Searches for SUSY in 2 and 3
lepton final states with ATLAS
and SUSY global fits with
GAMBIT

Paul Jackson February 4t 2019

Presented at CPPM

THE UNIVERSITY

of ADELAIDE
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The physics program of ATLAS at the LHC

* New Physics (in particular SUSY) searches
« Status of Standard Model measurements
* Techniques we use for some searche
* An introduction to Recursive Jigsaw Reconstruction (RJR)

* Application of RJR to searches for Electroweak SUSY
with ATLAS data and recent results

e (Constraints on EW-MSSM with GAMBIT
¢ Summary
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Open SM Questions ATLAS

EXPERIMENT

« Hierarchy problem: Higgs mass subject to H
quadratically divergent loop corrections.  --------1  f--------
—> Incredible fine-tuning

« Dark matter: Cosmological
As R data suggest presence of
ey g ' | » dark matter > No explan-

/\"\m__ | ation  within  Standard

Model

2" 50000 100000 —
distance from center [light years)

« Grand unification: Standard Model coupling
constants do not unify at high scales. g
- SM does not imply a Grand Unified Theory ) N IV SN B
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Analogies paint the picture ATLAS

EXPERIMENT

CANADA
Surface areas by € (0,984,670 km?)

chance within ~ 1% ¥
(151,153 km?2).

Imagine the - UNITED STATES
difference to be of (9,833,517 km?)

the size of an atom!

SM has a snowman’s chance in hell

Give me a
real number
between -1
and 1!

Analogies only for illustration. No liability for quantitative interpretation.

0.000000000
— 00000000000

00000000000
0001

0.74683... -0.00069... 0.11489...

Inspired by Moritz Backes [SOUrce: link]
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Analogies paint the picture ATLAS

EXPERIMENT
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We need SUSY!

ATLAS

EXPERIMENT

 Fundamental symmetry between fermions
and bosons introducing a set of new - --------4 = F--------
partner particles to the SM particles with
half-spin difference.

v' Opposite-sign loop corrections from | ' S
SUSY particles. Quadratic divergencies \ /
cancel. = No (little) fine-tuning. S

v If R-parity conserved: Lightest SUSY
Particle (LSP) stable. —-> Natural
candidate for dark matter.

R-parity = (-1)3B-L)*2s
* SM particles: +1
« SUSY particles: -1

v" Unification of gauge couplings at Mgy = |
1016 GeV BT

15
Iogug [GeV]
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We need SUSY! ATLAS

Higgs boson discovery and strong experimental bounds have put vanilla SUSY under
pressure

«  Within the MSSM stop and gluino masses enter at 1 and 2 loop level into the Higgs
mass matrix, the Higgsino mass parameter u at tree level

- Search effort focus around “Natural SUSY” (e.g. arXiv:1110.6926) with relatively light
gluinos, stops, higgsinos (remaining SUSY particles can be decoupled at high

masses)
A ~
% ()3
: . =
g H \ S X: 2-loop
_——— e N o - - — —_—
::::::::::::éL ----- 'R H \ P i 1-loop
bL MR, W _Ap——— —_—
H tree-level
M- >
natural SUSY
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The ATLAS experiment

¥ m{; ?L-L 43

[picnaze
R
25m —] \ ‘ =D\
1 AN : \’
A 2 Tile calorimeters
\ LAr hadronic gnd—cqp and
............... Pixel detector forward calorimeters
---------- Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker
* Solenoidal magnetic  High resolution « Good coverage
field (2T) in the central silicon detectors permits
region — momentum reconstruction of
measurement « Granular EM and missing
» Energy meas. down to Had calorimetry transverse
~1°to the beamline momentum

* Independent muon through object

spectrometer reconstruction
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Data Samples — Run 2
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— ——2012pp {s=8TeV —— 2017pp {s=13TeV I
| ———2015pp {s=13TeV — 2018 pp {5 =13 TeV B
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Exceptional LHC performance in 2015-2018

Improved luminosity and recording efficiency 0 g6, -
throughout the run. S o E
< 92 —
Integrated ~150 fb-' at end of Run2 pp collisions g
g 90f —
S I i
End of Run2 data taking in last couple of weeks 8% 70 20 30 40 50 60 70
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LHC: More than nominal Luminosity
4 N

T T | T T T | T T T | T T T | T T T | T T
ATLAS Online Luminosity  /s=13TeV

t 12_ TG um E LHC design: L=1.0x 103 cm?2s!
D qg Ceumaexiconts Cny Achieved (2016): L =1.4x 103* cm2 s
— C - m . - -
T o120 I R Achieved (2018): L=2.1 x 103 cm=2 s
3 10 P & ACSANIN . J
- = 2 - 5
@ & . ]
o E e ° ¢ 3
S e- ! . 3
£ E . 1o . .
3 e L oo e T More lumi makes for a more challenging
g oz X T environment to extract results of interest
1904 13/05 13/06 14/07 14008 14/08 15/10 15/11
Dayin2016 l‘:.l EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
L 400F ATLAS Online, 13 TeV [Lat=108.3 10"
Q = 2015: <u> = 13.4
% 350; B 2016:<u>=251 7
= [ T T T T ] > 300 Bl 2017:<u>=37.8 3
N'E - ATL;::C(::!IL:\eBL:"r:lanS|ty /s =13 Tev ] g E BB 2018 <u> =383 -
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Data analysis MC analysis

Make Generate
events events

Measure Simulate
events events

1 o EStNE
| o DB
w0 DESGDYME

Select Objects/Data of Interest

Make Plots....me?sure something!
v v v \

> T T T T T T T T > E T T T T T T T T > T T T T T T T T > T T T T T T T T
8 ATLAS Preliminary ® Data 2015 and 2016 e 8 108 E ATLAS Preliminary ® Data 2015 and 2016 8 ATLAS Preliminary ® Data 2015 and 2016 8 ATLAS Preliminary ® Data 2015 and 2016
S (s=13Tev, 366" W™ S qo7f 'E=13Tev, 361 1" —SuTol S (5=13 TeV, 36.1 fb" — SuToul S (5=13 TeV, 36.1 fb”"

« CRW for RJR-C1 = Weets « E  CRyfor RIR-CI o vejers « CRT for RIR-C1 [ ti+EW) & single top 15 CRQ for RIR-C

; [ ] ti(+EW) & single top > E B Weets ; [ Wajets ;

€ [ zsjets € [ ]ti+EW) & single top z [ z+jets ©

Q [ oiboson E o [ z+jets 2 [ oiboson <

w I Mutijet w [ Diboson w I Vuttijet w
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Measuring the Standard Model with ever increasing accuracy EsINTINS

EXPERIMENT

1 st 2“d 3"1 ) electro-weak
generation symmetry breaking outside of
everyday matter exotic matter force particles (mass giving) standard model
e N/ N\ /—/H /—/H
(- @
e ™\
/ 2.4M 1.27G 171.2G 3 7
<— charge }
<«— color charge (r,g or b) g
u mass (eV) £
—_ <— spin @ 125-6G
:"; g, up A charm top P %
=2
:5< 8
g a- 4.8M @ 104M 42G g
3 & & §'
d S b
a e
down A strange bottom L g
U /3§
/ 13
0.511M ‘ 105.7M 1.777G 2
?';
T
e f
To electron A g
28 |\ /s
é — ?i' .............. q
g g <22 ‘ - : °s".
=} CE
@ -3
'\,e 5 graviton §
\ e—neutrin% § §
\_ e ®
12 fermions (+12 anti-matter) 5 bosonS (+1 opposite charged W)
increasing Mass sy
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SM - Backgrounds to SUSY searches ATLAS

Standard Model Production Cross Section Measurements

10°
104
10°
102

101

107!
1072

1073
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Status: July 2018

v EXPERIMENT
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HOWTO search for SUSY ATLAS

EXPERIMENT

2

If SUSY particles are accessible at LHC energies

— 8 TeV
If R-Parity is conserved (RPV and Long-lived 13-14 TeV
SUSY scenarios would be a different talk

entirely)

Cross Section [pb]
=)

—_
o

1 99
« Pair-production via strong/EW interaction ‘hq
* Direct or cascade decays to stable LSP 10NN N N\, i
- Potentially many high pT SMobjectsand ~ F  \/™y N\
large missing transverse momentum L N S N
103 | |. LY
1500 2000 2500

Mpanicle [GeV]

jet Search strategy for LHC Run2:

Expected “typical” SUSY
decay chain at the LHC

D
T
>
]
-
°

Looks for gluinos/squarks decaying to jet
Ermiss enriched final states due to large XS
Then focus on EWKino searches as they
become more accessible and sensitive
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HOWTO search for SUSY ATLAS

EXPERIMENT

@ Build signal regions (SRs) based on requirements on signal / background discriminating variables to
target specific SUSY event topologies. Optimised for discovery & exclusion.

@ Determine Standard Model background in the SRs:

~— Irreducible Backgrounds N — Reducible Backgrounds —————
+ Dominant processes: « Fake Eq s, fake leptons
- MC normalised to data in process-enhanced backgrounds: Pure data-driven
control regions (CRs) estimates
- Extrapolation to validation regions (VRs) & SRs « Validation in VRs
+ Subdominant processes: Pure MC predictions ~ /
. J
Combined Fit
« Simultaneous fit of all components —

in CRs (and SRs for exclusion)

4 CR/VR
systematic optimisation

A >
o VR, SR £
e} ‘©
g Unblind when BG model Unblind when BG model E
() established validated o
(7)) C
8 )
statistics
_ i signal
Unblind when BG model . .
established contamination
Observable 2 I >
Proximity to SR
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ATLAS

EXPERIMENT

Spin 1/2

quarks <

Y

leptons $

gluino { .
Neutralinos { ....
Charginos {..

illustration by M-H Genest SUSY, this is what we often “claim” we’re searching for...

Higgs
bosons
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SUSY: Strong, 3™ gen and Electroweak Production ATLAS

EXPERIMENT

Squark and Gluino mediated light jets

» ; Z/h
1 <= X
-~ X2
>I @ + many more

b t

p 4 p
i< % t_. X
>1/ u -7
~ ~F ~
~o X1 - Ssa -
7 X1 i i"x?

w
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Simplified Models ATLAS

EXPERIMENT

3-body direct decay

1-step cascade decay (W)

1-step cascade decay (Z)

3

mass

mg -+

+4qq

g

mass

mass 1

\ 4

+4qq

\4

+ 7Y

Na P!

/0

<_ =

D. Alves et al J. Phys. G: Nucl. Part. Phys. 39 (2012) 105005

The way in which we design, and optimize, searches at LHC.....

..... not just an organising principle, this is what we search for!
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Simplified Models ATLAS

EXPERIMENT

3-body direct decay 1-step cascade decay (W) 1-step cascade decay (Z)
mass | mass | mass 1
a1 Y mj 1 g mg + g
—/ —
mX:t__ \ 4 X mX/O 4 Y X
+W= + 79
mXO__ \ 4 XO mXO__ \ 4 XO mXO__ 4 XO
Spin O Spin 1/2
Set to high 9'”"‘0{ =5
squarks mass (many %0 T h T
Neutralinos (o]0 ea o0
TeV), do not | { . Y
contribute! _ { X
sleptons Charginos 1
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Data analysis MC analysis

Make Generate
events events

Measure Simulate
events events

o

| o DESGYME

Make Plots....me?sure something!
v v v \
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N CRW for RJR-C1 N N E  CRyfor RIR-C1 N CRT for RJR-C1 N CRQ for RJR-C1

> [ ti+EW) & single top > - B Weiets o I Wijets > [ wjets

4 [ zsjets E z 3 [ i+EW) & single top z [ zsjets € [ i+EW) & single top
2 [ oiboson E o [ zsiets 2 [ oiboson 2

w I Mutijet - w [ piboson w w
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Discriminating Variables ATLAS

EXPERIMENT

Plethora of observables used by SUSY searches to
maximally exploit event information:

Reconstructed object multiplicities, momenta,
energies, €.9. Njoyp.tagiry: P> ETmiss: ---

Scale variables, e.g. Mg = Zpy + Eqpiss,

Angular variables, e.g. min A®(jet, E1 i), - -

i bit/j
Mass variables, e.g. m,, m®), Tmg, oy, ...

Sensitivity to New Physics

Event shape variables, e.g. Aplanarity, ...

Hypothesis-based event variables e.g. my,, ...

More complete methods, e.g. new recursive jigsaw
reconstruction [arxiv:1607.08307], ...
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Missing Transverse Momentum

Ay

We can learn more by using other information in an event to
contextualize the missing transverse momentum =
multiple weakly interacting particles?

calo

[Mmiss i)
Episs = -3 By
7

Infer presence of weakly
interacting particles in
LHC events by looking for
missing transverse
energy.....may be
composed of one or more
objects, which may differ
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New(ish) approach to
reconstructing open final states

The strategy 1s to transform observable momenta iteratively
reference-frame to reference-frame, traveling through each of
the reference frames relevant to the topology

Recursive: At each step, specify only the relevant d.o.f.related to that
transformation = apply a Jigsaw Rule.

Repeat procedure recursively according to particular rules defined for each
topology (the topology relevant to each reference frame)

Jigsaw: Each of these rules is factorizable/customizable/interchangeable
like (strange) jigsaw puzzle pieces

complete basis of useful observables for each event

[ Rather than obtaining one observable, get a ]

THE UNIVERSITY
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RJR technique

Original method to reconstructing final states
with weakly interacting particles.

() Lab State

Transform observable momenta
reference-frame to reference-frame

Jigsaw rules: specify the unknown d.o.f.
relevant to the transformation
(customizable-interchangeable

like jigsaw puzzle pieces)

The procedure is repeated recursively,
travelling through each of the reference
frames relevant to the topology

Rather than obtaining one observable, get a complete basis of useful variables
diagonalized with physical observable: angles, energies, masses ...

PJ, C. Rogan, Phys. Rev. D96 112007 (2017)

PJ, C. Rogan, M. Santoni, Phys. Rev. D95 035031 (2017)

M. Santoni, “Probing Supersymmetry with Recursive Jigsaw Reconstruction”, PhD Thesis Uni. Adelaide (Dec 2017)
M. Santoni, JHEP 1805 058 (2018)




RJR technique

e Original method to reconstructing final states OLab State — ot Invisible Rapidity
with weakly interacting particles. ODecay Siaine et Iovisible Mace
e Transform observable momenta ‘Visible States — Contra-boost Invariant

reference-frame to reference-frame

« Jigsaw rules: specify the unknown d.o.f.
relevant to the transformation
(customizable-interchangeable
like jigsaw puzzle pieces)

* The procedure is repeated recursively,
travelling through each of the reference
frames relevant to the topology

» Rather than obtaining one observable, get a complete basis of useful variables
diagonalized with physical observable: angles, energies, masses ...

PJ, C. Rogan, Phys. Rev. D96 112007 (2017)

PJ, C. Rogan, M. Santoni, Phys. Rev. D95 035031 (2017)

M. Santoni, “Probing Supersymmetry with Recursive Jigsaw Reconstruction”, PhD Thesis Uni. Adelaide (Dec 2017)
M. Santoni, JHEP 1805 058 (2018)
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RJR technique

Original method to reconstructing final states OLab State
with weakly interacting particles.

Transform observable momenta
reference-frame to reference-frame

Jigsaw rules: specify the unknown d.o.f.
relevant to the transformation
(customizable-interchangeable

like jigsaw puzzle pieces)

The procedure is repeated recursively,
travelling through each of the reference
frames relevant to the topology

Rather than obtaining one observable, get a complete basis of useful variables
diagonalized with physical observable: angles, energies, masses ...

PJ, C. Rogan, Phys. Rev. D96 112007 (2017)

PJ, C. Rogan, M. Santoni, Phys. Rev. D95 035031 (2017)

M. Santoni, “Probing Supersymmetry with Recursive Jigsaw Reconstruction”, PhD Thesis Uni. Adelaide (Dec 2017)
M. Santoni, JHEP 1805 058 (2018)




SUSY searches with RJR @ L

EXPERIMENT

Scale Variables

where:

n : number of visible ojects considered as independent
m : number of invisible ojects considered as independent

~t ~ ~t ~
F : frame under examination (can be PP (X1 Xg) or P (X1 or Xg))

Examples used in this analysis:
Hin = (6 + L+ 63) . P() + (Xla + o Va)PP P
HTL = 08P Pe() + 65F . Pt() -I—_/et P Pt() + jett? Pt() + (X1, + 1) .Pt()
H2 ] = E P() —|—€2 P() + 1P .P()
HY: = et P() + jets®.P() + X17.P()

THE UNIVERSITY

ofADELAIDE



Compressed RJR ATLAS

EXPERIMENT

* In order to observe kinematic differences between sighal and background
we need an ISR system to give our sparticles a transverse kick: the

response of the sparticle decay products is sensitive to the mass of the
LSP

* In the limit of nearly degenerate parent sparticles ]5 and LSPs )Z:

Rather than relying on a clean mono-ISR signal we would like to be able to
separate “ISR objects” from “sparticle objects”

 Accomplished with a simple decay view of the event =~ Qv

* CM: centre-of-mass system - including all visible objects and MET

* ISR: radiation not coming from sparticle decays
» S: sparticle system

— V: visible decay products

— |: weakly interacting particles

THE UNIVERSITY
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Applications of RJR in ATLAS

o
i)
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General philosophy ATLAS

EXPERIMENT

The general principle of the = SRH - High Mass
approach for high and
intermediate masses is the same. ——— SRl - Intermediate Mass —>
At much smaller mass splitting we ———-  SRL - Low Mass
need a different approach. -
MI N SRC - “compressed” masses —»

All optimized using

Mp simplified models &

Mp = Parent mass
M, = Invisible mass

THE UNIVERSITY
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Electroweak SUSY searches with RJR ATLAS

EXPERIMENT

Standard Decay Tree
Two sets of SRs based on lepton
multiplicity. High / /Low

AT
0000

\\\\\\\
NN

ISR Decay Tree
Requires a system of
jet(s) to boost the signal

L1 L1 |
300

400

ISR and Low mass are
designed to be orthogonal
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Preselection for the 2lepton Standard tree ATLAS

EXPERIMENT

T ® e e w0 10° T
Ems ATLas | e Data2b1\?wart1%i 016 §108 ATLAS e ‘DatabO1\;‘>Vtér;%j 2016 2108 ATLas' T e pat‘azg\iﬂg‘zom'
10 Fls=13Tev, 36,1 " HZ4ets oy 10 5o 13 Tev, 36.1 1" [HZ+iets EE0T 5. EVs=13Tev,36.1 10" EIZHets Foper
- 107 2 Standard Preselection 1YV 3Bkg. Uncert. g 107 2 Standard Preselection LJVV  5Bkg. Uncert. S 10" E 2/ Standard Preselection 55 Bkg. Uncert.

-------- [mJ/J,mJ]:[SOO,O]GeV
T %

|, oM_]=[500,0]GeV i [m, _.m_]=[500,0]GeV
A X [A S 2 M 1
A~ {m~0/4,m_n]=[200,100]GeV m_]=[200,100]GeV
: XZ x| x‘

=0, 47" 0.
%%, X,

smndm

[

=) o) [}
2 3 5
§ P i RS EE U R RS B %' T B B I BTN RS AP B I §' R O O S B B D I o'
200 300 400 500 600 700 800 © 0 01 02 03 04 05 06 07 08 0.9 0 01 0.2 03 04 0.5P0.6P 0.7 0.8P 0.'9
Hi7 [GeV] HER/HES min(H,*,H,")/min(H " H,")

The different shapes of these variables in the signal models as compared to the
major backgrounds can be used in a more targeted way.

The interplay between the variables is also key - if we require one ratio to be
large (for instance) it may make it increasingly hard for a complementary
variable to have background events looking like sighal events

THE UNIVERSITY
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Preselection for the 2lepton ISR tree ATLAS

EXPERIMENT

21010 >108 —— 1 LA e e e e e E >108§\ L L L UL IS
S 10? ATLAS e Data 2015 and 2016 8 . A'i'LAS o Data 2015 and 2016 3 8 . iATLAS e Data 2015 and 2016 3
@ gof 5= 13TeV, 36,107 [zejors MWt 010 E(5=13TeV, 361 10" [zejets @MWt § 210 EE=13TeV, 36,1107  [zijets MW
. 2¢ ISR Preselection DVV []Others > 108 E-2¢ ISR Preselection DVV [ ]Others - % 10° £ 2¢ ISR Preselection DVV []Others —

10 [IBKg. Uncert. . XIBkg. Uncert. S 0k X3Bkg. Uncert. 3
10° ~we [, _,m_]=[200,100]GeV 210° m J= : 210 wimus [M, M ]=[200,100]GeV 2
22/ XT % w 4 s w 12/ x; X, 7

10*
10°
102

10k

ol 11

I

10—1 1071V\ L L L L L

) s 2

g15 1500 15 $

£05 £ 0,5 8 0,5 RS

g g col e e e e 8 PR R U S RS RS SN

1 2 3 4 5 6 50 100 150 200 250 300 0 50 100 150 200 250 300
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Similarly, where we require initial-state radiation, we need complementary
variables to tease out sensitivity to a signal
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Preselection for the 3lepton Standard and ISR trees ATLAS

EXPERIMENT
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3lepton Standard Tree Definitions ATLAS

EXPERIMENT

Region Neptons Njets Np-tag peTl [GeV] peT2 (GeV] peT3 [GeV]
CR30-VV =3 <3 = > 60 > 40 > 30
VR3¢-VV =3 <3 = > 60 > 40 > 30
SR3¢_High =3 <3 = > 60 > 60 > 40
SR3¢_Int =3 <3 = > 60 > 50 > 30
SR3(_Low =3 =0 =0 > 60 > 40 > 30
. w PP b HT kai
Region mee [GeV]  my [GeV]  Hyj [GeV] P 7 HET, H?P,’Pl’ Hg"i
CR36-VV € (75,105) € (0,70) > 250 <02 >0.75 -
VR3/(-VV € (75,105) € (70,100) > 250 <02 >0.75 —~
SR37_High A € (75, 105) > 150 > 550 <02 |>07 A >038
SR3¢_Int € (75,105) > 130 > 450 < 0.15 > 0.8 > 0.75
SR3/_Low € (75,105) > 100 | > 250 < 0.05 > 0.9 —
7 [ATLAS ®  Daia20ts arcl 2015 Can leverage the behavior
1o VS =13 TeV, 36.1 ' [Jw [ Jother .
Wy ek Uneen of the variables we
o T (3 ) = 200,100 GeV design to target signals
Select events: Jesis S€t SIS
. ) in a more natural way.
- with 3 high pT leptons v
- l+1- pair at the Z-mass Similar selection optimization
- use RJ variables to define performed for 2lepton regions

sensitive regions of phase space

Data / Bkg
PRI STATG]

T 1x10°
20 40 60 80 100 120 140 160 180 200

m,[GeV]
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3lepton ISR Tree Definitions ATLAS

EXPERIMENT

. ¢ ¢ ¢
Region Nleptons Njets Np-tag pT1 [GeV] pT2 [GeV] pT3 [GeV]
CR3/_ISR-VV =3 > 1 =0 > 25 > 25 > 20
VR3/_ISR-VV =3 > 1 =0 > 25 > 25 > 20
SR37ISK =3 €[L,3] =0 > 25 > 25 > 20
Region mee [GeV]  my [GeV] AR Risr  prise [GeV]  pEY [GeV]  pEM [GeV]
CR3(ISR-VV € (75, 105) < 100 >2.0 € (0.55,1.0) > 80 > 60 < 25
VR3¢ISR-VV € (75,105) > 60 > 2.0 € (0.55,1.0) > 80 > 60 > 25
SR37ISR € (75, 105) > 100 >2.0 € (0.55,1.0) > 100 > 80 < 25

~0
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RestFrames Event Generation x:) —Z(1* 1) ZU h(yv) ZIU

Complementarity between the
Ricr Variable and P; sz studied
in detail in:

PJ, C. Rogan, M. Santoni,

PRD 95 035013 (2017)




Control Regions — 3lepton ATLAS

EXPERIMENT
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Control Regions — 2lepton ATLAS

EXPERIMENT
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Validation Regions ATLAS

EXPERIMENT
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Unblinded results ATLAS

EXPERIMENT

* Main background contribution is from WV (3I), VV and Z+jets (2I)

» Control and Validation Regions enriched in these processes demonstrate
that the key backgrounds are well modeled

e Z+jets prediction from a dedicated photon template sample

*  We see excesses, in 4 signal regions, all targeting the low mass splitting

o 10'E T T T T T T T 3 o 10 g1 T T T T T T T 3
S = ATLAS —e—Data 3 ATLAS —*— Data EW‘”‘ 3
2 - — . [ Z+jets Other 7
o - 1 @ 3 _Vs=13TeV, 36.11b" )
£ 10° Ys=13TeV, 36.1 fb [CJw [Jother d s 10 =131 o w Rsko. Une. 3
5 E_._..M 3 l B B<YBkg. Unc. 3 3 2 l =
E 2L ' EIPVEPEVIVIEVE ] 5 ~o- =
E 10 E_ 35 z 3
- Py . .
10
10 ¢
E 1
B 1
=
- 107
107" : )
5 — e 2=
5} g e = ok
3o I S .
< 4 . 2 Choy VRzy Rz, Via, Vi, VRl s, SR Sm
o . : : c° Top " Top W Sy T Mgl Loy, S Higy, Rt~
g SR SR R, VR N ) W-Zigro 9N
< 3¢ ,\ 3¢ Loy, %VV 3¢ s, " TJets ots
Signal Region SR2¢_High SR2¢_Int SR2¢_Low SR2¢_ISR
Signal Region SR3¢_High SR3¢_Int SR3¢_Low SR3¢_ISR Total Ob " " 0 1 1 1
Ol served events
Total Observed events 2 1 20 12
Total Background events 1.9+0.8 24+09 8458 2.7+28
Total Background events 1.1+£0.5 23+0.5 10+£2 39+1.0 o2 o7 +0'3'3
— — —— Other ) 0.02 + 0.01 0.05+012 0.02*1% 006:0%
Other 0.031007 0.04 +0.02 0.02+034 0.06*0%°  Fitoutput, Wr + #f 0.00 + 0.00 0.00 + 0.00 0.57 +0.20 0.28+034
Triboson 0.19 +0.07 0.32 +0.06 0.25 +0.03 0.08 + 0.04 Fit output, VV 1.8+0.7 24+0.8 1.5+09 23+1.1
Fit output, VV 0.83 +0.39 1905 10£2 38+10  Ztjets 0.07+378 0.00*974 63£58 0.10°23%
Fit input, VV 0.76 1.8 92 34 Fit input, Wt + tf 0.00 0.00 0.63 0.28
Fitinput, VV 1.9 2.6 1.6 24
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Results — 2lepton ATLAS

EXPERIMENT

Signal region SR2¢_High SR2¢ Int SR2¢ Low SR2¢ ISR
Total observed events 0 | 19 11
Total background events 1.9+0.8 24+09 84+5.8 2.738
Other 0.02+0.01 0.051”8:(1):5" 0.02:1):8; 0.06f§:§§
Fit output, Wt + tf 0.00 +0.00 0.00 £ 0.00 0.57 +£0.20 O.28f0:28
Fit output, VV 1.8+0.7 24+0.8 1.5+0.9 23+1.1
Z+jets 0.07‘_”8%?, 0.001”8:(7)3 6.3+£5.8 0. IOfg:fg
Fit input, Wr + 1t 0.00 0.00 0.63 0.28

Fit input, VV 1.9 2.6 1.6 2.4
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Results — 3lepton ATLAS

EXPERIMENT

SR3{¢_Low SR3¢_ISR

SR3¢_High SR3{_Int

Signal region

Total observed events 2 | 20 12
Total background events 1.1+£0.5 23+0.5 10+£2 39+1.0
Other 0.03f8:8; 0.04 £0.02 0.02t8:(3); O.O6fg:(1)2
Triboson 0.19+0.07 0.32+0.06 0.25+0.03 0.08 £0.04
Fit output, VV 0.83+0.39 1.9+0.5 10+2 38+1.0
Fit input, VV 0.76 1.8 9.2 34
@ 10'g | T T T T T T 5
& = ATLAS ~e- Data =
_g 100 = Vs=13TeV,36.1 fo! 3 l [Jwv [ Jother -
5 S ° . VVV @ Bkg. Unc. =
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Results — ISR Signal Regions ATLAS
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EXPERIMENT

We see different yields in data compared to our prediction in the ISR SRs,
most prominently in the 3 lepton region (lower plots).
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3lepton — ISR Signal Region ATLAS

EXPERIMENT
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Results — Low Mass Signal Regions ATLAS

EXPERIMENT
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Similarly, there are excess events in data compared to our prediction in the
Low mass SRs. The upper right distribution was not used in the event selection.
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3lepton — Low Mass Signal Region ATLAS

EXPERIMENT
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% 40 60 80 100 120 140 160 180 200 © o 005 01 015 02 025 03 0 0102 03 04 05 0.6 07 08 09 1
Py P
m¥ [GeV] S, A H/H,
8 LI L L L %14 LA L L I L B
. = ATLAS ® Data2015and 2016 . FATLAS ®  Data2015and 2016 ] 1 1
S 251 E Gk ]
5 [fs=13Tev.36.1m" [y [ Joter ] 3 12[ls=13Tev,36.1 1" [y [Jotner E In t.h]S reglon, there are
C . . ~ [ 4
§ 20| SR3! Low W Eeeucen | 2 10/ SR W B3k ncer - variables where the excess
w L — . [m, _.,m ]=[200,100] GeV] 0>-> C — . [m, _.,m ]=[200,100] GeV] . .
150 R {4 R E events clearly differ in
r 6 1 .
ob : shape from that predicted
- : by the signal model.
5 2
PN i, oo K I SRS SOIE ok ]
o 2 2
n15 215
S = 1
go5 £05 )
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 © 200 250 300 350 400 450 500 550 600

HE /H3 S HE [GeV]
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Statistical Interpretation ATLAS

EXPERIMENT

Signal region <60’)905bs [fb] S 905bs S %Sxp po (Z)
SR3¢_ISR 0.42 15.3 6.973) 0.001 (3.02)
SR2¢_ISR 0.43 15.4 9.7+3:% 0.02 (1.99)
SR3¢_Low 0.53 19.1 9.5 13 0.016 (2.13)
SR2(_Low 0.66 23.7 16.193 0.08 (1.39)
SR3(_Int 0.09 33 44432 0.50 (0.00)
SR2(_Int 0.09 33 4.6739 0.50 (0.00)
SR3¢_High 0.14 5.0 3.9103 0.23 (0.73)
SR2(_High 0.09 32 4.0+23 0.50 (0.00)

To remain as conservative as possible, and to avoid model
dependent statements, we do not combine the significances

~0 ~+ ~0 ~0
1,7, > W 1v/aa) R, Z(- 1),

< S00F L L B L
& 450F-ATLAS Internal | Expected limit (+ 1.6,,) 3
E‘N 4005—‘/§= 13Te...... b —— Observed limit (1 cﬁif:/) —E
:_2/3 lepton SRs _5 )
0 Gaisical Combinaton 1 Excesses of 3.00, 2.00,.2.10 and 1.40 in
S00E Miimits at o5 GL e 7 the four regions targeting moderately
250 =
N ..~ 1 compressed EWK SUSY.
150F- E
100 ot (- < Thisis the largest excess seen at any LHC
SOE /). 1 experiment in a search for Supersymmetry
1000 - |260| - IB(BOI - I4(I)OI - I5C|)0| - |6$(.1)OI:I I |7?0
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Statistical Interpretation ATLAS

EXPERIMENT

Signal region ~ SR2¢_Low  SR2¢_ISR

The four signal regions with excesses were

ee 9(4.5+39) 3(12+£1.2)  studied in terms of their flavour
HH 103.9+£2.6) 8515  composition - looks as expected.
Signal region ~ SR3{_Low  SR3{_ISR MANY other cross-checks done....
eee 6 (3.5£0.7) 3(1.1+0.3)
eejl 6(2.0£04) 3(0.9+0.3) .. )
L 7(27+0.6) 4 (1.5+0.4) Improvgd limits at. high mass compared
e 1 (1.9+0.4) 2 (0.4+0.1) to previous analysis......with weaker
limits at low mass due to excesses
observed.
B> W IV IqQ) 7 2o T LA oW1/ X Z(- 1)
= 500E e = 5005 T
& 4s0f-ATLAS . e Expected limit (+ 10, = 8 450F ATLAS —— RJR analysis =
£ 400 S =13 TeV. 361107 o opgrved imit (+16505Y) - £ 400/ Vs =13TeV,36.1fb" —— arXiv:1803.02762
0L e Compnaton BOE .- Expecteqimits  Allmitsat95% O 3
B00F i e~ e E 300 — Observed limits E
E Al limitsat95% CL ~ _=—— 3 £ =
250 = 250 E
200F- = 008 AT E
150F- E 150 =
T S— O E 100E- =
sof 77 E 502—" 3
YIS BT SN ?;‘I’? I[Glue\7/_0 foo~ 200 300 400 500 %oc: ul[Gl‘eV]
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Statistical Interpretation ATLAS

EXPERIMENT

July 2018 ATLAS Preliminary 1s=8,13 TeV, 20.3-36.1 fo!
;‘ 400_ I T T I | T T T T | T I T T | T T T T | T I T T | T I_
o C XXy via WW 2, arXiv:1403.5294 - - = Expected limits ]
g - —— Observed limits
— 330 %T%g —— via WZ 2l compressed, arXiv:1712.08119 . S
Sl via WZ 21431, 8 TeV, arXiv:1403.5204 Alllimits at 95% CL.
- - via WZ 21,31, 13 TeV, arXiv:1803.02762 -
c 300 via WZ 21431 RJR, 13 TeV, arXiv:1806.02293 ]
- via Wh  Ibb+lyy+IF+3l, arXiv:1501.07110 - . .
- S . Analysis with the best reach
— N — . .
- A G . in Electroweak searches with
200 N A S «7 intermediate W/Z bosons.
B P\/ ((\\ -------- ) ‘\ A ]
- _ A o . v \ J
150 7 S22 \ yo)
- B v AN : Y - (" )
100/ L . " ' . In the process of updating this
y ' \ VS work with full Run 2 data:
5ok LN \ ' ' () 36 ->150 fb! (~4x more data)
Y ARA \ : 1 I Bl
% ! (f’l’ ! || Nt |0 :I A :1 ! "I ! 1: \ )
‘POO 2 300 400 500 600
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ATLAS - 4 Iepton ATLAS

EXPERIMENT

W+ /7 W= /Z*

Hints in some EWK SUSY channels would suggest we

E ATLAS ¢ Data Wiz E ] ..
o s 13Tev, 361" ZTotalSM [[Hggs should see excesses in similar phase space.
3 407k 4L VRO Reducible ~ VVV -
E * 4 mzz Other 3
Region N(e,u) N(Thadvis)  PT (Thadovis) Z boson Selection Target
SROA >4 =0 > 20 GeV veto meg > 600 GeV General
g SROB >4 =0 > 20 GeV veto me > 1100GeV  RPV LLE12k
—1 | -
10 E SROC >4 - >20GeV  require Ist&2nd  EM >50GeV  higgsino GGM
= SROD >4 = >20GeV  require Ist & 2nd  EF™ >100GeV  higgsino GGM
4 2F + } T 3 SR1 =3 >1 > 30GeV veto mer >700GeV  RPV LLEi33
5 15 ) . 3 SR2 =2 >2 > 30GeV veto me >650GeV  RPV LLEi33
5 ;}///////(/ M %// // % -
20 40 60 80 100 120 T40 760 780 200 .
Mepo [GEV] arXiv:1804.03602, Phys. Rev. D 98, 032009 (2018)

THE UNIVERSITY

ofADELAIDE




New Physics interpretation ATLAS

EXPERIMENT

Sample SROA SROB SROC SROD SR1 SR2
Observed 13 2 47 10 8 g > L S By IR
SM Total ~ 10.2 + 2.1 131 + 0.24 37+£9 4.1 + 07 49 + 1.6 23+ 08 O] 10* - ATLAS . ,¢ Data Mtz ]
o E \g= ¥ i E
7z 27+£07 033£010 28+9 084 +034 035x009 033008 = = 1s=13TeV, 36.1fb" 7 Total S_’M Higgs 3
74 25+06 047 £0.13  32+04 1.62+023 054+011 031 + 008 2 - 4L, 2727 Reducible ~ VVV ]
Higgs 12412 013+013 09208 028+025 05+05  032%032 s 10° Wzz Other =
14%% 079+ 0.17 022 +005 27 +06 0.64 + 014 018 + 004 020 + 0.06 i, = 0 3
Reducible 2.4 + 1.4 0.0007093 0.9+14 0231038 31+ 15 11 £ 0.7 o e GGM ZZ m(y,) = 400 GeV 3
Other 053+ 0.06 0.165 + 0.018 0.85 + 0.19 045 + 0.10 0.181 £0.022 0.055 + 0.012 102 —> =
{ec)? fb 0.32 0.14 0.87 0.36 0.28 0.13 SR0OD ]
S5 12 4.9 31 13 10 4.6 10
Ser 9.353 39758 2315 6.173 6.543 47193
CL, 0.76 0.74 0.83 0.99 0.86 047
Ps=0 0.23 025 0.15 0.011 0.13 0.61 1
7 0.75 0.69 1.0 2.3 1.2 o E ] ST
Higgsino ¥ X 4., %. = Zh G 10"
— 100 qn(ggqpp X1X2XFRDX1 SRD RD T R
o\o T | T T T T T T 1 1 | T 1 T :‘.J' .:.r 1 1 1 T T |/I| T T T T T T T T 1 :
o) i - 2 : | | * :
2 3 ’ - C 3
N e - E 2 —
e . © r . . ]
’ — [m) » .
31’ o . . 1%@%’%%(////////////”” R 2%
o o7 _: o . . . . ]
m 3 0 50 100 150 200 _ 250
E ETs [GeV]
50 Sy - SRD SRD _f
PP NU ATLAS 1 2.30 deviation from SM in 4lepton
- o 4 lepton = : : : T
a0 F " .4 EWKino search in region sensitive to
ERC SRD SRD SRD \/§=13 TgRVD’ 36.11b E NZOOG V
o0 B &= Observed limit (+165°5) = e
- === Expected limit (t1c,,)) o
10 All limits at 95% CL —
v cce i3 Still to be updated with 4x more datal
150 200 250 300 350 400 450 500
M. 2o [GeV]
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Combined Collider Constraints
on Neutralinos and Charginos

M(B I T~ arXiv: 1809.02097
ve¢ f
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GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org EPJC 77 (2017) 784 arXiv:1705.07908
e Extensive model database — not just SUSY e Fast definition of new datasets and theories
e Extensive observable/data libraries e Plug and play scanning, physics and

likelihood packages

e Many statistical and scanning options
(Bayesian & frequentist)

e Fuast LHC likelihood calculator

e Massively parallel

e Fully open-source

Collaborators:
Peter Athron, Csaba Balazs, Ankit Beniwal, Florian Bern-
Members of:  ATLAS, Belle-1I, CMS, CTA, lochner, Sanjay Bloor, Torsten Bringmann, Andy Buck-
Fermi-LAT, DARWIN, IceCube, ley, Eliel Camargo-Molina, Marcin Chrzaszc, Jan Con-
LHCb, SHiP, XENON rad, Jonathan Cornell, Matthias Danninger, Tom Edwards,
' : . Joakim Edsjo, Ben Farmer, Andrew Fowlie, Tomas Gonzalo,
Authors of: DarkSUSY, DDC&IC’ Dlver, Will Handley, Sebastian Hoof, Selim Hotinli, Felix Kahlhoe-
FlexibleSUSY, gamlike, GM2Calc, fer, Suraj Krishnamurthy, Anders Kvellestad, Julia Harz, Paul
IsaJet, nulike, PolyChord, Rivet, Jackson, Tong Li, Greg Martinez, Nazila Mahmoudi, James
R 4 McKay, Are Raklev, Janina Renk, Chris Rogan, Roberto Ruiz
S(,)F‘TS[_]SY’ Superlso, SUSY-AL de Austri, Patrick Stoecker, Roberto Trotta, Pat Scott, Nicola
WIMPSim Serra, Daniel Steiner, Puwen Sun, Aaron Vincent, Christoph

Weniger, Sebastian Wild, Martin White, Yang Zhang

40+ participants in 10 Experiments & 14 major theory codes
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GAMBIT code structure

E?@ sCorel »

Physics Modules

ColliderBit || DarkBit || FlavBit SpecBit [ DecayBit

D

Scanners:
MultiNest,
Diver®,
GreAT,
twalk*

Backends:

FlexibleSUSY, SPheno, FeynHiggs,
HiggsBounds, HiggsSignals, PYTHIA,
Delphes, BuckFast®, SUSYHIt, DarkSUSY,
micrOMEGASs, nuLike, DDCalc™,
Gamlike®, SuperlSO, gm2Calc

*New!
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Model independent LHC limits

O Custom parallelised Pythia MC + custom detector sim

 Can generate 20,000 events on 12 cores in < 5 s (we use a
lot more than that for recent papers)

O Then apply Poisson likelihood with nuisance parameters for
systematics

d Combine analyses using best expected exclusion, unless
public covariance matrix is available (CMS are being very
helpful on this)

o
)
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Eur. Phys. J. C man

GAMBIT status

GAMBIT: The Global and Modular Beyond-the-Standard-
Model Inference Tool

The GAMBIT Collaboration: First Author*!, Second Author?

! First Address, Street, City, Country

*Second Address, Street Country

Received: date / Accepted: date

Abstract We describe the open-source global fitting 32 Pipes 13
D package GAMBIT: the Global And Modular Beyond- 13
the-Standard-Model Inference Tool. GAMBIT combines "
extensive caleulations of observables and likeliboods s
- . in particle and astroparticle physics with a hierarchi- 50 anctions . 15
2 7 cal model database, advanced tools for automatically 4 Backends 16
SO urce publlc to OI I n O 1 building analyses of essentially any model, a flexible and 41
powerful system for interfacing to external codes, a suite o ’
of different statistical methods and parameter scanning 14 Backend in 2 utility .

algorithms, and a host of other utilities designed to 5 Hie
make scans faster, safer and more essily-extendible than

in the past. Here we give a detailed description of the

frame

ation functicns
ned in GAMBIT 10.0 2

ork, its design and motivation, and the current
wodels and other specific components presently imple-
wented in GAMBIT. Accompanying papers deal with
individual modules and present first GAMBIT results.
GAMBIT can be downloaded from gambit.hepforge.ors,

2 First physics studies include GUT- LR

scale SUSY models, the MSSM?7, W e
axion models and Higgs porta ; fEEes

ark matter models

o See gambit.hepforge.org for
more info, all samples are When supercomputers go over to the dark side

westil don't and chitrups by astrophysical data (vhich iy or tnct patirms in observations from totlly diffrcnt Mar e 3
Pat Scott describe howa new software ool called GAMBIT will test how novel theories stack up when uect andou'lsee why ek
confronted with real data rjob than o

. . study
e . ur by This g
1. they i much more dat,
“The mast memorable thrillrs ae those where you  Earth are cateringa cruci phase. Detectors weigh s decad sironor 9
e partoway thros addenly realize hat g over  tonne are being placed decp undergound (e boxon pXX). cations
s 58 you cied scienific 1010y 10 catch ek matir passing hrough the Earth These inclde measurements of the crbialspecd
it wher wtpot tobe @ dsellwh i " 2
such e b i i u &
o T

4 “galcic rotation cur
bad

ar c unslved pob. e LHC
A they don' come much bigger thanworking. h
urdofthis dark sl owac Genests of GAMBIT

tamperaty
bad Modular Beyond-he

olkboration

Toal) €

hik

s

Liivity
firmed in the
cing black

cen i, and
ghen that it

hole). Meanmhie, searches for dark matier here on  Replace the insoet by dark matter and the photo
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arXiv: 1809.02097

Eur. Phys. J. C manuscript No.
(will be inserted by the editor)
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Combined collider constraints on neutralinos and charginos

The GAMBIT Collaboration: Peter Athron'?, Csaba Balizs'?,
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Abstract Searches for supersymmetric electroweakinos
have entered a crucial phase, as the integrated luminosity
of the Large Hadron Collider is now high enough to com-
pensate for their weak production cross-sections. Work-
ing in a framework where the neutralinos and charginos
are the only light sparticles in the Minimal Supersym-
metric Standard Model, we use GAMBIT to perform a

T v aa aa 1 1 o i

LN

relic density can be obtained through the Higgs-funnel
and Z-funnel mechanisms, even assuming that all other
sparticles are decoupled. All samples, GAMBIT input
files and best-fit models from this study are available
on Zenodo.

Contents

The GAMBIT collaboration
have recently performed
the most comprehensive
study of the MSSM
electroweakino sector to
date

We focussed on collider
constraints from LHC and
LEP, but also looked at the
implications for dark matter
(precise implications
depend on the mass scale
of the sparticles that we
decoupled)




What if we assume there is no SUSY?

a  We have the option of “capping” the
LHC likelihood in our scan results, to ]
prevent potential signals from
providing a better fit to the data than
the SM

EWNMSSM. 1o and 20 CL regions. GAMBIT 1.2.0
v

1.0

300 0.6

a This amounts to testing the
exclusion power of the included LHC
searches

Illlllllllll

V O1pel POOYI[eNI] 9[JoIJ

1

m.co (GG‘V)

200 0.4

100 0.2

xeut‘deo deo,
/T

o We find no general constraint on
the MSSM EW sector from the LHC
in this case, and we also explain
why (the searches are over-
optimised on specific simplified
SUSY models)

0 100 200 300 400 500
me+ (GeV)
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Uncapping the likelihood

a If we allow for the presence
of a signal, our results get .

400

more interesting | Wi
o A particular mass scaleis = * LB
picked out by a series of
anomalies in ATLAS and 5"
CMS SearCheS 0 100 ,”{TZZ(()?:(‘V) 300 400 0 100 ,,I‘:;E)é);(.\;) 300 400
a All electroweakinos are light,
and we either have: 3 we 2
Bino < winos < higgsinos 2 B
Or , - . ‘:ﬁ‘i"“"'%‘"“cl

Bino < higgsinos < winos

mgy (GeV)
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ATLAS 4b

ATLAS MultiLep. 2lep jet

ATLAS RJ 3kep

5
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ATLAS dlep

ATLAS MultiLep Slep

CMS_llep. 2b

CMS_MultiLep.2

ATLAS_MultiLep_ 2lep Ojet

ATLAS_RJ 2lep et

CMS 2iep soft

CMS_MultiLep 3lep

Contribution from each analysis
to the 10, 20 and 30 best-fit regions

InL(s+b) —InL(d)

Blue: better than background-only
Red: worse than background-only

Most important contributions to
best-fit region:

ATLAS d4lep
ATLAS_RJ_3lep
ATLAS_MultiLep_2lep_jet
ATLAS_MultiLep_3lep

CMS_MultiLep_3lep




EWMSSM. GAMBIT 1.2.0

800 m3sCL
n O 20 C.L
| O 10 C.L
| == Best fit
600 |
> -
o n
S |
z 400 [— ]
=

20— | —

N ==l =k
—

B - o
- — B(I
Glals '['/vT;f
meo Mo Mo Mo M- m.-
X9 X5 X3 X4 Xi X5

Best fit point from the GAMBIT analysis
favours relatively light EWKinos (~100-200GeV)
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Winos lighter
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Winos heavier
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

LS LS2 14 Tev 14 Tev

13 TeV ———— ey
splice consolidation FUELTOR FaRADe gt)t?nz};
olimit 4]
7 TeV 8 TeV button collimators TDIS absorber fr:tyeraclion 2 HL LH(.: luminosity
S— R2E project 11T dipole & collimator regions installation
Civil Eng. P1-P5 N\

201 2012 ‘ 2013 2014 2015 ’ 2016 2017 2018 2019 ’ 2020 ’ 2021 ‘ 2022 ‘ 2023 ‘ 2024 2025 2026 ’ | | ‘ | ’ | ’ ’ 2038

ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
§ beam pipes 2 x nom. luminosity 2.5 x nominal luminosity 2 upgrade phase 2
75% nominal luminosity —— ALICE - LHCb _ 1
nominal upgrade

luminosity ]
- int: ted
EXd E 300 b 3000 fo”! IS

e LHC Run 1 and Run 2 have been completed.

o Data analyses in full progress.

e L|LS2 (Long Shutdown 2019-2020) is about to start.
o ATLAS Phase | Upgrade.

e LS3 (Long Shutdown 2024-2026) after Run 3.
o LHC - Major Upgrade to HL-LHC (High Luminosity LHC).
o ATLAS - Phase Il Upgrade.
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ATLAS Phase | Upgrade for LHC Run 3

e Run 3 LHC expectations: L = 3x10?*cm2s™ (int. L = 300 fb™") at \'s = 14 TeV.
e Need better trigger capabilities (efficiency and fake rejection).
e Maintain same acceptance and p. thresholds with higher pile-up.

Muon System 44m
New Small o R
: S— - Toroid and
Wheel N \‘ R e W S | Solenoid
| * Magnets

Liquid Argon
Calorimeter

" 25m (:.,
Trigger
Electronics PRSI ¥

\ Tile calorimeters H H
FE & BE \ i\ #Arhagronilc gnd;cqp and Tlle Calo"meter
pixel detector orwdara calorimerers

Toroid magnets LAr eleciromagNgtic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

_ o Inner Detector
+ Trigger and Data Acquisition System TRT. SCT, Pixels

Fast Tracker (FTK), Topological Triggers,
High level Trigger, Common Readout, ...

e Software
e Optical Readout
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SPATLAS

EXPERIMENT

Summary

* The search for new physics at the LHC continues

* There is considerable scope to improve techniques and
methods used to perform measurements and searches with
the LHC data.

* We have demonstrated this with one such method called
Recursive Jigsaw Reconstruction (RJR)

* We used RJR to execute a search in 3lepton and 2lepton+jets
final states that yields one of the largest excesses of any
new physics search performed by ATLAS (if real it may well
be beyond 50 with the full Run2 data).

* These are included in a SUSY EWK-fit with GAMBIT, yielding
results that point to a potential scale of new physics

o
)
L/
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CHEP 2019 - International Conference on Computing
in High-Energy and Nuclear Physics

- e

s —

4-8 November, 2019 _,»;\,,\,} COEPP Sum%
Adelaide, Australia OUN o




Backup slides




Questions we hear a lot from
astrophysicists
“We keep hearing that the lightest neutralino is a good dark
matter candidate”

“You've spent almost a decade not seeing supersymmetry at the
LHC”

“What are the LHC constraints on lightest neutralino dark
matter?”

o
)
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SUSY

ATLAS

EXPERIMENT

Spin 172y oy _
) Spin O
quarks < (
. squarks <
leptons $
\ sleptons <

# Spin 1/2

Neutralinos

h

The lightest
neutralino is a
natural dark
matter
candidate, and

- is the subject
gluine {. of most studies

Spin 0

bosons

illustration by M-H Genest
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How the MSSM might appear...

( . o~ o~ o~ A

neutralinos 1/2 -1 B* w' H) HY o 0N

charginos 1/2 -1 Wt HF ijd_ X X Source:
\ Y,

Anders
Kvellestad

o
)
L/
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Parameters

Theory: parameter space

Neutralinos

= (B,W°, HO, HY)

M

My = y

M,
—% g'veg % queg

0 —%g’v% %g’vs[g

%9’035 —%gvsﬁ —
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f

% gueg —%gUSg
0

My My p tanfs
—p
0
Charginos
vt =W HE W H,
My 7

Source:
Anders
Kvellestad




_ ATLAS

EXPERIMENT

30

%25 ?TL?:TIV 36.1 10" é Data [] E Excesses Of 3 O 2 O X >WeoIv/ga X Z(=
= eofis eV, Jo. v ther - o Xy
g SR3Low v @Ekg_um_; 2.1 and 1.4 ¢ in the e e e I
°>’ - m_n/_i,m_‘,=2 B eV] o, 450;_ _ . _;
& oo 3L ISR, 2L ISR, 3L e 400:_”_“1‘3 . RUR analysis E
1 £ 400F-Vs=13TeV,36.1fb" —— arXiv:1803.02762  —
IS ‘.0.4: 5 j:vv 3 lOW maSS and. 2L lOW 350;_ --EXpeCted limits All limits at 95% CL —;
ez 2 s iﬁi 1 \mass respectively 300 — Observed limits E
$0t44 4 gk 2060 A E
s I 200§— ________ —g
R 3 t + aras o 7 F E
§ T oteretgy ¥ 6L S=13TeV,36.1 1" [z, [wWiett 4 100 E
20 40 60 80 100 120 140 160 180 200 4-SR2¢_Low Ow  [Joters : 50E- & 3
my' [GeV] P RS Bkg. Uncert. A N I N 17 A
oE comielmm I-200,100]Ge 00 200 300 400 500 60 [Ge\7/§)o
. ) 8- . .
Largely unique selection * Exclusions for high mass reach
of events compared to 4 600 GeV and low mass points
. . 2
earlier analysis on same &% , <=5 ¢ | cannot be excluded due to
0.3 0.4 0.5 0.6 0 7 0 8 0 9
dataset min- om0y €XCESSES
: : 95 95 _
Signal Region (€)™ bs D] S obs S exp p(s =0) (Z)
SR3¢_ISR 0.42 15.3 6.93:; 0.001 (3.02)
SR2¢_ISR 0.43 15.4 9.7 0.02 (1.99)
SR3¢_Low 0.53 19.1 9.5M73 0.016 (2.13)
SR2¢_Low 0.66 23.7 16.1*53 0.08 (1.39)
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_ ATLAS

EXPERIMENT

w
O

> T
§25 ?TL?:T v, 36.1 ! é Data [] E EXCGSSGS Of 3 O 2 O X S>WEoIv/igq L Z(—= 7
2 2511s ev, 36. W Other 3 X, X, > Wi=1v CIQX -
g F SR3/_Low B EZsk Uncer. ] 2.1and 1.4 o in the %5005""I'"‘I""I""\""I""E
2 e [, 1=(200,100] GeV3 3L ISR. 2L ISR. 3L o, 450;—ATLAS —— RJR analysis E
> - l ) d,ZL l £ 400F Vs=13TeV,36.1 " —— arxiv:1803.02762  —
 § sichobiho E OW mass and ow 350F- - .- Expected limits Al limits at 95% CL 5
SRR 4 * 1 Mass respectlvely 300 — Observed limits E
9 % 1 E .
; y 250 —
=--?i§?ﬁ:' “} A} % - 12 N L J
© [ATLAS ® Data . 200~ T =
$ 1 te? R T - 3
S 5L é N | o b | W B Bkg. Uncert. - F 3
I 1 otk it I 3 ¥ <o M }={200,100] GeV] 100F E
20 40 60 80 100 120 140 160 180 200 ok e E 50 3
m¥ [GeV] . 5 T E
T r ' PRI B ‘TN I SR N T RS SR S T NI WU I
- POO 200 300 400 500 60 700
- » [GeV]

Largely unique selection Exclusions for high mass reach

of events compared to g7 ' =z 600 GeV and low mass points
earlier analysis on same §°-50 ¢t [ &g cannot be excluded due to
dataset T g excesses

Signal Region ey [fb] S% S o p(s =0) (2)
SR3¢_ISR 0.42 15.3 6.9i2:2 0.001 (3.02)
SR2¢_ISR 0.43 15.4 9.7 0.02 (1.99)
SR3¢_Low 0.53 19.1 9.5M73 0.016 (2.13)
SR2¢_Low 0.66 23.7 16.1*33 0.08 (1.39)
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2lepton Standard Tree Definitions ATLAS

EXPERIMENT

Region Nieptons Njots  MNb-tag pfi,l’e2 [GeV] pjTl’J2 [GeV] mye [GeV] m;; [GeV] mY[‘V [GeV]
CR20-VV €[3,4] >2 =0 > 25 >30 € (80,100) > 20 € (70, 100)
if Nleptons = 3
CR2¢-Top -2  >2 =1 > 25 > 30 € (80,100) € (40, 250) _
VR20-VV -2  >2 = > 25 >30 € (80, 100) € (40, 70) -
or € (90, 500) —
VR2¢-Top -2  >2 =1 > 25 >30 € (20,80) € (40, 250) -
or > 100 —
VR2¢_High-Zjets =2 >2 =0 > 25 >30 € (80,100) € (0, 60) —
or € (100, 180) —
VR2(_Low-Zjets =2 =2 =0 > 25 >30 € (80,100) € (0, 60) —
or € (100, 180) —
SR2¢_High -2 >2 = > 25 > 30 € (80,100) € (60, 100) _
SR2¢_Int -2  >2 = > 25 >30 € (80,100) € (60, 100) _
SR2¢_Low =2 =2 =0 > 25 > 30 € (80, 100) € (70,90) —
Regi HPP (GeV]  HPP [GeV 2% p min(Hf,zi’Hi]i) HTY AoP SHAG( i1 /s i miss
egion 4,1 [GeV] 1,1 [GeV] plflbpp_,_Hr?}Z’l min(HgﬁyH;‘i) Hélzfl’ v minA¢(j1/jz2, pr )
CR20-VV > 200 - < 0.05 > 0.2 —  €(0.3,2.8) —
CR2¢-Top > 400 _ < 0.05 > 0.5 - €(0.3,2.8) _
VR2-VV > 400 > 250 < 0.05 €(0.4,0.8) —  €(0.3,23) -
VR2¢-Top > 400 — < 0.05 > 0.5 —  €(0.3,2.8) —
VR2¢_High-Zjets > 600 - < 0.05 > 0.4 —  €(0.3,2.8) -
VR2{_Low-Zjets > 400 — < 0.05 — € (0.35,0.60) — —
SR27_High > 800 - <0.05 > 038 — €(0.3,2.8) -
SR2¢_Int > 600 — < 0.05 > 0.8 —  €(0.6,2.6) —
SR2¢_Low > 400 - < 0.05 — € (0.35,0.60) — > 2.4
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2lepton ISR Tree Definitions ATLAS

EXPERIMENT

. Y, -
Region Nleptons NjeItSR stet Njets Np-tag pTl 2 [GeV] pJT1 72 [GeV]
CR2(_ISR-VV € [3,4] > 1 > 2 > 2 =0 > 25 > 30
CR2¢_ISR-Top =2 >1 = € [3,4] =1 > 25 > 30
VR2/(_ISR-VV € [3,4] >1 > 2 >3 =0 > 25 > 20
VR2(_ISR-Top =2 >1 = 2 € [3,4] =1 > 25 > 30
VR2(_ISR-Zjets =2 >1 > 1 € [3, 5] =0 > 25 > 30
SR2/_ISR =2 > 1 = € [3, 4] =0 > 25 > 30
Region myz [GeV] my [GeV] Aqb%\é,l Risg  pihag [GeV]  pTM [GeV]  pSM [GeV]
CR2(ISR-VV € (80, 100) > 20 >20 € (0.0,0.5) > 50 > 50 < 30
CR2(_ISR-Top € (50,200) € (50, 200) > 2.8 € (0.4,0.75) > 180 > 100 < 20
VR2(ISR-VV € (20, 80) > 20 >20 € (0.0,1.0) > 70 > 70 < 30
or > 100
VR2¢_ISR-Top € (50,200) € (50, 200) > 28 €(0.4,0.75) > 180 > 100 > 20
VR2/(_ISR-Zjets € (80,100) < 50 or > 110 — — > 180 > 100 < 20
SR2/_ISR € (80, 100) € (50,110) > 28 € (0.4,0.75) > 180 > 100 < 20
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ATLAS

EXPERIMENT

ATLAS 13 TeV Data - | L dr = 36.1 fb’! ATLAS 13 TeV Data - | L dt =36.1 fb”
X =X
RIR-2L-H — RIR-3L-H —
< <
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D) D
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New Physics interpretation - GAMBIT

GAMBIT collaboration performed a global electroweak fit using available collider and direct DM constraints

Best expected SRs

| All SRs; neglect correlations

EWMSSM. GAMBIT 1.2.0

. Local SM  EWMSSM Local SM  EWMSSM 500 [ B 20 C.L., collider only
Analysis signif. () fit (0)  fit (@)  TOPS | signif. (o) fit (0)  fit (o)  FORS [ @20 1. collider+DM
Higgs invisible width 0.9 0.3 0.2 1 0.9 0.3 0.2 1 [ O }13" C'é't’ °°'1'li_‘l‘"+[[’$
Z invisible width 0 1.3 1.3 1 0 1.3 1.3 1 400 | = Best it, collider
ATLAS_4b 0.7 0 0 1 2.1 0 0 2* -

ATLAS_dlep 2.3 2.0 0 1 2.5 1.0 0 4 = -
ATLAS_MultiLep_2lep_Ojet 0.9 0.3 0.1 1 1.3 0 0 6 < 300
ATLAS_ MultiLep_2lep_jet 0 0 0.5 1 0.8 0.5 0.3 3 S-_D, B
ATLAS_MultiLep_3lep 1.8 1.6 0.6 1 1.2 0.4 0.3 11 2 |
ATLAS_RJ_2lep_2jet 0 0.3 0.5 1 1.5 1.8 15 4 &8 sool
ATLAS_RJ_3lep 2.8 2.4 1.0 1 35 2.6 0.5 4 = —
CMS_1lep_2b 0.9 0.3 0.3 1 0 0 0 2 i
CMS_2lep_soft 0.4 0.2 0.2 12 0.4 0.2 0.2 12 i
CMS_20Slep 0 0.4 0.6 7 0 0.4 0.6 7 100 |-
CMS__MultiLep_2SSlep 0.2 0 0 1 0.2 0 0 2 -
CMS__MultiLep_3lep 0 0 0.5 1 0 0 0 6 B
Combined 3.5 15 0.3 31 | 4.2 1.3 0 65

—44 Lo

Our best-fit point has neutralino masses of
—46 0.8

—48

—50

log(f - USI/Cm2)

—52
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= PandaX 2017

0@ === [.7Z projection

60 80 100

* GAMBIT: The Global and Modular Beyond-the-Standard-Model Inference Tool, Eur. Phys. J. C 77 (2017) 784, [arXiv:1705.07908].

(Mo, meo, Mmoo, meo) & (49.4, 141.6,270.3, 290.2) GeV,

X717 Xo? X3’ X4

and  chargino  masses of (mif’mfcf) ~

(142.1,293.9) GeV. We find a local significance of
3.50 for this excess. If there is indeed a supersymmetric
signal resembling these properties the ATLAS and
CMS experiments should be sensitive to it using the
full LHC Run 2 dataset.



Detector Performance Highlights

Electron performance measured down to 4.5 GeV

ATLAS

EXPERIMENT

Muon performance measured down to 4 Gev

Large-R jet masses pile-up robust

Pile-up performance in b-tagging

> 1 3 1 T T
— — —
& o5 oo 3 = - g =
5 o0 o —-— 3 S B N
a - s ——— = B |
+ 0.85 e a W 0.95— —
. +"+'L¢-."A" g —
g os T - ATLAS Preliminary e JvoDala
0.75¢ ++ ./{TLAS o Ay 0.9- s =13TeV, 333" _e_J/\THE:i MC —
s =13 TeV, 33.9 fb™' R . ]
0.7 .«++ -2.47<n<2.47 is: Medium muons —e— Z—pp Data i
0.65} —4— Loose = No TRT selection applied —o— Zpp MC -
—_— edium L _
—+— Tight — >0.1 —
0.6 D ful. G+ open o 0.85— mk0.1 5 WStatonly ~ Sys® Stat l
R e 1.02 = -
Q 1.15 E :
E 1E)g g 1=
© N ©
o gozé £ O (L8
b.a Lty L L L L L ) L L PR IR RN B— s PR L L L . . PP
2040 60 80 100 ‘2°E ‘;°V 5 678910 20 30 4050 102

E 1 miss (tfrack soft term) pile-up performance

%300'—' LA L LA B B I LANLIL L B B B L l T T T I T g ,_I L l L l L l L | I LI I = ; 30 LU I LI I L | LI I L I LI
% L ATLAS Prell‘mlnary Data 2016, 13 TeV, 10-25fb" uf 1.2F ATLAS Preliminary _ 8 B T T
@ [ 13TeV,10-25fo", anti-k LCTopo R=1.0 jets 1~ - . 1= + relimina —— Data i
£ 250/ LOW+JES+IMS calibration, statistical errors only - 8 N {s=13TeV, 281" ] g | v |
[ dua sim ] 8 L 1 & | Data2016, fs=13TeV
fi [ —e— o Top candidate jets 1 o 1-1__ 7 é i = Z(-ee)MC )
L —-— W candidate jets J = L 4 & =20 -1 -
5200_ —— s QCDjets 4 © - i ::Ll, i Z- ee, 8.5fb i
® C o P —H_y_: > B 1% -
£ [ @ SE) 1 — T L. i
L 150/ 1 5 C 1= | 0 jets, pT>20 GeV ]
L 1o C 15
r 1L B 1= L i
r 10x L _
100|- 1 5 0% 1 0 e IURPRPRPRPRPRPRI RS S o s s sses e &
- 1 [0 r 7 L AT o -
N - -] E C .'rotuUneuulmy ] +
- : [ Mv2c10, ,=77% ] - .
s0- . - 0.8f ]
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Trigger Performance Highlights ATLAS

Trigger Efficiency

THE UNIVERSITY
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ATLAS trigger and DAQ systems form the
basis for a successful data-taking

Major challenge in 2016: Maintain trigger
performance in fierce luminosity & pile-up
conditions

Main physics triggers for SUSY searches:
Generic Er iss; j€t, lepton triggers

1 4 T rrrrr Tt | |
] 2: ATLAS Internal ]
"I Data 2016, Vs = 13 TeV, 33.5 fb .
1; . _]
C *u-"“"‘ ]
0.8~ Di-electron triggers
06— —
r HLT_e17_lhvioose_nod0 ]
0.4— * Data .
E s Z-eeMC E
0.2 -
o; -h. Lo oo b o b oo b o by e by :
20 40 60 80 100 120 140

Offline electron E; [GeV]

Efficiency

EXPERIMENT

g
é 1—ATLAS Prellmlnarw—‘——'—'
w
w
ET miss *+ e Efficient region
0‘8 q-w mEEm ’
- triggers -
i *a \s =13 TeV, 135 pb™
e
06— . data16
K - lepton triggered
L - <pu>=21.5
0.44— e
L - et ¢+ HLT xe80 tc lcw L1XE50
I T ® HLT_xe90_tc_mht_L1XE50
02 e e e HLT xe100_L1XE50
- L -
_ - e + L1_XE50
.qm.‘.‘nllllnllllnnnlnn|||||||1||||
00 50 100 150 2(;0 ) 2510 3(I)0 35|0 400
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- L] T T ] T . L] . T | T L] T I T T T I T T T
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- Z — u —
-1.05<h"l<24 .
1— ek * & * * L3 * 3
u SR8 - S —
- 'Y -
I - Single-muon triggers
0.5 . —
= ¢+ L1 MU20 |
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Inclusive Olepton -complementarity ATLAS

EXPERIMENT

Example benchmark

+ Final state: 2-6 Jets + Eq,;ss (no leptons!) Hy = 2p, p  models
Mg = Hr + Eqiss

~<1
Y-~
o

—_O

— m.-based Analysis Stream ~N

-~

* 24 inclusive SRs using the effective mass as final discriminant:
- 22/3 jet regions > direct squark decays p
- 24/5 jet regions > direct gluino decays

q
- 25/6 jet regions = gluino/squark decays via x* with W bosons
- 22 large-R jets > gluino/squark decays with boosted W bosons q
- Scans of My, Et iss/Mess OF ET,missI\/HT to cover variety of mass P : W
\ spectra y q’ | e 79
X1
not orthogonal but <~ X

complementary

v

— Recursive Jigsaw Analysis Stream ~N

* 19 inclusive SRs based on the recursive jigsaw reconstruction
technique:

Impose specific decay hypothesis on event and assign four-
momenta to invisible states.

Compute kinematic variables in the frames of the intermediate
hypothesized particles
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Inclusive Olepton search - backgrounds

» Dominant backgrounds estimated in 4 CRs for each SR - extrapolation to VRs/SRs with transfer factors (TFs)

W CR (1-lepton + b-veto)

Events / 200 GeV

Data / MC

Events / 200 GeV

Data / MC
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add Y to pT,miss

treat { as jet
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8 S= ev, 3o. [ Wejets
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c
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N a9 direct,
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N
1
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2 Yt
= 05
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Inclusive Olepton search — fit results ATLAS

EXPERIMENT

Example for gluino pair production with decays to jets and E;™ss

Fit components estimate the total background.
This is compared to the observed yield in the various signal region

Signal Region RJR-G1la RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3Db RJR-G4
MC expected events
Diboson 3.06 1.54 2.91 1.34 0.80 0.37 0.24
Z/~v" +jets 28.56 13.03 28.01 9.41 8.56 2.90 2.05
WHjets 13.99 6.40 14.66 4.98 4.45 1.71 0.99
tt(+EW) + single top 6.04 1.96 6.50 1.99 2.74 1.32 0.97
Fitted background events

Diboson 3.1+0.6 1.5+04 2.940.8 1.34 £ 0.34 0.8 £0.24 0.37 £0.22 0.24 £0.13
Z/~" +jets 23.9 + 3.0 109 £ 1.5 23.6 £ 2.8 79+1.1 7.224+1.0 2.54+0.6 1.73 £0.33
Wjets 11.4 £ 1.7 5.240.8 11.7+ 2.1 4.0 £0.7 3.5+0.7 1.440.6 0.79 &£ 0.27
t{(+EW) + single top 4.8 +2.1 1.6+ 1.1 5.6 +2.8 1.7+ 1.0 24+1.1 1.147129 0.831 0 2%

Total bkg

19.2 £ 2.2

15.2 £ 1.7

13.94+ 1.6

Observed

16

15

19

10.0

14.5

S92 13.9 9.4 20.1 :
s 16.275 % 10.715 4 174752 95752 9.7739 10.213% 7.6123
po (Z) 0.50 (0.00) 0.50 (0.00)  0.23 (0.73) 0.50 (0.00)  0.09 (1.36)  0.12 (1.15)  0.18 (0.90)

9.1
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Events / 100 GeV

Data / MC

Events / 100 GeV

Data/MC

Signal region — Olepton search results!
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ATLAS Preliminary ~ ® Data2015and 2016
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Signal region — Olepton results! ATLAS

EXPERIMENT

Good improvement on the parameter space we’re now probing wrt run1 ©

Still no clear sighal ®

gd production, B(G — q %;)=100%

;‘ 1400 B T T T I T T T I T T T I T T T I T T T I T T T I T T T
8 L ATLAS Preliminary & Obs. limit (+103°57)
= [ Yo =13TeV, 36,1 fo" === Exp. limits (+10,,)
31200 mits (£10,,,
1= - O-leptons, 2-6jets === Exp. limits MEff
L MEff or RJR (Best Expected) ~ ~7°7 Exp. limits RJR

—— 0L obs. limit (3.2fb™", 13 TeV)

1000 [ All limits at 95% CL.
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Phys. Rev. D 97, 112001 (2018)
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Signal region — Olepton results! - ATLAS

EXPERIMENT

Recursive Jigsaw for
compressed regions
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RJR technique — used in ATLAS ATLAS
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Yields in agreement with expectation,
for the most part....some modest
excess at the highest mass
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Also has excellent performance in
signal models that the
analysis wasn’t optimised to probe.




What’s the gain?
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ATLAS

EXPERIMENT
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- Between the two analysis approaches we select non-overlapping events

- If we were to see an excess in both, or one and not the other, we get a
very powerful piece of information instantly




