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Outline	



● 

Desperately seeking SUSY	


	



● 

Hunting in the exotic land	


	



● 

Summary	
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Desperately Seeking SUSY	
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1985 Movie	


-- SUSY searches predate this	


-- may have better luck this time…	





K.K. Gan	

 Pheno2013	

 4	



SUSY	


● 

Main motivation for SUSY:	




◆ 

cancel quadratic divergent in Higgs mass	




◆ 

bonus: provide dark matter candidate	




◆ 

bonus: convergent of gauge couplings at Planck scale	







● 

Experimental search strategy:	




◆ 

assume R-parity is conserved	




 

a

lightest supersymmetric particle (LSP)  is stable	




 

a

large missing transverse energy (ET)	




◆ 

will also present searches with R-parity violation	



	



● 

caveat: SUSY has many free parameters	




a

conversion of result into exclusion limits require assumptions:	


	

 	

◆ 

decay chains	


	

 	

◆ 

masses and branching fractions	
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Search for Stop-Pair Production	



1 lepton	



2 leptons	



ATLAS-CONF-2013-037	


ATLAS-CONF-2013-024	



no lepton	



pp→ t1t1
t1→ t χ1

0

≤ 2 leptons + missing ET	


1 lepton + ≥ 4 jets (≥ 1 b-jet)	


+ missing ET	
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Search for Stop-Pair Production	
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no lepton	



1 lepton	



1-2 leptons	



2 leptons	



● 

Search for medium	




heavy stop:	

















● 

Lepton multiplicity	





depends on assumptions	





◆ 

may be too soft	




 

to reconstruct	



● 

✥❘✥Exclude stop up to 	




410 GeV for massless	


	

LSP and 150 GeV	


	

chargino @95%CL	



ATLAS-CONF-2013-037	
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Search for Stop-Pair Production	


t2t2 → Zt1Zt1→ Zt χ1

0Zt χ1
0

● 

Search for Z + b-jets	


	

+ missing ET



● 

Can also interpret	




result in gauge-mediated	


	

supersymmetry breaking 	


	

(GMSB) scenarios	



ATLAS-CONF-2013-025	
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Search for Gluino-Pair Production	



2 SS-leptons + ≤ 3 b-jets	
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Search for Gluino-Pair Production	



≥ 3 jets (≥ 1 b jets) + missing ET	



pp→ g g
g→ qq χ1

0

pp→ g g
g→ bb χ1

0

≥ 4 jets + missing ET	


arXiv:1303.2985	
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Search for Squark-Pair Production	



2-3 jets + missing ET	
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Search for Charginos & Neutralinos	



● 

signature: 3 leptons + missing ET	
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Search for Charginos & Neutralinos	



● 

exclude charginos and neutralinos masses up to 650 GeV 	


	

if decay via sleptons to massless lightest neutralino	



ATLAS-CONF-2013-035	



PAS-SUS-12-022 	
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Search for Charginos & Neutralinos	



● 

exclude charginos and neutralinos masses up to 315 GeV 	


	

if decay via W*/Z* to massless lightest neutralino	



ATLAS-CONF-2013-035	
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Search for Neutralino with Four Leptons	



ATLAS-CONF-2013-036	
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Search with τ Leptons	
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Search for R-Parity Violating SUSY	


pp→ χ1

+ χ1
− →W + χ1

0W − χ1
0

χ1
0 → +−v

Many other searches 	


with different assumptions	



ATLAS-CONF-2013-036	
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Search for R-Parity Violating SUSY	



Many other searches 	


with different assumptions	



 (GeV)TS
0-300 300-600 600-1000 1000-1500 >1500

E
v
e
n
ts

1

10

210

310 Observed

Bkg Uncertainties

Data-driven

tt

WZ

ZZ

Wtt

Ztt

CMS Preliminary -1 = 19.5 fb
int

 = 8 TeV, Ls

3-leptons incl. 1-tau + off-Z + at least 1 b-jet

 (GeV)TS
0-300 300-600 600-1000 1000-1500 >1500

E
v
e
n
ts

1

10

210

310

● 

Search for ≥ 3 leptons (≥ 0 τ)	


	

+ ≥ 1 b-jets



17	



CMS-PAS-SUS-13-003	
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Summary of ATLAS SUSY Searches	
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Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (4.4 - 20.7) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV, all 2011 data

8 TeV, partial 2012 data

8 TeV, all 2012 data

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)

Inclusive	


	


	


Gluinos	


	







Squarks	


	


Neutralinos	


	



Long lived	


	


RPV	



1 TeV	





K.K. Gan	

 Pheno2013	

 19	



Summary of SUSY Searches	



● 

No sign of SUSY yet but…	




◆ 

SUSY has many free parameters…	




a

difficult to totally exclude SUSY	


 a

provide job security…	




 a

experimenters (and theorists) love SUSY
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Hunting in the Exotic Land	



Exotica	



Standard	


stuff	
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Search for Dilepton Resonances	


!Z → e +e − !Z → µ +µ −

M(TeV)@95%CL	

 e+e-	

 µ+µ-	

 l+l-	


Sequential SM	

 2.79	

 2.48	

 2.86	


E6 (6 models)	

 2.38-2.54	


Graviton (G*)	

 2.40	

 2.10	

 2.47	



ATLAS-CONF-2013-017	



● 

Zʹ′ predicted in many	




beyond SM theories:




● 

sequential SM





● 

extra dimensions	




● 

grand unification models	





EDn2 3 4 5 6 7

 [T
eV

]
s

Li
m

it 
on

 M

0

1

2

3

4

5

6
)-1(8TeV,20fbµµCMS ee+

)-1(7TeV,5.0fbγγ+µµAtlas ee+
)-1(7TeV,2.0fbγγ+µµCMS ee+

)-1(7TeV,34pbγγCMS 
)-1(1.96TeV, 1.05fbγγDØ ee+

CMS Preliminary
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Search for Dilepton Resonances	



CMS-PAS-EXO-12-027	


CMS-PAS-EXO-12-031	



● 

ADD solution to	




hierarchy problem:




● 

SM particles in 4D





● 

gravity in 4+nED	


	

 	

dimensions	




● 

KK graviton could	


	

 	

enhance dilepton	


	

 	

x-section	
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Search for Dijet Resonances	


!Z → bb  or bg

Excluded mass (TeV) @ 95% CL	



● 

search for events	


	

with up to 2 b-jets	



1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

 (p
b/

G
eV

)
jj

/d
m

σd
-810

-710

-610

-510

-410

-310

-210

-110

1

10
 / ndf 

2
χ  25.25 / 35

Prob   0.8875

p0        9.687e-10± 2.651e-08 

p1        0.107±  2.91 

p2        0.01763± 7.418 

p3        0.007066± 0.3474 

 / ndf 
2

χ  25.25 / 35

Prob   0.8875

p0        9.687e-10± 2.651e-08 

p1        0.107±  2.91 

p2        0.01763± 7.418 

p3        0.007066± 0.3474 

Data

Fit

| < 1.3ηΔ| < 2.5 & |η|

>890 GeV, WideJetsjjM

CMS Preliminary -1L = 19.6 fb  = 8 TeVs

b* (1.8 TeV)
Z’ (2.2 TeV)

G (2.8 TeV)

Z’ (3.2 TeV)

2 b-tags

Dijet Mass (GeV)
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

D
at

a
σ

(D
at

a-
Fi

t)/

-3
-2
-1
0
1
2
3

Sequential SM	

 1.20-1.68	


Graviton (G*)	

 1.42-1.57	



b*	

 1.34-1.54	



CMS-PAS-EXO-12-023	
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Search for Dijet Resonances	



)2 Invariant Mass (GeV/ctt
500 1000 1500 2000 2500 3000

)2
Ev

en
ts

 / 
(5

0 
G

eV
/c

1

10

210

310 Data
Non-Top Multijet

tSM t
1 TeV RS KK gluon
2 TeV RS KK gluon
3 TeV RS KK gluon

-1 = 8 TeV, 19.6 fbsCMS Preliminary, 

● 

Top-pair x-section could be enhanced	


	

due to RS KK gluon, Zʹ′	



	



● 

Reconstruct highly boosted tops with merged hadronic jets	


	



● 

Exclude KK gluon < 1.8 TeV @ 95% CL	


	



● 

Also set limits on x-sections due to Zʹ′ or non-resonant enhancement	



CMS-PAS-B2G-12-005	
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Search for WZ Resonances	



ATLAS-CONF-2013-015	



● 

WZ resonances predicted in many beyond SM theories:




◆ 

technirho (ρT) in Technicolor models




◆ 

new heavy gauge boson in composite Higgs models	







● 

search for resonances	


	

in 3-lepton final state	







● 

limits @95% CL:  
 ◆ 

M(Wʹ′) > 1.18 TeV	


 ◆ 

M(ρT) >  0.92 TeV	
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Search for Heavy Fermions	



pp→ N 0N ±

N 0 →W ±

N ± → ±Z→ ± " ± " 

ATLAS-CONF-2013-019	



● 

Type III seesaw model: include a not so-heavy triplet (N+, N-, N0)	


	

to generate a reciprocal seesaw mechanism	



	


	









 a

search for	


	

 	

Z + 2 leptons	


 a

M > 245 GeV @95%CL	


	

 	

for nominal heavy lepton	


	

 	

branching with maximal	


	

 	

allowed mixing angles	
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Search for Vector-Like Quarks	


● 

Weak Isospin singlet:






● 

Weak Isospin doublet:






● 

Production/decay of interest:	


	


	


	



 a

search for lepton	


	

 	

+ ≥ 6 jets (≥ 2 b jets)	



● 

Weak-isospin doublet:	


	

mass > 790 GeV @95%CL	



● 

Weak-isospin singlet:	


	

mass > 640 GeV @95%CL	



!t →Wb,Zt,Ht

!t → Zt,Ht

!t !t → HtHt ,ZtHt ,WbHt
H→ bb

ATLAS-CONF-2013-018	
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Search for Top-Pair Resonace	


● 

Many BSM theories predicts enhanced





couplings to 3rd generation quarks






● 

Search for e/µ + ≥ 2 jets 






● 

Some examples of 95% CL	


	

mass exclusion limits:	


	

◆ 

Topcolor Zʹ′	




 

Γ/Μ = 1.2%: Μ > 2.1 TeV 




 

Γ/Μ = 10%: Μ > 2.7 TeV 




◆ 

KK excited gluon	


	

 	

in RS model: M > 2.5 TeV	







● 

Also set limits on x-sections	


	

times branching ratio of	


	

other models (not shown)	



CMS-PAS-B2G-12-006	
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Search for 2nd Generation Lepto-Quark	



LQLQ→ µqµq→ 2µ + 2 jets

, jet) [GeV]µ(minM
200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
/B

in

-110

1

10

210
Data

 + jets*γZ/
 + jetstt 

Other Background
Unc. (stat + syst)
LQ, M = 900 GeV

-1 = 8 TeV, 19.6 fbsCMS Preliminary        

● 

Lepto-quarks are predicted in grand unified theories,	


	

technicolor, and composite models	












 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

● 

M(LQ) > 1.07 TeV	


	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

 	

@95%CL	



CMS-PAS-EXO-12-042	
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Search for 3rd Generation Lepto-Quark	



● 

Search for enhancement in scalar sum of transverse momentum (ST)	


● 

Mass > 534 GeV @95%CL	

 arXiv:1303.0526	



LQLQ→ τbτb→ e− hadron bb LQLQ→ τbτb→ µ − hadron bb
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CMS Preliminary
 = 8 TeVs

Spin Independent

-1L dt = 19.5 fb∫

2Λ

q)µγq)(χ
µ

γχ(
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Search for Monojet	



● 

Limits on extra	


	

dimensions, unparticle	


	

etc not shown	



Dark	


matter	



graviton	



CMS-PAS-EXO-12-048	
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Search for Long-Lived Particles	



  prod.
  Pair
  stau

GMSB
  stau

suppr.
  ch.
 stop stop

(f=0.1)
suppr.
  ch.
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(f=0.1)
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(f=0.5)
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(f=1.0)
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)2 c
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-1=7 TeV, L=4.7fbs ATLAS
-1=7 TeV, L=37pbs ATLAS

-1=8 TeV, L=18.8 fbs   -1=7 TeV, L=5.0 fbs  CMS Preliminary

● 

Many BSM have	


	

heavy, long-lived	


	

charged particles that	


	

are slow or have	


	

fractional or multiple	


	

charges (≥ 2 e)	



● 

Search for long lived	




charged particles with	




◆ 

high/low ionizing	


	

 	

energy loss (dE/dx)	


 ◆ 

long time of flight	


● 

Also limits on fractionally 	




charged particles (not shown)	



CMS-PAS-EXO-12-026	
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L
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±±H
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jetγ
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)

T2
 (dilepton, M0A0 tt + A→Top partner : TT Zb

m Zb+X, →New quark b' : b'b'
 WtWt→)5/3T

5/3
 generation : b'b'(Tth4

 WbWb→ generation : t't'th4
jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
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m tb, SSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : 
ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, →tt (BR=0.925) : tt →

KK
RS g

νlν,lTmRS1 : WW resonance, 
llll / lljjmRS1 : ZZ resonance, 

 / llγγmRS1 : diphoton & dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL
 massL

±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL
))

T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL
q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL
) < 100 GeV)

0
(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL
 gen. LQ massrd3538 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL
W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL
Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=4.9-5.0 fbL

Λ7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL
=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL
 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)
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Summary of ATLAS Exotic Searches	



Extra	


dimensions	


	


Contact interactions	


	






Wʹ′/Zʹ′	


	



Lepto-quarks	


	



New quarks	


	



Excited quarks	


	



Others	



1 TeV	
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Summary of CMS Exotic Searches	



> 0.7 TeV	



> 0.6 TeV	



> 10 TeV	



> 4.5 TeV	



> 2 TeV	



> 2 TeV	



> 0.4 TeV	



q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
0 1 2 3 4 5 6

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB

hyper-K, hyper-ρ=1.2 TeV
neutralino, cτ<50cm

0 1 2 3 4 5 6

Ms, γγ, HLZ, nED = 3
Ms, γγ, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-γ, nED = 3
MD, mono-γ, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, β=0.5
LQ1, β=1.0
LQ2, β=0.5
LQ2, β=1.0

LQ3 (bν), Q=±1/3, β=0.0
LQ3 (bτ), Q=±2/3 or ±4/3, β=1.0

stop (bτ)
0 1 2 3 4 5 6

b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l

0 1 2 3 4 5 6
C.I. Λ , Χ analysis, Λ+ LL/RR
C.I. Λ , Χ analysis, Λ- LL/RR

C.I., µµ, destructve LLIM
C.I., µµ, constructive LLIM

C.I., single e (HnCM)
C.I., single µ (HnCM)

C.I., incl. jet, destructive
C.I., incl. jet, constructive
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Physicists busy searching for new particles with papers and pens...	



Nothing new yet…	



Wrong tree	


LHC tree?	



Standard apple	



Heavy apple	



● 

Restart LHC	




in 2014 at ~13 TeV	




◆ 

expect 300 fb-1	



	

 	

by 2017	




