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“This could bé the discovery of the century.
Depending, of course, on how far down it goes”
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L ectures Part |

 Part | : Ingredients needed for a
SUSY search at LHC

400 m hurdles
=» 10 hurdles to clear

}-»“What drives the sensitivity to SUSY at LHC ?”

1.Scale and New Physics e
2.Guide to find New physics %‘
3.Detector description i
4.0bject Reconstruction %l
5.Monte Carlo Simulation = %
[ 6.Discriminant variables : D iy )
o ﬁj‘ Part | (2 lectures)
7.Background Estimation > o Motivation + the tools to dig
B - 8.Fit Results
9.Result Interpretation _"% I
10.Signal Region Definition === - E)e(g:léir:e”f‘ Eigtrlg:e”g

Qe

“Pure logical thinking cannot yield us any _ _
knowledge of the empirical world; all knowledge Lecture IA  Exercise 1 Exercise 2
of reality starts from experience and ends in it.” Lecture IB  Lecture |IB Lecture IlI

A. Einstein (1933)
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Discriminant variables

8 5, SUSY and Background Cross-Sections
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1n '-1-09-99-99-‘!‘-5-10-2-0-1-2- -------------------------- m(g,q)~ 500 GeV, m(t,)~ 200 GeV, m(x, ,)~ 100 GeV

Discoverable
m(g q)~1000 GeV, m(ty)~ 600 GeV, m(x, ,)~ 400 GeV

?g )~1200 GeV, m(t;)~ 800 GeV, m(x; ,)~ 600 GeV
Too Hard

1) Need to suppress QCD / W,Z / top by ~ 101°/ 10°/ 102

2) Estimate small remaining quantities

3) Fitresults

4) Interpret the results if no excess

5) How to design a signal region?

P. Pralavorio SUSY at Colliders (IB) Copenhagen, 30-Oct 2013 3



Discriminant variables (1)

O First need hard kinematic cuts

= To reduce “difficult” background (Fake MET/ lepton, pile-up)

SM Background !
1.Z(=>vv)+jets
2.ttbar/W+jets

SM Background
1.ttbar
2.W+jets p

3.QCD (3.Fake lepton) g
<0 =2lepton +jets+MET:
Olepton +jets+MET: 1lepton +jets+MET: v’ Dilepton trigger
v Jet+MET trigger v Lepton trigger v MET and/or high pT jets
v" Ask several high pT jets v Ask several high pT jets v' 21 Opp. sign: Z or non Z
v High MET cuts to kill QCD v Lower MET cuts than Olep v' 2| Same sign

V' my(W) >m(W) v’ 3, 4leptons

1 Then add powerful discriminating variables

= Choose the best variables to discover a certain SUSY topology [best Z=S/N(B+AB?2) from MC]
= Define ‘Signal’ populated regions (SR)
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Discriminant variables (2)

O Discriminating variables commonly used in SUSY anal yses

» LHC: unknown momentum along the beams
= SUSY: Spatrticles pair produced + Presence of invisible (massive) particles

Assume knowledge of SUSY decay chain Other approaches w/o this assumption:
= Transverse mass-like variables
-Reconstruction of 2 megajets: Razor, a-
-QCD Kkillers: Ag(jets, MET)

-QCD+EWK Kkillers: b-jets

-ttbar killers : 2lepton Same sign, 3 bjets, 3leptons, >6 jets

-Z veto

© Joe McDonald

=used in SUSY analyses

=>» Optimal choice of variable(s)/method(s) is analysis dependent
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Discriminant variables (3)

1. Effective mass (Mgq) used w or w/o leptons in final states
= Profit from the correlation between H; and MET in SUSY (absent in SM)

*
M — N 3 K !4_ ~ 35pb‘/__
max( g:q ) A.LLSL. 4 >1400*ATLASEbhml i °ga*a2010<\5 7T
tandard Model
(hlgh) Pt jet Q 0. ’g)MSUGRAmu 360 m, ,=280 ]
mln ( g q ) g‘l 200—,—— o 'Dli ':Electron bh@ael . ¥
— O UIEI o . ] . <1.8Mgysy
= | T 1000 [fsla - = #559@50 =
_rte boloe o omé s G
Z 800; [ T=] |IIIZ- -@Qn
~ ] lelc] emmE = 8= & s
B [===l= o/ma c@oE
X 600 15 ez = o s - =
~ AmSr.ofo o ;:B?
X} \ lepton v 400y SoomC ol H
Msp r EEa
photon 2001 o0 s,
* Module of Vectorial Sum: MET ~ AM AR R, T e
. 1 2 4
» Scalar Sum: H =X p(jet) [+ p 1 (I,y)] ~ AM . o s e o
o Mgy=MET+H;~1.8(Mgysy2-M, sp2)/Ms ey hep-phio006276] MET (GeV)

=> Hard M4 and MET cuts: signal efficiency ~0.1-10 %, high purity for signal

* Useful for lower MET SUSY signal (here cut~6 GeV12)
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Discriminant variables (4)

2. gT used w/o lepton in final states

(j, less energetic jet)

Events / 0.05

10* %70:“‘”' I L I I R
CMS, 1.141b" N5 =7 TeV = F CMS, 114" Ns=7TeV 3

! ! X B0 -

o 60: . Data, hadronic signal sample .

10° » :ah o 50: [1  Prediction from i and y data samples 7
s Standard Model n N SUSYIH it

=Group part. in 2 hemispheres (2 megajets)
= 0.=0.5 if perfect megajet balance
=2 0:<0.5 if 2 megajets imbalanced
=2 0.>0.5 if 2 megajets not back-to-back+real MET

=More discrimin. w RGT:N(O(T>O.5)/N(0(T<O.5)

Kill QCD

L

T T S B LLL L  L

3. Razor used w or wio leptons in final states

i | P ERRLY
L =21pj=21pj; | (o —pP) —(E - Mg peaks at mass scale My

My

R="1
My

Razor (R) has a kinematic edge of 1 (M:R kinematic edge at M )

Kill Top/W/Z

s GCD multijet

p U MG
Nominal hypothesis (p value = 0.56)

102 — (1, W, 2T ) + fets 40 hesis (p value = 0.41) | 3
30 r——JI 3
10 F ___!
20— I ’l =
10?‘*‘“?% :'- e
! I v ? la ]
Hib . A Pl Lol Low i lan s Lhy oy LY

0 02 04 06 08 1 12 14 18 18 2 300 400 500 600 700 800 900

o H; (GeV)

Similar + use longitudinal information
Boost in “R Frame” where p(J,)=p(J,)
=> If no ISR: R Frame=Center of Mass Frame
=> If M, high: signal peaks at M ~ M
Increase discrimination with R?
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Discriminant variables (5)

4. . m(W) : 1 lepton 5._Root-smin_: direct stop 1, 2 lepton + bjets

MZ(ev) = 2pMET (1-cosAg,),m ~m,~0 | | ;- { ( i Py + P (ERY )2 “ m)zp

nin T(sub) + pT

T
(=)
=

T T T T T
+ Data 2011 \'s=7 TeV)
lE|S‘ralndard(l‘j\.'lodeI " )
- multijets (data estimate
J-L dt=1.04fb = W+els
W Z+jets
1
Electron Channel &5 Single top
@ Dibosons
--- MSUGRA m=500 m, ;=330

A0(ET™ jet 1200202

T
ATLAS

Visible hard Invisible from Boost correction
process hard process caused by ISR

Events / 10 GeV

For ttbar, starting point  For tt, t>tX, m@®)-m(x)<m(t)
~2m(t), no ISR+m(v)~0  starting point <2m(t)

800 T

T T T T T T
ATLAS Preliminary e

> :
10" S t g tE-bb1*1™ ] § 1o’ ILdl-4.7lb'.|=-7TeV %;‘h
_________ = u+b§y§ em: . t-bbl"1" £y ] & F T -w°°
g 2 SEEE CELEEER R TR a 1" ejets i M=0 GeV ] s 3 1-lepton, SR, no (s, " cut 50«..«
= Rl [} P s 3| {100 > 600 o 8 s
s T S e U e s SRS 3 _ L=05 b~ i
Q o 0 2 highest
o % pr jets [ . 1
g ool | RCGIEEE
= all jets
?-g : 2
W Mass end-point (smeared by resolution) % 200l s
T 2 bojets = ZE
zZ i o 15
. . 5 : - 1 8 0SE
= Remove W+jets but cut also signal ! 200 400 000 00 o

Vs (Gev)
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Discriminant variables (6)

b
6. My, Mcr N
= Generate end-point at different position than SM because of massive LSP* 2
2 : 2 2
Mr,= l“i‘ [maX{MT(Al’p)’ MT(AZ’Q)}] IV|02T =[ET(A1) + ET(AZ)]2 - [p?(Al) - TJT(AZ)]Z
pr+d=MET

=*Min.: most ‘consistent’ missing momentum sharing For ttbar, endpoint For B%bf( endpoint
between invisibles ' ~

M()2 - M(W)Z / M(®)  [M(b)? - M(X)?] / M(b)

=Max.: Better of the 2 lower bounds ~ 135 GeV, m(b,v)~0  ~260 GeV, m(b)~0

All Ghannels [0S] N, =0, [m,m,|>10GeV
T T T

% 105?ATLASPreIiminary %Eﬂa\izfgflusﬂ‘lrew ST i e S R
S’ 104 ;* _[Ldt: a7’ %i;;l?e?epz:s _~ L E L maTop,W+b
E T +ets H o N ~ T\s=
E b . For [=1x endpoint -l S aof Jra-zose-aaizen
ul = D*b?’gg&pv s —_ _ T 5 | 2fetexclusive =1 Others
i 2 mets0GeV, mi-100Ge 2 _ )2 St " ok Top, i
102§ o :;Tsnv 7i=100GsY [M(I) M(X) ]/ M(I) % | 30_ ____:--:Ef]dl?o'”tSM+SUSY Signal
1018 1 ~ ~ = o0 F : ... m(b)=300GgV
O§ TR :-Signal endpoint 130 Gev for m(l) 0 * i 20; : M(X)= 100GgV
- 1 w77 10' 4 % "asignal
= = = 'm .
10"; : : r hgndpomt
c ° 200

50 100
Mcp(b.b') (GeV)

Data/MC

200 250
myp,[GeV]

=>» Powerfull to reject SM background but need to assume value of endpoint to cut !

*Originallx designed to measure SUSY masses
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Background estimation

15 SUSY and Background Cross-Sections

o MM -
O '
= 10 A systematic
13
g 07 Jets 'é
\6’ ” Bottom §
10 == 5 —
1010 statistics
. e
e susy signal
0 Wiz contamination
107 e LEP/ >
10® 'I;%/g- Closeness to signal region
103 eéclg-
! e
10 4 2 Dibosons
1071100000 evts in 2012 _____ BV A2 - - - — i mmmm et
102 [ | MickeVara0R GeV, m(t,)~ 200 GeV, m(x, ,)~ 100 GeV
T F1000evsin2012 . . m(g,d)~1000 GeV, m(t;)~ 600 GeV, m(x, ,)~ 400 GeV
T RS T ROTA i Fg:f,'q ~1200 GeV, m(ty)~ 800 GeV, m(x, )~ 600 GeV
1) Need to suppress QCD / W,Z / top by ~ 1010 / 105 / 102100 Har

2) Estimate small remaining quantities

3) Fitresults

4) Interpret the results if no excess

5) How to design a signal region?
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Background estimation (1)

U Different strategies for different background

" Note: out of the box Data-Monte Carlo agreement is generally very good at LHC

Pure MC
Methods : none!

Pros: Easy, helpful to start
and design Signal Regions

Cons: Suffer from large syst
and/or statistical errors

Targets: Well suited for
small backgrounds

Semi data-driven

Methods : i) isolate a pure
background sample, ii) normalise
MC iii) assume MC shape to
transfer it to Signal Region

Pros: Main systematics cancel in
the transfer factor

Cons:_full study of possible
theory systematics

Targets: Main irreducible
background (top, W/Z+jets)

Fully data-driven
Methods : alot!

Pros: i) Don't rely on potential
failures in simulation, ii) Suited for
large o

Cons: Rely strongly on simplifying
assumptions =» systematics

Targets: Fake MET (QCD, Z+jets),
fake leptons, long-lived particle (high
pT muons with mis-measured [3)

=» Precision in background determination drives the SUSY sensitivity

P. Pralavorio
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Background estimation (2)

ATLAS-CONF-2012-033

] Take the example of Olepton + 24jets + MET channel

= Production : §g
= Decay : §=>qqg with g=>qgx dominates = Olepton + 24 jets + MET
= Discriminant variable : Mg, >1200 GeV

Signal Region (SR) Definition: Lepton veto pT (e/u)>20/10 GeV

Requirement Chanret -
C 4
i e L - }Trigger -driven
pr(i) [GeV] > 130
pr(ja) [GeV] > 60
pr(j3) [GeV] > 60
prijs) [GeV] > 60 ile-up driven
rrijs) [GeV] > =
prle) [GeV] > =
Alf’F.iL‘l- EP®)pin > 04G=1{1,27 CD I‘ejeCtion -driven
EXS [meg(N j) > 0.25 (4j)
meg(incl.) [GeV] > 1200, Discriminating variable

=>» 3 main backgrounds: QCD, Z->vv +jets, [ttbar>bWbW->Dblvbjj&W->1v]
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Background estimation (3)

ATLAS-CONF-2012-033

d QCD/Multijets background (Data driven)
= Enter Signal Region because of fake MET or v inside jet

= Can not trust MC + limited by MC stat

v Compute jet response R=pT(jet reco)/pT(jet true) and generate pseudo data to populate SR

T T T T ]
a 2011 (\s=7 TeV) =
udo d Ia +non-QCD MC 5

Evenis / 7/32

1. Determine the jet response function R from dijet balance
and 3-jets mercedes events (1jet aligned with MET)

2. Take a control sample of multijets events with small

MET.
3. Smear each jet by its response R = Pseudo-data §osf ™ GG A BbE b4
 SEED. il
= F e
_E I fo " } I:i e to)
- / Smeaﬂng = i mtis I A ]

ATLAS Preliminary
CR2 SRC

4. Normalize the shape obtained in a QCD enhanced region

with low A¢(jet,E;miss) < 0.4 3 B
5. Propagate to signal region — £ aemmeertit it
0(5 500 1000 1500 2000 2500 3000

m,,(incl.) [GeV]
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Background estimation (5)

ATLAS-CONF-2012-033

y+4jets Control Region

 Z->vv +jets (Data Driven)

[[L;;;.;;b-f
= Enter SR because it is exactly signal like: Irreducible background ! [ o T
E g [ Waiets 3
. Bl Z+jets
1. Use a close-by SM process: y+jets 5 U1+ ot Apoen
10 E ATLAS Preliminary E
v’ Similar kinematic at pT~400 GeV>>m, - | E
=>»Obtain a very pure sample 'E ] }Lﬂ E
v'Force the photon as MET gagf = = e
2 et
‘/Gain a faCtOt’ "‘3 in Stat: RZO'(Z+jetS)/O'(y+jetS)~0.3 : D'go 500 1000 1500 2000 2500 3000
meffinel
3 T lL;EL'_;,;-i B
o ; atas‘(;ﬁ Ns=7TeV)
2. Use a close-by SM process: Z->ll+jets = 5 s il o
g 10; Il Z+jets =
. . . . . . E r I Diboson B
v'More statistically limited (~10 times less than y+jets) H =oMelEmEmas
[ 7 ATLAS Preliminary
v"Will not consider it in the following 1 T
= 2.5_ :
% ;g ++++++++ ----------------
0

500 1000 1500 2000 2500 3000
mgy(incl.) [GeV]
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Background estimation (4)

ATLAS-CONF-2012-033

O W->Iv +jets and ttbar ->blvbgq (Semi Data-driven)
= Enter Signal Region because lepton is reconstructed as a jet, is T, out of acceptance

= Have v (real MET): can trust MC
v’ Define enriched background “control” region (CR) by reverting a cut (Ex: ask 1lepton for Olepton ch.)

v Force the lepton as a jet (acceptable approximation)
_ _ W+4jets CR
= Look in the Control Region: 1 lepton, O bjet, 30<m (Iv)<100 GeV

11111 I UL I T T 1T 7T T LELIP L I T 1T 17T T T T T 7T l
v Monte Carlo should reproduce the data : im 47" ]
L ® Data 2011 s =7 TeV)
— SM Total
[t and single top =
0 WH+jets 3
Il Z+jets
Il Diboson

v" High Purity (N,,c°t"~small), small Signal contamination
= Estimate NggzPk9 Transfer factor (c) relying on MC shape:

102

Entries / 100 GeV

44, ... SM+SU(500,570,0,10)
4. SM+SU(2500,270,0,10) |

ATLAS Preliminary

= CRs}RC E
“IIIM,H,:

10

T lllllll}

N;(g _ NgaRta _ NCI\Z/IRC,otherS) _ Ngl/IQC ?
% 22; .............. —= :
CCR%SR SCa|e aCtOT (k""l) E ;3 ............ +Mﬂ+++++++"' ........................

0 500 1000 1500 2000 2500 3000
mgy(incl.) [GeV]

=>» Systematics partially cancel in the ratio, but need small extrapolation (c~0.1-1)
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Background estimation (6)

ATLAS-CONF-2012-033

Q Summary: SR=0lepton + 24jets + MET + M  (incl.) >1200 GeV m thartjets
m W+jets

W+4jets CR3 (1 lepton, 0 bjet, mT) Top+4jets CR4 (1 lepton, 1 bjet, mT)
= F ][n, e T Q;Lu;ﬁ” 1 Ytjets
< * Data2011 = 7Te) * Datazoti fo=7Te)
=3 =— ota — ota
- 107 = e [ 1i and single top E 311 and single top "'; Q
8 | =i = ; = QCD
] -+ SM+5U(500,570,0,10) 1 Q- - - e e - = = Eg‘x;ﬂlsm_smp,m}
10k SMiSU(0270000) |~ - SM+5U(25002700.10) | c= Transfer factor
2 ATLAS Preliminary 3

F ATLAS Preliminary

: Ly cns}nb

_60 N L + CR4 SRC 1 .
B 1 pa=31" p= purity
, ] =p CRISR
= : B SEE i"I n ]
3 2 : =
z 15— o : - __» CRa>CRb
< ‘ +4-"¢‘+¢+,F
I AW W T K
500 1000 1500 2000 2500 3000 v
H R 0 500 ~ _1000 1500 2080 2500 3000
Mei(incl.) [GeV] SR (Olepton+4jets+MET) RS my(incl.) [GeV]
e o L B e e ~o N
. = 3 -1 S S H
4jets CR1a 3 10°: [Lo-szm - ~. "~ QCD CR2 (AQ(j,MET)<0.4
Y4l c L o Data201fs=7TeV) ] 5 L N ( fIJ,(J' : ) ,‘)H
F Lat=a7o' - = L IEI ﬁh:n-go?llﬂgle top ] 3 : [L di=a7 b
L . s:ﬁrzﬂ‘ (Is=7TeV) - B Z+jels g . S:ﬁt@hz;r fs=7TeV)
— otal I’ - _—
102 ? Ell;l\fi?e({ssmg’e top E § 102 é_ = \Sjggeégn _é “?: g E {'Ev.:};\er{ssingle top |
F [y 3 = F I multijet ] & : = biooson ]
3 -y - et (Ager) 1 L b s, SM+SU(500,570,0,10) 1 £ [ multjet
17 + jets (Alpgen) e SM+SU(2500,270,0,10) w ---- SM+5U(500,570,0,10]
10k ATLAS Preliminary SM1SU(22002700.30)
E CRia SAC E y>Z 108 QCD<«QCD 10F ATLAS Profiminary
b — ] £ F CR2 SAC 3
1_45 ] — C 1 1 — [ - - ]
18 | c=037#011 | T Signal Region c=0.0026£0.006 | i, 02742
E E = 1 -
E E —~ 0, — o ” E i i E
i j, § p-1o0% e Cut & Count p=15% : he |
1 1 1 25 o -
B N Lo |
g 25F = = = : = E ‘ 5 o5 =
g ;z ,,,,,,,, et e H z 2_2 - R 215 _‘++‘L++++<»0+%
o o ~ S A i g os- e i
e i O . PV ST +< ......................... % 500 1000 1500 2000 2500 _ 3000
TR T ———— e LI m,(incl.) [GeV]
% 500 1000 1500 2000 2500 3000

m_q(incl.) [GeV]

=>» Errors contains exp. (Jet Energy scale, btagging) and theo. (PDF, scale) syst.
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Fit Results

@4 production, 5~ ffy;
o'5, SUSY and Background Cross-Sections T N AR B T
[c] ATLAS Example
(@) 1 Se £ T == Expected fimit (+10,,) | &
— 10 " 50 SU___S_YdlSCOVEI'y éE;Du :—fLm=4.7 ' Ne=7 Tey [ Alkmsatoscl, | 2
. et 1. Check label for . 13
D “Champagne”. (Do not R
Q Jets use “Cava”) Remove 1 g
3 1012 — protective cover. 13
o Bottom , , 14
11 2. Gently twistcorkto . 12
10 _ release fluid. (Aim away 3 ] g
10 10 from face) ~ :
i ]
3. Apply fluid to 5 3
10 8 Champagne flutes. EIQ ]
Repeat until all flutes 1l |
108 SUSsY are filled. ¥ Ll m[égo\?]
W/Z y
7
10 ——— LEP/
108 Teva-
tron
105 exclu-

109 2 Dibosons N

m(g,q)~ 500 GeV, m(ty)~ 200 GeV, m(x, ,)~ 100 GeV
tptons Discoverable
m(g,q)~1000 GeV, m(t;)~ 600 GeV, m(x, ,)~ 400 GeV

HR60)~1200 Gev, m(t,)~ 800 GeV, m(x, ,)~ 600 GeV
1) Need to suppress QCD / W,z Teplgrd 1010/ 105/ 102

2) Estimate small remaining quantities

3) Fit results

4) Interpret the results if no excess

5) How to design a signal region?
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Fit Results (1)

1 Building the likelinood

= | ikelihood function

ATLAS-CONF-2012-033

n = Number of observed events in data

L(n |,U, b’ 9) = PSR X I:)z X I:)W X Pl'op X PQCD szyst b = background

M = SUSY signal strength to be tested

. products of Poisson pdf* for SR and CR (as mutually exclusive) & syst.

0 = systematics treated as nuisance parameters with Gaussian

= Inputs : Transfer factors (c), data events in SR (s) and CR; (b;)

Ccr,SRYSR
Region Main CR/Process
PSR = P(n |AS(/J1 b’ 9)) = ﬂo CsR—>SR(6) e S + Z CjR—>SR(6) ° bj . CRIa/?/yficls c*Rz/(écnjcls C?R4/rf+;iinglcTop CRM:/ﬂ'cts
J CR2 0.1 1 0.39 0.2
P =P(n|A(b.0) = f* Crin(0)* S+ Cirp(B) by o
J
A (1, b, 8) = expected number of events SR 037 00020 027 02

=>» Can correctly take the systematic correlation and cross-contamination into

account by doing a simultaneous fit of all regions

*pdf=probability density function

P. Pralavorio SUSY at Colliders (IB)
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Fit Results (2)

ATLAS-CONF-2012-033

O Background-only fit (  u=0)
» Predict the background in the Signal Region (SR) by maximizing the likelihood

v Cross-checks of the extrapolation are done in ““validation” region, close to SR

= SR not in the fit + no signal contamination in CR (can be reproduced by theorists)

Background in SR Cr-=(6)*b, Others | Total Background in SR

Zvv+tijets QCD W+jets Top Dibosons SR

MC 16 0.01 11 10 1.7 39
Fit Output | 17+6 | 0.02+0.03 | 8+3 1245 | 1.7+0.9 39@:5(stat) +7(syst)]

— = 25% error (mainly from y/Z

o N A B B B B N
30 e T eptance, CR stay
= — SM Total ]
— L [t and single top
— I 7 +jets
L 10%E = =\|:"\{gjets —
2 = i iboson =

H E - = |_'T_.imulluet
=» Observed 36 evts in - e SM+SU(500,870,0,10)
10 ATLAS Prelimi —
Data. No Excess ! - sac
1 * l
Pt A

= 5 s s eI B B

] RN - PO - SR S 0 S

< 0; T ”“+-¥1+

0 500 1000 1500 2000 2500 3000
m«(incl.) [GeV]
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Fit Results (3)

ATLAS-CONF-2012-033

O Quantify the agreement between data and SM predicti  on

= Test: compatibility of data with background only hypothesis in the signal region

= Test statistic. based on one-sided profile log likelihood ratio (a la Higgs)

A () = =2x[L(n| ,b,8) = L(n| 2,b,6)] ~ x° dist withNdOf = (112 0)  wores wel or icentsat

(n>5). If not the case, use toys

Maximise L for a choice of 4 Maximise L

= Use CLs prescription (a la Higgs)
» |n Olepton+24jets+MET + M (incl.) >1200 GeV:

Predict 39+/-9 and observe 36
CLs p-value =0.6 (-0.2 o). Compatible !
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Fit Results (4)

ATLAS-CONF-2012-033

 Derive a model independent limit
= Limit on visible cross-section of non-SM process: 0,,, =0 XAX &
= |In Olepton+24jets+MET + M (incl.) >1200 GeV:

=» Exclude at 95%CL N(BSM) 2 18 and N/L = 0, >3.7 fb

Predict 39+/-9, observe 36 mmp
=» Expected to exclude N(BSM)= 19 and N/L=¢;; >4.1 fb

= A and g given for a well-defined SUSY model : Examples below

_ 0 . . _
Acceptance of Truth cuts~0.1- 10A) _ Efficiency wrt Trut h~1 2 S MC Simulation 8 = 7 Tev
s
o 700 g ” § 0:
< ¢ 16 'g " i
eel , £ 08F
14 C GE——d 3
500 E
12 0.6F ;
400 1 _5§
- 038 0.4;— } f ¥ . : . _
06 0.3; T j * EFT>100GeV -
200 0.2t = Ef*>2008eV |
. 015_ b o EPT>300GeV |
100 02 - ! 3
0 *H00 200 300 400 500 600

PITE INIE ST ET ISR ST ICARAIN S OSSN ATST A A
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
m, [Gev] generator E’"'5 [GeV]

=» Result can be recasted in other models than the one considered
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Fit Results (5)

O Side Note : A simpler estimation of the signal sens itivity

Compute Zn = S/N(B+(x.B)2), where x = error on background determination (stat +/- syst)
v More correct formula RooStats::NumberCountingUtils::BinomialExpZ(S,B,x)

v Rule of a thumb: Zn=2 exclude the signal, =5 can discover it !

Works well for low number of signal events <100 and 1-2 dominating background

Predict 39+/-9 =) Expected to exclude N(BSM)= 27 (correct number is 19) ~ Right ballpark !

If several channels (like e and mu) can add Zn in quadrature.

Ideal for the optimisation of new signal regions
v’ Lots of unknowns = x, complicated background, ...

v’ Can assess the relevance (or not) of this search

=» For this reason Zn will be used in the exercise session
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Interpretation

15 SUSY and Background Cross-Sections S i producton -~ 15

% LI LB LSRR |
For use in case E ATLASExampIe

m.s [GeV]

500 |- J'L dt=471b'No=7 Toy | AlMs a9 OL,

Jets
1p 12 | I

400 [ -

o(pb)*100

Bottom
101  E—|

3. Apply fluid to
g 5 =il Champagne flutes.
8 SUSY = %\ Repeat until all flutes |
i — are filled. .171

W/Z

IR G S SATTE (T L
Numbers give 85% CL, excluded moded cross sections [fb]

____________________________

....................... m(g,q)~ 500 GeV, m(t;)~ 200 GeV, m(x, ,)~ 100 GeV
. i Discoverable
1% 11000 evts in 2012 m(g )~1000 GeV, m(t,)~ 600 GeV, m(x, ,)~ 400 GeV

“ -
--AbevsinQla oo e 11200 GeV, m(t,)~ 800 GeV. miy; )~ 600 GeV
1) Estimate small remaining QH%‘

2) Need to suppress QCD / W,Z / top by ~1010/105/ 1072
3) Fit results

4) Interpret the results if no excess

5) How to design a signal region?
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Interpretation (1)

d Derive a limit in a simplified decay chain Model (S  MS)
= Well suited for natural SUSY and direct production (not a SUSY model !):
v’ 29 sparticles > 2 or 3, decoupled all other particles, force a specific decay mode

= Assumptions on the chirality and nature of particle “arbitrary”

A

A and/or B j J) A If A, fix its mass
. = |
- +jet(s) or lepton © B=LSP
= LSP =
MA<mB not
Fix LSP mass ... c>a<> allowed
m A Odo M A

=>» Very helpful also to design analyses. Possible to recast in mSUGRA (1202.2662)
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Interpretation (2)

D Del‘lve a I|m|t II’] a Vel‘y COnStl‘alned SUSY mOdel (or parametrize or ignorance !)
= Reduce number of SUSY parameters from 105 (MSSM) to 5 or 6

+ Model of SUSY a5 1 .
breaking: gravity ~ Note: 5 fb-1 ATLAS/CMS papers use a common
mediated, gauge < 400 MSUGRA framework described in Matchev et al,
mediated... 8 .
¢ Assume GUT scale é’ 290
parameters (few) > Mg, My, tan B =10, AO =0, >0
. E _ _ .
+ Predict g of | 1 mgy, my,, tanB =30, A;=0, p>0 [Higgs aware]
phenomenology at 2 |
] MSUGRA/CMSSM: tan(p) = 30, A, =-2my u>0 Status: SUSY 2013
the EWK scale sl § | 5 1000 [ e
I I N 8 :LSP \ i § 95% CL limits.cj 0" not included. 1
2 4 6 8 10 12 14 16 S | —ow Smae,
LogieQ (Ge) = =B Jpmmmmieren | Z o o zioee
M SN : S M
E.g. mSUGRA/CMSSM: N T o e rlepton . jets + MET
ol o | == Expecte 1-2 taus + jets + MET n
-~ 700 — m= Cbserved  ATLAS-CONF-2013-026 —
m,: common scalar mass (GUT) = c - Eoeed 2.9 teptons, 0.+ 3 biets
m, ,: common gaugino mass (GUT) coo [ T
tanp: Ratio of Higgs vaccum expectation - .
values 500 [ = =
A, Trilinear coupling i NN S i iy S B P
Sign(u): Higgs mass term 400 [— '?: — = - ———
L 1 g TS ——
300 — § : : ! ]
= PR W s Y O v i P e
0 1000 2000 3000 4000 5000 6000
m, [GeV]

=>» Useful to calibrate our exclusion and compare with other results
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Interpretation (3)

d Derive a limit in a simplified MSSM

= Reduce number of SUSY parameters from 105 (MSSM) to 19, i.e. “manageable”:
v" Well justified assumptions
v “Standard” exp. constraints

= Recover the SUSY complexity = can track missing features of SMS in “simple” cases

Direct Stop production Direct Gaugino production
t (318 SMS will assume BR(EStLSP)=100% N, composition ”
b ay
%2+ (258) =H
A, SMS will assume
szl M X bino or
0 (142 h
x2’ (142) higgsino-like

w*
9 z*

*(114) v 1
ﬁ I I |
0 (108) 100 150 200 250 300 350

(M1 =100 GeV) MU [GeV] DGemiR_350

=>» Could be a way to exclude natural SUSY
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Interpretation (4)

O Exclusion limits : a new standard ATLAS/CMS procedu re (>June 2012)

= Ease the life of theorist by separating the signal theoritical and experimental systematics

L & production, § - 1+, m(@) >> m@ L™ =201 10", 15=8 TeV
EX eCted Iimit : ; L T T T | T I. .I I T T T I T T T I T T T | T |
P § 10l ATLAS Preliminaty 12 expeceaimtsto,
=Central value: all uncertainties included in the fit as nuisance ¢< [ 1lepton+ 3 b-jts channel ]

i SUSY  —
=== Observed limit £ Top, . |

parameters, except theoretical signal uncertainties (PDF,scales) gy
=+10 band : +1o results of the fit

......

......... 00| ¥

Observed limit : [ 4003_ _

=Central value : Idem as for expected limit A N0 B e i
=+10 band : re-run and increase/decrease the signal cross 200:- H‘?} rr | , —

1 24 24 1

7 23 21 M 11 13 o

section by the theoretical signal uncertainties (PDF, scales)

25 995 504 182 88 61 | 24

19 17 B 12

1 L | 1 =T q 1
0

400 600 800 1000 1200 1400
m; [GeV]

Excluded Model Production Cross section (0., ) <
e.g M(g)=1 TeV o(gg)~30 fb If 0., <o(g9)

= Number quoted in paper correspond to observed -1 o observed (conservative)

Numbers give 95% CL excluded cross section x BR [fb]
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Signal Region Definition

15 SUSY and Background Cross-Sections

T R B e
ATLAS Prelimi =

> [Ty
8 14 g N SRB - 3 jets nari !J-;‘:(;:Z?::;akw
— 10 =t 10°L — SMTetal i .
ol o E = = = §3 m(g)=1.04m(g}=1425,m(y’}-528
~ 1 13 g E == & m(G)=1.04m(@=1612.m(x)) <37
fo! Jets g f — oy
3 4p 12 | I ©0°E -V:J:Jer =
o] 411 Bottom -gi;sss:g\elop
101 10
s [
8 SUSY g
10 E
. W/Z g 2F
10 — LEP/ R T o e LI
eva- < 0.5 - -
10 . a GU 500 1000 1500 2000 2_5.00 = 3500 3500 4000
5 tron mgy(incl.) [GeV]
10 eéclg-
e
10% T& Dibosons ‘
3 . [
1 F100000evs 02012 ... W2 —-eemmee i m(g,q)~ 500 GeV, m(t,)~ 200 GeV, m(x, )~ 100 GeV
10? I . ’
1 Discoverable
L --LQQD__G_VI_SJI‘--2-91-2--------------------------------l ------ m(g,q)~1000 GeV, m(t,)~ 600 GeV, m(x, ,)~ 400 GeV
. 1 i 1 Har
-l e HR61)~1200 GeV, m(t,)~ 800 GeV, m(x, ,)~ 600 GeV

1) Need to suppress QCD / W,z 7889 1010/ 105/ 102
2) Estimate small remaining quantities
3) Fit results

4) Interpret the results if no excess

5) How to design a Signal Region?
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Signal Region Definition (1)

dThe steps to follow |
1. Choose a process to target 54 Na rura [' Spectrun/b

v’ Current limits ?

_ General “bottom-up” viewpoint
v' Cross-section ? =
M --a-- 12 bp

v’ Generate a simpliflied model ! “Distant
i
ITev L | Cousins”
D The “Nuclear Family”
of the Higgs
500 GeV_|

hg ( ——— ) U

p Kt f_;,"' —_— "

70 ) B

«— Closeness to Higgs

+0j+4b+MET | Let’s consider this one
+2j+4b+MET

Finalstate:4tops+2x1°94W(Iv,jj)+4b+2x° 241

> 31
2>21+4j+4b+MET
>1]
>0l

(at tree level) !

+6j+4b+MET
+8j+4b+MET

P. Pralavorio SUSY at Colliders (IB) Copenhagen, 30-Oct 2013 29



Signal Region Definition (2)

U The steps to follow

1. Choose a process to target 41+0j+4b+ MET

2. Choose a trigger (Jet+MET, leptonic, photonic, ...) or define a new one !
Dileptonic trigger seems best, MET or Jet+MET possible

3. Choose object functionning point
Lepton: medium, tight
Bjet: medium, loose

4. Use kinematic cuts to reduce “difficult” background (Fake MET/lepton, pile-up)
Lepton, Bjet: pT ?

5. Select the dominant background (B) and generate/use MC samples
ttbar

6. Define signal region: select relevant discriminant variables (Mg«, Mq1, ...) and optimise
cuts to obtain higher discovery significance with Zn = S/N(B+AB?2)

>=3b or 2lepton Same sign or 3 leptons
7. Perform a detail background estimation + systematics

8. Open the signal box !!
=» This will be our guidelines for Exercise 1 tomorrow
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Summary of Part 1A

1 Historical period for SUSY searches
= Naturalness predicts new EW-scale particles (Nx, Cx, stop, sbottom_L, gluino)
= 2012 @ LHC: N(SUSY) = 1000 for mC1=mN2 ~ 0.4, m(stop) ~ 0.6, m(gluino) ~ 1 TeV
= General Decay (spart 2> SM part + N1) and final states (Jets, MET, leptons/photon)
= LHC is an ideal place to discover Natural Weak scale SUSY !

d Theory unknowns - Drive experimental SUSY searches [Part ]
= R-Parity (RPC, RPV) ? MSSM: 29 sparticles + 4 Higgs undiscovered

Names Spin | Pp | Gauge Eigenstates | Mass Eigenstates
= SUSY Breaklng (SUGRA, GMSB, AMSB) ? Higgs bosons 0 +1 HO H2 H Hd hO H(] AV g*
i, g dg d . same
= Open/compressed spectra ? L Wi dr, Oa i
. squarks 0 -1 81, 8 €L Cp (same)
A Natural Spectrunt i, g by, Br 5555
General "bottom-up” viewpoint
" wogee fra g | €1, €n U, (same)
“Distant
eV | Cousins” . . ~ o X .
o U + . sleptons 0 1 iy fig ¥, (same)
of the Higgs ?L ?R ﬁ'r ?1 1-:2 ’17'.
Mgy i neutralinos | 1/2 | -1 | B® Wo H? HY | Ny N, N3 N,
= o T — = = 1 = =
el = i charginos | 1/2 | -1| W* H H, o O
i -T)B
gluino 1/2 | -1 g (same)
+— Closeness to Higgs :
oldstino 1/2 ~
(:ravi:'i.nu) ('3,{2] -1 G (samc)
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Summary of Part IB

O How to find SUSY at LHC and what drive the sensitiv ity ?
= Well understood reconstructed objects

Well defined signal regions

v Based on powerfull discriminant variables MET, HT and Transverse mass
Background estimation technics adapted to each background type:
v Background with fake MET - data-driven

v Background ttbar, W, Z - Semi data-driven (with Control Region)

Handy stat tools

If no discovery, interpret our results :
v" In Simplified Model (SMS), i.e. topological models.
v"In reduced MSSM (5 or 19 parameters)

Tomorrow we put in practice : go fishing in uncharted sea (see next two slides) !!
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Lecture Part Il (1)

Part llc: R-Parity Violated, Long-Lived
Particles, beyond MSSM

=
\)

Q
=S
M @ - 12 bR l
{\\ “Distant
o)
| TeV | Q - Cousins
The “Nucleay/Family” _1_ or w&sl? glPV
of thy/Higgs 1. Low Am, tiny RPV, weak coupling to G
Long Lived or meta-stable sparticles
500 GeV_| 2. 'Sizeable’ RPV
- b / Part lla : Weak Multileptons, No Z, jet resonances, LFV
il ;}:i — SUSY 3. MSSM Extensions?
T Scalar Gluon

\\\\ EXCRIgad: Dy h‘}“:“\%n\‘,k.\n m

«— Closeness to Higgs

. Un-natural SUSY ?
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Lecture Part |l (2)

SUSY Related papers in ATLAS/CMS _*
«2010 data (7 TeV, 0.03 fb1) :12/10+2
«2011 data (7 TeV, 1-5 fbl)  :40/19+7
«2012 data (8 TeV, 10-20 fb1): 3/5+2

SUSY Related CONF notes in ATLAS/CMS *
«2010 data (7 TeV, 0.03 fb'1) : 3 /1+0

«2011 data (7 TeV,5fbY) : 6 /7+0

«2012 data (8 TeV, 20 fb't) :21/10+1

Total Integrated Luminosity (h ')

"Theories are like fishing : only he who casts can catch”
Novalis (1772-1801)

Data included from 2010-03-30 11:21 to 2012-12-1

012-12-16 20:49 UTC
25 =
— 2010, 7 TeV, 44.2 pb | s 2011, 7 TeV, 6.1 M ' === 2012, 8 TeV, 23310 '
20
5

1

25

15

=
o

10

w

W

r 100
o< 3
A AW

o 9 3 < N Q
4 AW 45 40 “ho AW 42 \oe‘

~ 150 public analyses in 2 years !

=» Show most powerful 8 TeV, 20fb! searches
=>» Give general status of each topical search

All information on ATLAS/CMS Public pages:

* CMS=SUSY + RPV LongLived in EXOTIC

15-20% of the ATLAS/CMS results
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Appetizers for tomorrow

1 Weak-scale SUSY searches before

MSSM: 29 sparticles + 5 Higgs undiscovered

first LHC SUSY results

Mass Limits from PDG2010 (95% CL) _ _
X.°=LSP, RPC, degenerate squarks (except b,t),

Covers most of SUSY production and decays ...

Names Spin | Py | Gauge Eigenstates | Mass Eigenstates I=lg, Gaugino mass unification at GUT scale
Higgs bosons | 0 | +1| H) HY H; H; | O HO A° H* 114.4,92.8,93.4,79.3 GeV (m, " benchmark scenarios)
i, iip di dr (same) 379 GeV
squarks 0 |[-1 8. 8p €L Cn (same)
5 5 b B o By ‘52 95.7, 89 GeV
==_W_W 107 GeV
sleptons 0 | -1 fir fir ¥, (same) 94 GeV Note: These limits are
¥, Tn U 7 D, 81.9 GeV also model dependent
neutralinos | 1/2 | -1 | B® W° H? HY | N, N, N3 Ny 46 ,62.4,99.9, 116 GeV
charginos . 1/2 | -1 w* ffﬁ I}d | Cf ééL —94 cev
gliino 1/2 | -1 g (same) 308 GeV I
oaviting) | (3r) | —1 G (same)

But most in the 0-100 GeV range limited by Vs

=» Come back tomorrow to explore the 0.1-1 TeV range !
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