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Outline

* | ooking inside jets: an introduction
* [heoretical understanding of taggers and groomers

* Back to phenomenology: W tagging with DD T

e News from BOOST 2016



Looking Inside |ets



| CMS Experiment at LHC, CERN
Run 133450 Event 16358963

| Lumi section: 285

Sat Apr 17 2010, 12:25:05 CEST

ubiqurtous @LHC:
more than /0% of
ATLAS & CMS papers
use |ets In their
analyses!
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Searching for new particles:
resolved analyses

* the heavy particle X decays into two partons, reconstructed

as two Jets
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http://arxiv.org/abs/1407.1376

Searching for new particles:

boosted analyses
e |HC energy (10" GeV) > electro-weak scale (10? GeV)

e FVW-scale particles (new physics, Z/VW/H/top) are abundantly
prOduced Wlth a |arge bOOSt Fully Hadronic JJ Diboson searches o N Run-1

- Modest excess at Run-1: 3.40 local / 2.50 global

- Analysis very similar to Run 1, with functional fit
of the background

- No significant excess is observed

1 3
10 <
g ot T
however sensitivity not high enough for conclusive g Ei E
probe of the Run 1 excess & -F . ) J ) 3
S 5 2 25 3
AW m; [TeV]
> 10°E T T 3 > 10°g T T ™3 > T 3
8 ATLAS Prelimina 8 ATLAS Prelimina
S 1 Vs=13TeV,3.2fb" ation S 17 Vs=13TeV,3210" ation ation
c s error S s error s error

boosted X

. . .
1 1 1 ] P [-] [t
L LT L f 1 LT
2000 2200 1200

Marumi Kado

* their decay-products are then collimated il
* | they decay into hadrons, we end up with localizec |

deposition of energy in the hadronic calorimeter: a jet
8
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Run 133450 Event 16358963

| Lumi section: 285

Sat Apr 17 2010, 12:25:05 CEST | /
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VWe want to look
inside a jet



| CMS Experiment at LHC, CERN
’ Run 133450 Event 16358963
“ )| Lumi section: 285
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Signal-jet mass
* First jet-observable that comes to mind

* Signal jet should have a mass distribution peaked near the
resonance
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 However, that's a simple partonic picture



A useful cartoon

inspired by G. Salam

e N
\e’/ hadronization

pert. radiation
(parton branching)




A useful cartoon
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A useful cartoon

inspired by G. Salam
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cffect of jet masses

* |n reality perturbative and non-pert emissions broadens
and shift the signal peak

e Underlying Event and pile-up typically enhance the jet mass
(both signal and background)

jet mass distribution from W bosons
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http://prd.aps.org/abstract/PRD/v86/i1/e014022

Beyond the mass: substructure

* | et's have a closer look: background peaks in the EVWV region
* Need to go beyond the mass and exploit jet substructure
* Grooming and Tagging:

|. clean the jets up by removing soft junk

2. Identify the features of hard decays and cut on them

- ATLAS det =47 \s=7TeV-
—- Data 2011 —
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http://prd.aps.org/abstract/PRD/v86/i1/e014022

Beyond the mass: substructure

* | et's have a closer look: background peaks in the EVWV region
* Need to go beyond the mass and exploit jet substructure
* Grooming and Tagging:

|. clean the jets up by removing soft junk

2. Identify the features of hard decays and cut on them

* Grooming provides a handle on UE and pile-up
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Irimming

Krohn, Thaler and Wang (2010)

recluster discard subjets @
ﬁ ﬁ
on scale Rsuo @ With < Zeut Pt

|. Take all particles in a jet and
re-cluster them with a
smaller jet radius Rsup < R

2. Keep all subjets for which
ptsubjet . Dt

3. Recombine the subjets to

form the trimmed jet Before After




A theorist's worry

e Complicated algorithms with many parameters
* Are we giving up on calculability / precision QCD ?

precision

QCD \

* First comprehensive QCD study of these algorithms

Dasgupta, Fregoso, SM, Powling EP] C (2013)
Dasgupta, Fregoso, SM, Salam, JHEP 1309 029 (201 3)



Theoretical understanding of
jet substructure

20



Soft-gluon phase space

1A 1 Soft gluons off a hard
log ~ soft ® s parton (a quark for
N definiteness)
(/O
o

o |
o° ® collinear

Emission probability Is uniform in the

(log z, log 0) plane: AP ~ —C dz; db;

2| I3 2 9@




Irimming

Soft gluons off a hard
parton (a quark for
definiteness)

* [he action of a groomer Is to remove some of the allowed
phase space (typically soft and soft-collinear)

* VWhat are the consequences for physical observables, e.g.
the jet mass ! 2



Irimming

| | Soft gluons off a hard
log : ® & parton (a quark for
> I @6‘9 :
: / & definiteness)
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* [he action of a groomer Is to remove some of the allowed
phase space (typically soft and soft-collinear)

* VWhat are the consequences for physical observables, e.g.
the jet mass ! 23



Irimming

Soft gluons off a hard
parton (a quark for
definiteness)

line of constant

m* = 2pq - pg = 2(1 _)()‘921?%

* [he action of a groomer Is to remove some of the allowed
phase space (typically soft and soft-collinear)

* VWhat are the consequences for physical observables, e.g.
the jet mass ! 24



Irimming

Soft gluons off a hard
parton (a quark for
definiteness)

* [he action of a groomer Is to remove some of the allowed
phase space (typically soft and soft-collinear)

* VWhat are the consequences for physical observables, e.g.
the jet mass ! 25



Trimmed mass: MC vs analytics

Pythia 6 MC: quark jets
m [GeV], forp;, =3 TeV, R =1

10 100 1000
0.3 —rrrr———rrr —
Trimming
Reyp = 0.2, Zg = 0.05 ———
Reyp =02, 2oy = 0.1 — — =
_ 02 i
©
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'8 / .\\
L
= 0.1 i
0 o o [ o o [ o
10°° 107 0.01 0.1 1

2, 2 02
p=m/(pt R")  Dasgupta, Fregoso, SM and Salam (2013)

* Trimming is active (and aggressive) for zci <p < Rsub?/R? zaut

e Not active below because of fixed Rqub
26



Trimmed mass: MC vs analytics
Modified LL (MLL): LL + hard collinear + running coupling

Pythia 6 MC: quark jets Analytic Calculation: quark jets
m [GeV], for p;=3 TeV, R =1 m [GeV], forp;, =3 TeV, R =1
10 100 1000 10 100 1000
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2, 202 2, 202
p=m"/(py R")  Dasgupta, Fregoso, SM and Salam (2013) P = m“/(py RY)

* Trimming is active (and aggressive) for zci <p < Rsub?/R? zaut

e Not active below because of fixed Reub
T



Trimm

=@

mass: MC vs analytics

Modified LL (MLL): LL + hard collinear + running coupling

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

10

100

1000

Analytic Calculation: quark jets

e
Trimming

Reyp=0.2, Z;=0.05 ———

Rsup=0.2, Z;;;=0.1 = = =

Pythia 6 MC: quark jets
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® [rimming Is active
e Not active belo

unwanted features in
bkg distributions!

s e s -
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2013) p = m/(p; R?)

Zout <P < Rsubz/R2 2l



Analytic understanding at work:
So'ﬂz DI"OP Larkoski, SM, Soyez and Thaler (2014)

|. Undo the last stage of the C/A clustering. Label the two
subjets | and |p

T min(pr1, pr2) o (ARm)ﬁ
| pr1 + P12 s Ry

then deem | to be the soft-dropped jet.

3. Otherwise redefine | to be the harder subjet and Iterate.
| -prong jets can be either kept (grooming mode) or discarded (tagging mode)

* Generalization of the (modified) Mass Drop procedure
® N0 mass drop condition (not so iImportant)

Butterworth, Davison, Rubin and Salam (2008)

o mM DT I”eCOveI”ed fOI” B:O Dasgupta, Fregoso, SM and Salam (2013)

g ( )
NS



Soft Drop as a groomer

e useful to
consider the soft-
oluon phase space

* soft-drop
condition becomes

(7)
Z > Zcut E

* soft drop always removes soft radiation entirely (hence the name)

e for B>0 soft-collinear is partially removed
30




Soft Drop vs ITrimming

* trimming had an
abrupt change of

behavior due to
ﬂXGd Rgub

* In soft-drop
angular resolution
controlled by the

exponent B

* phase-space
appears smoother

Soft drop in grooming mode (B>0) works as a dynamical trimmer

31



Soft Drop and mMD T

e useful to
consider the soft-
oluon phase space

* soft-drop
condition becomes

(7)
2 > Zeut E

* soft drop always removes soft radiation entirely (hence the name)

e for B=0 soft-collinear is also entirely removed (mMD
£y

imit)



Soft Drop as a tagger

e useful to
consider the soft-
oluon phase space

soft dropped o soﬁ-drop
condrtion becomes

(7)
2 > Zeut E

* soft drop always removes soft radiation entirely (hence the name)

e for <0 some hard-collinear is also partially removed
S




Calculating sroomed-jet properties

Pythia8, parton

*  An example: two-
point energy
correlation
functions

* no more kinks
» flatness in bkg can
be achieved for

B=0
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Soft drop at NINLL

Results: NNLL+X;? Jet Substructure
350 ‘ ‘ ‘ ‘ : : ‘ ‘ ‘
L Soft Drop Groomed Mass 600 Soft Drop Groomed Mass
300F NLL+ay ] [ NNLL+a2 ]
»sob 13 TeV.pp - Z+j,pry > 500 GeV,R =08 ] 500;" 13 TeV, pp = Z+j, pry > 500 GeV,R =0.8 ]
_ [ —m== 2o =0.1,8=0 ] — [ ===z =0.1,8=0 ]
€ 200f = zw=01.5=1 T e W
518 I 5|E s00f B =
N’\U 150— B = | a~ ______________
i T .
100F e T N 200¢ T B =0 ™ N\
[ ,/' B =0 ’-\\‘ [ ’/l _____________ \
508 et P Tl W ] W\
O W =" ‘\\“
0 i ‘ ‘ ‘ ‘ \“ 0 + ‘ ‘ ‘ ‘ \‘_
10 104 0001 0010 0.100 1 105  10* 0001 0010  0.100 1
m3 mj
— —
PT pPT
NLL+0t NNLL+NLO NNLL+x.2

Frye, Larkoski, Schwartz, Yan (2016)

* soft-drop mass: something we can calculate

* reduced sensitivity to non-pert effects

* ooing to NINLL reduces scale variation but small changes in the shape
*let's compare to datal soon!

ES



Non-perturbative physics

soft drop largely reduces sensitivity to
non-perturbative physics

1.6 1 III 1 III 1 III 1 III 1 III 1 LI

Pythia8

1.6 IIIIIIIIIIIIIIIIIIIII
1.4 | R=1’pt>3 TeV, ZCUt=O1 _

Pythia8
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0.4

ratio hadron(noUE)/parton
ratio hadron(UE)/hadron(noUE)
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Analytics to check MCs

* How solid are MC descriptions of jet substructure !

10 100 1000
| v6.425 (DW) virtuality ordered == = = |
01k v6.425 (P11) p,ordered = = = |
' v8.165 (4C) p, ordered == « =
[ 3
o} )
© .
~ .
o k N gy = N
© N . :~ . -~
\g ~-, — "‘ ~§ - .\\
. N
h
.. \
R
[ pt,]et > 3 TeV ‘\
" mMDT (y,,, = 0.13) ‘}\ '
O ] ] L o1 M .
10 107 0.01 01 1

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

o = m?/(p? R?)

B

* [ake something we analytically understand very well (mMDT)

* [ake the spread as the
uncertainty ¢

e But we also have an
analytic calculation



Analytics to check MCs

* How solid are MC descriptions of jet substructure !

* [ake something we analytically understand very well (mMDT)

m [GeV], forp; =3 TeV, R =1 ®
" ol - Take thg spread as the
6435 Oy vty oderen ==~ uncertainty ¢
i v6.425 (P11) p,ordered = = = |
01 . v8.165 (4C) p:ordered —_—— . BUt WE alSO have df
Analytics m— ' :
o [« ve.428pre (P11) p, Q%Zr'gﬁ ...... ' analytlc calculation
3 Mlssiemao——~eoo
RS . :
= e Problem In the shower:
by >3 TV fixed by the Authors In
J[tveos the 6.428pre version
107® 10 001 0.1 1

o = m?/(p? R?)

38



Back to

bhenomenology

39



lagging with et shapes

groom to remove

contamination

e.g. with soft drop

select mass window
about the resonance

Boosted QCD Jet, R = 0.6

A l o use a shape to determine
1.4¢ \\ | ’ ® - 4: .O prong S-tru C_tu re
02 0 02 T(])14 06 08 1 __1'2 - _Oisn_O:G 04 02 eg W|'th N—SUbJettH']eSS

210,



W tageing philosophies

 ATLAS

Tune for flat eff vs p_

£(p_|_, rntrim’ DZ)

« Cutonm_ /D, vs p,

« CMS

Tune for flat bakground
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CMS approach
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N-subjettiness for W tagging

. - B B
_ Tz(ﬂ)(Jet; axeS) o Zi€constits Zj mm(ei,azl’ (9"732,2)

21 = o
(B) (: - > 0]
2 (_]et, axes) iEconstits i 9i,31,1

Thaler and Van Tilburg (201 ')

65 GeV < mj <95 GeV

0.08 :
— W jets
3 ] 0.07 = QCD jets|
Fine-print ool
&)
S 0.05r
@ [ § '
o give more or less weight to large/small angles 8 0.04f
o [ ~ 2 seems slightly preferred in MC simulations 2
o 3 ~ 1 should be less sensitive to non-perturbative effects and P © 0.03
. o)
@ choice of axes: T 500l
o optimal, declustering, winner-takes-all, ...
o For a given (3, generalised-k;(p = 1/3)~optimal 0.01r
o use WTA for 5 <1 0
@ choice of jet: 0 0.2 0.4/ of %t6 0.8 1
o What to do with soft-and-large-angle emissions? —

o apply on full jet? (more discrimination, more NP Sensitive)
o apply on groomed jet? (less discrimination, less NP Sensitive)

200



N-subjettiness and mass

=)
© 10* =

* T cut sculpts the mass
distribution
- the background develop an
e s N artificial peak
A A e » discrimination power goes

...... B down

R S Y I s D I N T
0O 20 40 60 80 100 120 140
soft drop mass [GeV], sucessive t,/t, cuts

tighter ~3 =

n/eb s e

'

Dolen, Harris, SM, Rappoccio, Tran see also Kasienczka et al. |HEP 1506 (2015) 203

- flat bkg was a built-in feature of mMMD I/soft drop :-(
» we would like to de-correlate mass and shape, so that a flat cut
does not lead to a significant sculpting of the mass distribution

45



Designing De-correlated laggers

* to understand what's going on plot average
T as a function of log(mass)

P ThEoDT
> | =)

P"_
E\l 1.4 —— bkg, p, = 300-400 GeV |
—=— bkg, p_ =500-600 GeV |
1.2 —— bkg, p, = 1000-1100 GeV—

concentrate
on bkg

----- sig, p_=300-400 GeV

1 --o-- sig, p_=500-600 GeV ]

--<-- sig, p, =1000-1100 GeV ]
0.8
0.6
0.4F

0.2

R S S S S S S

© o

A tavorde move among WWF © lanma Jske defealty
wother oppomen! wi™ he (07

W91 Tien Sporta, b

* There exists a region of linear relation
- Can we understand this from first principle ?

see work by Larkoski, Moult, Nelll & Dasgputa, Schunk, Soyez 7



Designing De-correlated laggers

* Here we Iimit ourselves to a pheno study
* First shift the variable to account for pt dependence

A e * Then fit the slope and change

—=— bkg, p_ =500-600 GeV |

12 o e oo cev ) the variable to

/T,

_____
----- sig, p, = 500-600 GeV ]
----- sig, p_ =1000-1100 GeV

- & _I LI I L I L I L I L I L I L I T 1 T 71 I L I_

. e 1.6 - —— bkg, p, =300-400 GeV
|||||||||||||||||||||||||||||||||||||||_ 14—_ —O—bkg,pT=500-600Gev_—
7 § s —— bkg, p, =1000-1100 GeV

P 1o e sig, p, =300-400 GeV
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Events / 3 GeV

.

DD 1: results

- ' reduced mass sculpting, 7T T T T
preserved side-bands {__ = 500 — 600 GeV

a.u.

E EF{L

10?

S .|... S I I'" T . . . . : . L=
40 60 80 100 120 140
soft drop mass [GeV], sucessive t,/t, cuts

signal efficiency
* bkg better

......
-----
-
-r
we®

- ] 0]
- O 4 5 Bkg Uncertainty = 23% ] podt Bkg Uncertainty = 6%
o T12 < U. essurs e 1028w 05 o M =S,
00 :— # = 78.15 +/- 0.72 —: § m,, = 80.19 +/- 0.53
- . w
of- : * roughly same

%640 5060 7080 80 100 110 120 %6~"26""50" 80 70 80 80 H00 10 120
Jet mass (GeV) Jet mass (GeV) b e h a\/e d
Bkg normalization unc: 23% Bkg normalization unc: 6% * reduced

systematics
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Jowards analytic DD T

Average 71(plain) Average 71 (groomed)
0-5 ||||\+ I I ||||||| I I I |||||| I I LI 0-5 |||| I I ‘||||| |||||| I
N . ™ .
S\ Pyth|a8 - V p|a|n
A analytic(small t) - + - 3 SD - - -
04 - **  analytic(norm) —— 04 - | % mix — - — 7
M anti-k;, R=0.8 " ,
053 TeV \ anti-k;, R=0.8
03 |- t — 0.3 X1, ‘ p>3 TeV
~ o~ -
= = %
£ £ T
02 |- — 02 |- ~
01 |- . 01 |- .
O |||| L L ||||||| L L1 1 111l L LA Ll 0 |||| L L ||||||| L L ||||||| L LA L1l
0.001 0.01 0.1 1 0.001 0.01 0.1 1
p=log(p?R%/m?) p=log(p?R%/m?)

work In progress with people in Paris and Buffalo
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News from Boost 2016 (1)

Jet mass with a cut on 7o1: _arge N P effects VS
do / '
Ll = oo R R) berformance gain
Extra suppression What |S the tl”ade—OﬁQ

Rm ~ 252 log?(1/p)
becomes R, + R ~ a;g’? log?(1/7p)

;dp

Soft-and-large-angle radiation:

» @ performance gain (R;)

09(1/8) o large NP effects @ mMDT to get 2 prongs

Use that for p and 7y

Performance v. NP sensitivity [+ “Gentle” SD to reduce NP effect
6 T T R T T T T | T

T YniREn TR Yrerpln Use that for m
NS
= T2 (SD)
oAt : T21 =
%,, high pe A Tl(m M DT)
o 3f
2 . g
© ]
g 2 . E
c D . low pe!
-%1_ R TR S i :

60<m<100 GeV, yCutOFZchO-lE Wor|< ln progress by

Pythia(8.186), vs=13 TeV, R=1 |

e Dasgupta, Schunk and Soyez

1 1
0O 02 04 06 08 1 12 14 16
NP effect (ef!!l/egarton)




News from Boost 2016 (ll)

» “traditional” jet shapes not necessary well-suited for grooming
* design new variables

General Energy Correlation Functions

1 - i
,-e}ﬁ) =— > PTmPTm---PTamin ( th)

PT 1<nm <--<n;j<n

* new shapes to perform boson
tagging

e Grooming “cleans” phase space, allowing for discrimination.

M2 00 02 04 06 08 10 Soft DFOP .
I} B
e | Grooming
70f 7B
Ro=1, pr> 500 GeV, M € | v
L 60F
50¢ M,22)
—Z Jets
T 40p —— Quark Jets
30}
20}
10
0 . . 0 . . :
0.00 002 004 006 008 0.10 O T 006 - oo 10

work in progress by Moult, Necib and Thaler e e




Jet substructure laggers
at LHC Run |l
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ideas, phenomenology,

MC simulations, etc. more efﬁCient
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Jet substructure laggers
at LHC Run |l
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ideas, phenomenology,

MC simulations, etc. more efﬁCient
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