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e Introduction

e Motivation for supersymmetry

* Analysis
e Search for new physics in the all-hadronic channel 1
o~ .
e Jet substructure technigues l»—'

* Application to the analysis

e Search for gluino mediated top squarks using jet substructure techniques
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Supersymmetry

A continuous symmetry that relates fermions and bosons.

e Supersymmetry (SUSY) is an extension to the SM
* Aims to address current short-comings:
* The Higgs hierarchy problem
e At high enough energies, no unification of
the couplings of the three forces

e [ ack of a dark matter candidate

» Direct searches for SUSY have two classical signatures
* Multileptons and missing energy

e Jets and missing energy
* R-parity conserving supersymmetry

requires sparticles be pair produced

 Two SUSY decay chains per event
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Analysis Introduction

rch for new physics wi '
Search for new physics with the at variable http://inspirehep.net/record/1410157

) Fu I Iy had ronlc anaIySIS CMS Experiment at LHC, CERN
C Data recorded: Sun Oct 4 01:36:53 2015 BST Jet pT 311 GeV
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e QCD multijet background strongly -
. N AN H, mss = 372 GeV
suppressed with ar and Ag . H, = 940 GeV

» Data-driven estimations of backgrounds Jet p, 464 GeV fof P, 57 GeV
-tagge

e Events categorised according to
* Hadronic observables: Niet, Np, Ht, MHT

* Topology
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Selections

Description of the key variables

aT
Di-det

KT = .AdT

Multi-Jet

Ht — AHT

Et? j2, sub-leading jet

2.2 (13 TeV)
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Xt =

N I
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 back-to-back events: 0.5
 “unbalanced” events: < 0.5
* genuine MET events: > 0.5
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Selections

Description of the key variables

A¢”

Ag’

= min A¢(Fr;, HMS + pr;)

i€jets

* Aim to find events where MHT in same direction
as mis-measured jet

* Mis-measured jets and jets with significant missing energy

components peak at low values
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Analysis strategy

Signal and Control regions

* Baseline selection
* Niet> 1 (pr> 40 GeV), Hr> 200 GeV, MHt > 130 GeV
 Employ a forward jet veto and MHT/MET < 1.25 cut

e Signal region

* Lepton and photon veto
e Hr dependent at cuts from 0.65 to 0.52 for Hr < 800 GeV

* A¢p* > 0.5 requirement
e Control regions

e Backgrounds from data-driven estimates from

control regions

* Events categorised according to

* Hadronic observables: Niet, Np, Hr, MHT

* Jopology
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Re

sSults

Interpreted in the context of simplified model spectra (SMS)
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Results

Further SMS considerations

A simplified model is defined by new particles and their production and decay

e Sparticles are produced in pairs

* Each sparticle undergoes a decay chain

* Decay chain ends with lightest supersymmetric particle
0.4 jets

e Several SMS models with top/ b quarks in final states

Unmerged
hadronic to

* If mass splitting between parent and daughter z
........... Partially merged

sparticle large enough \ i

e ¥ 0 hadronic top N
1 X1 (W jet + b jet) .

e Tops acquire boost 9 ,
< 6‘:.:_:““ t* ~0 ,(‘
e Decay products merge / N X1
Fully merged
hadronic top jet
t —%

Pr
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Jet Substructure Techniques

quark ARy < 0.8
e For high probjects, object X is boosted

* Decay products collimated
e AR ~ 2M/pT

boosted X

* Example, W/Z boson originating from resonance

decay o ' -@-—e-@-l-e-'-@-hse-T'-%-V

1 — —T— ST
§ i ;@%@*@l@%g i CMS |
* For pt (W/Z) > 200 GeV, decay products 2 OB-_J* St
merged Into Slngle Jet g = —eIa—Mergedjetefficiency a
- . C : , = 0.6 _ _ —
« Higher W/Z tagging efficiency with large jet, 3 | single CAR=0.8jet 1
. } z) B AR (W, jet) < 0.1 -
than resolved jets at hlgh PT. S 041 - —§- Resolved jets efficiency i
O
o B two AK R=0.5 jets 7
0.2 _
- - AR (qi,jeti) <0.1 .
-+
| el e g
800 400 600 800 1000 1200

W boson P, (GeV)
dosmith@cern.ch 10 22nd March 2016



mailto:dosmith@cern.ch

Jet Substructure Techniques

Procedure
e Key aim is to partially reverse jet clustering process
« ‘Groom’ to improve signal mass resolution ( o
PT symmetric splitting
Pr ~ Pr

 |[dentify smaller structures within jet

* Heavy object decays have symmetric splittings, QCD splittings asymmetric

asymmetric splitting

e Jet grooming algorithms: pPr

e Remove soft constituents

' ' O O "0 © o e () ®e
[ fl’lmm/ngj O o (o) tr/mmed/'e['

initial jet

O pir/ petr < feut

Recluster Remove if fails
with C/A soft drop

D

* Remove wide angle then/ and soft constituents
soft-drop jet

[ pruning ] (Sof Z‘-dropj sranching passes Recurn et
dosmith@cern.ch 11



mailto:dosmith@cern.ch

Jet Substructure Techniques

t-tagging
e Start with fat-jets CMS Preliminary Vs =8 TeV, 19.7 fb"
. . "UE) E CMS To;) Tagger | | | i
e Construct variables per fat-jet Q100 Madgraph " D .
L - CA R=0.8 hi<2.4 -Semi-Leptonic tt

80 ~ pT>400 GeV/c D Fully-Leptonic tt

* [nvariant mass of the fat-jet

* Minimum invariant mass of every combination :
401~ -
of di-subjets per jet ook ]
 Should resemble the W mass 050 200 2Eomeo %o

2
* Likelihood of fat-jet consisting on N subjets m,; (GeVi/c?)

* CMSTopTagger (CTT): CMS Preliminary s = 8 TeV, 19.7 b’
ﬂ _I IclMlslTl IplTl Iglgl T T T | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 T
C : (o] a er ]
« Jet mass in top mass range L%”?O;‘ 1< -Smp E

100} p_>400 GeV/c -

» 3 or more subjets per fat-jets sol I

- Z+Jets
- Singletop

* W mass: approximated by minimum di-subjet mass 60

400 -

* High degree of likelihood jet contains 3 subjets s0L .
.

* subjet to originate from b quark %20 40 60 80 100120140160180

Minimum Pairwise Mass (GeV/c?)
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Application to the analysis

Control regions & Additional binning

* High background rejection with CTT > 1
* Can exploit CTT to append binning categorisation Niop, Np, Ht N
op

* For Hr, Np and Niet events

HT

* Potential to include W tagging in parallel or Simultaneous|;\/

* |[dentical grooming techniques as before

e Can redefine control regions to enrich with more tagging ‘friendly’ backgrounds
 Add Np >1 in SingleMu to enrich with ttbar

* [nvert tagging requirements to predict background contamination

dosmith@cern.ch 13 22nd March 2016
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Conclusions

* We have searched for SUSY in the all hadronic channel using the ar variable
* No sign of any excess in data
» Several other SMS models to explore

* Jet substructure techniques could greatly improve sensitivity
* Provide coverage for boosted topologies

* Explore regions of phase space previously unreachable

* At CMS, boosted object tagging is already proving itself

* Run Il proving to be very fertile ground

* Hope to incorporate t-tagging in the next generation of aranalyses
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Supersymmetry

A continuous symmetry that relates fermions and bosons.

e Minimal Supersymmetric Standard Model (MSSM) includes:
* Unification of gauge couplings
* Dark matter
e Stability of the vacuum

e Radiative Elecrtoweak Symmetry Breaking

Hierarchy problem
through a Renormalisable Toy Model

Complex Scalar field: @
Weyl fermion: y

L = O¢*0ud + ipTaH0,
1

2

— M ¢*¢ — A (¢*¢)° (1)

16

Me gy — SMeoto! — Ae gy — Xp 6 yly!



Supersymmetry

A continuous symmetry that relates fermions and bosons.
L = 0H¢*0up + ih'GH0,0p

_ 1
2

— M ¢*¢ — Ag (¢%¢)° (1)

Me gy — SMeoto! — Ae gy — Xp ¢ uly!

Chiral global U (1) symmetry when Mg= 0
¢ N e—2ia¢’ w s eiazp

M
1-loop Fermion mass corrections
They must contain at least Mg insertion e.g. v v

MEris protected by U(1) symmetry
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Supersymmetry

A continuous symmetry that relates fermions and bosons.

1-loop Boson mass corrections
The boson mass is not protected by the chiral symmetry

ad N
/ \
\ ,'
\ /
_—_\3-'_'.___ - ea» o *__-
AB Ap A
SM2 ~ 2B 2 _ AEAF p2
B 1672 1672

Light boson masses are not natural: they are not stable under

radiative corrections
Mg receives large, quadratically divergent, radiative corrections, and so does the Higgs boson in the

SM
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CMS

Compact Muon Solenoid

CMS Detector

Total weight
Overall diameter
Overall length
Magnetic field

: 14000 tonnes Brass +
150 m
:28.7 m
38T

Pixels

!

SILICON TRACKER
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80-180um
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Vicrostnps

HADRON CALORIMETER (HCAL)
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FORWARD
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CMS

Particle interactions at CMS

Muon

Electron

Hadron (e.g.Pion)
----- Photon

Iron return yoke interspersed
with Muon chambers
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CMS

Jet reconstruction at CMS

Calorimeter Jets

Jets clustered from ECal and HCal deposits

Jet-Plus-Track Jets (JPT) ‘
J

Subtract average calorimeter response from CaloJet
and replace it with the track measurement

-

Particle Flow

neutral .
hadron @

Construct particle flow (PF) objects linking the
information from various sub-detectors and interpret
them as a unique list of calibrated particles
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Event variables at CMS

'HT

* A measure of how energetic the event was

- MET

* Missing energy- ideally due to invisible particles

B fo=- Y

ieparticles

- MHT

* Alternative to MET- constructed with jets only

A = fir=- Y

i€jets

22

Jet p, 45 GeV

/

CNMS Experiment at LHC, CERN

Data recorded: Sun Oct 4 01:36:53 2015 BST

un/Event: 258177 / 986846982 HT"““ =372 GeV
Lumi sechon. 658

Wbit/Crossing: 172360379 1 329 H, = 940 GeV

Jet p, 311 GeV

b-tagged
Jetp 71 GeV
b-tagged

&

'
Jet p, 57 GeV
/ & b-tagged
~ ~— >
E,™ = 366 GeV
Jet p._ 464 GeV



Analysis strategy

Control regions

* Baseline selection
* Niet> 1 (pr> 40 GeV), Hr> 200 GeV, MHt > 130 GeV
 Employ a forward jet veto and MHT/MET < 1.25 cut

e Signal region

* Lepton and photon veto
* Hr dependent at cuts from 0.65 to 0.52 for Hr < 800 GeV
* A¢p™ > 0.5 requirement

e Single (double) muon and photon control region

* 1(2) muon(s) with pt > 30 GeV, |eta| < 2.1 or one photon with pr > 200 GeV
* Relative isolation requirement

e For leptons, Mt (M) to be compatible with W (Z) mass

* Lepton/ photon ignored for variables

23



Background Estimation

QCD multijet and non-multijet backgrounds

e QCD multijet production strongly suppressed with at A¢*, MHT/MET cuts
* Remainder estimated with QCD-enriched sideband in data
e Invert MHT/MET (> 1.25) cut
* Obtain data counts with non QCD contribution removed
* Take pass-fail ratio Rgep of QCD MC on MHT/MET cut

e Product of above yields estimate for QCD contamination

 Validation of Rocpin A¢g* data sideband (A¢* < 0.5)- : 2.21b" (13 TeV)
S ™ CMS
* Ratio Raep(data) / Racp(mc) should be 1 £ 1otk Preliminary
3:_ . ¢ Data
10 El-!-ﬁ., “s Tottal Standard Model
- :_Iu. — V+jets, 17, residual SM
1025_ o L.L’I -.- QCD multijet
0
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Background Estimation

QCD multijet and non-multijet backgrounds

e For non-multijet backgrounds, transfer factors used to predict backgrounds

e Extrapolation of observed counts in control regions to predicted counts in signal

signal
Npéd (Mjer, iy, Hy) =

control / 4,.
NYIC (n

trol
X Ngpe ' (Mjet, np, Hr)

e Potential biases in TFs are assessed In data with closure tests between several

control (sub-)samples

>

A

Single Muon

Double Muon

Single Photon

( Nobs ) NP‘“’) / Npred

http://arxiv.org/abs/1303.2985
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A 1btag — 2btlags (i + jets)
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Tagging at CMS

* N-subjettiness
* Describes a jet shape
e Effective measure for identifying how the jet energy is divided into subjets
* Try to obtain ‘lobes’ of energy in a jet by clustering k constituent jet particles

around N candidate subjet axes

TN = - ijrkmm{ARu ARo k- \ARNL}.
0

k

 Minimum pair wise mass
 Minimum invariant mass of every combination of di-subjets per et

e Should resemble the W boson
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V-tagging

* AKS8 |ets (recluster CA8)
e Reverse clustering sequence based of ‘groomer’
* For Run Il use soft drop mass variable (instead of pruned mass):

e Jet mass in range [70, 100] GeV

e 2 or more subjets per AKS8 et tight working
* N-subjetiness 121 in range [0.5, 0.75] point
* N-subjetiness 121 < 0.5 /

27



Previous results
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Incorporation

Pre-Selection

* Objects become boosted at high pr

* Apply a harsher baseline selection
* Niet (ak4) = 5, Nb (ak4) > 2, Hr (ak4) > 800 GeV, MHT (ak4) > 130 GeV
* Apply a forward jet veto and MHt/ MET < 1.25

. \Ijet (ak8) > 2
* pr(ak8) > 170 GeV } t-tagging baseline

* Nsubjets (per at least 1 ak8 jet) > 3

e CTT:
e Jet mass in [140, 250] GeV range
®* Mmin > 50 GueV

* T30 < 0.6

* subjet b-disc > 0.79
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Substructure at Trigger Level

single jet trigger with trimming

traditional single jet trigger

L1 Seed: L1 Jet p_> 200 L1 Seed: L1 Jet p_> 200

Calorimeter Jet Cut: p.> 260 GeV Calorimeter Jet Cut: p; > 260 GeV
Uses AK4 jet clustering Uses AKS jet clustering

Particle Flow (PF): Particle Flow (PF):
Uses AK4 jet clustering Uses AKS jet clustering
Trimming:
Uses offline software
PFJet Cut: Trimmed PFJet Cuts:
pr > 360 GeV pr > 360 GeV, M > 30 GeV
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