Ltmlts and Outer‘l:tmlts

Aspen Wmter Co‘nfere‘e 2004

'P.W. nggs Phys Le.It 12(1964) 132, . o, "
F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321
“The Outer Limits” circa 1963-1965, MGM studios.



Theory of the Electroweak Interaction

Two Primordial a .« ! ) 4 . i
—>0,+ig —B, +igTW
Gauge Interactions: /2 s y) /i 81, 7
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Properties of the Physical Vacuum

Self-Interacting
Effective Potential:

V(p) "

V((D) = —qugpz + /Igp“ (tree-level)

Nature’s Microscope

- Y S —— >

Tie)=-3 5 v o, Im{p"} = W/,Z,
Y(p)=1 <¢>=ﬁ Re{¢°}=>(¢)+1;1
(0= T3 + £)<¢> =0 missing link
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Stability of the Electroweak Scal

Self-Interacting H H
Effective Potential: @ ===eseseed f ussssese

V(p) "

| 2
( 4”)2 (_ 24, S

Electroweak scale Am z =
intimately tied to m
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SUSY Higgs Sector

Down-type mass Up-type mass

YaVai Rt Y.V

L=
J2 J2
v:ityl =y’
& d s Y ———_ Electroweak

tan ﬂ — /V Energy Scale
u

\

tOp /m bottom *

m, =

8 degrees of freedom

— 3 longitudinal polarizations (W,*,Z))
leaves 5 Higgs bosons:



P Conserving MSSM Searches

©) B E  (©

IINo Mixing .:I '_,*I i - | m -max : (hlgh tanB)
: Ny . ; + -
| L4 . : e e —hA
\ low Am, | max Am, ‘.
Excluded Excluded |
(low tanf3)
e'e” > hZ

Mass of lightest Higgs boson (CP-even h): M1, <m 7 (tree-level)

N m- m-
c 2.2 o 4 Lh b4
— )y, v sin” flog :
47 m,
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CP Conserving MSSM Searches

= 1
-max | m,-max
1

m h

Excluded .

2 Oﬂ(GeV) 400

m, (GeV)

Other physical Higgs bosons in two-doublet model: .
A (CP-odd) : mA =24 +- For large U
H .m —mW+mA mHzmHizmA
H (CP -even):my, > m, Decoupling limit



CP Conserving MSSM Searches

L (9 ' (©)

: ax I ' : ax’
m h max : , h max

Excluded




Standard Model Higgs Search

Very Slight Excess
Compatible with
Predicted Rates

above:

m, >116 GeV/c*

Background Only

Lower Limit
Set at CL=95%:

LEP ,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,, )
SNSRI /> 114.4 GeVi/c

""""""""" """""""" S‘|'g'n'aI*B'ae'k'gm'un'd""""""""j """""""""

Excluded down to
Z.ero mass




P Conserving MSSM Searches

(©)
Gluophobic

Excluded

Excluded

m’/(GeV) .’

m, (GeV)

g Pave the way to the LHC...
-- h
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SUSY Higgs Sector and CP

Non-gauge interactions JJ — Uy Q H
from superpotential: %
T D Yd QH E YeLH

Add Soft SUSY Breaking Terms ( all oc msoﬂ)

AV = UAuyuQH
—DAddeH ~FEAy,LH,

' st CP Terms oc Im{u A4, }



Electronic Dipole Moment Limits

m
Barr-Zee-type EDM Diagrams: ‘d ‘ oC —g
m,
4 £/
¢ " h s 00 g
e d d
electron neutron

‘de‘ < 4x107 ecm d | <6x 107*° ecm
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SUSY Higgs Sector and CP

H H CP Terms oc Im{y A, |
Ay L'y, B H(CP-even)
: " .. A(CP-0dd)
H H b o
H, H, H,
‘e > HH
e'e” > hA € 1702
L mmmmmmmmesmaenae » e e 9H1Z
ee —>hZ

e'ee > H,Z
1

Aspen Winter Conference 2004



CP Violating MSSM Searches

Low Mass Region
opens up’

e'ee > H,Z

{7 £ 5 ¢ b

Excluded (a)

Theoretically MSSM CEX

inaccessible

b e

“Sum Rule?-loss from K
in ) o -’-
e e %. H 1 Z - Theoretically

inaccessible
!

“A
e'e” > H,Z



CP Violating MSSM Searches

OPAL prellmlnary

(b)
' MSSM CPX - I MSSM C P\.
/ m, = 179.3 GeV m, = 169.3 GeV

Theoretically Theoretically
inaccessible inaccessible

50 0
m Hl(Ge my, (GeV) H (GeV) m,, (GeV)

Exclusion Region Sensitive to Top Mass
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CP Violating MSSM Searches

OPAL prehmlnary

MSSM CPX

[
[}
[
1
!

L

i

I

I}
1

ar. g(AUJ_)—6O

Sensitive to

CP phase

MSSM CPX

arg(A,)=30°

Excluded
Theoretically

inaccessible

OmH (G ‘])1 m, (GeV)

’ mH ((GCV

| " Excluded

Theoretically
inaccessible

my, (GeV)

(d)

'MSSM CPX

arg(A,, =0°

Excluded

Theoretically
inaccessible

my, (GeV)




CP Violating MSSM Searches

Sensitive to
L—parameter

(@)
MSSM CPX

Excluded

Theoretically
inaccessible

'm H, S(Gev)wglm (GeV)

OPAL preliminary

(b)
MSSM CPX
n=1TeV

1TeV

Theoretically

inacces;
(d)
MSSM CPX

ed

"4 TeV

sible

Theoretically
inaccessible

" M 55 (GeV)",

1 (Ge‘v)



General Two-Doublet Searches

Fermion < One Doublet
To Avoid Flavor-Changing Neutral Currents

Type 11 Models One Up-Type Doublet
One Down-Type Doublet

Type 1 Models : One Doublet for all Fermions
ete” >hZ : o,,=sin*(f-a)cV
ete- >hAd : o, = cosz(,B - a)zafé”

eee >H H
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Singly-Charged Higgs Searches

DELPHI | e > H H-
cS TV 1 Fermion Couplings

H™ > cs

2

Events/3 GeV/¢

- 80 ’
Mass (GeV/c")

9 100 _
Mass (GeV/c)



Fermiophobic Searches

OPAL e'e > hZ

E_ =192-209 GeV
Boson Couplings

h— yy
h—>WW and ZZ

Events/2 GeV

ok

[y
—
I

hadron channel -

lepton channel E =88 -200 GeV
neutrino channel cm

m=100 GeV signal

>
W
&)
-.N.._
Z
=
D
>
=

80 100 120
m,, (GeV)
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Fermiophobic Searches

B Higgsstrahlung and

Pair Production
ee” > hZ
c sin’(f - a)
e'e” > hA
2
oC €OS ( B - a)
Decay Modes:
h— yy
"’"{Gev*)” M, (Gl A - bbh
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Left-Right Higgs Sector

SUQR) xSUR) xSUR)pxU(1)p; Beauty and Consequence

Gauge group:
. U 1 . p
— A |~ 391929_ L — A | 1,1,2,_1

Charge Operatorlfor ual),, ; H:,) H (‘}u 0 ]
= —>
Q:T3L+T3R+E(B_L) H, H) 0 v,
Triplet Field A 1 A" AV 0 v
w/ Doubly-Charged A LR = (ﬁ <& L.R } N [ R}

1 A
Higgs Boson _ﬁAL,R 0 0
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See-saw Mechanism

Strong Restl.'iction on Left-Handed v, < 9 GeV
Triplets in Standard Model: :

(tree-level) p =m], [cos’ G, m =0.9998+ 0.0008
No Restriction on v,

= yq)\i’LCIA)‘ifR Normal doublet Left <> Right
- YALTLALTL i yARLPRAR\PR
Triplet Left < Left and Right << Right (only leptons)

| : Mass Scale of
If Ag acquires vy, then m, ~my  SUQ2)xU)y.,

' £ Breaking
and m; ~mj/m, ~0.06eV/c’ (sce-saw)



Doubly-Charged Higgs Searches

Excluded 95% CL

Bgck. MC

=
Q
O
N
S~
W
e
C
Q
>
LL]

— — Expected
G(H H )\3-206 GeV
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Doubly-Charged Higgs Searches

H > any '’

0.05 Edveermmnes

100 120 140 160 180
m, *+ (GeV)
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Doubly-Charged Higgs Searches

ee—ee
Vs = 183-207 GeV

0
-~
c
o
>
v
y—
o
b
[
0
£
J
=

bhest fit

-0.8 -0.6 04 -0.2 0 0.2 04 0.6 08
coso

0
-0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8
cost




Doubly-Charged Higgs Searches

Az, Limits

Pair Production

Single Production

limit from Bhabha scattering

B h ab h a S c atte rin g ) . :;;. excluded by pair production

3
10
m*+ (GeV)

m A+ (GeV)
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Radion-Higgs Sector Mixing

Local fluctuation of a _
Inter-brane distance: Fo —> I 0 + Ar (x)

Sﬁoﬂ% : Sth'D W ea\(

ne )

w e

Radion can decay directly to gluons from trace anomaly
_coupling to the energy-momentum tensor

7, h are mixed states with mixing parameter &
Vo= v/ «/EAW — coupling suppression factor



Radion Searches

For.several values of ¢, Role reversal in Br{— bb}
Higgs boson production is

suppressed.

and Br{— gg}



Radion Searches

Decay-mode indep.
Decay-mode indep. (expected)
—— Flavour indep.

Flavour indep. (expected)

—SN[SE:]I’C]‘I .................... e beeeeeeeneens

SM Searc;.h (expected

30



Decay Mode Independent

a) + OPALdat

[ ] 4 fermion
] 2 fermion

Vs=183-209 GeV

0 + -
7 —ee —

—

My

I iy

80 100 120

m_ (GeV) Vs=183-209 GeV

[ 1 4 fermion
2 —u'yw

[ 2 fermion
ms=70 GeV




Radion Searches

OPAL preliminary

up L v
L
L I
I
I
I

B Ao
Higgs Boson Exclusion Radion Exclusion
m, >58GeV/c’ Sensitive to

for Ay, > 246 GeV Ay < 0.8 TeV



Radion Searches

:;-1 ehmmeu ﬁr-------.' .........
'E":'"E\pﬂted BERE -

S | ul:ma;ned :

10° 10°
A (GeV) Ay (GeV)
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Searches for SUSY Particles

Gauge couplings carry over  Guarantees and Exceptions
to super-partners: Gauginos (fermions)

(Wi,Hi) N (Zli’;(;—r) Charginos
(B,WO,HS,H‘?)—) (;(10,;(3,;(;),;(2) Neutralinos

L» Majorana fermions+mixing
g(QCD)— g
Supergravity is a broken gauge symmetry
G(Spin 2)— G(Spin 3/2) Spin £1/2 components from
Super-Higgs Mechanism
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B-L Symmetry and R-Parity

A A A

-Baryon and Lepton Violation W, , =1 L'l 8))).
from superpotential: 3 L AR A LA AA
o W =AELL+ 2,DOL

R-Parity Conservation
H (_ 1)3(B—L) :

= =] sl R, =(-1)¢

_ *Guarantees lightest sparticle(LSP) is stable |
*Requires sparticles to be produced in pairs
and decay in oddsnumbers
» Prevents proton decay (possible with B-L only)



R-Parity Violating Searches

~Nt
- p—y
=]
E
=
=]
- p—
o
&
-
=
=)
B
=l
]
- p—
~
=S

2’133

== Direct decay
ALEPH i Indirect decay

80 100 120 140 160 180 _,200
M(v) (GeV/cY)

I E Natural for Leptont Colliders
‘ Resonant sneutrino production also possible.



Gravity-Mediated SUSY Breaking

Soft Breaking Scale <F >
from Gravity: msoft 2

ey flavor-blind s

—_— >
origin O interactions

G
o4
o
S
=
>
\%
Z

" Cascade Decays e_+e_ — ;(33;(10 or ;(li}(f

71 or V as Lightest Supersymmetric Particle (LSP)
+ 0 .

% _) + W

g A e



mSUGRA Mass Evolution

>3
0,
O,
w
D
)
)
(©
&

002468

W. de Boer, hep-ph/0307049

10 12 14 16 18
109,,(Q/GeV)

Higgs mass
mixing strength

Unified gaugino
masses

Unified sfermion
masses
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mSUGRA Mass Evolution

— 1200
SUB3) xSU(2), % >
9,
M, M, =1000
S e D .
2 2 gl o
-
GUT implies _ "2
heavy gluino g’

Mass mixing terms:

e mt(At —,u/tan,B)

0 E— _
ocmb,T(Ab,T—,utanﬂ) 0 2 4 6 8 10 12 14 16 18

log,,(Q/GeV)

W. de Boer, hep-ph/0307049



Gravity-Mediated SUSY Breaking

1) Theoretically forbidden
2) LEP1 Searches

P

4) ¥ 3,37( 10

5)¢.¢,

6) 7,7, Or 7,7, |

7) Higgs boson searches

-~ 8) Stable charged particles

50 100 150
m, | GeV/c® |




Anomaly-Mediated SUSY Breaking
Nearly Degenerate Chargino and Neutralino
Mz{’ = lei =
M,<M, < ‘ ,u‘
Wino - like LSP

xi =W
M . >88 GeV /¢’
my, >23TeV/c’

m_* (GeV/cE)




Invisible Higgs Search

Higgsstrahlung [ S, s 5|

0.7 C """""“'“----., .,-:
: EXCLUDED R
0.6 - at 95 % CL A

h 0.5 -

ZOZO 0.4 ; yisi_b!glchal.nnelslonlyl
’\IJ -~ 1 0.3 ;_— g:)‘t;fl(:hjlli]ﬁ?l%l‘sngﬁ‘lﬁéd
|74 % _

IT or y o7

or ¥, 11 ) B
for AM ~ 0 [
2
m, >112.1GeV /¢

|1 T I | | | | |
0 55 6

0 75 80 85 90 95 100105110115
Higgs mass (GeV/c")

IIII|I.II
0 65 7
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Gauge-Mediated SUSY Breaking

Grayvitino is LSP: m;, << m. .

Super-Higgs mechanism gives
\ |
gauge-strength couplings to J_rE terms

Next to Lightest Supei‘sym'metric Particle (NLSP):

’2’_>g§ and/or ;(10 —)7/5.
SUSY Particle Mass Scale A ( M)
T

_MesSenger Scale M > = 2 8i (M ) :
# of Messengers N iy (M) & Z k’( j




Gauge-Mediated SUSY Breaking

Preliminary

S
o
=
1
1 =
¢ A
<
i

20 30 40 50 60 70 80 90 100
A TeV/cZ




Photons and Missing Energy

L3

w
o
o

N
o
o

=
)
O
q—
—
N
et
c
()
>
L

100 150
Recoil Mass (GeV)

ee —> 6;(10 — GGy
e e —>;(1°;(10 — 557/7/

10

00

Vs (GeV)

N, =2.98 (6)

120 140 160 180 200



MSSM Electroweak Fits

W. de Boer, C. Sander, hep-ph/0307049

60
tan 8

70




MSSM Electroweak Fits

W. de Boer, C. Sander, hep-ph/0307049

e S\ ledof =T IR 50/() 1 m,<114.6 GeV mMSUGRA
) 1 95% C.L. L

MSSM: vdof=16.4112 17%

0]
pulls=(data-theo)/error




MSSM Electroweak Fits

gr s

400 500 1000
m SUsY [ G EU ]

100 125 150 175 200 225 250 275 300
M, (GeV)
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Higgs Sector: Meeting Point

cp
N\ /
£/ N

- Extra-Dim - )

\YIAY 4







