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Outline for Part i

* How to do/read a search
e Statistical facts

Overview of SUSY searches
— Inclusive Searches
— 3 Generation Squarks
— EWK Searches
— SUSY Higgs
— Bs 2 uu - |
— GMSB SUSY “This could be the discovery of the century. Depending,

of course, on how far down it goes.”
— RVP Searches

Disclaimer: completely unbalanced
set of results from CMS and ATLAS
No attempt to have latest results everywhere



Basic Guidelines on how to
perform a Search

Object reconstruction
Background Estimation
Likelihood Fits



EXPERIMENT

Run Number: 278880, Event Number: 101104356

Date: 2015-09-08 12:27:21 CEST
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X/X,

AX/X,

Building Blocks
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® Corrected MC

Building Blocks
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Multiple Interactions

CATLAS Up to 40 interactions / crossing

S EXPERIMENT

(requires enormous efforts to
understand the reconstruction
of the physics objects...)

ATLAS Online Luminosity
O Vs=8TeV, ﬁ_dt =20.8fb", <u>=20.7
3 Vs=7TeV,Ldt=521" <u>= 9.1

Recorded Luminosity [pb/0.1]

Z = uu events with
20 interactions on top

10 15 20 25 30

Mean Number of Interactions per Crossing



How to make your search.. :

1. Find good discriminant(s) = signal region (blind it!)
2. Determine your SM background + related systematics

1. As much as possible from data

2. If taken from theory/simulations 2 define control regions in
data (orthogonal to your signal regions) to constrain the
predictions with data (and to reduce systematics from models)

3. Validate your predictions in regions close to the signal region
(similar kinematics) where you do not expect new physics

4. Convince your collaborators all is under control and open box
3. Use a sophisticated Likelihood fit to determine whether
your data is statistically consistent with a background only

hypothesis in the signal region taking into account
correlations of systematic uncertainties, etc..

1. Buy a ticket to Stockholm or compute exclusion limits @ 95% CL



Background strategy

Top
V, VWV, VW

Standard Model

Multijets

Higgs

Example: top, W/Z+jets V

In ETMiss-based analyses /

N Example: multi-jet,
fake leptons

Irreducible backgrounds

Dominant sources

Control regions in data used for normalisation.
Transfer to signal regions using MC

Sub-dominant sources MC

Reducible backgrounds

Determined from data

Analysis dependent

i

SUSY
SIGNAL
REGION

Validation

Validation regions used for cross-checks

QCD CONTROL

Signal regions
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DATA/ SM
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DATA/ SM

An example: 0-lepton signature

Searches in inclusive jets + E,™sS events A

— from 2 (A) to 6 (E) jets Expect significant Region @

“effective mass’”’

// Region A, A
>
Gluino Mass

4

miss
E ET,jet + ET

Squark Mass

£ L T ] 10%E L T T T E T
E [[Ldt:li.?fb' 3 > E E| 3 r '£Ldt:4.7fb‘ 1
E e Data 2011 s =7 TeV) 3 D F Ldt=4.7fbo B S 10 e Data2011 fs=7TeV)
- o M Toal ] ©) r e Data 2011 (s = 7 TeV) ] 8 E e 3
tt and single top o P - —— SM Total Ay tt and single top
E E;vﬂi‘s 3 9 10° E 1t and single top = 8 102 E;vﬂja‘s a
[ Diboson ; E 7 +jets E £ E I Diboson 3
----- SM+SU(500,570,0,10) 3 C [ W+jets ] w «+++ SM+SU(500,570,0,10)
s SM+SU(2500,270,0,10) = L B Diboson i r SM+SU(2500,270,0,10) 1
E ATLAS Preliminary = e 1 02 L. - .. [ multijet | 10 ATLAS Preliminary _
¢ oresre - | E - — SM+SU(500,570,0,10) E E CR3 SAB E
F y 1 E g SM+SU(2500,270,0,10) 3 + ]
L | = ATLAS Preliminary B 1 4 _
2 - 3 - H E . 3
Top CR ] 10g . oh8 - - W+jets CR ]
. fnrinilooon “.m‘ . = St E L, NI ]
—— C — = 2.
E. [ — <£ . §7 " + T
BE gy L r iy ... | < O e e | AT T B [
3 e eyt + 1§ E g 0'%7 S s P ++++ *
500 1000 1500 2000 2500 3000 F B % 500 1000 1500 2000 2500 _ 3000
mq(incl.) [GeV] [ L 0 i mq(incl.) [GeV]
=S o B E T T T T T T T
L B L B B T 2 2F e B L B B T T
F ’[Ld:=4.7vb‘ ] z 15 -+-+ E r iLd(=4.7lb‘ ]
I = Bazori s =770 S e e B L + Banzon Gen 7o ]
E = :Itvand single top 3 o 08 L s 10 E > It and single top 3
i iy i 0 500 1000 1500 2000 2500 3000 2 I Wl
L N Diboscn _: m(incl.) [GeV] £ I Diboson
- SM+5U(500,570,0,10) 3 i +-+ SM+SU(500,570,0,10)
- SM+8U(2500,270,0,10) ] 10 . SM+SU(2500,270,0,10)  —
ATLAS Preliminary | E ATLAS Preliminary 3
3 CR2 SRB 3 CR1b SRB
T_ Normalizations obtained in all CR and
e L2 3
Multijet CR - extrapolated to signal regions simultaneously by

S e Jr ______________________ combined maximum likelihood fit 2
-00 500 1000 1 5:;) 2+0.00 2500 3000 g

500 1000 1 500 2000 2500 3000
mq(incl.) [GeV] mq(incl.) [GeV]



The mother of all fits...

 Combine all info in a global fit. Likelihood based on CR and SR (mutually

exclusive)

b=background
0= systematics treated as nuisance parameters with Gaussian
L(n|u.b.0) = Py X P, X F, X P, p F ocp XL st n=Number of observed events in data

p= SUSY signal strength to be tested

* Each region described with a Poisson p.d.f

e Statistical and systematic uncertainties on the expected values included in
the fit as nuisance parameters = typically constrained by a Gaussian
function with width corresponding to the size of the uncertainty

considered
— correlations between these parameters are taken into account

* Inputs: Transfer factors (c), N events for data in SR(s) and CRj(bj)

P =P(n | As(10.0.6)) = e cp_ z(6) @5+ Cir-sr(0)®Db;
-

=P(n|A(u.b.0))=uec, -(0)es+ ZCJ.R__.__,,.R((-)) . bj
r

A (u, b, 8) = expected number of events



Statistical facts

Notes on statistics
Using Higgs discovery for illustration



Notes on Statistical Significance
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Likelihood ratio
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£(0,6(0))

Only background ?

2y = A(0,0) =

Z(4,0)

g, =—2InA,

I”

Test of “null” hypothesis of no signal

If a real signal appears ... p, 2 0
(once p,< 2.87 x 107 > Discovery)



£(0,6(0))

Only background ?

2y = A(0,0) =

Z(4,0)

g, =—2InA,

I”

Test of “null” hypothesis of no signal

If a real signal appears ... p, 2 0
(once p,< 2.87 x 107 > Discovery)



In the case of very small

signals (limited sensitivity)

the use of p, to exclude signals
can lead to false exclusions if the

data fluctuates down....

In these cases it is better to use
CLs ... which is conservative in the
exclusion

If CLs < 0.05 = excluded at 95% CL

CL,

(do not exclude your signal...)

— Observed

Expected for
background

EXCLUDED

10 100 102 104 106 108 110 112 114 116 118 120

mH(GeV/cz)




Events / 100 GeV

Data/MC

Typlcal SUSY exclusion plot..
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SUSY Cross Sections @ LHC (8 TeV)

LPCC SUSY c WG
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Data / MC

Inclusive Searches

Multiple-jets and large E,™ss
JHEP09(2014)176

Events / 100 GeV

e o o SN
1055_ g;’LAZSI ILdt:Zo.sfb" 5 % 10° T T T T T T T T T T T T T T
E "< - 1 2 4 Data 2012
F O aheliema e 12 ATLAS IL dt=20.3 1b”, s=8TeV RS H. =
10 - - = G m(3)=475,m{x’)=425 - 5 10 I Diboson T pT
g - 3 m(@=1000,m(x3)=100 EE- . {\,"V“'.“le‘s
L Multi-jets B 2 . Togets ]ets
10% Wajets = 10 F
E ti(+X) & single top 3 B Z+jets
C Ml Z+ets ]
- I Dioson 1 Background from
: : 1 lepton b-tag/veto &
10 i - .
: 2jets 3 photon CRs with
1 < similar jet and
E i 2 18 . . .
2 5 23 kinematic selections
oF , ] 5 12 A N
E... 3 SN H
1 A S as in SRs
0.5F ehesteetty -3 03
00 ——"566 7000 1500 2000 2500 3000 3500 4000 O 2m 2t 2W 5 4 4 4m 4f 4W 5 6 6m 6 6t SIMPLIFIED
mg4(incl.) [GeV] Signal Region
MSUGRA/CMSSM: tanf = 30, A = -2m,, 1>0 SCENARIO
%' Lr-rrrergre T T T T T T ] Squark-gluino-neutralino model
(D - ATLAS - ;‘2800 _I T T T | T T I {"\‘l I': T T I T T T | T T T I T T T I T T T _]
@ u — 3 5 = B == m(az") 0 GeV Exp. limit (+16,,,)
g 5000 = J. Ldt=203fb", \s=8 Te\] 92500 £ 2 mz')-0 Gev Obs. limit (+1 62T
B 7 «© - - 395 GeV Exp. limit 1
< C . ] S 2400 | @)= . =
= C 1 0-lepton, 2-6jets ] - o —_— m(;z"):sgs GeV Obs. limit 1
=2 3 — z)
54000 — o — < 2200 = - = m(%.)=695 GeV Exp. limit —_
(7] = 3 === Expected limit (11 64,,) ] =3 - 5 .
- " . susy. n 2000 & ., — m(x,)=695 GeV Obs. limit T
C w Observed limit (£1 6y,c) = 7TeV (4.7f"") m(¢})=0 GeV Obs. J
3000 — [ staulspP — 1800 | -
: : MSUGRA i 3 =
2000 |— L=} B :
L - - ATLAS -
C i 1200 — —
C ] = _[Ldt_203fb \s=8 TeV 3
— — 1000 — —]
1000 |- ] = o- epton 2-Bjets -
el by by by by b by A 800 P T T T TR T T I T T R L o

800 1000 1200 1400 1600 1800 2000 2200 o 1000 1200 1400 1600 1800 2000 2300 2400
Gluino mass [GeV] Gluino mass [GeV]

o]
o



JHEP 10 (2014) 024

Gluino-mediated
Stop/Sbottom Production
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m,, [GeV]

MSUGRA Scena

Run-1 summary on inclusive squark and gluino searches

MSUGRA/CMSSM: tan(B) = 30, A = -2mq, 1 > 0

arXiv:1507.05525
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- >4 Direct Stop/Sbottom

¢ Y. ¢ In the scenario with TeV gluinos / squarks (1st/2nd generations)
X F . All the attention is put now in searches for stop/sbottom
b, = b 3°— b h(Z) x,° Multiple channels according to the decays

L0200 L 0 O L L0 O

0 50 100 150 200 250 300 350 400 450 500
m(t,) [GeV] e



JHEP 10 (2013) 189

ArXiv:i1506.08616 ,, Sbottom Direct Production

2 Large E;™ss and 2 b-jets
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~ Further stop constrains p>_’--4~'
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Further stop constrains >4

(using the top-(anti)top spin correlations)
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(different mass hierarchies, simplified models)
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EWK production
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Up to 22 different ATLAS 8'VI SS M The results are interpreted

in the context of 19-parameter

searches considered One example of particle spectra
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Hard to believe in SUSY if the
Higgs sector stays with just h,

...Looking for extra Higgs particles ...



MSSM Higgs Sector

Two Higgs doublets are required in supersymmetric theories to

generate mass for both "up" type and "down" type quarks and

charged leptons.
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MSSM Higgs

H,,H,—— h,H,A and H”

b g o
tanf=<H, >/<H, > h b%
zozazr” b
b g

M(h) <135 GeV

Tree level : M, and tanf as parameters

MSSM Higgs production cross section
boosted compared to SM at large tanp
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B (B, — uu) and Cosmological Connection

mSUGRA at tanf8= 50
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A 8 TeV Monojet analysis
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SUSY searches with on-shell Zs
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Disappearing track

In AMSB model where the lightest chargino (N)LSP is wino and
nearly mass-degenerate with the lightest neutralino

%1 decaying into X, "+
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The signal reveals itself
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Heavy meta-stable Particles

dE/dzypy(BY) =

Using dE/dx in pixel detector
to extract the mass of the particle
Searching for highly lonizing particles

(R-hadrons, charginos in AMSB) >
S,
Etmiss > 100 GeV =
Lepton (electron and W-muon) vetoes &

One good isolated track with pT > 80 GeV.
Highly ionizing track
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One example of RVP search
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Searching for an excess of
events in multijet final states

- Computing the inv. mass of
mega jets reflecting the presence
of a very massive particle
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 Vs=7,8TeV
Model & T,y Jets EX [Laqm) Mass limit Vs=7TeV  Vs=8TeV Reference
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 4,8 1.8~ 7 I ‘‘‘‘‘‘‘‘
33, gk 0 26jets  Yes 203 |4 850 GeV
@ 43490 (compressed) monojet  1-3jets  Yes 203 |4g 100-440 GeV ?
5 44, G—q [[({(’v/vv)/h 2e,u(off-Z) 2 Jgts Yes 20.3 q 780 GeV o I n t 0 r
§ 88 8-aak) 0 2-6jets  Yes 203 |2 1.33 TeV
] 38, 3—qq¥7 —>quin 0-1e,p 2-6jets  Yes 20 g 1.26 TeV cap o
T 2ey  03jets - 20 |z 1.32 TeV mit)-0Gev
= GMSB (£ NLSP) 1-27+0-1( 0-2jets Yes 20.3 4 1.6 TeV tang >20
8 GGM (bino NLSP) 2y - Yes 203 |% 1.29 TeV ct(NLSP)<0.1 mm
g GGM (higgsino-bino NLSP) Y 1b Yes 203 |z 1.3 TeV m(¥7)<900 GeV, cr(NLSP)<0.1 mm, u<0
= GGM (higgsino-bino NLSP) Y 2jets Yes 20.3 4 1.25 TeV m(¥})<850 GeV, ct(NLSP)<0.1 mm, >0
GGM (higgsino NLSP) 2¢,u(Z) 2jets  Yes 203 |2 850 GeV m(NLSP)>430 GeV
Gravitino LSP 0 mono-jet  Yes 20.3 F'? scale 865 GeV m(G)>1.8 x 10~* eV, m(z)=m(g)=1.5 TeV
€ 3.3 bz,);? 0 3b Yes 201 |2 1.25 TeV W )<400 GeV
8’ Q 3z, g—m?( 0 7-10jets  Yes 20.3 2 1.1TeV m(¥}) <350 GeV
3 IE 28, gan}(, 0-1e,p 3b Yes 20.1 g 1.34 TeV m(¥})<400 GeV
N0 55 gobil| 0-1e,p 3b Yes 201 |2 1.3 TeV m(E})<300 GeV
85 bbb, b|—>b/v1 0 2b Yes  20.1 By 100-620 GeV ‘f)<90<3ev
§ B bibi, b —>z)(| 2e,u(SS)  03b Yes 203 |b 275-440 GeV m(¥5)=2 m(/\/l)
g% fif1, h—bXT 1-2ep 1-2b Yes 4.7/20.3 | # [ i105167/GeV 230-460 GeV w ) = 2m(¥), m(¥})=55 GeV 1209.2102, 1407.0583
< g fif, z|—>Wb)([|’ or it} 0-2e,u 0-2jets/1-2b Yes 20.3 % 90-191 GeV 210-700 GeV "f) 1GeV 1506.08616
S5 hi, i —>c)(] 0  mono-jet/c-tag Yes 20.3 A 90-240 GeV (71)-m(¥})<85GeV 1407.0608
~ 9 fifi(natural GMSB) 2e,u(2) 1b Yes 203 |# 150-580 GeV °)>150Gev 1403.5222
B i, hof +Z 3e.u(2) 1b Yes 203 |7 290-600 GeV m(¥})<200 GeV 1403.5222
I rlig, 100 2ep 0 Yes 203 |7 90-325 GeV m(;a) -0GeV 1403.5294
)E}')?,‘ )?, —v(Lv) 2e,pu 0 Yes 203 | i} 140-465 GeV m(X]) =0 GeV, m(Z, #)=0. 5(m()(, m(e))) 1403.5294
e XXX ST 27 - Yes 203 | ¥ 100-350 GeV m(¥})=0 GeV, m(#, 7)=0. S(m(X| )+m(A7 ) 1407.0350
=3 )21 0—>l‘Lv[L[(vv) (0L L) Bep 0 Yes 203 |¥LA, 700 GeV m¥T)=m(E3), m(¥})=0, m(Z, )=0.5(m(¥})+m(t})) 1402.7029
W= )(6—>W)( ¥ 23e,u  0-2jets  Yes 203 |JLE 420 GeV m(E})=m(¥3), m(¥7)=0, sleptons decoupled | 1403.5294, 1402.7029
XX - W hX1, hobb/WW/rt|yy &HY 0-2h Yes  20.3 )‘(I,iz 250 GeV mE7)=m(¥3), m(¥7)=0, sleptons decoupled 1501.07110
XoXs, )(2 3 =Rl depu 0 Yes  20.3 | X5 620 GeV m(E3)=m(¥3), m(¥})=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. Tepu+y - Yes  20.3 W 124-361 GeV cr<tmm 1507.05493
Direct ¥ X7 prod., long-lived )”(1 Disapp. trk 1 jet Yes 203 | 270 GeV m(Er)-m(¥})~160 MeV, 7(¥})=0.2 ns 1310.3675
S Direct ¥7.X] prod., long-lived Y7 dE/dx trk - Yes 184 |X 482 GeV M7 )-m(¥})~160 MeV, t(¥7)<15 ns 1506.05332
Q @ Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 4 832 GeV m(¥7)=100 GeV, 10 us<r(z)<1000 s 1310.6584
< G Stable g R-hadron trk - - 19.1 4 1.27 TeV 1411.6795
4] E GMSB, stable 7, ¥} —#(, fi)+1(e, ) 12K - - 19.1 )'(‘5' 537 GeV 10<tanp<50 1411.6795
S 2 awmss, 1=, long-lived ¥} 2y - Yes  20.3 i& 435 GeV 2<T(/\_’,)<3 ns, SPS8 model 1409.5542
gg,X?ﬁeevJe,uv/,uyv displ. ee/eu/pu - - 20.3 i“ 1.0 Tev 7 <LT(/\,/])< 740 mm, m(g)=1.3 TeV 1504.05162
GGM gz, ¥\ —ZG displ. vix +jets - - 20.3 | X} 1.0 TeV 6 <ct(¥))< 480 mm, m(3)=1.1 TeV 1504.05162
LRV pp—¥r + X, Vr—ep/et/ur efL,eT,uT - - 20.3 Ve 1.7TeV ;=011 d133133233=0.07 1503.04430
Blllnear RPV CMSSM 2e,u (SS) 0-3b Yes 20.3 q.8 1.35 TeV m(§)=m(3), ctrsp<1 mm 1404.2500
X])(] ,)(1 —»W)(,,X?—mev,,,em dep - Yes 203 |Xf 750 GeV mF})>0.2xm(FT), A;2%0 1405.5086
> X|X1 X —>W)(] )(I —TTVe, eTVr Sepu+t - Yes 20.3 X 450 GeV m(E)>0.2xm(¥7), A133#0 1405.5086
a3z g—>qqq 0 6-7 jets - 20.3 4 917 GeV BR(r)=BR(b)=BR(c)=0% 1502.05686
= 23, g—)q/\/l,Xl - qqq 0 6-7 jets - 20.3 4 870 GeV m(¥})=600 GeV 1502.05686
38, g—hit, 11 —bs 2e,1 (SS) 0-3b Yes 20.3 4 850 GeV 1404.250
iy, fj—bs 0 2jets+2b - 20.3 # 100-308 GeV ATLAS-CONF-2015-026
fify, iiobl 2e,pu 2b - 20.3 7 0.4-1.0 TeV BR(#, —be/p)>20% ATLAS-CONF-2015-015
Other Scalar charm, zoel) 0 2c Yes 203 |& 490 GeV : m(¥7)<200 GeV 1501.01325
107! 1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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The discovery of New Physics requires
more energy and more data .........
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