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Jets EEWFH

<Jet physics : QCDDOHRTIEY 7 M GYEZETICHEDL ST LLERIAINU

"CUL\V% (Theoretical understanding + computation)

(/

HmEHRRm/IN—bovyI——>/\FOY

/
%

RRT—F EDLER theory and computational
developments

<Jet reconstruction algorithm ( kT, CA, antikT) IRC safe 7LV X L

o

-numerical progress (fastjet N/A3-> Nlog N)

<Jet substructure (mass drop), Hi,,s W, Top reconstruction (BSM search)

Mg i p (Gl

High pT

-, A 1 1 A Low pT Medium pT
< minimal Validation Ana YSIS (250~600GeV) (600~1200GeV) (1200~ 2000GeV)

(leaving optimization to

algorithm) —» iR FE
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Input:Jet images

Higgs
| output: Wij, b

MG5+PY8+Delphes
T T T

Higgs jet
SaE e g x | — ———
+ = %
An Qf “‘
2 . oy = 2
o optimization
Ly
L(y,9)
. Y Y Higgs
| L | |
O 0 717_77jel y == (1 O)
QCD o
QCD jet MG5+PY8+Delphes r 'y QCD
O s (07 1)
E
Qf
é
W

- T ““
+g "
e p: source of non linearity
“““ n 77Jet
o B e y
rearrangement y

Xp —>—AWin[ —— T
...... Rectified Linear Unit(ReLU)
......... PreLU(X) = x0(x)

bi

inputs weights bias

activation  output -
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KD "BEZFRF > AT\

Almeida et al 1501.05968 CNN
DNN (all bins in a line) correct nearby image first 1511.05190

Convolved
Convolutions Feature Layers

Bias nodes _

:ﬁ:‘ o 2 5 Max-Pooling
W— WZ event \/
Repeat

Calorimeter image Input layer Hidden layer 1 Hidden layer 2  Output layer

2.5 T ::Agz
1 QCD Jet . 5 il
) = Recursive(Taoli Cheng 1711.02633)
| : igﬂ
é\ e A det Recursive Embedding
% orin e, O = Hidden Layers
z M ‘ | (wrn.6,Q)2 @p—>
[ g e B * -
0.5 anti —kr, R="1.0
pr =500 — 600 GeV
‘ m =130 — 210 GeV :
8% 0.2 0.4 0.6 0.8 1.0

0 vr.1.6, Q) p—

“ Maybe we do not know physics behind,
architecture do the job for you”??
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top vs QCD

Top Tagger performance in MC . (13701
\ z W11 T T T H
\ ¢ fcms
- Performance comparisons in two different ranges of pT(truth) S L o ey |
g E 300 <p;"" <500 GeV, In"" < 2.4
—é - 105 <mfy’ <210 GeV
@ 107 110<mg" <210 GeV J E

F 140 < my o < 220 GeV

- Mmgp * T35: addition of the subjet b tag};ing in the reduces the misidentification
probability for t quarks by up to ~ 50% (depends on pT).

— DeepAK8
- HOTVR: performance lies between mgp + T3, and mgp + T3, + b. g
BV
— N;-BDT (CA15)

- N; = BDT (CA15): shows improved performance compared to the aforementioned 77
algorithms, particularly in the low pT range. 10 T 05 ';_'o!a}'f;_f 55
- The improved performance stems from the usage of the ECFs, which provide complementary e ey

information to 15,. In the low-pT region, the gain is mainly due to the use of larger-cone jets (i.e. jets
clustered with R = 1.5).

105 |||||||| |""l""l""l""l""'é

" Simulation Preliminary

E Top quark vs QCD multijet

[ 1000 <p}™" <1500 GeV, ™"l < 2.4
- 105 <mjy’ <210 GeV

107 110<mg'® <210 Gev

E 140 <m, g5 < 220 GeV

—_

- BEST: targets the high-pT regime and shows similar performance to the ECF algorithm
in this regime.

Background efficiency

- The best discrimination is achieved with algorithms based on lower level information: 2
ImageTop and DeepAKS algorithms. Rl

- ImageTop & DeepAK8-MD yield comparable performance in low & high pT regions

..+ — DeepAK8
=" --- DeepAK8-MD
ImageTop
/ P --- ImageTop-MD
3] a _,.-“‘,4-" Mgp + T
107°E o R —-Mgp + Tzz +b
—BEST
— HOTVR -
— N3-BDT (CA15)  +

- The optimal performance in terms of ROC curves is achieved with the nominal version o heotows
of DeepAKS8 over the entire pT region. L oK R ¥- B oy oy ooy

Signal efficiency

ST

E1/22/19 Significant improvement from the new developments 3
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Narain, Boost 2019
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= ML ERBRERWERNMES NS D,
Hidden layer(3&falZ LTWL\ 5D

<= QCD & D&%
YofelEDEREH

1. jet image(400 inputs) CNN(E*&HIC LT, & 54U ERK
DHBE (~40) (jet spectrum) D DNNZ >/

PO

%

‘

2. CNN classifier vs DNN  They are Equivalent!

3. & 5IC"Interpretable model”"Z{E> T, AAMEDILTL
OMHBo

o i O G ARG
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Input Z R % (Jet spectrum)

<= Monte Carlo = Parton splitting + hadronization
(o, R, z) describe
parton shower spritting
pip2 = p z(1 — 2)
pi+p3 =p[(1—2)* +2°

P1 = P<

Our minimum input (Jet Spectrum)
S>(R,AR) = ¥, . priprj for R< Ri;j < R+AR  for R=0,0.1,0.2 ...

sum over pairs of jet constituents

proportional to momenta of particles to be IRC safe (C-correlator
9




Jet Spectrum ~ Energy Energy correlation, C-correlator (1996 Tkachov)

(IRC safe REHTIE>TcE HEBHERDOH W
1T D Lund Plane & H 3T L) (Dreyer, Salam, Soyez, JHEP 12(2018)064)

( CA jet clustering D & X b J —%& 2 RITHICH )

he LUﬂd D‘aﬂe The jet mass is just one

diagonal line in this space

» A jet may be approximgted as soft emissions m ~ z*/AR2 — — .. .
around a hard core which represents the . MRS
originating quark or gluon - Regions of the . = i

= Lund Jet Plane &_«@&ﬁm ]
~ PR N i
C \%

» Emissions may be characterized by

P(N dZZ dAR i ‘:!; ‘.\E\“&A«\ ‘ . N

o 1§3\\\\\\\§\\\\$\\\¢\\\&\\\m\i\\\\\‘\§
E s NN El

» z = relative momentum of emission wrt jet
core

» AR = angle of emission relative to the jet core

zE

So what if we could
measure the whole
thing?

(1-2)E ¢
collinéar

AR \/v IN(R/AR)

The Lund Plane is the phase space of these
emissions: it naturally factorises perturbative
and non-perturbative effects, UE/MPI, etc.

“Roloff Boost 2019




*classifier using energy flow h; = U;[Py]

calorimeter hit position

2 E .
hy = w® + / dR Pr.(R)yw!)(R) + - / dR dRy Pr.o(Ry)Pry(Be)wisy (R, Ro) +

v

1
dR S ap(R)

2!

If w only depends on R

w? (R) +---

zab

*classifier using Jet spectrum

G
TR U £ e i
hi = w' (@) +/dR52 A(R) 1,4 Zian)

)

RlaR ;fkin
( > )+

1 w;
§/dR1dR2 S RN S
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:”Softwé.: hard D activity Z X5l 5

Higgs Jet MG5+PY8+Delphes

jet~ subjets(IRC safe)
subjets above certain pt cut
=>trimmed jet

Jtrim — U Ja .

2 cpixel Pp; [arb. unit]

. A D E g 1 =
g ] 2 o
N 1WF} FAEIZR ICE ST
momentum aensi O \
2 pt iy MCUEEADBRI -
1
S2trim 2ol = AR > pripry - lirrrar) (Bi),

ivjEJtrim » ’ -
—“hard-hard” correlation

SZ,Soft (Ra AR) == SQ (R7 AR) == SZ,trim(R; AR)
SZsoft

= “soft-hard correlation” + “soft-soft” correlation

e T T R R sl A S T M e Tt R st R e uuuum.,t '

...........

===

e

_.--
TSt

S St L

R

=33

ST

ST ey
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T T RO A T M T T R T R i T M Tt R R T T

distribution
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Typic:a\ S)

QCD jet MG5+PY8+Delphes 1, QCD jet MG5+PY 8+Delphes
s | QCD jet WE  «© ru-2cy —sewon
s e s E: = | Prjs=252GeV —S, (RO.)
e = S 8 mie =101 GeV  y =0.06 g
S S S | Mes=32GeV 3 =013 :
3 ,-" ; 2 S 04f -
o i . Pl : weak second peak
SN P oal disappear after trimming
-1 . - _ f
J O0 I 1!5 — 2
S L S TN l
-1 0 1 R
n- njet
Higgs jet MG5+PY 8+Delphes L081 Higgs Jet | MG5+PY§+Delphes
s Hi ot E L P 308 GeV — Sy(R:0.)
s b 58S JEU . < = | Prjes -
A = 2 "% ma = EM pty reg|on :
= l,' ‘ \\“ b <Y 5 — mJet r— L1 O\ v N — U.T -
of— I: - w@ S 04 E
: S - :
- ; 0.2~ .
-1~ e — g ]
A) + g . oL —|:| - ]
L . L . I....: 0 0.5 1 1.5 2
-1 0 1 R
7/’ - njet

"
\
b




CNN vs DNN with S

(R) an d SZsoft (R)

2trim
5 Higgs jet vs QCD jet

= T T T | T T T | T T T T T :--L--I___l.--l"_
Input Hidden; Hiddens --- Hidden,, Output B Ou rSEtup ]
Pr,j I i i i
S 107 e -
g T CNN
E : ’;';;,;/ Training: MG5+PY8+Delphes T
O o y -

== : Testing: MG5+PY8+Delph
Jet - 8 To esting G5+PY8+Delphes 4
2 S S AN TEPPEPE Two-level+jet spectra 3
SpeCtru MSs i ----- MLP+jet spectra E
bias nodes ¥ — CNN+jet image )

Activation: ReLU ReLU ReLU  softmax e e e, ol = e e = O o eV,

0 52 0.4 0.6 0.8 1

Higgs jet tagging efficiency
for 300GeV<pT<400GeV and 100GeV<mj<150GeV
The results only slightly worse than CNN

< Two point correlation pick up most important effects. (Or NN with
jet image “find” two-point correlation by itself ( not proven)

<= Chance to understand the distribution contributing to the decision?
14
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U TR R " 4 FHTT

[lléiwrlwe"cic module] * [radiation module]

= [Interpretable model]

w1 and w2 are trained to be MAX for Higgs h;

events and MIN for QCD jet events

layer: Input Hidden; Hiddens
Activation: ELU ELU

. Inner product Output

m; “~ : softmax
LA B
bias nodes b b &

S
|
N

Ny
|
AN
i

layer: Input

jet interior 1%}
information L3
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Higgs jet vs QCD jet

—— T — — T I--I---L__I___I_-
‘New one |
e L
g |
= 107 S =
%O - S -\JN
N2 B ]
= i
+~
- |
5 ; Testing: MG5+PY8+Delphes
10~ E
% -------- Two-level+jet spectra, -
_____ MLP+-jet spectra i
—— CNN+jet image 1
10—3 ol by
0 0.2 0.4 0.6 0.8 1

Higgs jet tagging efficiency
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kinetic module vs radiation module with readout

< inner product

h = SZ,trim Wy = SQ,soft Wy,
k

training el

coefficient w1 and w2 is instructed to depend on
mass and momentum but not jet spectrum

QCD jet vs Higgs jet

Higgs
0.4
0.3

0.2

----------------------------------------------------------

trlmmed jet emission at

Network name: SNN.TwoClass.hj.py8 (temporary label) . R O 8 — H I ggs :
nggs Jet VS QCD Jet RSN EE SRR EEEE SRR EEEEREEEEEEEEEEEESEEEEEEEREEEEE M G5+PY8+DelpheS nggs
oo Sim(R) | | pra=350Gev 1
: ¢ 52(R)—S4im(R) | - my =120 GeV 5
d ' i 13
; ; outter ;
- - 12

0.1

o Q :
0.0
S .

-0.2

-0.3

—-0.4

- interior

QDb . .

0.0

emission at R> 1.0
—QCD

17




contnbutlon to <h>=<S, w>

(So(R)w(R)) |arb. scale]

Higgs 111888 J00 vs QUD jet ~ MGS+PY8+Delphes
0-42- (1) —  Higgs, (S2.tim(R)wi(R)) ‘
0.3 F ) Higgs, (S2soft(12)w2(R)) 1
0.2 — -: QCD, <Sg,trim(R)w1(R)> -
0.1F | (R)) -
0.0 =Ii _

IR TS L

B A

03} pry € [340,360] GeV -

04} my € [110,120] GeV -

0 02 04 06 08 10 12 14 16 18 20

2.2




Ssssetadiad il LU L S ad it ia 200000 bes0e et Sibdhad ML R e ae ot d IRt 2o 2 ] Ml 1 29228802 meeaasiose: sadeds L UM ¥ S 44 " 4 2aae0e 8 aatte 2204 b 28880 00 4112220120000 2o du Rt tasesosss dad " e e 0011004040 potenr
" 3-"’"5'?"’%?"""7:” Wi RN T A A T T LR (TR DA A B B HET AT TR R A it R R R R RN R R e E G Rt L T L A e

"Reasons” behind jet classification

Large Hard-and-soft
correlation

two hard

substructure

making peaks -~

N S2trim \ | .
| ) : soft emission

near jet boundary
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MC (& TIEUL LY D

= quark >IN— k22 ¥ T— > 7c< S AD quark gluon  (Qstart, Qhadron, «s)

= Herwig anglar ordering (& D REWAENS/NESWAEICED > TIHEDE I S,
AU w K angular ording AMREEES LT WS

= Pythia, Sherpa pT ordering(& DkT DREWHHEHNS/NS WREDIEREZ %)

= options Dipole VINCIA (& D #5370 1 — =)L)

%

= IN—h v J—D05/\FA>A(Qhadron)
= 7T RY—1RB (Herwig &Sherpa) parton shower D Dagbar MSEWH D%Z R
DIFTRF7ZED RS E S,
= String #28Y (Pythia) color connection H'5 11 TMeson M TZE B,

= parton shower + hadronization D/XZ A =5 —NT7—5 THEINLLHDH. Fbh
TWABERBWLE. (Matrix element E WS TeiFENTHMETCE 382 2R 5,

=~ CEBEF. resumUTFHIITES & ZBIFMA T, ZDEES Tjet DPIEZ LD fo Ly
EWVWS DO S DiFh
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Lund jet Plane (Jet core DS D3F) & 02F a1ias mreiminary | E®= o =
T 0.18F (s=13TeV, 139 fb o Pyna82s =
AL AR) S 0.16F 097<In(1/z)<1.25 L cremanos Ouserted)
/ zﬁ 0.1 43_ \V/ Sherp.)a 225 (Sltring Had.) _f
) cegons of e fons [\ e S
S . Lund Jet Plane 2 01F =
= p(L) ~ 97 dag "~ 0.08F i =
0.06F- § . . =
HAPTTOLL S0 T "
E-I_ﬁﬁ_l-ﬁg 60%0’ collinear % 1.4;_iiiiiiiii|iiii|iiii|iiii|iiii|iiii|iiii|iiii|iiii_E
2 12 —
/%‘ coIIinear 'c‘% 081:_ ﬁﬁ % % ﬁ % § g g ? i:_
> - 06__ II+III+I|I+IIITIII+I|I+III IIII|IIII|IIII|IIII|IIII_
In(R/AR) 0 . 1 1.5 2 2.5 3 3.5 4 I:(%/AR?

» Non-trivial differences between e
' = 0.25 ATLAS Preliminary @51 Data | =
different generators and unfolded & 018C fsoiaTev 100 B Dmeoan
data \% 0.16F 067 <In(R/AR) <1.00 A Sherpag2.2.g(Clusier Had.) —
%_ 014 = /  Sherpa2.2.5 (String Had.) =
o — 4+  Herwig 7.1.3 (Dipole Shower) -
. . Zi 0.12 — 4 Herwig 7.1.3 (Angular Shower) =
» Region dominated by hard and (3 E
. e 08F- =
wide-angle splitting is affected by 0.065- 313, E
rton shower 0.04 - : . =
parton showe 0.02§!|....!!' 'i;—
I o e B T
% 120 [ | ]
Only small effects seen from UE/ D Eerrweees? i i-A L I J!:_
MPI (as expected) I S BN T B B B
1 2 3 4 5 ?(1/2)

from Boost 2019 talk by Jennifer Roloff
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PY8 vs HW7 [ & 2 HNUES H

D L S A LG B

llw

'h;

Higgs boson Scalar gluon |
PY8 vs HW7 Higgs jet PY8 vs HW7 sgluon jet .
Y8:"'I"'I"' T ] :"'I"'I"'I"'I"':PY8 PY8:" LI B RIS R :"'I"'I"'I"'I"':PYS ;1'
I - prg = 350 GeV 34 0.4F ' Ryp E pry = 350 GeV 34 :
| - . - - ] Whi
. - my = 115 GeV 13 03] : L my = 115 GeV 13 |
| : g g ] .
| : LI v 02 : 3 1?2«
: ) 5 LS (B | s EPR— il
7\ ] X X F F ; X it
\k/‘ ;O E E 0'0; : 3 /,{ ) ;0 63 l}
"3 T S VN E
1-2 S a2} ! 1 [k 12 S '
{-3 ~0.3f o—o wi(R) i/} 1-3
El —0.4F —o w(R) { F 14
L L L L I HW7 S S B B B R B B B B
1214 16 18 20 Hwo.o 02 04 06 08 1.010 12 14 16 1.8 2gm7
R R R
pys vs w7 (J Or IUOﬂ QCD jet
Y8:"'|"'|' I ] :"'|"'|"'|"'|"':PY8
0.45— |R — f—pTJ = 350 GeV —4
03k : I\ E my =115 Gev 13
g | 1\F ]
| :2
I 1
| =
10

0.0 0.2 0.4 0.6 0.8 1.01.0 1.2 1.4 1.6 1.8 2.0

* ESMC THRIULZ7AOERAZ%E>T. BRFEETHHEIETTHSB.
* \=RBEYITIYyMORHIEEU,
* YY) NEBRIES, (FUTENICHEDOIEKELTHEZYO>TWS, ) »




|
Q
Uy
20
fav]
o
=
3]
A =0
5 10
&}
I

T AIILOKEE

color singlet or octet vs QCD

singlet (Higgs )

Higgs vs QCD MG5+ (PS) +Delphes
- I ! I | I T I | I T I | I I 1--1‘-_|___L--|"_
; /:,/ Parton Shower ;
o 7 // =l
- /’:/' train. = testits =3
B /. i
7 PYS PY8 -
' ’
Ry ) =
Tyt s HW7 PYS
I ¥/ _
7 N
) PYS HW7 -

————— HW7  HWY n

1 | 1 | | | | | 1 1 | | | 1 1 | | 1

0 (052 0.4 0.6 0.8 i

Higgs jet tagging efficiency

MC IC & 5THEMZED
FBE L TWB2mAE U

Q
< 107t
20
<
7
g
<
3 o
o 10
&}
1058

octet(scalar gluon)

sgluon vs QCD MG5+(PS)+Delphes

! ! ! | T T T | T T ! | T T T L _I___L--I'

-
="
-
-
-*
-
-
-
-
-
-
.®
.

Parton Shower

train test
PYS PYS ]
----- HW7 PY8
PYS HW7 A
----- HW7 HW7
| | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1

sgluon jet tagging efficiency
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= MLH-QCD Yz v R TRBICEBEN TV I DR ERE
U7z,

@

=YY P A=Y NxN to ARYZ ML N (N~20 for our case.)
ETCHBEICPNEKET DU, BROILTE. VIV MMA=I%Z
E>THCNNREDEDDIBZBEI Y FPARV MVEHRRT BT
OHICIHFRIZEEAICLTS ER S,

=~ BRFEEHIEY 7 N ERHREE>TWS, MC EETF—IYHIES
CEDSLBAREEDH S,

= BRDPN— Y Vv T —TRRTE D ERBSAEL,

-
7

\
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