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Introduction

m Hadronic colliders (LHC) intrinsically
favored for heavy resonances discovery
m Reconstruction of final-state particles in
the detector — look for bumps in the
invariant mass spectrum
m
By
m qq (+tt)
m VV, VH, HH
m vV, vH

w

= smoothly falling
[} ‘

@ SM background

e o3 f—o

new resonance
-Ig m Large resonance mass implies large
%l—\ Lorentz boost of the decay products

diboson invarant mass m Boosted object reconstruction (W,
Z, H, t) is crucial for these searches




The Two Higgs Doublet model

2HDM introduction

m Two Higgs Doublet Models (2HDM) are minimal extensions of the SM
Higgs sector obtained by adding a second scalar doublet

m 5 physical states arise, h, H, A, H*E mass hyerarchy not defined a-priori
m Some declinations of the 2HDM assume a “twisted” hyerarchy, where e.g.
H and A are swapped

m Rich phenomenology thanks to the multiple decay chains beyond the
“classic” SM channels [HIG-18-012]
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http://cds.cern.ch/record/2675222

The Two Higgs Doublet model

Model parameters

m Two types of 2HDM are considered:
Type | : all quarks and charged leptions couple to the same Higgs doublet
Type Il : up-type and down-type quarks couple to different doublets
Lepton-specific : quarks couple to one Higgs doublets, charged leptons to the other
Flipped : up-type fermions and charged leptons couple to one Higgs doublets,
down-type quarks to the other
m Large number of free parameters: my, my, ma, my+, mi2, 3, &, X6 7
m Recommendations from the Higgs Working Group:
B my = mp = my+: A searches not really dependent on my, my+ anyway
= m%Q = mA% (soft breaking term): discrete Z, symmetry broken as in
MSSM
m )\g7 = 0 to avoid CP-violation at tree level
m Two parameters left other than ma:
a : mixing angle of the two doublets
tan 8 : the ratio of the vev of the two doublets
m For each mass point, perform a scan in tanf and cos(8 — «)
m 0.1 < tanp < 100,
m—1<cos(B—a)<1 0<B—-—a<m

m Unitarity conditions in Higgs-Higgs scattering depend only on parameters

i of the Higgs potential EE—



https://arxiv.org/pdf/hep-ph/0312374.pdf

The Two Higgs Doublet model

Short discussion about unitarity

m Unitarity depends on the \; parameters of the 2HDM
m Paper from Haber, Stal [1] performs a scan with Z; = Zs = —2 and Z; =0
m Green areas fulfill perturbative unitarity and stability constraints

m Unitarity excludes the region in the upper right corners

tanf3
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m Interesting region is cos(8 — a) — 0 (alignment limit: h is the SM Higgs)

m However, the benchmark parameters are different than the CMS scan
(hybrid basis vs physical basis)



https://arxiv.org/pdf/1507.04281.pdf

Search for A — Zh — (vv
[HIG-18-005, EPJC 79(2019)564]
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The analysis in a nutshell

m Indentify and select the decay products in the detector

m two opposite sign, same flavour, isolated leptons or
large MET
m two jets tagged as originated from b-quarks
m additional accompanying b-quarks from bbA process
Build intermediate candidates Z(¢¢) (or £+) and
h(bb), where h is the SM h with my = 125 GeV

Reconstruct the A candidate as Zh (transverse) mass

The signal would manifest as a narrow peak in the
(transverse) mass distribution over the SM background

Maximize signal sensitivity with kinematic constraints,
multivariate discriminators

Define appropriate control regions (CR) to check
background shape and normalization with data by
inverting selections

Fit simultaneously signal and control region for the
presence of a signal




Search for A — Zh — (

[HIG-18-005, EPJC 79(2019)564]
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Search for A — Zh — (

[HIG-18-005, EPJC 79(2019)564]
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Search for H/A — Z(A/H)

[HIG-18-012]

m Besides h decay chains, there is also the A — HZ or H — AZ

m Experimentally, this implies that we have two unknown masses to scan

(Muya ~ Mg and masy ~ my;)

m On the other hand, the signal peaks in two dimensions, and the

background does not

m Variable p is a distance in the [megj;, m;] plane from the signal 2D peak
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Search for H/A — Z(A/H)

[HIG-18-012]

Limits places for both H and A, simultaneously
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Diboson overview

m Heavy BSM resonances (2 1 TeV) may decay into SM bosons (W, Z, H)
m Plethora of final states, each one with its own peculiarities:
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The Heavy Vector Triplet

/3

m Heavy spin-1 Z', W' predicted by several models: Little Higgs, composie
Higgs, Minimal Walking Technicolor

m Described by a simplified Lagrangian in the HVT framework [1] [2]

m 3 new BSM vector fields V*, V™, V% new parameters:
m gy strength of the new interactions
m cy coupling to Higgs and longitudinally-polarized vector bosons
m cg couplings to SM fermions
m Two possible scenarios:
m couplings to fermions dominating (Model A): gy cy ~ g’cr/gy ~ g%/8v

m as for a new composite vector boson in Composite Higgs models: almost
unconstrained for gy 2> 5

m coupling to fermions suppressed w.r.t. to SM bosons (Model B):
gven =~ —gv, g7cr/gv ~ g°/gv
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http://arxiv.org/abs/1402.4431
http://indico.cern.ch/event/289711/session/4/contribution/35/material/slides/0.pdf

Extra dimensions and summary

Warped Extra Dimension (WED)

m WED models as possible solution to the

hlerarchy problem Planck-brane TeV-brane

m Radion (spin-0) and Graviton (spin-2) \ Bulk model

m Radion scale Ar depends on Planck scale, 5D bulk

Warp factor k/Mp; ~ TeV M
m May have similar coupling strength to SM | 9%

g GaugeBoson |
fermions and gauge boson q
m Production through DY and gluon-fusion, e <
decay to WW (20%), ZZ (10%), HH
(10%)
model particles spin  charge main production main decay
HVT model A, gv =1 W' singlet 1 +1 qq’ v
HVT model A, gv =1 Z' singlet 1 0 qq 24
HVT model A, gv =1 W'+Z' triplet 1 0,+1 q9/qq’ v/l
HVT model B, gv =3 W' singlet 1 +1 qq’ WZ WH
HVT model B, gy = 3 Z' singlet 1 0 q WW,ZH
HVT model B, gv =3 W'+Z' triplet 1 0,+1 q9/qq’ WW ,WZ WH,ZH
RS bulk Graviton, kK = 0.5 Ghulk 2 0 g8 WW, ZZ, HH

e 13/38




Diboson resonances and object reconstruction

CMS Experiment at LHC, CERN
Data recorded: Wed Jun 15 06:08:10 2016 CEST
Run/Event: 275073 / 165394599
Lumi section: 92
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W, Z, H reconstruction and identification

oming an Vector boson tagging (V — qq)
m Jet grooming removes soft and large m ATLAS: Energy Corr. Functions (N>)
e EeEie m CMS: N-subjettiness (721) +
m Trimming [1] (ATLAS) PUPPI [4]
m Pruning [2] (CMS 2015) . . .
= Soft drop H 1 PUPPI'[4] (CMS [ ] m_eisur:es2howbc_on5|rs]tent Ls t_he jet
2016 with the 2 sub-jets hypothesis
m stability vs pileup m Scale factor and uncertainties derived

. H ~ 0, . - .
D) el i (sl (A 107) from W — gg in tt-enriched sample

= Orthogonal m; categories m Categorization according to purity

x10° X VH - qgbb 35.9 b (13 Tev) «10° X - VH . qgbb 35.9 b (13 Tev)
N e R B B I I I I S o et R e e e
O o_ CMS .- *+ bDam Background simullation § °F + Daa Background simulation 3
Q100 H(bb) my=1200 GeV - =ecer my,=4000 GeV ] & [ CMS w5 - m,=1200 GeV  se-er m,=4000 GeV J
g W(qd) m, <1200 GeV m, =400 GeV ] 705 W(ad) mey=1200 GeV. My =4000 Gev—|
g2 Z(qd) ~ —— mg=1200GeV - m,=4000 GeV 4 = Z(qd) —— m,=1200GeV  ----- m,=4000 GeV J
¢ : : : ] 60— 4
o H w H z H H g = high purity : low purity B
B 50— ; =
] 40 E
] 30 —
B 20F- =
] 10— E
N o e SR AR s e | | N E y E

T R TR R R TR TR o A AR AR N R
0 0 01 02 03 04 05 06 07 08 09 1

Soft-drop PUPPI jet mass (GeV) N-subjettiness 1,;

e 15738



http://arxiv.org/abs/0912.1342
https://arXiv.org/abs/0903.5081
https://arXiv.org/abs/1402.2657
https://arXiv.org/abs/1402.2657
https://arXiv.org/abs/1108.2701

W, Z, H reconstruction and identification

Mass-decorrelated N-subjettiness (

To1

DDT)

m 771 is (strongly) correlated with the jet mass
m — a N-subjettiness selection also sculpts significantly the m; shape

m Decorrelate the 7; from m; through a linear transformation — 7'201

DT

m more stability for m; is crucial for some backgrouind estimation methods
m benefit in the tagger performences, too
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W, Z, H reconstruction and identification

Higgs boson tagging (H — bb)

m Subjet b-tagging (ATLAS, CMS)
m split jet to two subjets
m apply b-tagging algorithms to both
subjets independently
m Dedicated algorithms [5] (CMS)
m exploit b-tagging to identify two
b-quarks within the same jet
m use soft lepton (e, u), tracking and
vertexing information
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AII—hadronic final states

v Large (W, Z — qg, H — bb) branching fraction

X Overwhelming QCD background (difficult
prediction)

Diet mass: 3.2 v “bump-hunt” fit with power
law functions directly to data

m Background estimation:
;VCMS i Candidate ZZ event

m Number of parameters (2-5)

/ Anti-ks R=0.8 jet H H
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m At least 2 large-cone jets,
back-to-back topology
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m Requires trigger efficiency ~ 1
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All-hadronic final states with b-quarks

HH all-hadronic [B2G-16-026, PLB781(2018)244] [B2G-17-019, JHEP01(2019)0

m Search for resonant di-Higgs in all-hadronic (4b) final states
m Consider fully boosted topology (1+1) but also resolved (2+1)

_ 35.9 fb (13 TeV)
Alphabet method & T Evensused it
0. —3— Signal region

—Fit
Fit uncertainties
1<jans2

m Extension of the ABCD method to
multiple regions

m Normalization from mass sidebands

m Shape from simultaneous fit to “tag” and
“anti-tagged” H — bb events
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Semileptonic final states

VZ(vvqq) [B2G-17-005, JHEP07(2018)075] [B2G-17-013, JHEP09(2018)101]

v Clean final state, more reliable background simulation

5

X Small branching fraction

95% CL upper limit on o(Z) B(Z' ~ Ah ~ XK bB) (1)

3500 4000 10
m, (GeV)

m Experimental challenges: . -
P g very stringent limits on
m Z — vv: use transverse mass mr

m W — lv: very high pt lepton reconstruction o
m Z — 0¢: high-efficiency dilepton identification, Livia's talk)
isolation

mono-Higgs DM search (see
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. . C
Semileptonic final states (Y2,
VZ, VH semileptonic (B2G-16-003, B2G-17-004, B2G-17-005, B2G-17-006, B2G-17-013) Vs =4

Analysis strategy (a-method)

Get background normalization in SR from m; sidebands:
m Build background model:
F(mj) = n\/jets . F\/jets(mj) + nTop . FTop(mj) + nVV . FV\/(mj)
m Fit normalization and shape of the main background to data in jet mass SB
m Secondary backgrounds normalization and shape fixed in the fit
Get background shape in myy:

-

MC, bkg
g Nep m
m Main bkg SB — SR transfer factor from MC: a(myy) = ﬁ,,’_"Cbki(W)
NSB ! g(’"\/H)
. s g . . pyPred __ pjdata
m Main bkg prediction in SR: N&g“ (myy) = NZZ2(myy) x a(myy)
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Fully-leptonic final states

ZZ(vvf) [B2G-16-023, JHEP03(2018)003], WW — (£vfv, £vqq) [HIG-17-033]
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v Small background, mostly from SM diboson
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X Even smaller branching fraction, lepton “fakes” 10° Dmucneire
e g
m Experimental challenges: 10F Hp channel

B use transverse mass mr

B . . -1
m £ recoil corrections from + + jets when necessary 11372
m WW search also investigates the VBF topology 1055
. . i)
m WW interprets the results in 2HDM and MSSM g 1 =
) . . 8 obbitliiiil, ol L
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Going 2D

WV semileptonic [B2G-16-029, JHEP05(20

35.9 b (13 Tev)
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m 1D fit (a): mass sidebands aided bump
hunt

Events / 2 GeV
8
o
ARARENLEEaLE.

m 2D fit: full 2D bump hunt over [mj, mvy]

m exploit correlations between m; and myv

m larger statistics and full line-shape =0
. . . 3 2fm
information form jet mass g9
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Going 2D — 3D

VV all-hadronic [B2G-18-002]

Extension to the third dimensio

Diiet invariant mass (GeV)

m 2D fit: 2D bump hunt in the [mj, mvy] plane

m 3D fit: natural extension for all hadronic final mass jet! (GeV)

states — [Mjl, mj2, mv\/] Mw=XT
m 3D templates built similarly to 2D fit from )
kernel density estimators using generator-level e X=vv?
information
m Rather large shapes uncertainties get
constrained by data mass jet2(GeV)
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VV all-hadronic 3D fit

VV all-hadronic [B2G-18-002]
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fit dt tuni 10t Ll L bl I T P DR FUU N I N
IT an agger tuning 1500 2000 2500 3000 3500 4000 4500 5000 7500 2000 2500 3000 3500 4000 4500 5000
my, [GeV] Mo,
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X — VH — (qq, v, t0)TT

VH, HH (77) [B2G-17-006, JHEP01(2019)051]

m Search with boosted 7 for V. — qq, H — 77 (ThTh, TuTh, TeTh)

m Background estimated with the a-method

_ X Ho g . 559" (13TeY _ XvH g . SN LTS5 C
3 Foms —— Data El 3 cMs + Daia ]
Final state Signal searched § sof- 3 ESIFitunc E|
@ Fuss | vsR SR H Pre-fit ]
W = WH o § My T remsas ]
qqTT Z' — ZH 0 * 3
R,G — HH b i
lvrT W' — WH 10f E | 7
, 4
torr 7' — zZH N ‘ e P
Ea TCS TINTI ;kﬁhka,hﬂdg £ bl ]
L T 5o 30 % ™50 TH00 20007500 3000 3500 a0
jet softdrop mass (GeV) m, (GeV)
o CMS Simulation Preliminary (20186, 13 Te
Boosted T reconstruction S14E o, channel
_ _ _ 1,0 Boosted reconstruction
Si Mrf/ﬁ (CMS DP-2016 038) Y —— Standard reconstruction

— . . . . i

e 3.*/ m CAS8 jets split in two subjets o

B E

n . . .
h //\ sj2 m subjets provided as seeds to the HPS osl
n . . B
&% Th reconstruction algorithm o
- . . 0.2 e

m 7,: MVA isolation, 7,: 75 subtraction e
1 1 Ll Il
400 500 600 700 800 900 0

10(
Higgs p_ [GeV]
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Diboson combination

[B2G-18-006, PLB 798(2019)134952]

m Several channels have

W WZ-qdqd, HVT model B
W WZ-vugd, HVT model B
W'sWZ~tvqq, HVT model B
WWZ-1tqq, HVT model B
W=WH-qqdbb, HVT model B
W=WH-{vbb, HVT model B
WWH=qgTT, HVT model B

W combination (2016), HVT model &
Z'+WW-qdqq, HVT model B
Z'+ZH-qGbb, HVT model B
Z-5ZHeswwbb, HVT model B
Z'<ZH-11bb, HVT model B

Z-sZHesaqTr, HVT model B

2 combination (2016), HVT model B
VVH=gbB, HVT model B

V=VH=(w, v, H)bb, HVT model B
VVHoqdTT, HVT model B

V' combination (2016), HVT model B
G-WW-vqd, Bulk G, k/My = 0.5
G=ZZ-ttw, Bulk G, k/Mp = 0.5

G combination (2016), Bulk G, k/Mp = 0.5
ReHH-qqTT, Radion, A= 17eV.
ResHH-b5b6, Radion,
ResHH-1vdbb, Radion,

Dibosons

Selection of observed exclusion limits at 95% CL (theory uncertainties are not included).

comparable sensitivity, large gain from combination

Overview of CMS B2G results

CMS Preliminary

35.9-77.3fb~! (13 Tev)

82G-18-002 (adad)
626-17-005 (vwad)
826-16-029 (tvad)
82G-17-013 (t£ad)
62G-17-002 (aGbb)
62G-17-004 (tvbb)
626-17-006 (qgTT)
82G-18-006 (all final states)
82G-18-002 (adad)
B2G-17-002 (qqbb)
62G-17-004 (vwbb)
B2G-17-004 (£1bB)
626G-17-006 (qgTT)
82G-18-006 (all final states)
826-17-002 ()
82G-17-004 (v, £v, £1)bb)
82G-17-006 (adtT)
82G-18-006 (all final states)
826-16-029 (tvad)
62G-16-023 (ttvw)
82G-18-006 (all final states)
826-17-006 (age)
B2G-17-019 (bbbb)
82G-18-008 (tvagbb)

0.82
085

mass scale [TeV]

3 4 5 6 7 8 9
EPS-HEP 2019

m Added EXO di-leptonic resonances (W' — (v, Z' — ¢£) when
resonances couple predominantly with leptons

m Complementary to diboson channels to probe ¢y — 0
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Diboson combination and orthogonality

[B2G-18-006, PLB 798(2019)134952]

m Statistical independence is achieved through many different selections:

m lepton number (0, 1, 2)
m jet mass (my, mz, my) if at least 1 boosted jet
m other selections (my, Ad(¢, ET))

Ref. Channel Final state  ( T AK8jets AKS jet mass AK4 b jets

[11 WW,WZ zZ qqqq veto — 2 2 [mw, mz) —
[2] WZ, 77 vvqq veto veto 1 my veto
3] WW, WZ lvqq 1 — 1 mj shape/ [y, mz] veto
[4] WZ, 727 2qq 2 — 1 my —
[5] 77 vy 2 — — — —
[6] WH, ZH qqbb veto veto 2 [mwy, mz], my —
71 ZH vvbb 0 veto 1 My veto
[71 WH (vbb 1 veto 1 my veto
7] ZH 20bb 2 veto 1 my —
[8] WH, ZH qqrT — 2 1 [my, mz) veto
[8] HH Ttbb — 2 1 My veto
[9] HH bbbb JE— 2 2 my —
[10] HH bbbb - = 1 o 2
[19] Ly 1 — — — —
[20] o - — — —
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Systematic uncertainties

[B2G-18-006, PLB 798(2019)134952]

= S
z B =
£ e -~ _ _ %<

% % %‘ \L R \% 3 g \% = -

@ k| T = T = e & e

Bkg. modeling no shape — f b f b b f b b b b b

Bkg. normalization no yield 2-30% f b f b b f b b b b b
Jet energy scale yes yield, shape 1-2% s s sb s — s s s s — —
Jetenergy resolution  yes yield, shape 3-7% s s sb s s s s s — —
Jet mass scale yes yield, migr. 1-36% s s sb s — s s s s — —
Jet mass resolution yes yield, migr. 525% s s sb s — s s s 5 — —
Jet triggers yes yield 1-15% s — — — — s — — 5 — —
e pid, iso, trigger  yes yield, shape 1-3% — — s sb — s s — sb sb
e, pt scale and res. yes yield, shape 1-6% — — s s sb — s — — sb sb
T, reco., id., iso. yes yield 6-13% — s — — — — s s — — —
T, energy scale yes yield shape 1-5% — — — — — — — 5 — — —
T, high-pr extr. yes yield, shape 18-30% — — — — — — — 5 — — —
Ppss scale and res. yes yield 2% — s s — sb — s s — sb —
piniss triggers yes  yield 12% — § — — — — s 5§ — — —
b quark identification ~yes yield, migr. 1-9% — s sb — — s s s 5 — —
T identification yes yield, migr. 11-33% s s sb s — s — s s — —
Ty1 high-pr extr. yes yield, migr. 2-40% s s sb s — s — s 5 — —
my selection yes yield 6% - — — — — s s s s — —
Pileup yes  yield 12% s s — s — s s s s sb —
Luminosity yes yield 25% s s s s sb s s s s sb sb
PDF and QCD accept.  yes yield 1-2% s — s s sb s s s s — sb
PDF and QCD norm. _ yes yield 2-78% t t t t tb ot t t t tb tb

m Low mass point (mx = 1000 GeV):
m Most important uncertainties: V-tagging efficiency, jet mass resolution, jet
energy scale (shape), PDF scale (signal normalization)
m High mass point (mx = 3000 GeV):
m Most important uncertainties: PDF and QCD scale (signal normalization),
V-tagging extrapolation, jet energy scale (shape




Model-independent limits on the cross section

[B2G-18-006, PLB 798(2019)134952]

m Derive (almost) “model-independent” limits separated by spin
B2G-17-001  B2G-16-029

WZ | B2G-17-001 B2G-16-029 B2G-17-013
Zz B2G-17-001 B2G-17-013  B2G-16-023
WH B2G-17-004

o

HH B2G-16-026

m The spin of the resonance affects the acceptance and the polarization on
the bosons, which in turn change the angular distributions of the quarks

— different V-tagging efficiencies

2016 diboson 35.9 b (13 TeV) 2016 diboson 35.9 b (13 TeV)
5 [T T T T T T T g [ T T T T T T
=3 r Spin-1 resonances e r Spin-2 resunances
= | CMs — 3w b = | CMs X - WW (q7qd. )
> 10t X — WZ (qgqq, vvaqg, vag, llqa) _ I 101 —_X-2ZZ (umm vvqa llgg, Ivv) _
S —— X - WH (qabb, Wb, qar) 3 S E —— X — HH (bbbb, Ttbb) 3
—— X - ZH (q@bb, vbb, IIbb, qgr) > £ 3
1 1 1 R 1
3 ] X ]
° %
w07 E 107 E
107 s = 10°E 3
E 95%CL upper limits - E o ooswcLupperimis el B
r Observed E r Observed N T
S Median expected 1 T Median expected
Y I | I | I I Y I | I I I I
10 1000 1500 2000 2500 3000 3500 4000 4500 10 1000 1500 2000 2500 3000 3500 4000 4500

my (GeV)




Exclusion limits on the W' and Z’ singlet

[

B2G-18-006, PLB 798(2019)134952]

m Exclusion limit on the W' — WZ, WH singlet (7 channels)

m HVT model B excluded up to 4.3 TeV

m Largest significance (mx = 1.0 TeV) 2.80 (local) / 1.30 (global)
m Exclusion limit on the Z' — WW/, ZH singlet (6 channels)

m HVT model B excluded up to 3.7 TeV

m Largest significance (mx = 1.9 TeV) 2.60 (local) / 0.7 (global)

—— ZH - qgbb (EPJC 77(2017)636)

3 ! 1 /
Exclusion on a(W') Exclusion on o(Z")

2016 diboson combination 359fb (13Tev) 2016d\bosonc0mblnal|on 35.9 fbt (13TeV)
5 e L B e L o o e T 5 [ e o T I N T
=] C —— Combination ] e L —— Combination ]
o CMS ——— WZ - qgqd (PRD 97(2018)072006) < CMS —— WW - qaqq (PRD 97(2018)072006)
2 1= WZ - vvqq (JHEP 07(2018)075) 5 1= —— WW — lvqg (JHEP 05(2018)088)
51 E —— WZ - vqq (JHEP 05(2018)088) E

WZ - liqq (JHEP 09(2018)101)
—— WH - qabb (EPJC 77(2017)636)

WH - Ivbb (JHEP 11(2018)172)
—— WH - qgtt (JHEP 01(2019)051)

—— ZH . vVbb (JHEP 11(2018)172)
—— ZH - llbb (JHEP 11(2018)172) b
10 10 —— ZH - Tt (JHEP 01(2019)051)

102 102
10| 95% CL upper limits 1073 95% CL upper limits
E  —— Observed E  —— Observed
Foon Median expected Eoooweee Median expected
L - HVT model B L “ HVT model B
10—4”\‘ P IR R P IR I AR 10 | IR R PRI BRI A
1000 1500 2000 2500 3000 3500 4000 4500

L L PRI I
1000 1500 2000 2500 3000 3500 4000 4500
m,, (GeV) m,. (GeV)
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Exclusion limits V' triplet

[B2G-18-006, PLB 798(2019)134952]

m Exclusion limit on the V' — WW, WZ, WH, ZH singlet (9 channels)

m HVT model B excluded up to 4.5 TeV
m Largest significance (mx = 2.0 TeV) 2.50 (local) / 0.50 (global)

2016 diboson combination 35.9fb? (13 TeV)

LS L B L B B B B |

CMS

Combination —
—— VWV - qqq (PRD 97(2018)072006) —|

VZ - vvqg (JHEP 07(2018)075) 3
—— VW - lvqq (JHEP 05(2018)088) B

VZ - ligg (JHEP 09(2018)101)
—— VH - qgbb (EPJC 77(2017)636) 3
—— VH - vUbb (JHEP 11(2018)172) 3

VH - Ivbb (JHEP 11(2018)172) ]
——— VH - llbb (JHEP 11(2018)172)
—— VH -, qqtt (JHEP 01(2019)051)

10E

a(V') (pb)

95% CL upper limits " TteeaT ~
10°%E —— Observed )
SR TTLLE Median expected
C HVT model B

-4 [ l L - ‘ L1 11 ‘ - L ‘ L1 L1 ‘ L - ‘ - L ‘ L1 L ll
107 000 1500 2000 2500 3000 3500 4000 4500

m, (GeV)
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HVT model A

[B2G-18-006, PLB 798(2019)134952]

2016 diboson and dilepton combination 35.9 fb! (13 TeV)
a0 = B B B B B L B B L '
= = Combination 3
~ r CMS —— V' - VV,VH combination ]
% 10 —— Z' - Il (JHEP 06(2018)120) _|

E W' — Iv (JHEP 06(2018)128) 3
1=+ —

1072

95% CL upper limits

103k —— Observed —
E o aeeees Median expected =
r HVT model A :

10*4 L1 L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
m, (GeV)
m As expected, dilepton channels dominate the sensitivity in model A
m Largest significance (mx = 1.2 TeV) 2.70 (local) / 1.60 (global)
m HVT model A V' excluded up to 5.0 TeV (4.9 TeV expected)
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HVT model interpretation

[B2G-18-006, PLB 798(2019)134952]

m Scan of the HVT parameter space:

gch/gV is proportional to the couplings to fermions
gvCy is proportional to the couplings to bosons

m Including dileptonic analyses to exclude the phase space where g,cy — 0

2016 diboson and dllepton comblnatlon 35.9 fb? (13 TeV)
o 17 A DR FA ‘ N m,, = 3.0 TeV,
o sl B -
= ' CMS HE L |##= m,=4.0TeV
s i P m,. = 4.5 TeV|
s b P .| e HVTmodelB
= 0.5 R Lot # HVT model A
[
s

=3 -2 -1

0 1 2 3
Higgs and vector boson coupling 9,
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Exclusion limits Bulk Graviton

[B2G-18-006, PLB 798(2019)134952]

m Exclusion limit on the G — WW, ZZ, HH singlet (8 channels)

m Bulk scenario with k = 0.5 excluded up to 850 GeV
m k choice has immediate consequences on the Graviton width
m Largest significance (mx = 1.3 TeV) 2.20 (local) / 0.7 (global)

2016 diboson combination 35.9fb™ (13 TeV,
o gprrrr ot T
e E Combination B
0 F CMS —— WW - qdqd (PRD 97(2018)072006)
=4 + —— WW - Ivqg (JHEP 05(2018)088)
1= ZZ - qdqd (PRD 97(2018)072006) |
E 77 . vvqq (JHEP 07(2018)075) 3
E, 7z - liqq (JHEP 09(2018)101) E
U —— 2Z - Iy (JHEP 03(2018)003) e
—— HH — bbbb (PLB 781(2018)244)
10t HH - Ttbb (JHEP 01(2019)051)  _|
102 R E
E oswcCLupperlimits N E
r Observed =

[ e Median expected | 4
103 Bulk graviton'(k = 0.5) -
Bl Lo b Lo Lo Lo Lo a o d

1000 1500 2000 2500 3000 3500 4000 4500

mg (GeV)




Low-mass HH combination

[HIG-17-030, PRL 122, 121803 (2019)]

CMS

35.9 fb (13 TeV)

Observed 78.6x5M
Expecisd 88 8xSM

bbbb

Observed 74.6x5M
Expecied 36.9:5M

gg—-HH

Observed 31.4xSM
Expecied 25 1:5M

—— Observed
- - Median expected
I 68% expected

95% expected

bbyy
Observed 23.6x5M
Expecisd 18,8351

Combined
Observed 22.2x5M
Expected 12.8% S

678910 20 30 40506070 100 200 300 4
95% CL on 0., /oSN

(%2
=3
7
(e)

CMS 35.9 fb* (13 Tev)

Spin0
—— Observed
- = = Median expected
[ 6% expected
[ 95% expected

95% CL limit on o(pp - X —HH) [fb]
3
m

30 @0 S0 6070 1000 0 300
m, (GeV)

0

Combination of the best 5 channels for
di-Higgs production in the resolved
topology

Both resonant and non-resonant
production has been considered

Non-resonant excludes 20 times the SM
cross-section

Resonant limits placed on Spin-0 and
Spin-2 BSM resonances

CMS supplementary 359 b (13 TeV)

Spin 2
—— observed
- = - Median expected
[ 66% expected
[ 95% expected

95% CL limit on o(pp - X - HH) [fb]
5
m

o

5

v o630
m, (GeV)
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Summary

Concluding remarks

m Impressive and continuous flow of analyses on 2016 data
m CMS has collected 4 times more luminosity, and many will be updated very
soon with full luminosity
m No convincing excess, so far
m No more jumps in energy or luminosity foreseen in the next years: is the
party over?
No: many new ideas on the table, can further improve by 30 ~ 50% the reach
of our searches

m machine learning, n-dimensional fits, ...
m improved detectors

Food for thoughts

m What if the resonance has moderate mass (~ 1 TeV), but large width?
m a broad Z’ would contribute to explain the lepton flavor anomalies

m Need adequate background prediction methods
m Heavy resonance searches <> precision SM differential measurements
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