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OUTLINE

¢« SUSY as one of the best candidate for underlying theory

¢ Viable Supersymmetric models

» minimal Supergravity model as an example (INSUGRA)
» theoretical and experimental constraints

» problems of mSUGRA and motivation for SUSY GUTS
non-universal models

¢ Conclusions
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Open questions

SM describes perfectly almost all data ...
but has serious problems
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Open questions  rotation curves of gataxies
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NGC 8503

SM describes perfectly almost all data ... P
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but has serious problems

¢« Experimental problems
» Evidence for Dark Energy & Dark Matter

» matter — anti-matter asymmetry:
baryogenesis problem

» the origin of EWSB Is unknown
Higgs boson is not found yet ...
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Open questions _<:f>_

SM describes perfectly almost all data ... H - H
but has serious problems AP
omz, = —L—[-2A%, +..]
lé6r-
¢« Experimental problems SM : AMZ ~ Afy
» Evidence for Dark Energy & Dark Matter M2 = MZ, — AMZ,
» matter — anti-matter asymmetry: (100 GeV)® = (10"° GeV)’ - (10*° GeV)’

the cancellation is at the 28" digit

r nesi
baryogenesis problem for Avy - 1016 GeV

» the origin of EWSB is unknown

Higgs boson is not found yet ... g el A
30 Frfr e Pain
: g P
¢ Theoretical problems = o T
» the problem of large quantum et T T

(/] 2 4 [ 8 10 12 14 16 18

corrections: fine-tuning problem

» at very high energy forces start to behave similar
due to effect of different 'running’ of coupling constants for
abelian and non-abelian fields. But unification is not exact!

» gravity stays apart — not included into SM

log ., @
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What do we expect from underlying theory
to explain?

The Nature of
Electroweak Symmetry
Breaking

The origin of
matter/anti-matter

asymmetry

Underlying
Theory

The problem of
hierarchy, fine-tuning,
unification with gravity

The origin of
Dark Matter
and
Dark Energy
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Supersymmetry

¢« boson-fermion symmetry aimed to unify all forces in nature
QQ|BOSON) = [FERMION), Q|FERMION) = |BOSON)

¢ extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)

{fa f} = 0, [BaB] = 0, {QOUQB} — 2755PM

Golfand and Likhtman'71; Ramond'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino'74
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¢ extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)
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Particle SUSY partner
eﬁv)u)d . g; ‘73 LT? d
spin 1/2 spin 0
~T ~T
y,W,Z X1 9 X2
+ ~0 =0
h,H,A,H X7 -+ X2
spin 1 and 0 spin 1/2
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Supersymmetry

¢ boson-fermion symmetry aimed to unify all forces in nature
QQ|BOSON) = |[FERMION),

¢ extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)

{fa f} = 0, [BaB] = 0, {Qaa QB} — 2733Pu

Golfand and Likhtman'71; Ramond'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino'74

Q|FERMION) = |[BOSON)

Particle | SUSY partner dr Sp -
e,v,u,d c U.i.d ¥ o -
> spin 1/2 >0 Sp’in 0 Ug uLIﬁ 70
-+ -+ u u
Y, W,Z X1 > X2 - o ,
hHA H* ~0 ~0 could give rise the proton decay!
b b .) Xl e o o X4
spin 1 and 0 spin 1/2
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QQ|BOSON) = |[FERMION),
¢ extends Poincare algebra to Super-Poincare Algebra:

Supersymmetry

¢ boson-fermion symmetry aimed to unify all forces in nature

Q|FERMION) = |[BOSON)

the most general set of space-time symmetries! (1971-74)
{fa f} = 0, [BaB] = 0, {Qaa QB} — 2733Pu

Golfand and Likhtman'71; Ramond'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino'74

Particle SUSY partner
e,v,u,d e, U,u,d
spin 1/2 spin 0
y,W,Z . ):Zjll):a 723:~0
h’H;‘;:";I;I and 0 Xl - s,;,'?,(f/z
— W

R-parity guarantees Lightest SUSY particle (LSP) is stable!
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the absence of proton decay suggests R-parity

R = (_ 1)3(8—L)—|—2S

W
W Ay
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SUSY invented more then 30 years ago
has 'little' problem
it has not been found yet!
Why it is still so attractive?

33103;
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year
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Consequences of SUSY

Provides good DM candidate — LSP h h /STOP ",
CP violation can be incorporated - : h, B e )

baryogenesis via leptogenesis h’

Radiative EWSB AMF ~ M2y sy log(A/Msusy)

Solves fine-tuning problem £ w0 e o e

Provides gauge coupling unification * | SR P d |

local supersymmetry requires :Z | ::

spin 2 boson - graviton! b b

allows to introduce fermions into ‘ 0 o

string theories S e e ]
log,,Q log,,Q

Contrary to many recent models
SUSY was not deliberately designed to solve the SM problems!
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Minimal Supergravity Model (nSUGRA)

mass [GeV]

700
tan [ = 50
e Y =Y. =
500 ql'ﬂ._ S independent parameters:
£00 i‘L_ ' Gluino e mO - universal scalar mass
i'R“:: e ml1/2 - universal gaugino masses
400 e A — trilinear soft parameter
e tanf - parameter
300 (B traded for tanp)
e sign(p), p? value is fixed
A9 I by the minimization condition for
Bino ey the Higgs potential
100 r
R
]

ISASUGRA, SPHENO,SUSPECT,SOFTSUSY
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Crucial constraint from Cosmology: DM candidate should be
heavy, neutral, stable, non-baryonic Dark Matter candidate

Q= Q, + QA = ptot/pcrit ~ 1
Baryons: 4% 0.4% -

I/ |
Dark Matter: 23%*4% | | Dark Energy: 73%* 4% 1.4 7 :
1.2 :
B \Tonry et al.
1.0 2003
0. o8l Riezs(_;g; al.
0.6 PR
| ac’cei“j;{\(\‘é
0.4 B - gec®®
0.2 ‘_g-’
. 02 06 0
SUSY has a perfect DM candidate, Q,
but th.is i.S Only Constraining the Cosmological Parametres
a beg’nn’ng Of the Story e ESO PR Photo 18d/04 (3 June 2004} © European Southern Observatory [ReS
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Evolution of neutralino relic density

m Challenge is to evaluate thousands
annihilation/co-annihilation diagrams

[Griest, Seckel:92]
5{\ - Tox A H
Foel T X
v 4
'
' f
X : ) ' X . W+
1 J X+
X 1 = W—
[ |

L v
relic density depends crucially on (0 Av)
thermal equilibrium stage: ' > m,, xx < ff
universe cools: T <m,, xx % [f,n=neg~e™T
neutralinos “freeze-out” at Tp ~ m/25

m ISARED code: complete set of processes

Baer, A.B., Balazs '02

exact tree-level calculations using CompHEP
(also, DarkSusy, MicorOMEGAS)

time evolution of number density is given
by Boltzmann equation
dn/dt = —3Hn — (oav)(n* —n2,)
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Neutralino relic density in mSUGRA

most of the parameter space is ruled out! Qh? > 1
special regions with high O A are required to get 0.094 < Qh? < 0.129

Baer, A.B., Balazs '02

" tanB=30,u>0
Qh’< 0.094

® 0.129< Qh’< 1.

stau is LSP

NO REWSB

® 0.094< Qh’< 0.129
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3. focus point:
mixed neutralino,

low u, importance of
higgsino-wino
component

WM, /2=—-em; +201,

X ! J 05 1 15 2 25 3 35 4 45 5
' m, (TeV)
X ! f 1. bulk region: light sfermions
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Neutralino relic density in mSUGRA

most of the parameter space is ruled out!
special regions with high O A are required to get 0.094 < Qh? < 0.129

2. stau coannihilation:

degenerate y and stau

4. funnel: (large tanpf )
annihilation via A, H

<

<

Baer, A.B., Balazs '02

S\ 1200

| '25 3
"m, (TeV)

05 1

Qh% > 1

tanB=55>0

Qh’< 0.094

" ® 0.094< Oh’< 0.129
® 0.129< Qh*%< 1.

3.5

1. bulk region: light sfermions

X . W+
X +

X =

AVAVAVAY:

3. focus point:
mixed neutralino,

low u, importance of
higgsino-wino
component

W+ M /2 =—em; +2m,

additional regions:
Z/h annihilation
5 Stop coannihilation

Alexander Belyaev
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Collider signatures in DM allowed regions

» DM allowed regions are difficult for the observation at the colliders:
stau(stop) co-annihilation , FP region: small visible energy release

production decay
mSugra with tan =65, A,=0, u >0 -~

: : d . i o~
. Q' 0.129 o w i - 7,
LEP2 excluded | Wy ,
H _ W 1

j W

“W,H"

1600

1400 iy BaerA. B KrupovmckasOS
- | TEV: 3{+ Er + jets
1200 ,'Q-'L R Ve
\.é: e 7 — \\\\ELH 22 8
ES 800 LHC ILC: 274+ Zh,HA
e" W = 6
o S g %
i W |
400 € ‘Wi _1_)_/\;“' ° 4
{1 > ILC: 0+ [ + jet )
200 | B — gw©00000 —«—§ u v, 4
0 1000 2000 3000 4000 soooe g 19 g g ./j 3
G MR — Ui
m."( 2 LHC: jets + (+ Er ‘<~
LHC and ILC are highly complementary! W,
18
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Collider signatures in DM allowed regions

g4, gq, qq production dominant for m X1 TeV BG: W + jets, Z + jets, tf, bb, WW, 4t, - - -
o Hr+ jets o 10+ Hp+ jets o opposite — sign (OS) 20+ K+ jets® same — sign (55)20+ Kp+ jets
o 3(+ fr+ jets e Al+ Kp+ jets o 5+ P+ jets

1500
1400
1300
1200
1100
1000

mSugra with tany = 30, A, = 0, u > 0

.........

T \inlay)=2 TeV 48

0 1000 2000 3000 4000 5000
my, (GeV)

reach tom g ~ 1.8 (3) TeV for high (low )my
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Collider signatures in DM allowed regions

g4, gq, qq production dominant for m X1 TeV BG: W + jets, Z + jets, tf, bb, WW, 4t, - - -
o Ui+ jets o 104+ Ep+ jets o opposite — sign (OS) 20+ [+ jets® same — sign (55)26+ K+ jets

SUSY event with 3 lepton + 2 Jets signature

o 3(+ fr+ jets e Al+ Kp+ jets o 5+ P+ jets

my = 100 GeV, my, =300 GeV, tan =2, Ag=0,1 <0,
. m(q) = 686 GeV, m(g) = 766 GeV, m(3?,) = 257 GeV,
mSugra with tany = 30, A, = 0, u > 0 m(z%,) = 128 GeV.

_.

1500
1400
1300
1200
1100
1000

.........

T (=2 TeV 4

Leptons: Sparticles:
pu?) =55.2 GeV  E(Jetl) = 237 GeV pt-if.c‘_’ 1) =95.1 GeV
0 1000 2000 3000 4000 5000  pdw) =443 GeV  EJei2) = 339 GeV P(x"1) = 190 GeV

my, (GeV) pile) - 43.9 GeV
I’eaCh to m g Y/ ]. 8 (3) TeV fOI’ h|gh (lOW )mo Charged particles with p, > 2 GeV, [n| < 3 are shown;

neutrons are not shown; no pile up events superimposed.
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Collider signatures In FP region

Augmented Effective Mass
Cuts C1, =2 (0% ) No. of Jets
s Cuts C1
I | I — FP(SUﬁU,WU,U,SU,LHﬁJ 10000 :_| ' ] ' | P— FP(3050,400,0,30,1,175) ' ]
O APl s B 4 ¢ QCDJets ]
tt N W e [ & ]
A Wijes 1000 A - A\ Wiets .
v, 72 : A W, 72 j
o O sum of Backgrounds 100 & A Q Sum,of Bz;ckgrounds =
% ok _ - C :
2 1 = 10k . -
€ 1 & ¢ — ;
{ 1 o C Ly kd N
® 7 1 - =
o E W 3
| B L :
_ 0.1 = Spap Sl = .
B ——
I i N s §
J- 001 v .
| | 0.001 | ! L | | | |
0'0010 1000 2000 3000 0 5 10 15
A (GeV) # of Jets
miss H. Baer, V. Barger, H. Summy, L-T. Wang
A, =F + E,. + E g y g
T = L7 T T
. hep-ph/0703298
leptons Jjets
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Early SUSY discovery at LHC without missing E_

o7l ] ! ' 3
E & SPS1a’(70,250.-300,10,1,171) | 3
E v <> QCD Jets ]
6 = - : :
1e+06 = e ,T‘t_: ff
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100, 5

= L I I 1 I | 7]
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2 O QCD Jets :
Il it T
E A W jets 3
z Z+jets .
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S AY .
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= ’ | F
- = ;
3 A E
il | | ] | 1 l i
0 g
Hn‘

0. 50, 50 GeV

/ _ _
Ar =>< + D E + ) E; Sr > 02
leptons Jets
[Baer, Prosper, Summy ‘08]
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FP region

Chan, Chattopadhyay,Nath '97; Feng, Matchev, Moroi '99;
Baer, Chen,Paige,Tata '95, Chattopadhyay, Datta's, Roy '00

small value of |u|-parameter: mixed higgsino-bino LSP
Light mass spectum of chargino and neutralinos
low value of |u|-parameter was advocated as “fine-tuning” measure

DM motivated mSUGRA region with 'natural’ neutralino mass ~100 GeV !
ILC connection: the signal observation at the LHC is crucial for the fate of ILC

— » 770 770 770

¢ € ¢ € ©

/ M 0 —mgcBsw  mzsBsw
0 Mo mgcelew —mgsBew
—mycB3sy  mzceBew O —
\ mzsBsy —mgsBoy — [ T 0 /
o neutralino
My V 2-‘1‘,-5:”*‘-1-%; and
\/2!’"}.3 'J'H*;'_I‘_r l“' "_ charginﬂ

mass matrices
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FP cross sections

Baer et al'07

10000 x T | | | T T T I | T
= > :
100 - —— wz,
_ — W2,
- = WIZE
2 - : WW,
E [ —_— i
A - 1 T 27,
: E 25
0.01 —
o000 1oy T
1000 1500 2000
m (GeV)
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Recent Studies In FP region

m1f2

: : ; - Signal R
Point N mi /2 .U;. 0 -U;,.I.f _'H.,} | F Cuts C2 for :1]%:2‘. &Cﬁféz Ay = 1200 GeV
FPO | 2300 200 591 LEP2excl. 0.2 o - ' | B S (100 GeV,0.2M, )
FP1 | 2450 225 655 LEP2exel. 0.4 | n(jets) > 4,
FP2 | 2550 250 717 +10% (.6 ’ Eifl,f2,10,94) > 10, 50,30,50 GeV o
_ . ' > 7
FP3 | 2700 300 838 +8% 1.1 B §
FP4 | 2010 350 959  £7% 18 | _ 7 TSR TR
FPS | 3050 400 1076 +8% 27 | % 3
FP7 [ 3755 600 1540 — 8.1 mﬁ,‘bgh"essy’sllmmy’ :
FP8 4100 700 1766 — 1.8 O01= 7]
FP9 | 4716 900 2211 — 20.7
L | L | L
tan B = 50 : 500 1000 1500 2000
400 |8 Il 95 % C.L. g ' m§ (GeV)
o _ A — 9% pas,Datta,Guchait,
~ 00s -8 — W Majty,Mukherjee
f 005 [ a3 — b
200 E*S- 001 |
T~ -
E:] 003 |
0.02 f
2000 4000 Bednyakov BUdagOV 001 ;:
m, Gladyshev, Kazakov, o L S
DeBoer, Sander, Zhukov, Khoriauli, Khubua, 0 2000 4000
Gladyshev, Kazakov Khramov Mee (GeV)
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'Far' FP analysis at the LHC

A.B, Genest, Leroy, Mehdiyev'07

¢ 'far' FP region dominated by EW chargino-neutralino production - requires
special cuts/analysis
¢ the signal observation in the 'far' FP region could be crucial for the fate of ILC

3500,600] GeV | [4670,975] GeV ,
. _ _ mSugra with tanf} = 30, A, =0, u> 0
Particle Mass(GeV) Mass(GeV) 1600 a0 —
7 239.12 403.54 N e
Zs 21722 485.37
Zy 324.92 486.23 0 N
Zi 528.59 841.62 S B Nwe
W 315.53 18841 %
Wit 517.21 832.74 £ o0 QN
g 1531.37 2365.94 R S
s 3653.71 4976.93
h 120.80 122.14 oy P —
HY 3033.45 4085.70
40 3013.62 1058.99 -
H:I: _)) U 3 {_]: ! 72 4 U S 6 ' Grj 1000 2000 3000 n:;)ﬂ;Ge ls;)oo 6000 7000 8000
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Improved strategy: softer preselection + new kinematical cuts

5-

1

10
Cut Set 3 The pre-selection cuts

® One lepton with péfp > 20 GeV

e At least four jets with j}i-{ > 20 GeV

o A leading jet with pi.{l > 40 GeV

® [/r > 200 GeV.

oM =/ (3 E)?— (> 7)?) > 60 GeV

Cut Set 4 The analysis cuts _
o N Ir 10 ¢

o ”E:Fp (max)

ST

C i - Iﬁﬁ't
TOJLJJ—L -jets

Events/20 GeVV/100fb

® transverse mass of the lepton 1

e
and MISSING ENETrqiy. 0 100 200 300 400 500
M, (GeV)

."Ir £ . - £
Mr = \/ QIJETP Fr(l — (Z(}-":-’L:.-."J(_ET.IU-ETP\”)

> il

Mp = /2pr(l) Br(1 — coso(Er, pr(l)))

I LR
® R_I}T-’I
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Extended LHC reach

1600

mSugra with tanp = 30, A, = 0 u>0
L@ thorzs | . é
' LEP; excludedl

7400

600

. Tevatron

0 1000 2000 3000 4000 5000 6000 7000 8000

m, (GeV)

A.B, Genest, Leroy, Mehdiyev'07
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Complementarity of Direct and Indirect DM search

Baer, A.B., Krupovnikas, O'Farrill '04

®» DM direct detection:
] ) ] mSUGRA, A,=0, tan=55, u>0
neutralino scattering off nuclei 1600
1 f - i 1400
. &
Crossing 1200 [E
ﬁ oy N'-
=
- symmetry 21000
. o f b i £ 800
Annihilation Scattering
Isared code Isares code oo
Stage 1: CDMS1, Edelweiss, Zeplinl 400
Stage 2: CDMS2, CRESST2, Zeplin2 ;
Stage 3: SuperCDMS, Zeplin 1 ton, WARP 5qq 3 no REWSB
®» DM indirect detection: 0 1000 200D (eyy?®? 4000 5000
signatures from neutralino annihilation d(p)=3e” GeV'em?s ' sr! . (S/B),.=0.01
in halo, core of the Earth and Sun - D(7)=10"" cm? s o @™ (W)=40km? yr'  m =114.4 GeV
photons, anti-protons, positrons, neutrinos = ®"(u)=40 km™yr" — G(Z,p)=10" pb

0< Qh?< 0.129
Neutrino telescopes: Amanda, Icecube, Antares
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LHC/ILC and DD/IDD complementarity
provides a multiple cross check of measured model
parameters

Direct DM

LHC SUSY pars

determination detection

Inirect DM

detection ILC SUSY pars

determination
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LHC/ILC and DD/IDD complementarity
provides a multiple cross check of measured model
parameters

flavor/CP conserving MSSM: 24 parameters

ability density dF

orop

(2, h?

Baltz, Battaglia, Peskin, Wizansky,’06
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DQ Run II Prellmmary L=310 pb

R e e -
(%] i s
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5 \ X
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200 s
: Xa Vi
1001
C LEP 1+2 m(@)em)
OWI oo m\\l i'I N NN | I\N\\
0 100 300 400 500 600
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g; 100i ERE‘R
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60; . \
- ~ N
- - q g ;//'/ |
2 40 \;
S ! \ b S b i
—_— — — |
\ I -
Y ik 20 I
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‘ b— sy, (g—2) /2, Bs— pTji~ constraints I

-
¢ b— sy: BE(b— sy) =(3.55 + 0.26) x 10 *(BELLECLEO and ALEPH] § i g
Theory: (3.15 +0.23) x 10 1 Misiak,Steinhauser '06 s /N p s b
2.85 x 107* < Br(b — s7v) < 4.24 x 10~* (95% CL incl 10% theory) W~ Ty
no significant deviation from SM — m, oo My, . My should be heavy! BR(b — '57")|x + o jtA; tan 3
¢ (g—2),/2 resuilts g’Y
(g—2)ul2 = 11659 208(6) [ g-2 collaboration] * experiment I I Xa
0D 1) Theory — — £ -
Aa, = (27.1=9.4) x 10~ avier ef al. N
h= ) € pased on %9 u
Aa, = (31.7£9.5) x 10~19(Hagiwara et al.) e*e- data | m?
-~ ' 3 sign( p -
(t decay data Aa, = (12.4=8.3) x 10~ 10 Davier et al.)) ™ 855, tain & sigols) Moy

There are growing consensus that e™ e~ data are more to be trusted since they offer a direct
determination of the hadronic vacuum polarization
~ 36 == second generation of slepton are relatively light!

¢ BF(Bs — 'y ) < 1.0x 10 "(CDF), (SM: 3.4 x1079)
amplitude for H-mediated decay grows as IaﬂB3 (!) = relevant to high tan 3 scenario
[Babu,Kolda, Dedes, Dreiner, Nierste, Arnowitt, Dutta, Tanaka, Mizukoshi, Tata, Wang]
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MSUGRA: X* = X3,, + Xan: + Xi_., analysis

¢ Aa, favors light second generation sleptons, while BF (b — sY) prefers heavy third
generation: hard to realize in mSUGRA model.

mMSUGRA, tanf3=30, >0, A,=0, mmpz'l 75 GeV mMSUGRA, tanp=55, 1>0, A,=0, m op=175 GeV
e'e input for5a, ® LEP2 excluded e’e input fora, ® LEP2 excluded

stau LSP
stau LSP

NO REWSB NO REWSB

05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5

m, (TeV) m, (TeV)

Baer, A.B., Krupovnickas, Mustafayev hep-ph/0403214
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Global CMSSM fit

68% (dotted) and 95% (solid) CL regions

500

450

400

350

300

250

200

150

100

ar¥ivi0707.3447

of

O. Buchmueller, R. Cavanaugh, A. De Roeck,

10 20 30 40 50 60
tanf

S. Heinemeyer, G. Isidori, P. Paradisi,
F. Ronga, A. Weber, G. W. 07

Relative probability density
0 0.2 0.4 0.6 0.8 1

tanp

Rozkowski,Austri, Trotta '07
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SUGRA: normal mass hierarchy (NMH)

¢ Aa, favors light second generation sleptons, while BF (b — s57) prefers heavy third

generation: hard to realize in mSUGRA model.

& one step beyond universality solves the problem! [Baer,AB Krupovnikas,Mustafayev]
[m{},fﬂ”z, A{]n tan B: ngﬁ(ﬂ)] »[mﬂ(l)v Iﬂ0(3)= mg, mMy/z, AU: tan B-,- Sigﬁ (fu)]

mSUGRA, tanp=30, 1>0, A,=0, mmpz'l?S GeV SUGRA, tanp=30, u>0, A;=0, m=175 GeV,m (1)=100 GeV
e'e input forda, ® LEP2 excluded e'e inputforda, ® LEP2excluded
2000 5 2000 5
1800 B3 45 1800 45
1600 B E 1600 4
3
1400 B 35 1400 35
S 1200 3 1200 neutralino is not LSP - 4
@ Yy
S 1000 25 Q 1000 25
N C -
- 5 2 =)~ - P
g IS 3 T
3 @
600 159 600 15
400 1 400 1
200 05 200 05
NO REWSB NO REWSB
0 0
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5
m, (TeV) my(3) (TeV)

¢ BY — BY = Amgp mass splitting bound is safe
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NMH: SUSY spectra and LHC S|gnatures

my(1) = 0.1TeV, my(3) = 1.4TeV, m,, = 550GeV
A, =0, tanﬂ 30,u>0m,= 1?SGeV
1700 r tan = 10. Ay= 0 n >0 m,= 175 GeV

1500 my, (3) = 2300 GeV, m,,, = 300 GeV

ITLAA. N G ¥

1300 =

1100 = 3
L i miss
e

900 -

10°

100 p=

10

G after cuts optimized for m, , = 100 GeV (fb)

-100 =

-300 =

s0o0fk H,

3 =
=
s

-+ =

L

g
i
s

L]
i

34
i 1

III|IIlglllllllllllllII|IIII|IIII|IIII|IIII|I

gl

1]

B
\Vaast
LL\.: »

700 . -
0> 10° 10’ 10 10 10 10 10 o
Q (GeV)

mz ~mg + (5 — 6)772,%/2

mz ~ mg + (0.15 — 0.5)m7 /,

1, 2500 500 750 1000 1250 1500 1750 2000 2250
m, (1) (GeV)
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Scenario with non-universal Higgs masses (NUHM)

» universality of mg is mofivated by the need fo suppress unwanted flavor
changing processes (generation blind mech for matter scalars in SUSY GUTs)

» this does not apply to soff breaking Higgs masses. In SO (10) SUSY GUTs:
(10 + 5 4+ ) € 9(16), (5u.5a) € ¢(10), different repres = SUSY breaking
scalar mass terms for v (16) and ¢(10) are not expected to be the same
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Scenario with non-universal Higgs masses (NUHM)

» universality of mg is mofivated by the need fo suppress unwanted flavor
changing processes (generation blind mech for matter scalars in SUSY GUTs)

» this does not apply to soff breaking Higgs masses. In SO (10) SUSY GUTs:
(10 + 5 4+ ) € 9(16), (5u.5a) € ¢(10), different repres = SUSY breaking

scalar mass terms for v>(16) and ¢(10) are not expected to be the same
m, =300GeV, m, =300GeV, tanf=10, A, =0, pn >0, m =178GeV

the minimal non-universal Higgs
extension of mMSUGRA = NUHMI:
mo, Mg, Mi/2, Ao, tan g and sign ()

me = S’ig'n-(mngu,d) . \/Imzﬂu,dl

m%md are allowed to be negafive

» . becomes small for mg > my
= FP! can be reached even for
low mqo andm ;5!

» M4 decrease downto2m; for
my, going down =- Funnel! Even
for low tan 3! Requires m3 < 0.
Baer,Belyaev,Mustafayev,Profumo,Tafa

600

400

200

0

GS bound

NOEWSB

-1000 -800 -600 -400 -200 0 200 400 €600
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Scenario with non-universal Higgs masses (NUHM)

» universality of mg is mofivated by the need fo suppress unwanted flavor
changing processes (generation blind mech for matter scalars in SUSY GUTs)

» this does not apply to soff breaking Higgs masses. In SO (10) SUSY GUTs:
(10 + 5 4+ ) € 9(16), (5u.5a) € ¢(10), different repres = SUSY breaking
scalar mass terms for v>(16) and ¢(10) are not expected to be the same

NUHM1: tanB=35, m,=-2.5m, n >0, A, =0, m, =178 GeV
the minimal non-universal Higgs

5

= 27
extension of mSUGRA = NUHMI: E Lot
mo, Mg, Mi/2, Ao, tan g and sign(u) -
meqep = Sig'n'(m*EHu,d) : \/Im?ﬁu,dl 1.4 f
mi . 4 are allowed fo be negative 12
» u becomes small for my, > my 1 |

= FP! can be reached even for 0.8 [
’OW g and m1/2! 0.6 E
» M, decrease downto2m for o+ f

my going down =- Funnel! Even = oz
for low tan 3! Requires m3 < 0. T
Baer,Belyaev,Mustafayev,Profumo,Tafa

Alexander Belyaev NE>J "Dark Matter motivated SUSY Collider signatures"” 40



Complementarity of DD DM search:
Xenon-10 constraints and “Egret” mSUGRA point

Solid Lines: IIll:1?1.0, AO:—QOU Dashed Lines: 111l:175.0, AO:O

mg=1500, m =160, sgn(u)=+1, incr (tanB)=0.5 "E 1 [Gladyshev,Kazakov,Boer, Herold, Sander, Zhukov]
10 = — — — _ RO ] x‘?_ 56/ -=--- background
N § '“-‘E f {(bg only) 90.3/8 W === signail
5 ] S ] — bg + sig
LN ~ - E 1 I:] |
— — — =
I = —_g -
Né i i W
i i 10
0.1 S ) s e :
I L &
0.01 | | | . =
| | | BRI :
1e-06 = oo .
i ] B
. " ] 10 = LT e
B B 10 | 10
_ le07E - ) E [GeV]
- AENONOexcluded — 50-70 GeV neutralino
& T ] provides a good fit
108 5 m, = 1400 GeV
: : m_,= 180 GeV
1e-09 DL, LT tan,B =50
10 20 30 40 50 60
tan are suggested
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MSUGRA and NUHM2 scenarios for Egret data

0 parameter mSUGRA(171) NUHM
"= mo 1500 831.8
L TRUQ 160 161.2
ki Ag 900 ~1597.1
4" tan 3 52.1 17.6
Y, my 170.9 170.9
& I 177.5 644.0
2 mg 476.9 450.8
ma, 1522.8 891.1
ma, 1526.5 914.4
my, 890.7 248.3
m;, 1025.0 632.2
ms, 1501.6 853.6
me, 1499.8 802.4
mi, 106.3 131.7
ms;, 106.7 131.0
ms, 61.8 66.6
- b ma 347.0 157.0
X Aa H mh 112.8 116.6
- - Qg h* 0.11 0.10
~ E BF(b— s7) 24x 104  3.1x 104
X Aa, 10.0 x 10-10 5.4 x 10-10
BF(Bs— ™) 93 x 107" 3.7x 1078
o.e(Z1p) [pb] 3.1x1077  2.6x10°®

(ov)|uo (cm3[sec) 23 x 1072 16 x 107
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Iog,o<cv>,v_)o(cm3/s)

tan(’

3 ¥ ¥ & 8

MSUGRA and NUHM2 scenarios for Egret data

0.09>Qh?<0.13, Br(Bs — p'p) < 107

TO0

m,(Gel)

parameter mSUGRA(171) NUHM
mo 1500 831.8
‘mug 160 161.2
A —900 —~1597.1
tan 3 52.1 17.6
m 170.9 170.9

1 177.5 644.0
m; 476.9 450.8
M, 1522.8 891.1
My 1526.5 914 .4
m;, 890.7 248.3
m;, 1025.0 632.2
mg, 1501.6 853.6
me, 1499.8 802.4
mg;, 106.3 131.7
my. 106.7 131.0
ms, 61.8 66.6
m4 347.0 157.0
mi 112.8 116.6
Qy 0.11 0.10
BE(b— s7) 24x 10 3.1x 104
Aa, 100 x 1010 54 x 1p~10
BF(Bs— ™) 93 x 107" 3.7x 1078
o.e(Z1p) [pb] 31x107  2.6x10°®
(ov) oo (cm3[sec) 23 x107%  16x107%

Alexander Belyaev
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30

Collider signatures: distinguishing NUHM2 and mSUGRA
within light neutralino (50-70 GeV) scenario

- NUHM2

&

NUHM{ESI 8.161.2.-1597.1,17.6,1.170.9
H=644,m, 15?]

< QCD Jets
Ot
2 Wejets
Z+jets
WW, WZ, Z7
Sum of Backgrounds

30

20

mSUGRA(1500,160.-900,52.1,1,170.9)
QCD Jets

tt

Wijets

Z+jets

WW, WZ, ZZ

Sum of Backgrounds

=

= 44.9 GeV]

— Nz

Zo Z4

|

MmSUGRA |

&
PN W ) T P T TNTT DL DLy
Bk Bk RO T30 2or A Bl S5 Br T4 % Lt Al

ié 150
"'M (GeV)
In the case of the NUHM2 model the t1 is light and that § — t¢; dominant
while Z5 production via cascade decays is suppressed.
The Br(Zy — ZieTe™) is suppressed to 0. 8% level due to the presence of light A
and H Higgs bosons enhancing Br(Zy — Z1bb) to the 45% level, at the expense
of first /second generation decay modes.
44
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Conclusions

¢ SUSY is very compelling theory
¢ The role of CDM and other constraints is crucial
¢ LHC: covers funnel region and stau-coannihilation region,
but only low part of FP/HB is covered
¢ JLC: greatly extends LHC reach in FP/HB
¢ [LC can deal with very problematic for LHC scenarios
¢ direct/indirect DM search experiments are higly complementary to LHC/ILC
¢ combined constraints: mSUGRA is highly restricted
¢ one step beyond the universality opens parameter space and new signatures:
NMH, NUMH, non-universal gauginos motivated by SUSY GUTS

Present constraints/data, especially CDM, give a good idea how SUSY

should look like at the LHC and DM search experiments.

ILC will precisely identify SUSY parameter space.

Road is open to hunt down EW scale SUSY which could be just near the corner!
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Relative contributions of SUSY subprocesses (before/after cuts)

3500,600] GeV 4670,975] GeV
Produced sparticles | Fraction of SUSY events(%) | Fraction of SUSY events(%)

Wi + W, 16.42 15.78
Wo + W5 5.88 4.46
Wi + W 0.68 0.22
71 + Wi 8.48 8.6G6
71 + W 0.02 0.04
Zg + W 1 21.36 25.88
Zy + Wo 0.56 0.20
Zs + Wi 20.10 22.48
Zs + Wo 0.56 0.16
Z._L + W 2 10.34 6.98
Z_L + Hl 0.46 0.26
7y L7 0.02 0.02
2y - <0.02 4.46
Z1 + Z3 3.72 <0.02
Zo + Z3 8.72 10.20
Zy +-Z4 <0.02 0.04
Zs + Z4 0.34 0.02

g+4g 2.12 0.06
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Relative contributions of SUSY subprocesses (before/after cuts)

[3500,600] GeV [4670.975] GeV
Selected sparticles | Fraction of SUSY events(%4) | Fraction of SUSY events(')

Wy + Wy 8.25 12.60
Wy + Ws 13.59 19.60
Wy + Wo < 0.49 0.35
Z1 + Wy 2.43 4.90
Z1 + W < .49 < 0.35
Zy + Wi 6.31 14.00
Zy + W < .49 0.30
Zs + W4 777 12.90
Zs 4+ Wo 0.97 0.35
Z4 4+ W 26.21 31.50
74+ Wi 1.04 0.70
Zi 4 4 < .49 < 0.35
71+ 2o < 0.49 < 0.35
7 i 0.49 < 0.35
T i 0.49 0.70
Ty = < .49 0.35
Za + Fa < 0.49 < 0.35

g+ g 29.61 1.40

Alexander Belyaev N>
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Sparticle reach of LHC various luminosities

mMSUGRA reach in ETiSijets final state
1500

1400
1300 -

g(3000) A,=0, tanB =35, u>0

m,, (GeV)

1200 1
1100 1
1000 1
900
800 1
700 H
600
500 -
400 1
300 H -
200 { [--Ysgz- - 9(500)

100 1
No symmetry breaking

0 500 1000 1500 2000
m, (GeV)
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w— Signal w—=  SM backgrounds w7y — bb+cc backgraund

-1 . = |ILC FP/HB study
1500 | & L, ) .
s o o e TR Baer, A.B., (mg, my /25 Ag,tan 3, sign(u))
e Ko - ", |  Krupovnickas, (4625 GeV,885 GeV,0,30,1)
= ] L
500 = o 1 Tata
el i 1 parameter value (GeV)
-Fjl:ﬂ} _&l ‘w‘\I 1 [ | | T 1 [ ] 1 [
¢ a0 160 150 200 250 300 330 400 430 a0 ﬂ/_[2 7058
M, 3722
| I 185.9
: mg 2182.7
= Mg 4893.9
me, 4656.1
50 M, 743.5
40
» mz 181.6
S mz, 196.2
16
N . _ mg. 377.3
4] ] 10 13 20 23 30 33 40 1 = 760 0
milj) (Gel’) Z 4 .
cuts case 1 ISAJET BG ~v — cé,bb lvqq’ FEuy 3998.3
n, E, AR 16.2  897.1 (483) 9.2 (6.2) 448 (712) | ™n 122.0
20 < Eyis < 100  14.4 12.6 (3.5) 5.4 (4.9) 0.16 (0.08) | $2z, h° 0.0104
o @ —4
cosp(jj) > —0.6 135 0.34 (0.2) 131 C1,1) 0.04 (0.02) | BF(b—sv) 3.34x10
. —1D
m(€j) > 5 GeV 129  0.17 (0.1) 0.8 (0.8)  0.04(0.02) | Aay 0.6 x 1077 _
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Shottom-neutralino co-annihilation as a
possible problematic scenario for LHC
" If sbottom (stop) and neutralino have a small mass split
they can account for co-annihilation in early Universe
through this type of diagrams:

X — S X* t
b t
b —WWA T —
L,y w
" Shottom can be produced at ILC, then it decays to b and
neutralino: b b b
e the small mass
~ 5 | split leads to very
e Z, b X soft b-jets and
missing p.-
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Sbottom-neutralino co-annihilation scenario:

CS and parameter space
" If sbottom and neutralino have a small mass split they can account for

co-annihilation in early Universe through this type of diagrams:

0<myn <21eV, 4| < 3TeV, 5 < tanf < 50
0<ms<5leV
0<mg < 5leV

o(fb)

<my =mg < 5leV (2)
2 -3
1.8 [
1.6 |
1.4 [
1.2 L
1 F B
08 - &

06 F N
04 &
0.2 |

II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII N
0

215 220 225 230 235 240 245 250 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Msbal:mm(GE V) ma fmu

my, /my,

10

10

" Sbhottom can be produced at ILC, then it decays to b and neutralino:
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Shottom-neutralino co-annihilation scenario:
sbottom-neutralino mass ~10% degeneracy defines the
“right” CDM relic density

S Foo [
L = = “
] m,,=0.5TeV, tanp,,=38 A,=1TeV m,,, = 0.5 TeV/
@ 600 . _Mg=125 TelV m,=m, =3.95TeV tanp,, = 38
B S A,=1TeV
E m, = 1.15 TeV
i m,, =mg=3.95 TeV
S0 mp=120TeV voE
400 —
~ M. pottom
300 [ “’“"-——ﬂ--_%__p_rgﬁ =1.15TeV
__q___mx [
neutralino e
200 — 5
L in -3_ [ | P ] L
100 T T T 0 T 0 0 A A A A 0.5 0.525 0.55 0.575 o6
0.5 0.525 0.55 0.575 0.6

K=m_{m_J)/m
K=m_(my)/m,, e
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Shottom-neutralino co-annihilation scenario:
Signal versus background (parton level)

mz, = 210GeV, my; = 240GeV

—_— ]
ot L
g =S
= 5
=2 -'§
kS @
b7 LF
L ]
3 o
7 (&
L Bl
o =
S (=]
=

‘S ‘LIlIRkL\_I_L

Tﬂ- IIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII L1 L1 I III I I I I L

g S50 100 150 200 250 300 350 400 450 500 2 o5 1 15 2 25 3 35 4 45 5§

My, (GeV) ARy

0.77 tb (m; = 240 GeV) versus 4.6 x 10* fb rate for dominant vy — bb
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Shottom-neutralino co-annihilation scenario:
Signal versus background (detector level)

E

1
10y 50 100 150 200 250
Invariant Mass

® Shottom can be produced at Il C, then it decays to b and
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Shottom-neutralino co-annihilation scenario:
Signal significance from Neural Net

=
i
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0.1 ==

1 1| | 1 11 | 1 11 I 1 11| | 1 1| | 111 | 1 1| I 1 1| I 1 11 | [
% 20 40 60 80 100 120 140 160 180 200
E [GeV]

Statistical Significance

12

10

Fad

]

() 100 200 300 400 500 o600 700 800

No Signal Events

mz = 230 GeV, mgo =210 GeV

X
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® Shottom can be produced at Il C, then it decays to b and
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