Searches for heavy resonances
in diboson final states at CMS

Irene Zoi on behalf of the CMS Collaboration

! PHEND_ /(022




Searches for Diboson resonances in CMS Very active sector!
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Full Run2 data: 137-138 fb-!

In this talk:
ID & Links Topology . a?grg?'f':V] Spins  Released
CMS-PAS-B2G-21-001 VBF nonres— HH— 4b - - July 2021
CMS-B2G-20-013  X/nonres — ZZ/ZW/ZH— liqq 045-1.8 12 July 2021

Wk:1.5-5 Wik: 1
CMS-B2G-21-002 Wik — WR — WWW had R: 6-90% Wi R: O July 2021

CMS-PAS-B2G-20-004 X— HH— 4b 1-3 02  July 2021
CMS-B2G-20-003 X—> bd—> 4b 5 PN ;f:g July 2021
CMS-B2G-20-007 X— HH—bbWW/bbTT 0.8-45 02  July 2021

CMS-PAS-B2G-21-003 X— YH—> 4b v ?6.%'3o'éev ézg No;g;ber

CMS-PAS-B2G-22-003 nonres— HH— 4b (w/VBF) . - March 2022

CMS-PAS-B2G-20-009 X— VV/VH all-jets (w/VBF) 13-6 0/1/2  March 2022

Covered Worth a mention
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Common strategies and challenges

\
: /  Multidimensional
Jet tagging analyses
q\
\
~/
1D bump hunt Miett Miet2
* Low level taggers —
- Nsubjettiness [arXiv:1011.2268] A\ .
—>
* Many ML-based taggers My My
* Deepdet [JINST 15 (2020) P12012] Mx Muy

* Multidimensional bump hunts

Double-b [JINST 13 (2018) P05011]

* Take into account correlation Mjet vs Myy

DeepAKS [JINST 15 (2020) P06005]

ParticleNet [Phys. Rev. D 101 (2020) 056019]

« Especially challenging for Y with
unknown mass
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X = VV/VH—all-jets (W/VBF) boosted  X:1.3-6TeV  cMS-PAS-B2G-20-009
X : Spin-0,2 (extra dimension) or Spin-1 (HVT) g
g
« WW/WZ/Z2Z/\WH/ZH o/n .
W(Z)
Jet tagging with DeepAK8 V—qq & Z/H—bb Wi 7
3D bump hunt in Mjet1, Mjetze and M;; ' q
Data-driven background estimation from templates 1B 13 Ty g
based on simulation g™ ems
§ 2500} Preliminary ss ;vl(jxelgc. 5
Main background QCD (gaussian kernel) § a0 w0
1D for M”’ 2D for Mjet1 & Mjet2 15001 DY/ggVHHP(:chOa)tegorV:M é
. 1000f
Other backgrounds ttbar and V+jets :
« 1D for M;; CB or Gaussians for Mie i
Signal parametrized with dCB & )
N 100 150 200
M, [GeV]
3+ Fermilab
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X - VV/VH-all-jets (w/VBF) boosted

« Categories improve sensitivity on 16 signal hypotheses:

* DY/gg or VBF production
» 5 tagging categories based on type/purity
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b CMS-PAS-B2G-20-004

X = HH - 4b with large area jets L s
X H// B 5 200 grm:inaly %:‘;“’“9“” _;

1 Hmerged & 1 H merged or resolved* INSUREE T e
* Improves sensitivity for 1 <Mx <2 TeV ; 5
Jet tagging: = —
X:1-3TeV P m -

* merged: DeepAKS, resolved: Deepdet

1000 1500 2000 2500 3000

Main backgrounds: QCD and tt+jets, estimated from data with Mg (GoV)

. — _ ‘1I38|fb|"(l13|T§V:
help from simulation in “2D-Alphabet” method §1°3§ ous :
] . . -? I — Observed
2D Likelihood fit of (m,,, m..q), i ey

« m.4: ~10% better dijet mass resolution * o] -2 o xpocted
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. Merged: myy - (my — my) - (My, — My)

» Resolved: myjj — (my — my ) - (myy(i1, j2) - My )

L

N | L [
2000 2500 3000

W 1 I IR B
107" 4000 1500

m, (GeV)
. Spin-0 in backup
both merged [Phys. Lett. B 781 (2018) 244] or both resolved [JHEP 08 (2018) 152] e .
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X:09-4TeV

X — YH — 4b boosted Y: 60-600 GeV

CMS-PAS-B2G-21-003

_ ’ _ . CMS Preliminary 138fb~"(13TeV) . CMS Preliminary 138fb~"(13TeV)
In next-tO-MSSM, X— H and Y_HS é 10 ! ! . meﬂggoc;esv ; i I é " ‘ ‘ __i mxiégOGGEV’ = ;f
[Phys. Rept. 496 (2010) 1,Int. J. Mod. Phys. A 25 (2010) 3505] ¢ | S gt - WY ¥ baa
___ My=3000 GeV ___ My=3000 GeV
b My=400 GeV 102k My=400 GeV i
H'Jet 1 1 O < MJH < 1 40 GeV, : ol 6(pp = X — YH — bbbb) = 1 fb | 6(pp = X — YH - bbbb) = 1 fb
i 10"
: Y H b 10%
Y-jet M,"> 60 GeV X Db e o £ o
A ~ R | sl 00 [ - "
. Y ~ . —‘—q
2D bump hunt in M,;and M, Y b e
S0 0
- o E
b ! 1 60 260 3(‘)0 460 560 6&0 " 1 0‘00 1 5‘00 20‘00 25‘00 30‘00 35‘00 4000

bb tagging with ParticleNet
Main backgrounds
* QCD multijet: Data-driven using a pass-fail ratio method

 ttbar: from simulations with corrections obtained from a
semileptonic control region

Limits are 2x better than for X—-HH— 4b
Most stringent cross-section limits
. Extends limit ranges of NMSSM scalars
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X - ¢d — 4b boosted

9

Extended Higgs sector with 2 new scalars:
« for my > 2m¢, X = ¢¢ is the dominant decay

* ¢ couples to fermions similarly to H

double-b tagger algorithm

Bump hunt in 2D: average jet mass 71 & dijet mass M;
Main backgrounds:

* QCD (“ABCD’-like estimate)

 ttbar (simulation + corrections in data CR)

Signal modeled with a multivariate normal distribution

« Mean and width of 71 and M + correlation
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Data - bkg

Ogata

X - ¢d — 4b boosted

138 fb™' (13 TeV)
T T

138 fb™! (13 TeV)
T T

CMS-B2G-20-003

138 fb' (13 TeV)

12141618 2 22 2:42.6 28 3

S .m, =60 GeV ]

72141618 2 20242628 3

R m, =65 GeV ]

737476182 22242628 3

m, =70 GeV ]

41618 2 22242628 3

12141618 2 22242628 3

b m,=75GeV ]

m, (TeV)
—m N/ =1
95% CL limits:
—-mN/f=2

32472628 3

(47618 2 22242628 3

—e— observed

\'~.\>m¢ =80 GeV ]

. expected = 10 - MN/f =4

=== expected £ 20 _ m,N/f=8

T T T T T T _E T T T T T
- CMS { Dpaa b E I CMS { Daa ]
10° Total background and uncertainty —| ,2 v E_ Total background and uncertainty _§
: :I 1t background contribution E g L ‘:I 1t background contribution ] Q 3 . .
o . o 1 w . oo T N S
i Xisoo™ #5585, (0= 50 1) 1 o} Xisoo™ #5585, (=50 1) = s 12141618 2 22242628 3
Xas00™ §100%100 (0 = 50 ) - Xas00~ 1058440 (0=50 tb) E R
ek - - : — © \.m¢=30GeV
i . e E lg =
r L = —_ 12141618 2 22242628 3
| Ll | ot I ’j I I I I I |_Q N
2 o) “. s m,=35GeV
2 1 9|22 1 S~ 10 .
I 1 g o oF ] ; N
20 40 60 80 100 120 140 160 180 200 O 1000 1500 2000 2500 3000 3500 4000 4500 5000 T
m (GeV) M; (GeV) L — =
12141618 2 22242628 3
- o n, .My =40 GeV |
T 1k D =
e x 12141618 2 22242628 3
‘ R N ~ =
g s gna‘“ 3.1 local, o ™TEe
ith thi 1.3 global
SU“ W .0 globa o i = :
F' \!s“ ‘e o 72741618 2 2.
b ok . N m¢=50 GeV ]
1k -
N flavors of quarks that receive all their mass from the X T21471678 2 22242626 3
f vacuum expectation value m, (TeV)
10 05/09/2022 Irene Zoi (irene.zoi@cern.ch) | Search for heavy resonances in diboson final states at CMS

72747618 2 22242628 3

m, (TeV)

2% Fermilab


mailto:irene.zoi@cern.ch
https://arxiv.org/abs/2203.00480

X = HH - bbWW/bbtt with leptons boosted CMS-B2G-20-007

bb tagging DeepAK8, W— qq Nsubjettines €21

2D fit of the mwp, and muH
Reconstruction of the H = WW/tT:

« SL: sum of the 4-momenta of p,, qg-jet and £
 DL; PH = Pge + Pinv, with Minv = 55 GeV and einv = Ggg

Main background is ttbar
« SL: W(lep)+jets & QCD
* DL: Z/gamma-+jets

[ -
g we f , ] o - ¢ X:0.8-4.5TeV
. e ’ x 27 Ve x 2 ¢ (g )
q ” g . =e, M
H . b H. H™ b ’
: T, | ' !
L] . b . 1
Single lepton (SL) Dilepton (DL) e 8.1 (13 TeV)
CMS i Data [Ca/g bkg.

S5 Fitunc. [JLost YW bkg.
- 1TeVX ., [0 m,, bkg.
—3TevX,, . Bllm, bkg.

aB(X — HH) =0.2 pb

Events /6 GeV

Data /fit

“Background splitted by 30 60 80 100 120 140 160 180 200
components with similar m,, shape m - [GeV]
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X = HH = bbWW/bbtt with leptons

» Categories:
« 8 SL: e/u + looseltight bb tagging
+ LP/HP in H—= WW reconstructions
* 4 DL: same/opposite flavor leptons
« 2D templates from simulation:
« Background: 2D for m, & 1D for m,

- my;, modelled differently for resonant/nonresonant components

Signal: double sided Crystall Balls (dCB)

* For mun an additional linear component accounts for the dependence on mwp

CMS-B2G-20-007

oB(X — HH) [fb]

L IR

T S N

.
N

N =
AN TS FNEEE SRR SRR

138 fb" (13 TeV)
I B I I E
95% CL upper limits
—e— Observed 7
----- Median expected =
[ 68% expected E
[] 95% expected

Bulk graviton (E 0. 3)
----- Bulk graviton (k 0. 5)

1000 1500 2000 2500 3000 3500 4000 4500

m, [GeV]

The normalizations from simulation are used as the initial values for the fit to data.

' ucti
Most sensitive upper limits for X ~ HH prod
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Spin-0 in backup
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Summary
Many new results!

Exploiting HH with H—= bb and similar channels

Jet substructure crucial -

Multidimensional bump hunts:
1D, 2D & 3D

Combinations and Run3 @ 13.6 TeV
are around the corner

13

* Many ML based taggers for
boosted regime of V/H— qqg/bb

* Key to improved sensitivity!

* Tagger decorrelation

ell
-‘o cO\‘“
wore
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Additional material
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X — VV/VH—all-jets (w/VBF) boosted

Events / 100 GeV
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:
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107
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—— Background fit
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— 1t
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ﬁ\umu‘ ol ool ool ol ol HHHH‘;
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X = VV/VH—-all-iets (w/VBF) boosted

138 fb™ (13 TeV)
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Model Observed limit (TeV) Expected limit ( TeV)

Radion DY/gg \AY 2.7 3.4

HVT model B, W’ WZ / WH 44 /40 43 /43
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X = VV/VH—all-jets (w/VBF) boosted CMS-PAS-82G-20-009
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X = HH — 4b with large area jets

Events / bin

138 fb (13 TeV)

138 fb™' (13 TeV)

CMS-PAS-B2G-20-004
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QCD multijet estimation in B2G-20-004 (HH) & B2G-21-003 (HY)

* Event passing the tagging requirement: Npass = Nfail X RMCpst X Riratio
* Rratio is the ratio of Ry in data and simulation and it is smooth and easier to estimate than Ry in data

* Ruratio surface parameterized by the product of two one-dimensional polynomials with coefficients
determined from the fit to data

* HH:
* Ruratio and Rps are a function of my and myeq

 To reduce the effect of statistical fluctuations on the calculation of RMCps in QCD multijet simulation,
the pass and fail distributions are smoothed by using an adaptive kernel density estimate (KDE)

* HY
* Ruratio and Ry are a function of myy and myy
* For Rpr, the smoothing method cannot be applied because of the requirement on myn
* Adaptation of the above calculation using an initial Rps(myy) estimated from data sidebands:

init

Rp/f = R xRatio

2% Fermilab
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X — YH — 4b boosted X:0.9 - 4 TeV

20

Y: 60-600 GeV

Main uncertainties on signal: ParticleNet SF, jet mass
scale, jet energy scale and resolution, jet mass resolution

Main uncertainties on bkg: tt norm, top pt, modeling Rp/f

joint likelihood of the M,—M," distributions in the hadronic

(signal and sideband) regions in both the SR1 and the
SR2 categories along with the M| distributions in the

semileptonic regions in the tight and loose categories

Plots are for SR1, pulls = (observed events—expected
events)/ sqrt(o2 ..+ 02,,,) o
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Y-candidate ParticleNet score

CMS-PAS-B2G-21-003

Mx=1600 GeV
My=90 GeV

CMS Simulation Preliminary
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X—= ¢ — 4b

Masym |0y DY
Tight search region <0.1 <15 >0.8
Loose search region [0.1,0.25] <1.5 >0.8
Tight |Az| sideband <0.1 >1.5 >0.8
Loose |Ar| sideband [0.1,0.25] >1.5 >0.8
Tight double-b sideband <01 <15 [—0.8,0.3]
Loose double-b sideband [0.1,0.25] <1.5 [-0.8,0.3]
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X - HH - bbWW/bbrT with Ientons CMS-B2G-20-007
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X = HH - bbWW/bbrr with leptons CMS-B2G-20-007

138 b (13 TeV)

— 0T T T
Q E E
"ljable 1: The SL channel event Categozi.zation @d corresponding categ*ory labels. :All comb.ina- = - CMS 95% CL upper limits 3
tions of the two lepton flavors, two bb jet tagging, and two H — WW™ decay purity selections = [ Spin-0 X ]
L : : S L [ Spin —e— Observed 1
are used to form eight independent event categories. The lower 7,/1; working point is 0.55 T .l N ]
(0.45) in 2016 (2017-2018). 1 e e Median expected
E o, E
Categorization type Selection Label =< u 1 68°A expected .
Electron e x L [] 95% expected i
Lepton flavor Muon “ <) 1021 N
© U E ) _ E
= . 0.8 < Dy i < 097 bL F Radion (A, =3 TeV)
bb jet tagging /H— - .
Dy /y_pp > 0.97 bT - .
. 0.45(0.55) < /T < 0.750r2.5 < Dyyer < 11.0  LP 10 E
H—+WW vaq 3 3
- PURY 4 /m < 0.45(0.55) and Dyygq < 25 HP - ]
Table 2: The DL channel event categorization and corresponding category labels. All com- I ]
binations of the two lepton flavors and two bb jet tagging selections are used to form four 1 3 E
independent event categories. F E
Categorization type Selection Label i 1
Lepton flavor Two electrons or two muons SF 107! 3 | | | I I I I =
One electron al‘ld one muon OF 1l 1111 1111 L1l 111l 111l 11 1 L1117

08 <D <097 bL 1000 1500 2000 2500 3000 3500 4000 4500
b i i - Z/H—bb = U m. [GeV
bb jet tagging Dy i > 0.97 bT x [GeV]

Bkg. category Dominant SM processes ~ Resonantinm,; Num. of particle-level quarks

my tt top quark mass 3 from top quark
My tt W bosonmass 2 from W boson
lost-t/W tt No lor2 s . .
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CMS-B2G-20-013

X— ZV—- ££qq in semileptonic final states
(& ALP nonresonant ZZ/ZH)

« Z— 00 (£ =e, n) & ZIW/H—qq merged/resolved, b-tagged/
untagged categories

* Mx =450 - 1800 GeV

« Main background Z+jets (normalization from SB - based on mjj
or MJ) in final fit, shape from MC+correction)

s(G) B(G £ Z2) (fb)
2

10E

« Other bkg: dilepton that do not contain a leptonic Z boson decay a00 600 0 10'06'1'2'06'1400M1'6'?g;§m
(from simulation) & ZV (from simulation) o

138 b (13 TeV)
T T — T
! f f bserved 95% CL upper limit ]

« Main uncertainties: bkg shape

« Combined ML fit in the MZV /M ZH distribution simultaneously in
all categories

(W) B(W' £ WZ) (fb)

« AWED bulk graviton is excluded up to masses of 1200
(expected 1150) GeV for k = 0.5.

500 800 4000 1200 1400 1600 " 1800
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Wik—=WR->W(qq)WW(2vqa/49/3q) boosted

« Extended warped extra dimensions: two branes [JHEP 01 (2017) 016] ’

t g
7
* Only EW gauge fields can propagate in the extended bulk M ”
NN w
ﬁ
Jet q

|||||||

« R—» WW- 2vqq/49/3q, (£ =e, M)

« Jet tagging: DeepAKS8 [JINST 15 (2020) P06005],
deep-W and deep-WH dedicated tagger

; i rocedure
« ForR—» WW- 2vqq: calibration p

jet containing an energetic, charged, nonisolated 2
* sensitive to R=WV/VVV/Vt/VH/VX Wi 1.5 - 5 TeV.
* 6 SR based on #of jets and jet masses range (backup R: 6-90% Wik
* Main backgrounds: QCD 60-80%, ttbar, single top, W+Jets, etc

* QCD estimated from data CR, others from simulation
* Bump hunt in mj or mjj
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Wik— WR—-=>WWW in boosted hadronic final states CMS-B2G-21-002

Region N; m™(GeV) m]?“id (GeV) mjm"n (GeV) Jet tagging conditions
SR1 2  70-100 — 70-100 Both with deep-W > 0.8 :
SR2 2 100-200 — 70-100  Higher with deep-WH > 0.8, lower with deep-W > 0.8 ° S (Sum jet and pt
SR3 2 >200 — 70-100  Higher with deep-WH > 0.8, lower with deep-W > 0.8 miss) > 1.3 TeV: better
SR4 3 70-100 70-100 60-100 All three Witl"l deep-W > 0.6 S|g nal Separatlon for
SR5 3 70-100 70-100 60-100 Exactly two with deep-W > 0.6 .
SR6 3  70-100 70-100 0-60 Two highest with deep-W > 0.8 cases with leptons
. 1.5=m, =< 5.0TeV,
Wkk
N=2 N;=3 0
mmin (GeV) mg 6-90% of m,,_. .
) min KK
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Wik—= WR-W(qq)WW(2vqq/4q9/3q) boosted CMS-B2G-21-002
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[JHEP 05 (2014)146]

Softdrop

« Soft drop: reduce the jet contamination from initial state radiation, underlying event
and pileup

. B
Soft drop condition: ™n(PrPr) (A?z) 1. Jet j clustered with CA
Prit P2 2. Decluster last step and obtain j1 and j2
3. Check if soft drop condition is satisfied

CMS Simulation (13 TeV)

00.121

% B ) ----- q/g !ets, PUPPI+soft drop Yes NO

> 0.1— i — a/g jets, ungroomed

@ B i% === W — g, PUPPI+soft drop)

= 0.08- : i —— W — g, ungroomed
— 5
o oo P j is the final decluster jet with higher pr,
Q@ ool SD jet remove the other,
l\ - et |— E':
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Nsubjettiness

[arXiv:1011.2268]

« N-subjettiness ntells how likely a jet has N subjets

1 .
N = R Y pri min{ARy, ARy, - - -
P

29

[B2G-17-001]

x10° 35.9 fb (1 3 TeV)
..... B EE R e o e e RRAREERRRRS
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« 7n ~ 0: N subijets likely

= identified subjets
= jet constituents

« 1n>> 0: more than N subjets likely
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DeepJet

* Deep neural network algorithm

30

[JINST 15 (2020) P12012]

* 16(8) properties of up to 25 charged (neutral) particle-flow jet constituents

* 12 properties of up to 4 secondary vertices associated with the jet

1

mis-id rate

107'H

1072

1078
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| AK4jets (p..> 30 GeV) :
DeepJet with enlarged cony [« @i i 3
DeepSet
DeepJet

—b vs udsg |-

|---bvsc  |..

| Search for heavy resonances in diboson final states at CMS
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[JINST 13 (2018) P05011]

Double-b tagger
* Combines tracking and vertexing information in a boosted decision tree with 27
input observables

* No strong correlations in double-b tagger versus msp or pt in QCD background
13 TeV, 2016

% E- = = Subjet CSVv2, minimum among two subjets /’/,/
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DeepAKS [JINST 15 (2020) PO6005]
Multiclass (W/Z/H/t/other) classifier to identify hadronically %
decaying particles e
* sub-categories for the decay modes (e.g. Z — bb) ’
Inputs:

— particle list contains 100 jet constituent particle (py,
energy deposit, charge, the angular separation between s
the particle and the jet axis or the subjet axes, etc.) = |
— secondary vertex list, up 7 SVs (15 variables)

32

Customized Deep Neural Network (DNN)

Mass decorrelation obtained with adversarial training
approach
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ParticleNet

[Phys. Rev. D 101 (2020) 056019]

* Customized neural network architecture based on
the particle cloud representation— jet as an
unordered set of particles

* Uses a permutation-invariant graph neural
network architecture

* In CMS:

* multi-class tagger for t/W/Z/H tagging

* same inputs as DeepAKS8
(PF candidates/secondary vertices)

* significant performance improvement

* Mass decorrelation obtained with training using
a dedicated signal sample with flat mass
spectrum: my € [15, 250] GeV
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