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SUSY decay cascades —> final-state
guarks hadronise into jets

Lightest Sparticle in decay chain
IS electromagnetically neutral and
stable —> the LSP

Atoms

4.99% Dark

Energy

68.3%
Dark .

Matter
26.8%..~

TODAY
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The ATLAS Detector

UNIVERSITY OF

OXFORD
2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters ] \S{idth: . ‘2“2"“
e wla.metfer. m
< eight: 7000t
Solenoid CERN AC - ATLAS V1997

Forward Calorimeters
End Cap Toroid

IL.

—T
2

——

i Inner Detector ieldi
Barrel Torela Hadronic Calorimeters Shieldling
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A ‘Slice’ of ATLAS

UNIVERSITY OF
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Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
[ Transition

Radiation « 1 “>SATI AC
Tracking { Tracker ! AN \‘,‘._ RiL) W
Pixel/SCT - % CVDEDIMENT
detector = :

http://atlas.ch

Michael E. Nelson, Oxford |IOP, 2018



What are we looking for ?

Heavy initial particles Long decay chain

-> Central jets >7-11 jets

Iy / |
Z/h

» : /
oo, 0 T

g ,»'. s > X1

Q- X2
.; 4 MET

0‘“"‘4; 921 ~0
g ORSSes X1 |

P 14

2\
b-tagging -~ \

(>=0, 1, 2 b-jets)
Jet Reclustering

JHEP12 (2017) 034 "

Michael E. Nelson, Oxford 5
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Common Selection
Lepton veto

Many central jets: |n|<2.0

Key variable: MET-significance:

Ht = Z DT jet

Two analysis streams
Flavour: select b-jets

MJSigma: makes use of jet
reclustering

= R=1.0
M7y = E m;
J

IOP, 2018


https://link.springer.com/article/10.1007/JHEP12(2017)034

In reality ...

UNIVERSITY OF

0),430)23D,

13-jet event
reconstructed in the
ATLAS calorimeter!
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What obscures our signal ?

UNIVERSITY OF

0),430)23D,

Split background into two
categories:

QCD multijet event

Multi-jet
Fully hadronic {t
—> Cannot be estimated with MC

“Leptonic”
Backgrounds producing a lepton
(which escapes the veto we

appl

PplY) . . Gain artificial MET from

—> Can be estimated with MC mismeasured jets
Semi-leptonic tt > low MET significance

W + jets

Smaller backgrounds Signal regions: select high MET significance

Michael E. Nelson, Oxford 7 IOP, 2018



High Jet Multiplictnal Regions

Criterion Hea.vy-ﬁavour Channe Jet mass channel
Jet |7 — 2.0

Jet pr ATS50 GeV | >80 GeV ™, >50 GeV
Njet % >28,9,10,11 | >7,8,9 - 28,9,10

Leptn veto

No preseléeted e or u after overlap removal

pr >50 GeV and |n| < 2.0
pt >100 GeV and [n| < 1.5

Nb-tag Z 0
My > 340, 500 GeV
E’rTniss/\/H—T 5 GeV1/2

UNIVERSITY OF

0),430)23D,

Signal regions (SRs) are constructed from 7, 8, 9, 10, and 11 inclusive jets (leptons

vetoed). Two channels:

“Heavy-flavour channel”: 0, 1, and 2 inclusive b-jets are required.

Michael E. Nelson, Oxford
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High Jet Multiplicity Signal Regions

UNIVERSITY OF

0),430)23D,

Criterion Heavy-flavour chann”‘ ‘ Jet mass channel
Jet |n| <20 |

Jet pr >50 GeV | >80 GeVp|™

Njet >8,9,10,11 | > 17,8, ‘

Lepton veto

No preselected e or u after femoval

b-jet selection

¢ Large-R-jet Séléfo B

pr >50 GeV and |n| < 2.0

gy

Ni-tag >0,1,2 7~
My >0 ,;
ER=//Hr > 5GeV'/?

Signal regions (SRs) are constructed from 7, 8, 9, 10, and 11 inclusive jets (leptons

vetoed). Two channels:

«“Jet mass channel”: Jets are reclustered into larger fat-jets, uses the total fat-jet mass

per event (My2).

Michael E. Nelson, Oxford
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Backgrounds and How to Control Them

Major backgrounds:

*Multi-jet background: QCD multi-jets

and fully-hadronic top production.
Leptonic backgrounds.w |

Large multi-jet background at moderate
ET™iss significance.

Sufficiently large ET™ss significance is
our hunting ground for new physics. ™
The multi-jets background must be
estimated using a fully data-driven
approach ... the template method.

Michael E. Nelson, Oxford

Numbe‘fof Evehts / 4 GeV'?

Data / Pre c

UNIVERSITY OF

OXFORD
1 010 Er rfrrryrrryrrryjrrr|yjrrr|yrrryrrr[rror T -lg
= ATLAS o Daa 5
10°= Vs=13TeV,36.1 fb” :% mﬁi'j:t%kgfo“”d -
= VR-7]50- ; :
108 50-00 C_Jtt—qll -
= ] W iv+jets =
=%, PMSSM benchmark =
b 2-step benchmark —
=

10° G,

L2
................ VT TTIIT TITTTITE =
DT T T T T e e T T T e e e e e e
17 Semad ==

:O s %

0 2 4 6 8 10 12 14 16 18
E_Ir[u33/ VWT [Gev1/2:
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Backgrounds and How to Control Them

UNIVERSITY OF

OXFORD
CRs for two largest Monte Carlo backgrounds: W For each /_\/jet SR of jet multiplicity _Njet, an
+jets and top production + jets, constructed by Niet-1 CR is calculated for the W+jets and
requiring zero and ong mcluswe b-jet hadronic top backgrounds.

respectively.}
P Y3 These CRs provide normalisations to the

yields from the largest MC backgrounds.

W+jets CR

Top CR
c | | | | | | | | . E1000=" | T | T | | T -
m - ATLAS e Data - a8 ATLAS e Data
~ . Vs=13TeV,36.1fb" %% Total background i ~ - Vs=13TeV,36.1 fb %### Total background .
% CRW-7j50 [ ]t—qll _ % CRT-7j50 [ ]t—qll
(&) I W >y +jets I W >y +jets 7]
D) 200— I Other — i B Other ]
S B oo e pMSSM benchmark 7 S ™. Yl pMSSM benchmark
T 2-step benchmark 5 - e | | e 2-step benchmark 7]
o) o) ]
= = 500
S S
Z pzd 7

(= 0
-8' 2E x - 8 2E ]
L 4 _5;_ ........................................................................................................................... } ....................... = L 15 e + ..... =
E 1éé’///*’//ﬂvyﬁfﬂyfmvﬂﬁ’vﬂw«ﬁw‘ﬁ-ﬂ//% 6' * Z AE E 1; gy 7 s s o A 1t sy st s QY p ¢ + /E
] = = © = 3
© 0.5:— """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" = © 0.5 s =
D 0: ) ) . . ) . ) . ) . D 0 r ) ) . . ) , ) ) ) -
6 7 8 9 10 11 12 13 14 6 7 8 9 10 11 12 13 14
Number of Jets Number of Jets
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The Template Method OXFORD

—h

o
—_
o

%> = aras T e pa S Fully data-driven multi-jet

3 10°E {s=13TeV,36.1 1o % Iﬂﬁ‘i‘j:tac“gm“”d = background estimation.

< 108:? VR-7j50-0b T ioall _; |

~ = I W — v + jets > Et™Mss significance shape is
210, —r g ... approximately invariant under
L%’ 10°8 eeetep D different (high) jet multiplicities.
S 10°E Calculate the multi-jet

3 10* contribution in the 6-jet, Ex™Miss

£ 103 significance > 5 GeV12

Z

template region.

10°
108 ' 5 Rescale the shape in each of
. D ] """"""""""""" - the signal regions by
S E 7. considering the relative change
Iy 7 in size of the multi-jet
@ _ dominated peak at Eymiss
g o . % significance < 1.5 GeV'2,
0 2 4 6 8 10 12 14 16 18
E_Irpiss/ Vﬁr [Gev1/2:
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The Template Method OXFORD

Fully data-driven multi-jet
background estimation.

nj "j(METSig<1.5)
nriylultuets METSig > 5.0) = n%(METSig > 5.0)"% (METSZ§<15

Etmiss significance shape is
approximately invariant under

/TR\ m different (high) jet multiplicities.
N
Calculate the multi-jet
TR - contribution in the 6-jet, Et™iss
N significance > 5 GeV12
_~template region.

TR ) SR e .
\/ e Rescale the shape in each of

— — the signal regions by

considering the relative change
@ METSigin size of the multi-jet

» dominated peak at Et™iss

00 significance < 1.5 GeV'?,

Emiss/ jH1/2

Michael E. Nelson, Oxford 13 |IOP, 2018



The Template Method OXFORD

Fully data-driven multi-jet
background estimation.

T ; :
A 7 : 6 : n"i (METSig<1.5)
Pnultijets\ M FTS1g > 5.0) = n¥(METSig > 5.0) w3rprsi,<15 Ermiss significance shape is
\ approximately invariant under
/T—R\ \ 5 different (high) jet multiplicities.
= R
Calculate the multi-jet
S contribution in the 6-jet, ET™ss
\_R/ SR significance > 5 GeV12
‘ » template region.

TR ) - .
N o Rescale the shape in each of

~ the signal regions by
PN considering the relative change
@\\ METSigin size of the multi-jet

\ » dominated peak at Ex™'ss

1.5 5.0

Emiss/ jH1/2

significance < 1.5 GeV'?,
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Results with 36.1 fb-1 (2015 + 2016)

UNIVERSITY OF

0),430)23D,

»
R
>
7

Yields in each of the 27 signal Vs=13TeV, 36.1 b

regions — excellent data/(MC +
template) prediction.

Multijet - W — v + jets ® Data
e Y ) B other tt—q, ___ Total Background

| 1 IIIIll|

The signal yields in each SR using
2015 + 2016 LHC data.

Smoking gun for this new physics
search: large SR excesses at
moderate Et™Mss significance
coming from SUSY particle
production.

\
| I I I I \\Q§IIIIIII|

No statistically significant
excesses are observed — use this
to understand sensitivity to existing

Data / rediction

o
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Sensitivity to RPC SUSY

UNIVERSITY OF

0),430)23D,

~ ~

PMSSM: M1=60 GeV, tanp=10, u<0, M2=3 TeV, m(q)=5 TeV, m(1)=5 TeV

700

600

m(%,) [GeV]

500

400

300

200

|I|||I|||I||::"-I\|E}“-||I|||I|||I|||—

800 ! I I I | I | | I I-__: I 1 { ::-l I 1 | | | | ! | ! | ! | ! | |

ATLAS

Multijets + E™'** Combined
Vs=13 TeV, 36.1 fb™

All limits 95% CL

= = = Expected (+106,,,)

SUSY, -
......... theory) —

— ATLAS 13 TeV, 3.2 fb™"]

1000 1200 1400 1600

1800 2000 2200 2400

m(g) [GeV]

95 % confidence level (CL) exclusion limits are set on different strongly-
produced SUSY models: three R-parity conserving (pPMSSM above), and a fourth
model which is R-parity violating (RPV) .

Sensitivity to gluino masses extended up to 1.8 TeV.

Michael E. Nelson, Oxford
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m(,) [GeV]

95 % confidence level (CL) exclusion limits are set on different strongly-
produced SUSY models: three R-parity conserving (2-step above), and a fourth

1200

1000

800
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400

200

800 1000 1200 1400 1600 1800 2000 2200 2400

Sensitivity to RPC SUSY

~t ~0

dg production, § — qqWZx,; m(,)=[m(@)+m(X,)J2, m(%,)=[m(X,)+m(E,)}/2

AT!'AS s _ = =~ Expected (£16,,,) 7
Multijets + E_™ CGombined . oy osusy,
(s=13TeV,36.1 fo! = Obsenved (F1oy.,,) 7

All limits 95% CL —— ATLAS 13 TeV, 3.2 b

.
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model which is R-parity violating (RPV) .

Sensitivity to gluino masses extended up to 1.8 TeV.

Michael E. Nelson, Oxford 17
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Sensitivity to RPV SUSY

RPV: no LSP, stop undergoes a
direct decay into heavy-favour
quarks.

The multi-jets analysis is sensitive to

such a model because its SRs
contain a small amount of real Es™'ss

Michael E. Nelson, Oxford

UNIVERSITY OF

0),430)23D,

gg production, g— tt — tbs (RPV)

ATLAS

— Multijets + E™*° Combined
- Vs=13TeV, 36.1 fb™

All limits 95% CL

.
.....
st LE
........
.

= = = Expected (£16,,,)

.
,,,,,,,
-------------

SUSY
theory)

.
o

700
600

500

.

—-— - PR

i ™ - GnOn0oEoEE
fttavsasaagaggunnnnnttt

| I | | EI i. | ]
1200 1400 1600

m(g) [GeV]

Other strong-SUSY-motivated analyses,
which have an explicit Et™ss cut, are not
as sensitive to such RPV scenarios.

| | | I | I | I |
40&’OO 600 800 1000
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Summary JHEP12 (2017) 034 wvamar

The multi-jets analysis is a search for new physics, motivated by the models of
strongly-produced SUSY, where the final states could consist of many hadronic jets.

The search exploits techniques of b-tagging and jet reclustering in order to enhance
the sensitivity to RPC SUSY.

The non-zero real Er™iss provides sensitivity to RPV SUSY scenarios.

No statistically significant excesses (consistent by SUSY) have been observed in 36
fo-1 of ATLAS data — the sensitivity to gluino mass has been extended to 1.8 TeV.

Michael E. Nelson, Oxford 19 |IOP, 2018


https://link.springer.com/article/10.1007/JHEP12(2017)034
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All Regions

UNIVERSITY OF

0),430)23D,

Jet
Multiplicity

==6 <15GeV2 | 1.5—4.0 GeV'2| >5 GeV1?2

==/ <15GeV12 1.5—4.0GeV12| >5GeV?
% >=8 50 Gy SJ’?)’ 410“’“;25&4 <15GeV2 1.5—4.0 GeV12| >5GeV1R
6 >=9 <15GeV2 1.5—4.0 GeV'2| > 5 GeV12
=
- >=10 <1.5GeV12 1.5—4.0 GeV12| >5 GeV12
o >=11 O+, 1+, 2+ | <15GeV"2 |1.5—40 GeV'2 >5GeVi?
2 ==5 <15GeV2 1.5—4.0GeV12 >5GeV?
CE ==6 <15GeV12 1.5—4.0 GeV12| > 5 GeV?

>=/ 80 GeV O+, 1+, 2+  <15GeV2  1.5—4.0 GeV'2| >5 GeV'2

>=8 <1.5GeV2 | 1.5—4.0 GeV'2| >5 GeV1?

>=9 <15GeV12 1.5—4.0 GeV12| >5 GeV12

Key: control regions, validation regions, signal regions

Michael E. Nelson, Oxford
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Control Region Strategy

OXFORD
e ttbar and W+jets background are Control regions
estimated in the SR with MC Trigger (50 GeVregions) HLT_6j45_0eta240
Trigger (80 GeVregions) HLT_5j70 || HLT_5j65_0eta240
Lepton pr > 20GeV
« The prediction is then improved via a  Lepton multiplicity Exactly one, £ € e, 4
. . . 120 GeV
fit to dedicated control regions (CR) i NN
Jet |n| <20
Number of jets including lepton Ngg -1
« The CR select exactly 1 lepton, and b-jet multiplicity =0 (W)or> 1 ()
have Njet 1 fewer than the My e aoB.
corresponding Signal Region EX/NHr > 543 CeV
« Extract scale factors to modify the = T
background prediction in the SR - ’Sm .Sﬁ.@'
8 ‘ L7
| o VR1 /ﬁy@/ e
« mT cut to reduce signal contamination A ——_—
CRR N S
e QOther cuts the same or as close as -CRSZH VRS
possible to SR CRI [===="1 :

observable 1

Michael E. Nelson, Oxford 22 |IOP, 2018



Systematics

0),430)23D,

 Normal detector and theory systematics are taken
into account for the MC backgrounds

* For the multijet background estimate, three
systematic uncertainties are calculateq:

* HT binning: A variation in the binning scheme
* Closure systematic
* Flavour systematic

Michael E. Nelson, Oxford 23 |IOP, 2018



Systematics

0),430)23D,

* Use the difference between the template prediction and the data in several validation regions:

* bins of low METSIig [1.5—2.0—3.0—4.0]

« METSIig > 5 at jet multiplicities 1 lower than the signal region

* For SR with njet=N, the systematic is the largest deviation in any of these VRs with njet<N

) ATLAS Vs=13TeV,36.1fb" M, >500 GeV
% 10 % T T | T T ! T T I T T —§
S 10° b _
n — =
c ~ -
10 <
1 :_ I | l | I ! | I l i ! ! _;
=7j50 >8j50 >9i50 >10j50
% 1.5 :_i:r .................................... E ................................. _:
B N | : | :
NS S S P S . &
s f | i i 5
CDU 0.5 IR e ,E ............ S e :, , ............ R i ............ , .................... —
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