness (TvT)
Shower Deconstruction Multi-variate tagger
FisherJets

Qjets
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Open Questions

 Why so many tools to exploit limited physics principles?

Do we understand physics behind tools? What factors drive
performance?

* How robust are tools? E.g. does performance change with
kinematics and parameters?

How to decide which tools to use in searches and for data/
theory comparisons? @

Shift focus to understanding tools
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Increased center of mass energy and increase of collider reach
implies shift from moderate to large boosts. How do tools hold up?
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MC studies of t
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Until 2013 tools analysed using purely Monte Carlo methods

over limited phase space regions. Does not give enough insight

iInto physics. No way to assess theoretical control.

Is this the best we can do after 4
decades of QCD studies?
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Theory issues

OR WHY ITS NOT EASY TO GO BEYOND
MC AND THEIR LIMITATIONS
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Large logarithms

| 2,2
ld_aN L Cics In (R ]2%) Py >> m;

o dm? m2 T m;

J J

« Large logarithms in boosted regime mean fixed-order QCD has
limited use.

« Resummed calculations are complicated and not generally
possible to high accuracy. Partially included in parton showers.
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Large logarithms and
resummation

quark jets (Pythia 6 MC)
m [GeV], for p, = 3 TeV, R=1

10 100 1000 €=—_
03 | — plain jet mass - : \
2
Physical mass for _ J
5 o2 3TeV, R=1 jets P = R2,2
s Pt
©
o
= p ~ Rescaled mass?
E (i.e. the QCD variable)
0 L 1 1 :E
10 10 001 01 1 /

p=m?(p; R <=
Do we need to worry about large logs for jet masses ~ 100 GeV?
Yes, certainly for jet p, in the TeV region!




The University
~£ M anchester

MANCHESTER

1824

Why not just use showers?

Z+jet, R=0.6, pr, > 200 GeV

14 ¥ v v v
NLL+LO m——
Sherpa PS
12 f Pythia 8 PS .
Herwig++ PS ——— Dasgupta, Khelifa-Kerfa,
10k Marzani, Spannowsky 2012
N
© 8 F
B
©
2 6F
4
2k
0
0 0.05 0.1 0.15 0.2 0.25 0.3
&= my/pry

Large differences between showers at parton level. Keep in
mind for g/g studies later.
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LO v. Pythia showers (quark jets) LO v. Herwig showers (quark jets)
m [GeV], forp;=3TeV,R =1 m [GeV], forp;=3TeV,R =1
10 100 1000 10 100 1000
v6.425 (DW) virtuality ordered = =— = Herwig 6.520 =— — =
0.1 F v6.425 (P11) pyordered = = = 1 O.1F Homoae e
v6.428pre (P11) p; ordered ««-«-- Leading Order
“ v8.165 (4C) p; ordered ==« = Leading Order (R=0.5) ——
5] ;\\ o Leading Order 5 B 8
B ~--—‘~'U\-_~~\-- \b \-A\-.’— "‘
[e] . o - - ey
° =3 ¢ == Bump at larger
a agt aQ 1
1 ]
: masses not in
pt,jet >3 TeV . t h
mMDT (y,,, = 0.13) mMDT (y,,, - 0.13) MOoSt showers
0 1 1 5y a1 0 1 1 L. a1 A =T
10°® 10 0.01 1 108 105 Gl
p = m?/(pf RY) p = m?/(p; R?)

Pythia 6 p,
ordered fails  Jet masses with “mass drop”
tagger

Different MC showers don’t always agree.
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Non-perturbative effects

plain mass: hadronisation (quark jets) trimming: hadronisation (quark jets)
m [GeV], forp;=3TeV,R=1 m [GeV], forp;=3 TeV,R=1
10 100 1000 10 100 1000
04 F parton level - 04 | parton level .
hadron level (no UE) = = = | i hadron level (no UE) = =— =
g 03} hadron level (with UE) = = g 03f hadron level (with UE) = =
o P [ ™
© © L -
© 2 0.2 /
Q Q i
0.1 4
M 2 A M A 0 1 L M 1 A —l 2 ro—
10°® 10 001 01 1 10° 10 0.01 0.1

p = m?/(p? R?) p = m?/(p? R?)

Are these important in the TeV region? Consider that a 1 GeV
gluon inside an R=1 3 TeV jet can produce a jet mass of 55 GeV.

m? ~ Apr R?

NP bumps visible but where NP = Non-Perturbative!
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Trimming  Krohn, Thaler, Wang
B 2010 o
/. e Recluster E” dis;‘:ard subjets | £ |
./ onscale R @)  With <Zaap:

MD, Fregoso,

Modified mass drop tagger (mMDT) Marzani. Salam 2013

[ o : decluster & C .. repeat until : min (P, Ptj) _,
i ﬁ A -L.___._.f cut
/ discard softjunk "~~~ find hard struct Pti 1 Dt
) ( ) Larkoski,
min \ptq, Ptj Marzani, Soyez,
SoftDrop same as mMDT but uses 2L > 2ot e o014

Dti + Dtj

B =0 most commonly used which is the same as mMDT
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Analytical understanding of jet
substructure

Monte Carlo Analytic

m [GeV], forp,=3TeV,R=1 m [GeV], forp;, =3 TeV,R=1
0s 10 100 1000 0s 10 100 1000
' Triml:ning ' ' ' Trimrlning l ' Bumps and
0.25 |- Reup = 0.3, 2oy = 0.05 —— ] 0.25 - Reub=0.3, 2(=0.05 —— 7 kinks for QCD
oz} Roup =03, 25 =01 = == | oz} Rg=0.3, Zy=0.1 = = = | background.
5 045} ,/" 2 3 015} Only found
o - o .
= o} / I = o} after analytics
/
0.05 /I - 0.05 F
0 . . . . 0 . . .
10® 10 001 01 1 10°® 10 001 01 1
p = m2(p? R?) p = m?/(p{ R?) MD, Fregoso,
Marzani,
Jet masses with trimming Salam 2013

Many tools are now understood from first principles analytic
resummed calculations. Shower model independent. Clearly

shows up flaws and reveals features.
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Analytics for substructure

m [GeV], forp;=3 TeV, R =1 m [GeV], for py=3 TeV, R =1
10 100 1000 10 100 1000
0.2 T T T 0.2 T T T
mMDT Your=0-03 mMDT Your=0-03
ycut=0'13 _——— YCut=o'13 -
Yeut=0.35 =— =« = Yeut=0.35 (some finite y ) === = REd u ndancy Of [ !

parameter of
mass-drop found
with analytics

p/o do / dp
p/c do/ dp

10°® 104 0.01 0.1 1
p = m%/(pf R?)

Jet mass with mMDT

« mMDT is a unique jet observable. Free from complex soft gluon
effects.

« SoftDrop generalisation of mMMDT also shares this property.

Dasgupta, Fregoso, Marzani and Salam 2013
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Monte Carlo v Analytic

First understanding for jet shapes:

Pythia8(FSR) analytic
1 E 1 1

F L,=4.25 F L,=4.25
0.1 0.1 F
o o
w w
0.01 0.01 |
2 | —
H1,2
&
0.001 0.001 L 1
0 0.2 04 06 0.8 1 0 0.2 04 06 0.8 1
€s &s

Analytic understanding for radiation constraining jet shapes

Dasgupta, Soyez and Schunk 2015. See also Larkoski, Moult and Neill
2015 for dedicated calculation of C,
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Reduced not |-pertu rbative effects
hadronisation summary (quark jets) UE summary (quark jets)
m [GeV], forp =3 TeV, R =1 m [GeV], for p,= 3 TeV, R = 1
o5 10 100 1000 10 100 1000
' . 25 T Ll T
plaln. mass gj Plain mass
sk trlmmer """ i ° Trimmer =s=sx-
L pruning = = = £ 2F pruning = = = |
é \ +. .. Y-pruning —-— S Y-pruning — - —
8 15 F \\ 'l ::‘ “‘.mMDT (Zcul) -—-—-— E 15 } MMDT == == =
~ \ . ;
g 1 \ :' % L[ S - T PN 4
2 \, — p R ety P
¥ — - ’ .
0.5 | ! ‘i’ 05 [ - g
. 5 L -
8
o -6 Js * -4 1 1 1 0 1 1 L 1
p = m?(p? R?) p = m?/(p? R?)

Tools designed which are more robust against NP effects : mMDT
and SoftDrop.

Opens the door to precision phenomenology for jet
substructure at the LHC i.e. comparison of accurate
theory to more precise measurements.
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Precise calculations for
substructure

04| Heavy Hemisphere Groomed Mass ] 04| Heavy Hemisphere Groomed Mass
NLL matched ] NNLL matched
1 TeV,ete™— dijets 1 TeV, e*e™— dijets
03F ==== ZcutzO.laﬂZO ] 03f ---- zcut:O'l’ﬂZO
b’@ ----- Zat=0.1,8=1 b‘@g ----- Zw=0.1,6=1
~ :§ no soft drop f o no soft drop
gé;'|§ 0.2r Q{;‘|§ N W
PR
.* P - L
0.1r - 0.1} RS S
e P : 7‘:,’1’,7‘(’
- "’, - . -},“ .*
0.0 - 0.0 boaeea=
10-3 1074 0.001 0.010 0.100 1 10-35 1074 0.001 0.010 0.100
) e

Higher log accuracy calculations for mMDT and

SoftDrop.
Frye, Larkoski, Schwartz, Yan 2016
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Phenomenology for substructure

NLO+LL®NP, 460<py jer<550 GeV NLO+LL®NP, pyjet>1300 GeV

0.5 ——rrr—— . 0.001 ———r——— .
1 NLO+LL®NP 1 NLO+LL®NP
NLO+LL
04 | EE0NLO - | 0.0008 | ) NLO+LL |
) o
C C
E 03 - E 0.0006
£ — £
3 0.2 = S 0.0004
s . I~ 1 g . I~
S = S o
0.1r . 0.0002
Vs=13 TeV, R=0.8, z¢;+=0.1 - Vs=13 TeV, R=0.8, z¢;+=0.1 [}
0 n PR E A | n PR | PR P 0 L gl " ol " PR
1 10 100 1000 1 10 100 1000
m [GeV] m [GeV]

Matched resummed calculations with NP effects for mMDT.
Should be directly compared to LHC data.

Marzani, Schunk, Soyez 2017
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Designing new high performance
tools
E;
Y splitter 0, 585(2 Forshaw,
Not a new tool in
E; itself

* Decluster a jet into 2 subjets using the kt distance measure

« Ask for a cut forcing prongs to be more “symmetric’ i.e.aY

configuration
L wmin( B, £j) > Yecut OR min(5;, 5) > Zeut
m; maX(Ez—, E]) b + Ej

Tag jet if passes cut or discard
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Y-splitter plus grooming

Herwig++ MC: quark jets.

Signal efficiency M[GeV], for pr =3 TeV, R=1
: —_— : . 10 100 1000
—— Y-split+Trimming (feut = Yeut = 0.1, Ririm = 0.3) T T ;
=+ = Trimming (feut = 0.1, Ririm = 0.3) 0.1l Y-splitter+Trimming |
- mMDT (yeu = 0.1, u = 0.67) ’ Y-splitter = =— =
1} =~ Y-splitter (geue = 0.1) - Y-pruning ==« =
— = = Pruned (2ey = 0.1) 0.08
...... Y-Pruned (2o = 0.1 i
08| rune (i ‘t—._)_ ______ d S
" R ST - == ST TS TIIITTIIN = 0.06
& 0.6 {,m - "2
M ~_
4 Q 0-04
04}
B 0.02
0.2 T e o
0

500 1000 1500 2000 _ 2500 3000
pr [GeV]

» Y-splitter has not seen extensive use. Loss of signal due to ISR
and NP effects.

» Y-splitter is a tagger rather than groomer. Combine Y-splitter
with grooming? Rescues signal leaving background as before

:> lllustrates what can be gained by combining
complementary tools.
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MD, Powling and Siodmok,
2015 MD, Powling, Schunk.
Soyez, 2016
Signal significance with quark bkgds. Signal significance with gluon bkgds.
10 . . . . . . ; . . ;
—— Y-split+Trimming (fcut = Yeur = 0.1, Rppirn, = 03) — Y'Spht_*'rn‘lmmlng (fcul =Yeur = 0.1, Rppirp, = 03)
9} —.— Trimming (fu = 0.05, Ryir, = 0.3) ] 10 | —.— Trimming (fou = 0.05, Ryriry = 0.3)
- mMDT (yeu = 0.11, 4 = 0.67) - =« mMDT (Yeu = 0.11, 2 = 0.67)
81 . Y-splitter (Yeu = 0.1) 1 - - = Y-splitter (yew = 0.1)
7l e Y_pruned (Zcut = 0]) 8t . Y—pruned (Zwl = 01) _

— — - Pruned (2q = 0.1) — — - Pruned (zq = 0.1)

ave
.

. .

........

s
.
st
.
.
.s
.....
.
e
.
.
.

iy
.
L
(R

. —
o —

-—
.
—— v — g st — — — — —— —— — — —— ] - - Y ———

- )
— i
e — -

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

pr [GeV] pr [GeV]

Pretty decent for such an ancient tool albeit supplemented
with grooming! Performance similar with grooming using
mMDT but trimming works best
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Grooming + Y-splitter

Herwig++ MC: quark jets.

m[GeV], forp; =3 TeV, R =1
10 100 1000

o1 | Y2T-UNGMASS —— |
Y2T-TRIMMMASS
0.08 | {———— Result looks like
S oos| \ trimming. Poor
]
ol performance
0.02
o= . . .
12 10 8 6 -4 2 0
Inp

Does not work in reverse order. Order in which tools
are used matters. Also understood from analytics.
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Performance v NP sensitivity

Performance v. NP sensitivity

—— Y +plain
—&— Y, +trim
—&— Y, +mMDT
—a— SD+Y,,
= % = Y(zea)+plain
= B = Ynp(zee)+trim
- © = Y, (z,,)+mMDT
- A = SD4Yp(zew)
TR TR p|ain

trim
“+«® -+ mMDT
.. -°. .- SD

significance (eg/Veg)(ful)

] Pythia(8.186), vs=13 Tev

. anti-ky(R=1), 250<p,<3000 GeV
os F | 4 60<m<100 GeV, y or z=0.1
SD(Cce=0.05,8=2)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
NP effect (efljegarton)

Trade off between sheer performance and
robustness. An important feature seen in taggers,
jet shapes and g/g discrimination.
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Summary

Several jet substructure tools have been developed rapidly over the
last few years.

The field is now more mature and one needs to work on theoretical
control over results.

One of the key questions to address is how to approach the
sensitivity to NP effects.

To what extent should methods and results for exploring the
TeV scale depend on our knowledge of QCD at 1 GeV?
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Quark/Gluon discrimination

Quark, hadron-level
] " —

Quark, parton-level 6— . . —
Ty T T e e Pythia 8.215
Pythia 8.215 Herwig 271 ——-
Herwig 271 ——=— 5 Sherpa 221 -==-- .
Sherpa 221 ----- = erpa 2.2.
Vinf:li:)a 2001 — —— Vincia 2.001 ===
Deductor 1.02 === Deductor 1.02 ===
Ariadne 5.0.8 e i 4+ Ariadne 508 i
Dire 1.0.0 ========= Du.'e 10,0 eeeeesens
B Analytic NLL e > Analytic NLL e
- —
= Q=200 GeV | < 3 Q=200 GeV
= R=0.6 A R-0.6
4 2 L
i L
0 b= L L L K
0 0.2 0.4 0.6 0.8 1 Ol . 1 . . . 1 Wi .
A5 [LHA] 0 0.2 0.4 0.6 0.8

M5 [LHA]

Use generalised angularities Ag = Z 259?,
1€jet
x, — 1 are IRC safe . More robust but not necessarily
better discriminators. Focus on LHA with 5 = 0.5

A problem at the interface of PT and NP
Soyez, Thaler et.al 2017
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6 Gluon, parton-level 6 Gluon, hadron-level
T L L A —T — T T T " LI
| Pythia 8215 —— Pythia 8215
| Herwig 271 —=—= Herwig27.1 —=—=
51t Sherpa 221 ===~ R 5 Sherpa 221 ===~ i
I Vingcia 2.001 === Vincia 2.001 ===
} Deductor 1.02 == - D‘:d.uctor 1.02 == -
jadne 5.0.8 " 4+ riadne 5.0.8 e 4
n Arlagne 5.0.8 i Dire 10,0 =
I ire 1.0.0 =reeeeeees . . o
> 1 Analytic NLL »e i Analytic NLL
Hé,d 3 i . s 3 Q=200 GeV
&o Q=200 GeV oy Re06
R=0.6
2 2 |
1 |
1 i
0 b : L
0 - . . 0 0.2 04 0.6 0.8 1
0 02 0.4 0.6 08 1 M5 [LHA]

Differences between generators persist at hadron
level for gluon jets. For quark jets LEP tunes clearly
help but more work is heeded on gluon jets.

Soyez, Thaler et.al 2017
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Hadron-level

0.45 T T T

04| Horwig 371 —— Significant differences

oy — Vinbeaon | between event generators.

= Deductor 1.0.2 ===
0.3 Ariadne 5.0.8 e _
Dire 1.0.0 === .
: 025 — Analytic NLL = | 3 dependence in these
g ] studies is opposite to that of
oW - =200 GeV . .
B ots x| previous ATLAS studies.
<«<—LL
o1f - -
T | Need for precise LHC
0 | | | 1 1

00 @0 105 1) 12 measurements of
Angularity: (k,B) .
sy angularities to tune
2 event generators and
A) — pg(A A

2 PgN) + pg(N) eV + 2y (V) constrain gluon jets
better.

Soyez, Thaler et. al 2017



