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m SM issues addressed by many BSM models which suggest new particles at the
electroweak scale

m 2 classes of models which predict resonant decay to W, Z, and H bosons
widely probed by experiments:

Heavy Vector Triplet (HVT)

m simplified model

m one neutral (Z') and two charged (W'¥)

m 3 coupling parameters gy, cy, ¢

m model A = couples mostly to fermions, gy = 1,cy = —0.55,¢cr =~ 1

m model B = couples mostly to SM bosons, gy =3,cy = —1,cp = 1

—
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m

m SM issues addressed by many BSM models which suggest new particles at the

electroweak scale

m 2 classes of models which predict resonant decay to W, Z, and H bosons

widely probed by experiments:

Randall-Sundrum Warped Extra Dimensions

m tower of heavy particles (Kaluza-Klein excitations)
m spin-0 radions and spin-2 gravitons
m large focus on the bulk graviton model

: T K
m 2 free parameters: m(Gpuik), k= oy usually set to 0.5

.

_ Heavy resonance searches with CMS SUSY2018, Barcelona

2/14



Karlsruhe Institute of Technology

|
ﬂ(IT CMS searches

=

Overview over CMS searches for resonances decaying to W/Z/H bosons
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this talk: focus on boosted diboson topology, results based on 35.9 fb~! of

pp collisions
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decay products of energetic W/Z/H bosons
are highly collimated = use of dedicated
reconstruction techniques

m hadronic decays:
e decay products reconstructed as one
large-radius jet (R=0.8)
e boson tagging techniques to discrimi-

nate against QCD jets
‘> > @ & 0 o dedicated b-tagging for H—bb
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decay products of energetic W/Z/H bosons
are highly collimated = use of dedicated
reconstruction techniques

m hadronic decays:

e decay products reconstructed as one
large-radius jet (R=0.8)
e boson tagging techniques to discrimi-

nate against QCD jets
0 z @ S 0 o dedicated b-tagging for H—bb
@ m leptonic decays:

IO!J e neutrinos = Ia_rge missing transverse
momentum p7'**
O\) o special reconstruction /isolation for

high-pT electrons and muons
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= decay products of energetic W/Z/H bosons
are highly collimated = use of dedicated

a ©
a
f /O reconstruction techniques

D m hadronic decays:

e decay products reconstructed as one
large-radius jet (R=0.8)

f e boson tagging techniques to discrimi-
Q——»@ < @ nate against QCD jets
o dedicated b-tagging for H—bb
J e hadronic 7 decays: special reconstruction

for hadronic 7 decays
@ m leptonic decays:

J e neutrinos = large missing transverse
miss
O mom.entum PT - . .
T o special reconstruction /isolation for

high-pT electrons and muons
Heavy resonance searches with CMS SUSY2018, Barcelona 4/14
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m pileup subtraction based on PileUp Per Particle Identification
@ re-scale particle four-momenta based on compatibility of originating from primary vertex
@ cluster jets with modified particles

m soft-drop algorithm (modified mass-drop algorithm):
@ subtract soft and large-angle radiation to construct sudakov safe variables

@ soft-drop jet mass used in V/H jet tagging and in sideband definitions or as additional
variable in multidimensional fits
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N-subjettiness -, = & S prkmin (ARy i AR, i -, ARy )

m different energy pattern in jets from boosted boson decays = "count” number

of hard energy bundles
low values of 7y means compatibility with N jet-axes
m most prominent discriminant: ratio of 2- over 1-subjettiness (721):
@ 71 threshold depending on analysis
@ split into high purity (HP) and low purity (LP) categories
@ LP categories for recovering signal efficiency at very high masses
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b (l]azging discriminlalov
EPJC 77 (2017) 636
two methods to tag H—bb decays (st 13 (2018) posor1):
m both use multivariate techniques to combine track and vertex information into
a single discriminant property

m default CSV tagger applied to sub-jets:
@ used in VH— (2¢/¢v/2v)bb and HH— 77 bb

= double-b tagger:

@ associate secondary vertices with the jet axes from N-subjettiness
@ used in HH—4b and VH—qgbb
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VV—4q

m 2 large-radius jets with high pr,

65 < miof" < 105 GeV

m 721 < 0.35 for both jets: HP category,
0.35 < 121 < 0.75 for one jet other passing
HP requirement: LP category

m data-driven background: fit with analytic

function
-1
T - : : i i 35‘.9 b : (13 TEVE)
3 CMS —4- CMS data E|
1 [ 2 par. background fit
4 F e G(2 TeV)—~WW (o = 0.02 pl
g 10° 'WW, high-purity
g Inl< 2.5, p, >200 GeV
i}

m; > 1050 GeV, jan | < 1.3

i

=

+
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o

Data-Fit
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Dijet invariant mass (GeV)

PRD 97 (2018) 072006
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VH—4q

m 2 large-radius jets with high pt

m V jet: soft-drop mass window, 2 71

categories

m H jet: double-b tagger discriminant > 0.9
HP, 0.3 — 0.9 LP category

m data-driven background: fit with analytic

function

X ~ VH - qgbb.
T T

359 b (13 TeV)
T T

T
[ CMSs

W mass, high purity, tight b tag

e

Events / (100 GeV )
1Y

—4— Data (369 events)
‘—— Bkg. fit (2 par.)
---- Bkg. fit (3 par.)
e My, = 2000 GeV
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® two opposite sign isolated electrons/muons,

70 < my < 110 GeV

=V jet: 65 < mioi ¥ < 105 GeV, 1 < 0.35
HP category, 0.35 < 73 < 0.75 LP category

m Z+jets background yield and shape through
simulation-assisted method using sideband

ratios (o method)

X 2V - ligq 3591b* (13 TeV)
> T T T T T T T
8 cMs + Data
o 10° I Z() + jets
® 2y, high purity Top quark
£10° v
£
] g. unc.
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Submitted to JHEP
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ZV— vrqq
= pEs > 200 GeV, 1 large-radius jet

m V jet: 71 HP and LP categories, soft-drop

mass window
m bump hunt in transverse mass
m1Z_V = \/2E.jrp.’r""ss(1 — cos Ag)
® « method to estimate Z+jets

359 vb“ (137en)

T

CMS t Daa

High purity BV +jets

X - VZ - qqw Top quark
-

Bkg. unc.

My =3 TeV (10 fb)

Events / 100 GeV

it E

Mg
Stat. Unc. (data)

ehbona

Ny

000 1500 2000 2500 3000 3500 4000
myZ (GeV)

JHEP 07 (2018) 075
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VH semileptonic

m 0/1/2 leptons, p}"iss > 250,80 GeV, no
additional b-tagged jets

m subjet b-tagger: > 1 b-tagged subjets
m softrdop mass requirement for H jet

m V+jets estimated using @ method and jet
mass SB

35.91b? (13 TeV,
T

T
C™MS 4 Data
0l,1btag T Z(vw) W(h)+jets

1, t+X
[ A%
Bkg. unc.

Pre-fit

HVT model B g, =3

i my = 2000 GeV

Z'-2HDM
m,=300 GeV
m, = 1400 GeV
m, = 3000 GeV

Events / (100 GeV )

4
3 i;,}";,i,ﬂ——i——lra—l—lrar;—e

NNy g

1000 1500 2000 2500 3000 3500
mj, (Gev)

Submitted to JHEP
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W

HH/HV— 77bb

m 0/1/2 leptons, p{-"iss > 200 GeV, 1
large-radius jet

m soft-drop mass window for H/V, V jet
0(0.4) < 1 < 0.4(0.75)

m H jet: 1 or 2 b-tagged sub-jets, b-tag veto
on additional jets in the event

m V+jets/multijet estimated with o method

X ~ VH - q@rt 359 fb” (13 Tev)
T ]

-, T
3 E cms ¢+ Data E|
o Preliminary . 3
o V+ets 3
=1 21, HP, W mass region W X +
g [ Fitunc. 7
2 Pre-fit 7
g — m,=2000 GeV
10 HVT model B g =33
1 i =
T E|
i\ = L L L .|
2 4 =161 pvlue =057 3
Fal- TR
> +
2 1000 1500 2000 2500 3000 3500 4000

m, (GeV)
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= fully merged and (semi)-resolved final states = 1 isolated lepton + p'* +1 large-radius jet

m soft-drop mass requirement, double-b tagger
discriminant > 0.8

m mass window of 30 < mj:gdmp < 210 GeV

events rejected with > 1 b-tagged jets
(medium WP CSV)

HP m; < 0.55, LP 0.55 < m»; < 0.75

2 dimensional fit in mj; and myy

m search for excess in HH invariant(-reduced)
mass spectrum

m data-driven background estimation using
sideband (alphabet method) to estimate
yield and shape of multijet background

35.9 bl (13 TeV)
T T

T T T
muon, high-purity

35.9 b (13 TeV)
T

< . . { Data

5 cms 1020 [ W+iets

3 1S + pam [ WVt

§ Preliminary Estimated background 7% Bkg. shape unc.
w

Background stat. uncertainty
H Gy (2 TeV) - WW
— WETev)-WZ
(0% B=0.05 pb)

Events / 25 GeV

Bulk graviton 800 GeV
Non-resonant Benchmark 2
0(pp — X — HH — bbbb) = 50 fb

I
N
T

Data - Bkg.
Data unc.
o
Dataffit

e

i Mkl I

1600 1500 600 1000 1500 2000 2500 3000 3500 4000 4500
My e [GEV] myy (GeV)
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ICHEP 2018 35.9 fb! (13 TeV) 10 JCHEP 2018 35.9 fb? (13 TeV)
F -~ HVT model B — WH- 221 (CMS-PAS-B2G-17-006) F ~ HVTmodel B — ZH-.2q21 (CMS-PAS-B2G-17-006) 3
10 |__95% CL upper limits — WZ - 2g2| (arXiv:1803.10093) _ E 95% CL upper limits —ZH-2q2b (EPJC 77 (2017) 636) ]
E — Observed — WH-2q2b (EPJC 77 (2017) 636) 3 [ — Observed ZH-. 21/2v2b (CMS-PAS-B2G-17-004) |
%) --- Median expected WH - v2b (CMS-PAS-B2G-17-004) 3 1E--- Median expected ~ — WW -.4q (PRD 97 (2018) 072006) 3
— WZ - 2q2v (arXiv:1803.03838) b E WW - 2qiv (JHEP 05 (2018) 088) 3
. WZ - 2qlv (JHEP 05 (2018) 088) = [ 7]
| —WZ - 4q (PRD 97 (2018) 072006) 3 8 10k |
£l 1 & E E
e 107 E N A e N ]
Fooo NSO 1 102
102 3 i
FE CMS [ CMS
- Preliminary = 1073 Preliminary = 3
103 i b i L s Ly RN A AN IR AN B AUV B S ArariN B
0.5 1 15 2 25 3 35 4 45 1 X 4.5
m,, [TeV] m, [TeV]

m All searches for W'/Z' from HVT model B with WZ/WH, ZH/WW
intermediate states interpreted as 95% CL upper limits on signal cross
sections.

m Data is consistent with background expectations
m mass limits from CMS now at 3.1 TeV for W' and 2.7 TeV for Z’
(WZ—2q2v, WW— 2q/v)
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ICHEP 2018 35.9 fb™ (13 TeV)
F ~ Bulk Graviton (k = 0.5) — HH- 2b2t (CMS-PAS-B2G-17-006) ]
- 95% CL upper limits —ZZ 212y (JHEP 03 (2018) 003) |
10 - — Observed — HH- 4b (CMS-PAS-B2G-17-019) o
E --- Median expected — ZZ 292l (arXiv:1803.10093) E
N — WW - 4q (PRD 97 (2018) 072006) |
. 77 - 4q (PRD 97 (2018) 072006) |
8 — 77 . 2q2v (arXiv:1803.03838) 3
“g . WW - 2glv (JHEP 05 (2018) 088)
- AN
010 R e, S T e 3
102
0 FE CMS =
[ Preliminary ]
JT S PN S E UL B U I I

0.5 1 15 2 25 3 3.5 4 45
mg [TeV]
ok

= All searches for spin-2 bulk gravitons (k= 0.5) with WW, ZZ or HH
intermediate states interpreted as 95% CL upper limits on signal cross sections.
m Data is consistent with background expectations

m for low masses best limits from ZZ— 2¢ 2v search, for high masses coming
from WW—2qfr and WW—4q
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m heavy resonances decaying to two SM bosons were sought in many final
states using the full 2016 data

m data are consistent with the background expectations from SM
backgrounds = upper limits are set on the production cross section for
spin-1 and spin-2 resonances and interpreted within the bulk graviton or
HVT model

m with the full Run-Il data =~ 4 times the luminosity can be expected

m a lot of progress is being made in terms of analysis strategy

o development of jet related algorithms
e multidimensional background fits to optimally constrain and understand
backgrounds

EXCITING TIMES AHEAD!
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Search for radion/graviton excitation in WED models using HH— bbbb:

m 105 < m;:tftdmp < 135 GeV, trigger semi-resolved and boosted events
m 71 < 0.55, double-b tagger discriminant > 0.8 (for semi-resolved case DeepCSV used)
m search for excess in HH invariant(-reduced) mass spectrum
m sidebands defined using the mass cut and the double-b tagger cuts
m calculate pass/fail ratio (for b-tagging) in sidebands — calculate pass/fail for signal region
m scale the failed "signal region” to get the estimation of background in the signal region (in
bins of mj;)
o 35.9 b (13 TeV £ 70¢ . TERET 35.9 fbl (13 Tev:)
Gy VS BITO20 ¢ woows PO
o_ua? Preliminary igi\éenrglsrgziegnin fit I%, 5 % Preliminary Eiﬂrk"g?ffnzafé?fﬁﬁ?Zna.my é
o errors 40— A
0_06; 300 a(pp —~ X - HH — bbbb) = 50 Yb{
0.05F 20F E

E Sl oF :
0.02 g 2 E
001 g f H T— E

ol | | | | | | % g & 3

0760 "0 20 0 20 a0 60 e 1000 1500 2000
m, - m,, (GeV) My rea [GEV]
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Search for radion/graviton excitation

limits:

35.9 fb (13 TeV)
—

CMS

Preliminary

.
U

=
A

=
53
i

a(pp - X) B (X - HH - bbbb) [fb]
5

—
— Observed 95% upper limit

Expected 95% upper limit

- Expected limit + 1 std. deviation
I:l Expected limit + 2 std. deviation
Bulk KK graviton (k/Mj, = 0.5)

.
S
L

ﬂ(IT HH—bbbb search (cms-PAS-B2G-17-019)
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in WED models using H— bbbb

10*

a(pp — X) B (X - HH - bbbb) [fb]
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S
i

[
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R
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Search for exotic resonances decaying to VH—qqbb:

-
ﬂ(IT VH—qqgbb search Epic 77 (2017) 636

m 2 CHS-AKS jets (PUPPI used for mass and substructure variables)

= 105 < miooreP

et < 135

GeV, 65 < moh™P

o P < 105 GeV

m for V jet: 71 < 0.35 HP category, 721 < 0.75 LP category
m for Higgs jet: double-b tagger discriminant > 0.9 of HP, between 0.3 — 0.9 for LP category
m data-driven background estimation by fitting analytic function to data

X — VH — qgbb 35.9 fb (13 Tev) X — VH - qgbb 35.91b" (13 TeV)
z i T T T T T L z e T T T ja]
> >
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Search for exotic resonances decaying to VH—qqbb limits:

X — WH - qgbb 359":‘ (13 TeV)
T T

X — ZH - qabb_
T T

359 m 1 (13 TeV)
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Search for exotic resonances decaying to VV—qqqq:

m search strategy very similar to VH analysis except for not utilizing

b-tagging
35.9 fb™ (13 TeV 35.9 fb? (13 Te
>105?wH‘_‘w‘H“H“H“H‘(H‘Hg >1o5§uwuu‘HH‘HH“H(WH\Q
8 E CMS CMS data 3 g ECMS —- CMS data 3
8 10% ;, - 2 par. background fit ,; 8 10* ; - 2 par. background fit ,;
4 FE e G(2 TeV)~WW (o = 0.02 pb) J N = N G(2 TeV)-WW (o =0.02 pb) J
j2] B i -| i b 0 [ - i 7
210l WW, high-purity - 21°k WW, low-purity -
[ Inl<25,p >200GeV 3 g E Il < 2.5, p_> 200 GeV E
ok 4 o _F 7
107 L m; > 1050 GeV, jan | < 1.3 4 1wl m; > 1050 GeV, jan | < 1.3 4
10F g E 10 =
1 = 1= E|
£ i J £ s
g2 : ey .
Jof M) e B + S + 8”05 . RIS B °
8 o, A 8 I o
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Search for exotic resonances decaying to VV—qqqq results:

ﬂ(IT VV—qqqq search PRD 97 (2018) 072006

35.9 fb* (13 TeV) 35.9 fb (13 Tev)
3w q|
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= high mass and low mass search: here focus on high mass
® two opposite sign isolated electrons or muons

= 70 < my < 110 GeV, 65 < mo 1% < 105 GeV

m for V jet: 71 < 0.35 HP category, 721 < 0.75 LP category

m main background (Z+jets) estimated using jet mass sideband region

m extract yield in SR from fit of analytic functions to m; using both sideband regions

m extract shape of invariant mass distribution mzy, using o method — transfer function defined

from MC from SB to SR; fit function to data-SB and MC SB+SR — correct with a function

X~ 2V . ligg 35910 (13 Tev)

q
L e o e o N RN EEAREE

X - 2V ~ llgg 35.9 b (13 Tev)
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3
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Search for heavy resonance decaying to ZV—llqq results:

10*
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=

W

Search for exotic resonances decaying to WV— vlqq:
u 1 isolated lepton + pi'*s +1 PUPPI-AKS jet

| |
| |
m HP 7; <0.55, LP 0.55 < 11

2 dimensional fit method for background estimation using 30 < m

reject events with CSV discriminant passing the medium WP

<0.75

forward folding kernel approach

359 m (3 Tev)

softdrop
Jetl

< 210 GeV

2dim background fit in mj; and myy with conditional templates built from simulation using

389 ot a3 Tey
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Search for exotic resonances decaying to WV— vlqq results:

35.9 b (13 TeV) 35.9 fb! (13 TeV)
— L e e e e e s BEPPN e e B i B e
8 cMs - = cMs
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s EN) e
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Search for exotic resonances decaying to ZV— vvqq results:
n p-’r”iss > 200 GeV, 1 merged AK8 jet

m for V jet: 1 < 0.35 HP category, 71 < 0.75 LP category, 65 < msggd"’p < 105 GeV

m mZV = \/ZE.Jl'_p.’r""ss(l — cos A¢) transverse mass with ¢ azimuthal angle between p’s* and
the transverse momentum vector of the hardest jet

m o method to estimate main background (Z+jets)
o e 9 13T . Y% £
3 } Daa 3w \ Dam
O 70£- CMS Q CMS
w0 High purity BNV +jets ] High purity BV +jets
2 s X Y . Top quark D el X vz g Top quark
5 LsB 2 E
o c
w5 g
W

0
'§4E S 4 =
JE2 it By ket b b o A8 25 by 4] E
ol I Xk iy Y FRRASR T A () 5 ¥
}53% ' ' ; 353 E
é 50 100 150 200 250 300 g 1000 1500 2000 2500 3000 3500 4000
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Search for exotic resonances decaying to ZV— vvqq results:

10*

10°

35.9 fb* (13Tev)

o e L e A ST T 3

T 95% CL limits c F 95% CL limits B

N CMS —— Observed N F CMs Observed ]

= W = WZ - qqwW e Expected '\: L G - ZZ - qqw - 4

10 [ + 1 std. deviation we Expected

= + 2 std. deviations % A I : 1 std. deviation

ot #== Spin-1 signal — +2 std. deviations

= W' (HVT model B) ) T N

\;_, 10 N AR, 00 FEE Spin-1 signal o A = Spin-2 slglnal i

° E W' (HVT model A) g G (Bulk), k=05 g
1=

g0l | I L L L L L PR P S I

1000 1500 2000 2500 3000 3500 4000 1500 2500 3000 3500 4000

35.9 fb"1 (13Tev)

Heavy resonance searches with CMS

me (GeV)

SUSY2018, Barcelona 27 /14


http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-005/index.html

- |
ﬂ(IT HV— v{(¢€)bb Submitted to JHEP

Karlsruhe Institute of Technology

J

Search for exotic resonances decaying to HV— v¢(¢{)bb:
m 0/1/2 leptons, p?iss > 250,80 GeV, no additional b-tagged jets
m H-jet required to have 1 or 2 b-tagged sub-jets, mass requirements for V and H jets

m background estimation:

@ tt yield from SB inverting the b-jet veto, distribution from simulation
@ V+jets estimated using o method and jet mass SB

m search also interpreted in 2HDM scenarios

35.9 fb! (13 Tev) 35.9 fb? (13 Tev)
< T T z T T T =
B E
3 cMs + Data 3 cms 4 Dam ]
w 0l 1btag B Z(w),W(h)+ets = oI, 1b tag 0 Zwv) W(v)Hets
3 ‘ 14X S , X
§ sr inse [EVV,Vh E [ A ]
@ i E= Fit unc. 2 = Bkg. unc.

2 Pre-fit
w HVT model B g =
\,
' m, = 2000 GeV
Z'-2HDM
m,=300 GeV
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0 1000 1500 2000 2500 3000 3500
jet mass (GeV) my,, (GeV)
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Search for exotic resonances decaying to HV— v£(¢{)bb:

W' - Wh - Ivbb
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Search for exotic resonances decaying to HH/HV— 77bb:

m 7 — e/pv(qq) final states considered; H— (7474) 74l

m 65< m;:tftdmp < 135 GeV categorized using usual mass windows for W/Z/H, V jet
0(0.4) < 71 < 0.4(0.75), H jet 1 or 2 b-tagged sub-jets

n p{l”“ > 200 GeV, b-tag veto on additional jets in the event

m background estimation (tt also includes single top, V+jets accounts also for SM diboson and
multijet)
@ tt yield from SB inverting the b-jet veto, distribution from simulation
@ Vjets estimated using a method and jet mass SB

. X - VH - g N1 Y X VH - de B (3TeY
q 10° |
E VS ¢+ Data 2 cms + Data E
i V+ets © reliminany V+ets ]
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Search for exotic resonances decaying to HH/HV— 77bb results:

10 CMS Preliminary 35.9 fb™ (13 Tev) 10 GMS Preliminary 35.9 fb* (13 TeV)
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