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« Large Hadron Collider (LHC) — The largest particle accelerator in
the world

» Collide protons and heavy ions at high energy and high intensity

to study particle physics
» Located near Geneva Switzerland
* 27km long, 100m underground

« Run2 data period of 2015-2018 at center-of-mass energy (\/E) 13 TeV
« Run3 data period of 2022-2025 at center-of-mass energy (\/E) 13.6 TeV

« LHC Design center-of-mass energy (\/E) 14 TeV

» LHC delivers collisions at 4 points along the ring

» Up to experiments to detect the collision results

« Compact Muon Solenoid (CMS)
» General purpose detector at the LHC, detects collision data

» Based around a superconducting solenoid magnet (3.8 Tesla)
« Magnet bends charged particles to help identification

* Built in layers to best measure all types of particles

» Tracker, ECal, HCal, Solenoid, Muon System

« Subdetectors measure hit time, position, deposited energy
* Reconstructs physics objects — Muons, Electrons, Taus, Jets,

MET, etc

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall lenglh :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels

Magnetic field ~ :3.8 T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: $40 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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* Non-Resonant (NonRes) Production g k k _--H g MPY.E H
* Predicted in the SM — destructive interference between box diagram and tree i t N ty A
diagram “ g H S H g 5 ki _ H
» Some Beyond Standard Model (BSM) scenarios
* Measurement of HH Cross Section
» Access to Higgs self trilinear coupling e BR(HH — XXYY) 0.3392 o
« Resonant (Res) Production Resonant production ] YR anivIsi007022 . .
+ Massive new resonance X decaying to HH 7 N 10-2
» Several models explain existence of resonance // #7 R )
° Spin—O — Radion g // . 77 . 0.0103 0.0268 0.0731 10
* Spin-2 — Gravitons X // H ? cc 1 393, LT3 00124 0.0337 L 104
* Investigate both Single Lepton (SL) and Double Lepton (DL) - =
Channels " | - - 105
* Previous CMS analysis with 2016 data covered only DL g \ . B ° y
channel \ AR I L e | E
« Background — p] o B o e 10T
DL Channel — TZT ;;;4 Zlﬂ, ~/Iy ZIZ clc rlr glg WIW blb o

» SL Channel — W+Jets .
» Others — Drell-Yan, single top, Fake leptons, etc Generlc Res DL

g .
AK4-jet ¢ / q a b t 4 t
) w wt Y2
H v ! S
‘ Resolved e W ; g
X ¢ ; N 7/ w e
N %b
N g B

S
A
i<

AKA-jet o+ b b W b



http://www.arxiv.org/abs/1708.04188

Analysis Strategy

[ Single Lepton Triggers }

1 Lepton
3 small radius jets (resolved)
1 large radius jet + 1 smaII

Qdius jet (boosted)

CSmgIe Lepton (SL) — HH — bbWW — bblqu

Data Driven: Fake Leptons and
QCD
Simulation Driven: Others

Event Selection Background
138fb~! CMS Run2 Data Estimation

@gle or Double lepton
triggers

2 Opposite Sign Leptons

2 small radius jets (resolved)

Qarge radius jet (boosted)j

Data Driven: Fake Leptons and
Drell-Yan
Simulation Driven: Others

Lorentz Boost Network (LBN)
and DNN

For Res Category, Parametric
DNN

Signal Extraction

Lorentz Boost Network (LBN
and DNN
For Res Category, Parametric
DNN and HME (Next Slide)

CDoubIe Lepton (DL) — HH — bbWW — bbll/ll/

~

Fit on DNN output

Systematics and

F|t on DNN output
Res Category — Fit on
DNNxHME output

-



https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06006
https://arxiv.org/abs/1601.07913
https://arxiv.org/abs/1601.07913
https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06006
https://arxiv.org/abs/1601.07913
https://arxiv.org/abs/1601.07913
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Phys. Rev. D 96, 035007 Likelihood for single event
» Problem for Res DL Channel ° g

HME likelihood function of one typical event, B3
« H—> WW — [vlv cannot be fully P ‘ £ oa R
A Apply the HME 2

o
o
a

arbitrary unit

reconstructed due to 2 neutrinos “H B True

0.04
: . to all selected events 1 — -
* 4 equations and one bound constraint : / t\ P et
6 unk ¢ ¢ _ most probable mass ' / \
unknowns from two neutrinos as estimator, HME mass |

* |f we can constrain the resonance mass, we

: T

could improve the analysis § [True Mass|
B85t 55s oS 50050503 %o
M, [GeV]
¢ Heavy MaSS EStImatOF (HME) X M,, from HME reconstruction
EX™ =p (v,) + p,(v,)
1. Randomly generate 7 and ¢ of one neutrino "~ T.x XN X\7t o . " B3
2. Jet-MET corrections to ensure the invariant E%n;s = py(l/fl) + Py(sz) UL Y \ 2:
mass of dijet is equal to Higgs mass > L - . TTbar
3. Check if this random generation is myy,(onshell) = \V/ P (@1 v,) T B R B Y
kinematically allowed by solving constraints 2 S S PO S N o
- mp = (p(Z) +p(&y) +py) +py) -
4. Combine corrected dijet and record this H P\e) T PRes) T Py T Plby, L A i
estimation of the heavy resonance S . 3 .
m offshellzw/zf,y < My,/2 - , flas R Y
5. Repeat this procedure many times and build wl ) Pi(% 'fz) H %Tﬂo 500 600 700 800 00 1000
a likelihood for a single event M, [GeV

HME mass shapes for signals and ttbar

Signal B3 B6 B9
Mass, GeV 353 511 662

6. Return the most probable mass as the final
heavy resonance for this event



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035007
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e NonRes MVA

 Trained separately in SL and DL
channels

* Preprocessing Lorentz Boost
Network (LBN) then multi-class DNN

* NonRes Results

* Limits fit over MVA output

* Observed (expected) limits for
pp — HH production cross section
is 14 (18) times that predicted by the
standard model

« Higgs trilinear coupling k;, is
constrained between [—7.2,13.8]
(expected [—8.7,15.2])

CMS 138 fb~1 (13 TeV)
c 10 ’ ' ]
510 HH(ggF)
v 08l ¢ Data mmm Top
£ 10 Total Unc. Misid. lep.
c —— HH (ggF) x28 W+)ets
“10°r  —— HH (VBF) x468 Other
10 resolved = 1b resolved = 2b boosted
g T ————
10° I
s 1.5
x
w
;10 .-0-0-0-0-0 "gdv_-_' 'A"--vv‘ PR S $ # #
305 t

SL

CMSHHbbWW, HIG-21-005

0 3 6 9 120 3 6 9 12 0 2 4 6 8
DNN score bin (a.u.)

CMS 138 fb~1 (13 TeV)
HH(ggF)
¢ Data mm Top
Total Unc. DY+Multiboson
—— HH (ggF) x18 Misid. lep.
—— HH (VBF) x385 Other

Entries / bin
=
<

resolved = 1b

resolved = 2b

boosted

5 10 0

123450

1 2

DNN score bin (a.u.)

bbwWw

dilepton
Expected: 27
Observ

single-lepton
Expected: 27
Observi

Combined
Expected: 18
Observi

95% CL upper limit on o(pp — HH) (fb)

ed: 19

ed: 28

ed: 14

SL+DL

14(18) x SM Cross Section
Observed (Expected)

CMS

138 fb' (13 TeV)
SaCCLRLRSNEALAL

K =Kx=1
Ky =Ky, =1

—— Observed

----- Median expected

- + 10 expected

..... + 2 ¢ expected

|
30

0 50 60 70 80
o e
95% CL upper limit on o(pp — HH) / O heory
CMS 138 fb" (13 TeV)
R e e I s e B
K=ky=1 —— Observed ~ ----- Median expected ]
= Theory prediction E¥ = 1 expected
¥ SMprediction === + 2 o expected
10*E

Excluded

[\ Excluded E

10°% Na \ ]

: \ K, constraint
10.l..|....|.\\..| Ll ! .‘|...Es....|...—J

-20 -15 -10 -5 0 5 10 15 20 25



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/
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* Resonant MVA

CMSHHbbWW, HIG-21-005 C Spin-0 )
o

: : CMS SI— 138 fb~1 (13 TeV) 4
* Trained separately in SL and DL £ j0n VT 5 89 Ty
o ’% Observed E
channels TR e BT . g
) & , : $adion (400 GeV) Other e 10E Expected (95%) -
* Preprocessing Lorentz Boost 10 o R 2T 05
. . . resolved = 1b resolved = 2b boosted [ A B.ulk Radion A=3 TeV, kL=35
Network (LBN) then parametric multi- 0 g L T srsems ]
103} s F 3
class DNN : P e
10! CR N T
. . . S 10 N T =
 Train over multiple signal mass 11 — s
H E PPN PUBPPY Y WU ) oot o . l 3\7 -
pOlntS 31'0 A M '""."""7++'T mw,zHH\HH\‘H‘mHf'\‘n,‘”mH‘\HH\HH
8 0.9 200 300 400 500 600 700 800 900 1000
° App“ed Separately per mass pOint 0 4 8 1216 0 4 8 1216 0 4 8 12 16 20 My spin-o [GeV]
CMS 138 fb~1 (13 TeV) = M 38T (13 TeV)
'.% ' ' ’ HH ' ;ﬁ g —— Observed 3
» 108} ¢ Data DY+Multiboson T z-~~ Median expacted
2 ) t I Expected (68%)
* Resonant Results 0 el S e .| o) 3

-'=* Bulk Gravitonk = 1.0
""" 2o s Bulk Graviton K = 0.5
Q Bulk Graviton ¥ = 0.3

w Top

e lelts flt Over MVA Output 104 resolved =1b resolved = 2b boosted
* DL channel fit over MVAXHME 2D

* Results show no evidence of a spin-0
or spin-2 boson

2 i i 1 i I I R
200 300 400 500 600 700 800 900 1000

g 8
Ty S —— NI A My, spin2 [GEV]
0 510152025 0 5101520250 3 6 9 12 15 S |n'2
/ \ DNN score x HME bin (a.u.) p

DL — 5
___/



https://arxiv.org/abs/1601.07913
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/
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e SL Channel is
completely new in full
Run 2 analysis

 Large improvement in
high mass region
compared to previous
2016 CMS Analysis!

* 10x improvement is much better
than expected improvement from

only luminosity \/138/36 ~ 2

95% CL upper limit on

95% CL upper limit on

o(pp > X_ .~ HH) [pb]

opp = X_ ,— HH) [pb]

» Run2, 13 TeV
10 T T T AR
- bbWW —
sis witl
10 -
alysi
T A S g
T
- . = e
Spin-0 Radion

) Run2, 13 TeV
10°E T T g
Analysis HH— bbWW — bblvlv:
10 fre T -
15 o
107'E
" Spin-2 KK Graviton
jo2 bt A s

Private Work (CMS Data)

2L L1 ! ! ! ! ! ! L L1 L1
200 300 400 500 600 700 800 900 1000
MX, spin2 [Gev]

1 2016 CMS

: 1 35.9fb7"
10500300 400 500 600 700 800 "\A‘goo‘ ‘[(;eivcioo HH — bbWW — bblviv
X, spin0

Full Run2 CMS
138fb~!

1 HH — bbWW — bblvly


http://www.arxiv.org/abs/1708.04188
http://www.arxiv.org/abs/1708.04188
http://www.arxiv.org/abs/1708.04188

Preparing for Run 3 Analysis
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 How can we improve for Run 3
* Improvement to Fake Rate estimation

Fakes estimation was taken from a previous analysis,
lead to difficulties in Run 2 analysis

 New HLT paths designed for bbWW in
progress

 Trigger requiring 2 b jets and 1 lepton
* Bring HME to Single Lepton Channel

Run 2 SL limits were higher than DL limits — Especially
in the high mass region

Adding HME could show major improvement
In SL channel there was no attempt to reconstruct
resonance mass

While SL channel has only one v from W, a straight-
forward calculation is obscured by jet mis-
measurements

Early generator level results show HME performs
better than the purely analytical solution

* Improve background rejection (Next Slide)

2500

Events

2000

1500

1000

500

HME for Resonant Slngle Lepton Channel

_CMS ........................................ ........ _ .................................... ....................................

- Private work (CMS s:mulatton)

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

Analytical solution
Heavy Mass Estimator

IIIIIIIIIIII[IlIIIIII

.J\_.I_J__LLLl

L | ] | | | l e |
0 200 400 600 800 1000 1200

T my (GeV)

CTrue Simulated Mass)

10
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* Resonant Run 2 Analysis was a big improvement, but was still not perfect R PIEE
« As mass increases, tf is no longer leading background, and DY/Fakes become larger %iz o B e omer "
« tfis only irreducible background, all others should be fixable Lot et £ 16 | resolved = 26 | boostes
- Potential reason for poor performance could be poor background control for non ¢f backgrounds 10&\\"\“‘! ‘ E "t."-,,"!1
« Run 2 assumed that 7 was most important background ) o
 Only tf shares the same final state as signal (bbl!) fzég "'¢+"‘+""¢+"""'~'+ oot i'ﬁ-ﬁ' 1
* Reducible background contribution should be further suppressed ° 0sT015%0250 510 120250 3 e o1
DY - Tal?le 5.13: Overview of e?(pected total baFIFgrognd contr-ibutions. and the.breakdown of
major background sources in the most sensitive signal region of this analysis for the 2018

data-taking year.
o My, GeV N(tf) N(DY) N(ST) N(Fakes) N(totBKG) | N(ti)/N(totBKG) r ~N
l 250 988 142 23 24 1200 0.82
300 5520 467 150 70 6268 0.88 Mostly 1
a 350 4464 300 123 46 4965 0.90 \_ )
~ 400 1355 100 54 20 1542 0.88
— & 450 176 34 20 26 249 0.74 4 )
% 500 61 218 146 175 104 0.59 Backgrounds
2550 86 67 64 23 25.7 033 changing
2 600 48 56 64 03 17.5 0.28 \_ y,
& 60 41 73 30 039 16.6 0.25
700 21 48 17 065 10.4 0.20
750 1.1 48 040 1.0 5.8 0.19 Mostly DY
B 850 075 153 064 064 44 0.17

* Values taken from 2018 Res DL Channel

DNNxHME Shape Distribution in Signal Region
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- Full CMS Run 2 Analysis HH — bbW W with 138fb~! data

« Non-Res — Observed (Expected) limits on the pp — HH cross section are 14
(18) times SM

 Res — No evidence for spin-0 or spin-2 boson

« Large improvement compared to 2016 CMS analysis (DL only) with 36fb~!
* Further improvement is still possible — on-going work for Run3 analysis

» Better reducible background control in the high mass region can have a
significant effect on limits

* For resonant SL channel, the addition of a Heavy Mass Estimator
technique to control jet met resolution may show a large improvement similar
to what was seen in DL channel

« Other optimizations to the analysis are including using newer MVA techniques,
new High Level Triggers, and new background estimations (Fakes/DY)

12
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Analysis Strategy

fAnaIyS|s Strategy\

Target both GGF and VBF production
modes

e 2 |eptonic channels based on W decay
—WW — lvgq
—WW — vl

e 2 jet channels based on reconstructed b

e Single Lepton (SL)
e Double Lepton (DL)

jets
e Resolved — 2 small radius jets
coming from b quarks
e Boosted — 1 large radius jet
containing 2 subjets from nearby b
quarks
e blet identification done by Deep Neural

Gent Selecticm

e Leptons
e 2 (1) leptonin DL (SL)
e Remove Z resonance (DY)
81 < my < 101 GeVv

e Jets
e Resolved
e > 72 (> 3)small radius
jetsin DL (SL)
e Boosted
e 1 large radius jet in DL
and SL

e And > 1 small radius

Qet (Deeplet)

Background Estimation

e Main Backgrounds
e 11, Drell-Yan, single top, fakes
(misidentified leptons), W+jets
e Data Driven Estimations
e Fake leptons, QCD Multijet (SL), Drell-Yan

K jetin SL

(DL)
Qmulation Driven Estimations — All eIsej

e Heavy Mass Estimator (Resonant DL)
e Scans phase space for v possibilities to
find most probably resonant mass
e MVA
e Deep Neural Net to separate signal and

Signal Extraction

background (separate for SL/DL and
K resonant/non-resonant) j

14
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« HME for Single Lepton (SL)

 Sensitivity in SL channel is comparable with sensitivity in DL channel
» In SL channel there was no attempt to reconstruct resonance mass

2500 _CMS ........................................ ........ .................................... ....................................

_ Private work (CMS s:mulatton)

Events

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

« While SL channel has only one v from W, a straight-forward 2000
calculation is obscured by jet mis-measurements

* HME is capable of ealing with these mis-measurements by scanning
the phase space 1500

Analytical solution
Heavy Mass Estimator

 Method 1000

- Rescale leading b jet by PDF estimated from simulation

- Rescale subleasing b jet to constrain Higgs mass 500

« Missing Transverse Energy (MET) consistently corrected with b jet
corrections

IIIIIIIIIIII[IlIIIIII

J\_.I_J__LLLl

L | ==l | | | T . | }
0 200 400 600 800 1000 1200
* Preliminary Results T my (GeV)

* Early generator level results show HME performs better than the
purely analytical solution CTrue Simulated Mass)

« Tested with simulated m, = 400 GeV resonance

15




* The bbWW channel has the second highest
HH — XXYY branching ratio

» Important to investigate multiple channels

« W bosons decaying into leptons
» Leptons are clean

« Has large overlap with ¢7 (same final states)

« Problematic at low mass (17 ~ 350GeV)
e Clean at high mass

H—->YY

bb B'R,(HH — XXYY ) 0.3392
YR4, arXiv:1610.07922
WW - 0.0457 0.2489
gg 0.0067 0.0350 0.0954
7 3555 0.0103 0.0268 00731
ce 8635 473 0124 0.0337
.10 .
77 A '%233 . 0.0112 0.0305
i 5.15 2.64
Yy 1076 . 10-3
7 2.35  6.96 1.79
Y 1076 1076 . 1073
1 473 667 988
M 10— 107 1077 -
T T T T T T T T T
o Zry ¥y 77 cc T gg WW  bb

H— XX

107!

102

103

- 10—4

- 10—5

- 10—6

- 10—7

100

o x B.R. [pb]
S

—_
o
o

1073 L L 1 L Il 1 L Il L L 1
250 300 350 400 450 500 550 600 650 700 750 800 850

my (GeV)

FIG. 8. 13 TeV LHC projected 95% C.L. limits (solid black
lines) on 6, ,_,, X BRy,, 5 5, (in pb) for an integrated luminosity
L =300 fb~! and assuming an ATLAS-CMS combination, in
the bW+ W~ final state [as shown in Fig. 5 (right)] and in the
bbrtr~ and bbyy final states (through a naive v/£ extrapolation
of the resonant di-Higgs 13 TeV CMS analysis in the bbz+ 7~ [78]

and bbyy [79] final states). In all cases, the dark (pale) colored
bands correspond to the confidence intervals for the expected
limit at 68% (95%) coverage probability.

16




Run 2 Object Selection AM | TEXAS A&M

UNIVERSIT Yo

>

Object Pre-selected Fakeable Tight
N Cone-Pr = 10 GeV, no associated o o o0 Data Selection and Simulation
Muon Pr=5GeV, |n| =< 2.4, |[dy| = 0.05cm, |[do| = 0.1 cm, miniISO <  jet passing medium btag, [MVAu Id. MVALY, = . .
0.4, SIPsq < 8, loose POG Id = 0.5 or (mini ISO < 0.8 and no TR For data, select High Level Trigger (HLT) Paths
bjet looking associated jet)] .
Pr= 7 GeV, |n| < 2.4, [dy| = 0.05 cm, |d] = 0.1 cm, mini IS0 < CON€Pr = 10 GeV, gy cuts, H/E < Scale Factor
Electron 0.4, SIPs4 < 8, Loose working point Fall17 v2 nolso MVA-based 0'01'7[24[:3A;*(‘)E00|;3a|?{7(r3'2n\',\;§805 MVAS, = 0.3 Corrections
ectro electron ID, missing inner hits < 1, cleaned against preselected \v/a 5 ID)], missi =
muons by AR = 0.3 IVA-based electron ID)], missing
inner hits = 0, convertion veto

Object Selection

Pr = 20 GeV, |n| = 2.3, |d;| = 0.2 cm, idDecayModeNewDMs, General object identification, Ieptons/jets)

_/

decaysModes = {0,1,2,10,11}, Very loose WP of . .
Tau idDeepTau2017v2plVSiet, idDeepTau2017v2plVSe, Cleaning against fakeable leptons by AR = 0.3
idDeepTau2017v2plVSmu
Jet Jet selection B-jet selection

Loose/tight jetID, Pr = 25 GeV, |n| = 2.4, loose jet-pulD,
AKA4 cleaned against fakeable leptons (selected in SL or DL) by AR = Medium Deepjet b WP Event Topology
0.4

Events that look like bbWW

Loose jetID, Pr = 200 GeV, |n| = 2.4, each subjet with Pr = 20

—

+ Object Selection AKB | S S e T el et Background )
* Give general ID tags to leptons and jets Estimation
* Organizes objects that are considered for future steps ( Heavy Mass Estimator
° Leptons Estimates resonance mass
* Preselected tier is very loose
» Fakeable tier is used for the Lepton Fake Rate background estimation
» Objects reconstructed as leptons that are not truly leptons MVA
« Tight tier is used for main analysis Separate Signal from Background
+ Jets .
« Selection tier is loose to remove jets with low pand outside of acceptance region FItDNN vs AME p—— -
» Cleaned against leptons to remove jets containing these leptons Statistical pacf:;e':fafEan;'f;'ssuncertamties
» B-Selection is to ID which jets look like they come from a b quark and creates limits

./

17




Run 2 MVA
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Low-level inputs:
» Two leptons
- Four AK4-jets s
* One AK8-jet Lepton2
« MET
Akd-jet1
Akd-jet2
High—IeveI inputs Akd-jet3
* di-lepton system
« HoWW system el
* Htobb system Ak8-jet1
* HH system
MET

Selected Events
in Signal Region

High-level observables

Parametrized with Mg

« MVA Step done in two parts

» Lorentz Boost Network (LBN) as a pre-processing layer (developed by Aachen)

e Parametric DNN

« Parametric DNN allows training on multiple signal masses within a single DNN Model

(2]
=

L8
33
8
oW
=}

Lorentz Boost Network (LBN)

Deep Neural Network (DNN)

&
g
2
:
?

|

HH

=D
\——
)

Top+Others

DY+VV(V)

* DNN gives different outputs when applied at different mass points

» Correctly applied parametric DNN should give similar results for nearby masses, so
DNN prediction can be continuous at any signal mass point when only trained

at binned mass values

* If trained at 700 GeV and 800 GeV, will still perform well at 750 GeV

S'g nal Data Selection and Simulation
Categorles For data, select High Level Trigger (HLT) Paths
Scale Factor
Corrections
Object Selection
General object identification, leptons/jets)
Control
categories

Event Topology
Events that look like bbWW

e

Background
Estimation

Heavy Mass Estimator
Estimates resonance mass

e

MVA
Separate Signal from Background

D/ Y

Statistical package that handles uncertainties
and creates limits

Fit DNN vs HME
( Combine and Limits

\_/
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Run 3 MVA

« Simple Parametric DNN Signal/Background binary classifier has been
built and is being tested

 Signal:

e GluGlutoRadiontoHHto2B2Vto2B2L2Nu

+ Masses [250, 260, 270, 280, 300, 350, 450, 550, 600,

650, 700, 800]
« Backgrounds:
* TTto2L2Nu
* DYJetsToLL_M-50
* DYto2L-2Jets MLL-10to50
» TbarWplusto2L2Nu
* TWminusto2L2Nu

True Positive Rate

« Currently being worked on, but early results show working separation
of signal and background, and good parametric performance

101 4

100 4

10-14

1072 4

C Parametric Signal )

DNN Output: Signal m800

\ Signal Acceptance, m800

Background

DNN Cut

1.0 1

0.8 1

°
o

°
IS

0.2 4

0.0 1

‘ TEXAS A&M

UNIVERSIT Yo

Data Selection and Simulation
For data, select High Level Trigger (HLT) Paths

\~__/

—— Signal (AUC: 0.9144112442249361)

: Object Selection
General object identification, leptons/jets)

Event Topology
Events that look like bbWW

__/

Background (AUC: 0.9144112451012697)

—— Random Guessing

T
0.0

Significance

-

=3

)
!

°

S

G
L

°

o

=)
L

o
N
o

4
o
S

T T T T T
0.2 0.4 0.6 0.8 1.0
False Positive Rate

Significance, m800

Heavy Mass Estimator
Estimates resonance mass

)

MVA
Separate Signal from Background

0.0 0.2 0.4 0.6 0.8 1.0

DNN Cut

LAY D U

)
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Run 2 Background Estimation
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. D C q (-
g Cong::elzigion Contzrfge I:T(glon DY
N 0 b-jet 1 b-jet/ 2 b-jets
Z/y"
. B . A
o Control Region la“Sfe’ weights " sjignal Region
' Z-vet : Z-veto =
N 0 bojet 1 b-jet 12 b-jets q a
0 b-jet 1b-jet/2bjets N b-tags éwei gh Hopb
3 1b/2b
L N e(C)
16/2b _ — NOb : L
ABCD Z veto(A) - veto(B) X welghtlb/Zb ]\']Z—veto(B)g>< N (D)
: Z—peak

» Background Estimation
« Some backgrounds can be estimated by MC

11, single top, W+jets, VV(V), SM Higgs, Rares, etc
» Corrections are applied to simulated events to match data

» Data driven estimations are required for Drell-Yan and Fake Leptons
* Drell-Yan Estimation — ABCD Method
* Invert 2 event topology selections to create 4 regions, 1 signal and 3 control

&
Ratio of regions should by identical E = B ,S0OA =B -—

* Fake Estimation was inherited from a previous ttH analysis (problematic for Run 3, more later)

Scale Factor
Corrections

Background
Estimation

Fit DNN vs HME
[ Combine and Limits

Data Selection and Simulation

For data, select High Level Trigger (HLT) Pa

ths

>/

eneral object identification, leptons/jet

] Object Selection
‘ G

s)

o

Event Topology
Events that look like bbWW

Estimates resonance mass

) ‘ Heavy Mass Estimator

MVA
Separate Signal from Background

D/ Y

Statistical package that handles uncertainties

and creates limits

.
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Run 3 Background Estimation M | TEXAS A&M
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nBlet==0 nBlet==1 nBlet==2
359 15" (13 Tel \G 35915 (13TeV) 359 15" (13 Tel \ 10° s 80 (o Te

'k CMS Preliminay
; ry DY_1b_peak
M oY _0b_peak Preliminary M ov_1b_peak Proliminary M oY 20 peak u P

3591 (13TeV)

Feimnay oY e Data Selection and Simulation
For data, select High Level Trigger (HLT) Paths

107
700 800 900 100C 107 100 200 300 400 500 600 700 800 900 100C
HT [GeV] HT [GeV] [
—

Proliminary M ov_2b_peak

\~__/

100C 1075100 200 300 400 500 600 700 800900 100C
ovi/\ HT (GeV)

3591 (13 Te 3591 (13TeV)

Ccms Ccms
Proliminary M ov_oo_veto Preliminary Mov_1b_veto

109%™ 100 200 300 400 500 600 700 800 900 100C
HT [GeV]

359" (13Te \
cms

Proliminary Mo _2_veto

N s598"(13Te
2ot cMs

2
fot Prolminary M ov_ob_peak 0 cms
2

Object Selection
General object identification, leptons/jets)

@y Preliminary [l ov_25_weights

Z\Veto

Signal

__/

.
10%0""100 200 300 400 500 600 700 800 900 100
HT [GeV]

1007100 200 300 400 500 600 700 800 00 100C 10757100 200 300 400 500 600 700 800900 100C
HT [GeV]

HT [GeV]

10757100 200 300 400 500 600 700 800 900 100¢ N
= HT [GeV] 10%0""100 200 300 400 500 600 700 800 900 100C
o)

HT [GeV]

)
)
)

Event Topology

35916 (13 TeV) Events that look like bbWW

35.9 fb' (13 TeV)
L LALLM

and applied as well (back-up*

1b/2b
N\(Z ) "y [ DY_1b_veto (MC)
Peak Preliminar -
thag N (Zlb/2f7> N (Z?/bp,m) £a y ["] DY_1b_Estimation

CMS I DY_2b_veto (MC) 3
Preliminary ] DY_2b_Estimation 1
Veto 0b
N (Z X
DY control region Signal region ( Pﬂﬂk)
1b/2b 1b/2b 1b/2b
Peak Veto Heavy Mass Estimator
Zyeto = | My - Mz | > 10 GeV i y
DY control region | | DY control region Zpeak = | Mu - Mz | = 10 GeV Estimates resonance mass
0b o 0b/1b/2b = N(Ak4 bjets) : ~
%)
Peak g 75 75
N E e B —— M” s 3 Bee e g
Zveto 5 o e o (; e e e e e
g S N B B T S N B B
i “*% 100 200 300 400 500 600 700 800 900 100¢ %% 100 200 300 400 500 600 700 800 900 100( MVA
HT [GeV] HT [GeV]

Separate Signal from Background

* Early results show 2bJet category has non-closure (further work required)
Fake Rate Estimation still must be done

» This involves work in previous steps (move away from ttH analysis)

ABCD closure test — If ABCD estimation is close to simulation, then it is modeled well
* Where estimation is not matching, then a data-driven approach is required [
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Run 3 MVA

All Significance

results show DNN is 10-1 4
all masses 10-2 .
(V]
v)
C
. . g B ©
Significance: —— 2
: E 1073 4
c
(®)]
(]
S 1 0 _4 3
ACCe pta n Ce — -'— S/root(B) m250 MaxS=0.11429764081768091, Cut=0.46, Acc=0.5641846642713852
[ ] S/root(B) m260 MaxS=0.09167463353337155, Cut=0.44, Acc=0.6085360645271543
s S/root(B) m270 MaxS=0.07886592191158323, Cut=0.4, Acc=0.6675157018778971
l»() Z»Cll s S/root(B) m280 MaxS=0.07475147278700067, Cut=0.39, Acc=0.6630920078066661
E s S/root(B) m300 MaxS=0.07452089123662872, Cut=0.36, Acc=0.6931211233101396
] === S/root(B) m350 Max5=0.09302545908526895, Cut=0.34, Acc=0.733318590104438
S/root(B) m450 MaxS5=0.19625941487123724, Cut=0.48, Acc=0.668363617364683
| === S/root(B) m550 MaxS=0.4026049810180042, Cut=0.67, Acc=0.6204601751139143
S/root(B) m600 MaxS=0.5421160290089563, Cut=0.75, Acc=0.5924364932822263 \
6 s S/root(B) m650 MaxS=0.7195892085054862, Cut=0.77, Acc=0.6613294813405911 \.
. - 0 - = == S/root(B) m700 MaxS=0.9356179009002003, Cut=0.84, Acc=0.6250205600446078
LOWeSt S I g n Ifl Ca n Ce a rO u n d E S/root(B) m800 MaxS=1.7: Cut=0. 1, Acc=0.48848454235908034

mass 300

« Working on adding
variables to better

discriminate ¢f and
signal at this region

L1

I

T T T T T

0.0 0.2 0.4 0.6 0.8

S/root(B) m250 MaxS$=0.11429764081768091, Cut=0.46, Acc=0.5641846642713852
S/root(B) m260 MaxS=0.09167463353337155, Cut=0.44, Acc=0.6085360645271543
S/root(B) m270 MaxS=0.07886592191158323, Cut=0.4, Acc=0.6675157018778971
S/root(B) m280 MaxS=0.07475147278700067, Cut=0.39, Acc=0.6630920078066661
S/root(B) m300 MaxS$=0.07452089123662872, Cut=0.36, Acc=0.6931211233101396
S/root(B) m350 MaxS$=0.09302545908526895, Cut=0.34, Acc=0.733318590104438
S/root(B) m450 MaxS=0.19625941487123724, Cut=0.48, Acc=0.668363617364683
S/root(B) m550 MaxS$=0.4026049810180042, Cut=0.67, Acc=0.6204601751139143
S/root(B) m600 MaxS=0.5421160290089563, Cut=0.75, Acc=0.5924364932822263
S/root(B) m650 MaxS=0.7195892085054862, Cut=0.77, Acc=0.6613294813405911
S/root(B) m700 MaxS=0.9356179009002003, Cut=0.84, Acc=0.6250205600446078

1.0

™

S/root(B) m800 MaxS=1.740852699893505, Cut=0.9500000000000001, Acc=0.48848454235908034
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T

Data Selection and Simulation
For data, select High Level Trigger (HLT) Pa

ths

\~__/

General object identification, leptons/jet

( j [ Object Selection

s)

__/

Event Topology
Events that look like bbWW

Heavy Mass Estimator
Estimates resonance mass

S

MVA
Separate Signal from Background

D)

LAY D U
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Run 2 Event Selection TEXAS A&M
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For data, select High Level Trigger (HLT) Paths

Trigger Single- or Double-lepton triggers

>/

Scale Factor
Corrections

Filters Passing filter algorithms given in Appendix Table B.2 j
G

Event vertex One primary vertex with |Z,| < 24 cm, |dy| <2 cm and np,p >=4

Object Selection

Exact two tight leptons with opposite sign charges, eneral object identification, leptons/jets)

__/

Leptons™ cone-pp > 25 (15) GeV for leading (sub-leading) lepton,
m}, > 12 GeV and |m}, — m,| > 10 GeV for same flavor lepton pairs
Resolved 1b Resolved 2b Boosted
Tets! > two AK4-jets, with | > two AK4-jets, with > one AKS8-jet, with ] Event TOPO!OSV )
. exactly one passing > two passing > one subjet passing vents that look like bbWW
« Event Selection . . ; . . .
medium b-tagging WP | medium b-tagging WP | medium b-tagging WP Background
* Passan HLT Estimation )
* Redundant for Data, but MC is also required to pass HLT ( Heavy Mass Estimator ]
e Good primary vertex Estimates resonance mass
 Two tight leptons with opposite charge and a minimum p
» Opposite charge requirement from H->WW having opposite charged W’s
» Remove Z decays | 7/11[1 o lel > IOGC)V Separate Signal\l/l;:c/-)\m Background )
* Filter into categories

* Resolved 2b — At least 2 AK4-Jets with at least 2 passing medium b-tagged WP Combine and Limits

+ Boosted — At least 1 AK8-Jet with at least 1 subjet passing medium b-tagged WP Statistical package that handles uncertainties
and creates limits

* Resolved 1b — At least 2 AK4-Jets with only one passing medium b-tagged WP Fit DNN vs HME '

\_/

« Category priority goes to Boosted
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MVA Categories it | TEXAS A&M
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Multivariate analysis Statistical analysis

* Non-resonant : multi-class DNN
(resolved + boosted, eras combined)
* Resonant : multi-class DNN (separated

[ Process Group Sub-Categories
HH(GGF) Resolved 1b | Resolved 2b | Boosted
HH(VBF) x || Resolved 1b | Resolved 2b | Boosted

for resolved and boosted, separated per Top + Higgs Resolved Boosted
era ) Wilets Inclusive
Other Inclusive

* - Parameterized over My, split training
Process betsﬁeeln Spin-o and Spin-2 Resonant Non-R.

(WW, WZ, ZZ, WWW, WWZ, WZZ, Z77)
Other DL All other, among them W boson p. with additional jets v

1
1
1
1
1
1
1
1
1
1
1
1
1
|
eV HH(GGF) Gluon fusion Higgs boson pair production v v 1
HH(VBF) Vector boson fusion Higgs boson pair p. X v :
=1 tt Top quark pair p. v v '
ST Single top quark p. v v 1
Wets W boson with additional jets p. v v .
H Single Higgs boson p. v v 1
Other SL All other, among them Drell-Yan v v : .
| Combined
; Full Run 2
* Non-resonant : multi-class DNN (resolved + boosted, | limit
eras combined) I
* Resonant: 2 multi-class DNN (resolved + boosted, .
a H eras combined) : low mass and high mass separated |
! - Parameterized over Muy,training over spin-0 + !
S - 1
: Process P Description Resonant Non-R. 1
: HH(GGF) Gluon fusion Higgs boson pair production v v :
1 HH(VBF) Vector boson fusion Higgs boson pair p. v 1 [ Process Group Sub-Categories
1t Top quark pair p. v v 1 ==
: ST Si:g?e top guarEP. v v : HH(GGF) Resolved 1b | Resolved 2b | Boosted
/ 1 DY Drell-Yan v v I HH(VBF) * || Resolved 1b | Resolved 2b | Boosted
I H Single Higgs boson p. v v 1 N el o
I @vx) Top quark pair associate vector boson p. v v 1 Top + Other Resolved Boosted
L H p quark p P I — ~
1 with possible additional vector or Higgs boson 1 DY + VV(V) Inclusive
1 (ttV, ttVV, ttVH) 1
: VV(V) Multiple vector boson p. v v :
1 1
1 1
1

* Resonant does not have VBF category m_
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