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Disclaimer

* This talk is overview from a review last year 2016

- It has been slightly revamped at the end for new tech

 The end is a bit disjoint
* | am moving at the end of the week to the US

- This review was for the pp community

 The aim was to introduce this to jet reconstruction beginners
* S0 bear with me at times

* | am a pp physicist
- | have done some work in Hi
- | don't speak fluent Hi

- | am familiar with the tools



08/24/17 3

What is a jet?

Theory level Particle level wr Leve

g

T

A composition of many \ \’I

particles originating from a Tracke

quark or gluon Charged Hadron Ecal
Photon
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What is a jet?

Inside a detector Tracks in
Silicon

From a single
vertex

Ecal
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Jet Reconstruction

e |trerate over two

Take smallest

‘ . 1 2
AR min(p,’,p;%)*

’ a=1 kT

/ a=0 Cambridge Aachen
> /I G=-1 Antl'kT

/
Highest p.
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Jet Reconstruction

e |trerate over two

Take smallest

s AR min(p.',p.?)°

a=1 kT
a=0 Cambridge Aachen

a=-1 Anti-kT
Start small
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Jet Reconstruction

e |trerate over two

Take smallest

AR min(p,',p;°)°

a=1 kT
a=0 Cambridge Aachen
a=-1 Anti-kT

Start Close
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Jet Reconstruction

e |trerate over two

4 Take smallest
. 1 2
AR min(p,’,p;%)*

a=1 KT
a=0 Cambridge Aachen

a=-1 Anti-kT
Start Big
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e |terate over two

Now merge initial into a
particle

9

Jet Reconstruction

Take smallest

AR min(p,",p;*)°

a=1 KT
a=0 Cambridge Aachen
o=-1 Anti-kT
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Jet Reconstruction

e |terate over two

Take smallest
. 1 2
AR min(p,’,p;%)*

~d a=1 kT

a=0 Cambridge Aachen
o=-1 Anti-kT
Zooming out
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Jet Reconstruction

e |terate over two

Take smallest

AR min(p,',p;°)°

a=1 KT
a=0 Cambridge Aachen
o=-1 Anti-kT

Merge next set
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Jet Reconstruction

e |terate over two

Take smallest

AR min(p,',p;°)°

a=1 KT
a=0 Cambridge Aachen
o=-1 Anti-kT

Merge next set
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Jet Reconstruction

e |terate over two

4 Take smallest
I 1 2\a
AR min(p,’,p;°)
a=1 kT
a=0 Cambridge Aachen
a=-1 Anti-kT
Merge next set
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Jet Reconstruction

e |terate over two

Take smallest

AR min(p,',p;°)°

a=1 kT

a=0 Cambridge Aachen
a=-1 Anti-kT

If distance > X (stop)
X=0.4,0.8,...
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Jet Reconstruction

e |terate over two

Take smallest

AR min(p,',p;°)°

a=1 KT
a=0 Cambridge Aachen

(¥4
x

QV)
3}
P =
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Why do we use these algorithms?

ot % T T Y N NY ™™

SAFETY .
FIRST " .

 h O O Y A Y V™M™

" 1 2\a
AR min(p.',p.°)
Need to be able to calculate these with QCD
Collinear safety

AR min(p.',p,%)*—0
/ﬁ// 020 When AR—0

A
Can Randomly
happen? When AR—O0

V 4V 4V 4V 4V 4

*Wesley Smith
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Why do we use these algorithms?

““““‘

' SAFETY . :
" FIRST"

N

L““““.

. 1 2\a
AR min(p.',p.°)
Need to be able to calculate these with QCD

Infrared safety AR min(p,*,p,2)*—0 (p,—0)

00000 For a=0 gluon gets
A : .
Can Randomly combined with nearest

happen? When E—0  particle p.'—p +E(—0)=p.

*Wesley Smith
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Why do we use these algorithms?

““““‘

' SAFETY n
" FIRST"

N

 h O O Y A Y V™M™

To calculate anything with a jet we need to observe :

Infrared safety : invariance with random particle w/E—0
Collider safety : invariance with random split AR—0O

This applies to jet substructure observables too!
...Well maybe
can you think of a example that breaks IR safety?
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Whats the right cone size?

@ii JHEP 1205 (2012) 128
SR CAREE Phys. Rev. D 86 (2012) 072006
SR NG §

N

1.0 & @ @ Q. @ @
in true ATLAS/CMS fashion,

> | | we have no overlapping
: | working points

> @ o &
2 9 ¥ > & &
¢ & > &S o & FE . & observable

¥ && & ¢ $ o & SN
N = § = 8§ SFS) ISR é’)ng@

< L 3 & FD &8
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& ke FIE
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Whats the right cone size?
There is no right cone size

20 1 6 cms, | cms, | cms. | W QE] JHEP 1205 (2012) 128
1 z JHEP 05 (2013) 090
R | | '/ﬁ ( ) Phys. Rev. D 86 (2012) 072006

@
g 9 ¢ &

1.2

1.0

s, @ | in true ATLAS/CMS fashion,

y’
%
0.8 R
o

CMS CAL\S
S : : we have no overlapping
; king points
S‘ | WOor
& ‘

0.5

> 2 o .
o % Q@ > & D
o & & & S cgo,@ @o(g) o & Observable
& £& £ N ofs 58
5 o S K A & .
& g g€ &S EFE L
N < \c,_; ézéro{g Q‘cébc?
& t5e F¢
§ & &
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Current Defaults at LHC

UTZMZ28
e\ 86201 2) 072006

N §  ATLASBig1.0

-+ul B =N QL & Q. Q>
= 4 i I . ‘ .
: - | MS Big 0.8

ST AS/CMS fashion,
wenave no overlapping
working points
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Current Defaults at LHC

219 0.8

e S/CMg fashion,
ve no overlapping
working points
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Why do we have different defaults?
* WWe don't just care about the initial qugrk

wg

\

A composition of many \’I
particles originating from a Tracke

quark or gluon Ecal
Photon
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Many Phases of Jets

Pileup Jet V Boson Jet B-quark Jet
Displaced vertex
Wz Quarks 9
AYAYAY: )
9
Quark/Gluon Jet Top Jet Higgs Jet
% b
g H <
q H
— VA
- AV
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Each cone focus on a different object

Larger cone allows us to Smaller cone allows us

look from top Jet to look from W Jetm -
%’ 220 |||||||| I L B B R |_ E 600 — o Data CMS ]
¢ 200F q ATLAS Prellmlnary q < Top (W — Preliminary
o - Ldt=20.3 ", Vs =8 TeV 1 a n -Epiqji
: 180 . A ant|al;0RG1 V[:‘l I:lnTr;ed B :;J . Oti e?bkgj .
C = o> o E
§ 160 n Wl —e— Dpata2012 - 400 |2
-— - = ttbar (with contained to
LICJ 140 - % ttbar Enon contained tos;
' W + jets
120 E_ e E SlngfetTop ]
100 :— 1 - gt::tsstmal uncertainty . 200 \
80F
6 0 ; - o
4 0 ; i J 4 F
200 Y 1 S 2F ety td L Y ¢
0_ be' | D g § **ﬁ ++ ++ ﬁ# ¢ +++ ++++ ; ++§ + 3 *# ++@
b~"50° 100 150 200 250 300 350 40  2f N
MaSS [GeV] 0 50 100 150 50 [Ge\Z/?O
2m

Master formula for heavy object : AR="_
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Each cone focus on a different object

Larger cone allows us to Smaller cone allows us

look from top Jet to look from W jet
S B TorTaging W |
5.3 EMPSTSign?Llllagtlnn 012 FIX AR—0.8
S Mufﬁr&: !f{Te".f 2m
5 f 0.1 =0.8
E 2502— pT
200 0.08 m=04 pT
150 i 0-06
100 —0.04
In.uz
300 400 500 600 700 800 900 °

900
pJ:‘ (GeV/c)
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Spectrum of Jet Substructure

Substructure has been leading to a change in how we view jets

Pileup Jets Quark/Gluon  Merged
Jets bosons/tops

Pileup treated with Pileup Jet Id at low pT

At high pT Pileup subtraction the most important

At 1 TeV Reconstruction effects limit substructure
(we will not talk about this here)
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What is a jet?

Inside a detector Tracks in
Silicon

From a single
vertex

Ecal
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What is a Jet?

Inside a detector T_re_lcks in
Silicon

Charged Pileup can be separated by vertexing
Neutral Pileup cannot®

Ecal

*Fast timing/Depth reconstruction can help



08/24/17

50-200
GeV

Detector Surface

R

pT (GeV)

—_
o

// //' /
///
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We also have pileup
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We also have pileup

teresting info
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* Filtering the In

6

50-200
GeV
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We also have piledp
* PW¥ering the interesting info
Pile
While Pileup In pp has
some differences
Many of the properties of
w00 Plleup are similar to UE
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0 [ 11 %F [l 0 e N o o | o | I
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Jet Energy Correction
e Correcting to truth

PV
ot &
Wing Bve
ynael Y A -
UE/PU Jet radiation
Interferes pushes jet
\W/jet activity | Out to larger
A ycone

How do we shape our jet against the UE?
Why did CMS switch to AK47?
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Jet Energy Correction

* AK2 CMS Simulation \'s =8 TeV
7A 05 : | | | | 1T 11 | | | | | 1T 171 | :
5 0450 Antl-kT, R=0.2 (PF+CHS) E

Q. N .
“Q“_n- 0.4F / ml<1.3 -
~_ 0.35[ -
; : Influence OfUE+Osp,<10 :
D 0.3~ +10<p<20 -
\,_025%4 +20<p<30
L A S | 30<u<40 -
| O ]
© o2F ﬁ% =
0.15F *s =
: T :
0.1 - E
- _O_—o—_g_ .
0.05 I —
0: | | | ] | L1 1 | | | | | | L1 1 | :

20 30 100 200 1000

pCEN [GeV

JME-DP-14/037
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Jet Energy Correction

’ AK3 CMS Simulation /s = 8 TeV

7A 05 - | | | | L | | | | | [ | ]
B |_045 — Antl'k-p R=0.3 (PF"‘CHS) E
o - :
:/S_I— 0.4F / ml<1.3 -
- -4~ =0 .
~=_0.35[ E
: - Influence ofUE+0Sp~<10 :
o 03&: 4+ 10<p<20 -
or025fams s +-20<u<30 °
= 5@&1' 0<p<40 |
© o2F 00;5% E
0.15F i E
- %ﬁ_%g .
0.1 T o E
E _Q_—o—_o__o__o_ E
0.05F _
0: | | L0110 | | L] .

20 30 100 200 1000
pSEN [GeV

JME-DP-14/037
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 AK4

Jet Energy Correction

CMS Simulation \s =8 TeV
7A 05 : | | | I T 11 | | | | | L | :
0 o4k Anti-k;, R=0.4 (PF+CHS) -
Q. N .
B_'_ 0.4F m<13 -
V R =0 =
= o35/ Influence of UE ] {70 (10 -
BI—03%" +10<u<20 -
Q. B ol .
\|—025‘ [ S +20S},L<30 E
g TRl 30<u<40 7
© 0.2 0;::_0 —
- Ooi .
0.15 o8g ]
[ %::Q: ]
[ %E=e= ]
0.1E oo :
0.05F 0o
O: | | | | | | | | | | | | | 1 1 1 | :

20 30 100 200 1000

p?EN [GeV

JME-DP-14/037
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Jet Energy Correction

’ AK5 CMS Slmulatlon /s = 8 TeV

7A 05 : | | L | | | | | L | :
'5' |_0_45:_ Anti- kT’ R=0.5 (PF+CHS) E
Q. P -
;Q"_l— 0.4F ml < 1.3 :
:.. —GP—LL: .
—_ 0.35 E
E b Influence of UE |y 40 =
o 0'3‘_"} +10<pu<20 -
. S Y :
}0.259 oo ® 20S!,L<30 E
— F R, eee 30<u<40 -
- “o%8s .
0.15F °o8% o E
0.1 - _asafﬁgﬁ E
: oo ]
0.05F S S
0: | Lol l Lo ]

20 30 100 200 1000
pSEN [GeV

JME-DP-14/037
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* AKG

40

Jet Energy Correction

CMS Simulation /s =8 TeV
7A 05 - I I I I I T T | I I I I I T 11 | .
g . 0.45 = Anti-k,, R=0.6 (PF+CHS) —f
o L -
o % - u=0 ]
= 0.35[% % =
E :g\_._ Influence of UE+osu<1o :
O - 03« 4 10<sp<20 -
Q EN -
Fo2s5fF *°° +20<pu<30 °
o e, e 30<u<40
©  02F % _“eee =
5 950 ess .
. o~®e $ e
0.15E 0031;35_ _ :
0.1 S=g -
- #E@E—o— ]
0.05F 0o
0: 1 | l 1 L1 1 1 | l l ] l L1 1 1 | :

20 30 100 200 1000

p‘TaE'\I [GeV]

JME-DP-14/037
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Jet Energy Correction

* AKY CMS Simulation (s =8 TeV

7A O5E | I | L | | | | | L | .
d 04[] / Anti-k;, R=0.7 (PF+CHS) -
Q. —e ]
-‘é_l— 0.4;:.-.. h;l <13 _;
% © _qg_u: N
~_ 0.35F% E
E 35 Influence of UE | 4., <10 =
D 03¢ :—"'_ | +10<pu<20
r025F e +20=su<30 -
o . e 30<u<40 1
© 02 %‘%O ‘e =
E o 5 5
0.155— Cosdg E
0.1 == =
- T .
0.05F oo
0 : 1 | l 1 L 1 1 1 | l l | l L1 1 1 | :

20 30 100 200 1000
p=EN [GeV]

JME-DP-14/037
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Jet Energy Correction

* AK3 CMS Simulation (s =8 TeV

7A 05 o | I | | L | | | | | L | .
0 0450 / Anti-k;, R=0.8 (PF+CHS)  J
O - 9 ]
§H 0.4:4:. . ml<1.3 _;
" e o _49_“:0 N
~_ 0.35[ % 3
E T Influence of UE | g, <10 =
2 030 . +10<p<20
oro2sF WL +20=p<30 -
o = -t 30<pu<40 -
© o2 ;z—%bo . E
= o ®ees -
0.15 E_ OOO;:;__.::.: ) _E
0.1 oF g -
: e 5
0.05F 0o
0: | | | | L 1 1 1 | | | | 1 L 1 1 1 | :

20 30 100 200 1000
p=EN [GeV]

JME-DP-14/037
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Jet Energy Correction

’ AK9 CMS Simulation /s = 8 TeV

7/\ 0.5:. T T 1 ||-|| T T T T T 1T ]
B ,_0.45;—'.. / Anti-k;, R=0.9 (PF+CHS) E
Q. . -
'é‘_.- 0.4;:... ’. ml<1.3 -
- % - u=0 ]
> 0358 % ..Influence of UE | g_\ <40
Bc:.'_ 0'3;\’. +10<pu<20 -
H0.25F et +-20<u<30 °
\9—/ ) [ f:_._o 30 < u < 40 E
© o2 _i—%%o 20t E
- ©o o o ]
0151 Too ek -
0.1 pRt St E
= = .
0.05F e S :
0: ! Lo | ! Lo -

20 30 100 200 1000
pSEN [GeV]

JME-DP-14/037
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Jet Energy Correction

* AK1.0 CMS Simulation (s =8 TeV

7A 0.5 : ° I I I I T 11 | I I I [ I T T | :
{045k / Anti-k;, R=1 (PF+CHS) 1
Q. - ]
~ oaf® ° m<13 3
\C/). - % & u=0 N
= 0.35% ° ° M= =
: %, - Influence of UE _ 4 <49 =
D 03 % | +10<p<20 -
oroasF CLe"s +20=p<30 -
o "t Lo 30<pu<40
© S S .
S e z
0.15F O%OO"";;; =
0.1F *}f!L:!:_ ) =
0.05 f— :QE*—@‘—@——O—%
0: | | | | [ | | ] | | | | ] 11 | :

20 30 100 200 1000
p==N [GeV]

JME-DP-14/037
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Jet Energy Correction

* Executive Summary :
We switch to AK4

08/24/17

Run Il PU

Run I’PU

CMS Simulation Is=8TeV CMS Simulation / Is=8TeV
Z/\ 045_' I ZA 045__ T T T T T T [ T T T T T T ,_
. E QCD Multijet o <13 o F QCD Multijet o <13
Q'l_ 0-4;— Anti-k_ (PF+CHS) o 13<m<25 = Q',_ 0-4:_ . Anti-k,. (PF+CHS) o 13<m<25 B
(o} - Q - 4
YV 035 0GeV<pi™<35feV o 25<hn <30 — YV 035 30GeV <pi™<PGeV o 25<[n <30 -
EA 035_::10su<20 o 30<f <50 - EA 0.3z—_§:305M<40 ° 3-0<hl|<5-0'_'_::::_E
OQ.F | e OQ.F - ,:.:rﬁ%.H_.ﬁ ]
E_ 0.25 T * ﬂ—:::— 3_‘ 025 +:+ ]
a Co—— —g— N C f::‘zlz‘f'_"
° 02 ww 3% 2- e 3
015 0.15;— —
01 AK4 wins (at hlgher poslightly different) E
005:— I I | | | I | ] I I | 005:— ] L | I I I | I I | | I I 1 | ] I ] | =
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Cone Size Cone ?ize
JME-DP-14/037
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Jet Energy Correction

* Executive Summary :

We switch to AK4

Run I’PU Run Il PU

. CMS Simulation Is=8TeV . CMS Simulation / \s=8TeV
T T T | T T T | T T T | T T T | T T T | T T I T | T T T | T T I | I T T | T T T I I
é _ 045 QCD Multijet o M<13 é _ 045 QCD Multijet o hl<13
Q'l_ 0.4 Anti-k_(PF+CHS) o 13<<25 Q'l_ 0.4 Anti-k_(PF+CHS) o 13<h <25
Q Q
Vv 035 1000 GeV < p>*" < 1600 GeV Vv 035 1000 GeV < pS=" /1500 GeV
z z
% - 0.3 10<p<20 % - 0.3 30<pu <40
Q Q
F 025 * o 025
5 02 At high pT AK5/AK& wins
0.15 0.15 _}_
0.1 —— 01—
FH*. e —e— - : : s
0.05 A IS N S SR M N 0'05...|...|..;|..:|...|.
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Cone Size Igo e?i
JME-DP-141637
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Stability of our detector

« Using all the jet cones allows plots like this:
CMS S:mulat:on Prehmmary 19 7 fb (8 TeV)

-
eSS

— ' L
g PF PFﬁ('(JHSV hi<13
L e o e R-o 2-1.0
E e T o= 1) x 100
[ 10L 3
o ® o o ° * ’ : 5
+— F . 8
i_t __ i @ [ ] -
(- 8— ..
S
5 6__ - 0 o ©
S ¢¢@ N :
E 4 . 3{ é ® B =
ok & :
$ =(A,) =R 2- VN"'N e 3: e
0 e Ly g v Eveean Lo e v leasaan Ly zp il T| J

b 10 20 30 40 50 60 70 80 90 100
uxA
Generically ATLAS doesn't have this scaling JME-DP-14/037
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Improvements form ATLAS
 While ATLAS does not use pflow

- Yields resol. loss(Charged parts)+worse granularity

- Compensates w/improved aranularitv throuah GSC
Before GSC After GSC

® | ATLAS Simulation Preliminary | ® [ ATLAS Simulation Preliminary
9 1.2 EM+JESw/o GS PYTHIA8 7 9 1.2 EM+JES PYTHIA8 7
2 - anti-k, R=0.4 n[/<0.3 a - anti-k, R=0.4 | <0.3
o e BOSp$“th<40 GeV as I " SOSptT””h<4O GeV
1.1- [ 80<p™"< 100 GeV | 1.1 =) 80<p" <100 GeV
= [[47]350<p" <400 GeV i [[2] 350 <p™™" < 400 GeV -
1 e, - [ O NP
L —iy & - — (& 4
o9-  Corrections exist at jet lawel (not particle) :
£ 0.1 | | ] @ 01 .~ T
c i — r
- 0.05: P ; - 0.05: ]
S e : > el
g % 0.1 02 03 g G 01 02 03
s width, £ width
< https/atlas.web.cern.ch/Atlas/GROUPS/PH¥XSICS/CONFNOTES/ATLAS-CON F-9D15-0¢


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-002/
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Visualizing the PF impact

P, (GeVi/c) P, (GeVic)
| CMS Preliminary | ] [ CMS Preliminary |
0.45 0.14—

P
f-N
I

0.12 :

0-35 f e - TR : : : : :
E | 0.4

¢ Resolution

— : N

0_22 0.06—

Jet-Energy Resolution

0.15 = s i 0.04 - :

= 0.02f

Angular information from the tracks improves
the resolution of the jet shape internals
(Don't need to correct for jet shape aposteriori)
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Dense Environment
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Dealing w/RY-UE:

Key questions :

What happens to a jet in pileup?
What is the composition of pileup?

51
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~ Consider a jet

/4 |
Energy \/?
~ Hereisajet

AN

Distance (AR)

52
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Consider a jet

It is made of many

Energy particles
Clustered by a

clustering algorithm

Additional
particles

Distance (AR)
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Consider a jet in high pileup

Here is a jet

Here is additional energy
from pileup

Distance (AR)

54
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Consider a jet in high pileup

Jet
Energy energy ll

Shifted
Baseline

Here is a jet

Pileup subtracted

Distance (AR)

99
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Pileup removal in action

am PT offset / unit area / # of vertices

CMS preliminary {s=8 TeV

% _I T'TT | TTTT I TTTT | |||||||| | TTTT | TTTT | TTTT | TTTT | TTT I_
1.4 —

(5“ B B photons ]
/“;6 1ok Offset/N,,, I cm deposits N
2 Tr [ neutral hadrons
= [ [ hadronic deposits ]
£ 1 data 25 charged pile-up —
[ I charged hadrons |
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Consider a jet in Heavy lons

Here is additional energy
from underlying event

Distance (AR)
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Consider a jet in Heavy lons

Heavy lon
collisions are
sinusoidal

: i 3 y,
Here is additional energy oy S
from underlying event v

\_// ‘\V

Distance (AR)
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Consider a jet in Heavy lons

Heavy lon
collisions are
Energy sinusoidal
A - 4
\ Les®’

mEm .
Split the jet into sub

components and subtract the
energy

Distance (AR)
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Led to HF/VVoronoi Method

Before subtraction

T WD C L
AR B
e

L N

£
-
e

_.‘

—4 —2 0 ¥ 4

n
Define each stepwise subtraction by building a Voronoi cell
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Led to HF/VVoronoi Method

After subtraction
¢ 7T T 10

pr(GeV/

L

n
Define each stepwise subtraction by building a Voronoi cell
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A jet In realistic pileup

Distance (AR)
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Conventional subtraction

Distance (AR)
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Conventional subtraction

Distance (AR)
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Conventional subtraction

Energy Our original jet has a
modified Energy

We now find 3 Jets

e

Distance (AR)
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Conventional subtraction

Energy

These extra jets are
Known as “Pileup jets”™ or
In heavy lons
“Combinatorial jets”

Distance (AR)
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Lets back track

What is the composition of the pileup?

Energy

Distance (AR)
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Composition of pileup

» Every collision starts with quarks

- This leads to jets in the final state

- Now combine many different collisions together

CMS L =34pb’

Ns =7 TeV

o L AL I CMS L =34 pb’ /s =7 TeV
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Pileup Jets or “Fake” Jets
e For all classical purposes
- Pileup jet can be viewed as overlapping low p_jets

e Consider the Jet substructure of such an object?

P(overlap|pT) =C szu azjetp-l--a.z Real Jets ~ pT-*

CMS Preliminary, (s = 8TeV L=20 fb"

> - 10
8 106 3 Z_”‘”J' ¢ Data g e Trigger P 10-15 GeV
e ; ® s o Trigger p_: 15-20 GeV
N g ..' e Trigger p : 20-50 GeV
‘ﬁ 5 :- -‘-I- o f
e 10% i
4] : ’
i # '..":** \

'.* $+ B’ t

AT
e 8L
LN T

-20 0 20 40 60 80 l t‘IU{J
peh_=pfee.p A (GeV/c)
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Events

600
500}

400

ldentifying pileup jets
» Can identify pileup jets by

- Jets that are associated to the primary vertex
- Looking for objects that are wide(overlapping)

%103CMS Preliminary, Vs = 8TeV L=20 fb *

300F
200F

100F =

- Zoup * Data

...... A"
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L, Nl <25 Jetp :> 25 GeV — Quark

PU
o Real Jet
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B — d icpPV PTi
> i PTi

1

B

CMS Preliminary, Vs = 8TeV L=20 fb
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L e All
50000( — Gluon
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30000f i e Pileup

20000

[ Width of a jet
100001

"'r-:.,__.J- ola s

0 002004 0.08008 01 030806 T T2
<A R®
2.2
Y i AR pT;
2
2 PTi

(AR%) =
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ldeas from ATLAS on PU Jets (fwd id)

Large
Imbalance:
Reject

pileup jets

/{‘i’jet
event

Take an imbalanced PU vertex
look for forward recoiling jet

(works: PU Jet mostly from 1 jet)

1 T )/ ARARARES BA]
1 5 4of N
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0
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Takes advantage of all primary vertices in event

Arxiv/1705.02211
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ATLAS
Cut on trackmg tuned to | Put 10 tracking/shape
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Why is it so important?”
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Pileup Jet |d Effect

Energy

Pileup jet id
has gotten rid of these

Distance (AR)
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State of the art 3 years ago

Energy

One lousy shaped jet

_ﬁ__

Distance (AR)
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Observations

» A flat baseline subtraction at the jet level:

- Solves the the issue of producing an unbiased jet p,

- Yields pileup jets
 Requires a Pileup jet id to remove these
- Does not clean up the internals of a jet
* Neither does it clean up MET or isolation

* Resolving internals of jet require particle approach

- Subtract pileup from the particle level

- 4 main approaches exist for this :
« Jet grooming, Constituent subtraction, Soft killer, PUPPI



'ﬁ\
Current |

Technology
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volution of PU Subtraction

Heavy Ion approach — :

PUPPI I,

PU Jet id @particle level

11K

Constltuent Subtraction
PA correction per particle

HF Voronoi
Per-particle subtraction X f
Using voronoi cells

Soft Killer

Median p removal
Per particle = JME-DP-13-018

JME-14-001

Im is to remove pileup

at particle level
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Consider a jet

Key

® Good Track

i PU Track

B PU Neut He
@® Chosen
~ Removed B
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Charge Hadron Subtraction

Key
® Good Track o

® Py Track B
™ Good Neut .
. PU Neut
@® Chosen
~ Removed .

@
He
Step 1 of all Algos o

CHS ®
_ ’m
Choose charge particles from PV B
Remove charged particles not
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Charae Hadron Subtractlon

~ S B
Key 510-1_ <“>~24 :__tg:jggﬁ: UVF[>0.25—
® Good Track D1 [ Vs=8TeV  —— Particle Flow Jets
» PU Track N " p.>20GeV ATLAS Simulation
™ Good Neut - ~
JJ PU Neut g10
® Chosen - 2
- Removed _ <
. 10°F _
Step 1 of all Algos o

CHS

ATLAS can now do it! B

Arxiv/1703.10485
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| Constituent Subtraction
~ Ghost
Key

® GOOd TraCk o ) o ‘
i PU Track -
Good Neut -
. PU Neut Q.
® Chosen =R®
- Removed B
Step 1 o
Run CHS :ijf:Q e o o e e
Step 2 o - o o O Y 18
ComPUte Area O O O ‘
around each O O o O © u
particle clustering
ghosts
Arxiv/1403.3108
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Constituent Subtraction83

Key
® Good Track
® pPU Track
. Good Neut
. PU Neut
@® Chosen
~ Removed
Step 1
Run CHS
Step 2
Compute Area
around each

particle clustering
ghosts

Arxiv/1403.3108
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Constituent Subtraction84

Key

® Good Track
® PU Track
. Good Neut
. PU Neut

@® Chosen

- Removed

Step 1

Run CHS

Step 2
Compute Area

Step 3

Subtract p_-pA per particle //

If p, < 0 remove particle
Arxiv/1403.3108
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Constituent Subtraction85

Key

® Good Track ®

® PU Track
Good Neut

B PU Neut

® Chosen o
Removed

Step 1
Run CHS e o
Step 2 ®
Compute Area |
Step 3
Subtract p_-pA per particle
Step 4

Cluster Arxiv/1403.3108



CMS-HIN-16-020

Constituent Subtraotlon in CMS

CMS HIN 16- 006

* Default Heavy lon reconstruction

inclusive Jot Shape pp 274 ph’ (602 Tov)

PuPfh 404 ph ' (502 Tav|

ari-ky calorimeter s, R=0.4. P 120 Gal, m =15

FuFh Cent. 50-100%

FPUFh Cend. 30-507%

0 02 04 08 0B g
AF
:ur 1 Gl ] g—i Ly |
— "m. )
= POt = 9
—_F j = G Y
--I B H O a 4 Jrip
l —

I & l..l:'i. W ..........
-y 2]
e cpem ey %
I -
e

TR

ﬁ oEr F
T“' ’ <38 0 Oy M2 04 06 08 ) 02 04 06 08 ) 02 04 08 08 ) 02 04 06 08 -
R = Ar Ar Al Ar
prd

CMS developed first consistent
subtraction with voronoi cells

Now we use the fastjet default /

We also do grooming

Nie‘t d (p‘r,g/p'r, jet)

i 140<p, <160 GeV

o
5 b
E e 3
o = Cew '.," ]
T AR,>0.1 - ]

Grooming _®
- in pp ;.."’

105

- antik, R=04n |<13 ‘_.ﬁ"
| SoftDrop f=02z_=0.1 ". ]l

0.5

I T T T
pp Vs vF 502Tev258pb‘ . data
PYTHIA

anti-k, R=0.4n_[<1.3
SoftDrop f=0z =0.1

CMS Preliminary *

ﬁ#

L L I_
06 07 08 09 1
pT,g/pT.jE:t

= PbPb |5, = 5.02 TeV 404 b
" Gentrality: 0-10% ¢ daa

__AR]2>DA1 ..C.' -
= CMS Preliminary ."
- Grooming e
in PbPb ,0 |
] ]
# | L

140~:ij3{~:1 60 GeV PYTHIA+HYDJET

|||‘||||

T R MR L
06 07 08 09 1
pT,g/pT.jE:t

86



87

Using Local Info Grooming

* Grooming can substiantially reduce pileup

IIIIII|IIII|-
del=4.? ' {5=7Tev

grooming applied —

0 200 250 300

Leading jet mass, mjfl [GeV]

0 N B B R B LR I T
E 0-14;43!%;?5 ILd1=4.?fb'1.|E =?TeV_:
[ antik, with R=1.0 LOW, Trimmed (f_=0.05,R_ =0.3)

E 0.1 2__suasp’f" <800 GeV, iy < 0.8
i [ ssassageiisas 15|\|va4
E VR A R
BEEELAEE N 212
0.08- ¢ p
-
0081 1% ]
[ a0
0.04[ 1 ]
!
0021 ]

.

sl by g by g 1
o0 100 150 200 250 300
Leading jet mass, nfft [GeV]

Supporting calculations from theorists indicate :
core QCD properties are preserved

14
ALAN RN RARRE RAR
Jet Mass in Herwig++ [ ATLAS
L2 13TeV, pp — Z+), pry > 500 GeV, R = 08 0. 1wt Rt 0L, Noja
Soft Drop, zey = 0.1, =0 A [ 600<p] < EDDEGNWI{T' <08
2 10T — Jet Mass ! 00gf e =
B ] e Jet Mass + PU A
@ o Soft Drop Jet Mass ; "
% Y R Soft Drop Jet Mass + PU 0.06-
o ]
g M. Schwartz
S : 0.04F
v 04t A. LarkosKi
+ K. Yan
02} CuErye , 0.02
0.0 lp— J _\: N T
i 0.001 0.010 0.100 UU o0 100 15
o
Pl
arxiv:1510.03823

arxiv:1603.06375
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Puppi algorithm

Key
® Good Track @
® PU Track B
M Good Neut o
B PU Neut
® Chosen
~ Removed .
Step 1
Tracks can point

to PU vertices . ®
w/high efficiency ®

N
)

P
|

Arxiv/1407.6013
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Puppi algorithm

Key

® Good Track ®

™ Good Neut o

BPUNeut = ;i; *

~ Removed .
Step 1 |
Vertexing
Step 2

Draw a cone
About each neut.

Arxiv/1407.6013
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Key

® Good Track
® PU Track
. Good Neut
B PU Neut

@® Chosen

~ Removed

Step 1

Run CHS
Step 2

Draw a cone
Step 3

Puppi algorithm

7

/
e /
\ .
\

/

a | N
Lost Good
Neut #

(Soft wide angle) |

Remove all 0 values

Arxiv/1407.6013

/

AN
N\

%

\
|
|
|

\\

90
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Puppi algorithm

Key
® Good Track o
® PU Track
M Good Neut -
B PU Neut - e
® Chosen R,

-~ Removed

Step 1
Vertexing
Step 2 B '
Draw a cone @ Il
Step 3 | \
Remove all 0 values
Step 4 /
Reweight Neutrals by weight factor o Arxiv/1407.6013
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Key

® Good Track

® PU Track

. Good Neut

B PU Neut

® Chosen
Removed

Step 5
Re-interpret evt
(Re-cluster)

Arxiv/1407.6013

After Puppl

92
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The weight factor

 For each particle consider in a cone :

& Hard
collinear

log Z ARZ? particles

j ERmm < AR@] ~

Variable roughly gaussian— build likelihood
Translate to weight (w,) applied to each candiate

Apply a cut on weighted wp_>A +B N_,

Arxiv/1407.6013
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EffiEienc
N

0.8

0.6

0.4

0.2

CMS simulation Preliminary

94

PUPPI Performance

13 TeV

O 65GeV <ML <105 GeV

- PUPPI
B 65 GeV < MSoﬂdmp <105 GeV

2] ® 65GeV <M, <105 GeV + 1, < 0.45

B 65 GeV < MEUPP!

Softdrop <105 GeV + Toq <04

— ¥ 65GeV <M

softarop < 105 GeV + 1377 < 0.52

- W-jet, AKR=0.8
— P > 200 GeV

| ml<2.4 GeV
| ! | |

|
0 10 20 30

|
40

Number of PVs

DY efficiency

—

13 TeV, <PU>=20

- CMS
0.98 [~ Simulation Preliminary -
0.96
0.94
0.921
0 9‘ — PF &p-corrected
r —— PF PUPPI with muon
0.88- —— PF PUPPI no muon
0.86 PF PUPPI combined
1 L | l L 1 | l | 1 | 1 | l | 1 L L | | l |
002 004 006 0.08 0.1 012  0.14
QCD efficiency

Particle level properties
like Isolation & MET
Improve substantially

PUPPI+Soft drop now the standard
in CMS for boosted jets

CMS-JME-16-003

CMS-DP2015-034
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Puppi No Tracking )

e N
ye . \\
‘ // :
L N
A\

M Good Neut
N |
M PUNeut o .. . m B
I B

Chosen
Removed
Without tracking we rely .

heavily on weight . . .

Caninduce some B /
biases in jet properties
Good for PU jet removal
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Puppi No Tracking )

‘ y N
// \\

. Good Neut

. PU Neut
Chosen
Removed

Without tracking we rely
heavily on weight

Caninduce some /
Good for PU jet removal
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Puppi No Tracking )

Key i

‘ e \\\
e \\
‘ :
py \
L N

. Good Neut

. PU Neut
Chosen
Removed

Without tracking we rely
heavily on weight

Can induce some
biases in jet properties 4
Good for PU jet removal<,
Apply cut on w p.
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Soft Killer

cut _ - max
p; " = median {p;;**}
tEpatches
B Hard
B Pileup
— 1l ;|‘| | I S S
v empty . : empty . | I rempty . empty . empty .

Half of the event is empty = p = 0 (because it’s the median)

Soft killer is a dynamic p, cut adjusted to get grid p to be O

Grid size is a tunable parameter
Soft killer presents a particle level alternative to PUPPI
w/o use of anqular informaiton
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Comparing Performance

COJ““I""I""\“" rrrrrTrT T T T T
s Uir ]
5 | ATLAS SirrJylation Intemal N Pileup Correction ]
[+ [ Pythia Dijet is= 13 TeV . ]
o 05— rytmall o Jet-Area subtraction
£ [ Antik.LCW,R=04 Voronoi Spreading ]
E [ In<08,<u>=80 o Voronoi Spreading + CVF 5 ]
S e * Voronoi Sub. + SK 0.6 .
© C CS, AR™*=0.25 + SK0.6 ]
¢ 04 ¢ 3
03 |
02 -
5 iF -
E 09F
o508k
2

Relative fit resolution

0/

0.

=2

0.5

04

0.3

02

- ATLAS Simulation Internal
[ Pythia Dijet /s= 13 TeV

- Anti-k LCW, R=0.4

T [n|<0.8, «w>=200

No Pileup Correction
¢ Jet-Area subtraction
Vaoronoi Spreading
o Voronoi Spreading + CVF 5
o Voronoi Sub. + SK 0.6
CS, AR™=0.25 + SK0.6

|llIIIIIII|IIII|IIII|IIJJIIIII

I‘I\IIIIIIIII||||||IIII|

Combined hybfid of Consitiuent subtraction and Soft Killer
Currently the most performant on ATLAS (note : no PF)
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The future of PUPPI
* A big criticism of PUPPI has been

- Puppi needs to be tuned

- This is true but :

* We don't expect to retune it very often
 Tunes mostly about determining the right detector geometry

- NB: Current p subtraction in CMS is highly tuned
* What do we tune :
- Weighted pT cut:wp_ >C+BN_,

- Additional parameters (not changed):

« Cone-size,Algorithm,Using charged or not
* Only adjusted with detector geometry (tracking or not)

e Can we minimize the amount of tuning?



A new idea

» Can we replace the weighted neutral cut?
- Try to combine the best of Soft killer w/ PUPPI

4000_IIIIIIIIIIIIIIIIII

- Pythia Dijet Vs= 14 TeV
35001 anti-k, R = 0.8, |n| < 2.0
- 40<Pt<70

.

IIIIIIIIIIIIIIII\\I
CHS
B CHS + SK, a=0.5
CHS + Puppi
v CHS + SoftPuppi, a=0.4, R=0.4

P.Harris,N.Tran,J.Roloff,G.Salam,G.Soyez,M.Cacciari

11 | I 11 11 1 1 I 11
-30 -20 -10

0 10

NPU = 20

LN _I T T T I T T T T I T T LI I T T T T I T T T T I LI T T I IIIIIIII |
3 C  Pythia Dijet V5= 14 TeV CHS =
= 350~ "Y™Ma T m CHS + SK, a=0.5 .
] - anti-k, R=0.8,n|<2.0 CHS + Puppi
300F 40 < Pt < 70 v CHS + SoftPuppi, a=0.4, R=0.4
E 250— :
E 200F- .
] 150 —
= 100 .
= 50— .
= oF .
1 _I 1 1 1 I 11 1 1 I 1 1 11 I 1 1 1 1 I 1 1 1 1 I 11 1 1 I 1 1 1 l ‘ l 1 1 I_
40 40 30 -20 -10 0 10 20 30 40
e) (mreco - mtrue)

NPU = 100

101
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Pileup subtraction Tools

Global Jet Shape Info Local
Global p Jet Grooming Vertexing (CHS)
MVA MET leferentlabl D Timing

Const. Subtraction Depth Segmentation
A(F) MET . P 9
JACF) HF /Voronoi TopoClustering
Safe Subtraction Soft Killer (p;)
NpC Wavelet

Jet Cleansing
Pileup Jet ID
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LookKing
Forwards

(And Backwards)



104

MVA Approaches

One of the biggest MVA successes in LHC was
using it to reduce Pileup in MET

CMS Preiimina 12.9 b (13 TeV, 2016
40 vy
S r |
. 3/ .C'.“.Slpfe.""“ir"?’."?‘”?l_ 8 3s— T PF Ef]r""ss Z— uu
- - 19.7 fb™ at Vs = 8 TeV| = s
O 30 + noEurFE 4 THso[- * Puppi ET™ Z—
—_—~ B - T 7 |
== -  —— MVAPFE, . — ¢
© 25~ —* MVAUnity PFE, - © 25— 9, > 30 GeV },
E Z— uu channel AA‘E E ?
20— AA‘ ] 20? v b 4
B AAA‘ ] I~ v
B AAAAA u - v v N . N A
s A ] 15__ i A
o1 pantt 1LCE - f ’
B LA cuull® 1 -
10; A‘A ..........---ooooogooO; 10?
5 e® o amE83c00000R°" ] Z
B .° . s Response Corrected
S5 ] -
E: .!.‘..!....!‘.“!....!; 0:|||||||7||||||| I N N
S1.2f - O 13
= ] 1.2
£ 1—""5":'2i'fii'fﬁﬁ‘fi'l‘il'riiril"irti'j E =
$0.8| — ©
(g . . . i = 1
O 5 10 15 20 25 30 Sosop
number of vertices 08E
079 5 10 15 20 25
# Vertices

Now almost descoped : PUPPI gives a similar performance



19.7fb" (8 TeV)
1 07 L T T T T | T T T T | T T T T | T T T T _]

PF MET e

—e— data
10° 5 Z-pp

Number of events / 4 GeV

Data/MC

—1%0 200
£, [GeV]
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Best at getting Tails

Number of events / 4 GeV

Data/MC

19. 7 1b {8 TeV)
T

OIMVA MET o

—e— data
Z -

100w 9

=== uncertainties

PF MVA E;

105;—
104 &

103_

10

10
15

180 200
ET [GeV]

P R
100

50I 1 1

The biggest advantage of MVA MET was reduced tails
Consistently improve the MET across the full range
Remains today as the best performing MET at LHC
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Best at getting Tails

_  CMSerreiminary 12917 (13Tev, 2016) .  CMSPreliminary ___12.9 16" (13 Tev, 2016
O 0 Dat = Lk ~Data il
= PF MET =0 = & i PUPPI MET
0 e OTop = woE CTop &
210 Oewk = 2 oL CJEWK y
T - Oz-mwe - 2 F Oz-w ]
W o - L
= = 10° =
= E 10° L ~
i - : .
102; = 102;
105 = 10
E\ ||| \E E‘
2 T
Q )
= 15— S 15+
:=:: BW ~ e
sg © 1 Rty
(OU 05— il (D*_U' 05
N TITE. 200
0 20 40 60 80 100 120 140 '160 180 200 05030608000 130 340 160 180 200

ET™ [GeV] Puppi EI"*° [GeV]

With PUPPI we gain the resolution improvement
However there is some contamination in the tails
Much of tail comes from jets at |n| of 2.4 (can be fixed)

Fine touches like this are what really make MVAs useful
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ME T reduction with Wavelets

Aim to exploit local energy density
1. Use Wavelets to deduce nearby energy density vector

2. Take inner product of region with primary vertex vector
Similar idea in spirit to PUPPI instead using wavelet deco

Incl. W —1Iv,p,>0GeV | (u)=100
T T T I T T T ‘ T T T I T T T ‘ T T T | T T T I T T T I T

Minimum bias event

- Haar wavelet —— Without pile-up
[ S— 128 x 128 grid —— No modification

- M<32,mm <25 SoftKiller

| Pixel thresh. 0.75 Wavelet onset

Number of events [a.u.]

.

L 111 L 11 1 PR e = 1 -
0 20 40 60 80 100 120 140
ET' [GeV]

Andreas Sogaard


https://indico.cern.ch/event/439039/contributions/2194582/attachments/1312266/1964117/BOOST2016_20160720_AndreasSogaard.pdf
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PUMML : PU mitigation w/ML
« PUMML is a similar concept to PUPPI

- Uses region information as an image fed to a DNN

Note the vertex
information

ading vertex neutral

Inputs to NN
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PUMML : PU mitigation w/ML

Cross-section (normalized)

T

T

True

w. Pileup
SoftKiller
PUPPI
PUMML

i

Cross-section (normalized)

—30

L]

] True
1 w. Pileup
[ SoftKiller
PUPPI
1 PUMML

-25

-20 -15
In ECF oy’

=10

Cross-section (normalized)

[ SoftKiller
PUPPI
—3 PuUMML

0.4

0.6

0.8 1.0 1.2 1.4 1.6
Centered Subtracted/True log ECF}, ")’

Cross-section (normalized)

0.4

0.6

1 SoftKiller
PUPPI
1 PUMML

0.8 1.0 1.2 1.4 1.6
Centered Subtracted/True log ECFY "’
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4D Merged 3D Merged e
<“> Vertex Fraction | Vertex Fraction Ratio of 3D/4D O t h e I

CMS Simulation <u> = 200 . 50 0.5% 3.3% 6.6

S op| |, D » e | o technology
_—+— 4D Tracks + ]
0.4_— i * : i —
B : R T 7] . .
o2t | {.%.‘{*ﬂ 3 EN i3k -4 Fast timing
- 3 [ 40 ':‘i‘:f :.' w |- -
s o = 44, ¥ AN ., '.* <4 Reduces window
MEIRN: ﬁ . e - 4. E fqr vertexing
F ¢ i g ] “Timing resolution
| ll—1|OlII.—ISIlll(l)llllil)llll1loll
5 cm RMS ———» z(cm) -
Tracking resolution § TR s
£ 350 HAD- like E
3 1508 ©
. < 3 =
* Depth Segmentation 2 L SR -
: | o T SN
- Pileup doesn't go as deep s I
. . ' g Simulation gg _
- ATLAS uses this in cluster reco - sraepsuourie .
o5p 20<, [<22,42GeV<E <77 GeV E N

. Layered energy thresholds - 58 Teh -0 M-S0 Noksoasaumed
CMS-DP201 6-003/ %985 8 75 7 65 6 55 5 45 4 0
arXiv:1603.02934 Iog10(<pce”> (MeV/mm®)) - Iog10(ECIUS (MeV))
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Do we hit a wall?

 ....but there is room where we can gain

> )
[} ]
S 1 Y
)
~ Q
2 2
2 (e
o
=
o=
S
Q
x

Tails of the MET
We know what to do

||||||||||||||||||||||||||

Jets in forward
region

Trigger?!
(does not exist)
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When does UE subtraction matter

FLAVOR
THE TRIGGER TAGGING
HARD CENTRAL JETS

MET TAILS

JET COUNTING

JET
SUBSTRUCTURE
JET ENERGY
TAUS RESOLUTION

SOFT LEPTONS
MET -
RESOLUTION

VBF JETS

PHOTONS

HARD LEPTONS

Matters Doesn't
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A depiction of Jet Grooming :
0912.0033,1402.2657,0912.1342,/0802.2470

Jet Groomin
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Jet Grooming

Imagine the surface of a jet

Key
O Charged hadron

‘ Photon
- Neutral hadron
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Jet Grooming
All Jet groom starts with de-clustering (using CA)

Key
O Charged hadron

‘ Photon
- Neutral hadron
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Jet Grooming : Pruning/Soft Drop

lteratively decluster jet removing lowest p_ subjet

failing pairwise condition

Key
O Charged hadron

‘ Photon
- Neutral hadron

Approaches are
generally more
aggressive

ale;-g < Rey % (Qmj;}'ﬁft)
Pruning &yt 5 4,

Only first Note : CA or KT shoulc
— clustering be used to de-cluster

Soft Drop: “pruer) , , (

Pr1 + P12
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Jet Grooming : Filtering/Trim/SD

Decluster jet and take only subjets

Key
O Charged hadron

‘ Photon
- Neutral hadron

n Filtering : Keep N sub jets Note : CA or KT shoul
Trimming : Keep pT/pT. jets be used to de-cluster
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Jet grooming : a highlight
* Improving the mass resolution on of a jet

- Requires pruning/trimming away excess radiation

1 jet

o
i

High W p .

Pileup/QCD radiation
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Jet Grooming : a Highlight

* Improving the mass resolution on of a jet

- Requires pruning/trimming away excess radiation

Jet grooming improves the
resolution of jets

Pileup/QCD radiation

arbitrary units

0.1

o
nNo
T

il

| CMS HIG-13-008
- H—=>WW = lvqq

—— SM Higgs, m = 600 GeV

—— WaJets, MadGraph+Pythiaé |

CMS Simulation
| | | [ ] l |

ungroomed jet mass

ungroomed jet mass

-

100

el
150

pruned jet mass
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CMS
Sma

| jets : Area sub

19.7 fb' (8 TeV)

CMS

EE Photons

I EM deposits

(@& Neutral hadrons

& Hadronic deposits

[© 1 Unassoc. charged hadrons
S Charged hadrons

Anti-k; R=0.5
<pu> =19

I\llll‘l\l‘

Data/MC

Large Jets PUPPI

\%— -*‘_WW’WM”* n""”" =

CMS Simulation Preliminary (13 TeV)
> 1 .2 T I T I T T I
(&) -~0 Pruned m; selection -
c | < Pruned m + t,, selection 4
D | -+ PUPPI sohdmp m selection |
o PUPPI softdrop m + PUPPI t,, selection
= 1/~ PUPPI softdrop m! + DDT selection »
L i ®

I % &

- Signal efficiency

T U TS S e A  §
* Sy P

W-jet, AK R=0.8 T T | -

= pT>200 GeV i ‘ =

- I|n|<2,4GevI ; | O N
— 0 10 20 30 40

Number of PVs
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PU : ATLAS vs CMS

Small jets : Area subtraction

= e e e B |
2]  ATLAS Simulation ]
<25 0.8 Pythia Dijets 2012 —]
ZE | anti-k, LCW R=0.4 E
- true ] 1

‘—\c,'_ 0.6~ 20=p[" <30 GeV > -

g - .

0.4 —

0.2 s 2 A

[a a - - A - 4 v

o~ ad s v 8 v v v

-0.2 [ —=— Before any correction E
. —a— After pxA subtraction i
-0. 4~—v— After resmlual correctlon —
Ll ol b bea ol

0705 115 2 25 3 35 4

Inl

Fat jets : using trimming
On whole et

(7)) SULEL B L L A L L B B R BB BN B
E 0‘14:_‘?:-%;25 ILdt=4.?fb". E=?Tev_:
- anti-k, with R=1.0 LCW, Trimmed {fc_II=D_05, Rmh=ﬂ.3}| N

E 0.1 2-_600s|f' < BOO GeV, | < 0.8 ]
E R s = = ]
- | vl B=Mg, =T ]
<C 0.1 ‘imimanin B*_:r.hth.sﬂ -
IR SEIEE Ne 212 ]

0.08 ¢ .
. i

0.06]- ¥4 -

. - ]

0.04f ¢ .
 ® . ]
0.02|» -
FIII ;

) 00 50 100 150 200 250 300

Leading jet mass, rrff [GeV]
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- UE subtraction is going after other effects : use both

Resolution (GeV)

)
o

40

30

20

10
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Grooming and UE subtraction

 Grooming is going after the jet structure

CMS  Simulation Preliminary 13 TeV
— | | | | | | | | | | | | —
RS Graviton — WW, Anti-kT (R=0.8) — PF ]
| <ng,>=40 PF + CHS i
 ml<25 —
B Trimming Pruning Soft Drop |
s - _ _
B . = |
- | = I. N -
B L L |
B . | _
B AA AaA A M A 4 4 4 4 4 X
] | | | | . | | | | L]

m M r%&o_‘?;&i?a ?3(?& 3;?-%0‘3,01" 0. f:l;u 0.057u=0.05°%=0. Bsg  Pep

Fae EO.G_s"ac EO.O._{;HC =0 Oac =0 (f.%’ =05 #
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Quark Gluon Discrimination
 Goal : Separate quarks and gluons

- New technique for modeling of discriminant in data
- Application : AKS Jets
- Potential application to many other approaches

iy
Quark jets: Gluon jets:
Narrow Wide
Have less particles More particles
High p_core Lower p_

Enhanced in Z/y+jets Enhanced in dijet
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Quark Jet Efficiency

Quark Gluon Performance
« CMS has better performance

123

- Gain from use of p_D variable (also not just using tracks)

- ATLAS relies on tracks in place of all pf candidates

« Also maintain large uncertainties from generator differences

CMS Simulation Preliminary, /s = 8 TeV

-
T
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0.6

0.4
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0.2 | --Pull
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1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1 I 1 1 1 4
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g S
-o-
5 O
L 2
I D —]
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,O,
B e e o
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08_

203040506070809 1
Quark Efficiency
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Measuring Quark and Gluon Mult.

Eur. Phys. J. C76(6), 1-23 (2016)
/\USO_IIIIII|III|II|II|III|II|III|III_ ~ | | | | | | | I | 1 | |
o  ATLAS Eur Phys.J. C76(6), 1-23 (2016 1 o
o | ATLAS Bufue OO IB0 L g | ATLAS
2 s=8TeV det=20.3fb 1 B
c® 2 1 £ | (s=8Tev -
~ pr¥>05GeV 1 = o 0
20 IT]]:tl <21 — _é 1 Lmt - 20-3 4
-------- T - track —
________ \\ p " >0.5 (':‘uevO /
i . O
15 - ] -
- - -+ Herwig++2.6.3 EE3 CTEQ6L1 | O

Herwig++2.7.1 EE5 CTEQ6L1
—— Pythia 8.175 AU2 CT10 l
- - -+ Pythia 8.186 A14 NNPDF2.3 - - -
----------- Pythia 8.186 Monash NNPDF2.3 #4°

10

® Quark Jets (Data)

5 Pythia 6.428 P2012 CTEQ6L1 | (
Pythia 6.428 P2012 RadHi <~ 1" ¢ Gluon Jets (Data) ]
Pythia 6428 P2012 RadLo 4~ {-- 1 Quark Jets (Pythia 8 AU2)
O L b 0 Gluon Jets (Pythia 8 AU2) _
5 1.2 . . . 1 — Quark Jets N'LO pQCD
- ; — Gluon Jets N°LO pQCD
2 freeecet s e —— | T S S A S
§ [T — = ] 500 1000 1500
0-80 500 1000 1500 arbitrary offset: equal Jet pT [GeV]

Ben Nachman Jetp_[GeV] to the data in this bin
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Tagging

* pp has a wealth of tops and Ws to help calibrate

Signal efficiency, jet mass scale and resolution
from Gaussian component of total fit

CMS Preliminary PASS A (13 TeV) x:vrenmmaw FAIL 35.8 5" (13 TeV)

[Tp] b
- i Diboson © 700 — .
%m - PuppiT21<035 — 2 F  Puppit21>0.35 B Diboson
= e g o - s
w CMS DP-201 7/ 026 . [ SingleT T [~ el e . \r\fdets
C ey W 600 [ []SingleT
B .t - N Bt
800 =~ e data B e, 2
- 500 -4 e data
- e fﬁigna,data ~ L . },‘, @@@@ ¢t istn
50'0 __ - fsignalMC L fsﬁgnaIMC
C fbackgmuncijma - f5|gnal data
I~ o fbackgr:}untMC 400 fna(:kgmunJmc
400 — — fqdata o fbaeé(gr;);n
I~ . —_ meC 'tot
- 300 = haMC
300 —
200 — 200
100 100

110
Puppi SD mass [GeV]

120 130 %0 50 60 70 80 90 100 110 120 130

Puppi SD mass [GeV]

Classic tag and probe on W jets using N-subjettiness
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Tagging

* |n addition to grooming we use a tagger

W— NP I -

o VS. A
1 prong er /\ 19717 (8 TeV)

S 020 ATLAs Smumipn Sl E tOpOi; g *?:“j %) |
= - {s=8 TeV 2 W-jets (in W’ E © @ i
L 0.25 m™"<1.2 w2 Multijets (leading jet) & 200 -Ltﬁé?bkg];. —
@ 0.18F 350 < ™" of500 Gev -~ 8T _ 509, = -
2 0.16f Mcut £ i
= 0142 anti-k, R=10 jets = |

S . _F Ti f =5%R = -
2012 “Two prong | -
01% ‘:ﬁ tO OI *; _
0.06F | Q] - 5 ;
0.04- R ""’-/,;«,./ e _ :
. F I A e T P s E e ]
0 06 1 15 2 25 3 35 4 45 5 '50 52 53 X 55 1
D(ﬂ=1) T¥T1

2
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N-subjettiness/Q-Jets
™ = dlZpT;kmin{ARl,kIAlef -+, ARN}
0 %

 Measures of number of prongs

CMS Preliminary Simulation, /s = 8 TeV, W+jets CMS Preliminary Simulation, s = 8 TeV, W+jets

: I I I | I I ! I I I I | L I I | ! I I C T I I I | T I I I | T I 1 I | T ) I I | T I 1 I
) I O . .
= CA R=0.8 s XK= W W, Pythia6 "3 CAR=0.8 o X = W W, Pythia6 |
0 0.3F 2s0< p,<350GeV <~ + <PU>= 22 + sim. — 0 | 250<p <350GeV +<PU>=22 +sim. |
= ml<2.4 e+ <PU> =12 + sim. = 06k ml<2.4 +<PU>=12+sim. |
g [ 60<m,<100 Gev - W+jets, MG+Pythia6 g | 60<m,<100Gev - W+jets, MG+Pythia6 |
- i —— +<PU> =22 + sim. : - — +<PU>=22+sim. |
o o2+ 0 + <PU> =12 + sim. _| E..I) - - +<PU>=12 +sim. -

N ]
= 1 = 04 - T -
o 2 | Probabalistic -
| - O B L T
o S |1+ | Reclustering of-
< 0.1 0211 = : -
; - [ particles -
ol T I s B i
0 0 0.1 0.2 0.3 04 0.5
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Energy Correlation functions(ECFs)

Generalized ECFs

» Extension of original ECFs to allow for different angular orders:

0
L S T | e ;
e(o,N,B) = o€y = H 2, | X min H ARy,
11<ig<---<iyeJ | 1<k<j k,lepairs{ii,....,in}
> eg.
1 o~ -
2€3 = § Zalbc X Inln{ARabARacs AR pA Ry, ARE}CARQC}

a<b<celJ

» Summary of parameters:

» N = order of the correlation function. An N-pronged jet should have ey > e, for N < M
» o = order of the angular factor.
» (3 = angular power

» Tunes the relative importance of the angular factor and the energy factor

» Weights the impact of small angles (assuming AR < 1)
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New Substructure Observabl_es

PTi

IB eﬁ = eﬁ — Z'Z'ARE %= T
eh = e Ig;jsm iZjAR; Zjejet PT;
232 = Y 2z mjn{ARgARiﬁk' AR:F;AR?’C’ AR&AR?“}
1<i<j<k<n;

Using AK8 PUPPI jets L AL

U) —_
c = [@QcD W W-jets =
g') 108 - Otisjets  MZ+jets =
CMS Simulation Preliminary (13 TeV) L = --Z(80) - Z(100) =
0'12 _I_I L I LU | LU | LI I LU | LU LI LILLBL | ULBLL | LI IJ_ 105 _g =" Z‘(150) Z'(ZOO) E_
n _ = ¢ Data 3
10* == =
0.1 . = 3
-2 T - E
L 2 — ,—'-. !-_- :
0.08}— | 10 E i—’ E
10 g - E
. = o =
= | 3
i 107 s =
0.04— m = - 4 . =
L C T —
- 2 2r —
0.02}— = ‘—g + .
- | 8+C+ 1 8:C L2 a'®: +9 8+
£ 1 ',‘QMWM"M + d

Dlllllln N RN FEENE AN NN AN | (\U 004 03 02 0'1 (') 0'1 0'2 0'3 04
0 005 01 015 02 025 03 035 04 045 05 = - - V. . . . .\ DDT

AKB N; (SD) a AK8 Ny

Arxivi1609.07483 We use N, to see the W peak
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Crorrelation functions

 Theorists decided to build in the scale invariance
New Angles on Energy Correlation Functions

lan Moult, Lina Necib, Jesse Thaler
(Submitted on 23 Sep 2016)

- Into a new set of substructure observables
- Guiding principles are to exploit invariances in QCD

20m04m8mm™m—m————————————————— 10—
Groomed N§ for Light Quarks Groomed N’ for Light Quarks
Pythia 8.219, Soft Drop: =0, z¢,=0.1 Pythia 8.219, Soft Drop: =0, zy=0.1
> 1.5 R=10,msp>80GeV 1 8 R=1.0, pr>500 GeV
¢ Invariance over p. Z
A é" 6 mgp € [40,60] GeV = —— 1
> 10 pr>200GeV | 5 msp € [60.80] GeV =~ ——
= — pr > 500 GeV = msp € [80,100] GeV ——
§ — pr > 1000 GeV B g4l i msp € [100,120] GeV — |
2 S
i .
a = :ﬁj Invariange over mass

0 1 1 L
0.0 0.1 0.2 0.3 0.4
ar(2)
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Jet Charge
Y i (phr)"
(P

» It works, but its not great : ~ Charge rise shows
valence quarks

QF =

CMS Preliminary, 19.3 fb” at |s = BTeV W .l ) — 013 .
g [t erre 1 ‘%‘ EATLASPrellmlnary .
> 250 4 2 oosF | . =
@ 250 Jf,mw_ +Dataw+ 1 & UF Is=8TeV,|Ldt=58 ]
_ 1 O = E
200|— ] § 0'2: mx=1.0 _O_—i)f
- {1 B - ®x=03 —A5
B ] 0.15 o _9__—0-—‘__9:_‘_ -
B ] - -0, " ]
150— _| 01 == . A E
B i C _A_—Q— ]
- - - == —e
- E 0_@::0—?_ O Data B
sol- - - A Pythia Dijets -
i - 0.05—— el -
U_ ] CS) 2_
E 2 TT 3 ; 6= '
g 1.5F H | ...... = % 1_ :$:—@— =6='-0—E©E=6—=6=—F;—_Q_—Q—_ﬂ_-©-§@5
- ] (| o
g ° HIBE Fe= | . ’
e B e TR % 500 1000 1500
08 06 04 -0 ) : 4 06 08

jet charge (x = 1.0) Dljet Mass [GeV]
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ATLAS Simulation

Vs=8 TeV

G/AR=0.6 ji=1,R_ =03y _=9%)
CIAR=06 ju=1,R_ =0.3,y =4%)
C/AR=0.6 iu=1R_,=0.3,y,=0%)
C/AR=08 ju=1,R_=0.3,y_=9%)
C/AR=0.8 ju=1R_ 0.3y, ~4%)

C/AR=12 (u=1,R_ =03y, =15%)
C/AR=12 (u=1,R_ =03y, =12%)
C/AR=1.2 ip=1,R_ =0.3,y_=8%)
C/AR=1.2 ju=1,R_ =03,y =4%)
oo AR 20 sy )
CIAR=06(R_ o3, Z,=0115)
CIAR=06(R -052 =0.1)
C/AR=08 (Flm=0,5.zm=0.1 5)
C/AR=08(R_=0.52 =0.1)
C/AR=1.0(R =052, =0.15)
C/AR=1.0(R_=052 =0.1)
C/AR=12(R_,=05.Z_=0.15)
C/AR=1 2{F| 052 -0.1)

Split-Filtered

anti- k, R=0.8 (fw-S% H__ =02]

'8 C/A R=08 (I_=5%,R_,=0.2)
E al'ltllel10(f S%H =03]
~ antik R=1.0 (f_=5%, Flm =0.2)
E CAAR=10 (1, =5%R_,=0.2)
anti-k, R=1.2 (f_=5%R_ =0.2)
C/AR=12 (f_=5%R_ =0.2)

C/AR=08 iu=1,R_ =03y =0%) |

op]
o
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Background rejection @ €34T = 50%
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How did we scan these?

Jet 4-momentum not calibrated
m'th<1.2 , 350 < pTrthh < 500 GeV , M Cut

* = Optimal substructure variahle for jet algorithm
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Discrimination Power

133

Pushing it to the Limits

W-Boson discrimination 8 TeV

=05 (2)

1/eg at g
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60; S;mulatfon Pn-:‘-zhmmary+ } * } * { } } #

Wherewe
icangom
N the future JE
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o
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I
o

W
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w
o
|
]

T1T 17 |

N
O

Variable Appended to MVA

We are not even done with ideas yet!
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Executive Summary for W-tagging
e CMS :

- Past  :Pruning + 1,/T.
- Present : Soft Drop + PUPPI + 1 /1 (°°1

« ATLAS :
- Past : Trimmed Mass + W

12

- Present : Trimmed Mass + Smoothed D+

e Both are commissioned on data
- Mass scale and efficiency
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Executive Summary for Top tagging

e CMS :

- Past : Mass + CMS/HEP Top Tagger
- Present : Soft Drop + PUPPI + 1./1, + subjet b-tag

« ATLAS:

- Past : Trimmed Mass + Vd,,

- Present : Trimmed Mass +1,/1,

e Both are commissioned on data
- Mass scale and resolution (ATLAS)
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Closer to state of the art

performance-oriented (particle v. parton)

| | I I | | I
101 | e e - S -
Simplified S | | | | 4
A Partial T
Perturbative Pa rton (after ShOWGF)
Calculable v 5
ore “© ]
Hadron (without MPI) | precie i
naming! o
More More . . : §
Idealized e Particle  (with MP) ' E
Detector .
Complex I : p;,iet>1000 GeV -
Complete . j Pythia8(4C), anti-k¢(0.8) -
Nonperturbative ¥ Plleup 4 : | | 60<rj|n<100

Machine Learnable

0 01 02 03 04 05 06 0.7 0.8
&g

Much of focus now is to understand differing conclusions
Serves as a gauge for our total understanding
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Closer to state of the art
V-tagging stability vs. performance study

[LH2017 in progress]

7 | | | I I

1
ATLAS-like (Diyipyy) = =€==
old CMS-like (Tpjzin) —@—

Nplain L
5 L Q new CMS-like (Npmpr) == 1=

: g;zTev ot ——
o ;L @Y : ; ; :
(<P VROV - T €. PN SOOI SIS SR O
(1] Do : \\ :

. TV . . .
E 3t u‘.E 5\1 A S
= : Ssooeev

resilience (particle v. parton)

2 == v
1 —Es='@ 4 : o
60<m¢:100 :
Pyth|a8(4C) anti- kt (R=0. 8] : : :
0 I I 1
0 1 2 3 4 5 6

performance

[LH2017 in progress]

[ I T I T T
: ATLAS-like (Dirim) —4-—
il £ 1 old CMS-like (Tpjzi)) —@— |
new CMS-like (Nywmpt) --1TF--
5 | Nfirbic —A—
YT
4 . : : o
3 L o
B SO, B _
60<m<100 : : : : :
PythlaSMC) anti- kt (R= 031 : : :
0 | I I
0 1 2 3 4 5 6 7

resilience (particle v. parton)

better!

>

new di-chroic taggers?
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Closer to state of the art

N =3

AR 0

Zg > Zcut



pp->2j, R=0.4, 13 TeV, Pythia 8 (4C) '
| Py > 500 GeV, |y|<5, z¢y=0.05, B=1

g.1

min(p¢,1, Pt,2)
Pt1 + Pt2

0.0035 — T T
pp->tt, R=1, 13 TeV, Pythia 8 (4C)

0.003 [Pt = 500 GeV, |y|<5, zcu=0.05, B=1

08/24/17
35 X 1 T 1 |
->2j, R=0.4, 13 TeV, Pythia 8 (4C) Rg1 ——

=y g

< =

& 5

3 3

=] =]

© o

(]
Rg,i
At each iteration passing the Soft Drop condition, define
Rgli = AR]-Z 4 Zg’i
0.0035 T T T T
pp->tt, R=1, 13 TeV, Pythia 8 (4C) Rgq1 ——
0.003 [Pt = 500 GeV, |y|<5, zc,=0.05, B=0 9

0.0025
__E_ 0.002
%m 0.0015
0.001
0.0005
0

Provides

o
[@]
N
o
N
o
[o)]

information on jet structure.

0.8
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lterated soft drop algorithm’s parameters: Zut , B, Bcut

see Frederic Dreyer’s talk for used to define variables: z,, 6,

“recursive soft drop”

® begin at trunk of C/A clustering tree with n = 1 »
,  angular cut

e at branching into subjets i,j require {— | 0 < B

} 1:'|

6;} > cht

otherwise terminate algorithm

e if soft drop criterion is satisfied

6;\"
ZU > Zcut ﬁ

then
ZnZZU
en: U
n—n-+1

e follow harder subjet i or j and recurse -

Larkoski, Marzani, Soyez, Thaler
JHEP 1405 (2014) 146
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Slide from Gregory Soyez's 2017 Boost Summary

Iterative SoftDrop [Christopher's talk]

1f angular cut 2

8 < cht Discr. Power Comparison
pr = 500GeV, R =0.6
08z 0.007, 8= =1, Bsz =10 @ Great
e -y = 7974
k . performance
a0 0.6 .
& swe= Pyithis 8 k-
2 | . Herwig 7 @ Calculability
E 044 ~77° Sherpa 2 .
S | e Vincia 2 @ Still large
O : :
Pythia/Herwi
0.2 y &
> differences
0.0 (Herwig 7.1 to come)

00 02 04 06 08 10
Quark Efficiency

ojexplore multiple emissions deep in the jet }

"Deep Deep Thinking”

This is the state of pp
We are just starting on multiple emissions
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New Directions

» Key concept was modifying jet substructure
2 [ ATLAS Simuiaton Prelmirary |
c L imulaton Preliminary . 1
50.161 Adversarial Decorrelation
> - : |QCD Jet
EO- 141 "ﬁumw e QCD Jgt after BOT cuf Simultaneously minimize:
£ Py -[10001500]GeV. . aep set after DNN cut:
<20.125'“&‘*"540 GeV, n""<2.0 ... QCD Jet after T, cut Ladversary
- and
0‘17; 4 SCUIpte Ltagger = Lclassifier - }\Ladversary
0.081] i tagger ~ ~
% y 99 (‘§></A AN e
00873, N2 X —> e s g — O L faho00))
0.04F h . R N o
7 iy 0 ' 0
0.021 ',}'7:"" e 25, Classifier Adversary
- e "‘I'un.,, TTETTITITAS S
TP A A L bl VA 0 A S P VA i P S Vs i v o L e o
000 150 200 250 300 Lolassifier | savarsany
ATL-PHYS-PUB-2017-004  mes [GeV] De-sculpting tagger

New approaches w/deep learning can decorrelate observables
Some of these taggers have 1000s of inputs



QCD Jet Mass in PP:
A case study
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Anatomy of Quark/Gluon Jet Mass
va\mgiobat Logs

Sudakov Peak Fixed order

1_do ( 1 )
O AVG | GeV
J
ol ol ool ool vl ol oo IIIIHILLUJJIILLULIIILLLIJJLILLIJJJJILLLLETIJLLLIJJ_JII

; 1 1 1 | L1 1 1 | ] i basad I. l ; E ] | — ; ] i Ll ]
0 50 100 150 200 250 300
m\VGé (GeVY

Jet Mass is a hearty brew of QCD ph(ys&:s




Anatomy of Jet Mass: Theorym
Sudakgv Peak

quark jets (Pythia 6 MC)

N m [GeV], for p; = 3 TeV, R=1
M. 10 100 1000 i
¥ &"'l Y .. :""'l Ty z
0.3 F =< plain jet mass z _
----- > \Trimmer (Zoy=0.05, Ry ,=0.3) ® F|Xed
Resummed | - = = PMNner ¢,=o0.1) § order
a —— MD? &ut=0.09, p=0.67)
- 0.2 \ é
o :
© 5
— - o Y e g
01 - , e ..i- - e asmmE h\ 3
Non-global | o = & = A === :
Logs o
0 L L P el g
1076 1074 0.01 0.1 1
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Visualizing Jet Mass
Consider the first splitting
in jet Non-global
Llogs

Fixed
Oorao

Measuring the mass allows us to
probe high and low energy
components of jet

Resummed




147

Visualizing Jet Mass

Consider the first splitting
in jet

Measuring the groomed mass
allows us to probe the hard
component

This allows us to look at the first splitting
We can also avoid non-global logs
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Visualizing Jet Mass

Consider the first splitting
in jet

Measuring the groomed mass
allows us to probe the hard
component

For mMDT (soft drop 3=0) the first splitting
approximate the fragmentation
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Spectra of Measurements

Ungroomed jet mass
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Jet mass (GeV)
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MMDT(Sofdrop =0) jet mass
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231" (13 TeV)
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IIII
100

11 I
1000
Groomed jet mass (GeV)



pTGen

pTReco

Ungroomed jet mass

CMS Preliminary 2.3 (13 TeV)

c E

% 0.009 ;_900 <P < 1000 GeV

© 0.008 - . * Dem

? 0,007 - T 1I E Stat. + Syst. Unc.

o = ! Stat. Unc.

& 0.006 = I I-—-‘!= ----- Pythia8

B 0.0055 i '

o = ' ==+ HERWIG++

T 0.004 e ! ----- POWHEG + PYTHIA8

£ 0.003 EL ey

S 0.002F L,_I

0.001E- -
O = 1 1 1 L1 1 5—Il‘L-hll4J | | |-
>l 15¢ :
Jo R - . T
§ 8 1f TPUPTPU— an
C I o I I 1 Lo
=17 05 100 1000
Jet mass (GeV)

CMS-SMP-16-010

MGe

Gen Gen
M Reco M ’pT
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Unfolded

4D unfolding
Mreco,pTreco to

MMDT(Sofdrop 3=0) jet mass

o
o
N
(@) ]

0.02

0.015

0.01

Normalized cross section
(e}
o
(]
ol

Theory
Data

CMS Preliminary 2.3 (13 TeV)
:_ 900 < P, < 1000 GeV
N ¢ Data
:_ \:I Stat. + Syst. Unc.
N [ stat. Unc.
- e Pythias
- e
B SULUE HERWIG++
RIS POWHEG + PYTHIAS
i S
- SR
B ;M-&ﬂ;
: - "'.'!u.‘ ‘-'.ﬁh.
1 1 1 1 I | | 1 ﬁ.hw _|_|_
L B I
S— r.:ur,u,(-iT':v'rﬂ*%%:?%*i‘-‘h“ﬂﬂﬁ:“ﬁﬂ
e 11 1 I 1111 I
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Groomed jet mass (GeV)



2000

Events
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Jet Mass Resolution
 Mass resolution obtained with top events

CMS Preliminary 35.9fb' (13 TeV)
[ T T T | T T T | T T T | T T T | T ]
— Data x?/nDOF = 0.875 —+_ Total MC

— MC x2/nDOF = 1.783 —— Data fit ]
C MC fit ]
—— Gaussian Data comp-
- 74 ----- Gaussian MC comp. |
—— ErfExp Data comp. -
.— - ErfExp MC comp. —]

—+— CMS data —]

Mg (GeV)

Jet mass and
resolution calibrated
on W peak in ttbar
events

Unc extrapolated to
all phase space

In addition compute uncertainty based :
Jet energy corrections/resoultion,Pileup,

PDF and Physics model

CMS-SMP-16-010
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CMS Preliminary 23fb"' (13 TeV)

C
% 0.025 — Disagreement 653 T pT < 760 GeV
— ° ata
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% o [ ] Stat. Unc.
e -\  mmu=== Pythia8
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Z
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1000
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Evolution of Mass Peak

CMS Preliminary 2.3fb7 (13 TeV)
= 10%
. _g ® 200-260 GeV x 10° B 260-350 GeV x 10' A 350-460 GeV x 102
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o 10
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CMS-SMP-16-010 Jet mass(GeV)
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Trend becomes straightEVOIUtiOn of Mass Peak

When transform from

. . A
Mass—P CMS Preliminary 2310 (A3 TeV)
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Groomed Evolution

When grooming the mass becomes even flatter in p
CNMS Preliminary 231" 137Te\)
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Merging with p
- Merging to p makes imposes invariance over p.
Quark Mass

Quark p
A
“
&F <
> =

P (log(m/p.)) —

When translating to p distributions over p_are also invariant
This allows us to extend our fit from 1D mass to 2D p_and p
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Design a transform to decorrelate against mass and p,

Decorrelating avoid mass sculpting
allows us to_cut tighter

CMS Simulation
00

A Decorrelateil
R
.é — >
2] < 5.
- S
v

As a first example decorrelate N,—N, DDT=\ -€(X%)
arXiv:1603.00027
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Double-b tagging Concept #1
.

T-axisy |\

fat-jet b-tagging sub-jet b-tagging double-b tagger

Apply standard b-tagging on the whole jet
Best at identifying Higgs against a jet
composed of light quarks

CMS-BTV-15-002
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Concept #2

NEW

fat-jet b-tagging sub-jet b-tagging double-b tagger

/ Reject _
b

Apply b-tagging on the subjet
Best at identifying Higgs b
Agains a jet from a gluon splitting

CMS-BTV-15-002
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Concept #3

fat-jet b-tagging sub-jet b-tagging double-b tagger

/

Apply b-tagging on the

Whole Jet using substructure
Variables (n-subjettiness axes)
1-pass kT

9 9
CMS-BTV-15-002




CMS Simulation Preliminary

—

Mistagging efficiency (Inclusive QCD)

—
<
n

—
Q

CLLEL L LT T T PR P T T

- — double-b tag

- ----Subjet CSVv2
™ Fatjet CSVv2
- — AK4 jet CSVv2, AR(AK4 jet, Fatjet)<0.4

...................................

AK8

i | | i (
e | H i ]
R IS I

~40% improveméﬁi

50 <m < 200 GeV , 800 <p < 1200 GeV

(13 TeV)

| i i |
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Tagging efficiency (H—bb)
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—

o
©
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Double B-tagger

CMS Simulation Preliminary

— double-b tag
---- Subjet CSVv2
Fatjet CSVv2

AK8

g

[ T T L LI T T Y TP

T

- AK4 jet CSVv2, AR(AK4 jet, Fatjet)<0.4

50 <m <200 GeV, 800 < P, < 1200 GeV

~50% improvement

(13 TeV)

o
K
3

0 01

0.2

0

b5 06 07 08 09 1
Tagging efficiency (H—bb)

Resulting combination gives 50% improvement over previous

CMS-BTV-15-002
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What about data/MC

Tag two muons in a jet

Muon . . . .
Use this to infer signal-like
2 b-quarks in a jet
Muon_ a6 1 (13 Tev, 2016)

7, T T ;
= 10" + Data
= 10° CMS M 50 GeV B udsg
g 8 MDT SD I:I c
o 107 Muon enriched multijet events [ c from gluon splitting
- Double-muon-tagged AKS jets I b
o 10° ] b from gluon splitting

10° p. (AK8 jets) > 250 GeV

d Well modeled between data/MC

10

1 | | | | | I I | |

% 1.5__ .................................................................................................................. { ............................................ —
- A S (R T ¥ 1 ppdtats gaatiets ve.. ]
s 1E : ”“H“*H PhypeptHhpd $ :

6 1, e S ———— — SO ———— RS ——— A—— S—— ]

-1 -08 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1

CMS-BTV-15-002 double-b discriminator



35.9 fb" (13 TeV)
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Result

The large Z—bb
Allows us to
calibrate our
signal

Z peak
Allows us to
calibrate Higgs
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Where do we go from here?
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Heavy Ion Collisions

/ pT of 1°

c qpllttlng probe
odlflcatlons

’ » early in shower
By grooming a jet in
Heavy ion collisions

We can try to isolate the

first splitting
The scale of the splitting acts as a gauge
for the virtuality of medium modifications

Consider the first splitting
in jet

Heavy lons
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Heavy lon Collisions

Consider the first splitting
In jet (de)Coherent?

p 1

Heavy lons T

Isolating the groomed ,
Subjets can probe the nature P

of the loss in the medium

2
Z = ?T , Probes coherence of the energy loss in
P *P -
T Pt the medium
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Heavy lon Collisions

Consider the first splitting \
In jet \
7 N

Confidence in the first splitting in pp
IS fairly recent, yet it has been
discussed for a long time

M*~p,p,AR%, N\/
AR12 Probes the nature of the loss in the medium
(quark/gluonic how it loses...)
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Summary

» Field of jet substructure is well developed
- With a lot of tools

Very Busy Boost = summary of summary (take home messages)

My Boost is solid My Boost is opened My Boost is expanding

v

@ amazing New ideas e fast progress in
understanding o still proposed calculations

@ precision e still welcome e expand towards MC
calculation o - expand towards HI

e theory
uncertainties

Thanks Sal & Simone for
Beautiful Outstanding Organisation and Superb Time

Gregory Soyez Boost 2017 Summary
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Summary
« Community is starting to think about HI as well

Very Busy Boost = summary of summary (take home messages)

My Boost is solid My Boost is opened My Boost is expanding

@ amazing New ideas e fast progress in
understanding o still proposed calculations

calculation § expand towards HI
e theory

uncertainties

Thanks Sal & Simone for
Beautiful Outstanding Organisation and Superb Time

Gregory Soyez Boost 2017 Summary
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THE MYSTERY FACE GAME » LL JIU DU PERSONNAGE MYSTERE
IL JUEGO DE LA CARA MISTIRIOSA




Guess the Jet by asking questions?”*

08/24/17

*Concept by N. Tran
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u,d or s jet

*Concept by N. Tran

gluon jet

pileup jet

174

What are you options?

We will just use the 3 in green
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Deep Learning for Image Recognition A

| 6.6% 5.3% 5.1% 4.9%

|lll

2010 2011 2012 2013 2014 2015 Human 2015

*Michael Kagan's slides (Yé&Sterda¥y)

Start @ 0 PU

Classification error (%)
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What is 1t?
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What is 1t?
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What is 1t?
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One prong a,bit
wider than a W or
"a" top jet cdre
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What is it?

ﬂ ) - IIII -
I. ) - [ |
| | . -

Qmov 1d

—



What is 1t?
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A top quark decaying to 2 jets N



What is
" .

Random low energyjet s 1
e =.I '

. . v L

lII l . lllll .I I:

E .1 1s Focus on this

it”?




What 1S It7?

o ",

6 | 102:5
Random low energyjet N G
A \ —
— Q
. - 10
|
illed in region is .
c)Ior Connectlon 1
i1 1
I
3-ish prongs :
However all arecoloncomnected ,
i |
o .
‘. W jets are not color
g
-~ —connected to event /.. -

v 4 4
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Now @ 100 PU
(Next year)






“Running PUPPI
100 PU
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3_ " AKS8 (anti-kT AR=0.8)
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“Running PUPPI
100 PU

— Look familiar?
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pT (GeV)
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pT (GeV)

et

fs

See backup

194

Any qguesses?

pT (GeV)

"

107
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Recap

» Actual analyses are on objects combining deposits

« Particle flow combines the deposits to particles
- Takes into account many features (Brem/Nuclear Int)

* Hadronic T decays are composite “particle” objects
- Find the decays and rely heavily on isolation

» Jets have rich & interesting identification features
- Pileup an important aspect that needs to b addressed

* MET relies heavily on everything else

- To reconstruct nothing you have to know everything
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«/ “"Thanks!

- T e 5 CMS Preliminary 2.70" (13 TeV)

% — T — ] 2000’ ATLAS _: 91200_‘ T T AL L LI L L L L B N
O 25000 D o {5=8TeV, 20317 - § o data ’
- [h - Background ft component 5720 1 F . 04 000 & B QCD Pred. ]
5 200001 Sertfcompenet ] |600:— E prd —— Total SM Pred. -
foe iR 2015 : B
C ™ c = 800— —£lqq —

15000__ ATLAS Gev1  —] |200:_ _: : ----- z'(qq)’ gB = 1 :
[000) = B T

10000 s=7TeV, 460" b - 3 . 600 - -
pT>0.320 GeV hi<1.9 6002 058 < pT < 067 : B pT > 500:

o ] =) i 400— —
2014 | & Tevansary)> F “ 2016
gc- 1(')0 BT S =, 200 045 Ny < 30, Fourth deg. polynomial = 200:— ", —:
()| A PR R AT AN I AR o T T e L g i

— e vemas Jet Mass [GeV1 60 80 100 120 140 160 180 200 ok . T L. |

m [GeV]

50 100 150 200 256 300

This peak has only been
observed over past 2 year

50 100 150 200 250 300
soft drop mass (GeV)

Data/Prediction
OO




Thanks to the
Organizers!

Have a good trip
pack



<Am>=-0.8 GeV
RMS=12.7 GeV

08/24/17
CMS Simulation Preliminary 13 TeV
*ﬂ —III|||||||||I|I|II|||||||||||||||||II:
= 235000 Pythia QCD — PF+PUPPI =
g Anti-kT (R=0.8) v SV
= <ng,> =40 a
@ 30000 500 GeV < p. < 600 GeV CAM>=13.7 GeV  —
| < 2.5 T RMS=17.0GeV  _
25000 — PF+CHS ]
<Am>=-6.2 GeV —
Jet Mass [ RMS=14.6 GeV ~ _
20000~ Resolution PF(Cleansing) -

15000 -
PF+CHS(Const.Sub.)}-
<Am>=0.5 GeV _

10000 RMS=13.7 GeV = |

5000 —

R PR R B : | | L1 | | L1 | | I i R N -
-?00 -80 -60 -40 -20 0 20 40 60 80 100
Mreco - mgen(Gev)

Mass resolution shows clear improvement (40 PU )

198



08/24/17

199

Pileup performance in data

::"-.
hd
£
[t
[
e
0.8

0.4

0.2

14
12

Likelihood of two prongs

Data/MC

1
0.8F
0.6E

8.0 fb™* (8 TeV)

L 0CD Heérwig++ Anti-kT(R=0.8)
| <N >=22

- 400 GeV < P,

- Il <5

T I T
CMS |

Preliminary __|

I Data MC _
- o PF — PF -
- o PF+CHS  — PF+CHS i
B o PF+PUPPI  — PF+PUPPI  _|
_| e e by Ly |_
5 10 15 20 25 30 35

Pileup n,,

 No more trends in pileup with Puppi
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Jet Energy Correction

* Executive Summary :
We switch to AK4

08/24/17

Run Il PU

Run I’PU

CMS Simulation Is=8TeV CMS Simulation / Is=8TeV
Z/\ 045_' I ZA 045__ T T T T T T [ T T T T T T ,_
. E QCD Multijet o <13 o F QCD Multijet o <13
Q'l_ 0-4;— Anti-k_ (PF+CHS) o 13<m<25 = Q',_ 0-4:_ . Anti-k,. (PF+CHS) o 13<m<25 B
(o} - Q - 4
YV 035 0GeV<pi™<35feV o 25<hn <30 — YV 035 30GeV <pi™<PGeV o 25<[n <30 -
EA 035_::10su<20 o 30<f <50 - EA 0.3z—_§:305M<40 ° 3-0<hl|<5-0'_'_::::_E
OQ.F | e OQ.F - ,:.:rﬁ%.H_.ﬁ ]
E_ 0.25 T * ﬂ—:::— 3_‘ 025 +:+ ]
a Co—— —g— N C f::‘zlz‘f'_"
° 02 ww 3% 2- e 3
015 0.15;— —
01 AK4 wins (at hlgher poslightly different) E
005:— I I | | | I | ] I I | 005:— ] L | I I I | I I | | I I 1 | ] I ] | =
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Cone Size Cone ?ize
JME-DP-14/037
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Jet Energy Correction

* Executive Summary :

We switch to AK4

Run I’PU Run Il PU

. CMS Simulation Is=8TeV . CMS Simulation / \s=8TeV
T T T | T T T | T T T | T T T | T T T | T T I T | T T T | T T I | I T T | T T T I I
é _ 045 QCD Multijet o M<13 é _ 045 QCD Multijet o hl<13
Q'l_ 0.4 Anti-k_(PF+CHS) o 13<<25 Q'l_ 0.4 Anti-k_(PF+CHS) o 13<h <25
Q Q
Vv 035 1000 GeV < p>*" < 1600 GeV Vv 035 1000 GeV < pS=" /1500 GeV
z z
% - 0.3 10<p<20 % - 0.3 30<pu <40
Q Q
F 025 * o 025
5 02 At high pT AK5/AK& wins
0.15 0.15 _}_
0.1 —— 01—
FH*. e —e— - : : s
0.05 A IS N S SR M N 0'05...|...|..;|..:|...|.
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Cone Size Igo e?i
JME-DP-141637
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Stability of our detector
« Using all the jet cones allows plots like this:

CMS S:mulat:on Prehmmary

19 7 fb (8 TeV)

w 14p FREAR
% I PF PFI-:I-('(JHSV h]l <1 3
- e >N (Ge R=0.2-1.0
€ 12 . ss GeV) x 10
© - e o C(1)x100
& -é ‘ . . & ° @ -
— L T o o © .- o
L ik ¢ .
- 8_ ..
O [
5 6_— + . - s
8 .¢¢ . Q g
E 4 $ il s =
AR - .
$ (A ) J'CR ) p% VND'N lpz PU“A g: +C2
0 | | I I | | | I Ll I-:-l L1l L1111 |

0 10 20 30 40 50 60 70 80 90 100

uxA

JME-DP-14/037
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What does it take for E-flow? )

* Need to reconstruct a jet and correct it

- ATLAS (p) PU N
Cluster+correct Cluster Correction Residual
Calorimeter  Topoclusters tGlobal  Correction of
Cells To Correction Jet (using
(Topoclusters) jets Of Jet width/tracks)

- (P;+n) GSC >
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Jet-Level in ATLAS
 While ATLAS does not use pflow

- Yields resol. loss(Charged parts)+worse granularity

- Compensates w/improved aranularitv throuah GSC
Before GSC After GSC

& ~ ATLAS Simulation Preliminary | & " ATLAS Simulation Preliminary _
9 1.2 EM+JESw/o GS PYTHIA8 B o 1.2~ EM+JES PYTHIA8 ]
1 ] - o o .
&2 - anti-k, R=0.4 In|<0.3 2 - anti-k, R=0.4 In|<0.3
o I 787 30<p"" < 40 GeV o I 787 30<p"" < 40 GeV
1.0 [ 80<p™" <100 GeV | 1.7 a0 80<p™" <100 GeV |
= [[47]350<p" <400 GeV i [[2] 350 <p™™" < 400 GeV -
1?*‘**::;. ) - | R -ty 5 . -
L +. - - - L .
o~  Corrections exist at jet layel (not particle) :
S s | 5 0.05. r o
De : .05} L ;
% % %%W 2 ] g : ,,-M/%,%%ﬁn
g % 0.1 02 03 g G 01 02 03
s width, £ width
< https/atlas.web.cern.ch/Atlas/GROUPS/PH¥XSICS/CONFNOTES/ATLAS-CON F-9D15-0¢


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-002/
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2 years ago

Jet Energy Scale |

19.7 o' (8 TeV)
I I I I I I I I _

Anti-

n_=

Similar I e

S
> T
= -
© 6F
o f
c I
= -
O 4
% -
3F
21

progression in

ATLAS 0=

—~ Relative s

= Pileup ((1)
=Jet flavor

+ Time sta

- 1 year ago

R=0/5 PF+CHS -

05

Understanding
of JEC
Steadily improvec

As we dealt with
detector effects

 Run lI: expect same trend with a faster timescale

* We are now down to 3% uncertainty a 30 GeV!

JME-13-004
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What is it?
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What is 1t?

Run Jet reco

< 6:_ . " ‘II- _ l102§
5 o \ | =
]: to A Jetp, 50-100 GeV
: f

; Jet p_ > 200 GeV .
2 : -}
: l
II L

0 -------- | - - | - 10—1
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T

Its a low pT W boson

00000

208

Any guesses?

= 'Iquark!:iI |
1 Y
l. ’ |

pT (GeV)

107
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Pileup outside of jets

Lets look at objects outside of the jet!
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Pileup in the Event

PU Track
A Good Track
Good Jet
PU jet

Simplified event can be decomposed into 5 different objects
We have tools to go after all
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Pileup in the Event

lllll
|
) » N

PU Track e
.... I ‘ i‘ Good Track
Vertexing :
Charged particles

Can be assigned
To a PU/Good vertex

Good Jet

PU jet



08/24/17 212

Pileup in the Event

- Good Jgt

PU Jet Id:
Jet Shapes can
Infer jet is PU or not

....
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Pileup In the Event

Depth segmentation
Energy resolution
Detector fast timing

.....

.....
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Pileup In the Event

Whole Event :

Whole event et * """
Can balanc ’

itself out
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Puppi affects everything

|t does not just work on jets!
PU Particle

Tau A - Muon

v~ od Jet

&
Isolation = X p.
MET =-Ip,

SUMET
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Puppi affects everything

|t does not just work on jets!

PU Particle
Tau - Muon
_ -7 - Apply the Puppi
V- S00d I8N Weights w

Isolation = X p w
MET =-Zpw
SUMET = Xp w
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