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THE PLAN

® Lecture 1: SETTING UP A SEARCH AT THE LHC

® Searching for SUSY 1n practice: strategy, trigger, reconstruction
® Designing a search: Simplified Models

® Building a search: signal region, control regions, statistics
tools

® Lecture 2: RsPARITY
CONSERVING .SUSY

® Lecture 3: BEYOND MET-BASED SEARCHES

® RPV SUSY

® DM direct production _ _
® Displaced particles

® DM cascade production
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WHAT THESE LECTURES ARL

@ I would l1ke to give you an i1dea . y
. . 2 s 110 GeV es .
of how a search is built @ ’ (H'g"”]

No

@I will use SUSY for practical < e ") Yes H(yy HZ(bb)J CR .....
reasons, but I will touch other one R0 Gy o A
searches too L y

oy, 1y 0.85@ Yes [ HighRes ) :
® What I will say applies 1in No | pa——_
general, not just to SUSY [umms] ) |

......................

searches S A SR
210° NS . 2 — igc
® For experimentalists, 1t might S Fbomen e osm worwm S r——
be useful to design the strategy ; ‘ ’ | |
towards your next discovery b,
>
® For theorists, it might be o
useful to understand i
experimental results (7.e., °:z°.,,“zz.maé |
Where the assumpt.ions COme -in, ; :';L_L_;_;_;_L_L;;_L_;_;_;_;;;22222222222::';9;222222222
to which level results ;% LR | Europesn
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® The slides are (CMS-
biased, for obvious
practical reasons

@I am 1n CMS, I know CMS
more, and 1t costs me
less time to prepare
lectures this way

® The large part of what I
will say applies also to
ATLAS

@ IT not, I will make 1t

clear to vou S | sovean
.y . '.':,..‘: .':..e..rc Council




CERN
\ For decades physicists have been working on
a beautiful theory that has promised to lead to
a deeper understanding of the quantum world.
Now they stand at a erossroads: prove it right in
the next year or confront an epochal paradigm shift

By Joseph Lykken and Maria Spiropulu

PARTICLE PHYSICS

Supersymmetry

andthe
CrisIS
111

1y SICS

IN BRI

Supersymmetry postulates that every known parti-
cle has a hidden superpartner. Physicists love super-
symmetry because it solves a number of problems
that crop up when they try to extend our under-
standing of quantum mechanics. It would also poten-
tially solve the mystery of the universe’s missing
dark matter,

Physicists hoped to find evidence of supersymmetry
n experiments at the Large Hadron Collider (LHO). To
date, they have not. If no evidence arises in the next
run of the LHC, supersymmetry will be in trouble.
The failure to find superpartners is brewing a crisis in
physics, forcing researchers to question assumptions
from which they have been working for decades.

THE BIG PICTURE
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EIGHT YEARS OF SEARCHES . ..
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SUSY: A MOVING TARGET

® We started looking for mSugra-inspired
models. Thanks to large gluino and
squark cross sections, exclusions W
became soon very strong T LI T T T T s |

-— - \

\ A | 95% CL limits.opesy not included.
:LSP \ATLAS Preliminal’y 77| = = Expected O-lepton, 2-6 jets

4 - e ATLAS-CONF-2013-047
}.\Ldt=20.1 2071 ¥s = 8 TeV Opserved ,
. \ = = Expec O-lepton, 7-10 jets
\ wmm= Observed arXiv: 1308.1841

O
-
o

m,, [GeV]

® We then moved to Natural-SUSY
scenarios, with focus on t and b
Squarks 700

\ \ ~ = Expected (.1 |epton, 3 b-jets
‘ wes Observed  ATLAS-CONF-2013-061

UN N \ Expected :
N\ A =L \ = = EXpec 1-lepton + jets + MET
\ \ TTrmre—i .| ===Observed ATLAS-CONF-2013-062

\ \ = = Expected 1.2 taus + jets + MET
\ \ wem Observed  ATLAS-CONF-2013-026

\ \ =~ Expected  5.g35.|eptons, 0 - = 3 b-jets
\ . wes Observed  ATLAS-CONF-2013-007
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® We moved to simplified models as a
generalization of search strategies so
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@ We recent 7y genera 7 ized S imp 7 7. f7. ed 300 1 | \:\\ | I | | \\\ll | I 1 ll\\ll | 1 I\l‘l | | | “l l | | l|‘ll 1 I lllll | | l—;'l
models to BR-1ndependent results y 00000 oS00 o000
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® And we extended model i1nterpretation i
to large-dimensional scans (pMSSM) erc —
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SUSY: A MOVING TARGET

® We started looking for mSugra-inspired

~

models. Thanks to large gluino and 9= -rrrrrrrrrrrrrsrrsssrssmmsnsmssrssss s
squark cross sections, exclusions § - tby’
became soon very strong D e s ee s nnn s e :
al b — tx* b— by’ G-ty
@ We then moved to Natural-SUSY S|t P i
scenarios, with focus on t and b £ LR TR G bby
squarks S A YU,
itﬁW*io
@ We moved to simplified models as a Jom— - Feemmmmmmms
generalization of search strategies
(with 100% BR assumptions) Cm,,“[sm, /H..,,./ SUSf
—7 J 7
® We recently generalized simplified o | j
models to BR-1ndependent results
. . “oo {"LR:L
® And we extended model interpretation ) U T | cveren
to large-dimensional scans (pM.?DSM) y ! eJ’C ooty
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models. Thanks to large gluino and
squark cross sections, exclusions
became soon very strong

® We then moved to Natural-SUSY
scenarios, with focus on t and b
squarks

®© We moved to simplified models as a
generalization of search strategies
(with 100% BR assumptions)

® We recently generalized simplified
models to BR-1ndependent results

® And we extended model T1nterpretation

to large-dimensional scans (pMSSM)
11

® We started looking for mSugra-inspired

Higgsino LSP Model: t1. production, m(}’] m('f:)+5 GeV, mQ) — m[2|]+10 GeV, March 2018
~ 600

o

SUSY: A MOVING TARGET
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® We started looking for mSugra-inspired
models. Thanks to large gluino and
squark cross sections, exclusions
became soon very strong

—

b

Mo [GeV]

® We then moved to Natural-SUSY
scenarios, with focus on t and b
squarks

® We moved to simplified models as a
generalization of search strategies
(with 100% BR assumptions)

® We recently generalized simplified
models to BR-1ndependent results

® And we extended model T1nterpretation

to large-dimensional scans (pMSSM)
12

SUSY: A MOVING TARGET

CMS 23" (13 TeV)
2000 |
pp — G4, § — b, / %, / b, (BRindep.) |
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SUSY: A MOVING TARGET

® We started looking for mSugra-inspired ,p se

. MSSM: % LSP
models. Thanks to large gluino and B, el

oA

T ] ) 1 ] 1 § ]' 1 ] 1] I

O
IS

. . S : ) 3
squark cross sections, exclusions 8 - (s=8 TeV, 20.3fb =
became soon very strong G 3000 = m(z,)=0 GeV [1405.7875] 0.8 2
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®

® We then moved to Natural-SUSY 1063
scenarios, with focus on t and b 2000 =
squarks E
O

B

o
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® We moved to simplified models as a 1000

generalization of search strategies 0.2
(with 100% BR assumptions)
0 0
. . . 0 500 1000 1500 2000

® We recently generalized simplified

models to BR-independent results m(g) [GeV]

(a) All LSP types

® And we extended model interpretation G | ame

to large-dimensional scans (pMSSM) eJ’C Gounch
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SIGNAL: CHOOSE YOUR TARGET

® LHC 1s a proton
collider

® whatever you want to
produce needs to
couple to quarks

® Th1is 1s basically true
for any MSSM particle

® Different production
mechanisms contribute
to determine the
production cross
section | e

15




2l PRODUCTION CROS3S SECTION

® These mechanisms
translate 1nto a
hierarchy of
production cross
sections

® colored particles
have larger cross
sections

® gluinos more than
quarks, because of
color enhancement

® ewkinos have the
smallest cross
sections (but with a
lot of data we are
getting there)

Cross-section [pDb]

NLO + NLL, pp, Vs = 13 TeV

1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1

104 ........................ ............................ _ng (h|ggsm0[|ke) ................

103 e e i ............................ —XX(W"TU hke) .........................

1 02 .................. S —gg .....................................................
— (q;:

10 B\ N\ N\ ......................... _,ﬁ_, ........................

y E R T o N S— ;...:.1.0...events produged
10 b NN I the 2016 dataset
1072
107°
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10—5 , 1 | 1 1 1 1 l 1 1 1 : 1 1 . 1 1 1

0 500 1000 1500 2000 2500

Susy particle mass [GeV]
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FINAL STATES

® Making SUSY particles 1is R R
only part of the problem M
® The next is the decay S I S e B .,
mode, starting with é - PR DEEOX 9 X
designing a trigger o )
g t— by t—ty’° g —* bby’
® ewkinos decay to leptons S|
(via W/Z/H) or h7gh—pT Xi.—~~”
Y, which are rare in X" WX
typical LHC collisions O e
® squarks and gluons make
jets, to which there 1is Z
a large background g ,
a,," XL
® Among the squarks, stop 3
and sbottom are better g o y
to handle, because they ’ i
come with b-jets and i LiEEEE | European
sometimes with W bosons ; HHOYC] come
1> s o




PRODUCTION VS DECAY

CHARGINOS AND
UNSTABLE NEUTRALINOS

i
i STABLE NEUTRALINOS
| (AKA YOUR DARK

MATTER CANDIDATE)

GLUINO

SBOTTOM

A= — — e === _ P == —
e — i e T L e — = = == —_— -
e - —— —— . e e > s e . — = d = =
= = S = Candiame—~_— s

Producktion

Lalsdeeisl European

e re et . Research
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THE L.HC DATA FLOW

® Too many data, too large data -> need to filter online

® Selection done 1n two stages of reconstruction
® Accuracy 1ncreases with rate reduction and consequent latency i1ncrease
® Three main domains

@ Online selection (trigger)

® Offline central reconstruction

® Offline selection + data analysis

HKHz=




@ 40 MHz 1n / 100 KHz out

@ ~ 500 KB / event
® Processing time: ~10 ps
® Based on coarse local reconstructions

® Not all detectors available (e.g., no tracking 1n Run I/II)

® FPGAs / Hardware implemented erc e
=




@ 100 KHz 1n / 1 KHz out
® ~ 500 KB / event

® Processing time: ~30 ms

® Based on simplified global reconstructions

® Software implemented on CPUs
HBTC| coman
= R




CENTRAL OFFLINE RECONSTRUCTION

@1 KHz 1n / 1.2 KHz out

@~ 1 MB reduced to 300/30/3 KB per event (AOD, miniAOD, nanoAOD)
® Processing time: tens of seconds to one minute

® Based on accurate global reconstructions

® Software implemented on CPUs
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OFFLINE ANALYSIS

Q’>
%/&%
S

@ This 1s you with your laptop, an ssh connection, a grid
certificate and/or some local computer far

® At this stage, anything 1s possible, with all the time you
want (< postdoc contract/PhD duration)

® But you need to be sure that your 1nteresting data made 7t up
to here Care




ACCURACY

Q
9’
e,

{

A compromise between
latency and accuracy,

which translates into a
compromise betuween
purity and efficiency

Rccuracy
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S THE COST OF TRIGGERING

® For offline analysis, the online
selection is some efficiency * :q «
response function (aka turn-on . | Analysest | s
curve) § et s B8
: efficient %

® Usually, analyses work 1n the

These eventis are

. . . . col Jected (a disk
regime where this function is flat Cosh> and never. used
I
. . ! Offline Enerav
@ Offline reco = online reco » sharp A A

function: whatever you save 1S
what you use

start where

- 7
5 trigggr 1s S
® Offline reco =online reco » slow 2 efficyent 2
. . . ()
raising functmn._ many events are 2711 B T ected
written for nothing (1.e., events are

s ;...:..o European
N .‘-’:’-’:" ~ 3 Research
' -',:’.‘.'.erc Council
-, .o.o.o:....

AN AL A

| Offline Enerav Traliesesss

used offline

resources wasted)
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WHEN THE TRIGGER IS A PROBLEM

® Whenever you don’t have rare handles to trigger on (1solated
& high-pT leptons or photons, large lepton multiplicity, a
lot of missing Ert)

® When all you have 1s jets
® When your signature consists of moderate-pT objects

® When your signature consists of track-related features
(displacement, stopping tracks, large dE/dx, etc)

® Trigger doesn’t make things 1mpossible. But can make things
very 1nefficient

® 1n which case, you have to wait for A LOT of data to probe
certain scenarios ST | wopesn

> S -

.. k) o

» " .
A e

=2/



THE WAY OUT: SCOUTING

100 KHz

Real-time new physics search with large

datasets

® Run reconstruction 1n the trigger farm

® Avoid resource limitations: write less information 2

(a few floats) for more events

@ Probes unexplored territory, previously left

behind

B

Coupling g

A

—

Problem: practical only for specific topologies-’

No application to SUSY (yet)

=8

0

1 KHZz
1MB/evt

1/100 the
events size

g )

S N4 X6 Mmore events
h%
18.8 b (8 TeV)
I \ ' | ]
B CDF 106 pb ' (1997) CMS 19.7 b (2015)
- | o, 15=1.8Teyv, 21] op, Is = 8 TeV. [18]
B l CDF 1.13 fo ' (2009)

\

pp. Vs = 1.96 TeV, [21]

UA2 10.9 pb™' (1993)
pp, Vs = 0.63 TeV. [21]

llIllIlllllllllllIllll

ATLAS 20.3 fb' (2015)
pp. s = 8 TeV, [14]
(Gaussian resonance shapes)

+ 2 std. deviation (ExpecteC

1
100

2000 300
MZ.B [GeV]

1 1 1 1 1 1 I
200 300 400 1000



LIFE WILL BE EASIER

® Major trigger upgrades are on

the way

® ATLAS 1ntroduced tracking
capabilities at “L1.5”

® Both experiments planning for
tracking at 40 MHz for HL-LHC

cluster /

offset: 0

ENEEEEEEEEE EEE N
outer sensor

offset: 3

window

width ’ , span: 5
cut . . fail | pass
S T T T BT Bl o B TS I T BB I B jnper sensor |
pltCh - L s s s e s 11 v s e e s |

~0.1mm .

 member

105 - - E:nerator ?
® Both experiments extending L RS v
. = - o A L3 + isclaticn (calo + tracker)|=
scouting usage W, T, -
Jg g ¥ o0E s ‘ ane : E
@ In RUN 111, LHCb & ALICE il ‘\%‘"‘m

moving to a real-time - e
reconstruction system that | el
will replace the HLT (i1.e., I R B

scouting as a default)

e

p} threshold [GeVIc]

=
=
g eparation
£
le
Q

~0.2 mm beam

105 llfllllll]llll]llllllllllll
10"E

Q - .
S 10g® E
Q = 3
) C @ S
Z 107 .
ﬁ 10 .
‘g ‘@
o7
o 1 ! el
> ol .
§ GES 1
- 10.1 e'®e
® e ..
&P
1072 o o o
10‘3 1 l | 1 1 L j 1 1 l 1 1 l 1 1 l
0 5 10 15 20 25 30
P, [GeV/c]
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WHAT DO WE 3SEE IN THE DETECTORS

Ley.
Muon

® Detectors are designed so
that most of the particle — ——Gmimmeam
is detected by at least =~ e %
one detector

® For jets, you care about
the collective objects and
not the 1ndividual

constituents N/ E
® you can use the energy oIhCHS B :
deposits 1n calorimeters ot -
Decays il : Detector :
(standard reco) D —— .
® you can first - :
reconstruct the _ L 1 — | am— 73
Particle Fl
1ndividual particles and e Paiicle Flow ”
then cluster them jet, & photon candidates LiFEED | uropean

(particle flow) erc e
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DETECTING INVISIBLES

® Neutrinos other neutral
. Jet 0,
stable particles (dark ot = 021.98
matter etc) don’t ohi = 2.508
interact 1n the
detector

® Their collective
presence can be .
detected measuring the e

missing transverse MET 0,
t=913.68
energy et = 0.000
phi = -0.657
miss — | — % —1
A iP ¢ _
erc /o
==




9l WMISSING TRANSVERSE ENERGY

® Two protons with same energy
collide

® Actually, the collision 1s
between quarks/gluons 1n the
proton. They carry different
fractions of the proton momentum

@ As a result, there 1s a momentum
1mbalance ~ along the beam axes,
but not 1n the transverse plane

® Transverse momenta should then
balance. If some particle
escaped undetected, the balance
will be broken

33
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NEW SEARCH TOOLS

® Today’s BSM search today expanded 1n
many new directions

13 TeV, 2016

—h

> :I L IIII!IIII.IIII!IIII!IIII.IIII.IIII!IIII!I

@ Better identification of complex = F C,Mgé o  —udsg: /-
. . O - Simulation .0 g = : —
objects (e.g., tau leptons, b-jets) © | _ @ g g g _
| [ fttjets -

S 1l P >20GeV e ) _

® New Standard Model candles (e.g., c107E =
the Higgs boson) 2 T -
® New reconstruction strategies S L e )
(e.g., boosted jets) L F ——JP =
5 L — CSV (Run1) =

, s T —— CSW2 (AVR) -

® Better understanding of the = L —Ccsw2 -
detector - better sensitivity to Ll e e R . (s S :Sﬁ%ﬁ\%ﬁv ----------- —

: :-.-i’.rl 1 | P.I | I | lI IlilIIIiIIIIiIIIIIIIIIiIIII:

soft part7c7e5 0 0. 02 03 04 05 06 07 08 059 1

b jet efficiency
® More and more exotic signatures:
displaced vertices, disappearing
tracks, heavy stable charged IR | european
particles, etc HOYTC) comer
34




NEW SEARCH TOOLS

® Today’s BSM search today expanded 1n
many new directions

® Better i1dentification of complex
objects (e.g., tau leptons, b-jets)

@ New Standard Model candles (e.g.,
the Hi1iggs boson)

® New reconstruction strategies
(e.qg., boosted jets)

® Better understanding of the
detector - better sensitivity to

soft particles

® More and more exotic signatures:
displaced vertices, disappearing
tracks, heavy stable charged

particles, etc
35

Cross section [pb]

10

CMS

CMS 35.9 fb' (13 TeV)
; .= = signal
O B -+ bkg.
o 14 - — signal + bkg.
Z12F
=~ S |
N B
-E 10 - '® )
O - m“ & | P
Lﬁ 8 — | ® >
6 :— I Y @ lol @ |
4 m | | [ | . o | o oo | 11 Y
O : L l I J 1 I.-.l--*'.'l | "h- I d Lol 1l L J 1l | l |- L |
110 12 130 140 150 160
m, [GeV]
35.9 b (13 TeV)

~0,+ 0,
pP—=% %

~0 ~0 ~0 ~
X, X, + X X, H G (100%)

Mo=Mm_,=m, m.=1GeV
Xy X X G

— NLO+NNL theory = 10y,

95% CL upper limits
—— Observed

Expected

- 68% expected
95% expected

[— I —
150

| I
200

| SR T RN I M ot s e e meme e e B
250 300 350 400
Higgsino mass m [GeV]

%

CMS-SUS-16-045
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NEW SEARCH TOOLS

® Today’s BSM search today expanded 1n
many new directions

® Better i1dentification of complex
objects (e.g., tau leptons, b-jets)

® New Standard Model candles (e.g.,
the Higgs boson)

® New reconstruction strategies
(e.g., boosted jets)

® Better understanding of the
detector - better sensitivity to

soft particles

® More and more exotic signatures:
displaced vertices, disappearing
tracks, heavy stable charged

particles, etc
36

Events / 7 GeV

Data/Sim.
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Syst. uncertainty
—— EXp. uncertainty

—— Mod. uncertainty
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NEW SEARCH TOOLS

® Today’s BSM search today expanded 1n
many new directions

® Better i1dentification of complex
objects (e.g., tau leptons, b-jets)

® New Standard Model candles (e.g.,
the Higgs boson)

® New reconstruction strategies
(e.qg., boosted jets)

® Better understanding of the
detector - better sensitivity to

soft particles

® More and more exotic signatures:
displaced vertices, disappearing
tracks, heavy stable charged

particles, etc
3/

CMS

39
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33.2-35.9 fb
. . _ ~0 ~+ ~0 ~0
Higgsino-like: pp — %, X, + PP = X, X,

~0 ~Q ~+ ~

2
— Observed+ 10

-=-Expected+ 1o

theory

experiment

1]111‘1’||1

/ L4
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—
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—
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1 2 “1
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|IIII|IIII|IIIlIllllllllll

|l

llllll

—
-

-]
g
_
O+

120 130 140 150 160

mﬁzo

170

[GeV]

95% CL upper limit on cross section [pDb]

European
Research
Council



NEW SEARCH TOOLS

® Today’s BSM search today expanded 1n
many new directions

® Better i1dentification of complex
objects (e.g., tau leptons, b-jets)

® New Standard Model candles (e.g.,
the Higgs boson)

® New reconstruction strategies
(e.qg., boosted jets)

® Better understanding of the
detector - better sensitivity to

soft particles

® More and more exotic signatures:
displaced vertices, disappearing
tracks, heavy stable charged

particles, etc
38

""" neutral HSCP displaced H BSM
m— CNarged dilepton M lepton
m—————2NYy Charge B quark
photon
M anything
disappearing displaced
track lepton
> T
“,’/ :'\Q
/,/ :, ': \\’ ., ¢
o : .‘ «\-\_\\ 0’.
displaced i displaced
dijet N %, photen
. A4
displaced \ 4 displaced Not [_)ictured:
vertex eEavEnElsn out of time decays
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RECO INSUMMARY

® As long as you use standard objects
(e.g., the kind of jets, leptons, etc

used 1n SM, Higgs, Top analyses) you > [ cms tf + jets
are ready to go S | Simulation p_ >20 GeV
§ 0.9 © 0000000000 ¢,
@ Complications may arise with soft or :‘l,_’ 08 ° o e
very-hard objects ._22_3, 07l Lo sesessenng,
: . 0.6 |- “ee,
® Reconstruction more complicated when - .ooooonunn e
you look into exotic signatures o "o, ’
0.4—. .o.
® displaced jets/tracks/leptons 03| ‘e
= ® DeepCSV L ¢,
_ 0.2 - e DeepCSV M
® stopping tracks oq[  © DeepCSVT
T E u ! Lo
® 0.7 107 10°
Jet p_ [GeV]

® The solution there 1s mainly case
dependent, and we will talk about 1t ey
1n the last lecture erc Research

Council
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DESIGN YOUR SEARCH

® Based on your signature, you
should have by now some final
state 1n mind (e.g., jets +
lleptons + missing Et)

® MC simulation would tell you the

l1st of background processes from

the Standard model, among which

® Z+jets with Z to neutrinos

® W+jets with W-¢v

® QCD with one lepton from meson
decays

® QCD with one jet faking a
lepton (not for muons)

@ tt with at least one W-/¢v

Events / 50 GeV

Data / SM

4]

JNNC AN R L AL LI R SN RN R AL A B
EATLAS ¢ Data2015+2016
= (5- 13 TeV. 36.1 fbo" << Standard Model
10° EW(—> uv) Control Region B Z(= vv) + jets

107

IIIIIIII IIIIII||_LL|_|,||]-M

= p_(j1)>250 GeV, ET"*">250 GeV BN W(o v) + jets
1o E-Pri)> > B Z( 1) + jets
) B tt + single top
10 B Diboson
10°
102
10
1
107"
12 F [ Stat. + Syst. Uncertainties :.*..'. ..... -~ +|f}l ..... 1=
1 ?”'—0.00.¢‘+*+ R i R
0.8 :_ ...... e ..... ..... | ..... ..... e || ..... ..... 1—:
400 600 800 1000 1200 1400
Leading jet P GeV]
- .;.:;-..; ‘f' European
BRI LH 2 Research
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ANALY3IS SELECTION

® You need to have some physics e A
motivated quantity that Tlooks G Preselection ; ?,azp @
different for a signal and a »10°F O i
background sample P - [ Weets
g 10° — I rare
® Some kinematic quantity (see L"’ﬁ S t— tx, (650/50) x1000
Lecture 2) i
® The presence of some special
object (see Lecture 3)
@ Multiplicity of objects of some
kind, e.qg., leptons, b-jets,
etc (see Lecture 3) | ,
] | I
® Based on these quant-it-ies, one 0 50 100 150 200 250 300
can focus the search on a subset M. [GeV]
of the events for which a signal
enhancement is expected HETC o
42 THREE
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SIGNAL AND CONTROL REGIONS

® Together with the &/ <

S
signal region, a Signal Region

set of’contro7
regions are

des7_gned ; P I L+=ts control |
enriched of one Tttt B | rsoion | e

|| +isolated BEEEEEE

kind of | :
| ENEEEEN |

background

® Backgrounds can
be measured 1n
these regions and
scaled according
to transfer
factors,
predicted with MC
simulations

! | No b-jet +non
| | |solated Iepton




D)l SIGNAL AND CONTROL REGIONS

® With this MC-assisted data-driven background prediction, you are more
robust vs unexpected i1ssues

@ St1l11, keep 1n mind that our MC simulation 1s more reliable than this,
when far from the tails (template fits are often used for SM
measurements)

@ At this stage, your analysis translates 1nto a multi-bin counting
exercise, where the signal 1s searched as excess on prediction

2 10° =ATLAS  Preliminary : —e— Data
0 Vs =13 TeV, 13.21b" : — Total SM
w10t . [
. C ) Eh ets
. 0 i+
10° " o Wi =
| o - — Diboson =
102 | N | . : 1 Z+jets =

5 4
o
. 2
g _ L
c 2 | 1 | | I | | 1 | I I | | i I | | I I I L seteants, European
' TV Mg e Mus Tun Wi Tl  Win Tug WM Tun  Win Tue Wiy Spy N Oy, O, bos, b0a, bg R LT Research
3 w?...Sg Rosp Tty B 00 % b 1O R Dy b6 T o e b 1 b T pad?  Oign oy Lhigr K e o g O avens erc .
50 7 ‘q}' - "?’Q’f; = f}/gh W fow‘DM jOw bfg‘;’ hfgb Q.Jr m(fdc&r me(;e)' .df-ag’cak cq_{tbl/ beV 1} By g A o.o. Council
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STATISTICAL TOOLS

® The full setup of statistical
procedure was setup at Higgs
discovery time

® (asymptotic) CLs emerged as
the I1mit-setting procedure

® one-sided p-values, converted

to number of sigmas, are
quoted for evidence of an
excess

® These procedures result 1n
plots l1ke these

® In case their meaning 1S not
clear, I will go through the
procedure to get them

= {0 ' _
S F ATLAS 2011-2012 M=o -
E L \s=7TeV: ..Ldt - 4.6-4.8 fb t 20 :
5 | Vs=8Tev:|Ldt-5859fn' — Observed ]
L Bkg. Expected
O
O AL N
o~
Yo
o>
10" £ CL Limits —
110 150 200 300 400 500
o= i e e m,, [GeV]
1o
20
|36
J4o
150
10° —
6o
| m— Combined obs. . -
10" —|emeBpforsme | T —
|| — YS= 7TV | o v | | :._A...‘..._....'_...‘
U et P YA _ HowmeHozz T, A0 g | S
110 115 120 125 130 135 140 145 G coue
46 mH (GeV) BRI A




LIMIT SETTING

=- 10 =
= ATLAS 2011-2012 [+t -
E \s =7 TeV: det = 4.6-4.81fb" t+ 20 _
- \s =8 TeV: |Ldt=5.8-59 1" — Observed )
4 | N Bkg. Expected
@,
o L "2y At Wittt ettt bttt ettt
O
LO
o
./
110 150 200 300 400 500
m, [GeV]




LIMIT SETTING

@® Lets say you are looking for the
Higgs boson. You have two

hypotheses: D H+

® HO: no Higgs D He

ents
N
(-
(-
o

® H1: Higgs somewhere

Experim

@® ASsume a mass value

N
-
-
-

@ For each mass value, assume a
Cross section and construct the
two distributions for some
discriminating quantity /AC) under '
HO and H1 -20 0 20

-2In(A)

(*) Neyman Pearson lemma says “use the ratio ;i | uopsen

® generate toy MC with o=0™ (H1) of the likelihood under the two hypotheses EHGTC| comen
48

Pseudo-

® generate toy MC with o=0 (HO)




'2|n(Aob3)

ents
N
-
(-]
(-]

perim

Pseudo-EXx
N
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-2In(A\) erc ——

ccccccc
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OBSERVED Cl.p

'2|n(Aob3)

Experiments
S
-
-

Pseudo-
N
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-2In(A)
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EXPECTED Cl

-2IN(Amedian-34%) -2IN(Amedian+34%)
" CLs+b
4000 0.16
E
O
Q
%
Lt
.8 2000
-
D
7
O
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28 THE BRAZILIAN FLAG PLOT

® Repeat the procedure above for several values of o/Oswu

B
U

I

@ -9@ .

.....‘....‘........ -

10t

1n-2
0.4 1.8

o(pp—H)/osm(pp—H)
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28 THE BRAZILIAN FLAG PLOT

® fach line intercept CLs = 0.05. The intersection gives you

® [he expected and observed limit

04 18
o(pp—H)/osm(pp—H) | erc Rosearch

56
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28 THE BRAZILIAN FLAG PLOT

® fach line intercept CLs = 0.05. The intersection gives you

® [he 68% range

AV: 1 L L l L I A I | B | I L I B | ' L L I L I L I A l | I I A | I L | l:
O -
Observed -
10-1 - V
- ___/'A -
i - I
I ] 11
In-2 SRR BN RN N R A A A A .

0.4 1.8
o(pp—H)/osu(pp—H) A
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28 THE BRAZILIAN FLAG PLOT

® fach line intercept CLs = 0.05. The intersection gives you

1.8
o(pp—H)/osm(pp—H) | erc Rosearch

European
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&l THE BRAZILIAN FLAG PLOT

® Now repeat the procedure for any value of mH and connect the dots

3 10 L o
c | ATLAS 2011-2012 [+ o -
E 5 \s =7 TeV: det=4.6-4.8 fo’ *+ 20 _
S | \s=8TeV:|Ldt=-58591f" — Observed :
N [ Bkg. Expected
O
R ] R
o~
LO
o

10° CL, Limits —

110 150 200 300 400 500
m, [GeV]
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R
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® |Vhen you don't know if you have a
signal, you first try to exclude it

® [f the signal is there, your limit will be
poor (and worse than expectation)

® [fitis much worse, you might have
discovered a signal...

® ... Or you might have discovered that
your analysis Is terrible

® these plots are not the right plots to
establish the presence of a signal

60

0 CMS Is=7TeV.L=51fb" 1s=8TeV.L=5.31b"
L L LA L L L LA ML L
[%) 1 —=— Observed —=
2 s Expected (68%) |
° 10 -emes Expected (95%) |2 ooy
5 {f‘\
£ 2 199%
8) 10 =
D 4038 E— ;99.9%
L = Tt =
» 10°F :
T a5l - :
5 107 E
O :
O 106E -
107 e N L
110 115 120 125 130 135 140 145
my, (GeV)
2 10 amer &~ =
c £ ATLAS 2011-2012 E+1o -
'E : \s =7 TeV: JLdt - 4.6-4.8 fb™ t 20 |
S | Vs=8Tev:|ldt=58591f" — Observed )
g | A e Bkg. Expected
@)
P N A0
o
O
»
10'1 — CLS L|m|tS —
110 150 200 300 400 500

m,, [GeV]

WHEN EXCLUSION GOES WRONG
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ASSESSING A 'DISCO\IH!Y

\s=7TeV.L=5.11fo" \s 8TeV. L=531fg"
1 I | | | | | | | |

0 = ——

h

® To claim a discovery, you need to g 10° Lo

exclude the possibility that your - 1.
background could mimic a signal sl B

! | - _60

® /o do so, you measure (with toy 10:;a“ HW+H;; ............ :ih

experiments) the probability that a 00 s 130155 150 135 140 145

bkg-only sample gives a result as S My (GeV)
: . = ATLAS 2011 + 2012 Data
S/Qna/-//ke as what you see 0Orl data Q = [Ldt~46-4816"Vs=7TeV |Ldt~58-50916"\s=8TeV .
— --=Expected Combined ---ExpectedH - ZZ* - |lll - == Expected H — bb
— Observed Combined — Observed H— 22" — |l —— Observed H — bb
. . . ---Expecied H— vy --- Expected H = WW" — viv Expected H— 1
® [he signal is stringer than the OneorwdH 11 —CosmradHs WA b —ChosredH
conventional 50 threshold so... T AN s o
:8, J4 G
10‘3 5¢
107 .
10° ‘e, eIl B
10° |,,,,1,,1,1,,1,|, ,,,]l,,‘:‘j,l,,l|,,,,[,,,lxl 6G ...:.:.,'::;'..‘:E European
110 115 120 125 130 135 140 145 150 ‘:.:-érc gzz:a;rh
= my [GeV]




BACKGROUND P-VALUE

'2'”(/\0!33)

ICRN
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BACKGROUND P-VALUE

'2|n(Aobs)
@ E
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NUMBER OF SIGMAS

ts=7TeV,L=5110" {s=8TeV,L=5.31b"
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® Before the LHC, searches
were entered on full
models

® Th1s changed during Run
I. Simplified models
became the standard

® Focus on a specific
process x decay chain

® Interpret the analysis
1n this context

SIMPLIFIED MODELS

3-body direct decay
mass |
mg + g
+qq
mXO_ XO

1-step cascade decay (W)

1-step cascade decay (Z)
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g-g production, g— ﬁi?

O-lepton, = 6-9 jets
ATLAS-CONF-2012-103
2-SS-leptons, > 4 jets [L_ =5.8 o, 8 TeV]
ATLAS-CONF-2012-105 "

3 b-jets
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https://arxiv.org/abs/1105.2838

o)l WHY IS THIS NEEDED? YES?

® At the beginning of the LHC, 800 oo
many pre-LHC-data analyses were g —xq3  LHC 70 nb"!
actually found to be too much | gProd = 3ggNo-aco 100 pb
tailored on the benchmark | ’
models |

@ Simplified models allowed to go <
beyond certain implicit 8 200
assumptions S

® This new paradigm allowed to 100!
discover weakness 1n the search ’
program and design a next-
generation set of analyses N

150 .

® In general, the use of mg (GeV)

simplified models made our i
search strategy more robust SHETC| cona
A,

100
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® BRs are usually assumed to be
100%. This means that every Iline
1nh a summary plot 1s 1mplicitly
excluding the others

® Cross sections are sometimes
computed under special
assumptions (e.g., decoupling
Iimit) and don’t hold 1n general
Q' 10°
© 10
10
1
10"
1072
107
10*
107
200 400 600 800 1000 1200 1400 1600 1800 2000
m. [GeV] 68

LSP mass [GeV]

700

(@))
)
O

500

400

300

200

100

MIND THE HIDDEN ASSUMPTIONS

-t production, 'Fetio/ 05'(0
|||||||||||||||||||||||||||||||||||

i CMS — Observed
s =8 TeV - - - Expected

—  m— SUS-14-011 0,1,2-lep (Razor) 19.3 fb™

= SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.5 fb ™
SUS-13-011 1-lep (2 and 3 body decays) 19 5fb™

. SUS-13-023 0-lep (2 body decays) 18.9 fb™

e SUS-14-015 1,2-lep (2 and 3 body decays) 19.5fb™

e SUS-14-001 0-lep (20body decays) 19.4 fb™
SUS-14-006 (te ¢ x,)18.5 fb™

—— SUS-14-021 1-lep (4 body decays) 19.7 fb™

m— SUS-14-021 2-lep (4 body decays) 19. 7 fb™
SUS-14-001 Monojet (t—> c X ) 19.7 fb™
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9 GOING BEYOND ASSUMPTION

® Recent tendency 1s to present CMS 23 16" (13 TeV)

BR-1ndependent results < 2000 — = -
O pp — 99, 9 —>tbx /ttx /bbx (BRindep.) |= 1 ret
_ - ] O, —Observed 1 Gpeory m.. m_o _s5@ev| - -
@ easy 1n specific scenarios g< |:::Expected* 10, pemen 1 9
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9 GOING BEYOND ASSUMPTION

® Recent tendency 1s to present CMS 19.3 fb™! (8 TeV)
BR-1ndependent results

—l
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® easy in specific scenarios g |HiExpected=loppne |,
Tike Natural SUSY o _Combmat/on MVA 1L + Razor OL i

® e.g., done by scanning the
BR space and quoting the 200/~
worst result i
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SUMMARY OF EPISODE |

® LHC has all 1t needs to be a SUSY discovery machine
® can produce full spectra of particles
® can observe many final states for any particle

® Practical limitations (e.g., trigger) should come into
consideration when designing the analysis

® Data control samples are a key 1ngredient (a 100% MC-based
background prediction would not be considered acceptable at

LHC)
® Statistical tools 1n place from Higgs discovery
@ Simplified models great guidance to 1nterpret and improve

searches, when taken with a grain of salt i
—1 e et
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