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“This could be the discovery of the century. Part |

Depending, of course, on how far down it goes”

P. Pralavorio SUSY Searches DESY, 07-Apr 2016



O Member of ATLAS since 1998 http://www.cern.ch/pralavop/

1998: CNRS Permanent Research position at CPPM (Marseille, FRANCE)

1998-2010: Building, qualification and commissioning of the ATLAS
Electromagnetic liquid argon calorimeter with cosmics and first data.
Co-editor of the paper summarizing the performance of the ATLAS
Liquid Argon Calorimeter [EP.J C70 (2010) 723).

2005-2010: Preparation of analysis in top and beyond the Standard Model

(W?, Z" and Supersymmetry) physics. Prospects on top/W polarisation
EPJ C44S2 (2005) 13].

2010: Co-editor of W/Z cross-section paper [JHEP 1012 (2010) 060].

2010-2012: Co-convenor of the ATLAS Supersymmetry Working group. 50 articles
submitted to journals (~ 20% of ATLAS articles by 2012).
2013: CNRS research director
2013-2015: 2 SUSY Searches (JHEP 1406 (2013) 035, JHEP 1405 (2014) 071).
“Lessons for SUSY from the LHC” in “SUSY after the Higgs discovery” book,
“Particle Physics and Cosmology” in “100” Summer School Les Houches Proc.”
2015-: Co-convener of ATLAS Top Yukawa coupling measurement group

= "Lessons for SUSY from the LHC after the first run” , EPJ C74 (2014) 2801, 1404.7191
= Lectures will be largely based on this — updated with latest results ...

= Bibliography page : http://www.cern.ch/pralavop/phd.html
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What | will talk about ?

O ATLAS / CMS SUSY results

ATLAS Preliminary

ATLAS SUSY Searches” - 95% CL Lower Limits

i .
i L Vs =7,8 TV Summary of CMS SUSY Results* in SMS framework ICHEP 2014
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88 papers for LHC Run-1 [Final !]
2 papers and 7 CONF notes for LHC Run-2
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67=58+9 papers for LHC Run-1 [Final ?]
1 paper and 7 CONF note for LHC Run-2

>150 papers !!!
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Lecture Organization

- Ingredients for a SUSY search @ LHC b - SUSY ElectroWeak
“What drives the sensitivity to SUSY at LHC ?” “Exploring the bottom part of the SUSY spectrum”
1.Teaser (1)
2.SUSY Framework @LHC (11) 1.Parameters of the EWK sector (2)
3.0bjects and Monte Carlo (3) 2.SUSY Higgses (8)
4.Discriminating variables (5) 3.ElectroWeakinos (12)
5.Background Estimation (7) 4.Sleptons (1)
6. Fit Results (7) 5.Summary (1)
7.Result Interpretation (3) '
~35 slides 2> 50‘ ~25 slides =2 40°
lla — 3" gene. SUSY b — Strong SUSY llc — Beyond MSSM
“Best natural candidates* “Inclusive searches" “Last hopes (!) and conclusions®
1.Sbottom (7) 1.Gluinos (12) 1.Long lived (10)
2.Stop (12) 2.1/2nd generation squarks (1) 2.RPV (8)
3.Summary (1) 3.Summary (1) i 3.0ther SUSY realization (3)
4.0verall MSSM summary (2) 4.0verall conclusions (3)
~20 slides = 30 | ~15 slides =2 25 | ~20 slides = 30
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Part la - Teaser

EW Neutral Current (Z°)
Can we discover (at least) one super-partner or invalidate the Natduratverstorof-MSS=

1- Need to be sure of your tools 2- Need to have a well designed
(background estimate, stat, ...) search strategy
The results that were obtained from this small CERN e
chamber |(Block et al. 1964) Included a limit on the ratio Gargamelle’s priorities
of "elasti - C) events to charged- 1. Wsearch
current (CC) events: o(v. +p— v, +p)/o(v. +n—p + 2. deep inelastic scattering, scaling
¥ B M 3. current algebra sum rules, CVC, PCAC
p) £ = 0.03|for events with proton momentum above 250 4. Diagonal Model
MeV/c. The accepted ratio is about|0.12]. [The CERN result was just wrong, 5. AS=1 processes, inverse hyperon decay, v, +p— A+p"
following a book-keeping error (the actual 90% confidence limit was < 0.09). As 6. inverse muon deca.y, Vu"'_e-—’“-"'ve
is often the case in physics, the error was uncovered by a graduate student, S elCEuDN UoT INNeARIY
[ 8. neutral-currentsearch |

M.lchel P.aty from Strasbourg, who found ? limi < = 0.20 a.and put this number in 90 form Bctors [ extiiche aacions
his thesis (Paty, 1965). The CERN group intended to publish an erratum, but 10. search for heavy leptons

(since there seemed to be little interest in our limit) we decided to wait for the
results from a forthcoming propane run, since that would measure scattering

Vi w
Vu Yo
from free as well as bound protons, and we could exploit the better kinematic il
constraints. However, the propane run was delayed by more than two years and 7 w
the corrected limit for the ratio of|< 0.12 + 0.06 was not published until 1970 T
d NC d s CC .

(Cundy et al. 1970).

That's why we will spend some time on understanding carefully all our tools today
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SUSY Framework @LHC (1)

SUSY Theory gauginos
phase space

CMSSM

T. Rizzo (SLAC Summer Institute, 01-Aug-12)

Many SUSY realizations are possible ...
Mainly focus on MSSM

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 6




SUSY Framework @LHC (2)

A- MSSM, the larger SUSY framework we can test syste

= For neutralino and charginos I'll use Greek or Capital Roman letter.

= | SP = Lightest Supersymmetric Particle. In this lecture LSP will be G or X"

MSSM a.k.a Weak Scale SUSY :

29 sparticles + 4 Higgs undiscovered

SUSY Higgses

Strong
SUSY

Weak
SUSY

— MSSM=Minimal Supersymmetry Standard

Model (i.e. based on parsimony principle)

Names Spin | Py | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 |+1| H) H} HS H; | h° H® A° H*
iy g dr, dp (same)
squarks 0 | -1 8, 8p €L Cp (same)
2“L ‘{R BL ER Z-l E-2 El ’62
€L €R Ve (same)
sleptons 0 -1 AL fg U, (same)
T, Tr Vs T Ty U
neutralinos | 1/2 | -1 | B® W° H? ﬁg N, N, N; N,
charginos . 1/2 | -1 W qu I}d ‘ 61' 65‘“
gluino 1/2 | -1 g (same)
Graviting) | (3/2) G (same)

R-parity (Pg or Rp)=-1 SUSY, +1 SM

J0v0T03JO0
X175 X27s X375 X4
v -~ -

X1 X2

S. Martin, SUSY Primer, hep-ph/9709356
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SUSY Framework @LHC (3)

See also Andreas Weiler

B- ... assuming ~no fine-tuning ...
= Range of MSSM particle masses can be predicted imposing ~no fine tuning (A = dm,2/m;?)

— 3
» Standard Model (SM) is an effective field theory valid up to Ayp M Veltman, ActaPhys. Polon. B 12, 437 (1981) ,92{ N t [' S t‘,’
arura eCctruny
Classical Quantum ,Quantum Quantum Quantum _;p
: ' ; P seesg General “bottom-up” viewpoint
| o M g B
o = Foms ' ‘41,2 R
I N 3 ¢ ‘Di
| M D|59n£
. I [ TeV -} Cousins
3G¢ 3Gk The “Nuclear Family” '
1252=m2 = = = (4m@)Aye? + (2my2 + mZ2 + m ) Ayp? +omiinfanuc) y
u #am wan! ! of the Higgs
— i, 1/A 210%
* Some SUSY realizations are ‘natural’ candidate for New Physics (NP) (e.g. for the top loop) o ;
L 2
, Cossion °ual"'"m QUﬂmﬂml S. Dimopoulos, H. Georgi, Nucl. Phys. B193 (1981) 150 i i ( — ) i
: : s=syl Imposed by SUSY since t Ht E+ —
/ | 0f - 4 i
= T 0 -
T @ R - i ()8
| SNo
. I I :
BG ’I ,I .
ma = (md)o iGetmihe’ + .fv'—fﬁ‘!('*."{!?)"wz +O(mehielmi) «— Closeness to Higgs
6 ! L. Hall, BNL SUSY Workshop, Oct 2011 + 1110.6926
Gy
! zﬁ;zmlzln (/\;Pﬁ'f'fzt‘) Na:: cfn:iiv:r:dt(:{nazfjat{a)rs ) ~
= Note: no constraints on M(H°% H* A% and M(G)
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SUSY Framework @LHC (4)

C- ... and make three more assumptions

1. The nature of R-Parity (RP) :

a. RPC: SUSY patrticles are pair-produced at LHC and the lightest one is stable
b. RPV, including also long-lived if A < O(10-°).

2. The nature of the stable Lightest SUSY particle (LSP) :
a. X% with M, sp > GeV
b. G with M, gp << GeV

3. The value of AM=Mg sy [highest particle produced at LHC] - M ¢p
a. Open spectra [AM > O(100) GeV]: high energetic objects, generic searches
b. Compressed spectra [AM < O(100) GeV]: dedicated searches (monojet ...) + long-lived

Vanilla framework used for systematic searches: A, B, Cla, C2a, C3a*
Other combinations are searched for but not systematically.

* Default assumption in the following

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 9



SUSY Framework @LHC (5)

1 Sparticles are pair produced at LHC  (R-Parity conserved)

N(evt) produced in

SUSY 3 gene o(pb) 2012 (Ns=8 TeV)
— 10°F
i f - [ N Strong SUSY
i 10 S
- 1 @
5 ) 5 r . K i %
7 : 1 3
Note: no t channel, o lower 10 [ b "DQ
22002} 31000
i’ 1 ©
Weak SUSY 102 f_ s :fEU
=0 % T . T 4100
2 3l . ] E
q 107 N o NG F
— 200 400 600 800 1000 1200 1400 g
X SUSY particle mass [GeV] +
q T
s
q I

P. Pralavorio SUSY at Colliders (IA) Copenhagen, 30-Oct 2013 10



SUSY Framework @LHC (6)

EI§Why LHC is optimal for Vanilla SUSY ?

-

o
() 10,000 - - N ['
[ Discovery machines A Natural Spectrum
“ oy . .
- General “bottom-up” viewpoint
000}  Hadron Colliders M L ER BR ]
/‘E w Tevatron [ 4—{&00 I “Distant
ST pt I TeV | Cousins”
E SLC|LEP “ g B
v 18 = 7/ | The “Nuclear Family |
e e*e Colliders i
PETRA, PEI of the Higgs J
CHSR
10 g ® VEPP IV 5
PEAR |1 t
SPEAR] pORIS, VEPH 111 500 GeV_| o
ADONE b '
- ;Lg tl ( —'— ) u
1 Prin-Sfan} VEPP I, ACO ul i+ —_ ¥
3 W
, N
QCO (L1 I I I | L 1t(year) ) :
970 [ [19s0 | 1990 [ 2000 2010 «— Closeness to Higgs
vy v v v
ct W/[Z t H

LHC* can cover the best motivated SUSY phase space for the first time !

*The largest and the most complex machine ever constructed by humans (From Nobel Prize 2013 Press release)
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SUSY Framework @LHC (7)

J SUSY searches at 8 and 13 TeV

WJs2013

A Natural Spectrfin

100 r—e—r—s—r . N —— : -
- e / L ratios of LHC parton luminosities: 13 TeV /8 TeV ,;"
General “bottom-up” viewpbint - :
M .
/
I TeV 4 '%
The “Nuclear Fanlily” - 0
of the Higgs SUSY Strong -g . 0
SUSY 3 gene E
500 GeV | 2
. i Better than Runl -
i SUSY Weak = ! In 2015 for gg->X
1 o » b MSTW2008NLO
& 100 1000
M, (GeV)
«— Closeness to Higgs
= SUSY Weak: Lecture Ib = SUSY Weak: No results at 13 TeV
= SUSY 3 gene.: Lecture lla = SUSY 31 gene.: ~Almost no results at 13 TeV
= SUSY Strong: Lecture b = SUSY Strong: Many results at 13 TeV
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SUSY Framework @LHC (8)

O A very predictive theory !
= Once mass spectrum known theoretically computable decay rate

= Mix of on-shell (2 body decay) and off-shell (3-body decay)
MSSM: 29 sparticles + 4 Higgs undiscovered Main decay channels in MSSM

Names Spin | Py | Gauge Eigenstates | Mass Eigenstates h=>Dbb WW 1T, o Shh.WW.t.bb: A0 Stbb. WIS v.ib
Higgs bosons | 0 | +1| H. H) H} H;y | h° H® A" H*
i, Gg dy dp (same) ~ o~ - ~ _[g,2aX. .59 X.*" (x.°wino)
>00.0% 0.0 % -.gW®y 0 1(2) 1 2
squarks B | -1 8., 8p €L Cp (same) (1 q%qx1~q Xl ~q Xl a qu( 0 (X.°bino)
AR nne 5 ||9200, 99X, 0aa'X, X0 TR T e
e B K o Bo 1 1 1 STRONG, 3 gene
€L €r Ve (same) - -
sleptons 0 | -1 iy, fig ¥, (same) I%le(z)o,vxl”' o ILélxl(z)O,v,xl”/‘ (xzowino)
77 T, ~'r T T ~T v \VZ 0|y +- T iy v i
; TR T VVXy Xy T lr>1X,” (X,bino)
neutralinos | 1/2 | -1 | B° W° H? HY N; Ny N3 N, ~ o~ N~ T o~ e
- Gy te) *fhiggsnd) S X0 2>WOx - ZzO ¥ 0 T1, v, gq
charginos | 1/2 | 1| Wi A, H & & ® H-3WOR0, 70 % -, 17, i, qq
gluino 1/2 | -1 g (same) X1(2) X'1 : Xl 1V, VL0 Weak
(:‘il‘f?’iiﬁf,’) (rl{':'g} -1 G (same)
=» Huge combinatorics: Need to look at lots of final states !
P. Pralavorio SUSY Searches DESY, 07-Apr 2016 13



SUSY Framework @LHC (9)

1 Main characteristics of Vanilla SUSY events at LHC

= SUSY appears as excess in tails

MSSM: 29 sparticles + 4 Higgs undiscovered

Names Spin | Py | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HY H) Hf H; | h” H® A" H*
iy g dr dp (same)
squarks 0 -1 81, 8p €L € (same)
tr tr by by fy £ by by

*Missing Energy=MET (’)‘(10)
«“Jetty” (some from b)
*Eventually leptons

*Eventually y
£=1%

STRONG, 3" gene

€L ER Ve (same)
sleptons 0 | -1 AL Br Uy (same)
TL Tr Vs T Ty Uy

neutralinos | 1/2 | -1 | B® W9 H? HY N, N, N3 N,
charginos . 1/2 | -1| W* H] fII . O o8
gluino 1/2 | -1 g (same)
Gravitine) | 3/2) | ~1 G (same)

*Missing Energy=MET (X,°)
«Jet veto
«2 or 3 leptons

£=10%
Electro-Weak (EWK)

=» Critical to master well the reconstruction of all objects (esp. MET) !

P. Pralavorio
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SUSY Framework @LHC (10)

O But SUSY is tiny compared to SM processes !

o (pb) RS
101 42100 ‘. E
1 010 LinclusbviedLigte . . o e v i 4 ] __5
qaejinciusivedibottom _ _ _ . ..o ] ttW,ttZ 5
ol R s
10"k il = il
105} ] E
0 et 102\ .
104} - \ §
ﬂ \ D :
1000 . . oW 1210 ' x x "Tg
10': \ n
b b L NN .
11 200 400 600 800 1000 1200 1400 1600
SUSY sparticle mass [GeV]
3 g | Extremely challenging experimentally (tiny + no
e e e mass peak) : need a well defined strategy !

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 15



SUSY Framework @LHC (11)

Background estimation

O Strategy @ Control objects and Monte Carlo

e : 1- Multijets: jet smearing method
G (ph) wamge 3 F S fewe ] DRV o
b7 = 2 ’ R ! 2-W, Z, t, VV : control regions
~ 2 —5M Total i : .
101l i PP g 10°F Wive E : A systematic
i @ I 11 & single top 1 E
[inclusivedijes . _ . _ . _ ] i Wzvies i <
1010 105— Woiboson - E : %
ago|inchusie diootom _ . _ . _ ] g Esp. high i = o
i T tails 1] i statistics ~~
108} {2102 3 A \ cagpmemmm ===
F 1 ! signal
107} i Q ' contaminatiop
P ! >
10} | 5 o3 l Closeness to signal region
i 0 500 1000 1500 2000 2500 3000 # :(Sl(r)ll;” [223] :

105 FEmimhmemimstasanis: R / ___ 3-ttV:MonteCarlo________
bl ; 1 @ Powerful discriminants 5 @ Interpretation if no excess
10} J i I=Constraint model, e.g. MSUGRA
I il gl R :;* <1.8Mgysy }  2- Simplified/topological models

: = l E A
Tk | o ‘ j b A’ if A fix its mass
! w
L l -
1 ] i s
10"k el o o0 '
E‘ E : ;A<J
10‘2E 3 E ‘?':
10 ; Courtesy of Anna Sfryla '
Mg !
I T ST : ] ' ~0c M, = Mgysy
200 400 600 800 1000 1200 1400 1600 ! A
SUSY sparticle mass [GeV] 1

3- Pheno. models, eg. pMSSM
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Objects and Monte -Carlo

Simplified Detector Transverse View—» N0 access to total energy

St "i‘:'éﬁ’fim@f'fﬁecd Muon Spectrometer —

- i 1 HadCAL
1] i . : Detectors crucial for
jordnchuivedies ] e 9 1| TRT [~ Long-Lived
| eeaonn &N m s particle searches
108} J2.10m . | —
107} B
ol | All objects (ldentification,
P | reconstruction, systematics) crucial

nctusive . for RPC/RPV searches
o > data/MC agreement ?
10°F
102 . 4 2.10¢
10': A

=

! _ o SusY Very challenging to describe
o'k ttbar/W-+jets in the tails
0\ Cuk & - Huge effort from the theory
o) : Cohs community
1 e T i Meff

SUSY sparticle mass [GeV]

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 17



Objects and Monte -Carlo (1)

O Transverse Missing Energy crucial for all SUSY sear  ches
= Energy conservation (transverse plane) . MET = I_E:”O”'i”t =-2 ET (calo) - ET (muon)
v If calorimeter not enough use also tracker (Particle Flow a la CMS)
» Real MET : Presence of a neutral weakly interacting particle in the event (i.e. v)

» Fake MET : Mismeasurement + detector malfunctions, poorly instrumented regions

DiJet CMS Preliminary 2012 ZUu
7IIIIIIrlllllllllllllllll{\lll > 105""I""I""I""l""
g’ = 115 b at s = 8 TeV 8 Ldt=20fb" ATLAS Preliminary
. ’ = 5 s=8TeV
o 10°§ B Z o o~ 10 Fake MET éﬁ%{%gﬁu
S ekt Fake  ERW-iv(=ewy 2 o MG WZ'
£ 98 MET EEZ-u(=ewnqy &
[ 3 [ top Lﬁ 10° )
> 10°E [ QCD multijets _T mis-
5 —— data (before 2012 cleaning) 102 B
= 10° —— data (after 2012 cleaning)
Rl 10
PFE
g 102 s T L e
c
10 (DeteCtor prObw %ﬂ’¢ O 1 5 ....................................................................................................................................
t at can be cleaned) S 14
1 R S P S—— S O
© 0.8
1071 | | PRI T R A T R RN AU MR () 0.6F o ‘ . —
0 500 1000 1500 2000 2500 3000 50 100 150 200 2%0
£, [GeV] EP™ [GeV]

=>» Agreement data — Monte Carlo key for SUSY searches (systematics not dominant)
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Objects and Monte -Carlo (2)

1 Challenging to model SM processes with high jet muli tplicities

= Parton Shower (PS) : PYTHIA’ HERWIG Note: SHERPA, HERWIG++, NLO+PS (MC@NLO,

= Matrix Element (ME) + PS : MADGRAPH, ALPGEN POWHEG) also used

=> ‘Best’ to describe large-angle emissions beyond the hardest jet (jets well separated)

SUSY -1llepton Top Control Region

> L e S L e B e Sy O B B I B B B B §o] ]"‘T."r(“'lltw‘l1'r[
8 107 == ATLAS Preliminary + Data 2011 (\s=7 TeV) 5 10° ATLAS Preliminary » Data 2011 (\Ns=7 TeV)
= = Sialndard g/lodel = L|>J » 5Stal?d'=}rd((h’.'lotgel i)
-1 [ multijets (data estimate - -1 multijets (data estimate
©10°k _[L dt=4.71b = " X 10 JL dt=471b Wi
e . W Z+jets 2 10° Bl Z+jets
§ 10 Top Control Region E gingle fop H Top Control Region Egingle 10p
g, e and u combined 8 Dibosons 2 10° wiandeembingd [ Dibosons
10° - - MSUGRA m =820 m, ,=300 =% --- MSUGRA m =820 m, ,=300
3 jets p,>80,25,25 GeV, before my cut a 10* 3 jets p,>80,25,25 GeV, m,; >400 GeV

. Hard process

1
2. Parton shower
3. Hadronization 10
4. Underlying event
5. Unstable particle decays 1 leeeeei ™ o
T T — T . - 1070 et S
% 2 E_ ........ = E % 2 :_"l vvvvvvvvvvvvvvvvvvv I
3 (8 Dy — TH TR ] o S ——— .
1304.6677 8 g ++—+—+ § 1E 77777777777 S il bt :
) % 200 400 600 800 1000 1200 1400 1600 ot 5 3 4 % ry = J
= jets . . ;
Meff=MET+Zp*s (GeV N(jets) with p [ >25 GeV
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Objects and Monte -Carlo (3)

O They drive the sensitivity of the searches !

Systematics SM background estimate SUSY Signal Comments
<1l TeV
Pile-up Negligible or Small
_ Trigger Small
% Jet Energy scale (JES) Dominant. Dominant Generally dominates exp Fully
g Jet Energy resolution (JER) | Less than JES (apart Z+jets) Less than JES C(k))rert?/\lgteer?
8_ b/t-tagging Could dominate Could dominate Take over for =2 2 b/t ggggr%
L|>j Lepton/y energy scale mimlae”pg)e\éigggtr .
Lepton/y energy resolution negligible
Scale, PDF uncertainties Not for data-driven methods | ~20% for NLO+NLL | Depend on many parameters
;6? Generators+Showering Poor man’s method N.A.
IE ISR/ESR Generally important Up to 30% for
for ttbar Compressed spectra
MC stat Depend on grid computing !
Total (indicative) ~10-100% ~20-50%

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 20



Discriminant variables

N{evt) produced

o{pb) in2012@ LHC

3 Vs=8 TeV 4
101} d2.10 - moe omin ,\(SUb)

T . > \/Smin
1<.l“?"’_5i".e'£'i‘?‘s_ B i ﬁ>
10 dve i
10°} 42102
Excellent providers

g 5 1 of jets+MET+(lepton)

- signature -
106 _//d / . m 7
16,___'"9'@'?‘2 ............... | '

1) Need to suppress QCD / W,Z / top by ~ 1010/ 105/ 102

2) Estimate small remaining quantities

3) Fit results

B i 4) Interpret the results if no excess

alot 1 1 ! 1 -
200 400 600 800 1000 1200 1400 1600
SUSY sparticle mass [GeV]
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Discriminant variables (1)

4 First need hard kinematic cuts
= To reduce “difficult” background (Fake MET/ lepton, pile-up)

Vy 5
1
SM Background q SM Background
1.Z(=>vv)+jets 1.ttbar
2.ttbar/W+jets 2.W+jets
3.QCD D === r== D (3.Fake lepton)

<0 >2lepton +jets+MET:

v Dilepton trigger

v MET and/or high pT jets
v 2| Opp. sign: Z or non Z
v’ 2l Same sign

Olepton +jets+MET:

v Jet+MET trigger

v Ask several high pT jets
v"High MET cuts to kill QCD

llepton +jets+MET:

v’ Lepton trigger

v Ask several high pT jets
v" Lower MET cuts than Olep
V' my(W) >m(W) v’ 3, 4leptons

Q
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Discriminant variables (2)

 Then add powerful discriminant variables

» 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, d-
-QCD killers: 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)

Exemplel: Effective mass (Mgg) used w or w/o leptons in final states

= Profit from the correlation between H; and MET in SUSY (absent in SM)

*
3 LM ~ 35 pb!
RS L R I
Msusy =>1400[ ATLAS Prelimindry D2 2010 s = 7Tev) -
max(g.q) 4 O - O O ) MSUGRA m,~360 m, ,-280 ]
jet \_/1 200 i_l—_ - a .[;J i l"‘Eiilec:tron Cg@gel ] ; " e
s % — C O =e s & ] . <l.6Mgysy
min(g,q) T 1000 [(sluc - = K)@f, -
: - _DI;D;ED.:.‘IT'%: ™
Case1 Case2 < jet = 800l [ [=[ j=mm, = N7 ol
ST ' e e ot -
A1 X2 X1 . B = o 5 o
>0 ("5' %LJEI ny BOLE .: :=E-;S EE.: : =|
%A X \ epton sooL oo - .-H: =
M = = ]
LSP Photon (y) 400 %1- e !
« Absolute value of vectorial sum: E;™5 ~ AM 2001 - 'I-:— - ; — N
* Scalar sum: H=% pq (jet) [+ py(Ly)] ~ AM r 80 6“569 Py

* M= ETMiss +HT’91'8(I\ISI-SYZ-R’[LSPZ)/I\ISUSY [hep-ph/0006276] PR R SR BT fl{ L | |.‘I-N\--"I‘-_\

0 100 200 300 400 500
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)

P. Pralavorio
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Discriminant variables (4)

Example 2: M 1,, Mcy ° N
= Generate end-point at different position than SM because of massive LSP* 2
2 . 2 2
Mr,= l“ﬂ‘ [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%b)~( endpoint
between invisibles ' ~

[M()2 = M(W)2] / M(t)  [M(b)2 - M(X)2] / 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

> 5[ T =
§ 10 E ATLAS Preliminary %Eﬂa\azfgf;\sﬂ‘mw E e et A
S’ 10‘;ILdt:4.7m" I:iF:l::fep?or:s - _~ L 2 F i mmTop,W+b
2 E [ Ziy'+ets 3 - N [ |Ldt~205 ' \s=
L b - 1 For |=>Ix endpoint w0 5 aof Jran-zosmw'xs- 7 z+b
fin] B e E| | & [ ol y
=" C 028y, m -200ev 1 5 ~\2 ~ z g [ eeckst | EOthers
m=190GeV, m"'=100GeV  _| - - r [ L _
- Signal région i [M(I) M(X) ]/ M(I) g | O eddpoinigm+sUSY Signal
ol T 1 ~130 GeV for m(l)~0 s 200 | - m(b)=300Gev
E g ::Slgnal endpoint 3 L r ‘ E“p.|/|()(): 100GeV
1E et 10'_ %% 7 g-SignaI
N . 1 rsendpoint
10" ! 0,
c ° 50 100 200
g Mcp(b.b') (GeV)
a
; i
% 50 700 750

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

N{evt) produced

ofpb) in2012@ LHC
3 Vs=8TeV 3
101} -42.10%
qouinclusivediets. | _ | _ o s -
qgs Lnclusiverdiiottom . - s avans siainl
108} 42102
107} i
105 -
105 Elmfluiiv.e ‘ﬂ ............... 2.10°
e e T v ae Al
104} 4
10°}
Y i i s e
102). Single top (t -chan) 2108
F WZ_.sing_Ie top {_\M) = ._ :::::
1011 77, single top (s-chan)
" S 20
» 1 1 1 ! " L ;
200 400 600 800 1000 1200 1400 1600

SUSY sparticle mass [GeV]

systematic

>

uncertainty

statistics

signal

contaminaticr

Closeness to signal region

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
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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 : §=>qq with g=>qx dominates = Olepton + 24 jets + MET
= Discriminant variable : Mg, >1200 GeV

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

Requirement Channel -
C 4
i i b B }Trigger -driven
pr(jy) [GeV] > 130
pr(j2) [GeV] > 60
pr(j3) [GeV] > 60
prijs) [GeV] > 60 ile-up driven
pris) [GeV] > -
prjs) [GeV] > =
Ad(jet, EF* Imin > BAU=ilhte CD rejection -driven
E™SS [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 9 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 (4)

ATLAS-CONF-2012-033

y+4jets Control Region

4 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: R:O'(Z+jetS)/0'(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 (5)

ATLAS-CONF-2012-033

d W=Iv +jets and ttbar ->blvbgqg (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 L L I T T T 7T T T T 7 T I T 1T 17T T T T T 7T l,
v Monte Carlo should reproduce the data : ‘£Ldi=4.7ﬂa' ]
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}

N9 = N MO others) — ?
-l ] A " —
9 2 ]
Transfer Factor Cerssr Scale Tactor (k~1) : = +M”++++++ + ________________________

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 gL;tL.,.v;.,-” 1 Ytjets
< * Data2011 = 7Te) * Datazoti fo=7Te)
=3 =— ota — ota
- 107 = e [ 1i and single top E 311 and single top E Q
g = = ; = 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 - “
Rl = 3 ) - _-» CRa>CRb
< ‘ +4-"¢‘+¢+,F
I AW W SE ~ K]
500 1000 1500 2000 2500 _ 3000 L=
; ) o 500 ~ _1000 1500  2000_ 2500 _ 3000
Mei(incl.) [GeV] SR (Olepton+4jets+MET) RS my(incl.) [GeV]
T LA B e o ~o (N
. = 3 -1 S S H
4jets CR1a 3 10°F [Lo-szm - ~._ > QCD CR2 (Ag(,MET)<0.4
y+ J g £ * Sﬁilm'l'zmﬂ L 3 \1: Q T T ( (iKJ' T ) T )
F B ] r - otal ] = E R T
F Lt =470 ] 2 L [11f and single top ] 8 E [L diaitil
L * Data 2011 (is =7 TeV) & - -Z+|el5 & Lsgﬁtqrztor hs=7TeV)
107 Elﬁ“:n.l::rlv le t = % 102 E [ W+jets = e i I:tfan:;ngle top
E i gle top 3 = £ Bl Diboson = ~ 10°L [ Wejets =
F W Zrjets 3 = F [ multijet 1 8 E — Cel €
3 -vﬁ -fej‘zts( A{‘AIPS:;) 1 w b s, SM+SU(500,570,0,10) 1 £ [ multijet
T+ pg 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 — [ - - ]
L 1 c=037#011 | T Signal Region ¢=0.0026£0.006 | i, 2742
E E 1k : -
E E - 0, — “ ” E i ] E|
I H ] p~100% 1E Cut & Count p=15% : ]
| ! L [ [. B, ]
g 25F T - : 3 C ‘ 7 o5 -
g ;z ,,,,,,,, et e H z 2_2 S R 215 _‘++++ Lt |
e 500 1000 1500 2000 2500 300 Z 15l - + . " b3 3 Tt +?‘
meffincl i | e S i - IS 0 500 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, §— iy
oipb) 0B @LHC For use in case of R el
1 Ve=8TeV 50 SUSYdiscovery - , s, H
== _—fLm=4.7n:.~J§=7Tev F
11 ” 1. Check label for r 1
10" 210 “Champagne”. (Do not 18
use “Cava”) Remove 18
1019 | Inclusivedijets . _ ] protective cover. 1 §
2. Gently twist corkto . . :‘:i.
qgojinclusive dibottom _ . _ . _ . _. ] oy il EH
1%
EN
3. Apply fluid to . 3
10° 210" Champagne flutes. 5«(@ ]
Repeat until all flutes ;v, 1 Jgéui ‘mloc;
ol ] are filled. A m, [GeV]
105} .
105 Elmfluiiv.e ‘ﬂ ............... 2.10°
e e T v ae Al
104} Y
100} .
O i e i e
102 . 2108
I R -t i w - TE T
AR e b A T e 1) Need to suppress QCD / W,Z / top by ~101°/10%/ 102
e 2) Estimate small remaining quantities
0'k " 5210 .
d 3) Fit results
102 .
: 4) Interpret the results if no excess
10°
10" =506~"200 600 800 1000 1200 1400 1600

SUSY sparticle mass [GeV]
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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

0 = systematics treated with Gaussia

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

K = SUSY signal strength to be tested

i Nuisance param.

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

Ccr,SR>SR
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, B) = expected number of events SR 037 00026 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 **can be replaced by scale factor

P. Pralavorio SUSY Searches
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Fit Results (2)

ATLAS-CONF-2012-033

O Background-only fit (  p=0)

» Predict the background in the Signal Region (SR) by maximizing the likelihood
v’ Give value to free and nuisance parameters [including statistical error]

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

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

Background in SR Cir-x(8)* 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

Lat-azm' | acceptance, CR stat)
ata 2011 ks = 7 TeV)
SM Total

1035—

=» Observed 36 evts in
Data. No Excess !

QJZ 1 () O |

Entries / 100 GeV

1025—

me- SM+SU(500 570,0,10)
- SM+SU(2500, 270 0,10)

Now let’s quantify it CE sre
(discovery fit). |
S —

00 500 1000 1500 2000 2500 3000
mg,(incl.) [GeV]
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Fit Results (3)

ATLAS-CONF-2012-033

O Discovery fit: background fit + N(data) in the sign al region
= Goal: Test the 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| £,6,6) = L(n] f1,5,6)] ~ x° dist withNdOf = (1 2 0) wrkswel or sficion et

II] (n>5). If not the case, use toys
Maximise L for a choice of i Maximise L for ufloating
(here u=0)
= Compute a p-value :
v' Evaluate the probabilty for the observation to be signal-like

Obs (n=39) A

= |n Olepton+24jets+MET + M, (incl.) >1200 GeV:

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

ATLAS-CONF-2012-033

 From discovery fit, can 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
=» Expected to exclude N(BSM)= 19 and N/L=¢;,; >4.1 fb

Predict 39+/-9, observe 36 )

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

- 0 . . _
SAcceptance of Truth cuts~0.1- 10A) _ Efficiency wrt Trut h~1 2 S MC Simulation 8 = 7 Tev
o 700 g ” § " :
< ¢ 16 'g "
1 | g 08¢ : E
14 B S S
500 E | 3
12 0.6F ; ]
400 1 .5§ ‘ :
300 0.6 0'4? } f ¥ b i 3
06 0.3; T j * E™>100GeV |
200 0.2t = Ef*>2008eV |
. 0 15_ 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)

ATLAS-CONF-2012-033

O Exclusion fit : discovery fit with u=1 and a given SUSY Model

= Exclude (or not) a given SUSY model (with well defined cross-section).

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

A(E) = =2x[L(n| £,6,6) = L(n] 1,5,6)] ~ x° dist withNdOf =% (12 0)  wontswel forscent st

.. . (n>5). If not the case, use toys
Maximise L for a choicelof i

(here u=1)
» Use CLs=CLs+b/CLb prescription (a la Higgs):

v' Protection from a down-fluctuation of the SM background A
CLs+b

= |n Olepton+24jets+MET + M (incl.) >1200 GeV: Obs SM ored  SM p‘r'e dSig. N(events)

MaxirLise L for ufloating

v CLs p-value <0.05 - exclude the model at 95 % CL

Entries / 100 GaV'

| _——> NS=5 - CLs p-value=0.4. Not excluded
| NS=14 - CLs p-value=0.1. Not excluded
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Fit Results (6)

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 ]
parameters, except theoretical signal uncertainties (PDF,scales) gL — Observed limit £ 167, ]
»+]10 band : +10 results of the fit At S koL :
e ¥ > ‘9.,,‘1‘3_‘,.:&'1’ 26 13 18 -
600 A% 1 ]

Observed limit : |
400

=Central value : Idem as for expected limit

40 30 2

0 31 26 21 f1 13

I LI I LI ] LI |

& 27 24 2 _!J 13 —

=+]10 band : re-run and increase/decrease the signal cross 200
section by the theoretical signal uncertainties (PDF, scales)

124 24 1 i 5 34 13

-

7 23

21 M 11 13 o

25 995 504 182 88 61 5 24 19 17 B 12

1 L | 1 =T q 1
0

400 600 800 1000 1200 1400
m; [GeV]

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

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

4G production, G tt;

N oduced . LU LCE IR R TR e . | B
oipb) in 2012 @ LHC For use in case 3 arLas Example | = o) g
vs=8 TeV éhsuc E—del:Uib',\'EﬂTuv Al limits at 9% CL, {a
[ 40
101} 4210 13
400 [~ ] g
qorfinclusivediers ] 1
qoe|Inclusive dibottom _ ] 1%
1t
3. Apply fluid t — 2
1081 210" Cha::pp:gnu; ﬂu‘:es. ]
Repeat until all flutes ‘P] s(l)o . ‘10‘00
107l 1 are filled. pi m, [GeV)
108 :
105 Eln(fluiiv_e\ﬂ ............... 4 2.10°
FUBANE e v il ais il
104} g
103} 1 1) Estimate small remaining quantities
tthar
102 . o ) i o Srgletopitchen | _ 2106 2) Need to suppress QCD / W,Z / top by ~ 101/ 10°/ 102
100 zsingiewopischan) 7T | 3) Fitresults
e 4) Interpret the results if no excess
0"k " S 20
10 r
m"é—
10*=506—"300 600 5001000 1200 14001600

SUSY sparticle mass [GeV]
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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 (BR=100% !)

= 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 ... Q allowed
m A Odo M A

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

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 = no arbitrary fixing of the BR decay
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

=>» Complementary approach to Simplified Model
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Lecture Part Ib

s A MSSM
4 g B: Natural >10%
1 TeV ) N ‘|7 Cousins” Cl RPC
b or:fﬁleﬁ:;asm"y C2: LSP nature
oGy C3: Spectra opening
) ) () Case 2
s M
: ' ~ 4 SUSY
+«— Closeness to Higgs 14 ’xz A
<jet
Case 1 t ) 2
g 0 ~0 on
Mok M Jet 0/1/2 jets
~0 ~ + ETmiss
1 G Eepton

+ 1/2/3/4 lepton
MLSP Photon( ) + 0/1/2 photon

* Absolute value of vectorial sum: E,™ ~ AM <Msysy
* Number of jets (can be jet-veto !) 2 l
* Endpoint at myy~(Mgygy2-M; sp2)/Myy [hep-ph9906349,0304226] - sy

Signal
P

mT12
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Parameters of the EW sector (1)

Before looking for SUSY patrticles, let’s look at the EW sector at large

Rp=1

Not constrained by
Naturalness but linked
together by few

parameters
H*-
A0 ——
HO ——
Hou=h?___
70——
wo

M RP—'l ------ l
“Distant
| TeV L Cousins”
To cancel W
500 Gev | Enters at tree-level. - loops
| Suggest [u|=mHgy
hO ( - ) u

M —

«— Closeness to Higgs

P. Pralavorio
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Parameters of the EW sector (2)

+

. H
1- Standard Model ¢Higgs_(%(v+H°+iH°))
WO B, Im(H") — v, Z (8,~30°)

2- SUSY: Each gauge field has a partner with S-1/2
in the vector multiplet

+ - _ EWwSB _ Cyy = COSO M, 0 —Cgswmz  Spswmz
W' wW HT H- 22wt w v ( 0 My Cﬂc"(‘)’mz ~spewms
_ —CgSwmz CgCwmz — U
RGH 0 — H gB ~ gic:ISBB sgswmz —sgewmz 0
5=
2 .
V(¢T¢) _ _mH QBT@ e )\(Qﬁgb)Q Bino, Wino, Héﬁ:o Neutralinos
1 param. 2 ‘ Names Spin | Py | Gauge Eigenstates = Mass Eigenstates
m _
( H) V= m%{/(Q)\) = (\/§GF) 1/2 ~ 246 GCV ‘N-l Jr\rz Ar3 "\r-‘l

} neutralinos | 1/2 | -1

charginos 1/2 | -1 ool ¥

o (va+ Y +ix%)/V2 B ot ' Charginos
2_ SUSY H’{_ ( (,’):,' H“— Uy + ¢ J”+I\‘ /\[ ’/
EWSB ( My Vs mW)
: i S tanrataton | Kiase Bissnatatas V2cgmw  p
Names Spin | Py | Gauge Eigenstates A Mass Eigenstates
Gauge Bosons | 1 +1 | WY W, WO B W+, W-, 20, y )
Masses of Gauge Eigenstates

Higgs bosons | 0 | +1| H) HY H; H; ol

Bino Wino Higgsino

1/

4 param. | M1, M2, m tan

2
By +2angles o, B cos?(8—a) = % tanB=v,/vy
ma(mio — M)

mH+ 1 mass mA Masses of other Higgses are related to m, at tree-level
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SUSY Higgses

Not constrained by
Naturalness but linked
together by few

parameters
HY-
A0 ——
HO ——

70

W+/-

| TeV

500 GeV. |

1- Standard Model:
e my=125 GeV.

« Assume ' 7 'Higgs discovered (most probable)

P. Pralavorio

SUSY Searches

Names Spin | Py | Gauge Eigenstates | Mass Eigenstates
Gauge Bosons | 1 +1 [ WH,W, WO B W+ W-, 20, y
Tonans Jumaunan 0 770 g+ 0 770 A0 g+
Higgs bosons ' 0 (+1| H, H; H H; h" H" A" H
%500_ ---my(tanf=10) ---- m,(tarf= 3)
* = —-m, (tanB=10) —— m,(tah= 3)
é ‘:’. K&Q‘
T 300} 4{:"{’:;0_,@(&
/,"' )
J/,’."' 4
hMSSM, 1307.5205 o ma e i
P Decoupling limit
a->B-172
hMSSM (arXiv:1307.5205)
2(;"] 300 460 500
m, [GeV]
DESY, 07-Apr 2016 46




SUSY Higgses (1)

/A
gl el

U Neutral Higgs searches : ¢@=A/H

52 L

= Production: gg—>@ or gg—>bo,bbo

= Coupling (prefer down-type fermions) : @¢> 1t (10%), bb (90%)
v Choose T1 since bb more challenging experimentally

= Fit discriminant variable m- (1t system) in 3 channels (could be further split in b-tag and bjet in principle)

Te Thad T Thad Thad Thad

> 3 g ] > > T
& 10°F ATLAS Preliminary = Bata T 310 ATLAS Preliminary 3 ATLAS Preliminary  —=— J=8 | E
~ \s=13TeV,3.21" m, =500 GeV, tanf} =25 7] - \s=13TeV, 3.2fb" m, = 500 GeV, tanf = 25 - \s=13TeV, 3.2fb" m, = 500 GeV, tanf} = 25 3
« 102 HIA = 17, Jet—l, fakes - §2l 102 HA = 7,7 T Jetl;t fakes 82} HIA = 7, Thag © Mulitjet ]
5 Zom = 5 Zo1t s Zot =
l.|>.| [ tt, single top 3 > [ tt, single top > . Wotv 3
10 mmm Diboson ] w 10 mmm Diboson w [ tt, single top 3
e I Z-ee/uu g o Zeelpp B Others 7
o Uncertainty = = Uncertainty 1 Uncertainty =
1., Pre-fit background il --- Pre-fit background --- Pre-fit background E
E- —
3 1o =
107" 5 3
....... - 0 |
1072 10 E
1078 - : 10°®
8 20T T T T T T T 3 24 T 3
© O:-|,|..‘.|.‘.,\..‘.|‘..m.‘..\‘.‘.[,‘.,llu -~ 0 e
8 200 300 400 500 600 700 800 900 1000 :‘3“ 200 300 400 500 500 700 800 900 1000 S 200 300 400 500 600 700 800 900 1000
m’TC’l [GeV] m§9‘ [GeV] mﬁ;" [GeV]

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 47



SUSY Higgses (2)

1 Combine all channels  @=A/H 2 T,,4Thad » ThadTiep

" T,.qThag MOre sensitive at high @ mass (>400 GeV)

102 e T
i) ATLAS Preliminary, 1s=13 TeV, 3.2 fb”
% Eq) — 1, gluon fusion oosand
;1095%CLHmits e Expatied < %80_!III[IIWI||i|lilllll!ll[lllllllllllllll]II!I|IEII
o 3 - A 5 o
? 2 L & | ATLAS Preliminary, \s=13 TeV, 3.2 fb
o — TpaiThes (EXP.) I~ .
h/H/A 5 1 70 hMSSM scenario

—_—— ———— —

TTTT

H/A — 71, 95% CL limits

107" r : —e— Observed
- 87777 IRk Expected
o 50 R
0 2bislis it b bbb b -3 20
200 300 400 500 600 700 800 900 1000 1100 1200 [ g ——— ATLAS Run-l (Obs.)
m, [GeV] L L5 7 ATLAS Run-l, SM Higgs
40 C Ez boson couplings (Obs.)
B e B C {
o) ATLAS Preliminary, \s=13 TeV, 3.2 fb"' - i ?
2 B :
- o — 11, b-associated production 30 I ¥
e L. :
e >
L 8
C g
= Tiephaa (EXP.) I =H
ne — Toastoa (EXP) 20 B .;
- E:

-11.-+-r':l| Il]lIII|IIllllllI-"llll]lllll‘i]llllllll

200 300 400 500 600 700 800 900 1000 1100 1200

107556506406 506 800 706806800 1060 1100 1200 mA [GeV]
m, [GeV]

Clearly favor high mass neutral SUSY Higgses in hnMSSM
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SUSY Higgses (3)

A Charged Higgs : H *-

Rp=1

= An elementary charged scalar particle : clearly indicate new physics beyond SM !
= Coupling (prefer down-type fermions) : BR (H*-->bt) if opened, BR (H*->1v) for tanf3 > 1

= Production: my+/- <m,: ttbar events

Fully hadronic T -jet
/q H<<\t?

¥, t
. q
8/q :
W q
Leptonic It ” &<‘E—jet
/q g sl y V.
T
- \Y
g/q i '
w e/u
Leptonic Il 4 e/u
/q H<< Ve
g V. V

g/q W-

Most powerful mode (see 1204.2760)

my+/- > m, : Associated prod. with b,t

g 1, 3rvortb

—————— Hi=3ryortb

P. Pralavorio SUSY Searches
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SUSY Higgses (4)

d Charged Higgs (H ¥~ > tv)and m, <m, Ro=1
= =1 hadronic tau, 21b-jet, = 4 jets [W—>]j], MET>65 GeV : veto on electron/muon

= Background dominated by fake taus [Data-driven fake factor method]
= Fit discriminant variable m.(tv system) : signal will appear as a broad excess

> AT ERALN EZEEF LA ERD REEES REEES RERLEN ERLEE @-60_""1""|""|""|'"’I""l""l""_
8105 ATLAS E?ata —— 3 oS [ ——- Median expected exclusion i
rue t 7 ——
1 o* det - 195 fb_1 [ Jet—t E 50:_ Observed exclusion 95% CL _:
-~ 10° Bl o/u—t 4 SUIEPEEE Observed +1c theory o
g is=8TeV = = 15060 R Observed -1c theory -
ﬂ>>102 B(t — bH")x B(H'— tv) = 0.9 %: 40 ]
Yio Low-mass H" selection ] - ATLAS 1
1 S post-fit 30 |Ldt=19.5fb" -
- Iy 3 L ]
10_2 o | W/W : ool \s=8 TeV /Z
5102"‘I""|""|”"|"*'\""|""w"' -~ Data 2012
w15 Y, 10 MSSM m®* scenario
~ 1 : : L
Sl *“*"%ﬁ/, 7 7 -
+ 0.5 ' ” L
(DU 0 ! I1[610l L2'6'0' [3|6+61 l4'6'0I !510101 I6I6IOI L7[6J01 I8IOO O-I I 11 | 1111 l ) 5, O | ! L1l [ ) I [ [ 1111 1 1111 ! 1111
m, [GeV] 80 90 100 110 120 130 140 150 160

m,. [GeV]
Close the low mass region with Runl ...
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SUSY Higgses (5b)

d Charged Higgs (H ¥~ > tv)and m, > m, Ro=1
= =1 hadronic tau, 21b-jet, =2 3 jets [W->]j], MET>150 GeV : veto on electron/muon

= Background dominated by fake taus [Data-driven fake factor method]
= Fit discriminant variable mT (tv system) : signal will appear as a broad excess

5
T T T T T T T T T 1 60 S AN AN RN N TSE X RS
% 10 ATLAS I [ Diboson [ tt & single-top ? %L : \\\\\\\\ N NN DR N
O 10 -1 Il Z+jets [ M™isiDj -t * 55F \ N T N
= . \s=13TeV, 3.2 Bl VisiD e/y - 7 ---- H" — v 200 GeV (x5)§' : T :
- 10 O Wejets oo H' — tv 1000 GeV (<108 505 N R "
€ 2"t . * Data : 5 :
- ey . 45/ .
10 ] ]
401~ ATLAS e
1 - Is=13TeV, 3.2fb" .
107" : 35;_ H* - tv; hMSSM scenario -
E 2 T T T T T T T T T T 30:_ obsewed eXCIUS.ion_:
0 1.5 Uncertainty -+- T ] - Runtresult - Expected exclusion -
; 1 o5[ — - Observed B +1c ]
© 0.5} - - ---- Expected [+20 -
O -0 1 1 1 1 | 1 1 1 1 1 1 T 1 1 207 Povw b b b by by g by by 13
102 10° 200 220 240 260 280 300 320 340 360
m; [GeV] m,; [GeV]

... and start to be sensitive to higher mass with Run2
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SUSY Higgses (6)

ATLAS: 1512.03704
CMS: 1508.07774

d Charged Higgs (H > tb)and m , > m,

= Very poor signal over background around 300 GeV (even with BDT) ...

= Systematic dominated (by unknowns on ttbar modelling)

FaTLAS

g HERE Yos T B Post bkg-only fité
2 mni_ gb—>tH'(tb) >5i(>3b) y’ﬁ/’i ¢ gall;
2 - Y. 4]
w -~ otal /./. +Ci e —
122::__;;;:1:59"‘ /:24; __ _Q IIIIIIIIIIUIllllllIIIIIIIIIIIFIIIIIllllllll
ATLAS Simulati 500}....;§1::£Gev , S Otherbkg =t - ATLAS m— (Observed limit (CLs) 7
imuiation E 5 otal unc. | — | -1
(.’QQ 4001 ‘ %Tl ' 3 e 1s=8 T?V, 20.31b «==s=== Expected limit (CLs)
CtisLF 2 E = =
= ORI o" J T T I - - ]
e P i ; T L f ez :
v 8| E
E::H I\ 3 %////%’ IR, a1] - Exp. limit with injected signal
E;\’ﬂ?tsvv 08 . = L m,,=300 GeV, cxBR=165pb _|
s, 08
-MTJJITEAjets 1 08 06 04 02 0 02 04 Ugmoéfnpu: _‘I_‘
>5j(=3b) z s rLAS " Por it % 3 E
25j(= S F ATLAS , Post bkg-only fi - D = =
%h. PUIEINEE o S © I =
gyo i 2000} Other bkg 77 Total unc. B B
0 o __Total bkg : 9 B - T
Q 1500 insigibkg fit i i — mod- . m e e -
QL : _H500GeV - oxBRm ™ tanP=0.5 s -
1000~ i : 4 e
i ] 10— oxBR n'l,r:“"" tanp=0.7 o e ]
500 I i - "“.ﬁ =
1 _ . - - --=-- oxBR m**tanp00 T ~ 7
""""“““"“‘ lllllllllklllll]lllll]lllllllllllllllllll]l
g 4 4 b " j 200 250 300 350 400 450 500 550 600
8 AR AR A
B e e m,, [GeV]
u.°_1 -08 -06 04 02 0 02 04 06 08 1
BDT output
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SUSY Higgses (7)

d Summary
Rp=1
= Reasonable to assume that h? is the boson discovered (even if a bit heavy for MSSM)
= SUSY Higgses excluded at low masses and typically m(A%H°, H*-)>200-300 GeV
= Other related searches :
v'VBF H+
v'Add another neutral scalar a like in NMSSM:
0 h->2a->2b2u [CMS-PAS-HIG-14-041] 1509.04670
0 h=>2a-> 4y [1506.00424] ATLAS \s=8TeV, 20.3 fo' hMSSM
0 h>2a-> 2p2t [CMS-PAS-HIG-15-011, 1505.01609] o Comamm G o+ taagenen
% _—H'E‘IQI-'II!”H”IIé’f‘|lIé?;'.llllt?fllll‘r@?IIII'I;
o h>2a> 41  [CMS-PAS-HIG-14-022] I A L A AR A B
o h>2a-> 4y [1509.05051] IS A7 A ae Vg U B
- . 188 7§ S —f
v'diHiggs production, e.g. H>hh->bbtt 1ok ). :
14F L ]
12— 3
15556240 260 280 300 320 340 360 380" 400

m, [GeV]

In the following, | assume A%H%H*- decoupled
v It is conservative: If they happen to be lighter EWKinos cross-section will increase.
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EWKInos

Will mainly focus on lightest states (61, Kll, KIZ)

A: MSSM

B: Natural >10%

Bl: RPC
B2: LSP nature=N1
B3: Unspecified Spectra

Wino case
Degenerate spectra

M
L Rp=-1 Bino case
Open Spectra
500 GeV__ mu E ﬁg_ﬂ‘;’ c2

i I\/|2( —-— ) W M2 ———ra
22 ¢

Bt ht — M ; ) i
iz —_— — N1
hy M1(—)5 1

M1

| ]

M2

Higgsino case
Compressed spectra

M1

M2

mu

Most studied
- See later

«— Closeness to Higgs

M(C1)~M(N1)
Long-lived chargino
- See tomorrow

Impossible at LHC
unless use N3 decay
->Not discussed here

P. Pralavorio SUSY Searches

DESY, 07-Apr 2016
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EWKIinos (1)

1 Reminder : Triple Gauge coupling in the SM EWK sect  or

W W
W= W=
e e / tanB,,
v VA

" Awwy ~ 0.6 Az " Azzri ~ 0.5 Ay

= Neutral gauge coupling forbidden at tree level = Hyy forbidden at tree level

Simple rule: Keep one SM particle and change the 2 others with
W C1, y(H) < N1, Z (H)« N2 can get a feel for SUSY couplings
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Bino case
Open Spectra

N3,N4, C2

O How to produce them ?

M2

= Gauginos mediated by y, Z, W (marginally via h®/HOY/A%H*")

N1

M1

~

q X0 g X q X
>\X/\ZA< >vaZ/\< ; >V\v/z/i'\< :
q Suppressed X0 g X~ q Xt

Note: Coupling depends on Ewkino flavor: (W-Bino, Z/y-Wino)~0, (W/Z/y-Higgsino)~small,
(W-Wino, Z/y-Bino)~large

O How they decay (and assumptions) ?

= Most natural is via Gauge bosons and Higgses - 1- Only decay via W/Z
= On shell or off-shell depends AM=M(N2,C1)-M(N1) - 2- On-shell W/Z AM>M(Z,W)

= LHC = hadronic collider - 3- W/Z leptonic decays (I=e, W)
N N2 a1 v N2 jor |
N1 NIN1 N1  ISR-jet
N2 ZNIN1  ZZNIN1 ‘ N2 2+MET  4+MET
Cl WNIN1 WZNIN1 WWNI1IN1 Cl1 1+MET 3H+MET 2[+MET
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Bino case

Open Spectra

~ No neutralino mass limit @ LHC! B
q - x*
3 M2 p—— N
Decay via Leptonic

— ~_ on-shell W and Z W Z

q X M1 N1
q + X°  BR (W-Iv)=0.21

>vav—< BR((zeu)):om Cl Izwel@ 3+MET A 2+MET @
q’ s

N(evt) 2012

107
. 8131 ,‘;:3232}282* - Main EW Background
4 C1N2 production .
1 N2N1 production
L . ", N2N1 Z-2l 2200 2200/0.17 ~ 13000
?
3

XSec * BR [pb]
=
Disco-
verable

Type o xBR (pb)  ol/og,sy@100 GeV

. 1000

CIN1 W=Iv 25000 25000/1 ~ 25000
CiIN2 Wzl 0.3 0.3/0.12 ~ 2.5
CiC1 WW=lvlv 2.6 2.6/0.25~ 10

[ -
o
o

10*

10°

Too Hard

10°

Only C1C1 and C1N2 can be probed at LHC-8 (20 fb1)

I|III!1IIIIIIIIIIIIIIIIII]IIIlIIII

100 120 140 160 180 200 220 240 _ 260
«assumem(ND)=1cev Degenerate mass of EWKinos (GeV)

107

P. Pralavorio SUSY Searches DESY, 07-Apr 2016 57



EWKIinos (4)

 Search for Direct Chargino (C1C1)

ATLAS: 1403.5294

Bino case
Open Spectra

mu N3,N4, C2
DF channel - WW CR for SR-WWa CR WW M2 = N2,C1
= 104 T o2 M A BRI
8 - . Da[a |:| Nun prcmm \enlons ATLAS E
= % Zel ‘[:::I';Efzmn_ \s-8TeV, 203" W
R C Wt === (m_.m_) = (100,0) GeV H H 7 -
p 10° & v ™ Watch out Slgnal-g ontamination !!!! M1 N\ N
[ = 3
= !
o 102 =
10 b 1D e E
1 2 = LN L E B R B S B B B | L DL
[} i)
’ g 160 - ATLAS = Observed limit (+1 oﬁf:fv) -
10° - ]
= 2 £ 10l J. Ldt=2031fb", 1s=8 TeV -==-- Expected limit (£10,,)
w 1.5 ot o [ -
0 % 1 . X, X, — w )x w! Jx? - LEP2 x; (103.5 GeV) .
‘1 S 05 120 - &4 Al limits at 95% CL )
020 30 40 50 60 70 80 90 L. Py ]
- R =
, 0 my. [GeV] 100 [ -
1 S R ]
- 10° DF channel il
= T T T T L
& E ATLAS Vs = e‘rev 20 sfb =
o 10% ® paa [ Non-prompt leptons i
: 3 z+jets [ Higgs —]
—“é’- 10° % :ﬁ‘x, = E‘n'\kg rﬂ"?ﬁ (350,0) GeV h
() = i
14 @o10% | -
) ) 10 .
» Expected signal is flat ! > %- -------- ]
* WW steeply falling after 90 GeV 1k N | e | 7
E il PR Y R PO T oy T T ) ] T L
107 g 100 120 140 160 180 200
102 E 1 1 I rT'L: [GGV]
= g ?
@D 1.5+ 2
) 1 > e e 0 g @ @ /, {%/,i + /L// 2
= ///
§ og Can barel lud
= , an parely exciuae
(¢} 20 40 60 80 100 120 140 1 60 180 200
e SUSY models !
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- ATLAS: 1402.7029+1403.5294
EWKinos (5)

Bino case
Open Spectra

( Search for associate production (C1N2)

3
c
=z
@
=
N
e]
[N}

= Similar experimental challenge, but dominant background is now WZ

i i ; M2 = N2,C1
= Consider 3-lepton signal regions: w/wo Z veto, w/wo W veto, w/wo taus w1z
= Can combine with 2|+2j M N
%‘Ssofj"l”"l""""I""I""I""I" .
o, - ATLAS S Observed fimit (4105
2300 | Ldt=2031b", (s=8 TeV ----- Expected limit (+10p)
E , ig. - w )i? z ’7‘? ATLAS 47 fb", \s = 7 TeV E
250 [~ m..=m, Al lmits at 95% CL =
; . & Q. .
200 - ‘ R’ B
150 — é
100 — —f
50 [ B
0 -V[ 1 m ) | | | Sl 5 Tk l L L) I 1111 I 111 Iil 1 ': lél I - I:
100 150 200 250 300 350 400 450 500
miz_i: [GeV]

= Exclude m(X;*)=m(X,%<420 GeV for m(LSP)<80 GeV
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EWKinos (6)

Bino case
Open Spectra

1 EWKIinos production with Higgs in the cascade

mu T Nafa G2
= 3 signal regions considered, with very different final states
M2 g —nN2,Q1
= 1| +yy is stronger
YY g wl Ih
M1 N1
_l T I T T T T I T T T “I lllll I """" T T T T I T T T T i
- ATLAS 3 T Observed limit (+1Gpoon)
__ : Tev. 2 ; FU. Expected limit (£1c.,,) |
[ Vvs=8TeV,20.31 3¢ observed limit =
L Combination —— /*¢* observed limit i
N ii 'io 5 W ig h ’io —— ¢yyobserved limit ]
: ! ! #bb observed limit ]
@ All limits at 95% CL —
f“.'t 1 1 1 I350
7 [GeV]
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EWKIinos (7)

A: MSSM
B: Natural >10%
Cl: RPC
Main Change C2: LSP nature=G
C3: Unspecified Spectra
M
[ TeV
Bino case Wino co-NLSP case Higgsino case
Open Spectra AM(C1-N1)<1Gev  Compressed spectra
500 GeV__ mu T N3,Na,C2 mu ——TcY VY o7 M1 — N4
];,0 MZ( _:_ ) 0 M2 — ) N M1 —_—2 M2 p— )
...2 '
K+ %;’ — u Ml( _3_ ) B \ it W M2 —CT o1 mu p— VPN
«— Closeness to Higgs
May be only way C12WG N1-ZG for low tan S
to access N1IN1? N1-2>Z/ )G N1-2HG for high tan S
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ATLAS: 1507.05493
CMS: 1602.08772

Bino case
Open Spectra

O A plethora of new final states for Bino case
= Pure Bino NLSP - Adding 2y in final state kill the background " Wjj—_ e

vl~

%J ; 04 'A'TL‘A‘S T “s' =|8 Ll'év,lzd.3|1bj‘ ' ‘_'_‘Dfma' 261?: ' — 1000 GGM: bino-like neutralino, wino production
O] [ mg=600.m. =100 Oy = - ATLAS = Observed limit (+ 1 o?,‘fj;*ry)

3 77 m. =600, m., = i+ =
10 10° b Ve g8 =;‘,'ﬂ”mis_,D Qw 900F SRl analysis | s Expected limit (+ 10, )
> 1028 > SR, O £ - /s=8Tev,203f"
E = ! DWW P _— mi O,
<1>) 10 & Doiat @ syst. Egg 800 E All limits at 95 % CL
L g T K :

1 """""""""""" 700 :’"’um\l"‘“"““""""un,..." IIIIIII BT o

: 600 A,
10 ! E -
: 2

s ' 500 S8
o 2 e - | : -
v == e 400—
D O = L L L L 'j E

0 1 OO 200 300 400 500 300 1 1 1 1 I 1 ! | 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] 1 I 1 1 I 1 1 1 1 I 1 1 1 1

E_If["SS [GeV] 0 100 200 300 400 500 600 700 800

mi? [GeV]

Quite strong limits for electroweak production !
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EWKinos (9)

Wino co-NLSP case
AM(C1-N1)<1GeV

(J Can access the Wino co-NLSP case

mu —— N3,N4, C2
= C1IN2 has very low cross-section
= Decay C1->W*N1 is longer than ~0.1 mm ... and C1>WG dominates ! " *
M2 — N1, €1
I I - w| V2
c1 WYGG WWGG i
Final states 1+1 y+MET 2I+MET
Bkg type W y-2>lvy WW->Ivlv
o XBR (pb) 12 2.6
See LSP=N1 (p.54)
O/GSUSY@loo GeV 12/1~12 :6/0.25~10 Electroweak production, wino NLSP
g 1CE B LA B i e
For LSP:X10 was 25000 10 ._:.g E ATLAS — 95%, CL Observed limit .
N TSR -+=- 95% CL Expected limit ]
10t B et I 95% CL Expected limit 16 —
E SR, and SR, analyses o =
F 95% CL Expected limit £2 ¢ -
> B 22 production cross section |
Now possible to cover it! wE E

yH+MET

P
200

L ! TR O SR
150

L |
250

L |
300

P B |
350

Y Y VO T I
400 450 500

m;, [GeV]

(=]
o
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EWKIinos

 Have sensitivity to the Higgsino case !

= N1, C1,

N2 degenerate. Assume N1 is still the NLSP

= Can combine several channel to gain sensitivity

CMS: 1409.3168

(10)

CMS

Higgsino case
Compressed spectra

L=19.5fb"
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A strong constraint for naturalness
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EWKinos (11)

O pMSSM = systematic scan of 19 parameters MSSM

ATLAS: 1509.07152
CMS-PAS-SUS-15-010

= We have treated 3 extreme cases: Bino, Wino, Higgsino with BR=100%

v'Sometimes even SUSY impossible models ! (N1 Higgs decay in Bino models)

= Can consider SUSY-motivated case and all the intermediate cases with pMSSM

N, composition

(M1 =100 GeV)

(o) ; .
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But not always easy to have a clear picture because of 4D !
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Sleptons
CMS: 1405.7570

ATLAS-SUSY-2013-028

d Charged sleptons govern by 5 parameters — (meg=m.; mg=mg, mg, my, 8,)*
= Have same final states as C1C1->WWN1N1 so can be exclude beyond LEP

*Sneutrinos in RPC not directly accessible at LHC
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m(‘x‘l’)= 0 GeV m(i?)=20 GeV
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Summary of Part Ib

No generic limits ...

Rp=1 M Rp=-1 ]
“Distant
| TeV | Cousins”
In hMSSM: - 500 GeV | Enters at tree-level. Z(r)]dcaznlgilpvsv
MA/H >300 GeV A — Suggest =misu (), Nogenericlimits ... esp.
mH+ > 160 GeV il :Jgr _ ; for natural scenarios. Will
Houho__ T (+)3 benefit from HL-LHC.

«— Closeness to Higgs
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