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Abstract: <p>Caoallisions at the Large Hadron Collider (LHC) are dominated by jets, collimated sprays of particles that arise from quantum
chromodynamics (QCD) at high energies. With the remarkable performance of the ATLAS and CMS detectors, jets can now be characterized not
just by their overall direction and energy but also by their substructure. Inthistalk, | highlight the increasingly important role that jet substructureis

playing in searches for dark matter and other new physics at the LHC, especially when exploring extreme kinematic regimes involving large Lorentz
boosts.</p>

<p>| aso explain how innovative theoretical studies of jet substructure have taught us surprising lessons about QCD, revealing new probes of hot
dense matter and universal features of gauge theories.</p>
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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" mjec ~ 250 GeV
Ejee ~ 2.5 TeV
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2-prong jet

Miec ~ 80 GeV
Eec ~ 1.3TeV &

& *

ATLAS Preliminary — Dala 201544018
Vs =13 TeV, 16,5 ib-1 = Fit bkg estimation
WZ selection = === HVT Model A m=1.5 TeV
HVT Model A m=2.4 TeV

Fit exp. stats error

Events /0.1 TeV

3 3.5
M,, [TeV]

with Trimming + Energy Correlators

rohn, “Wang,
Krohn, JDT, Wang, 2009

[Larkoski, Salam, JOT, 2013,
Larkoski, Moult, Neill, 201 4]
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Run Number: 159224, Event Number: 3533152

Date: 20 7-18 11.:05:54 CEST

i

o -
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O |ets c. 975

[Hanson, et al.]
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CMS Experiment at LHC, CERN

Dala recorded. Sun Jul 12 07:25:11 2015 CEST
Run/Event; 251562 / 111132974

Lumi section: 122

Orbit/Crossing: 31722792 / 2253
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CMS Experiment at LHC, CERN

Dala recorded. Sun Jul 12 07:25:11 2015 CEST
Run/Event; 251562 / 111132974

Lumi section: 122

Orbit/Crossing: 31722792 / 2253
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CMS Experiment at LHC, CERN
Dala recorded. Sun Jul 12 07:25:11 2015 CEST
Run/Event; 251562 / 111132974

Lumi section: 122
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CMS Experiment at LHC, CERN
Dala recorded. Sun Jul 12 07:25:11 2015 CEST
Run/Event; 251562 / 111132974
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[CMS 2011,2013,2015; using Kaplan, Rehermann, Schwartz, Tweedie, 2008; Ellis, Vermilion, Walsh, 2009]
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[CMS 2011,2013,2015; using Kaplan, Rehermann, Schwartz, Tweedie, 2008; Ellis, Vermilion, Walsh, 2009]
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[CMS 2011,2013,2015; using Kaplan, Rehermann, Schwartz, Tweedie, 2008; Ellis, Vermilion, Walsh, 2009]
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[see also Butterworth, Davison, Rubin, Salam, 2008; Ellis, Vermilion, Walsh, 2009]
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ATLAS: Heavy W Search
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ATLAS: Heavy W Search
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Hot topic @ fﬂ;‘ ;
CMS: Dark Matter Search ¢

pP— *q—j)

[CMS, 2017; using Ellis, Vermilion,Walsh, 2009; |DT,Van Tilburg, 2010, 201 1]
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Hot topic @ fﬂ;‘ ;
CMS: Dark Matter Search ¢
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[CMS, 2017; using Ellis, Vermilion,Walsh, 2009; |DT,Van Tilburg, 2010, 201 1]
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Hot topic @ fﬂ;‘ ;
CMS: Dark Matter Search ¢
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[CMS, 2017; using Ellis, Vermilion,Walsh, 2009; |DT,Van Tilburg, 2010, 201 1]
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Hot topic @ fﬂ;\ ;
CMS: Dark Matter Search ¢
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[CMS, 2017; using Ellis, Vermilion,Walsh, 2009; |DT,Van Tilburg, 2010, 201 1]
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Hot topic @ ’f!&\ ;
CMS: Dark Matter Search ¢
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/ \ £ CRESST-II i
&, 3¢

Small R Large R §

W/Z

q/9

with Pruning o | o

+ N-subjettiness 1 10 10° 10°
My [GeV]

[CMS, 2017; using Ellis, Vermilion,Walsh, 2009; |DT,Van Tilburg, 2010, 201 1]
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ot topic f\ :
CMS: Boosted Z’ Search roveerc @ 29" &g

[CMS, 2016; using Larkoski, Marzani, Soyez, |DT, 2014;
DT, Van Tilburg, 2010, 201 |; Dolen, Harris, Marzani, Rappoccio, Tran, 2016
B PF
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ot topic f\ 4
CMS: Boosted Z’ Search roveerc @ 29" &g

CMS Preliminary 271" (13 TeV)
1 T T

‘g 1200 + ™1 y T T T
RECOil Jet(S) [ «— data
2 QCD Pred.
; 1000 MHIJ Total S;V:{Prod.
W(aq)
800 — Z{qq)
A*l . Z(qq), g, = 1, m,, = 200 GeV
L -
z ) [ ) 600 b“%
¢
400 ”\w‘
4
200 | |
N l f | T ol oot - o
-------- 1 050 " 100 150 200 250 300
c ]9 T v " i U LT
Zor7 1= .
| il
. ‘a ! y-.
with Soft DrOp 3 8 50 100 150 200 250 300
+ N_S Ubjettiness soft drop mass (GeV)

+ Decorrelation Strongest bounds

since SPS (!)

[EMS, 2016; using Larkoski, Marzani, Soyez, |DT, 2014;
DT, Van Tilburg, 2010, 201 |; Dolen, Harris, Marzani, Rappoccio, Tran, 2016
B Pl
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Jet Substructure

Pushing the Boundaries
of Quantum Field Theory
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QCD Renaissance
Theory c. 2008—present

b, [GeV] anti-k,, R=1 ‘ |

254,
20
15
10

t
\-"\ Aty ‘ Al W '
[ \“\. \ “\\ \' i \ .\i-\
AL W 1
‘.\.\‘llﬂ\l\.\\ \ LA ‘\\\\ L \‘\ .‘ | ‘\l\\ \._\\"
‘., S .\ \\ \ A
Nl t\ \\ R W
\\\\ \‘ ‘ P
n \\\ ~. i
: \\\\
+ T

-2

}Lu\ \_‘.‘.-
0 6 4

New Jet Algorithms Jet Substructure

[Anti-kt: Cacciari, Salam, Soyez, 2008; see also Delsart, 2006] [N'LO: Anastasiou, Duhr, Dulat, Herzog, Mistlberger, 2015]
[BDRS: Butterworth, Davison, Rubin, Salam, 2008; see also Seymour, 1991, 1994]
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Soft Drop

— '
I ‘ .
[Larkoski, Marzani, Soyez, |DT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]
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Soft Drop

Groomed
Clustering Tree

'
[
'
] 'y
] ¢ LI
i
[
[ X
M I [
1 (Y
M o
L]
] _‘
[ Ve
]
[
[
[ LR
[ ]
laspnssnsasnnnnnsn e p—

[Larkoski, Marzani, Soyez, |DT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]
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Soft Drop

Groomed
Clustering Tree

- r.
T &

I
N
oa

[Larkoski, Marzani, Soyez, |DT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]
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Soft Drop

Groomed
Clustering Tree

- r.
T &

I
N
oa

[Larkoski, Marzani, Soyez, |DT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]
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Calculating Mass!?

Simulated LHC Data

025 b L L | I
—— plain jet
—_— =2
02— p=1 -
B=0
B=-0.5
0.15 - -
R=1, p>8 TeV
Zgy=0.1 —
01 | / J H\‘\\ .
0.05 ) -
0 2 Aol ol Ny
10% 10° 10* 10° 10% 10" 10°
2 2
mg /PT
More Grooming ‘ ‘I’ l Less Grooming l

1 »
Ll

b B<o0 B=0 B>0 B+ o

[Larkoski, Marzani, Soyez, |DT, 2014; see also Frye, Larkoski, Schwartz,Yan, 201 6]
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Calculating Mass!?

Simulated LHC Data

025 b L L | I
—— plain jet
—_— =2
02— p=1 -
B=0
B=-0.5
0.15 - -
R=1, p>8 TeV
Zgy=0.1 —
01 | / J H\‘\\ .
0.05 ) -
0 2 Aol ol Ny
10% 10° 10* 10° 10% 10" 10°
2 2
mg /PT
More Grooming ‘ ‘I’ l Less Grooming l

1 »
Ll

b B<o0 B=0 B>0 B+ o

[Larkoski, Marzani, Soyez, |DT, 2014; see also Frye, Larkoski, Schwartz,Yan, 201 6]
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Calculating Mass!?

Simulated LHC Data First- prlnC|p|es QCD

0425 Ll l T I I O|25 I I T
E— p nJet —_— p|a|n|e| solic: mult, em.
— =2 — p=2
02 | — p=1 = 0.2 | —— P=1
{5:0 Iszo Sudakov factor
B=-0.5 B=-0.5 /
015 |- - 015 |- -
Re1, p>3 TeV R=1, p>3 TeV
Zoul 0.1 A Zout 0.1

01 F / \ . 0.1 | /- ,. /

0.05 - ) - 0.05 |- -
0 Zi Ao N 0 I RN A B B W
10° 10° 10* 10° 10? 10" 10° 10% 10®° 10" 10° 10? 10" 10°
2 2 2 2
More Grooming ‘ ‘I’ l Less Grooming l
l )
B—r—oo B<0 Bzo B>0 B—roo
[Larkoski, Marzani, Soyez, DT, 2014; see also Frye, Larkoski, Schwartz,Yan, 201 6]
Jesse Thalet New Physics Gets a Boost 42

Pirsa: 17050002 Page 92/109



Calculating zg!

1
N
N—

_I_

~

=~

JD
VRS

p (39' )
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Calculating zg!

p(zg) — (undeﬁned ) + (1’,,,-(

> 17
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Calculating zg! Zg .

e,
" *
. . ave, .
. . . .
. LY . -
< » "
" Y
* "
Taust

1)(3,«,) = (undeﬁned ) + (14,,.( infinity ) + (kf( ) - ..

2 JGGS

809, 5,

A J
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Calculating zg! Lg

p(f;,«,) - (undeﬁned ) -+ (1/.,,-( infinity ) + (}43( infinity? ) + ...

> 17

809, 7&2
oA
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Calculating zg!

.., Z
Ll
- ." g av
- . [ . .¢
:
L - * -
- L) - -
- L
Y L]
‘..‘D

p(f;,«,) - (undeﬁned ) -+ (1/.,,-( infinity ) + (}43( infinity? ) + ...

> 17

e

‘ Zg ] Unsafe
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The Puzzle Zg \E?g

ave, .
L) L -

- - -

L] L

L

Calculable
Unsafe order-by-order in s

} 4
p(zg) p(zg |H.f1)
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The Puzzle

2

p(z) = / 40, p(0,) p(z9)0,)
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The Resolution

Jesse Thalet

y . Calculable
Sudakov Safe order-by-order in X

| |

p (Zg) = [ do, p(ﬁg) p(zg |H.f1)
' t

[Larkoski, JDT, 2013; Suppresses singularities
Larkoski, Marzani, JDT, 2015] .
at all orders in O

T ——
1 = = = Fixed=Order (LO)
o08h b All Orders (LL)
]
\
\
0.6}F \
\
;// Sudakov factor
04 \\
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First-Principles QCD

B e St S B

2y distributions
pr=2TeV,Ry=0.5
of running o fixed
| dor
o dz, | |
2h 1
() P— l PRI T el P TR | —
0.0 0.1 0.2 0.3 0.4 0.5 0.6
2o
More Grooming Less Grooming
1 [
l »~
b B<0 B=0 B>0 B~ o
[Larkoski, Marzani, JDT, 2015]
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First-Principles QCD

8

]
1 z, distributions
]
3 pr=2TeV, Ry=05
6} running «, fixed «,
£=05 = -
[ dor \ . i
—— g4 N p=-05 — —— i
o dz,
2H 1
()b .
0.0 0.6
Cq = 4/3 :
CI: - 3 “8
Y
2(?,,.(1‘,‘_ | ’:’((;‘ X4 ( ' | Beyond traditional
= ———— ]()g - iy erturbation theor
’ f Y
7is ‘ /'))‘ ':f}' Zeut / -:” (Sudakov safe)
More Grooming v \ ] Less Grooming
] >

0 B>0 P> e

[Larkoski, Marzani, JDT, 2015]

b <0 B
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Unsafe but Calculable Simulated LHC Data

8 ]
g distributions - Groomed Momentum Fraction
pr=2TeV, Ry=0J5 | ' Herwig++, 13 TeV LHC
Of \ running «, fixed oy 6fF "I Ry=05 0 =0 1
=== pp > 50 GeV
F =) — -——— . -
I der p | der pr > 100 GeV
o dzy o dz, r | N4 pr > 500 GeV A
------- - > 2000 GeV
2 2} .
T==a -
[) i L L L L 0 N | N
0.0 0.1 02 03 04 0.5 0.6 0.0 0.1 0.2 03 0.4 0.5 0.6
%y .

“Standard Candle” ~ i
for Jets in QCD: 2g

200, dO dz
(IP,:_>«1',_(} -~ - O! 0 " {666‘;

[Larkoski, Marzani, JDT, 2015]
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Unsafe but Calculable Simulated LHC Data

g distributions Groomed Momentum Fraction
pr=2TeV, Ry=0J5 Herwig++, 13 TeV LHC

| —
e

Of running «, fixed o, 6fF Roy=05 0 =0 1
4 N\~~~ pro> 50 GeV
| dir Pr = 100 GeV
,,,,,, > § je o
o dzy CMS Open Data pr = 500 C L‘V
------- pr > 2000 GeV
o “ — Iy

& L LI B B UL SIS LRSS IR R - 1
8 = CMS 2010 Open Data | %

w—= Theory (MLL)
—— Pythia 8,219

TR 1de [y Herwig 7.0.3 1 3 04 05 06
r'r(l:,, ok + Sherpa 2.2.1 1
' Pt s L GeV r
A AKS; [n] < 24
3F Pt > 160 Gov o o

SDifd o= 0,2, = 01 4

[Tripathee, Xue, Larkoski, Marzani, |DT, 2017] >

[Larkoski, Marzani, JDT, 2015]
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( 1\1\ CMS Experiment at LHC, CERN
Dalta recorded; Wed Nov 25 12:21:51 2015 CET
Run/Event: 262548 |/ 14582169
v Lumi section; 309
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CMS Experiment at LHC, CERN
rded: Wed N 12:21:51 2015 CET
ent: 262548 / 14582169

i section: 309

[CMS, 2016; using Larkoski, Marzani, DT, 2015]

T T T T T
Centrality: 0-10% Centrality: 10-30%

T T T T T T
Centrality: 30-50% Centrality: 50-80% 4

=« ppsmeared anti-k, R=0.4 £ SoftDrop 3=02z_ =0.1 CMS Preliminary
160<p, <180 GeV ] ™ AR,>0.1 r =4=
|1|Jm|<‘|.3

= PbPb
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Jet Substructure

No. 7,-=-,  Boosting the Search

s o SR
b S . 2
= % -.'  for New Phenomena
“*at:. S Trimming N-subjettiness
\ Soft Drop
Generalized Correlators

Pushing the Boundaries
of Quantum Field Theory

Sudakov Safety
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