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What could it be?
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Authors: |. A. Aguilar-Saavedra A scalar hint from the diboson excess?
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G221 Interpretations of the Diboson and Wh Excesses

3. arXiv:1507.00268 [pdf, other] 10.1103/PhysRevD.92.094
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Authors: Qing-Hong Cao, Bin Yan, Dong-Ming Zhang Submitted 6 April. 2016 v1 submitted 13 July, 2015; originallx announced July 2015.

Submitted 27 November, 2015; v1 submitted 1 July, 2015; originally announced July Commer] 7 arXiv:1507.04431 [pdf, ps, other] hep-ex 10.1016/}.physletb.2015.08.028 (7
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Journal ref} 2 TeV Higgs b PETT) 4 P
Prospects for Spin-1 Resonance Search at 13 TeV LHC an]  Authors: chuan-H| 11.arXiv:1507.06018 [pdf, other]

Authors: Tomohiro Abe, Teppei Kitahara, Mihoko M. Nojiri Submitted 18 August Low Scale Composite HiggS Model and 1.8 ~ 2 TeV Diboson Excess

Authors: Ligong Bian, Da Liu, Jing Shu
Submitted 21 Jul

Submitted 22 January, 2016; v1 submitted 7 July, 2015; originally announced July 201 Comments: 12 pages

Comments: 38 pages, 19 figures, 1 table; minor changes, references added, version
—— —— —

, 2015; originally announced July 2015.

Most popular candidates

- Bulk Graviton models: Spin 2
Main production: gluon-fusion
Geuk—WW and Gguk—ZZ

- Composite Higgs models: Spin-T 3

Main production: gg-annihilation
Z'->WW and W —->WZ ?
1

system mass [TeV] for §3.00 TeV, 3.00 fb?!

With only 3 fb1 of 13 TeV data, same ~
discovery potential as 8 TeV dataset of 20 fb 0 05 1 15

system mass [TeV] fof 8.00 TeV, 20.00 fb'!




Search I:
First search for X=VV—qqqq at 13 TeV with CMS

Published in Journal of High Energy Physics (2017), DOI: 10.1007/JHEP03(2017)162

~ The first ‘boosted’ search with 13 TeV data and the first to use dedicated jet substructure
triggers. Published with the full 2015 dataset, 2.7 fbT
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X—=VV—=qqqq

W- X WF

Mx =1.2-5.2 TeV




X—=VV—=qqqq
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X—=VV—=qqqq

Reconstruct two hadronic W/Z bosons
- require two high-pr jets (>200 GeV), tag
using dedicated jet substructure methods
Bump hunt in dijet invariant mass spectrum

- QCD (dominant) background estimated
from fit to data in signal region

- smoothness test of observed data (no MC)

Simple and robust one-background analysis,
some caveats:

1. Overwhelming QCD multijet background

2. Can only model smoothly falling m;
(trigger limited)

Smooth SM
background
from fit to data

Signal resonant
around Mx

Dijet invariant mass



Getting rid of QCD

CMS Experiment at LHC, CERN
Data recorded: Mon Jul 18 19:59:10 2016 CEST
Run/Event: 276950 / 1080730125

Lumi section: 573 V — q qt;
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Getting rid of QCD

CMS Experiment at LHC, CERN
Data recorded: Mon Jul 18 19:59:10 2016 CEST
Run/Event: 276950 / 1080730125

Lumi section: 573 V N q q ? :
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Getting rid of QCD

Mass smeared

by QCD radiation
1) What's the mass of my object?
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Getting rid of QCD

VS.

1) What's the mass of my object?
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Getting rid of QCD

2) Can | peak inside the jet?
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Arbitrary scale

Jet substructure techniques

o
—
N

o
—

0.08

0.06

0.04

0.02

W, pruned — W, BulkG MadGraph

--- Ungroomed jet mass

N —QCD, Pythia8
---Ungroomed jet mass

q/g, pruned

W mass
q/g, mass
0 50 100 150 200

Pruned mass (GeV)

What is the mass of my jet = Pruning

arxiv:0912.0033

Improve mass resolution by removing radiation

- recluster jet, veto soft+wide angle constituents


https://arxiv.org/abs/0912.0033

Jet substructure techniques

What is the mass of my jet = Pruning
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Improve mass resolution by removing radiation

- recluster jet, veto soft+wide angle constituents

Can | peak inside the jet? = n-subjettiness

121

arxiv:1011.2268

- How compatible jet is with having N subjets

- undo clustering N times, 1 Jet axis |
. I 1 2 Subjet axes

calculate sum of distance ~ I
between all constituents and axes ™

(small Tnet = N+1 prong)

- Rather to/71: g/g with large 7,
usually large 12
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Tagging vector bosons
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W/Z-tagging: Pruning + 721

arxiv:0912.0033

Pruned mass window optimised for best S/B and
non-overlap with the Higgs boson

- 65 GeV < MPruned < 105 GeV

W/Z-tagger (pruning+ 21):
~55% efficiency
~1-2% mistag rate

Two 121 analysis categories:

- High-purity: 721 < 0.45
(best possible S/B)

- Low-purity: 0.45 < 121 < 0.75
(enhance sensitivity at high Mx where bkg is low)
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Background modelling

25" (13 TeV)
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Background assumed to be described by
smoothly falling function

do _ Ry(1—m/\/5)™
dm (m/+/s)P

Function sufficient to describe background?

- F-test: Increase N parameters until no
significant improvement (in data!)



Background modelling

Data-Fit

25" (13 TeV)
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Check that alternate fit functions are within
fit uncertainty of nominal fit

- taken as background PDF uncertainty



Statistical interpretation

- Background assumed smoothly falling - Signal PDF extracted from MC
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Smoothness test of observed data Composite models with Gaussian core

l and an exponential tail.

Hypothesis test by comparing fits of observed data with “background-only”

and “background + signal” function.
-signal strength and background function parameters left floating




Results
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For maximum sensitivity, combined results with semi-leptonic search (VV—4vqq)

- <1.5 TeV: vgg dominant, less background
- > 1.5 TeV: dijet dominant, higher branching ratio

Just exclude 2 TeV excess for W —=WZ!

However, other signals far from excluded!
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Interlude: Softdrop

Developments on the theory front:

SOftdrOp (B=O) o 0.12_CMS Simulation / - d(13 TeV)
- c s jets, SOTt Arop
. . arxiv:1402.2657 ; 0_1_— g g/g }ets, ungroomed
- Remove all soft emission Xiv1307.0007 & | YW - q, soft drop
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. . . ©
- decluster with C-A, remove subjet if o.0ek
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After pruning: After softdrop:

>

Pruning NOT completely soft radiation free.
Non global logarithmic terms (NGLs) in mass
— not “perturbatively robust”

- Softdrop removes all sensitivity to soft

divergences, only groomer which is Soft gluon radiating  All soft radiation removed
theoretically calculable! into jet not removed — no non-global logs!


http://xxx.lanl.gov/pdf/1307.0007v2
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Interlude: Softdrop

However,

- found softdrop mass for signal
jets highly pt dependent!

Due to increased sensitive to UE

- softdrop effective radius increases

as jet p;decreases

X mV/pT \/Zcut(1 — Zcut)
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Interlude: Softdrop

However,
- found softdrop mass for signal
jets highly pt dependent!
Due to increased sensitive to UE

- softdrop effective radius increases
as jet p;decreases
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Interlude: PUPPI

Unfortunately, pileup in 2016 expected to be
double that of 2015!

Fortunately,
PileUp Per Particle Identification (PUPPI)

- CHS (old): remove charged hadrons not
associated with primary vertex

- PUPPI (new): probability for ANY particle
(neutral+charged) to be from pileup,
reweights each accordingly

Huge resolution improvement for jet
observables in large-cone jets

Recorded Luminosity (pb */1.00)
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https://arxiv.org/abs/1407.6013

Search II:
A novel pileup resistant, perturbative safe tagger

Published in PRD, DOI: 10.1103/PhysRevD.97.072006; CMS-PAS-B2G-16-021; CMS-PAS-JME-16-003

CMS Simulation Preliminary 13 TeV
1.4 O 65Gev <M < 105 Gev CMS-PAS-JME-16-003
- L
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Softdrop

o B
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o= el
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[ W-jet, AK R =0.8 6
0.2+ p, > 200 GeV

| Il <2.4GeV

L1 ! | ! | ! | ! |
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Number of PVs

~ First analysis to use the PUPPI+softdrop algorithm; optimizing and commissioning new tagger
in the process (now default for W-tagging in CMS). Adding new analysis never before explored at
13 TeV: g*— qV. Published with the full 2076 dataset, 35.9 b1


https://cds.cern.ch/record/2256875

Developing a new V-tagger:
Softdrop mass corrections

With PUPPI, was softdrop saved?
- Better, but still residual pt dependence

- Enhanced when applying standard CMS
Jet energy corrections

Solution: Compute dedicated PUPPI
softdrop jet mass scale corrections

- remove pt/n-dependence, shift mass to
80 GeV

Finally stabile softdrop mass peak

M,.co Gauss peak position (GeV)
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Developing a new V-tagger:

Performance

Compare 3 taggers

- Pruning + 21

- PUPPI Softdrop + 21

- PUPPI Softdrop + 721PPT — linear transformation of 21 decorrelated from m/pr
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Developing a new V-tagger:
Performance in data

x1 03 35.9 fo (13 TeV) <10° 35.9 fo' (13 TeV)
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- Substructure variables strong dependence on shower generator

- Need to ensure we know real signal eff. in data from region well described by MC!



Developing a new V-tagger:
Efficiency scalefactors

Merged W:
W candidate is AK8 jet

Efficiency (€s), jet mass scale and resolution
estimated in semileptonic tt

- Simultaneous fit of 721 pass(<X) and fail (>X)

Signal efficiency, jet mass scale and resolution
from Gaussian component of total fit 7,

2.3 b’ (13F6V) N 231" (13 TeV)

< L > - B
E 300: CMS e CMS data ) 0 180_— C —¢-CMSdata [} tt (unmerged)
p - Preliminary — Data fit © 460 Prelimingry — Data fit |:|Single top
Z 250 — MC fit > n — MC fit B W+jets
(7)) _ —— B _
*GE) [ tt (mergeg § 140:_ tt (merged) [Pwwwz/zz
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Analysis strategy

Double V-tag analysis

vV X V

«— | —

Single V-tag analysis

\

Adding search for excited quarks decaying to qV by removing W-tag.
Never before analysed channel at 13 TeV!
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Results

. 35.9 fb”' (13 TeV)
10° B
- CMS —— Observed
10 = - Expected = 1 std. deviation
- Expected = 2 std. deviation
1e ——— opxB(W'—~WZ) HVT_
- Narrow width approximation
107"
1072 =
1072 =
-4 i | | | | | | | | | | | | | | | | | | | | | | | | | | | |
10 15 2 3 3.5 4
M, (TeV)

o x B(Q* — qZ) (pb)

35.9 b (13 TeV)

CMS

—— Observed

- Expected =+ 1 std. deviation
""""""" Expected =+ 2 std. deviation
— opxBa*—~q2)

Narrow width approximation

Excluding vanilla signal models (BulkG, V', g*), but still see (statistically insignificant)

enhancements around 2-3 TeV in gV and VV.



What now?



Interlude: Stealth bosons

Slide from J.A Aguilar-Saavedra:
“Stealth bosons and where to find them”

Motivation for all this stuff

(BOOST 2018)

Several little bumps near 2 TeV in hadronic diboson resonance searches

Obviously not diboson m==» think of something else, more elusive
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Interlude: Stealth bosons

What if tiny excesses were not due to
diboson resonances, but something else

- catching tail of other non-SM boson?

- not necessarily 2-, but N-pronged?

W/Z
Mass
window
AN
>
65 105 Mu(GeV)
Case II g
J .
il
V
Vi (or V') R ‘
(2 —3TeV) e o - j

hundred GeV)



Interlude: Stealth bosons

What if tiny excesses were not due to
diboson resonances, but something else

- catching tail of other non-SM boson?

- not necessarily 2-, but N-pronged?

—> Make framework for easily scanning full
jet groomed mass spectrum which would

- yields gain in sensitivity for VV analysis

- allow to search for VV/VH/HH and
non-SM bosons anywhere in softdrop
Mmass spectrum

W/Z
Mass
window
AN
>
65 105 Mu(GeV)
Case II :
J .
]
V
Vi (or V') R ‘
(2 —3TeV) e v | j

hundred GeV)



Search IlI:
A novel framework for multi-dimensional searches

In progress. To be submitted to The Furopean Physical Journal C

Mwvv

AN St

‘. N i 22 ] “

N L bW B ] gzs
NN pessess

MV ‘.‘. N 1] """
W

N E\i ;j 7% My
N\ 52

~ Paper introducing a novel three-dimensional search method allowing for simultaneously
searching for W/Z/H peaks, and eventually non-SM bosons, in the softdrop jet mass spectrum.
To be published with full 2016+2017 dataset, ~80 fbT



Three-dimensional VV

X—=VV?

Dijet invariant mass (GeV)

Until now: two AKS8 jets with groomed mass
between 65-105 GeV and 121 < X

- Region of interest is dijet invariant mass

- QCD background estimated from smooth
fit to data signal region using “dijet fit”

- Signal parametrised with double CB



Three-dimensional VV

Dijet invariant mass (GeV)
Take advantage of the fact that signal is

¢ .
> o Tev resonant in 3D: My, My and Myy
X—=VV? - Region of interest is My1-Mv2 - Myy plane
> Jety softdrop mass (GeV)
Mwy = X TeV - QCD background starting from simulation

- Signal parametrised with 3D PDF

Jet; softdrop mass (GeV)



Three-dimensional VV

Dijet invariant mass (GeV)
Take advantage of the fact that signal is

*
>0 Tev resonant in 3D: My, My and Myy
X—=VV? - Region of interest is My1-Mv2 - Myy plane
> Jety softdrop mass (GeV)
Mvy = X TeV 7 - QCD background starting from simulation
The pros of this procedure: Ld with 3D PDF

Can model turn-ons in mjj/Mijet

Can take jet mass and dijet mass correlations fully into account

Larger signal acceptance without mass cuts

Opens door to scan full groomed mass spectrum in one analysis
Jets softdrop mass (GeV)

=




Building PDFs

4 steps to full model:

QCD 4 QCD
W(qq)+jets W(qq)+jets
Z(qq)+jets Z(qq)+jets
Signal Signal
& X. Mjet1 & Y. Mjet2
> >
Softdrop jet mass (GeV) Softdrop jet mass (GeV)

1. Signal 3D PDF
-Resonantinx,y and z

2. Background, non-resonant
- Non-resonant in x, y and z
- Dominant background

QCD
W(qq)+jets

Z(qq)+jets
Signal

Z. Mjij2
>
Dijet invariant mass (GeV)

. Background, resonant

- W/Z+jets, resonant in x+y

. Alternate PDFs

- 5 additional shape
uncertainties



Replacing the dijet fit

To account for correlations mjet/mj;, non-resonant background modelled conditionally
- Pronres(Mjj, Miet1, Miet2) = P (M 161) x Py (Mier1 My, 02) X Pj (Miet2 | My, 62)

} } |

| | | [ [
U

E —e—|
“““““““““““““““““““““““““““““
0000000000000000000000
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Replacing the dijet fit

To account for correlations mjet/mj, non-resonant background modelled conditionally

- Pronres(Mjj, Miet1, Miet2) = P (M 161) x Py (Mier1 My, 02) X Pj (Miet2 | My, 62)

250k bins, need to ensure smooth and full shape — kernel approach

- rather than filling 1D/2D histogram with miet, Mjet/ My (sparse), let
contribute defined through generator level quantities




Replacing the dijet fit

To account for correlations mjet/mj, non-resonant background modelled conditionally

- Pronres(Mjj, Miet1, Miet2) = P (M 161) x Py (Mier1 My, 02) X Pj (Miet2 | My, 62)

250k bins, need to ensure smooth and full shape — kernel approach

- rather than filling 1D/2D histogram with miet, Mjet/ My (sparse), let
contribute defined through generator level quantities




Replacing the dijet fit
Is Nature Herwig++, MadGraph or Pythia?
LO(Pythia) or NLO (Powheg)?

- predictions disagree, let's allow it to be all!

Add alternate shapes based on different QCD
MC, simultaneously affecting mj;, mj2, mj;

- PDF can take any shape to match data!

QCD Pythia8 (nominal)
QCD Herwig++
QCD MadGraph+Pythia8

35.9fb™ (13 TeV)
T I T T T T

I T T T T I T T
—e— CMS Data

CMS

>

o 13

G 10 Prefimi —— Gy, (2.0 TeV) — WW (MADGRAPH)
o 10 reliminary ... g* (1.8 TeV) — qW (pythia8)

s} wE. q* (1.8 TeV) — qZ (pythia8)

o 10 —— — Z' (1.8 TeV) — WW (MADGRAPH)
Q 10" Z' (4.5 TeV) — WW (MADGRAPH)
< 10° BN W+ets

PN . QCD Pythia8

£ 10 - -4 -- QCD Herwig++

q>J 107 ----- +-... QCD Madgraph+Pythia8

T 1 06 nl < 2.5, p.> 200 GeV

MJ-j > 1050 GeV, IAnjiI <1.

QCD Pythia8 (nominal)
QCD Herwig++
QCD MadGraph+Pythia8




Plan forward

3D method improve 1D sensitivity by 20-30%

AP X—-VH—qgb 35917 (13TeV)
For full 13 TeV dataset (16+17+18) I N
-V, VH(bb) + HH ik e L e oo -

in one analysis! g% LW

; Z ; Higgs ;

ol @ loig g,
140 | 160 180 200
soft drgp jet mass (GeV)
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And tribosons?

Do we still need to “scan” n for N-prong signals?

103 -

No! Switch from 721 to generic anti-QCD tagger

- Deep Neural Networks trained to learn how 2
i . " . ™ 107
QCD-like” event is [1] [2] =
- identity signal without having seen it, §
ideal for model independent searches @0
O
Combined with 3D fit, one background model for o
any signal peaking in softdrop+dijet mass 100

50% s at 5% €5

e {ma.ges. ........
Bottleneck 32 ™
AUC 0.89

W\ AUC 0.93

for tagger that never
has seen signal!

Constituents
Bottleneck 6

0.2 0.4 0.6 0.8 1.0

- truly scanning the full mj-mj2-mj1j2 plane! Boosted top signal efficiency €s


https://arxiv.org/pdf/1808.08979.pdf
https://arxiv.org/abs/1709.01087

LoLa: DNN for W-tagging

Physics based deep neural network
(first introduced for top tagging)

- look at jet constituent 4-vectors only and
teach network Minkowski space and jet
clustering

Input:
4-vectors of N =20

highest pr jet
constituents
of AKS8 jets

Ei.. EN ko1 ko2 --- kon
D N | kg R 1N
p; () ka1 koo -+ kan
D2 k31 kso --- k3 n

CCCCCCCCCCCCCCCCCCCCCCCC

sssssssssssssss
22222222222222222222222222

See more here

s &


https://arxiv.org/abs/1707.08966
https://www.physik.uzh.ch/dam/jcr:1463636d-1b8b-45fc-960c-b2155f9ddd93/poster_5.pdf

LoLa: DNN for W-tagging See more here

4 layer deep neural network, 2 custom layers:

- Combination Layer (ColLa)

- Lorentz Layer (LoLa) 7 'ts
(T Cia | (H /L‘T\/\

(,,O \—Aoo r\L"ﬂ ~ : ' -
"'—”—?-"__ B - C E UJ\._' £ +Luklz_b7j\
' b E S_t ~ tl & ol |
\! i L - L , ( . \ ‘ .
e b P‘ [ SO (AR ‘P‘l P? w«"?wwu?»c"
. "3 - TG g ' ¥
Sz-(‘\ \ ¢ Mz\ \M. vy \“}O | "‘\J\.\:u Y EY‘ ?Y U‘J-‘l | P*I "WH.LP)!
PY P\( * Py
\ B E \Nul'\)t H"“‘le
?l ?L \ ‘-""“( \'J
! . lineat  combiaaticds
\L\l)\\ P ot Mmementa

Combination layer(Col a):

+ Sum of all momenta

Each original momentum

Linear combination of particles
with trainable weights



https://www.physik.uzh.ch/dam/jcr:1463636d-1b8b-45fc-960c-b2155f9ddd93/poster_5.pdf

LoLa: DNN for W-tagging See more here

4 layer deep neural network, 2 custom layers:
- Combination Layer (ColLa)
- Lorentz Layer (LoLa)

Distance of all particles to

LOL AL /jet axis — “n-subjettiness”
B M N
| OJ’“N FZPH?\EQ._,
\}2?: +é? z\
U:ﬁm 2.E ¢
> ‘”‘.“*W - - :
L P u;;;:: \\\md\”"h ' =&{KE ‘N‘qq Oj Uk- \\M
\ ,L‘) L \:‘:1\ W C\‘) >4 \ -
__[2.4) J



https://www.physik.uzh.ch/dam/jcr:1463636d-1b8b-45fc-960c-b2155f9ddd93/poster_5.pdf

Encoding jet substructure ‘@JH@
Vanilla Lol a: ﬁ“?““‘f
LoLa output is Prob(QCD) and Prob(W), put Gola  lola Flatten FC FC Oupul

trained with QCD and W signal

Instead, train DNN to reconstruct QCD jet
constituent 4-vectors by itself

- compress LolLa output to smaller 420 435 7G5 245 100
dimensional space, “encode QCD", then
make DNN blow up to 4-vectors again

l Bottleneck:

- Novel anti-QCD tagger based on LoLa Encode QCD jets in
smaller dim. space!

demonstrated here: Auto-encoding jet
cbstrusturel Auto-encoder Lol a: /

Input Cola LoLa Haﬂen

Hope to see auto-encoder LoLa for
boosted generic searches in near future!

4x20

Output



https://arxiv.org/pdf/1808.08979.pdf

Outlook and ideas:
Ultra-high boosts and precision measurements

Energy enhanced new-physics effects in longitudinal channel Pixel detector
layers

SM + BSM/ _ — A/
AL (9@ — WZ) e a((]:s)Ez

AT (4G — WZ)

~As we push limits on BSM to higher and higher resonance masses, need to think of new
methods and analyses: How do we deal with b-tagging at extreme p1, and how can we access
BSM signals with increasingly small cross sections and/or high masses?



b-tagging with hits

. . Efficiency loss for track reco
High-pr b-quarks can traverse pixel L1 before due to missing inner hits!

decaying (in CMS, pts >330 GeV)

lost tracks wrongly reconstructed tracks

- tracking fails, drop in b-tagging efficiency \G \ \E \
To ensure high b-tag efficiency at HL-LHC s NS
- tag high-p B hadrons based on increase .\ i

in hit multiplicity in pixel layers using DNN

~60% gain in efficiency (112% > 1.2 TeV)
(with M. Sommerhalder, Bachelor Student)

Simple! Could be used on hardware at
trigger level (eg DNN of FPGAs)?

arXiv:1604.05036



http://github.com/msommerh/bTag_HitCount
https://arxiv.org/abs/1604.05036

WW scattering: Wt vs. W,

What if we cant directly produce resonances
i ?
and/or ogsm small, cannot directly detect VV - V'V

— Precision measurements!
BSM interference in 2—2 VV scattering!

At E>>my, New PhySiCS main|y Couples to Energy enhanced new-physics effects in longitudinal channel

longitudinally polarised W, AN BN (g7 s W Z)
AP (qq — W Z)

~ 1+ a((13>E2

- 90% of SM is W, irreducible background!

- important to discriminate Wt and W, at g T o
- . 50.9F guess
HL LHC (see G.Panicos talk, Riva et. Al) & E -~ costhetastar
Q0.8 —— LoLa default
go_-/.f_ —— LolLa Nout2ms1pt1
Train LoLa to discriminate between W+ and gosp
W jets (w. J. Boer, CERN Summer Student) 805
0.4
0.3F
0.2
0.1
a [P P I Y ST P P

o

0 010203040506 070809 1
signal efficiency


https://indico.cern.ch/event/618254/contributions/2833256/attachments/1583961/2503776/Panico_EWPT_hadronColliders.pdf
https://arxiv.org/pdf/1607.05236.pdf
https://cds.cern.ch/record/2650187

Summary and outlook

2015 2016 2017+2018 And beyond...

(13 TeV)

= WW) (pb)

Efficiency

q) \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘

© | cms W (G, — WW (Madgraph)) _| M

(&) 0.3 Simulation Preliminary W(GBulk WW (Mad, h VV
n - Rst ladgraph))

> AK R=08 ) —Z(GBulk—> ZZ (Madgraph))

© F e s moss. — Z(Gug— ZZ (Madgraph) 1
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Enhancing sensitivity
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Systematics 2015

Source Relevant quantity HP uncertainty (%) LP uncertainty (%)
Jet energy scale Resonance shape 2 2
Jet energy resolution Resonance shape 10 10
Jet energy and mjet scale Signal yield 0.14

Jet energy and mje, resolution Signal yield 0.1-14

Pileup Signal yield 2

Integrated luminosity Signal yield 2

PDFs (W) Signal yield 4-19

PDFs (Z/) Signal yield 4-13

PDF's (Gbulk) Signal yield 977

Scales (W) Signal yield 1-14

Scales (Z') Signal yield 1-13

Scales (Gpulk) Signal yield 8-22

Jet energy and mje; scale Migration 1-50

V tagging Toq Migration 14 21
V tagging ppr-dependence Migration 7-14 5—-11




Developing a new V-tagger:
Performance in data
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Developing a new V-tagger:
Performance in data
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- Substructure variables strong dependence on shower generator

- different description of gluon radiation
- Best description with Herwig++, pr dependence well described by all generators

- Need to ensure we know real signal eff. in data from region well described by MC!



fraction of events

Designing Decorrelated Taggers (DDT)
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https://arxiv.org/pdf/1603.00027.pdf

N-subjettiness DDT
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W-tag SF method

Scale factors for W tagging scale factors (SF) are measured for five different working points 3 for Puppi+Soft Drop
algorithm (12120.35; 1,120.4; 15120.55) and 2 for the CHS+Pruning algorithm (1,120.45; 15120.6).

To extract the Scale Factors for the Scale (u in the following), Resolution (o in the following) and the 1,1 Efficiency (€ in the
following) a two step fit to a pure tt sample is used:

1. fit to W-enriched category (High Purity: 101 <X) to extract y and o of the distribution

2. simultaneous fit to both High Purity and Low Purity (121 >X) categories, using the information for y and o from step 1
and extracting €

The functions used to describe the two categories as a function of the ak08 groomed mass are:

N pass
High Purity L = H [NW "EHP fpassed(mj) + N2 ) fcomb(mj)]

()

N fail
Low Purity L = H [NW . (1 — 5HP> : ffail(mj) + N3 - féomb(mj):|

1
Where fpassed @nd figi (red curves in the following plots) describe the W peak in the two categories, while feomp (green curves
in the following plots) describe the combinatorial (e.g. from events with a b-jet merged in the AKOS8 jet) and general
background of the tt events.
The events used for the SF extraction require in the final state 1 ak08 (p>200) + 1 b-tagged ak04 + 1 lepton + 1
semileptonic W (p>200 GeV) following the selection reported in JME-16-003.



W-tag SF - Softdrop
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W-tag SF summary

Events/5

CMS Preliminary 35.8 f5' (13 TeV)

1200

C Puppi 121 <0.55 B Diooson

| pp 21 . Bl WJets
1000 — ’ [ SingleT

B Ot

B e data

— fsgnadata

800 — 'signal

— - fsigna\IMC

- T fbackgroun(gata

— o ;bazé(grountMC
600 — — fidata

B o~ fgMC
400 —

200

CMS Preliminary

35.8 f5' (13 TeV)

Events/5

Il Diboson

Bl WJets
[ SingleT
B it

e data
- fsignaldata
- fsignaIMC

I fbackgrounéjata

o fbackground\/lc
— fidata

My
o,

lllllllll

40 50 60 70 80 90 100 110 120 130 4 % e 70 8 %0 100 110 120 130
Puppi SD mass [GeV] Puppi SD mass [GeV]
Variable Scale Factor Variable Scale Factor
1 WP = 0.45 Puppi 791 WP = 0.35
£ 1.00 4+ 0.06 (stat) 4 0.06 (syst) 4+ 0.03 (syst) £ 0.99 + 0.05 (stat) £ 0.03 (syst) 4 0.04 (syst)
i | 1.007 £ 0.009 (stat) = 0.005 (syst) + 0.002 (syst) |  p 0.999 =+ 0.00 (stat) = 0.03 (syst) = 0.02 (syst)
o 1.15 4+ 0.04 (stat) £ 0.03 (syst) &+ 0.02 (syst) o 1.06 4+ 0.03 (stat) 4+ 0.09 (syst) £ 0.08 (syst)
791 WP = 0.6 Puppi 1 WP =04
£ 1.08 + 0.06 (stat) 4+ 0.05 (syst) 4+ 0.05 (syst) £ 1.01 + 0.06 (stat) + 0.02 (syst) + 0.04 (syst)
L 1.005 + 0.005 (stat) + 0.006 (syst) 4 0.005 (syst) i 0.998 + 0.007 (stat) £ 0.006 (syst) £ 0.001 (syst)
o 1.12 + 0.03 (stat) 4+ 0.02 (syst) 4+ 0.04 (syst) o 1.08 4+ 0.02 (stat) 4+ 0.03 (syst) + 0.08 (syst)
Puppi 751 WP = 0.55
£ 1.04 + 0.02 (stat) + 0.03 (syst) + 0.02 (syst)
i 0.996 £+ 0.004 (stat) 4+ 0.009 (syst) £ 0.002 (syst)
o 1.08 + 0.02 (stat) + 0.03 (syst) + 0.08 (syst)




V-tagging performance
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V-tagging performance
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V-tagging performance
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Mass: Pruning

Removes soft, large angle constituents from the jet

- Recluster jet using Cambridge-Achen algorithm,
removing each recombination that has

2m .
Aab > Rprune — Rfact : p—T mln(pTaa pr) < ZcutpT,(a—i—b)

Rpact = 0.5, zcut = 0.1

Push g/g mass to zero, increase V mass
resolution

- but, do not fully remove soft emissions and
cannot be analytically calculated due to non-
global logs (e.g soft emissions entering jet cone
from outside)

- want infrared and collinear safe jet observable!
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Mass: Softdrop

Recluster jet with C-A algorithm. Then
decluster and check if subjets pass
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Substructure: N-subjettiness

pr-weighted sum over all constituents of the
distance w.r.t the closest of N axes in a jet

Distance between momentum of
constituent k w.r.t momentum of

1 .
W= I\ZPT,/( min ((AR1x), (ARa)--(ARNk rest-frame subjet N

Each constituent assigned to nearest subjet!
- axis obtained by undoing last (N-1) steps
of clustering algorithm

- small 7 indicates compatibility with N
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Energy correlation functions (EFCs)

Signal jets satisfy the inequality 2es << (e2)?, N 2k 4 particles
explaining the definition of the N2 - (1eﬁ)z
observable # angles o

Less discriminating power after grooming
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Uncertainty (%)

Source Relevant quantity Double-tag Single-tag

HP+HP HP+LP HP+ LP+
Jet energy scale Resonance shape 2 2 2 2
Jet energy resolution Resonance shape 6 7 4 3
PDF Resonance shape 5 7 13 8
Jet energy scale Signal yield <1 <1
Jet energy resolution Signal yield <1 <1
Jet mass scale Signal yield <2 <1
Jet mass resolution Signal yield <6 <8
Pileup Signal yield 2
PDF (acceptance) Signal yield 2
Integrated luminosity Signal yield 2.5
Jet mass scale Migration <36 <10
Jet mass resolution Migration <25 <7
V tagging 1, Migration 22 33 11 22
V tagging pr-dependence Migration 19-40 14-29 9-23 4-11
PDF and scales (W’ and Z/) Theory 2-18
PDF and scales (Gpx) Theory 8-78
PDF and scales (q*) Theory 1-61
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Results: Excited quarks
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LoLa: Input

Signal

- Fully merged hadronic W-jets (AK8) from
G—WW —=4q (M = 0.6-4.5 TeV)

- Do not mix signal samples until one is
understood (can change with W
polarisation)

Background
- QCD Pythia 8 non-W jets

- Danger: Jet substructure strongly
depends on shower generator (different

Cola LolA FC  F

Four features per jet constituent

- 4-vectors of the N=20
highest-pr jet constituents

of AK8 jets

Input is 4x20 matrix ki per jet

ko1 koo -

ki1 k12 ---
ku,i)= ’ ’
(Kp.i) ko1 koo -

k31 kza -

Ko, N
k1N
ko N
ks n

(4 Features, 20 constituents)



Combination Layer (ColLa)

FOLAS E.g for 2 constituents -
- FJ_‘_’,- ’ / Y
F‘ t“‘i ~/ E-'\ E’-
1 1t ;o Lo
N A N AR (SN \; v
?21_ *C‘)z ~ Ft \«’z

(& |
S b
u PPN

Linear combinations similar to jet-clustering

- Sum of all momenta

- Each original constituent momenta —

- Linear combinations + trainable weights. —
Can “weight” constituents away,
reconstruct substructure axes — groomer



Lorentz Layer (LoLa)

LoLAS
TEE OB S B rkabs
.: Z '\jk D, :); \‘(}L‘ ‘:"4\ T Jaﬁo\;‘,/:
\A;V"(’ _\\1_ ‘ \ \‘2. |
d ‘/&’. :\)\‘ VY PY vy, ey t J-l.);(-\. e
ik‘ < | { " ':" ) ,._\" \ 1 o :‘- J-L\L\ g‘ \z \ L'\ . . ' I{ ' ‘l;/l.\v'f { ‘: \
| £ ~Z V& ‘-?,'2 v J;‘TJ~4.115~')4 Uy\a—.(, \\\ | K - \‘\4\\1” O ; -\\‘\,\ ‘ ¢
L \ \I \ \ . U;)C\ AT d\L M \ €\ E i \\ \ \f‘_ J\/
‘. \ }\T \ ‘ |
\L’} s ) AN 2 ‘\
' VR N\ Aym | .
- - ——
7. ) Minkowski metric
Maps Cola output onto 7.4 .
explicitly used for
- m2 + pt of each 4-vector (“jet”, constituents, subjets) m2and d

- Energy of all 4-vectors (with trainable weight)

- Distance between all 4-vectors in Minkowski space (2*min+ 2*sum)
— n-subjetiness



Model summarised

Jet constituents Add “jet” + subjets Add m?, pr, dj, E
* 4 layer DNN doing supervised
learning with INPUT ColLa LolLa
fixed-size input vectors In: (4, 20) In: (4, 20) In: (4, 35)
- feed forward sequential Out: (2, 20) Out: (4, 35) Out: (7, 35)
network

- Two novel layers (ColLa and
LoLa) implementing
Minkowski metric and Flatten
"substructure” calculations In: (7, 35)

(see later) and two fully Out: (, 245)
connected layers

- Technicalities
- Keras with Theano backend OreLu(Dense)
- Loss function: categorical ; In: (,100)

crossentropy : Out: ( , 50)

- ADAM optimiser (adapt
learning rate of model
parameters during training)

GSoftm(OUTPUT)

+ Train 200k + Test 60k + Val 60k on In: (,50)
AWS Out: ( ,2)



LolLa: Beyond the ROC



LolLa: Beyond the ROC

Three things to consider when making a DNN
tagger:

- is the absolute performance better (compared to
common methods, a standard BDT)?



LolLa: Beyond the ROC

Output strongly correlated
Three things to consider when making a DNN with pr/mass

tagger:
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LolLa: Beyond the ROC

Output strongly correlated
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tagger: 3
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LolLa: Beyond the ROC

Three things to consider when making a DNN
tagger:

- is the absolute performance better (compared to
common methods, a standard BDT)?

- is the tagger pr-dependent?

- does the tagger sculpt the mass spectrum?

These three measures are equally important in
quantifying performance

Output strongly correlated

e =
o N

o
©

o
Fy
1

Signal Discriminant

o
o

with

pr/mass

Work in progress

i

ce

Discriminant vs. pr

W (W' = WZ)
QCD (Pythias)

Nominal

T T T T
500 1000 1500 2000 2500

Jet Pr (GeV)

= =
o N
1

o
o

o
ES
1

Signal Discriminant

o
o

Work in progress

® W(W = wz)

¢

Discriminant vs. mass

QCD (Pythia8)

Nominal

20

o

mMDT

60 80 100

120 140

jet mass (GeV)
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