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SUSY Search Strategy in a Nutshell

Gluion - Gluion

Search Signatures

g l Xj;,o l Xi,O 1 Xj:,o
+,0 7
~ | X —fg— » SUSY-like decay chains range from short to long
X and simple to very complicated.
gaqtivbib - gatbbbtt g thober  9d hovtz > All physics objects, MET, jets, leptons, photons, b’s
W Z0 WiZ:)J ¢ taus, tops, W, Z, etc are involved
w=z> ¢ » Comprehensive coverage of all possible signature
Squark - Squark requires a topology oriented search strategy:
q 1 \ Ak References Analyses
X T, 0 =
~ _f X —l—l £ 0- 1-lepton] OSDL | SSDL 23 2- y+lepton
X l leptons leptons | photons
gt b q t b gt b qt b Jets + Single | Opposite- [Same-sign] Multi- | Di-photon | Photon +
""""""""" W70 wEz0 ¢ MET lepton + sign di- Jdi-lepton +] lepton +jet + lepton +
IESAY ¢ Jets + lepton + jets + MET MET
MET jets + MET
- Squark - Gluino MET
q |,
Jg L — . . .
N I _|x*° Already in less then two years of operation
X ' ' ATLAS & CMS managed to carry out the
atb a7t Qtb atb a full list of these core
FoE 4k qq tt bbtb b “ 5
s SUSY References Analyses”!
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Inclusive SUSY Searches

Landscape Today: Example CMS
CMS Preliminary L  =4.98fb",Ns=7 TeV
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Inclusive SUSY Searches

Landscape Today: Example CMS
CMS Preliminary L  =4.98fb",Ns=7 TeV

| s | 800 I I I I 1 I | I | 1 I I I | I I I 1 | | I I 1 | I I I I—
> ) = 3 tan(B)=10 -
) S 2 = ]
Q) 700 0 = \ A,=0GeV =
T Jets+MHT I 2|*>0 ]
= m(g) = 1500 m,=173.2 GeV/| -

Impressive variety of inclusive SUSY
searches but only limits (at least so far).
ac Already broadly exploring the 1 TeV mass

scale and in some cases even beyond.
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SUSY Today — Only Limits!

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: ICHEP 2012)

............................ MSUGRAICMSSM 0 lep + 5 4 £, . 3 =$ el T T TTTT] | |
MSUGRA/CMSSM : 1 lep +J's + E; .. §=gmass J- . ) 1
§ MSUGRA/CMSSM : 0 lep + multijets + E, .. g mass _llarge mg) Lot = (0.03=4.8) b
S Pheno model : 0 lep + j's + E; ... Gmass (m@ < 27V, tight ) fs=7TeV
g Pheno model :Olep +js +E g mass (m(“ <
7 T miss q) <2 TeV, Inghlz )
2 Gluino med. x (g—)ql'ix Yillep+js+E, .. gmass (mi; ) <200 GeV, m(x )= -(m(x 1+m(@)) ATLAS
4 GMSB : 2 lep OSSF + E T.miss gmass (tang < a5) Preliminary
E GMSB : 1t+j's “‘E gmass {tang > 20)
- GMSB: 2-t+j's + E e § mass {tan[i > 20)
______________________________________________________________ 99.'.‘4..%1?..‘_‘_?_7;,“,_ gmass (mir,)>50 Gev)
g—bby _%nrtual b) Olep+1/2b-'s +E; ... gmass (mi; )<3DOGeV)
£3 g—)bbx (virtual b) Olep+3b-j's+E, .. gmass (") < 400 Gev)
Sg g—bby, (realb) : Olep + 3b's + Ey gmass (mii,) =60 Gev)
73 g—)tfx (, (virtualt) : 11ep + 112 bj's + Ey g _gmass ()< 150 Gav)
S o (virtualt) : 2 lep (SS) +j's + Ey ..o gmass (miz )< 210 GaV)
g’ 5 g—>ﬁx vnrtualt) 0 lep + multi-'s +E, ... gmass (miz, 1)< 100 Gav)
5o (wrtualt) Olep+3b-js+E; . g mass (m(x ) < 50 GeV)
................................ ,(rea t.),...,Q,.l.ep..t.;im.s.,tﬁ,rm.. gmass (i) =60 Gev)
0 < bb b —)bx :Olep + 2-b-jets +E, ... - b mass (m(}) < 60 Gev)
= g _ it (very Ilght) t—)bx :2lep+E, . tmass (mi)= 45 Gev)
§- 3 tt (light), t—)bx 112 Iep +b-jet+E, . [t=471".7Tev(CONF2012:070) 120-173GEVI t mass {mii) = 45 Gev)
¢ g_ 1t (heavy), t- t—)tx :0lep + b-jet + E, .. [t=471".7 Tev [CONF-2012.074) 380-465 t mass (rn(x "=0)
S tt (heavy), totg, i 1lep + bjet + Ey . |L=47M",7 TeV [CONF-2012:072) 230-440 GeV t mass i ) 0)
e ® it (heavy), t_)tx :2lep + b-jet + Er kas L=4.7 fb”, 7 TeV [CONF-2012-071) 298-305 GeV | tmass (m(x )= 0)
O H(GUSB)IZOl)+ bet +E " MR 0G] {mass (115 <n(r) <220 Gov)
5 _ L=l i 2lep + E m: L=471b",7 TeV [CONF-2012-076)  [939B0/Gev | mass (m(x )=0)
E 2 _} 1} o =v(F)=IvE, s 2lep + E s |L=47 1.7 TeV [CONF-2012076) [ 1203306ev| 7. mass  (m(i" )= 0.miiv) = -(m(f‘).m(x W
........ R xz._..,..._l(lw)ty_th 2. 310p + By ey |L=A7M" 7 Ta¥ [CONF-2012 - 7, mass (i, J= M(x )i’ )= 0. mii¥) as above)
AMSB : long-lived x, %.Mmass (1< )<2ns, 90 GeV limit in [02 90 ns)
3 2 Stable § R-hadrons : Full detector g mass
i S Stable b R-hadrons : Full detector b mass
S8 Stable t R-hadrons : Full detector t mass .
~ Metastable g R-hadrons : Pixel det. only gmass ({x(g)>10ns)
___________________________________________________________________________ GMSB : stable T TMAss (5 < tanfi < 20)
- RPV : high-mass ey V. Mmass (i, =0.10, 4, ,=0.05)
3 Bilinear RPV : 1lep +j's + E; .. q=3 mass (€75 < 15 mm)
BC1RPV :4lep + Er‘mm g mass
5 Hypercolour scalar gluons : 4 jets, m,=m,  |L=34pb" 7 Tev [1110.2693) 100:485GeV| SQIUON MASS  (not excluded: m,y= 140+ 3 GeV)
<  Spin dep. WIMP interaction : monOJet +Ey s M* scale (m, <100 GeV, vector D5, Dirac %)
O Spin indep. WIMP interaction : M* scale  (m, < 100 GeV, tensor D9, Dirac 1) |
................................................................................................ s | | IATTASONERIEE | | aeeswn W Se | i R | |
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*Only a selection of the available mass limits on new states or phenomena shown




SUSY

Today — Only Limits!

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: ICHEP 2012)

SUSY:

MSUGRA/CMSSM : O lep +j's + E; ...
. MSUGRA/CMSSM : 1 lep +j's + E; ..
3 MSUGRA/CMSSM : 0 lep + multijets + £, ...
S Pheno model : Olep +j's +E; ...
2 Pheno model : 0 lep + s + Ey
2 Gluino med. 7 (G—qaz ) : 1lep +j's +E, e
g GMSB : 2 lep OSSF + E, les
g GMSB:1-t+[s+E
- GMSB : 2-‘:+Js+E
GGM :yy + E

g—>bbx Qnrtual b) 0lep + 1/2 b-j's + E, mias
g—)bbx (vnrtual b) Olep+3b-j's+E; ..
g—abbx (realb):Olep +3b-j's +E; ...
g—)tfx Jo(vurtualt)_ Tlep + 12b's +Ey .,
(virtualt) : 2 lep (SS) +j's + Ey ..o

g—)ttx _Lgvnrtualt) 0lep + multi-j's + E; ..
g—)ttx (vnrtualt) Olep+3 b—j s+E

T.miss

bb b.=by, 20 lep + 2-bjets +E, mer
it (very Ilght) t—)b,( :2lep+E
(light), t=by : 1/2 lep + b-jet + E, .

§

S T.miss
3

g tt (heavy), t—)tx :0lep +bjet+E, .
k3]

2

kS

l"""f

t

1t (heavy), t—)tx 1lep + bjet+E, ..
tt (heavy), t—)tx 12 Iep +bjet+E

T .miss

Q -
2 g 1 T TSI :21ep + Ey e
AMSE long-lived 7,
Stable g R-hadrons : Full detector
Stable b~R-hadrons : Full detector
Stable t R-hadrons : Full detector
Metastable g R-hadrons : Pixel det. only
e GMSB : stable T
- RPV : high-mass ey
a Bilinear RPV : 1lep +j's + E; ..
BC1RPV:4lep+E, ..
a ............... Hypercoloir scalar giions : 4 Jetsm,=mm
£ Spin dep. WIMP interaction : monojet + E, ..
O Spin indep. WIMP interaction :

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

" |L=47 1", 7 Tev [cONF-2012.076)  [B3ME0IGEW | mass {m(x) 0)

=47 b, 7 TeV [CONF-2012

- L [ T TTTIT ] [ I
g =g mass
9=gmass J.Ldt =(0.03-4.8)fb"
mass (Iarge mg)
38TeV| qmass (m@) < 2TeV, I»ghlz ) fs=7TeV

g mass (m(q) <2TeV, I»ghl[ )
g mass (m(x )< 200 GaV, mu 1= -(m(( 1+m(@)) ATLAS
gmass (tang < a5) Preliminary
g mass ({tang > 20)
§ mass (ianj > 20)

g mass (m[,( )>50 GeV)
g mass {m(z )< 300 GaV)
g mass (m(x ) < 400 GaV)

1 TeV limits on
squarks & gluinos
(strong interaction)

b mass (m
tmass (mir) =45 Gev)

L=47fb”, 7 TeV [CONF-2012:070) 120-1731GeV] t mass (m(; )= 45 GeV)

L=4.7 fb”, 7 TeV [CONF-2012-074] 380-465 t mass
L=4.7 b”, 7 TeV [CONF-2012-073) 230-440 GeV Tmass =0)
L=4.7 fb”, 7 TeV [CONF-2012-071) 298-305 GeV | t~ mass  (m(i)
t mass {(1NM5< 230 GaV)

[ 1203306ev| 7. mass (I, i) - -(m(x )*m(z ]
x‘t mas mix. ) m(x )rn(x ) 0 m{lv)as above)
{(1<1(f)<2ns, QOGe n[0290]ns)
] mass

L=4.7 b”, 7 TeV [CONF-2012-076)

~t
7. mass

ass (i(g)> 10 ns)

bo)

v.Mmass (i, =0.10,4,,,=0.05)
mass (cr ., <15mm)

g mass

.q= 1404 3 GeV)

ale (m, <100 GeV, vector D5, Dirac %)

{m, < 100 GeV, tensor D9, Dirac )
| | | I I | | |

10" 1 10
Mass scale [TeV]
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SUSY Today — Only Limits!

SUSY.

Inclusive searches

 MSUGRAICMSSM - 0lep + 5 +E, ., T T L T e e G=gmass ol
MSUGRA/CMSSM :1lep tis+ E nss |L=47 07,7 TeV [ATLAS-CONF-2012-041] 120Tev. q=gmass .[Ldt =(0.03-4.8) fb"
MSUGRA/CMSSM : 0 lep + multijets + E; ... |L=471b™.7 TeV [1206.1760) 840GeV. g mass _llarga mg)
Pheno model : O lep +j's + Ey ... |L=471b" 7 TeV [ATLAS-CONF-2012-033) 1387V Gmass (@) < 2TeV, light £ i) fs=7TeV
Pheno model Olep +j's +Ey ... |L=471b"7 eV [ATLAS-CONF-2012-033] 940 GeV g mass (m(q) <2TeV, light 7, %)
Gluino med. ,( (g—)qﬁx Jillep+js+E, . [E=471b7"7 TeV [ATLAS-CONF-2012-041] 9006GeV! §mass (m(/ ) < 200 GaV, m(/ )= —{m(/ +m(@)) ATLAS
GMSB : 2 lep OSSF +E, . |£=10fb™ 7 TeV [ATLAS-CONF-2011-156] 810GaV! g mMass (tang <35) Preliminary
GMSB:1-t+[s+E L=2.11b".7 TeV [1204.3852) 9206aV| g mMass (tang > 20)
GMSB : 2t +j's + E, mae |£=24 17,7 Tev (1203 6580) 990 GeV § Mass (anj > 20)
_________ GGM 7y + _E_r'ms_ L=4.8 10", 7 TeV [ATLAS-CONF-2012.072) TVl §mass (i) >0 Gev)

3rd gen. squarks
gluino mediated

EW 3rd gen. squarks

i direct

Long-lived

direct production

particles

RPV

. Other :

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

g—>bbl (Snrtual b) Olep+1/2bjs+E
g—)bb,( (V|rtualb) Olep+3b-j's+E; ...
g—)bb,( (realb) : Olep + 3b-j's +E
g—)tt,( (v:rtualt Tlep+ 1/2b-j's+E < <
BRI 1 TeV limits on
g—)tt,(_1 virtualt) : 0 lep + multi-j's + E
g—>ttl (glrtual t) Olep+3b-j's+E
g:ntx (reaglt) Olep+3b-j's +E; e
bb,b —)b,( Olep + 2 -b-jets +E; ..
it (very I|ght) t—)b,( 2lep+E
(light), t—)b,(
(heavy), t—)t,(o Olep + bjet +E.
tt (heavy), t—)t,(
tt (heavy), (517, : 2lep + bjet + E

g—)tt

m“f

Metastable g R-hadrons : Pixel det. only

" Hypercolour scalar gluons : 4 jets, m =M, |L=34pb™, 7 Tev [1110.2693) 100-185GeV sgluo
Spin dep. WIMP interaction : monojet + E Fonse  |L=4.7 167, 7 TeV [ATLAS-CONF-2012-084)
Spin indep. WIMP interaction : monojet + £

_L&J"TV‘I'L‘I'T—I’_':'I% g:gg: 300 tO 400 GeV : s 0.mil¥) = 3m(i) + i)

A g,

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: ICHEP 2012)

g mass (mu )< 300 GaV)
g mass (mu ) < 400 GaV)

T miss

T miss

T.miss

T.miss

squarks & gluinos
(strong interaction)

=0)

L=211b”, 7 TeV [1112.3832) = meov‘ b mass (m
L=4.71b", 7 TeV [CONF-2012.059) 135GeV t mass (mig" )= 45 GeV)
L=4.71b”, 7 TeV [CONF-2012-070) 120-173 Ge¥  t mass (m(/ ) =45 GeV)
L=4.7 fb”, 7 TeV [CONF-2012-074) 380-465 Gov t mass
L=4.7 fb", 7 TeV [CONF-2012-073) zm-unaov t mass
L=4.7 b, 7 TeV [CONF-2012-071) 298-305 GeV | t mass (m(/ J

T miss

112lep + b-jet + E,

T.miss

1lep + b-jet + E

T.miss

T .miss

tt (GMSB)___ Z(—)II& + b-jet + 230 GaV)

3l(vy)+v+27,) : 3 lep +

AMSB : long-ii . .
Stable § R-hadrons : Full de /ImItS on StOpS
Stable b R-hadrons : Full de

Stable T R-hadrons : Full detector |E=47 16" TeV [ATLAS-CONF-2012:075]
L=4.7 1™, 7 TeV [ATLAS-CONF-2012-075] ass (x(3) > 10 ns)

L=4.7 b, 7 TeV [ATLAS-CONF-2012-075) po)

mu )= m(g )m(g ) 0 m(lv]as above)
n |02 90] ns)
mass

) GMSB : stable T

"RPV: hlgh mass eyl

Bilinear RPV : 1lep +js + E
BC1RPV:4lep +E

v.Mmass (i, =0.10,4,,,=0.05)
mass {cr ., <15mm)

g mass

9= 1401 3 GeV)

ale (m, <100 GeV, vector D5, Dirac %)

{m, <100 GeV, tensor D9, Dirac x)
| | | I I | | |

T miss
T.miss

L=4.7 b, 7 TeV [ATLAS-CONF-201
1 | N I | 1

10" 1 10 —
Mass scale [TeV]
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Lets make a short detour ...
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Putting it all Together — Where are Toady?

Direct Searches

CMS Preliminary L _ =4.98 fb,\s=7TeV
L1010 I e e e e e e e e e e e e A S
”'(57/\\/J 2 % tan(p)=10
% = < |A,=0GeV
700 % % w0
m(g) = 1500 m, = 173.2 GeV

Multi-Lepton

0 [G

100
500 1000 1500 2000 2500
m

T T

HMNT 07 ]

HMNT 50 (e'e -based) :

JN 09 e ‘e’)

-299+ —e—

9135\9?_«»{5? al. 09/1 (t-based) —a—i

Davier et al. 09/1 (ee )

-312%51 —e—

Davier et al. 09/2 (e’e” w/ BABAR)

~255+43

HLMNT 10 (e'e” w/ BABAR)

—e—i

DHMZ 10 (T newest)

~195% —A—

DHMZ 10 (e"e newest)

~287+49 —e—i

BNL-E821 (world :

BhE (world average) :
A EPRPEPEPE EPRPENIPI EPETEPEPI B PRI IPEPII IR
-700 -600 -500 -400 -300 -200 -100 0

x107"

~EXD

Low Energy Data e.g. g-2
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Fla vour Ph ySICS

LHCb

WIMP-Nucleon Cross Section [cm?]

107

10

10

109

104.‘

104

104.‘\

EWK results

Measurement Fit —l10™-0M/g™
2
m,[GeV] 91.1875x0.0021 91.1874
r,[GeV]  2.4952+0.0023 2.4959 pm
ol 4[nb]  41.540£0.037  41.479
R, 20767 £0.025 20742 fm—
AY 0.01714 £ 0.00095 0.01645 |mmm
R, 0.21629 = 0.00066 0.21579 jmmm
R, 0.1721=0.0030  0.1723
AP 0.0992=0.0016  0.1038 j————
A 0.0707 =0.0035  0.0742
A, 0.923 = 0.020 0.935 jmm
A, 0.670 = 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
my[GeV] 80.399:0.023  80.379 fmmm
Ty[GeV]  2.0850.042 2.092
m, [GeV] 1733 = 1.1 173.4
July 2010 0 1 2 3

Q DAMA/Na
“‘ CoGeNT

\ CDMS

*. EDELWEISS

XENONI0O (2011)

Cosmology

Imperial College
London

M " ISR E e |
20 30 40 50 100
WIMP Mass [GeVic’]

Dark Matter Searches
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Direct Dark Matter Searches

Example: Xenon100
New result: arXiv:1207.5988v1

T T IIIIIII T T L

XENON100 (2012)
= observed limit (90% CL)

E
Ng 100 =\ Expected limit of this run: =
= = 1 o expected -
8 + 2 o expected - . .
§ T T R T e - The XENON100 experiment is
v - E located deep underground at the
g 0% - 2 Gran Sasso National Laboratory in Italy.
§ E _______
g 10 D11/12) oSt 34 kg liquid Xenon target
Z 225 days of data taking
E 0% E 1.0+0.2 events expected
- 2 events observed
09 s . , =Exclude 2.0 x 1045 cm?
6 780910 20 30 40 50 100 200 300 400 1000 — 0
WIMP Mass [GeV/] fora M,,,»= 55 GeV at 90% CL.
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MasterCode Collaboration masmen=

O. Buchmueller®, R. CavanaughBC, A. De RoeckPE, M.J. DolanF, J.R. Ellis®P,
H. Flaechert, S. Heinemeyer!, G. Isidorid, D. Martinez SantosP, K.A. OliveX, S. Rogerson?,
F.J. Rongal, G. Weiglein™

A High Energy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2AZ, UK
B Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, lllinois 60510, USA

C Physics Department, University of lllinois at Chicago, Chicago, lllinois 60607-7059, USA

D CERN, CH-1211 Gen'eve 23, Switzerland

E Antwerp University, B—2610 Wilrijk, Belgium
F Institute for Particle Physics Phenomenology, University of Durham, South Road, Durham DH1 3LE, UK m a S T e H cope

G Theoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London,London WC2R 2LS, UK
H Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA

I Instituto de Fisica de Cantabria (CSIC-UC), E-39005 Santander, Spain

J INFN, Laboratori Nazionali di Frascati, Via E. Fermi 40, I-00044 Frascati, Italy

K Williaml. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of Minnesota, Minneapolis, USA

L Institute for Particle Physics, ETH Zuerich, CH-8093 Zuerich, Switzerland

M DESY, Notkestrasse 85, D-22607 Hamburg, Germany

= Collaboration of experimentalist and theorists was formed in 2007 to facilitate the
interpretation of the LHC results in the context of particle physics and cosmology.

» The team consists of experts from different subjects (e.g. Higgs, SUSY, flavour
physics, cosmology, etc.) and it operates on a truly international bases.

» Today the project resides under the London Centre for Terauniverse Studies
(LCTS). It connects the three London universities: Imperial College, University
College, and Kings College London as well as CERN.
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Higgs: SUSY vs. SM

&que

fr

Global SUSY Fit

SM

CMSSM

0707.3447 [hep-ph]

200
Muiggs [GeV/c?]

Example: “redo” SM fit in SUSY predicting the
lightest higgs boson mass in the Constraint Minimal
Supersymmeteric Standard Model (CMSSM)

SUSY: What have we learned? O. Buchmdiller

MasterCode Collaboration

2

OB (Exp), R. Cavanaugh (Exp), A. De Roeck (Exp),
J. Ellis (Theo), H. Flaecher (Exp), S. Heinemeyer (Theo),
G. Isidori (Theo), K. Olive (Theo), P. Paradisi, (Theo),
F. Ronga (Exp), G. Weiglein (Theo)

Pull for CMSSM fit 0™ .0 | gmess
Variable Measurement Fit ? 1 2 3
Au',f;d(mz) 0.02758+ 0.00035  0.02774
m,, [GeV] 91.1875 = 0.0021 91.1873
', [GeV] 24952+ 0.0023 2.4952
Opaq (D] 41.540 = 0.037 41.486
R, 20.767 + 0.025 20.744
A 0.01714+0.00095  0.01641
AP) 0.1465 + 0.0032 0.1479
R, 021629+ 0.00066 021613
R, 0.1721 = 0.0030 0.1722
Ay 0.0992 + 0.0016 0.1037
A 0.0707 + 0.0035 0.0741
A, 0.923+ 0.020 0.935
A 0.670 = 0.027 0.668
A/(SLD) 0.1513 = 0.0021 0.1479
sin’ey (Q,)  02324+0.0012 0.2314
m,, [GeV] 80.398 + 0.025 80.382
m, [GeV] 1709+ 138 170.8
R(b—>sy) 1.13+0.12 1.12
B,—uu [x107] <8.00 033 N/A (upper limit)
Aa, [x107] 295+ 087 295
Qh? 0.113= 0.009 0.113




3000

CMSSM

The pre-LHC era

45.0

42.5

3000

NUHM1

-

500 20 500 [
% 1000 77101223262] 3000 ao00 200 % L
Model | Minx“ | Prob | myo | my | Ay | tang
CMSSM 21.0 | 3/% | 360 | 90 | 400 19
NUHM1 20.8 | 29% | 340 | 110 | -520 | 13
For references NDF ~ 22
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3000

2500

CMSSM

The “post-LHC” era in 2011

3000

2500

NUHM1

-

45.0

42.5

40.0

40.0
i 1375
2000 1.5 2000
— 135.0 & 1350
D,,‘E{ :-3.
& 1500 1325 § 1500 1325
1000
1000 s 275
25.0
500 25.0 500
225 22.5
0 20.0
% 1000 2000 3000 a000 200 1000 2000 3000 4000
mg|GeV/c?] olGeV/cT]

e Chi*2 increases

» Shifting to higher masses, larger tan 3
» Plane relatively flat — no real preferred minima anymore
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my 5[GeV/e? ]
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CMSSM: Evolution with time msreac
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CMSSM: Evolution with time msreac
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WHERE ARE WE TODAY?

> Constrained SUSY models like the CMSSM are
severely put under pressure by the LHC limits!

» Although even these “simple” SUSY models are
not yet fully ruled out several people have asked
the question:

SUSY: What have we learned? O. Buchmiiller Imperial College
London



WHERE ARE WE TODAY?

> Constrained SUSY models like the CMSSM are
severely put under pressure by the LHC limits!

» Although even these “simple” SUSY models are
not yet fully ruled out several people have asked
the question:

S Is Supersymmetry Dead?
\‘” ) p.

| The grand scheme, a stepping-stone to string theory, is still high on
4 ¥ physicists' wish lists. But if no solid evidence surfaces soon, it could begin to
P @™ have a serious PR problem

SECRLNGEE By Davide Castelvecchi
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Additional Interpretation

CMSSM What we see is much

- oair Production 9 more simple...
g 603 Sy — — —10% QQ,
g 18% ~ 580 %
§'|L- v e tZ — gsq; /Q(QR
gL __SSZ 51% - 1% 3 600 _
QuQg
: 'ER sap 7 10% \ 16% 1%
ﬁR 5_ \I'B . (19)036)
Sk 7 0 =
dq 4 b, 407 3 500 "4
U
X,0 1 -
~ +4:‘,F 363 -
X, o
. 13%
| X0 = e / \
178 L8 ~, 86% of all hadronic
) "~ 3(1 production in LM1 consists o
a5, X of “simple” decay chains.
19%-4% (5])
(2]) 8.7% This makes it particularly
amenable to being
approximated well with a
3-particle OSET.
) - , o
96.4 ¥ hd N/ %0 )’
Simplified model spectrum or sms g
: : 100
with 3 particles, 2 decay modes
SUSY: What have we learned? O. Buchmiiller Imperial College

London



Simplified Model Spectra

]
g8 — 99X 99X qq — 9X 9x
MS Prelimin MS Prelimin
<1000F™ 17 Ic' |S' |Le [ |aw| ' 10° 5 <1000 T 7 |c' |S' | e T |al'y| ' 10°
3 . PP—83,9— 29 + LSP; m(Q)>>m(Q) a 3 . PP—49,4 > q+ LSP; m(@)>>m(q)
= 900 ----- Expected Limit 10 exp. ° = 900------ Expected Limit +1c exp.
E‘ﬂ 800 —_ oNLO+NLL +1 5 theory 10 2 E‘ﬂ 800 __ oNLO+NLL +1 5 theory 10
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700 5 700
- 1 o 1
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i —
500+ (@) 500
I 10" & i 10"
400} o 400
300 300
- 2 - -2
200 ' 10 200 10
100 H 100
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400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Mine (GEV) _ . My quark (GEV)
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So, is SUSY now on life support?

The answer to this question is NO!

See 2012 Experimental SUSY PDG review [OB & Paul De Jong]:
http.://pdg.Ibl.gov/2012/reviews/rpp2012-rev-susy-2-experiment. pdf

Model Assumption mg mg

mg &~ mg 1400 1400

CMSSM all mg . 800
all mg 1300 -

Simplified model gg Mo =0 - 900

Mo > 300 - no limit

Simplified model Gg Mg = 0 750 -
Mo > 250 no limit -

Simpliﬁed_model Mgo= 0, msz = mg 1500 1500
a4, 9q Mgo= 0, all mg 1400 -

Ms0= 0, all mg - 900

S1000F
(]

2 g00
&

£ 800

700

600

500

400

200
100

300

CMS Preliminary

L LI I I
. pp—83,8 — 29 + LSP; m(qQ)>>m(g)
[Fee--- Expected Limit =1 ¢ exp.
| GNLOSNLL +1 & theory

L CL,, 4.981b", s=7 TeV

............

400 500 600 700 800 S00 1000 1100

mgl.l ro

(GeV)

(@) 88 — 9qxqqx® (Model A)
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SUSY on life support?

The answer to this question is NO!

See 2012 Experimental SUSY PDG review [OB & Paul De Jong]:
http.://pdg.Ibl.gov/2012/reviews/rpp2012-rev-susy-2-experiment. pdf

Model Assumption mg mg
mg ~ mg 1400 1400 In general, the LHC
CMSSM all mg i 800 does not (yet) place
all mg 1300 - limits on parameter
Simplified model §§ mso =0 - 900 space with
Crg >0 -l 4= My0>~400 GoV
Simplified model GG Mo =0 750 - Leaving a very large
: Region of the MSSM,
Simplified model Mgo= 0, mg &~ my 1500 1500 even at the mass
4. 54 mgo= 0, all mg 1400 - scale below 1 TeV,
mzo= 0, all mg - 900 unexplored!
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SUSY Coverage

An illustration considering summer 2011 data
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SUSY Coverage

200
\ 100

An illustration considering summer 2011 data
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SUSY Coverage

An illustration considering summer 2011 data
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Yet, even this is still optimistic!

Example:

Gluion induced bb &

_ 21000
production. &
Limit on M(gluino) -
is around 1.1 TeV 500

and stems from an
inclusive hadronic 400
search (alpha_T)

200
Looks impressive!

Yet, what does this
mean?

CMS Preliminary

1 I 1 1 1 I 1 1 | l 1 l 1 I T 1 L I 1 1 1 1 02 3
[— 0‘prod = gNLo-acp =
L eeeeeens oProd _ 3 SNLO-aCD g
[ e P04 = 1/3 oNLO-acD 10 2
i £
[ CL,4.6fb" =
- 8
- U7 15
B —
i &)
n 32

10" &

i (o))
I 1072
1 I 1 1 L 10,3

200 400 600 800 1000 1200

Myiino (GeV)

(f) & — bbx’bbg’ (T1bbbb)
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Limit on M(gluino) from T1bbbb

Lets do a little Gedankenexperiment:

Assume two topology searches:

a) all-hadronic (jets + MET)
b) OSSF (jets + MET + I'I)

1200

Mass / GeV

1000

8oo

Also assume a
SUSY spectrum:

600

400

200

hO

0-leptons 1-lepton OSDL SSDL 23 leptons | 2-photons § y+lepton
Jets + Single Opposite- § Same-sign fMulti-lepton] Di-photon § Photon +
MET lepton + sign di- di-lepton + +jet+ METQ lepton +
Jets + METQ lepton + §jets + MET MET
jets + MET
g
by
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Signal Efficiency: Spectra 0

50
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35

w
o

Use DELPHES simulation of analyses to estimate
Signal efficiency (after all cuts) o 0SSF Search
\ . & ALPHAT search
~25% signal efficiency for all-hadronic search
(not 100% due to cuts) |

7J% for OSSF (no decay chain)

0 Q . 1
0 0.5 1 1.5 2 2.5 3 3.5

Efficiency
g i

N
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wv

Spectra
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Limit on M(gluino) from T1bbbb

Lets do a little Gedankenexperiment:
Assume two topology searches:

a) all-hadronic (jets + MET)
b) OSSF (jets + MET + ')

Mass / GeV
~
o
o

=
o
o]
o

Also assume a 800 |-

SUSY spectrum
add chi,?

400 |

200 —

600

Spectra 1 \
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Signal Efficiency: Spectra 1

50

45

Use DELPHES simulation of analyses to estimate
Signal efficiency (after all cuts)

40

35

w
o

>
5., ~15% signal efficiency for all-hadronic search
&‘EJ . 0 © OSSF Search
G (not 100% due to cuts) o ALPHAT
20 \ search
15 N
wi— Few % for OSSF
5 J
<
°® o5 ; s 2 . : s
Spectra
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Limit on M(gluino) from T1bbbb

Lets do a little Gedankenexperiment:
Assume two topology searches:

a) all-hadronic (jets + MET)

b) OSSF (jets + MET + ')

1200

/ GeV

g

Mass

1000

Spectra 2

8oo -

Also assume a

SUSY spectrum soo -
add chi,?
add smuon B e 8 ,

by

> T
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Signal Efficiency: Spectra 2

50 7

45
<

2 - /‘

55 - Almost 45% % for OSSF
Sbottom -> chi,? dominates in this scenario

w
o

Efficiency
s |

© OSSF Search
Only few % signal efficiency for 5 ALPHAT search
all-hagronic sear

N
o

[y
wv

10 -

v v v —
0 0.5 1 15 2 2.5 3 3.5
Spectra
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Limit on M(gluino) from T1bbbb

Lets do a little Gedankenexperiment:
Assume two topology searches:

a) all-hadronic (jets + MET)

b) OSSF (jets + MET + ')

1200 [~

ass / Ge\

Spectra 3

—

Also assume a soor
SUSY spectrum 600 -
add chi,?

add smuon
Add chi,*, chi,*

400

=T
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Signal Efficiency: Spectra 3

<

Goes down to >25% % for OSSF

Add decay chains take away BR
not covered anymore by any of the  *
two searches

© OSSF Search
& ALPHAT search

.|
Only few % signal efficiency for

all-hadronic search \
&

| u
0.5 1 15 2 2.5 3 3.5
Spectra

SUSY: What have we learned? O. Buchmiiller Ir»np(rer‘iavl College



Signal Efficiency
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M(gluino) Limit

mgluino
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M(gluino) Limit

mgluino

1200
1000 ®
800

600

Bottom line:

Limit dependence strongly on assumed underlying

spectrum & decay chains.

Typically more complexity in spectra & decay

7 chains make it worse. Need to add all relevant topology
searches to recover 1.1 TeV (not done yet)

400

0
0 0.5 1 1.5 2 2.5 3 35 4
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Refining SUSY Search Strategy

O-leptons | 1-lepton OSDL SSDL 23 leptons | 2-photons | y+lepton
Jets + MET | Single lepton |Opposite-signjSame-sign di-] Multi-lepton | Di-photon + Photon +
+ Jets + MET| di-lepton + | lepton + jets jet+ MET |lepton + MET
jets + MET + MET

» Focus more on 3" Generati
> Both interpretation of inclusive

Example: “Natural SUSY”
Use argument that light Higgs
needs new physics to stabalise
mass, which in turn motivates

G

existences of a stop like particle.

Spectrum is model dependent but |

overall a good guideline for
39 generation squark searches

1000

on squark searches
searches as well as dedicated searches

( t~1, fg, l~)L & strongest coupling to the Higgs sys’remj

B /

IZ_

eV

Slide from R. Barbieri
~“mH around 120 GeV

B
W
/(u & My at tree level)

5—

;l_

2

e ¢

('q“l,c'jg,ZR heavy enough (2 ()to be ~ irrelevant )
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Stop searches

« Mixture of dedicated signature searches as well as
Inclusive searches with b-tagging
» Example CMS: add 0.1,2,>2 b-taa categories to inclusive « ;search

pp—ttt—>t4% m =50 GeV

LB LU UL L | LI | rrrrprrrrrypy ey rreryprid
I | [ [ I | | |

CMS P Iiminary —— —— Median Expected Limit + 1o exp. E
o A 1 Just about to be
\\ o sensitive to direct stop
= Observed Limit (95% C.L.) = i .
F\ 1 pair production.
B \s=7TeV,L=4.98fb" -
107 > -{ Limits will improve
: ) B 1 rapidly with more data!
B i S, 5 0 |
10-3 1ln|11|111||11|1..1"-11111111111111]11 -
300 400 500 600 700 800 900 1000 rg{ ?g o) Imperial College 40
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Direct Stop Searches Today

Nice summary plot from ATLAS ...

Tf, production: T, — b+, %~ W%, (BR=1, m. <200 GeV); T, - t+%. (BR=1, m_ > 200 GeV)

_III|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII

~
> [ e e it (4 ~SUSY e e ), o ]
O 200 —  ATLAS Prellmlnary vvvvvvv Observed limits (-1oy,.0° t— b+, 7, > W+, (m; <200 GeV) —
@) — —— Observed limits (nominal) I 2erton (mif = 106 GeV) -
= 180— Ldt=4.7fb" {s=7 TeV ---- Expected limits (nominal) _— :Z':e"zons ’ E'Jets (s = ;06 GeV) -
> - + b-jet = o
Et>< — Status: ICHEP 2012 All limits at 95% CL _— 0 eplons T e (mif * mx() ]
— T, - 4% (m, >200 GeV) .
1 60 L </ E== 0-lepton ]
140F = r Mstop > Mtop=
r

\||||I|

P

[ 11

= E "
I N B LI R H I I R

300 350 400 450 500 550
m; [GeV]
... but keep in mind; no limits for m, s, > 150 GeV (so far)
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Direct Stop Searches Today

i1, production: T,— b+%, 7, W™+%_ (BR=1, m <200 GeV); T, t+%; (BR=1, m > 200 GeV)

[ 'I’Y"IYI"]I’Y'T T 1 71 I I """""""

; - 2t Observed limits (-10%5Y) f,-obvz:.zf-.w"'i (m, <200 GeV) -
8 200 ATLAS Preliminary e limns(nom'z) g 2-epton (m = 106 GeV)
! 180 J‘Ldt=4.7fb'1 Ys=7 TeV ---- Expected limits (nominal) S 12-aptons + bjets (m, = 108 GeV) ]
N - Sma ICHEP 2012 Al limits at 95% CL, S V2-epions ¢ Djets (m_ = 2 x m,) -
E 160 i‘-ol'i? (n\ > 200 GeV)
S O-lepton ]
- N —— 1-leplon -
140~ RSy A\ R 2Hepon -
L o ‘ \ '
120 - ‘6‘:“‘ »6‘ /L -
i Uhnvadd v / /N Alves
100 : ‘ Implication ——
= 2 @ CERN  —
80 < ‘_.,-" 1
,' — A: /A =
'.‘ ), m, < 106 GeV,

1 1 l ’1 l 1 1/‘5”‘] I A:l‘ |
150 200 250

300 350 400 450 500 550

m; [GeV]
Direct searches not yet adding much over inclusive searches!
This needs more work!
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What have we learned (so far)?

Use the famous SPS1a benchmark point for illustration
[m,=100, m,,=250, tanB=10, A,=-100, u>0]

700
%
)
\ ~
a 600 8 ;
< qu ~2
= * ——— b
500 | ,‘ by
lI
HY H*
400 |- 0 -0 Lt — h
A X4 X2
X3
300 L
200 |- b —=—"1 +
UL, sVt Xo X1
. ER — == :fli.iii\ II
B h = N S
100 e, Sape

0)
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What have we learned (so far)?

Use the famous SPS1a benchmark point for illustration
[m,=100, m,,=250, tanB=10, A,=-100, u>0]

. gluino/
3 squarks
'~ 600l g - f
8 L ]
S . qr 3y A% 1:7
ool charginos/ ™ =,
neutralinos
w = §—s/ 7
X3 ! ’
300 |- 1
HIg9s  gleptons
sector ]
200 oL == A
s B 7 X
R —==fT
wol- M R
(0]
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What have we learned (so far)?

Use the famous SPS1a benchmark point for illustration
[m,=100, m,,=250, tanB=10, A,=-100, u>0]
CMS Preliminary L _ =4.98fb",\s=7 TeV

"« 2 2 [tan(B)=10
Sy e =
77 = A,=0GeV

Point well ruled

Jets+MHT % e B a1 OUL @lready!
T But ....
.LEP2 X,

m(g) = 1000

500 1000 1500 2000 2500 3000
m, [GeV]
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What have we learned (so far)?

Use the famous SPS1a benchmark point for illustration
[m,=100, m,,=250, tanB=10, A,=-100, u>0]

Sql, Sqr
e m>1TeV
& Putting 1st and 2" generation squarks
g i ] g
2 600 above 1 TeV in mass makes this 5
s spectrum VERY hard to rule out!
500
. HY _—— g+ _y
400 A0 )gg Xzi v ty
X3 ’
300 -
200  ——— 10
s & 5
ER —~_=T‘-~TJ §i:’§.§
100 - hY R

(0]
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What have we learned (so far)?

Use the famous SPS1a benchmark point for illustration
[m,=100, m,,=250, tanB=10, A,=-100, u>0]
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Especially when sectors are moved
-slightly; present LHC limits can be
avoided!
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What have we learned (so far)?

Use the famous SPS1a benchmark point for illustration
[m,=100, m,,=250, tanB=10, A,=-100, u>0]

700 Gev ( fl, t},l; 1, ¢+ strongest coupling fo the Higgs sysfem)
Especially when sectors are moved o ~ / e om . s
600 | slightly; present LHC limits can be : s =,
avoided! 5| ” T —v
p (4 © Mz at tree level)
500 |- by e —
(61,62,53 heavy enough (> g)to be ~ irrelevant )
O ~
400 — IAIO - I‘I:t 7?8 Xzi t] . .
X3 It is not a surprise
300 - that this looks very
: ; Similar to what
200 i e R - people call these
., R === days
e i “Natural SUSY”
spectra
(0]
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Summary

» What have we learned so far?
> A lot! Yet, not as much as some people think.

» We are just about to explore the 1 TeV scale and
beyond and there are still major wholes in SUSY
parameters space below the 1 TeV scale.

» So far SUSY has not revealed itself!

> Yet, with many of the powerful direct searches continuing

to push the limits, discovery of a SUSY-like signal could
now happen almost every day!

> It, however, might also take more time and ingenuity to
claim a signal (or to rule out the most relevant parameter
space).

» 13+ TeV operation in 2015 will be critical!
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Backup Material
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Spin Independent XS vs. M, s

Pre-LHC 2008
CMSSM

45.0

42.5

40.0

137.5

135.0

132.5

130.0

27.5

25.0

22.5

20.0

ms [GeV/e?) mgp [GeV/c?]

SUSY: What have we learned? O. Buchmiiller Imperial College 51



Spin Independent XS vs. M, s

Post-LHC (1/ftb), Post-Xenon100 - 2011

CMSSM NUHM1
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Spin Independent XS vs. M, s

Post Discovery!

assume m, =125 +/- 1.5(theo) +/- 1.0 GeV
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Spin Independent XS vs. M, s

Today
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Discovery of a new Boson

The summer's tale of 2012 (and beyond)
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Discovery of a new Boson with SM-like Higgs

Qrogen‘ies at a mass around 125 GeV!
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SM-like Higgs Boson

SM: Constrained Phase Space

WANTED mh(SM)<161 GeV @ 95% CL

DEAD OR ALIVE SUSY: Accessible Phase Space
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SM-like Higgs Boson

SM: Constrained Phase Space

WANTED mh(SM)<161 GeV @ 95% CL

DEAD OR ALIVE SUSY: Accessible Phase Space
4
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E SUSY T,,; AMSB
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SM-like Higgs Boson

WANTED

DEAD

CMSSM

/
/1 \/mh(GeV)

100 200

REWARD NOTICES :
CONTACT SHERIFF, DAVIESS COUNTY, MISSOURS JULY 26, 1881

SM: Constrained Phase Space
mh(SM)<161 GeV @ 95% CL

The way I look at it:

The observation of a Higgs-like particle
in the “allowed” SUSY mass range is good
news for SUSY. It further supports the need
for a comprehensive SUSY search campaign

for the years to come!

S
Q

I;I";‘

I L fam

(Vacuum Stability
_Bound)

90 100 110 4 120
LEP direct search: >114 5
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SUSY: Light Higgs Predictions

CMSSM NUHM1
N 4__,.,....,... T N 4__,..---.,..... e
< 35F < 3.5F
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* Higgs important probe of SUSY

» Predictions above produced based on analogous method to SM
best-fit plots

> No Higgs constraints imposed to make these plots!!
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The “post-Higgs” era
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« Assume a putative measurement of m,=125 +/- 1.5(theo) +/- 1.0

GeV

» Further reduction in potential phase-space!
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Post “LHC&Higgs” era in 2012

CMSSM
PRELIMINARY
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 Updated with
> 5/fb direct search results
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» Updated BR(Bs-> u 1) combination from the LHC (May 2012

* Prospects look bleak for constrained models

» p-value ~10% (max)
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Supersymmetry

Extension of the Standard Model: Introduce a nhew symmetry
Spin 2 matter particles (fermions) < Spin 1 force carriers (bosons)

Standard Model particles SUSY particles

0 DD

Graviton

(
o~ c -~
( > ]

Quarks 0 Leptons . Force particles

Gravitino

Squarks  Sleptons ' Susy
Force particles

1\B+L+2
New Quantum number: R-parity: Rp = (— 1) - +1 SM particles

R-parity conservation: - 1 SUSY particles

« SUSY patrticles are produced in pairs
 The lightest SUSY particle (LSP) is stable
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First SUSY Search: a;

- Kinematic variable a; /‘ /et ISP |gp

« Exploits QCD di-jet properties / A

> jets are balanced in p; / | N

> back-to-back in ¢ \ BACKGROUND /51‘5’ \ :
jet/ topology (QCD) SIGNAL topology  JEF

Define: Hy = 2p«(j,), MH-= |- Zp«(j)|, AH=E«pj.)-E{p)>)

ar for _ Esz _ \/ETj2/ETj1

9 = ar for _lHT_AHT
dijets: |~ '

= <05 ™ o, =
Wl \/2(1 — CosA@) n jets: 2 M,

Expectation for QCD: ar = 0.5
Jet mis-measurements: a;< 0.5

(form two pseudo-jets — defined by

balance in “pseudo-jet” H, = 3E.)
inspired by
L. Randall & D. Tucker-Smith,
Phys.Rev. Lett. 101 (2008) 221803
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The Standard Model of Particle Physics

Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity
along with all new patrticles discovered has led to the
Standard Model of Particle Physics (SM).
The new (final?) “Periodic Table” of fundamental elements

A crowning achievement
of 20t Century Science

Yet, its most basic mechanism,
that of granting mass to
particles, is (was?) missing.
Quantum of this field is the
Spin Zero Higgs boson.

Matter particles
sojonied 8210

Leptos ]
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Supersymmetry

Extension of the Standard Model: Introduce a nhew symmetry
Spin 2 matter particles (fermions) < Spin 1 force carriers (bosons)

Standard Model particles SUSY particles
\’L’/

8 g.l . l o~ ‘,I‘,.uﬁf‘_
=, Forces N gl =iy
'2 0 Nausad” ~O

® ' 4 neutralinos
S Y (Wl VN W& -
S E . % ~ "; 3 w L Xﬁrginos
£ o e u WY TG
‘E a - Gravitino

)]

S Squarks Sleptons = Susy

Force particles

1\ B+L+2s
New Quantum number: R-patrity: Rp = (— l ) > +1 SM particles

R-parity conservation: - 1 SUSY particles

» SUSY patrticles are produced in pairs
» The lightest SUSY patrticle (LSP) is stable
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What do we call a “SUSY search”?

The definition is purely derived from the experimental signature.
Therefore, a “SUSY search signature” is characterized by

Lots of missing energy, many jets, and possibly leptons in the final state

Missing Energy:
* from LSP

Multi-Jet:
 from cascade decay (gaugino)

Multi-Leptons:
* from decay of charginos/neutralios

RP-Conserving SUSY is a very prominent example predicting this
famous signature but ...
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What is its experimental signature?

. by no means is it the only New Physics model predicting this experimental
pattern. Many other NP models predict this genuine signature

Missing Energy:
» Nwimp - end of the cascade

- v Multi-Jet:
N\“ S ea- Nwimp  _--  from decay of the Ns (possibly via

\ \ heavy SM patrticles like top, W/Z)

Multi-Leptons

\ - ? » from decay of the N’s

Model examples are Extra dimensions, Little Higgs, Technicolour, etc
but a more generic definition for this signature is as follows.
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