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e Search for resonant Higgs pair production at LHC

o Many BSM theories predict direct or indirect
production of new resonances with enhanced
cross-section ; direct coupling with SM-like or/and BSM
Higgs boson

e Analysis features:

o Model-independent approach with narrow-width

Physics

approximation
_ _ o Searches are motivated from:
M ot Ivat I o “ 1) Warped extra dimension (WED) model (X-> HH)
2) Next-to-minimal supersymmetric model (NMSSM)
and Two-real-scalar-singlet model (TRSM) (X- YH)
e The full Run-2 analysis improves CMS 2016 results: 6-25%

o Use new object identification techniques
o Efficient machine learning based background rejection
e First time looking at NMSSM and TRSM motivated

searches
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Physics Motivation

Warped extra dimension model
e Provide initial solution to SM hierarchy problems;

predicts spin-0 and spin-2 particles

e Explore RS_bulk scenario: enhanced coupling to
bosons and top quark

e New resonances have significant BR (~10%) to decay

into Higgs boson pair (X-» HH)
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Physics Motivation

Next-to-minimal supersymmetric model
Enriches Higgs sector with 7 Higgs bosons (lets label

Warped extra dimension model
e Provide initial solution to SM hierarchy problems;

predicts spin-0 and spin-2 particles

e Explore RS_bulk scenario: enhanced coupling to
bosons and top quark

e New resonances have significant BR (~10%) to decay

into Higgs boson pair (X-» HH)

three NMSSM Higgs boson scalars as X, Y and H)
dominant singlet component of Y suppresses its direct
production at LHC; production via a heavy Higgs

boson X » YH becomes important

Two-real-scalar-singlet model
Extension of SM with two scalar singlet fields [Ref.

Three scalars= one is identified as SM Higgs boson
Gives same topology for Higgs-to-Higgs decay (X->YH)
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Physics Motivation

Warped extra dimension model Next-to-minimal supersymmetric model
e Provide initial solution to SM hierarchy problems; e Enriches Higgs sector with 7 Higgs bosons (lets label
predicts spin-0 and spin-2 particles three NMSSM Higgs boson scalars as X, Y and H)
e Explore RS_bulk scenario: enhanced coupling to e dominant singlet component of Y suppresses its direct
bosons and top quark production at LHC; production via a heavy Higgs
e New resonances have significant BR (~10%) to decay boson X » YH becomes important
into Higgs boson pair (X-> HH) Two-real-scalar-singlet model
e Extension of SM with two scalar singlet fields [Ref ]
yybb final state e Three scalars= one is identified as SM Higgs boson
e H-yy handle with high purity and selection e Gives same topology for Higgs-to-Higgs decay (X->YH)
efficiency due to excellent ECAL response g
e For H/Y> bb handle b tagging rejects high multijet X mass upto 1TeV
background contamination Y mass upto 800 GeV
e For X» HH searches, it yields 0.26% BR m,<m, -m, g
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Analysis

Strategy

Lata Panwar

Online: Non-resonant  Data driven Backgrounds:
Event passing backgrounds: 2D envelope method

diphoton triggers MVA training ~ (m X m,)fitin M, window

T

Statistical
Analysis

MVA categorization

T

Analysis
optimization
methods

‘ ‘ .
Offline: Resonant Signal:
selections on backgrounds: m,  :Sum of Gaussians
photons and jets NN based ttHkiller m,: Double Sided Crystal ball
from JHEP 03 (2021) | Crystal ball + Gaussian
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Event Selections

Trigger Selection (Standard H- yy triggers)

Photon selections Jets selection

(similar to non-resonant HH->yybb JHEP 03 (2021))

P (jets) > 25 GeV, [n(jets)| < 2.4(2.5) (2016(2017/18))
Jet corrected with b jet energy regression (Ref))
Jet 1d selection with efficiency > 99%

AR(jet,y’s) > 0.4

70 < M(jj) <190 (1200) GeV (WED (NMSSM))

Jet pair with highest sum of Deep]Jet score

(Same as H- yy analysis)

e photon MVA ID > -0.9 (99% eff.)
e Electron veto (suppress Z- ee)
e p (yI)/M(y)>1/3

e p. (v2)/Mlyy) > 1/4

e 100 < Mf(yy) <180 GeV
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Resonant Background

Rejection
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Selection on ttHKiller discriminant

e Resonant background are single Higgs process
which have similar diphoton distribution peaking

around m,

= Run2 = = Run2 (ttHkiller cut > 0.26)
e Contamination is higher only for m, <600 GeV; ttH " L CMS Internal
contribution dominates g 0.75
o  Simply neglect for higher masses E 0.50
e Apply a selection on NN-based ttHkiller variable § 0.25
e Order of magnitude for sensitivity improvement with aéé 0.00

260 270 280 300 350 400 450 500 550 600 650

m, <600 GeV is up to 10%.

Resnance mass [GeV]

Lata Panwar IRN Terascale@Nantes 10




Non-resonant Background

Rejection
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BDT Classifier

e Using XGBoost + Scikit-learn to train multiclass BDT classifier to discriminate signal from

non-resonant backgrounds (in 6 different X-Y mass ranges in m,:m, 2D plane)
Signal: Resonant X » YH - bbyy (Spin0)
Non-resonant Background: SM multijet process with prompt photons=

yy+Jets and y+Jets

e Use three set of input variables 3 soo o olonY {IIIIITIIIIIIS WY
= F 1 ]e90
. . ° ° ° ° ° . . E>- 700;— E * 100
1) Kinematic distributions which discriminate -l | e 150
. F " 200
SIgnal from background e | PP
L] L] L] L] L] L] : ] 300
2) Object identification variables to reject - |+ a00
. . 300} e @ B OO
fake contribution S - 600

D00 L sswsssissssesvsnd I S - S— O TR W s e 8
° e ::o ° ° ° ° ° © ° 700
3) Energy resolution variables 1OOE S b B B b e ] 800
R BN R

m, (Spin-0) [GeV]
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BDT performance

e Table shows the AUC from ROC
e Aswe tend to higher masses, training performance improves

within same m, range= performance gets improved as

kinematics gets more discriminative 2 F CMS 138 fb™' (13 TeV
Mass Range | yYy+jets (AUC) | y+jets(AUC) %105 Internal le/jj Hels IYY +ets  ~Data
lowX_lowY 0.9602 0.9744 § 1o ~lowX lowY fstat. unc
midX_lowY 0.9896 0.9934 :

highX_lowY 0.9971 0.9981 10

midX_midY 0.9849 0.9930 10_?

highX_midY 0.9958 0.9978 o

highX_highY 0.9871 0.9956 e A - SO .
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Event Classification
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MVA Categorization

138 tb™! (13 TeV
L %I}g?nal Wi iisiots vy siets ~Data| ® Categorization using MC simulations samples
y towX_owY M stat. unc. e For boundary optimization ROOT Minuit package is
used with MIGRAD minimizer
a. uses Punzi FOM (Seﬁ/(l+\/B)) as input function
e Constrain background statistics have robust
background modeling

Events / (0.06)
_O:I!

0.1 7 ; 0.4 0.5 0.6 0.7 0.8 0.9 1
Transformed MVA Output
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MVA Categorization

138 b (13 TeV

e CMS
Internal

Wit /i +iets vy +iets  ~Data Categorization using MC simulations samples

lowX_lowY BEstat, unc. e For boundary optimization ROOT Minuit package is
used with MIGRAD minimizer

a. uses Punzi FOM (Seﬁ/(l+\/B)) as input function

Events / (0.06)
_0:"

CATO

O
() . . .
o S CATH e Constrain background statistics have robust
— 1 background modeling
107" o

0.1 7 ; i i 0.6 0.7 0.8 0.9 1
Transformed MVA Output

Optimized MVA categories

mass range
& lowX lowY | midXlowY | highXlowY | midX midY | highX midY | highX highY
category
CAT2 [0.174,0.329] | [0.213, 0.401] | [0.215, 0.304] | [0.180, 0.352] | [0.177, 0.239] | [0.129, 0.286]
CAT1 [0.329, 0.627] | [0.401, 0.550] | [0.304, 0.500] | [0.352, 0.600] | [0.239, 0.350] | [0.286, 0.400]
CATO0 [0.627,1.000] | [0.550, 1.000] | [0.500, 1.000] | [0.600, 1.000] | [0.350, 1.000] | [0.400, 1.000]
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I\N/IX Window Selection

e Selection on four-body mass M, = (miivy_mii_myy+mH+ mY,H)
O I\7IX results better resolution (30-90%) w.r.t m,
e ATight |\7|X helps to enhance signal to background ratio

e Italso helps to suppress single Higgs contribution (<1%) CMS internal

N 1100 >
CMS Internal > C | 2/ ndf 121.7/11
h X—YH » Y125 S L ooobd P 05471+ 17.4
-, ~M, = E| pt 0.9921+0.1018
P o !180 | p2 0.0001213 = 0.000179
E suE: _X300 X4 00T 13 _g.9576-08 « 9.654-08
E : . - X500 — X600 800F-
0.12f- Ll X700 - X800 -
01:_ : : - X900 - X1000 00
> H 600
0.08’_— i -
= I =
0.06|— i S0F 157.8/11
s | il = po 81.67 = 19.81
0.041— ﬂ f‘ r . 400F p1 05362 = 0.1159
i ) 4 I3 a P2 0.0006222 = 0.0002038
0.02f— gk _ 300" p3  -3.164e-07 + 1.099e-07
’_I’. . = "‘"“N:‘}'/l:»‘_-l“:>\:l-.-,‘,_,, 200lllllllllllllllllllllllllllllllllllllllllll
300 400 500 600 700 800 900 1000 1100 1200 200 300 400 500 600 700 800 900 _ 1000
4-body mass [GeV] Resonance Mass [GeV]
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Signal and Background Model

e Signal
0 m:sum of gaussian functions is used (upto 5)
o my: DoubleCrystalBall (DCB) function or Sum of CB and Gaussian

e Non-resonant background:
o Determine from data-driven method
o 3class functions : Exp., Bern. polynomial, Power Law
o 2D envelope method (1Dx1D)

e Resonant background:

© m :Same as signal modeling
o m.: Bernstein for bbH, ggH, VBFH; CB for VH; Gaussian for ttH
e Validation with bias test

e Signal is extracted by 2D fit in m_:m, plane
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e 95% CL upper limits on cross-section

e yybb channel is more sensitive for low resonance
(m, < 600 GeV) masses wrt other channels (CMS
TWiki)

e Comparison between CMS and ATLAS public results

R esu Its for full Run 2 (X->HH only with m, <= 1000 GeV)

o ATLAS observed (expected) limits
— 1.6-0.12 fb (0.93-0.11 fb)

o CMS observed (expected) limits
— 0.82-0.07 fb (0.74-0.075 fb)

o  Expected results are upto 30% and observed results are upto

40% better wrt to ATLAS Run-2 results
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Results: X—HH

CMS Preliminary 138 fb™' (13 TeV) CMS Prellmmary 138 fb (13 TeV)

LRI FEL L L (LI L L AL R VlIIIIIlllllll LELERA

10%E pp—X—HH—>yybb (Spin-0) 10* 'pp—X—>HH—>yybb (Spin-2)
' 3 — Bulkradion (Ap =3 TeV) —— Bulk KK graviton (x/M;, = 0.5)
100 0 wee Bulk radion (Ag = 6 TeV) e @ e Bulk KK graviton (x/M;, = 1.0)
3 . i 10°E Pl E
- — Observed 95% upper limit - —— Observed 95% upper limit 3
102 i - --- Expected 95% upper limit E - - - - Expected 95% upper limit =
EE B Expected limit + 1 std. deviation 10° E I Expected limit = 1 std. devnatlon“
S e soac

—
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o(pp —X) B (X —HH — yybb) [fb]
2

o(pp — X) B (X —HH — yybb) [fb]

o loaa e b by by s g by g by gy |

10300 400 500 600 700 800 900 1000
m, [GeV] m, [GeV]
e Left plot (spin-0): For A = 3 TeV, excludes mass up to 1 TeV;
For A =6 TeV, excludes mass up to 600 GeV

e Right plot (spin-2): lc/Mpl = 0.5, excludes resonance mass upto 850 GeV
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Results: X—HY

CMS Preliminary 138 fb (13 TeV)

Ly} = T T ] T T T I T T T T T

220" b s . -0V (10 Pp—=X—=HY 155 (Spin-0) CMS Preliminary 138 fb™ (13 Te)
—~0'® , my =350 GeV (x10) : Expected limit = 2 std. deviatio ] —X—HY—syybb (Spin-0
2 12 .. I Expected limit = 1 std.deviation CHEP2022 PP A pi:0) ;
-2_1 0 E——> ™, = 400 GeV (<10") RSB S5 it -~ Expected limit + 2 std. deviation
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S + B fit and significance

CMS internal 138 fb! (13 TeV) CMS internal 138 fb' (13 Te
- S ” -1
1?3 7 (3p|mo)x~ HY—'-‘rybbl CATO E (?.B (Spm O)XaHY—s'{ybb ' CATO I ] 5 CMS Prelm?mary T ,1 3§ ,f.b.. $13Tev
O | my=125Gev 4 Data : < 5_ my = 125 GeV + Data 4 21000
Z 6f my =% Gev S4B it 2 [ my=90Gev S S4B it 1 B.si Bveo Byioo [lvizs  viso
2 5 — B component ] o F — B component ) o)
5 - ] 5 E 800 _
4 20 1 @ 700
3 650
2 = 600 |jumm—
HHHH} ol = m, = 650 GeV and m = 90 GeV o
s R R e sl Local (global) significance = 3.8 (2.8)
4 B compopent subtracted 7 - 1 450 |
2 3 E | el -
; A Ll e .
-4 -4:—,1 PURFURN ENPUT TN (N SR WP Y .1.‘.1.-5 300 Lo oo Lo b s Vo baa g baa s by a g by g a s by
100 110 120 130 140 150 160 170 180 80 100 120 140 160 180 0 0.5 1 15 2 25 3 3.5 4 4.5 5
m,, [GeV] m; [GeV] Observed significance
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- More about “Excess”

C!\IISI Preliminary __ 138 f't?'l‘ (13 TeVv)

— 10% —_— .
% 10°f e mergeckiot - o Pi s arar241 1 The reported excess coincides with:
I - by -ouspasHie2iont 31 @  Resonant WW searches (in fully leptonic final state) by
z, M my = 400 GeV (x 1))  Aceumos SM H B CMS
> P 3 .
2 10"f LT Sipectsd o Local (global) significance resonance mass 650 GeV
.? :_ my =450 GeV (x 10°) — abisonied :: _ 3 8 (2 6)
107} . L : :
T i my = 500 GeV (x 107) 1 e Additional BSM Higgs searches in 1t final states by CMS
g 10°F : o Local (global) significance BSM Higgs mass 95 GeV
2 i s m, =550 GeV (x 10%) 4 _ 926 (2 3)
S Aok . . o e . .
E [ . my=600GeV (x 109 ] * Lowmass SM-like Higgs searches with yy final state
o 10°F _ 7 around 95 GeV by CMS
& P MR TO0 AN (=103 ] o Local (global) significance 2.8 (1.3)
g my = 800 GeV (x 10™) ] o  Full Run-2 results are ongoing
T'-*‘*——-cﬁ'{ -
10“3:: 3
N e Ute) 1 For X>YH, CMS compares ttbb, bbbb and yybb:
5 . me=1000GeV (107 | o  The excess reported in this analysis at m, = 650 GeV,
108 P 2 7 was only checked for yybb

s 10° 10° o Other channels still need to study this region

M, (GeV)
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Results: X— YH

CMS Preliminary 138 fb™' (13 TeV)

= - CMS Preliminary 138 fo™' (13 TeV)

2 800 |- Limits below theory cross section O %' 800 Limits below theory cross section d
©,700F NMSSM = G700t )
- o= = NMSSM o=
E>600 ola 600 0
............ bt e g 1)
500 = 500F T ®L
4001 E) 400t £y
B T =na
=l 1072 1 300 1§T

= 3
[2J0]0 ] SECETTETEPPPRE Srres cenen % ) o X
sa 200 frornenens PPPP PRRPPRET g 1
(TR o
8BS 88
8. g ‘q—) o)
100}~ i - & 25

0 5 ; oo 107 100} | =

400 500 600 700 800 1000 ] = : 1072
m, [GeV] 400 500 600 700 300 (31.0\910
e
e We make NMSSM and TRSM interpretations

o exclude region m,=[400-600] GeV and m,, = [90-300] GeV for NMSSM (T'Wiki)
o exclude region m,=[300-500] GeV and m,, =[90-150] GeV for TRSM
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/NMSSMBenchmarksMarch2020

e Search for resonance X, decaying to two spin-0 bosons, in
yybb final state is presented using CMS Run-2 data with
m, <=1TeV
e Explore symmetric X» HH and asymmetric X HY (first
time) decay modes with m,, <= 800 GeV
e Model independent results are shown; 1-2% systematic
Summary [
o Observe m, =650 GeV and m, = 90 GeV excess
o An important cross check would be doing the same
analysis for Y- yy and H->bb final state (A team from
[P2I, Lyon is working on it)
e WED, NMSSM and TRSM interpretations are made which

partially exclude allowed mass regions
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Backup
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S + B fit for X—HH

. . -1
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- — S+H+B fit E 0 25 M . =
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"E I T L B component ] 9 20— — H+B Component o
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> = . q () - ]
B e . e I o ]
67 & W 15K *2 0 B
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Mostly standard H- yy systematics with jet
systematics and theoretical systematics

e Preselection SF

o Triggers
« BR
-  Luminosity We check impact in all six
SVSt e m at I c - PS/UE mass ranges which modify
« PDF and QCDscale limits 1-2%
- « Photons
u “ c e rta I nty »  photon or/E Highest impact from
« electron veto SF

QCD scale and b tagging

« JEC andJER .
systematics for all masses

« Db-tagging SF
« HEM
« L1-prefiring

e Other systematics contribution < 1%
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BDT training strategy

e In order to make analysis strategy

8 8003 h « ‘ |- ------------- _: Y
= o J =90
Opterlal for each (m,,m,) }.)0.1nt, we & o A A DS i
consider boost factor to divide (m,,m,) eoof- S rererocrerces]
into 6 mass bins 500/ |+ 250
400: ...... 300
e Boost Factor ~m, /(m, + m ) Ref. - « 400
T g g g © 500
(backup) SO - M
5 it & 2 m @ 700
100F+4 : ' : s ' ' %+ 800
= Pl el iy pilppsnfogppiwieg 10 1eD

300 400 500 600 700 800 900 1000

m, (Spin-0) [GeV]
LowX =[300,400] GeV LowY =[90, 250] GeV
e According to mass range definition signal events
MidX = [500,700| GeV  MidY =[300, 500] GeV are mixed with same cross section

e Signal and Background events are normalised to

HighX =[800,1000] GeV HighY = [600, 800] GeV .
unity separately

NOTE: training m intervals are [70, 400] GeV, [150, 560] 5-fold Cfoss'validation and early'.St_Opping
GeV and [300, 1000] GeV for LowY, MidY and HighY feature is used to control overtraining.
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Signal Model

_ CMS Internal __ ____13Tev
o YY. E 0'5: (Sp-n-O)x - HH- -,ybb.ﬁ» ' c‘iATO h =
C ] ]
o sum of gaussian functions is S o4l - smumton 4. §
- | & wn
43 F Parametric YY E =
used (upto 5) 8 oaf 2
b f . f . P o, =1.95 GeV 3 E L%
o number of gaussian function : L ]
E FWHM = 4.20 Gev #" l -
is decided from F-test =E J =
[ ] m... o5 =310 :;fio 1 135 1-40
1] " m, (@ov)
o DoubleCrystalBall (DCB) (2) Radion300 SE RSP
1]
: Figure 25: M(y7y) mod
function or Sum of CB and g4 rr) . CMSternal 13 TeV
Gaussian CMS /nfe"na’ 13 TeV E L (Spin-0) X— HY— yybb CATO
= ¥ (Spin-0) X— HH— yybb " CATO | o o5 7
o Choose the best fit with best & £ [Y=800 GeV§ % smuaien
2 g t
chi?2 a g oaf : -
8 w | h Parametric
Ll>.l .e b model
. 3
0.2 =1

NOTE: m,, plots are shown for all three bins

QOO 500 600 700 800 900 100¢C

m; [GeV]
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Signal Extraction Method

e Before using m :m. signal 2D fit extraction method from HIG-19-018, we explore the
possibility to use I\7IX:mW fit to use within analysis
We compare correlation between pair of observables= higher for I\7IX:mW fit

e This leads us to go with m_:m, 2D fit

M(yy):M(j) correlation (with M(X) and M(j) cut) M(yy):M(X) correlation (with M(X) and M(j) cut)
0.2 ® Y%
CMS internal ® Y100 02 W Ya00
CMS internal ® Y400 .
5 o1 . o e " s 8 v Correlation factor =
[$) Y150 [e] :
2 ‘ . e o . 8 e et ewn Coy(M1, M2)/
S 00§ b . o = v " ._ ®vs0 5 0.0 = 2 & ® ® ® Y700
g & Vioi E ® Y800 Std(Ml)/std(MZ)
é -0.1 @ Y400 g -0.1
Y500 2
-0.2 @ Y600
X300 X400 X500 X600 X700 X800 X900 X1000 -0.2
Y700 X500 X600 X700 X800 X900 X1000

Resonance Mass [GeV] 50 Resonance Mass [GeV]

e Apart from this, for low resonance masses the turn-on in data M, distribution is issue to use |\~I|X:mw fit

(plot is in backup)
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Comparison of the resonant analyses ATLAS vs CMS

e Similar performance of y reco+ID and b jet ID

e Similar analyses preselections

Interpretations

ttH rejections

MVA approach

BDT training

Categories

Signal extraction

ATLAS

Spin-0 X— HH— bbyy

ele and muon veto and < 6 jets

BDT to reject ttyy & y(y)+jets
BDT to reject single H
Inclusive to all m, points

Signal m, reweighted to match
continuum bkg shape

1 BDT-based category

1D m_fit
YY

CMS

Spin0/2 X— HH— bbyy
NMSSM X— YH — bbyy

ttH vs HH— bbyy DNN

BDT to reject y(y)+jets

Separate in six mass region
defined by boost factor m/(m, +
m,)

3 BDT-based category

2D m_:m. fit
Yy o i



BDT classifier input variables

1) Discriminative signal and background kinematic distributions:

» 0.25—
a) Helicity angles, [cos@ |, |cos®, “°|, |cosOYYCS| W - 6 CMS nirma
. w  o.2f :midX CcOS
where CS refer to Collins-Soper frame - . | By |
1 M : ® 015
b) First two minimal angular distance between selected £ HWWS
o o 2 jy+Jets
photons and jets (AR(y,jet)) R
C jj)/m.. and m.. L |
) pT(”)/. 1YY pT(YY)/. 1Yy ) . pre—— ——— T
d) Leading and subleading photons p,(y)/m  and jets p,()/m, e osos
lcos(6,)!
0.05¢ = - cs)
0A045§— CMS internal ;W}'°WX ool lowx | CMS internal
0.04f CS _midX 0.08| imidX Cs
0.035 ;— | COSGYY | highX 0.07| highx | cosﬂbb |
o.(;::; [rrsets g:gz [ Jrr+vets
0.0 e = Dh{ﬂets 0.04 _D”Hets
0.01F 0.02F- et
0.005- 0.01E :
o : E ‘

1 FIES U | P ¢ ey biey 1 e b pleyy i L

L o G A PSS G S B S0 P G M i

0 01 02 03 04 05 06 07 0§ 0 1 0 01 02 03 04 05 06 07 08 0. 1
zicos?ew)l ?cos?ebb)l

Collins-Soper Frame

NOTE: Red histograms represent the signal for three different m,
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BDT classifier input variables

0.1¢ - 2 ;
O.OQECMS Internal p (ii) /m DIOWX 0_095_ CMS internal p (YY) /m jlowX O.OQECMS Internal AR(Y,iet) DIOWX
0.08F T Yy . midX | 0.08F T D¥Y | midx | o.08f | midX
0.07} highX | 0.07F- highx | 0-07F highX
0'065_ Dyy+Jets 0'06? Dyyhlets 0'065. DYY""JetS
0.05+ 0 0.05F 0 0.05E Miy+vets
0.04E ; jy+Jets 0.04§ jy+Jets 0.04f- Jy+Je
0.03 it 0.03 0.03F-
0.02 5 0.02 i 0.02F
0.01 L 0.01E 0.01F
il s : P -
%oz o4 06 08 {2 %oz 04 o5 08 72 % K
P, iIMGivy) R X (%9 VLV[1 %) PhoJetMinDr
0.1¢ - - 0.2¢
0.09f CMS internal __]'OWX 0.14F CMS internal | llowx 0.18F- CMS internal ' llowx
0.08 . LimidX g 1o . CmidX | 016 1o midX
oot 2nd AR(y,jet) wew | pT(]I)/mii g | oaE PT(Y1)/miiw i
0.06- | T : F
- : DYY"‘JQ‘S - Dvyuets D125 Dy*{h]ets
0.05F i O; 0.08f o1k
0.04 ;_ g r_,l rm_LL . jy+Jets B ; : DiY +Jets 0.08 S_ Djy +Jets
0.03F- ELE 3
0.02f- I 0.0 1. 0.06f
g - g 0.04f-
0~01E'_ ."-.‘ i bt 0.02_ l i E ) ) 0.02:_ -
o= - Y ' ol VOB e g
0 2 4 5 6 0 Y 13 = | ikl STTCEETSN DY PG U s U da Tl S5 O T o — . | o] ) ROTION ST SHNE W |
0 05 1 15 2 25 3 35 4 4& . 0 2 3
PhoJetotherDr pT(j1)’R/I(‘u? pT‘tY 1)/Meyy)
NOTE: Red histograms represent the signal for three different m,
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BDT classifier input variables

2) Object identification variables to reject fake contribution
a) Leading and subleading photonID MVA
b) Leading and subleading DeepJet b tagger score of jets

@ 04 o 04
® o35 CMS internal llowx |5 - Dlowx CMS internal
(T DeepJet b discriminant | ‘midX O | ‘midX
- 03 = s 03" PhotonID
N __highx | o | highX
® 3 = 025
£ DYY"'JetS s g DW+JetS
S . S 02
z ir+dets 3 [ liy+Jets
0.15F
011
A 0.05F-
1 02 03 0 4 05 ' 06 07 08 09 1 oL = Ll —— il ;;zA.;;
DeepJet subleading Jet -1 08 06 04 02 0 02 04 06 08
Custom Leading Photon ID MVA

NOTE: Red histograms represent the signal for three different m,
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BDT classifier input variables

3) energy resolution variables

. . . 0'3
a) Leading and subleading photon energy resolution C CMS internal Nk
b) Mass resolution of selected photon pair 0.25- " midX
c) Leading and subleading jet energy resolution ook i Diphoton mass  highX
d) Dijet mass resolution - | resolution [yy+dets
015 |l
5 | L DiY+Jets
) ) ) o1 |
Leading and subleading photon energy resolution -
DAg i I 0.05}~
0.35E CMS internal D'OWX 05 CMS internal LllowX C
3 | imidX - mldX 0:l it - T TP T T
03F highx | %4F - b 5,01 002 0.03 0.04 0.05 0,06 0.07 0.08 009 IW
0.25- 5 :
C Dyy+Jets 0.3 Dyyﬂets
0.2 L
= Djy+Jets - Djy+dets
0.15) 02f
0.1f -
= 0.1
0055‘ E
o g -
0 0.01 002 003 0040 06 007 08 009 0"
gub? ading Photon & 0""0.01 0.02 0.03 0.04 0.05 fe%?d%% ooftsotr)‘ogE A
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BDT classifier input variables

0-14;— CMS internal
o.12HLeading jet energy

' Jlowx
~ midX
~ highX
Dyﬁdets
Dijets

o.frresolution
0.08]-
ooef [;-h‘
0.04- Eil:l
0.025— ;'J
A

Pt St £ .‘ ok £
0.05 0.1 015

0.3
Leading Jet bRegNNResqutlon

0.1
0.09
0.08f
0.07F
0.06f
0.05

CMS internal

Ill]lfl‘l

=
T
J—
®
=]
j= W
k.
=
aQ
;c
-
®
=)
®
S

0.04

( llowX
- midX

highX
Dwﬁlets
Djy+Jets

0.03
0.02
0.01

1]]l'T'1IIl]l]llYT]I]llllT'Y g II' d
[ o
- [7,]
T o

p—

c

-

[}

o

=

o

0.05

Lata Panwar, Indian Institute of Science, India

01 015 02 025 0.4
Subleadlng Jet bRegNNResqutlon

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

o

CMS internal
Dijet mass resolution

IR AR RN MM A M YN VMMM
| ESGE4 BAARY LLLAY LLRAA LALLE KABAN RLIRE RIARK

' Jiowx
__highX
highX
Dyy +Jets
Djy+Jets

0.0005 0.001 0.0015 0.002

g Rilsgiivg: vy
0.0025 003
o /|9|
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MVA Outpu

CMS internal with scikit-learn CMS Internal ., ,.ih scixiticarn CMS Internal n with sciit1earm

0.2

0.1
0.1

0.8
05 B s (Train) ¢ ¢ s(Tesy) B s (Train) ¢ ¢ sn'est) B s (Train) LK S(Test)
BN B (Train) ¢ ¢ B(Tesy o B B (Train) ¢ o B(Tes() . B (Train) [ 3K B(Test)
- 0.8
0.4
0.6
$ o2 i °° highX_lowY
g0 midX_lowY 19 ow
3 lowX lowY —
£ 0.4
502 0.3
0.2

L e ” 0.6 Classifier output
Classifier output

CMS Internal e il CMS Internal _ion with sclklt learn CMS Internal sn with scikit-learn
with scikit-learn

= B s (Train) ¢ § S (Test) B s (Train) ¢ ¢ s(Tesy
o6 B s (Train) ¢ ¢ s(Tesy 0.8 B B (Train) ® & B(Test) o5 s B (Train) ¢ & B(Test)
B B (Train) $ & B (Test)
0.7 05
0.5
0.6
i . . . . 3 o
- midX_midY highX_midY highX_highY
03 o4 ’
0.3 :
0.2
01
0.1 01

0.4
0.2 0.4 0.6 0.8 0.2 o4 0.6 0.8 Classifier output
Classifier output Classifier output

0.2 0.4 0.6 0.8
Classifier output

0.4

o
IS

Normalized Yields
o
w

Normalized Yields
Normalized Yields

=}

N}
=}
N
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Input variables

fO= cos@*HH

. * o f12=p () / Mjjyy

o f1= cos@*bb o f13=p_(jj) / Mjjyy

e f2=cos0 " e f14=leadingJet b-reg resolution estimator
e 3= Min (AR (y, j)) e f15=subleading]Jet b-reg resolution
e f4=other Min (AR (y, j)) estimator

e f5=leadingPhotonld_MVA o f{16=0(Mjj) | Mjj

e f6=subleadingPhotonld_MVA e f17=leadingPhoton(pT/Myy)

e f7=leadingJet_Deep]Jet e f{18=subleadingPhoton(pT/Myy)

e f8=subleadingJet_DeaepJet e {19=leading]Jet(pT/Mjj)

e f9=leadingPhoton ¢(E)/ E e f20= subleading]Jet(pT/Mjj)

e f10=subleadingPhoton o(E) /| E e f21=rho

e f11=0(Myy) / Myy
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... DATA-MC comparison

o
! CMS ljy 1jj +jets .yy +ets -=Data

ok Internal
- - lowX_lowY ﬁstat. unc.

owX low

138 fb™' (13 TeV) 138 fb™! (13 TeV)
Bliv7ii viets  [Wlyy +iets ~Data

CMS
Internal

CMS Wi viiviets vy +iets ~Data
Internal

Events / (0.06)

- midX_lowY ﬁstat. unc.

midX_lowY

Events /(0.06)

- highX_lowY ﬁstat. unc.

highX_lowY

Events / (0.06)

0.7 08 0.9 1 X 0.7 0.8 0.9 1
Transformed MVA Output Transformed MVA Output T‘:Znsfa n:id Mv‘;soutpu ‘1
g ; g T
) wo——— = g £ e e i e A . o e
K o 87 ™ 5 o7 o z : : . 1 o v s iRl
-o.T 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 N 0.2 03 04 0.5 06 0.7 08 09 1
138 fb™! (13 TeV) _ 138 fb™' (13 TeV. 138 fb™ (13 TeV)
- & F -
SUECMS Wi /juers Mryvies ~Data SUECMS Wiy /jvers  Bvysies ~Data SUECMS  [Wisises [ ~Daia
3 Internal P g wginternal L m 3 °Finternal
5 - midX_midY Hlstat. unc. gk - highX_midY i stat. unc. g - highX_highY & stat. unc.
w - - =]
midX_midY

highX_midY highX_highY

0.7 0.8 0.9 1 0.7 0.8 0.9 1

. ¥ Y ] 07 0.8 09 1
Transformed MVA Output Transformed MVA Output Transformed MVA Output
Q o o 3
=
| g 5 s L .
& gt 8 L I = =
—— T ——
of— sl
(X 02 03 04 05 06 0.7 08 09
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One BDT training for full Run-2

CMS internal CMS internal ) CMS internal

g 1 : 1 i 1
[ i i E "_-___..,_,—.—o————“ E
g L /‘J/’i ' L /‘ |:
& osf : : ' 0.8 : 0.8}
£ ;
0.6[: L - 0.6 = i 0.6 :
i Signal = Radion : Signal = Radion I Signal = Radion
- Background = yy + jets | Background = yy + jets I Background = yy + jets
0.4:" 1 H 0.4 : 0.4} 2
I i E I
- .o L Sl
0.2H- : .| 2016 training il 2018 training sl 2017 training
I —— z]erged : s Merged : —-— Merged
¥ -+ - Separate H -+ - Separate | .
oﬁr e 4oy by | ee—— Ot% S e —— ol.l_ ................................................................................ - - Separate
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 [ e by T
False Positive Rate False Positive Rate 0 0.2 0.4 0.6 0.8 1
False Positive Rate
g 1 1 .
c T i
@
2 | CMS internal I CMS internal CMS internal
& 0.8} i 0.8} : - R
5 L b
2 L
0.6 o - i g al = Rac 0.6[t :
i Signal = Radion i Signal = Radion i Signal = Radion
ol Background = jy/jj + jets ol Background = jy/jj + jets I Background = jy/jj + jets
AT ' - 0.4l :
0l 2016 training ol 2017 training o.j , 2018 training
I —— Merged | —— Merged —=— Merged
°|_|L ' -+ - Separate OI'IL | ‘ | = Separallte ERE ~ =~ Separate
L TR L L L L L L N S T " L L L L " L L L L L L L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 (l) e 0.12 e 0_14 — ofs e o?a —
False Positive Rate False Positive Rate False Positive Rate
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