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Overview of analyses

Vs (TeV) Int. lumi. Reference
(fb 1)

Ivjj, JJ EXO-15-002
(WW/ wz/ z2)
WH/ ZH i, Ivjj 13 2.17-2.52 B2G-16-003
WW Ivagq 13 2.3 B2G-16-004
vV Ivjj, ) 8+13 19.7 + 2.6 B2G-16-007
(WW/ Wz/ 22)

J Allanalysesdone using 13 TeV data from 2015.

J Combination of 8+13 TeV data uses full Run 1 data and 2015 data.

(d Common search strategy is to look for a narrow peakingsignal over a smoothly
fallingbackground distribution (bump hunt).

J Searches beingpushed to above ~TeV range for the resonance masses. CMS./ |
(1 Need boosted techniques to tagboson jets (J). \ X
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Analysis techniques

Hadronic
decay

New physics
— Massive resonances (W/Z/H)
— Decay to standard model bosons with

high Lorentz boost

BSM particl .
Wiz Massve] | =Atleast one boson decaying
| hadronically. Can be reconstructed
Ldeepct;; - using large sized jets and
substructure
To———% — @9 — 7@
WIZ jets q, Higgs jets e
Anti-k; cone 0.4( AK4) |
Anti-k cone 0.8 (AK8) Anti-kT cone 0.8
o (AKS)
AR ~ — B tagging subjets

Pt
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Why boosted jets

fraction of 125 GeV Higgses in fat jet v. p,

1 8 TeV
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o Higher efficiency of reconstructing boosted W/Z/H using fat jets
than using slimmer resolved jets.
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EXO-15-002

VV resonances at 13 TeV
o Search for WW/ W2/ 2Z

+ Ivqq and qqqq final states g s lEEE
a pr(u/ e) > 53 /120 GeV R T R
a E;Miss > 40 (80) GeV for muon ) ] T T
(electron) channel. ] : :
o Boosted hadronic W — qq’ and o'k | e
Z — qq tagged using large area “- o e i
jets and substructure techniques. B
o Events categories: N
0 65 < pruned mass < 105 GeV + Tolt4 < 0.6 (high purity) _Semi-
+ W cand.: 65-85 GeV » 0.6 < 1o/11 < 0.75 (low purity) | leptonic
+» Z cand.: 85-105 GeV + Toltq < 0.45 (high purity) = o
a N-subjettiness t,/t; < 0.75 + 0.45 < 1p/ty < 0.75 (low purity)[ "ooroNe
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EXO-15-002

Background estimation

o Backgrounds from sidebands in the 4 For all-hadronic analysis, background

pruned jet mass for the leptonic and signal modelled using functional
analysis forms.
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EXO-15-002

Results for WW/ W4/ ZZ

o Limit on bulk gravitons in Warped extra dimensions
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B2G-16-003

WH/ ZH -> Ivbb/ llbb/ vvbb

a 0, 11, or 2l channels, depending on the V boson ¢ ,.Eews
decay (Z->vv, W->1lv,and Z-> I, | =e or p). E ook noma — mmoc
a Mass reconstruction of resonance X — ez cer
» Reconstruction of m,y for 11 and 2I final state. b — mzsoo v
+ Reconstruction of transverse mass mTy, for Ol final 0ok
state. o
Q H|ggS Jet pT(AK8) > 200 GeV ¢ 105 < pruned M < 135 055084500 1306" 2005 2505 3000 3500 4006‘;510(‘%8&\3/(;00
GeV < 1 or 2 subjets b tagged.
o Vv channel: Eymiss > 200 GeV < No leptons with pt
> 10 GeV < Ad (Ey™Mss, all jet) > 0.5 % A (EMiss,
Higgs jet) > 2 < No b tagged jets e —a ]
. % 0_35§ Simulation Preliminary — 2btag 1o
o v channel: pr(u/ e) > 55/ 135 GeV % E{™ss >80 GeV * oo —x
23 Ad) (ETmiSS’ Jet) > 9 o Ad) (l’ ETmiSS) <D & pT(W_>|V) > %ozs»
200 GeV Vs SN -
o |l channel: Same trigger and lepton selection as Iv o)
channel % 70 < M(ll) < 110 GeV * p(ll) > 200 GeV < An
(I, jet) <5 < A¢ (Il, Higgs jet) > 2.5 Qe w

m, (GeV)
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Background estimation

o SM backgrounds:
+« DY+jets (using pruned mass sidebands)
+ tt+jets and single top (events with b tagging)

o Top background:

+ Control samples with 0/ 1 lepton and 0/1 b-
tagged subjets

+ Require additional b-tagged AK4 jet to enrich
in top quarks.

+ Obtain da/MC normalization scale factor.
+ Applied to top MC contribution in the signal
region.
o DY background:

+ Jet pruned mass m; sidebands in data and MC
are used:

30<m; <65 GeV and m; > 135 GeV.

+ Data/MC scale factor is obtained for the m,
sideband by fitting the invariant mass
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Results for WH/ ZH resonance

B2G-16-003

2.17-2.52 fb™ (13 TeV)
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o No excess found.

1l channel

o Limits set on spin 1 W’ and spin Z' cross W’

section.
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WW resonance B2G-16-004
Semileptonic final state at low mass extension

o Low mass resonance search: 600-1000 GeV
% One isolated muon(electron) with pt > 40 (45) GeV < E;™Mss> 40 (80) GeV for muon
(electron) channel < W tagging with AK8 jets: 65 < pruned mass < 95 GeV « 1o/ 14 <045

o Leptonic W reconstructed from Iv and paired with hadronic W jet < pT(w) > 200
GeV % A (WW) > 2 % b jet veto to reduce tt+jets

(13 Tev)
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B2G-16-004

Background estimation

Lepton + AK8 jettagged as a W jet + b-tagged AK4 jet
» Enriched in semileptonic top tt+jets

+» Data/ MC scale factors are derived:
muon-channel: 0.847 + 0.049 and

==+ Gy Me=750 GeV (x20) -

. . . 230" (13 TeV)
o Main backgrounds from SM:W+jets and tt+jets s WEows T
(O] 200 ; Preliminary eV Wiets é
© E B vz [ E
W+Jets baCkground % EEE: I:ISingIeTop @Uncenainw :%
+ WW invariant mass myyy modelled in pruned mass 5 E | 3
sidebands: SoF- ; E
40 —
- 40 < pruned pass < 65 GeV and B &
135 < pruned mass < 150 GeV Eéég};“*u%f P e
» MC ratio oyyc(mww) in signal region to sideband region O
obtained. ’
- Background in signal region in data by rescaling myyy in
data sideband by oypc(Myw)-
o tt+jets background: = o -Z-Sfb"““ei)
. . 5 Preliminary ¢ DataW-lv W-ets
» Control region selection: 8 . =1 ]
< Single Top B Uncertainty o

;lv11;§§¥§ll;%

i s 2E
electron channel: 0.865 + 0.084. g3 ofptrrt B
06 07 08 09 1 1.1 12 13 14 1.5><10
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B2G-16-004

Results

o Data consistent with predicted background in the my,y mass spectrum.
o Limit set on WW resonance combining muon and electron channel.

o Limit set on bulk graviton cross sections for different masses in warped
extradimension models (k/Mp, = 0.5).
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3 E T T T T T , T T T T ,
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L 300 =

200 —

100 =
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WVV, WZ, ZZ, VVH, and ZH B2G-16-007

8+13 TeV combination

o Combining 8 and 13 TeV diboson resonance searches.
» 19.6 b-TatVs =8 TeV and 2.2 - 2.6 fb-! data at Vs = 13 TeV.
« Combination performed for mass above 0.8 TeV

o Interpretation:
W’/ Z’ in heavy vector triplet models decaying to WZ/ WH/ Z2Z/ ZH
+ Bulk gravitons decaying to WW or ZZ

particle spin charge decay production =~ W/Z polarization
W’ 1  charged mainly WZ, WH mainly qq') mostly longitudinal
Z’ 1 neutral mainly WW,ZH  mainly qq@ = mostly longitudinal

Gpuik 2 neutral mainly WW,ZZ  mainly g¢  mostly longitudinal

« All resonances assumed to be narrow compared to the experimental mass resolution.

5
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WVV, WZ, ZZ, VVH, and ZH B2G-16-007

8+13 TeV combination procedure

o Combination using likelihood function for each analysis.
«» Histogram binned as a function of the diboson invariant mass for
3lv, qqqq, qgbb, qqqqqq, qqrt )
+ Analytical function of diboson invariant mass for lvqq, lvbb.

o Systematic uncertainties treated as nuisance parameters modelled using log-
normal priors and profiled.
+ Uncertainties are either fully correlated or fully uncorrelated.

Systematic uncertainty Type 8+13 TeV e+uy HP+LP W+Z
Lepton trigger yield no no yes yes
Lepton identification yield no no yes yes
Lepton momentum scale yield, shape no no yes yes
Jet energy scale yield, shape no yes yes yes
Correlation Jet energy resolution yield, shape no yes yes yes
. Jet mass scale ield no es es es
of systematic Jet mass resolution zfield no zfes zfes zfes
uncertainties b tagging yield no yes  yes  yes
W tagging (HP/LP) yield no yes yes yes
Integrated luminosity yield no yes yes yes
Pileup yield no yes yes yes
PDF yield yes yes yes yes

Js,r scales yield yes yes yes yes .

»
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B2G-16-007/

W’ and Z' combination results

o Exclusion limit in range 0.8 < resonance mass <4 TeV
o 13 TeV results dominate for high masses.

o For HVT interpretation the W’ and Z' production cross section times branching
fractions to different decay channels are combined.

102 S CMS Proiminary 2.2- 2 6 fb (13 TeV) +19.7 o' (8 TeV) CMS Frreiiminary 19.7 b (8 TeV) CMS Proiminary 2.2-26fb" (13 TeV) + 19. 7 i (8 TeV)
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WVV, WZ, ZZ, VVH, and ZH B2G-16-007

8+13 TeV combination

o Combination of 8 TeV (19.7 fb'') and 13 TeV (2.3 fb")

HVT B interpretation Bulk graviton interpretation

E o Ivgg (13 TeV)

- e —2TeV -

05 P 3TeV | - 9dqa (13TeV) ) i
I ' : j 1 10°E AN E
B | - i ]

] -1
> | 2-2'2-? fo (13; TeV) +| 19.7 b | (8 TeVl) CMS rreiminay ~ 2.2-2.6 b (13 TeV) + 19.7 fb™ (8 TeV)
c) I L I T T 177 T T 7 l_' l_l T T T T 177 T T 177 1] E‘ [T I T T T T ‘ T T T T ‘ T T T T I,
<= | CMS s i § [ —=—llgq (8 TeV) ]
c\? | Preliminary i i : i o 104 —=—1lvqq (8 TeV) |
R S N 1.5 TeV e 'V -+ qgdq(8TeV) E

: Yo

(=]

o

0 OO D S B s A
: 10%E s
! | = Y
E i i 1 i : / —— Asympt. CL_ Obs.
-0.5 P 1077 £ i E
: ; B/ & Asympt. CLS Exp. £ 1o
i i Ny X000 e Asympt. CLs Exp. + 26
----------------- Gy » K=0.5

bulk *

Contour of resonance width 7%
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Summary

o CMS search for diboson

Fesonances to resonances with first 13 TeV data
performed.
radion -+ HH 6 fb
W'~ WH o Significant coverage of new mass
7 /| range. No excesses found.
Goux — WW 20 b
. B0 0 Combined results of 8+13 TeV set
. most stringent bounds on W’'/Z’
W' = VW HVT(B) 28 fb and spin 2 resonances.
W’ = WH HVT(B) 10 fb'
Z' - VH HVT(B) 8 fb o New 13 TeV data pours in.
o os 1 15 2 25 a Challenging but exciting new

Observed limit 95%CL (Tev) grounds to cover. Stay tuned. —

Y
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BACKUP

5
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HH->bbbb: 8 TeV analysis

o Resonance X decaying to HH
+ Both Higgs decaying through H->bb

o Higgs jet reconstruction using pruned jet mass,
substructure (t,/t4 and b-tagged subjets).

o Events categorized as leading (subleading)jet having
+ Tolt4 < 0.5 (high purity)
+ 0.5 < 1o/1t1 < 0.75 (low purity).

o Exclusion limit set on radions in warped
extradimension models

o Main background is SM multijets production.
o Background modelled as a falling exponential.
o Radion (Ag =1 TeV) below 1.4 TeV excluded

THE UNIVERSITY OF

KANSAS

D. Majumder/ SUSY 2016

-
e,

)
T

Events / GeV
)

- /
10°g,
2 155
% 1.0
5 055
Slgose Mmoo 000
©|o 055
T 10E
[=] -1.5
1

EXO-12-053

0 CMS rreiminary 19.7 b (8 TeV)
E [Signal for Aq =3 TeV Jet: (Jetz) with HP (LP)
F — M =15TeVx1 & Data
My =20Tev — Bekg Fit
1 E Bckg Uncertainty

X — HH — bbbb

000 1200 1400 1600 1800 2000 2200
m; (GeV)

1 04 19.7 o™ (8 TeV)

E N T T T T ‘ T T T T ‘ T T T T ‘ T T T T N T E
— F CMS 3

r . —— Observed
é r Preliminary — — Expected ]
=10%F [ Expectedt 1o 4
Q £ Expected+2 o E
o) F pectea 3
f r Radion (Ag =1 TeV)
— ol — — Radion (Ag =3 TeV)
o 10°E
o] =
N—" -
I L
T 10 .
> =
N |-
o L
m 1e =
X F
b r N N
-1 l 1 1 1 ‘ 1 1 1 1 N Il Il Il ‘ Il Il Il l Il
107 15 2 25 3

Resonance Mass (TeV)

Rock Chalk, JAYHAWK!
20



The CMS detector

SUPERCONDUCTING CALORIMETERS
CoIL EGAL HCAL
— Scintillating scintillator/brass

PbWO4 crystals sandwich

IRON YOKE

TRACKER

Silicon Microstrips
Pixels

Total weight : 12,500 t

KU KANSAS
— D. Majumder/ SUSY 2016

Overall diameter : 15 m ENDCAPS

Overall length : 21.6 m MUON BARREL

Magnetic field : 4 Tesla Drift Tube Resistive Plate Cathode Strip Chambers (CSC) CMS. |
Chambers (DT)  Chambers (RPC) Resistive Plate Chambers (RPC) S X1

Rock Chalk, |AYHAWK!
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WW, Wz, Z2Z, WH, and ZH

8+13 TeV combination

o Signal efficiencies in percentage in various channels:

Channel HVT RS bulk
44 z' Gpulk
WZ WH WW ZH WW 77

HP/LP HP/LP | HP/LP HP/LP | HP/LP HP/LP
qqqq (8 TeV) 59/55 0.8/0.7 | 57/53 0.8/0.7 | 38/3.1 5.7/42
tvqq (8 TeV) 4.8/- - 94/- - 10.6/7.1 -
¢0qq (8 TeV) 1.1/- - - 0.2/- - 3.0/1.0
30v (8 TeV) 0.6 - - - - -
qqqq (13 TeV) 50/10.1 1.8/25 | 42/87 19/2.6 | 45/102 5.7/11.2
fvqq (13 TeV) 9.4/05 1.7/0.2 | 19.0/1.1 - 16.7/1.0 -
qqbb /qqqqqq (8 TeV) - 3.0/1.8 - 1.7/1.1 - -
¢vbb(8 TeV) - 0.9 - - - -
qqTT (8 TeV) - 1.2 - 1.3 - -
(0bb (13 TeV) - - - 1.5 - -
¢vbb (13 TeV) - 4.0 - - - -
vvbb (13 TeV) - - - 4.2 - -

5
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WW, Wz, Z2Z, WH, and ZH

8+13

eV combination

o Background estimation methods in various channels:

KU

Channel Main background | Estimation method
qqqq (8 TeV) QCD multijets parametrized by smooth function
_ . normalization and shape from data in sidebands:
frqq B TeV) Wijets et in [40, 65] and [105, 130] GeV
_ . normalization and shape from data in sidebands:
tlqq (8 TeV) ZHjets e in [50, 70] and [110, 130] GeV
qqqq (13 TeV) QCD multijets parametrized by smooth function
_ . normalization and shape from data in sidebands:
tvqq (13TeV) Wrjets miet in [40, 65] and [135, 150] GeV
qqbb /qqqqqq (8 TeV) | QCD multijets data driven
— . normalization and shape from sidebands:
tvbb (8 TeV) Wrjets Miet in [40, 110] and [135, 150] GeV
_ Z/y+ets . . .
qqTT (8 TeV) &, QCD multijets data driven estimate from control regions
(fbb /tvbb / Viiets normalization and shape from data in sidebands:
vubb (13 TeV) J Miey in [30, 65] and > 135 GeV

THE UNIVERSITY OF

KANSAS

Rock Chalk, |AYHAWK!

D. Majumder/ SUSY 2016
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W' and Z' combination
Comparing 8, 13 and 8+13 TeV limits

, CMS preiminary  2.2-2.6 fb™ (13 TeV) + 19.7 fb™ (8 TeV) CMS rreiiminary  2.2-2.6 " (13 TeV) + 19.7 ib™" (8 TeV) , CMS Freiimnary  2.2-2.6 b (13 TeV) + 19.7 fo” (8 TeV)
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6 I ] 6 F ; E 6 I ]

~ [~ *¥ N S~ - J 4 ~ o / 1
R R F ¥ ] R :

8 | ( i S T ] s | / i
o b r " 1 o /

10

T TITTT
Ll

f,;jx
I
—eLe T

I T

10! 10"

101k | | | |

THE UNIVERSITY OF Rock Chalk, |AYHAWK!

KANSAS D. Majumder/ SUSY 2016 24




Bulk graviton combination
Comparing 8, 13 and 8+13 TeV limits

s CMS Fpreiiminary 2226 0" (13 TeV) +19.7 fb™ (8 TeV)
2,1 O E! | T T T T | T T T T | T T T T E
(o] - -
2 o Asympt. CL_ Obs.(solid)/ Exp.(dashed) 7
© o
\O
% 10*E
» =
©
10°E
10%E
1E
:|
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VV 8+13 TeV combination

Statistical significance of excesses

Combination | W | Z2 | HVT (W' +Z)) | Gpui
VV 13 TeV 0.00 | 0.10 0.00 0.00
VV+VH 13 TeV | 0.00 | 0.00 0.00 -
VV 8 TeV 1.22 | 0.56 1.03 1.61 S|gn|f|ca nce at MX =1.8 TeV
VV 8+13 TeV 0.20 | 0.46 0.33 0.35
VH 8 TeV 2.05 | 0.56 1.79 -
VV+VH 8 TeV 222 | 0.77 1.95 -
VV+VH 8+13 TeV | 0.86 | 0.00 0.83 -
Combination | W | Z7 | HVT (W' +Z') | Gpu
VV 13 TeV 0.00 | 0.05 0.00 0.00
VV+VH 13 TeV | 0.00 | 0.00 0.00 -
0 o _ VV 8 TeV 1.20 | 0.46 0.91 1.05
Significance at My = 1.9 TeV VV 8+13 TeV 0.00 | 0.30 0.00 0.00
VH 8 TeV 217 | 1.41 1.78 -
VV+VH 8 TeV 2.32 | 1.02 1.89 -
VV+VH 8+13 TeV | 0.33 | 0.00 0.20 -
Combination | W | Z/ | HVT (W' +Z') | Gpui
VV 13 TeV 0.00 | 0.07 0.00 0.00
VV+VH 13 TeV | 0.00 | 0.00 0.00 -
VV 8 TeV 0.77 | 0.75 0.76 0.44 L p i
VV 8413 TeV 023 | 045 0.29 0.06 Significance at My = 2 TeV .
VH 8 TeV 0.00 | 0.00 0.00 - CM
VV+VH 8 TeV 0.58 | 0.60 0.48 - >
VV+VH 8+13 TeV | 0.00 | 0.00 0.00 - P

wngosr Rock Chalk, |AYHAWK!
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CMS jet energy corrections

MC

Applied on MC >

700-ET-3INM-SIND
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LHC+CMS performance

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC
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