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+ 4-Boson coupling:

inleractions
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Theoretical "merits® of SUSY.:

e SUSY algebra s only non-triveal extension

of space-tume symmetry in relativistic
quantum field theory

o Llocal 5U5Y=‘5> supergra.w,i‘y |
(hope \COY' o finite i‘heary of waa,nfum grcm.ﬁy)

* Superstrings @ fermions
== SUSY below MPla_nck

° Non-renormalization theorems

From these foLpr the specific motivations
for weak-scale SUSY

Supersymmetric extenswon of

Standard Model.

Eliminates guadrati.c devergencees
of scalar Higgs Field .

Mass of an glementw scalar fleld would

‘naturally” be O(Mgys)+ (3’(Mpmmk).

SUSY ¢s the pesl way we Know that render

Mﬂiqgs L 1T8V/ maybe even Mﬂigqs ~Meak
(in 4-dim space-time)
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SUSY = Cancellatien ¢f quadratic devergence

Lafge My (260 GeV) = Mf{;ggs <0 for one of the

Haggs st‘a,tes
Radiative hreaking of SURIXUM) s a

derived consequence of SUSY breakeng

Expercmental hint: gauge ceupling unifecation

Extra bonus: good candcdate for cold dark matte

(lightest SUSY particle LSP is stable f
Re is conserved. )
New G complex coupling s
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SUSY can solve hie-rar‘chy problem

and can stabilize Heggs ma.ss

If Noature cs SUSY ot weak scale,
LHC,[Tévafronfupefwd,ed«»will detect
SUSY (end Higgs) particles

At LHC: SUSYperameter determenation

only wecthin specific models will pe
possuble.

At an e*e Linear Collider with

detectron of SUSY parlicles and
precision determination of the
parameters well be possible.

3 rd

$/ neut role no S,

generation sfermions
maoy be nght.

{7\(;: L. g9 htest Supersymmefric
Particle LSP = dark matter



Higgs Sector in MSSM

: [ HY ) . [Hy
g "(Hf‘) H’-”‘(Ht)

Spont. EW Sym. Brea king

h° H° A° (6°)
Runsd

,, v
m;,x;,ng angle o mo
CP: even . odd

At tree level two free perameters:

mA ) ta.nﬂx-!‘l‘—
Vi

\/k‘)/j i?geugqﬁALndependent of mo etc, not restricted

I-loop rad. corr in Heggs sector

IcELLiﬁ‘RLdolﬁ*Zer‘ner‘/ Dabelsi‘cln/ Pokorsk. et al. ...

o<1, v
My $ 140 GeV S me 91,562

M. .G s
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Higgs Sector

Vie= @i R t M [H,) " + Burme (H, Hy+ 4. <)

+~«ﬁ“ (IR =1, 2)*
ﬁm@ l—_Hq}’)

At scale My : ui=pi=p*+mi
SU(2)xU(1) breaking: ph s < BRutent

2 A Stability: ui+p32 2B mo

e,i," + m%

+
Top quark Loop: --—-—Q’

H2 y

Minemum of Vi at {HgY=:L v,
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2 — -
ME oy = [ 2 ' ‘
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Evelution of soft+" SUSY Masses

400 l T T ‘ 1 T l T T

=
L Z
& 300 M,y Scalars
7
0
o)
= 200
)
P
13)
¥
g: 100" M yz, %ausinos
N

O j H i I} i 4 I 1 j { { i

103 108 10° 1012 1016
Q (GeV)
electrowea k -~ wnificateon
symmetmj

breaking



rFapier u. suro S EiNUL & 347461
1090 Wien WihringerstrafBe 48

Specitfic mechanism for Higgs prod.u,ch
vn hadron.c reaci‘wns
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MSSM Higgs Search
at LHC

__ September 2001
-
=57y and Ldt=300 fb™"
Wh/tth, h—> 7y M“"'f“?;_,’;‘,",'?}/
tth N0 %ﬂ J/A = up

7, 3 5@4/»‘ — i
1 Yy g ;é: Lorf it ;t r NS NN i I AT I :\tdjl S B A 11
S0 100 150 200 250 300 350 400 450 500
m, (GeV)

In MSSM: 4§ Higgs states.

Neutral {th scalar, CP-even
pseudoscolar, CP-odd

11



Basic principle of MSSM particle searches:

3B +L+2S
Rp = ("’1)

conserved ‘
SUSY particles produced ¢n pacrs |
Lightest SUSY particle is stable and
only weakly tnteracting (like neutrino)

A SUSY particle decays tnto LSP and
known particles (maybe in cascades)

Stgnal for SUSY: Events with

mresLng energy-momentum carried
by the invistble LSR

Machines:

ete~: LEP, SLC, e'e"LC (NLC, JLC, CLICTESLA)

pp: Tevatron p-p, LHC, Eloisatron, VLHC
e-p: HERA, LEP/LHC
wp %

Strategy:

Leok for €xCc€ss of events for characteristic

final states (compared to SM predietion)
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USY a% l’)adV‘OH CO[[z:def‘S

p-0: Tevatron, 75=2Tev (CERNSgps)

p-p: LHC Vs=14Tev  (Eloisatron %)
‘ (VLHC ?)

- ~ ~ A 0 N
lpp—>gg+x, pp—=4G+X, pp—=GF *X
have largest cross sections of all
SUSY particles  Barnettelal, Baer efal.

Gluino g, squarks q, decoy into
C?afgbﬂa

ANntyl fxd (L

YE oond neutral.n Vi
2(5‘ imd; eutralinos y°
SP) :s reached

AB.etal

’Wﬁi};so associated productmn with
?l /X? ts possible:

= Drell-Yan prod uction:

- ; _ﬁ, N
p"’q’ % "F'x/ % “f‘x,/’xffx Barbior: eta
pp —> 8*2'."‘ & Bosr o Gl

N o om . g

May be detectable at LHC if
m s 200 Gev , large £+ ba.ckground
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L. b, may be
much 1ighter

Cascades

A.B., W. Maerotto, B, MéABlacher, N. Oshcmo s, St:,ppel

Ai s0: HEBaer et al.
R.M.Barnett et M

15



Sbgnatur"es of Q_%@i__"_‘g_
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(LSP)
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2jets large Prmiss

N i—l ol N
Jetsl w 5’ L s ,Huggsesl‘r‘eduwd prmis:

Vo
Lleptons (isolated )
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Signatures of &8 pacrs:

! jets, V:\‘/i’sl Z°'<s, Higgses red uced O miss
Leptons (isolated )
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Possible TEVQ;TRON qurades

s D ——

Run “1B”: Peak Lumino stty =~ 2x 0% em s
18months = 100pb”’

Main Injector: £~ 10%em?s, Run'I'; 26"
CDF, D¢ : proposed upgrades carried out |

Ideas how to bridgé F.me between LEP d.nd LHC:

L TeV¥: L~2x 10°* cm™s™
“Run I - stretch’ = 10£b7" ? |

¢ Incremental CDF and D¢ upgr‘a.de.S?

1 TeV33: £~10%em™s™ = 251«-'5’-:—100%’7
? CDF, Do ? |

SUSY mass reach expected. :

(£=2¢b" : mys 4250GeY, my&150GeV, mys <110 Gev

(£=25¢5": mys#400Gev, my<180Gev, ms: £2506eV

18
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Production X sections in PR (w

P —————

pP—> G~g +X;

mg=500GeV': &§~50pb —_- 5%?@5@v/%
mgf-'-’lTe\/ : 6'01'ob —~— ?ané@vzéi

LHC, Vs =1 TeV, S&Ldt ~ 10°pk’

PP —> §+§ +X

My =500Gev: 6 «15pp

9 ——~— ?ﬁéev/y
Mg = 1Tey

ox O4pp —~_ 4x10"ev/y

Summed. pyey floavours

Ei@iéai*rors, Vs=200 TQV, Séedi’ %705}35'1
pp —> §+q +X:
my=1TeV: &= 200pb

T~ 9x10'*ev/y
PP —> 5*'3;1—)(:
Mq=7Te\/: 6" m?_Opr o~ 2 x 10‘?6\//}/

Results depend on details , leke -%%. , hucleon

structure functions ete

Strong dependence on s and. Mg, 5

20



10<

SUSY

produci‘i&)n L H

, ]

l i | ]

Vs=14 TeV

1 l i 1 I i

assoc. prod.

500 1000 1500 2000
I l I | l I I i i 1 ! l 1 | I |
b) —
mq’: 2m§'—
p=mg, fd,n/%.-:z
£
— assoc. prod.\’\.\ - : T
] | ] | ] ! I | i ] ' \i- \I | | ]
500 1000 1500 2000

’ 21



pene 2073 oo

Meﬂ .
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Me‘c{ = ETmLss T JZETA
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M,, (GeV)
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Characteristic signatures from
sUSY particle decays:

Tv;‘{"?e"'Yf
—> g +g + §° £ —>e+X2, vt X;
X —= 6"+l + X5 v=254

Boarbier: et al.
J.Ellcs et al. _
K.Hcdaka et al.

AB. et al.
Chen etal. (Phy$~R€P)

Canditates for lightest visible §Usy particle (LVSP,
9{’_7 @fi'é‘*’a %‘U b"zfxzﬂ | 4

€ eﬂ""’%r*‘xq AT -1-7( .;.9(0 two-sided events
ee” —%‘X ‘X A *—7(1,_%1 One-sided events

‘ . S

Canonvewl signature for SUSY: Misseng E, R
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HO-PA 225
PVC FREI

Test of gaugino masses unification
at a linear collider

0.01
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0.006
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Indcrect SPSY Searches

Contributions of virtual SUSY particle
to precisely measured observables

L b—'>S+g'.' mea.subed. en B*K*&' etc. |

b 'Ea G U S

‘ 207" < BR(b-=>s¢) < 4.5« 107"

2 g-2 of muon: recently measured BNL

an (exp) = 1165920318« 107"
Ou (SM) = 116591883 (wa)x 10~

= Flectric Depole Moment of e and n
ldel < 4.0 102 & cm



Consfrainf:s from relic ’)/C’ d,e,’n«sf,t'y gWMA;ﬁ;}
on mSUGRA parameters

2500 ’;*1400
~
<. 2000 tang=5 | )
Q (=) P
= 1750 = 1000 gs
1500 800
1250
1000 600 %
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750 400 s, S
500 200 NS
250 I N
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250 500 750 1000 200 400 600 800 1000

M1/2(Ge\/) M1/2(Ge\/)
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Constrounts from relic 5?1" den 55_1:3 [\r MAt]

on mSUGRA paro.meters
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= 1200 |
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Extra Dicmensions

A DD Mod el prototype example

N-Arkadi- Hamed, S.Dimopoules, G.R.Dvali (199€)

Gravity acts ink+8 dimensional bulk’
§=1,2,3,---. extra dimenscons, compa,cz‘aﬁcd,
Wbi’h a Ra,d«aus R

SM fields restricted to 4-dem. brane

Newton's [aw
V)=t _Mame o~ 1 mymy

Compact
menswon
|
|
{
)
|
i
%
|

19
In 4-dim spa,cevtime: Planck mass Mp, =1.2510 GeV

In4+§ dim.: Planck mass MZ e Moy
L an MD ?

Take R > M;i ) qd_juﬁf R,g fh@t Mn“ 0(1T6V)

= no hierarchy problem

32



22
Meore pf‘ecisely: R3= 2.;5_. Mf, (Z"L‘)
v/ -

Take Mp=1TeV => R= {§~10%m =1
| / 0.Fmm o= 2
3nm S=3

6x10-12m (5% lgi

We could have My=1TeV for 572 2.

Expect deviations from Newton's law for

small r. For r& 1mm expercmentally not
tested ,

Gravity is strong force in 4+8 dimensions,

on the brane tts effect ¢s diluted by the
volume of the bulk,

Compactification = Kaluza-Klewn modes
of graviton may be
exceted vn the bulk.

Other medels:

Umversal extra dimensions (VED):

Gravity and SM fields in the bulk
L have also KKstates

Randall-Sundrum (RS) model: s rodion
5-dem AdS weth two brqnes and scalor field in bulk.
$M fields on TeV brane", gravity on‘Planck brane’

Stmi?gth of gra,wtg on Te\l brane reduced by‘warp foctt
- KR

33
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4.2 Extra Dimensions | I11-93

(el S w38 0 %' 2% i . s DI . s £ P
Large” extra dimension s Arkodi-Hamed. ef o,

A-?l%f@ gss,; 7 v"?" u,; R

T L L R R R R R I

Mp ‘V‘ea,o}\:
Mp £ 1.3 TeV for §=2
My & 5.6 TeV for =3
Mp £ 4.2TeV for §=4
equa/a,(,eni: to LHC

Mp £ 3.4hTeV for 3=4

Mp £ 2.9TeV for §=¢

ne result fepw LHEO
tor 8= 5 ¢

lllAlllJl
9 10

M (TeV)
Figure 4.2.1: Total cross sections for ete™ — 'yG at /s = 800 GeV as a function of
the scale Mp for different numbers § of extra dimensions. These signal cross-sections
take into account 80% electron and 60% positron polarisation [14]. The three horizontal
lines indicate the background cross-sections from ete~ — vDy for both beams polarised
(solid), only electron beam polarisation (dashed) and no polarisation (dot-dashed). Signal
cross-sections are reduced by a factor of 1.48 for the latter two scenarios.
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20

= B D IR
| IR B S

400 450 SO0 S50 600 650 700 750 800 8§50 900
Vs (GeV)
Figure 4.2.2: Determining § from anomalous single photon cross-section measurements at
Vs =500 GeV and 800 GeV. The sensitivity shown corresponds to integrated luminosities
of 500fb~" at \/s = 500 GeV and 1 ab™! at /s = 800 GeV with 80% electron and 60%
positron polarisation with a cross-section at 500 GeV equivalent to Mp =5 TeV if 6 = 2.
The points with error bars show the measurements one could expect. The smooth curves
show the cross-section dependence on /s for the central value of the 500 GeV cross-section
measurement under the hypotheses of § = 2,8,4,5 and 6. The vertical lines adjacent to

the 800 GeV measurements indicate the range that would be consistent within 1o with
the 500 GeV measurement.



Randall-Sundrun model

o (fb)

T PVTTT L WTETA Y I

250 500 750 1000 1250 1500
\/s (GeV)
Figure 4.2.5: The cross section for ete™ — ptp~ including the exchange of a KK tower

of gravitons with m; = 600 GeV. From top to bottom the curves correspond to k/— 1=
1.0,0.7,0.5,0.3,0.2 and 0.1.

\ E] i . ’ ~ ] ;;i 3 -
A5 wmeuth 2 branes:

, G %“‘“’%%f%?y o

7 %g other oneg,

36



Two classes of signatures:

(*) Emession of real gravitons
plus KK modes

(L) Modification of SM reactions
by exchange of virtual graviten
plus KK modes

Searches at LEP Tevatron, LRC,
Leneor Colleder,

Mp reach at Linear Colleder;

Mp= 10TeV, 6.9TeV, 5.1TeV, 4TeV
for 6= 2 , 3 ) 4 , 5

e — &+ G,
'C—-gra,w,ton plus KK states,

not seen in detector - _>E

Ymss

Detailed analyses of an

L
to distinguish E gular disbriputio, o

niss Stgnature from SUSY

37



Final remark

There are good prospects

that we well fend Lnteresting
new results .n

By p - T4 ’ T N

and

Non-Accelerator Astroparticle
p% Sé\; S |

38



