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Strategy for the first data
+ Assume pair production of colored sparticles (squark/gluino)
+ Wide range of topological searches
+ Develop data-driven background prediction methods

Current focus

+ Focussed searches for 3" generation
+ Focussed searches for charginos/neutralinos/sleptons

Near Future

+ Natural SUSY
+ Compressed spectra

GGl workshop 2012 Filip Moortgat (ETH Zurich)

2



Topological SUSY searches

* Assume pair production of colored sparticles
* All inclusive searches require jets and MET

all jets

H; = Ep%‘

J

urther categorized by number of leptons
or photons
« Different searches have different dominant
backgrounds

All hadronic m OS 2-lepton | SS 2-lepton | 2 3-lepton

Jets + MET Single Opposite- Same sign Multi-lepton

lepton +  sign di- di-lepton + + MET
Lepton veto jets + lepton + jets + MET
MET MET
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All topological boxes

All hadronic m 0S 2-lepton m > 3-lepton

4 separate > different 2 analysis 4 analyses  2/3 analyses
analyses analyses inside Z. 3

analyses

outside Z.

1 analysis 1 analysis (previously (Exotica
exotica, now  group)
SUSY)
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Hadronic searches for SUSY [{{) Bk

All hadronic m 0S 2-lepton m > 3-lepton

Jets + MET Single Opposite- Same sign  Multi-lepton

lepton +  sign di- di-lepton +
Lepton veto jets + lepton + jets + MET
MET MET

* Only relies on strong production and existence of a LSP
» But most challenging due to large backgrounds:

- QCD (= use clever kinematic variables?)
- Z + jets with Z - neutrinos
- leptonic ttbar and W + jets where the lepton was lost (or a tau)

* Multiple analyses exist:
- either based on classical MET and H;
- or more recent kinematical variables: a;, Razor, M, ...
- also different trigger and bckg prediction strategies
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Kinematic \V/% | riables ( ETH Institute for

Particle Physics
jet
, LSP |sp
CMS hadronic searches make use of /
dedicated kinematic variables \
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Background predictions  [{()Exs

Pre-data: strong focus on data-driven background
prediction methods

+ Not rely on whether the simulation (both MC generators and
detector simulation) would describe the data (cfr. Tevatron)

+ So be ready with data-driven background prediction methods

e 10 be able to convince ourselves and the world that our
prediction of the SM background is reliable

+ Lead to the development of many, redundant data-driven
background prediction methods

e Hopefully methods with orthogonal weaknesses, so they
complement each other

Currently: MC describes the SM processes well!

+ Still beware of extreme tails and other delicate predictions
e €.g. fake lepton rate (in high PU environment)
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Data-driven background e

Particle Physics

prediction methods

Examples of data-driven methods:

*

Z - neutrinos (irreducible bckg.):

use replacement techniques:

1)
2)

3)

*

Z 2 Il + jets: clean (+) but low statistics (-)
W - | v + jets: larger stats (+) but selection is not pure (-)

Gamma + jets: very high stats (+) but significant theoretical
uncertainties (-)

Top-antitop and W+jets: “lost lepton” method

e estimate lost leptons using lepton efficiencies from tag/probe; for taus:
replace y by simulated tay decaying hadronically

GGl workshop 2012 Filip Moortgat (ETH Zurich)

8



Data/ Pred.

- Search using MHT at 7 TeV
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- Search using MT2 at 7 TeV

Particle Physics

Analysis CMS,\s=7TeV,L=473 1"
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Single lepton searches (D et

All hadronic m 0S 2-lepton m > 3-lepton

Jets + MET Single Opposite- Same sign  Multi-lepton

lepton +  sign di- di-lepton +
jets + lepton + jets + MET
MET MET

* Lepton requirement reduces backgrounds considerably
* Allows using leptonic triggers (i.e. potentially low cuts on HT and MET)
» Mainly W+jets and top backgrounds left
 Again: multiple analyses exist, differing mainly in their data-driven
background prediction method:

- Lepton Spectrum method (LS)

- Lepton Projection method (LP)

- MET template method

- Factorisation method (ABCD)

- Neural Network (ANN)
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Two examples (P Fricimss

- Lept. Spectr. method at 7 TeV —> Lept. Pol. method at 7 TeV
- In W decay, charged lepton and 7 .
neutrino pT spectra are LP — PT(f) PT(W)
on average approx. the same |PT (W) |2

- corrected for acceptance and

oolarization effects - In SM: V-A nature of coupling of W to

fermions; little correlation in large part
of SUSY parameter space

- CMS preliminary 2011

N 'MS preliminary 2
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Result @ 7 TeV (D i

\
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Same-sign di-leptons EES

Same sign
di-lepton +
jets + MET

* Aimost SM background free
* In SUSY, expect significant production through charginos in
gluino cascades

Signal: Background:
Main backgrounds:
%DV” ? Y - non-prompt leptons
p— guf;’ﬁX op _),":rW - charge misassignment
- D) - rare processes (e.g. ttW/ttZ, DPS, ...)
=

0
70, )
T
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Backgrounds (D e

Backgrounds prediction methods:

+ Non-prompt leptons
e Do not trust MC

e Use several methods (tight-to-loose, b-tag & probe), all based on
extrapolation in isolation/identification

+ Charge mis-identification
e Do not trust MC
e Estimate rate from Z->ee for electrons, from cosmics for muons

+ Rare SM processes

e Trust MC (with large uncertainty) since these are physics
backgrounds
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CMS, (s=7TeV,L_ =4.98 fb’

- 2012 data at 8 TeV
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Opposite-sign dileptons  [{)Rxs

All hadronic m OS 2-lepton m 2 3-lepton

Jets + MET Single Opposite- Same sign Multi-lepton

epton = sign di- di-lepton +
jets + lepton + jets + MET
MET MET

» Second lepton requirement reduces QCD and W
background further. Top is now the main background.

- Two separate analysis: inside and outside of the Z peak

« Several background prediction techniques, including
opposite-sign opposite flavour subtraction

« Channel very suitable for sparticle mass reconstruction from
endpoint measurements
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Opposite sign dileptons

Outside of Z-window:

( ETH Institute for
Particle Physics

+ Use OS — SF subtraction to reject ttbar and all other backgrounds

containing W pairs

Inside the Z-window:

+ Two background prediction methods for Z+jet background:
“JZB” and MET templates from photon+jets

v
.

JZB=

EﬁT "52’

jets

GGl workshop 2012
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Multileptons EES

2 3-lepton

Multi-lepton

* Very clean signature with very low Standard Model background
* Allows to require very low MET and HT
* Photon conversions are non-negligible background
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Multileptons

Many signal regions!

-

ction (%)=0 (%)= (th)=2
obs expeced | obs expected | obs  expected
4 Lepton results
4f P =50, Hy =200, no Z 0 0018x0005| O 0.09 + 0.06 0 07 =07
uE""- =50, Hr =200, Z 0 022 +0.05 (i 0.27 +0.11 0 08+12
1) E"“’" >50, Hy <200, no Z 1 020 = 0.7 3 0.59 +0.17 1 15206
& E""" >50, Hy <200, Z 1 079 =0.21 4 23+07 0 1.1 x07
LT3 E'““" <50, Hy =200, no Z 0  0.006 = 0.001 (i 0.14 +0.08 0 02507
& E""" <50, Hy 200, Z 1 083 =033 0 0.55 +0.21 0 114042
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7 TeV exclusions in CMSSM

Status after 5 fb'data 7 TeV:

GGl workshop 2012
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my, (GeV)

ETH Institute for

Particle Physics

Where we need to go: LHC @ ~14 TeV

mSUGRA reach in various final states for 100 fb™
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7 TeV exclusions in Simplified T et

Particle Physics

Model Space (SMS)

CMS preliminary | ,.imotier)-m(sp) —200 Gev ==050 m(LSP)=0 GeV
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Warning (P s

The previous plot comes with some fine print:

+ Branching ratio’s usually assumed to be 100%

e in particular for the leptonic final states, that's
quite a drastic assumption

+ Note that these limits typically hold for low LSP
masses only and all limits disappear if the mass of
the LSP is larger than ~450 GeV

¢ S0 be careful when drawing conclusions on
physics!
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Particle Physics

That was the classic topological strategy
+ Search for generic jet+MET signatures, containing 0/1/2/3+ leptons
+ Generic, but often optimized for specific models (CMSSM, SMS)

Recently: also more model-specific approach
+ 3 generation
+ EWK production of charginos/neutralinos
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Natural SUSY 1) by

fhe new (o) paradiom: Cim P“IS«»“'1 /67{«4/ SUSY
7 J T
A~

+ Light stops/sbottoms

« Light higgsinos | 300 j
+ Not-too-heavy gluinos \&

are needed for a natural 4po f:‘_)ﬂ , LL
theory of EWSB \\/
g

tr.  tr ‘2'§ o LL

"""""" bL T A z
: | ing(: L' o "MN)
i Unavsidale e (222 (—,?
natural SUSY

e.g. arXiv:1110.6926 Nima Arkani-Hamed, SavasFest 2012
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How to look for natural SUSY [{{) Bk

How to look for natural SUSY?

+ Existing searches are already sensitive
(esp. the ones requiring b-tags)
e Reinterpretation in this context
+ Add dedicated searches

Two main directions:
1) Gluino production (+ decay into stop-top or sbottom-bottom)

= Focus on high jet multiplicity, high #b-jets, ...

2) No gluino production, only direct stop/sbottom production
= Difficult. Needs customized search strategies.
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ETH Institute for
\ Particle Physics

Gluino-mediated stop
+ Hadronic with 0/1/2/3+ b-tags
¢ 2 SS leptons + b-tag

8 TeV

t t
Hadronic search SS 2lepton+b search
CMS Preliminary CMS Preliminary, 1s =8 TeV, L,  =3.95 fb"

3 8007 oo L g5.§— 2t LSP m@oom@ | _ "2 2 890 Same Sign dileptons with btag selection -
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600l CLg, 3.91b™, is=8 Tev E g 600 E

- o = 3

500~ Olp 1 & 5005_ E

: i - —

wool- : 400; 5
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3rd generation in CMS (2)

95% exclusion limits for b — b%’; m(,d)>m(b)

S 700 " T T T T T T T T T T T
- T O
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| | Ll | \ |
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS11016
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95% exclusion limits for T — t%°; m(@,a)>>m()
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EWK SUSY production (D At

+ So far have discussed strong production of colored particles
+ But LHC is starting to also get sensitive to EWK production!
e First one on the list: chargino-neutralino pair production

10 ET T T T[T T T T[T TTT L ProspinoZ.1
e tot[pb] pp — SUSY
I =
0 -
P, X2 | -
al
Pl Xii _2_ \/
! o & =
- %38 .
3 B ) http/Awww_thphys.uni-heidelberg.de/~plehn/
0_||||||1||||||||||||||||1||TF‘9|||||||||||
100 200 300 400 500 600 700 800 900
average SUSY particle mass [GeV] 18
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EWK SUSY decays (D At

Assume decays of chargino/neutralino into leptons

7t e

% \'E\j\ =g ffkl,j\ = X —=Ulv(vD+x X =)+ %

Vv 0¥
Z;L “’i (f.t -0 Z — + - - -
‘ ' 75 t X =W+ X —=Z+x%
~0
4 Z?

The following searches have been performed:
e 3(4) —lepton (incl. taus) + MET
e 3 lepton using M(Il) and M+(l, v)
e 2 same-sign leptons (incl taus) + MET
e 2 opposite-sign leptons + 2 jets (W/Z) + MET

Sometimes maximal HT cut. Often using a b-jet veto.

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS12006
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CMS EWKino search (1) & stateror

CMS Preliminary \s=7TeV,L  =4.98 fb"
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Photons - GMSB (1) nstateror

Also gauge mediated scenarios are studied

+ Depending on the nature of the LSP, single or double photon final
states may dominate:

8 TeV

CMS preliminary 4.04fb ' Vs=8TeV =1y, >2jets <2000 :
;‘ f | T T T N T | T T T T I T T T f (\J |
& 1800F G%" ] 3 | .
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g 1600~ e Observed +1o signal theory i >~(°
C ' Expected +10 exp. ] 1500[— T Requiere:r‘l:ze)nt
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS12018
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Particle Physics

Many topological searches for new physics at the LHC have
been performed with the 7/8 TeV data

¢ Limits on squarks/gluinos between 800-1200 GeV for light LSP
e But limits evaporate if LSP is heavier than ~ 450 GeV

Also some focused search efforts:
¢ First limits on direct EWK chargino/neutralino production
+ Dedicated 3" generation searches ongoing

Challenges for the future:
+ 3" generation (direct stop/sbottom searches)
+ Compressed spectra (trigger, analysis strategy, ...)
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SUSY @ LHC
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RPV SUSY (D s

RPV SUSY scenarios

+ Many possibilities
+ Often can reinterpret Exotica analyses:

Example: gluino to 3 quarks:

o CMS Preliminary [rL=s0m"
' ' :  is=T7TeV
=~ Observed
3 -« Expected
Q. ol -w
~ [ =20
m 10 s gLO(Gluino) i
b4 E —a"'-°(GluIno)
o} o :
pot B
g -
- |- :
- S
o :
32 :
n L :
o i i ;
10" i ﬁ:ﬁﬁf:ﬁffﬁﬁff:f:ﬁﬁi‘{;ﬁf“ e e
400 600 800 1000 1200 1400 1600

M, (GeV/c?)
- exclude gluino masses below 460 GeV
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Direct stop in ATLAS

Direct stop production:

+ Dedicated analyses with 0/1/2 leptons for m(stop) < m(top) as well
as m(stop) > m(top)

~—

T,production: T, - b+, 7. W47 (BR=1, m_<200 GeV}; T, t+7, (BR=1, m, > 200 GeV)

III]IITIITII TIIITIII]IIIT] I]II

H H SUSY P - by P ]
—_ ATLAS Preliminary Observed limits (-107,5,) L= 0o, 3, W % Hm <20Gel)
— — Observed limits (nominal) — 2-epton (m., =106 GeV) -

112:leptans + bejets (m = 106 GeV) :} M(Stop) <m (Top)

Ldt=47f" y8=7 TeV ---- Expected limits (nominal) — ]
172-leptons + b-jets (m =2x m,:b ]

Stabse: KMEP 3012 Alllim#s at 5% CL, ]
l—ﬂ'z (m>2()OGeV) —
- \,
7\ = tepton } M(Stop) > m (Top)

1

. / s R Oleplon

me = m, | =106 GeV)

AN

g | 3 I B
0 150 200 250 300 350 400 450 500 550

m; [GeV]
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Z'SSMII

Z' SSM tau tau

2Z', ttbar, hadronic, width=-1.2%
Z', dijet

Z', ttbar, lep+et, width=1.2%
Z’SSM Il {(fbh=0.2)

G, dijet

G, ttbar, hadronic

G jet+MET K/M = 0.2
GywkNM=01

Q, Z(hZ(gq), kM=0.1

W' v

W' dijet

W' = td

W'= WZ(leptonic)

WR —+ b

WR, MNR=MWR/2

WKKp =10 TeV

pTC, nTC > 700 GeV

String Ball M, MD=2.1, Ms=1.7, gs=0.4
String Resonances (qg)

8 Resonance (gg)

s8 Resonance (gg/bb), fbb=1
E6 diquarks (qa)
Axiguon/Coloron (qgbar)
gluino, 3jet, RPV

g’ (gg), dijet
q' (qW)

q' (a2
q", dijet pair
q", boosted Z
e AN=2TeV
pnA=2TeV

GGl workshop 2012

b' =1W, (31, 2I) + b-jet

q', b't' degenerate, Vib=1
b' = tW, l+jets

B’ = bZ (100%)

T' = tZ (100%)

t' = bW (100%), l+jets

t' = bW (100%), i+

gluino, Stopped Gluino

stop, HSCP

stop, Stopped Gluino

stau, HSCP, GMSB

hyper-K, hype-p=1.2 TeV
fractiona charge, q=2/3e
fractional charge, q=1/3e

multiple charge, g=2e

multiple charge, g=3e

neutralino, ctau=25¢m, ECAL time

LQ1,B=05

6 LQ1,B=10
LQ2,B-05

LQ2,B=10

LQ3, (obnunu) Br{LQ — bvt) =1
LQ3, (btau) B=1.0

stop (btau)
| Compositeness

3 4 5 6

4th
Generation
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I MSUGRAICMSSN S 016p £ 5 ¥ E; . | mus TS com i D e ke G=gmass ] L
3 MSUGRA/CMSSM - 116D + ['S + E; . | e85 8 Tl [ATLAS-CONF-2012:104] 12470V, G=gmass JLdt — (1.00-5.8) 1"
[+ . . ’ = . .

& Pheno model -0 lep +j's + E; ., |LsS8 ", 8 TeV [ATLAS-CONF-2012-109] 1.18 TeV g mass (mfg) <2 TeV. hghtx )
3 Pheno model - 0 lep + 'S + Ey ., |Les8 "8 Tel [ATLAS-CONF-2012:108] 138TaV. G mass (m@ <2 TeV, |.gmu 15=7,8TeV
2 Gluino med. ¥ (§—qi") - 1lep + S+E_ . |Let7"7 Tev [ATLAS CONF-2012.041) 800GeV| g mass (m(z ) <200 GeV, m(y )-Q(mu )+m{@)
] GMSB : 2 lep (OS) + J'S + Eq ey | LoA7 557 TeV [Preliminary] 1207V § mass (ang <15) ATLAS
§ GMSB:1-2t+0-1lep+)s+ ET s Led.7 b, 7 TeV [ATLAS-CONF-2012-112] 1.20 TeV g mass w >20) Preliminary
) GGM YV +E_ " |icas 5", 7 TeV [ATLAS-CONF-2012.072] 1077e¥| G mass (m(z)>50 GeV)
§—>DF° thual b):0 lep +12 b—]‘s + E, miss g mass (mu )<3oo GeV)
2w 'g—zb%ZFSvutualh) Olep+3bs+E, .. gmass (mEE) <400 GeV)
5 o g—bby (realb) : 0 lep + 3 b's + Eq s gmass (mix,) =80 GeV)
23 of) (virtualt) 1 lep + 12 b + E, ., §mass (mf;) <150 GeV)
e E §—> X, (vutualt) 2Iep (SS) +j's+Eq s 850 GeV gmass (mu)<3ooeew
g2 7 (virtual®) : 3lep +j's + Er oy gmass (any m&") <m@)
23 tﬁg—’vmualt) 0 lep + multi-j's +E ... 1.00 TeV g mass (mix 1) <300 GeV)
(vmual,) Olep +3 b's + Eq s gmass (m(z ) <50 GeV)
g‘—z”l (re%t) Olep+3by's+E, ... g mass (m(i") =60 GeV)
) bb, b‘—gg' :0lep +2-bets + £, . |Leh7 "7 TeV [ATLAS-CONF-2012:108) 480GeV b mass (miz, ) <150 GoV)
% 5 bb, b, _’% 3 Iep +]'S + Ep s |Le47 07,7 TeV [ATLAS-CONF-2012-108] uedv gmass (mc) = 2m{1 )]
3 ‘g - 'ﬁ'(very Ilght) —>b2 2lep+EL L. w-‘.rumbqﬂsm t mass (mi, %)= 4569V)
@ B t’tw(llght) t—>bx 1/2 lep +bjet + Er miss | L™47 17,7 TeV [CONF-2012-070] 120-173GaV/ Tmass (m(x ) =46 GeV)
§ a 1t (heavy), t—»fx (0lep+bet + E; . |L=47 177 Tev [1208.1447) 380485 GaV tmass tm(z) 0)
> § it 1t (heavy), t—>tx 1lep+b-jet+E; .. [t=47%"7 Teviconr2012.073 230-440 GeV T mass (m(x 1=0)
RS t(h avy), t—>tx :2lep +bjet + E; ., |L=47 ®".7 TeV [CONF-2012:071) 298-305 GeV t mass (mix’)=0)
o (GMS_B) Z(—+||2}+ b-jet + E ) uu.".vunm 310GeV T mass (115<ma°j<m GeV)
v L, -1y 22 lep + E,- miss | L®47 17,7 TeV [CONF-2012.07¢] §3-180/GeV | I mass (mu )=0)
E 2 Z .13 ¥ =V(R)SE 2lep + Eq iss |Lo47 7,7 Tev [CONF-2012-076) | 120330GeV 7 mass (mG}) = 0. mil37) =emiir?) + miE )
v 11— él(lvv)+v+2x 31 +E; (L0 T TeV [CONF-201 35073 60500 Gev| ¥ mass (m(}) = ma") ma") =0, m{(3) as above)
3 " AMSEB (direct x pair prod ): long-lived LeA7 5", 7 TeV [ATLAS-CONF-2012-111] 210 GeV 2: mass (1<) <10 ns)
=8 Stableg R-hadrons : Full detectol [ Est#7 Te¥ [ATLAS-CoNF2012.078] @esGevl g mass
3 Stable T R-hadrons : Full detector |Ee7#" 7 TeV [ATLAS-CONF-2012.075) 883GaV. t mass
Sa Metastable’g R-hadrons : Pixel det. only [Es&7 577 TeV [ATLAS-CONF-2012.075) . 810GeV. gMass (x@>10ns)
___ GMSB : stableT |Ls47 5,7 TeV [ATLAS-CONF-2012-075] 310Ge¥ T Mass (5<tanp <20) _
"'RPV : high-mass e V. Mass (i,,~0.10. i,,,=0.05)
> Bilinear RPV : 1lep +j's + E; ... q =g mass (67,5 <15 mm)
o BC1RPV 1 4lep + Er s gmass
. ~RPV} x — qqu i + heavy displaced vertex gmass (3.0x10° <i,, <1.5¢10 1 mm <ct <1 m,g decoupled)
" "Hypercolour scalar gluons : 4 jets, M=, " |Let.6 ", 7 Tev [ATLAS-CONF-2012-110] | 100:287:GeV| SQIUON MASS (incl.limit from 1110.2693)
% Spin dep. WIMP interaction : monojet +Er miss | Le47 5", 7 TeV [ATLAS-CONF-2012-084] 700GeV! M~ scale (m, <100 GsV, vector DS, Diracy)
. 0 ~ Spin indep. WIMP interaction : monojet +E, miss uuln".rrww : : sule.\lr IM: s;claie (my < 1017 GeV, tTnsov Ioo. :Z)ilalcxl) N | | L

107

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 10 theoretical signal cross section uncertainty.

1

10
Mass scale [TeV]
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7/ TeV to 8 TeV ) By

Can 5 fb' at 8 TeV add something significant
wrt. 5 fb-1at 7 TeV?

CTEQ6L1 parton luminosities ratio

10
8 ATLAS
e
(=]
g 5
=4
~
% 3
'—
2, 2
ek
1

102 107! 10° 10!

Vi [ToeV]
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Fake ratio method ) By

f = 'fake ratio’ tight-to-loose from a background-dominated sample, e.g. Jet events
p = '‘prompt ratio’ ratio tight-to-loose from a signal-dominated sample, e.g. froma Z
boson decays — need to correct for real muon contamination.

Use the definitions of f and p to write down a system of equations:

Ny = Npp+ Ngp + Nfp = Nz + Ny + Ny
Ny = (1 o P)szp + (1 - P)(l - f)pr + (1 - f)szf
Nu = 2p(1—p)Npp + [f(1—p) +p(1 = )] Npp +2f(1 — f)Nyy
N = p*Ny+pfNpp + f* Ny

N = total #events with at least two ‘loose’ muons
N.o, Ni1, N;» = #events with 0,1,2 muons passing 'tight’ selection cuts (but not signal cuts)
Nop, Nip, N¢s = #events with prompt-prompt, fake-prompt, fake-fake muons (unknown)

g
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interpretation

More generic interpretation: CMS Preliminary L=35/pb \5=7TeV

Simplified Models

limit on o (pb)

100 rot s e LAPEPIPE IPEPEY PN 10"
400 500 600 700 800 900 1000

m (GeV)

* masses are generic, not model dependent. No cross-section assumed.
* broadens reach of kinematically accessible regions of parameter space
* put 95%CL limits on o using all existing CMS hadronic searches

* black lines represent QCD-like cross sections
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