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Phenomenology of diboson resonances

® One of the most direct ways to find new physics at the TeV scale

® C(Clear experimental signature: peak in the VV invariant mass spectrum

® LCxperimental challenges:
- many final states: WW, W/, 27, VH, HH
- different channels, different physics: all-hadronic, semileptonic
- high energy: merging object, huge backgrounds
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Phenomenology of diboson resonances

Some very famous models we would like to test at LHC
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i‘bWarped Extra D

we live in a 4D slice of a 5D world

we live in a brane where the Higgs wave
function is localised

Gravity wave function dies exponentially from
the 5D to us

G* (graviton) s=2 R (radion) s=0

 Heavy Vector Triplet |

EWSB is due to a new W'+ (s=1)
strong interacting
composite sector W’- (s=1)

spin-1 composite 2'(s=1)
resonances 3
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Boosted Topologies

® For high mass resonances bosons get high boost (pT > 200 GeV)

® Hadronic VV/VH final states might merge into a single V/H-jet

® Leptonic VV/VH final states: at high boost leptons overlap
INn the Isolation cones -> special reconstruction applies

® V/H-jet reconstructed with the CA algorithm with large AR

q High pr boson
. M
Q’ ARL" =~ 2; :
TV
Low boost |
large opening angle MX =2 TeV
o’ prv ~ 1 TeV
! Mv ~ 100 GeV ,
VH ,- | p
’ — ARgq™" = 0.2 ¢



Boosted Topologies

® For high mass resonances bosons get high boost (pT > 200 GeV)

® Hadronic VV/VH final states might merge into a single V/H-jet

® Leptonic VV/VH final states: at high boost leptons overlap
INn the Isolation cones -> special reconstruction applies

® V/H-jet reconstructed with the CA algorithm with large AR
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Jet Substructure - basic concepts

: N N tw rameters: z, r
Pruning depends on two parameters: z,
[ Phys.Rev.D 80 051501] el acfndTargs

angle recombinations O
attempts to remove a0 O
from the jets those > O -
constituents that are min(zn PV BTi < 2o ° o =
. ij > Feut®

unlikely to be PRSI SE
associated with the jet removes soft and wide angle radiation (PU, UE)

Wy, ~
sub-jet axes ~ ~ small zw
jet axes indicates
subjet

N-Subjettines hypothesis
[ JHEP03(2011)015 ]
Quantifies to what degree jet
can be regarded as a |et 1 :
composed of N jets ™ = 4, Dk P emin{ARy g, ..., ARN i |
Discriminate a composite |et p-weighted sum over all jet constituents of their distance

w.r.t. a “standard” QCD jet w.r.t. the closest of N axes in a jet



Boosted Higgs Boson Reconstruction

@® Crucial aspect of the search strategy is the H=>bb reconstruction

highly boosted Higgs produce collimated pairs of b jets

AR

lem———— e — e

) - o/ 7]

(

merged into a single b jet (fat-b jet) [using AKO8]

exploiting the jet substructure and the b tagging

@ ¢ ¢ ¢

b tagging : CSVv2 algorithm

Two Approaches in CMS

subjet b tagger AR<0.8 double b tagger

identify the two
subjets by undoing
the last iteration of
the clustering

reconstructing the 2 B hadrons within
the same fat jet (inclusive vertex
finder)

MVA combining tracks
associated to tau-axes and svtx
observables to separate Hbb to
QCD jets

apply the b

tagging on them [CMS-PAS-BTV-15-002]
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Some Highlights from CMS VV and VH Searches

channel

ZZ

WZ

ww

WH
ZH

HH

combination

final state

lqq; 0]

tlqq

tvqq + qqqq
tvqq + qqqq

{vbb
//bb

4b
all

model tested

Z HVT type A,
bulk Graviton

W’ HVT type A,B,
bulk Graviton,
RS Graviton

bulk Graviton

W' HVT type B
Z HVT type B
bulk Graviton,
Radion
HV'T bulk Graviton

reference

CMS-PAS-B2G-16-021

CMS-PAS-B2G-16-022

CMS-PAS-B2G-16-021

arXiv:1610.08066

CMS-PAS-B2G-16-008

CMS-PAS-B2G-16-007
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Results for X — 2V semileptonic-+fully hadronic

divided into low(T, < 0.40) X =VV = J(QQ)_J(Q(?)
high(0.40 < 1,,< 0.75) purity X - VW — J(qq)lv

ZV invariant mass 2.7 fb' (13 TeV) ZV invariant mass 2.7 fy' (13 TeV)
> | muon channel low purity > | electron channel low purity
) )
§ [ CMS | & | CMS |
o 10°E g ¢ Datain SR (157) o107 o ® Datain SR (116)
© £ Preliminary | ©w & Preliminary |
= Parametric model = r Parametric model
% M e Z+jets (150 = 11.0) % -------- Z+jets (105 + 10.3)
Do PO 7P VV, i (7.4 + 2.6) T ool NIl T, W, 1 (5.3 £ 2.1)
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several regions for JJ and Jlv combined in a single likelihood
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RGSU‘J[S fOI’ X—> A X 5 VZ = J(qq)ee

resolved(low mass)+

boosted(low+high mass)
lqq; 0]

Expected + 1 :

2.7 b (13 TeV)
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Results for X — W/

W' — Z(I)W(qq)

X = ZV - llgq 12.9 0" (13 TeV)
ﬂ IIIII | LI L | T TT | T 1T | T 7T | LI I LI | LI I LI | IIIII
GC_) 500__ CMS ) . . , —e— Data -
Lﬁ Pre[/m/nary 2e, inclusive region B Z() + jets 7]
B Top ]
400 + Y ]
B T 7] MC stat i
L B — m =800GeV |
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3001~ (x10) ~
200 —
100 - -
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1073

W' = WZ — llqq
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95% CL limits
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Results for X — VH

* Five channels: Z(ee)H(bb), W(en)H(bb), Z(uu)H(bb), W(un)H(bb), Z(nn)H(bb) + C.C.
* Shape+Normalisation in data using the alpha method :

* Jet Mass SideBands

V+jets background
(40%/60% W/Z):

X = Vh = (Il,lv,yv)bb

NEZ (my) =Net ™V (myy) x a(myy) + New P (myy) + N2V (myy,)

~—"

252! (13 TeV

~—"

X — Vh — (Il,lv,vv)bb 217 fo' (13 TeV

> = | | T T T T T I 3 > = | | L B B T T | I
® E CMS ] ® - CMS -
0] - ey —— Data i O] u ey —— Data .
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2 Bl Vv, VH E WA E
e i 77 Bkg.unc. - § ’ 7, Bkg. unc.
kit — m=2000 GeV| (& i' — m,=2000 Ge\H
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Results for X — VH

Observed and expected 95% CL upper limit on oxBR(Z'—=Zh)xBR(h—bb)

z —> Zh - (Il,vv)bb 2.17-2.52 b (13 TeV)
3 T T T | T T T T | T T T T | T T T T |
= er CMS 95% CL limits i
s L Prefmnay Observed | X = Vh = (ILjv,vv)bb 2.17-2.52 1" (13 TeV)
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- - T 1 Std. deviation - - - _
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1=
1l channel T Expected 0.01

I +1 std. deviation
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Results for X — VH

",

g°ce/ g,

VTV X7 VKA
! 5%% l &/ ‘

X = VH - (v l)bb 2225%" (13Tev)  Observed exclusion in the HVT
' ' parameter plane

coupling
between the
Higgs boson
and
g.¢, longitudinally

V
grey line:resonance natural width polarised SM
> experimental resolution (5%) vector
(not in the narrow-width bosons

approximation)

14

QVCH, Q2CF/Qv |

coupling  coupling
strength with
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new
interacti
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HH — bbbb

Data: L = 2.3 fb'. \/s = 13 TeV

Event Selection *

' atleast 2 jets, pT > 200 GeV, |n| < 2.4

e 21 <0.6

|
l

* double b tag > 0.6 (eff ~65% for bb pairs)
e subjet btagging CSVloose > 0.6 (~50%) O”I

5

highest HH branching ratio
BR(H = bb) ~33% -> very high statistics

huge QCD multijet background

rely on the power of the newest
b tagging algos

model independent, benchmark models:
bulk Graviton (spin2) and Radion (spin0O)

~ Signal Extraction: two parallel apprdaches

1) subjet b tagging + smoothness test
LZ) double b tagging + Alphabet

L see next slide...




Results for X— HH — bbbb

Events / 50 GeV

10
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CMS
Preliminary

B 68% CL
95% CL

Stat. Unc.
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[8+13 TeV Combination]
Radion

19 6 fb' (8 TeV) + 2 71b1(13 TeV)

I ' I I
= CMS — Observed 95% upper limit =
= o ----E % | 3
C Pre llm/nary xpected 95% upper limit a
— Expected limit = 1 std. deviation—_ =
E E Expected limit + 2 std. deviation =
[ \\E\ ------ Radion (Ag = 1 TeV) _;
= : |
- . Foo o :.:_. : _________ /’:
3 =  Smoothnes = E
s : stest: %ma:\:
= : backgroun : background from 3
- : d from dijet : sidebands ]
= :  massfit (ABC style) 3
I_ ; | | | | | | | ; | | | 1 | | | | _l

1 000 1500 2000 2500 3000
M(X) [GeV]

subjet b-tag

double b-tag



Diboson Combination @13 TeV

signal strength VS M(V’)

CMS rreiminary 2.2-26f"' (13 TeV) + 19.7 fb"' (8 TeV)
251 02 u [ 1 | | I ] | I | I ] | I I I I:
o . —a— lllv (8 TeV) -
ps = llgq (8 TeV) -
o‘“ - lvgq (8 TeV) -
= - lvbb (8 TeV) g
2 | — q (8 TeV) g |
& « qgbb TeV)
© ‘
10F =« vaq(13TeV) 7 0 7 A~ :
1} E
—e— Asympt. CLS Obs. .
-------- Asympt. CL_Exp. £ 1o
107 ° E
o N 2 s Asympt. CLS Exp. £ 2¢ -
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_I I 1 | | 1 I | | | | I | | 1 1 I_
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107
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] | I
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Asympt. CLS Obs.
Asympt. CLS Exp. =+ 1o
Asympt. CLS Exp. £ 2¢
HVTg (gv=3)

L1 lllllll_'

‘O

| IIIIIIII

8 TeV (19.7 fb-1): 3lv, lvaq, llqq, qqqq, lvbb, ggbb/qggaqqq, aqTT
13 TeV (2.2-2.6 fb-1) : lvqq, qqqaq, llbb, lvbb, vvbb

HVTB with gV=3

Excluding W™ and Z" with masses up to about 2.3 TeV (HVT model B) ﬁ

17
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The key message of my talk in 3 points

® Searching for heavy resonances is one of the most direct ways to
find new physics at TeV scale

® Rich phenomenology and final states VV,VH,HH: clear

experimental signatures and allows cross check among
difterent channels

® No significant excess observed in data (yet!)

Stay tuned: exciting diboson results in preparation with the 2016-17 LHC data !!

Standard I\/Iodel

b= =] f el e )
e p e e e f—

— e e ] ] ] | ]
] e ]
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INntroauction

e Phenomenology of diboson resonances
e Jets substructure algorithms

e V-tagging and H-tagging

e Resonance searches in the VV final state

e Resonance searches in the VH final state

e Resonance searches in the HH final state

e Conclusion and perspectives

20




Phenomenology of diboson resonances

® One of the most direct ways to find new physics at the TeV scale

® C(Clear experimental signature: peak in the VV invariant mass spectrum

® LCxperimental challenges:
- many final states: WW, W/, 27, VH, HH

- different channels, different physics: all-hadronic, semileptonic
- high energy: merging object, huge backgrounds

‘Resonances Production Topology W

peak on a smoothly falling
Standard Model background

Search for narrow resonances:
I'(res) < o (exp)

A

events

>

Mdiboson

usually: Drell-Yan or QCD Multijet Vi
(leptonic/hadronic final states) 51 X



Jet Substructure - basic concepts

Pruning
[ Phys.Rev.D 80 051501]

attempts to remove
from the jets those
constituents that are
unlikely to be
associated with the jet

N-Subjettines
[ JHEP03(2011)015 ]

Quantifies to what degree jet
can be regarded as a |et
composed of N jets
Discriminate a composite |et
w.r.t. a “standard” QCD jet

Normalized Distribution

Normalized Distribution

CMS Preliminary Simulation, Vs = 8 TeV, W+jets
T T T T T T T T T T T T —]

= I I
i CAR—os X — W, W,, Pythia6
250 < p_ < 350 GeV — +<PU>=22 + sim.
0.4 nl<2.4 Tt + <PU>=12 + sim. |
L W+jets, MG+Pythia6é |
— + <PU> =22 + sim.

I TEEL L + <PU>=12 + sim. |
0.2— _]
O o s + LTI 7 5 |

O 50 10 150
pruned jet mass (GeV)

CMS Preliminary Simulation, \s = 8 TeV, W+jets
— T T | T T T | T T T | T T T | T T T —
0.3 camms X — W, W, Pythiaé
7| 250< p, < 350 GeV — + <PU>=22 + sim. |
L nl<2.4 et +<PU>=12 4+ sim. |
L W+jets, MG+Pythia6 _
— — +<PU>=22 + sim.
o2 + <PU>=12 + sim. ]
O.1 —]
O ] ]

(@ 0.8 1

T/t (pruned)

CMS-PAS-HIG-13-008
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HH b7 . See Camilla’s ()

~ talkthis | @ (T
Data: L = 19.7 fb1. \/s = 8 TeV | after @

e semileptonic r decay : z(h)z(y), 7(h)z(e) BR~23%

e pbackground: mainly ttbar, data driven

e theory: Radion spin-0 to HH

o lsolated tau H — 7z reconstruction
Fvent Selection * algorithm for zz invariant mass
- f reconstruction
PTavis > 35 GeV, prp > 10 GeV /e,o lons e Maximise likelihood on event-by-event
0.1 < AR¢ rvis < 1.0, myis(€, Tvis) > 10 GeV basis
[Pr*| > 50 GeV taus

pr(T7) from SVFit > 100 GeV

PTet > 400 GeV and |ffiee| < 1 * consider the MET as coming entirely

100 < m{;t < 140 GeV, 131 < 0.75 from the z invisible products
Higgs-b-tagging: 1 CSVL-tagged fat jet if AR(sj1,sj2) < 0.3 |

or 2 CSVL-tagged subjets if AR(sj1,sj2) > 0.3 jets - Measured METx and METy combined
No-tagged jets = 0 including terms for the = decay visible

+MET resolution

23




HH — bbrr

Events / bin

1
Illllllllll'é-:tlhllll ||||||||||||||||| i :"" I IIIIChIaﬁnIeI """""" -
10°=CMS “”ﬁwmmm = &H:CMS =5 Drell-Yan + jets :
. tt ] O imi [ -
. Prellmlnary W + jets 7 8 - Pl‘ellmlnal’y I Single top .
10° 5 Single top = W 3 I W + jets .
: Diboson = c\n - I Diboson -
i QCD multijets B - BN QCD multijets .
10218 Signal x30 (M =1.5TeV, A;=1) | $2.5F Signal x30 (M_=1.5 TeV, A,=1)
Observed = > - —e— Observed X -
— L — n
2 —
150 -
1 —— =
0.55 =
1 -08 06 04 02 0 02 04 06 0.8 1 0 T NIV R RS

Tau Isolation 0 500 1000 1500 2000 M(%f:a()) [GG%/(:)loo

_;j tau |so|at|on in the u had \
channel ”

data/MC comparison
mee agreement
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HH — bbzr

10 CMS Preliminary 19.7 fb™' (8 TeV)
:I | | | | | | | | | | | [ | | | | [ | | | | |:
s ' HH — bbrr E
i ----2--- Observed ]
1 N T ExpeCted * 16
-------- Expected =+ 20

Bulk Radion (Ag=1)

[ IIIIII|
[ | IIIIIII

Ogs9, X BR(X — HH)[pDb]

1000 1500 2000 2500 3000

107°
M, [GeV]

- 90% Exclusion Limit in the Asymptotic Abproximation,g_pin— Radion L=1 |
| ranging from 850 to 30 fb for resonance masses between 800 and 2500

. Gev

20



HH — bbbb

Data: L = 2.3 fb'. \/s = 13 TeV

£ e highest HH branching ratio
/ BR(H = bb) ~33% -> very high statistics

e huge QCD multijet background

/.r e rely on the power of the newest
= b tagging algos
e model iIndependent, benchmark models:
bulk Graviton (spin2) and Radion (spin0O)
e vSignaI Extraction: two parallel approaches
| Event Selection | o 1) subjet b tagging + smoothness test
o atleast 2 jets, pT > 200 GeV, |n| < 2.4 {2) double b tagging + Alphabet
* 121<0.6
l
* double btag > 0.6 (eff ~65% for bb pairs -
9700 ¢ Pare) . see nextsiide. .
e subjet btagging CSVloose > 0.6 (~50%) O b6




HH — bbbb : “smoothness test”

Sub-jet b tagging +smoothness test
results Mjred >1TeV

27" (13 Te
v I v 1

- | ! | ! | ! | N |

C CMS pp —+ X — HH — bbbb -
Preliminary 3 b tag category -
Mes%cL ¢ Data )

Background model

10

Alternative background model
Gy U(M’=1 6HTeV)=2010

L llllll

Events / 50 GeV

I I lllllll

I llllllll

N D T

1 "
1400 1600 1800 2000 2200

1200

1000 2400 2600

M (GeV)

@ Background only hypothesis VS. Msubtr

® Fit: levelled exp w/ 68% and 95% CL bands

exponential

sower law (cross checks)

- Mjed = Mj-(Mj1-Mn)-(Mj2-Mr)

|

271" (13 TeV
| . 1 v || v | v 1 v | v | d |

N pp — X — HH - bbbb -

~  Preliminary 4 b tag category .

i Mes%cL ¢ Data )
95% CL Background model

10

Ulll

Alternative background model
G, u(Mx=1.6 TeV)=20fb

Events / 50 GeV

1 1 lllllll

I 'Ill]lll
1 1 lllllll

L. 1

" 1 | 1 | A l A |
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VH Resonances: Strategy Overvie

* Full 2015 dataset, L=2.17-2.52 fb-* @+/s=13 TeV

- AKS8 Jet
- pt>200 GeV,

- 1/2 b-tag sub-jets.

ZV+bb Selection

- pT(y) > 55 GeV, pT(e)>135 GeV
- veto extra leptons

- >80 GeV

- pr(W) > 200 GeV

- pruned mass 105<mdJd<135 GeV (jec) |

2

4 ¢ +bb Selection

- pr(y) > 55 GeV, pr(e)>135 GeV
- 70< Mi <110
- pr(Z) > 200 GeV

- |an(lLjet)|<5
|- 09 (Ljet) >2.5

'b VV+bb Selection

| - F7>200 GeV; pt>200 GeV
- Ad(jet, K1) > 2

- b-jet veto




V+jets background

* Full 2015 dataset, L=2.17-2.52 fb-' @+/s=13 TeV

* Five channels: Z(ee)H(bb), W(en)H(bb), Z(uu)H(bb), W(un)H(bb), Z()(bb)

+ C.C.

- Main Background (40%/60% W/Z)

- Shape+Normalisation in data using the alpha method :

- Jet Mass SideBands

- Separate V+jets from VV (MC) and top (enriched CR)

- Systematics cancels out in the ratio
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VH Resonances: Results

observed events on Vh invariant mass

X = Vh = (Il,iv,vv)bb 2.52 fo! (13 TeV) - X| — Vh > (lll,iv,vv)bb | | 2.17 fb‘l1 (13 TeV)
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VH Resonances: Results

observed events on Vh invariant mass

10
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X = Vh = (Il,v,vv)bb 217 b (13 TeV)
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HH — bbbb : “alphabet method’

Double b tagging + alphabet “two orthogonal variables
results Mjred >1000 GeV -Prunedjetmass
- Double b tagger discriminator
2.7 b7 (13 TeV) N
2 [ | _ A
0.1 5:_ CMS — events used in fit ; J double-b(H?)
: 145_ Preliminary - | failing
| E == fit errors - cn c
0.13F Ty
0.115— \ >
- | ! ~1 25. m(H?)
o1E- —K [QCD Monte Carlo Simulation]
>OF @ Predicting background normalisation
0.08- and Mjj shape based on several
v T R T sidebands (generalised ABCD method)
m, - my (GeV)
Quartic fit to R = double b tag @ R obtained as a function of the
pass/fail ratio pruned mass in the sidebands
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HH — bbbb : “alphabet method”

Double b tagging + alphabet predicted Mred background distribution in the jj
results |\/|jjred >1000 GeV signal region, after applying the “Alphabet” method
i 2.7 o (13 TeV
2.7 b (13 TeV) o ar (19 TeW)
A _ @ :_ CMS —4— Data
0151 CMS — events used in fit £ 185 Preliminary background prediction
- Preliminary it "4‘ E 16:_ 525 total uncertainty
0~14__ % 14:_ statistical uncertainty
Y ----fit errors 3 12}
0.13:— / 1ofi#hd ||
0.12:— f(al bl CIX) g E 8 y :
B “r“ 6
0'11:_ o8 double-b tagging o
- ; pp— X — HH — bbbb
L — .. 2
0.1_—
C e ~Fooo 1500 - 2000 2500 3000
0.09-
0.08\— S
—I 1 1 1 l | - I 111 l | 1 1 I | 11 I 1 1 1 l | 1 1 I 11 1 I | 1

-80 -60 -40 -20 O 20 40 60 80
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. ® cacheventinthe anti-tag region is
Quartic fitto R = double b tag scaled by the appropriate pass fail

pass/fail ratio 13 ratio given its pruned jet mass.



HH — bbbb : limit extraction

Final results exploiting all the information from the two separate approaches
2.7 fb (13 TeV)

r— L I T | T T I T I I T I T T I I I 1 T T 1 1'
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HH — bbbb : limit extraction

Final results exploiting all the information from sub-jet and double b taggers

2.7 fb™ (13 TeV)
10' ICMS | —— BulkKK graviton (</M, =05)
§ | Preminary e et
10° = Graviton Expected limit = 1 std. deviation =
E Expected limit = 2 std. deviation E
10°

IR RN

a(pp — X) x B (X — HH — bbbb) [fb]

10 : ==
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_ v |

10—1 | ] ] ] ] | | 1 1 ] | ] ] ] ] J
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Conclusion and Perspectives

Boosted Higgs bosons are a central part of the new physics searches in CMS in Run |l

Many other results available in CMS

e Several HH results
8 TeV (4b, bbrr) and 13 TeV (VH, HH4Db)

* Many other HH results in preparation
(bbrz, bbyy, Combination @ 13 TeV)

e Tools and performance well tested and stable
(double b tagger, subjet, Higgs reconstruction)

Ready to use the Higgs to finally cross the Standard Model!
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Mistagging efficiency

CMS Simulation Preliminary (13 TeV)

- — double-b-tag
_ ----Subjet CSVv2
[ Fatjet CSVv2

| AK8
70 <m <200 GeV , 800 <p_<2000 GeV .~ .-

1072

10—33."111 b b b b

05 06 07 08 09

1

Tagging efficiency (H—bb)

® signal H» bb from simulation

® b tagging algorithm: CSVv2
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CMS Simulation Preliminary (13 TeV)
= double-b-tag
0.9 - ---- Subjet CSWv2
- - Fatjet CSVv2 i
081" ake
0.7 70 <m <200 GeV , 800 <p_< 2000 GeV

; gluon sphttmg _4

0.1

‘_.TIT‘IIIT

111151111511115111151111illllillllillllllluf

01 02 03 04 05 06 07 08 09 1
Tagging efficiency (H—>bb)

® simulated QCD jets w/ 0/1/2 b tag

O

® AKOS jets

' Remember Dinko’salk




