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Overview

® Why there must be physics beyond
the Standard Model

® Why it should be at | TeV
® Why it should not be at | TeV

® Status of the Standard Model



Why BSM?

® Hypercharge
® Gravity
® Neutrinos

® Unifying principles?



Neutrinos

Neutrino mass not possible in SM renormalizable
Lagrangian.

Requires new particles (e.g., right-handed neutrinos)
or new physics at the scale M:

VHVH
0.1eV ~m, = 7 . M ~ 10'* GeV

(solar system)



Gravity

Including gravity in the Standard Model allows for
graviton-graviton scattering which has a big unitarity
problem at high energies.

En
™~ n-+2
Mpl

o)

Mpl ~ 1019 GeV

(galactic core)



Hypercharge

Running the hypercharge coupling up to high
energies makes it blow up - Landau pole

1 1 by A 41

— | log —— _ -
”(00z) ~ g?(A) " 82 %M, T

A= MyeS™ /970 104 GeV

(104 H-)



Unifying Principles!?

The SU(5) symmetry group perfectly embeds all SM
matter in complete representations.

d 0 uw uw u d

/d\ ( 0 u w d\
5: d 10 : 0 u d

e 0 e

\U/L \ U)L

(Super)string theory is a theory of quantized strings
which naturally contains a spin-2 massless mode.



Why BSM at | TeV?

® Naturalness / The Hierarchy Problem
® Dark Matter

® Why Not!



Why Not!
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Natural EVWSB

The electroweak scale depends on the Higgs mass
parameter:

V(H) = m?*|H[* + A H[*

m? < 0

— 9,2

Quantum corrections to m?
correct the vev
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Model Independent:
Weak Coupling
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Regulating the Theory

()
€™ pres = A

Whatever makes this finite

becomes important at energies
of order A
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Regulating the Theory

‘ f(p/A)

Whatever makes this finite

becomes important at energies

of order A
Momentum-dependent

couplings (compositeness)
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Regulating the Theory
X

My ~ A\ — X

Whatever makes this finite

becomes important at energies
of order A

New particles in the loop
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Regulating the Theory

t

Whatever makes this finite

becomes important at energies
of order A

From the top loop,

omp ~ (1/5)A, and so the cutoffis A ~ 1 TeV
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RH

Non-zero spin
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Non-zero spin

—>

RH Boost 5

e,LH @—G,RH Om. ~ em,ln A
A

Me



Non-zero spin

—>

RH Boost

>

e,LH @—G,RH Om. ~ em,ln A
A

Photon
M Remains massless:
2 polarizations vs. 3
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Fine-tuned EVVSB

mx, = A >>1TeV

A2 A2

m?Xl + # 22m%<2 —|—#167T2m%<3 4.

1067

< N
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The Hierarchy Problem

Historical - hierarchy between the GUT
scale and the weak scale

Either God hates particle physicists,
or we are very unlucky (proportional to the inverse tuning)
or perhaps a new view of the physical Universe is
necessary (anthropics)
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Dark Matter

Velocity

Distance
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Dark Matter

l

(1) Assume new heavy particle M:* : ar
in thermal equilibrium:
Xx < ff
5 ol
(2) The Universe cools: s
xx—f1 xxs=Iff
E jonf
(3) Chi freezes out S}
1u-==!-
r 107"

Bx

- am o m ow o

0 100

x=m/T (time =)

Increasing <o,v> i

Kolb, Turner j

.
[
=
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The Weak Connection

- Amount of DM left inversely

proportional to annihilation

Cross section: 1
Qpn ~ ;

UAU>

- Constant of proportionality?

take:

L 2
Q 2
>52DA4nv7n
m?2
X HEPAP LHC/ILC Subpanel (2006)
[band width from k= 0.5 -2, 5 and P wave]

OA —

- Coincidence (?!):
7nxfw(ll-—]_Ter—+S)DN[“JOJ_
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Arguments Against BSM
at | TeV

® Electroweak Precision
® Flavor Changing Neutral Currents
® CPViolation

® Baryon and Lepton Number Violation
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SM Operator Analysis

All dimension 4 operators involving fermions allowed
by gauge symmetry:

Lf — &a@@ba + y?jHqu‘u; + y’glJ'Hq’idg T yfjH&eg

Baryon number and Lepton number automatically
conserved (and B-L quantum mechanically)!

Proton stability explained by “accidental” symmetries.
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Dimension 5 Operator

(H(H A
A - Z,

m, ~ 7, ~ 10 GeV

Could violate Lepton number at high energies
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Dimension 6 Operators

proton decay can occur via:

qqqt A

7 :
TN Zy

> few x 1014

Tp > 10%2y

New physics at a TeV better not violate B and L
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Coupling toW and £

Zupytup — Z,apy" (V Vur)ur

Flavor changing at tree-level is
only in “charged currents”

Only phase left (perturbatively) is the CKM phase
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Dimension 6 - Flavor

'ZS 7 'ZC'U.- — Z 7 zZ 5 —
Lap—2 = Agd (dryuse)? + AT(CL%UL)z + A%(dL'}’ubL)Q + A; (57ubr)?
NP NP NP NP

( \/Im(zsd) 2% 10* TeV ex
VZsd 1 X 10° TeV Amy
Anp 2 ¢ VZew 8 X 102 TeV Amp
Y. Nir lectures Zba O X 10 TeV Amp
\/Zbs 2 X 10% TeV Amp,

New physics at a TeV better have a special flavor structure.
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Dimension 6 - LEP ||
and APV

SCALE LIMITS for Contact Interactions: A(eeqq)

Limits are for hitf_ only. For other cases, see each reference.

hL.L (TeV) f"'.u (TeV) CL% DOCUMENT D TECN COMMENT
>233 >125 05 32 CHEUNG 018 RVUE (eeuu)
>11.1  >264 95 32 CHEUNG 018 RVUE (eedd)
> 56 >4.9 95 33 BARATE 00I ALEP (eebb)
> 1.0 >21 95 34 ABREU 99A DLPH (eecc)

SCALE LIMITS for Contact Interactions: A(££££)

Lepton universality assumed. Limits are for hﬁ_ only. For other cases, see

reference.
ﬁL'L(TeW f"nuﬂe'u’} CL % DOCUMENT ID TECN COMMENT
>0.1 >8.2 95 ABDALLAH 06Cc DLPH Ecm: 130-207 GeV

>7.7 >95 95  29ABBIENDI 046 OPAL E_,= 130-207 GeV

25



New Physics
Constraints

TeV-scale physics better have some very special features



SM Status and Hints

® Electroweak Precision and the Higgs
mass

o 8'2

® [evatron searches
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Precision Tests

Measurement Fit  10m*_Q"|/g™ee
O 1 .2 3
Precision measurements m,[GeV] 91.1875:0.0021 91.1875
agree well I,[GeV]  24952+0.0023 24957
opg[Nb] 41540+ 0.037  41.477
R, 20.767 £ 0.025  20.744
bi A 0.01714 = 0.00095 0.01645
Iggest A(P.) 0.1465 £ 0.0032  0.1481
disc repan C)\k R, 0.21629 = 0.00066 0.21586
R, 0.1721 £0.0030  0.1722
ARP 0.0992 = 0.0016  0.1038
A 0.0707 + 0.0035  0.0742
X2/d0f:168/14 A, 0.923 = 0.020 0.935
A 0.670 = 0.027 0.668
A(SLD) 0.1513 £ 0.0021  0.1481
. sin’6°"(Q,) 0.2324 =0.0012  0.2314
continuing —» m, [GeV] 80.398+0.025  80.374
updates \ r, [GeV]  2.140 = 0.060 2.091
m, [GeV] 170.9 £ 1.8 171.3
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H iggs 5 _ U 144 GeV

Aal®

m aS S ﬁ t S5 - — o.o;a%gio.oooss n
y ---- 0.02749+0.00012
76 *33,54 GeV 4- -
s | i
S 8-

< 144 GeV (95% C.L) 2-

14

Preliminary

LEP Il Bound: o Excluded N\ /£
> 1144 GeV 30 100 30(

m, [GeV]
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Sensitivity
O Mmh

Discrepancy in
observables
sensitive to the
Higgs mass

x2/dof=11/4
Gambino, ‘04

A(SLD)
sinzeffﬁ?t(be)
my”

I‘W*

Q,\(Cs)
sin“Bgs(e7e’)
sin’8,,,(vN)
gt(vN)
grWN)

*preliminary

10

M, [GeV]

T
10
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0.41—

| | | | | | | | | |
m=172.7 + 2.9 GeV
m, = 114...1000 GeV

68 % CL |

002

0.4
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New Tomcmirset
| m,=114..1000 GeV .
Physics? .. s

additions |
toS,T F—o06-

new heavy _
(from Higgs): -0.2
0.e° v° 0, e e |
AS = i ~ 0.1 0.4 - | IIIIIIIIIIII
37 0.4 -0
AT >0 (mass splitting) S
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7

Muon g-2

a,(w.a.) = 11659203(8) x 10~ "

H

11658 470.35(28) x 10~ (QED)
1+694(7) x 1071 (had, Leading Order)
—10.0(6) x 10~ (had, Higher Order)
+8(4) x 1019 (had, Light by Light)
+15.4(2) x 1072 (EW)
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a x 10'° 11659000

260

240

220

200

160

140

*

1998 1999 2000 2001 2002 2003 2004
year

Straight e+ e- vs. taus
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Muon g-2

D-E_l" T T T LA BN B T ™
e CMD-2
T Average Aug. 2003
0.2 i prellminar:r o CMD o
& \ o OLYA
T T AN
0.1 |4)° | | N ® DM
5 Wﬂ_ Hx\‘.
[ @ -
°l l‘ﬂT LT ,
1 Ll [ 14 4
0.1 F O T t*% ]r. el i
0.2 F _ | [
| ]
0.3 R T T AT PR NS ATSPTEr ATSPIETE I P P PR |
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s (GeV?)
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Muon g-2

Babar (and in principle Belle) can do it via radiative return:

et il /ot
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95% CL Limit/ SM

Tevatron Searches

SM Higgs is tough

40

35

Ellz

30

25~

iIIlII

Tevatron Run Il Preliminary

DO Expected f Ldt=0.3-1.0 fb'1::

CDF Expected .
Tevatron Expected s

Tevatron Observed K

120

130 140 150 160 170 180 190 200
m,, (GeV/c?)

35



Tevatron - New
Particles

DO Prellmlnary, 0.96 fb™

_— 600_I T 1 | L || | UL L | T T 1 | T T 1
% - tanp=3, A =0, u<0 -
Q) - = /
;; 500 @ Y
é? : 1 Significant bounds on
400 :
x f A= : squarks and gluinos
g : E _________ nomSU-GRA : q g
o 300 (&) solution \?
» ol \
D@ IB N

200

100

% 100 200 300 400 500 600
Gluino Mass (GeV)



600—

500
400
300
200
100

100}

10

CDF

et, ut channel

1 T 1

0 r

40} |
0L

20L —
0l

Ll i i + ]

] 0 W0 wh 200 250 300

Myis [Gel)

CDF Run |l 1 fb-1
MSSM ¢—tt Search| -
Preliminary

A—TT ]
o 2T i
W other EW, tt| ]

jet fake ]

«———m, = 160 GeV :

7100 150

200
myjs (GeV)

250

300

Tevatron
non-SM Higgs

D@ Run II Preliminary

bbb(b)
——o— bbjj
——o— bbj
B 1|

—— bjj

Sum of backgrounds

m01 (GeV)
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Motivated New Physics

® Natural Electroweak Scale
® Consistent with precision data
® Dark Matter Candidate

® Non-standard Higgs phenomenology

38



Natural
EVV Scale

New colored
particles at low
enough energies to
expect a large cross
section at hadron
colliders - top loop

Ay=0, tanf=235, pn>0

1400

m,, (GeV)

1200

1000

800

600

400

200

0 500 1000 1500 2000
m, (GeV)
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Model Independent:
Weak Coupling

t
2 3 2,2
t
h h om +om 3 A2 M2
h(t) h(T) ~ g2 \TT

MT ~ 5mh

(about 8x and |2x for gauge and Higgs)



EVV Precision

Single couplings can be avoided if new
particles are “odd” under a new parity

symmetry (and SM particles are “even™).
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Few Per Mil
Corrections...

M2
g ~ sarg (14 27)
Z A M%/

Mz > 1-2TeV



Few Per Mil

Corrections...
X

/ /

2 n
g- M
SM2 ~ §5(M2)? (1 | T Mﬁ)
X

Mx > 100 GeV

Requiring new gauge bosons to be parity odd avoids
tree-level mixing
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Scalar field exchange

Can mediate flavor-changing neutral
currents, or even proton decay.

/ \ f

Eliminating single field couplings again
can avoid these problems.
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New Parity and DM

Dark matter needs a neutral, weakly coupled stable particle

o X

FORBIDDEN ALLOWED

Lightest Parity Odd Particle (LPOP) will not decay!
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Non-Standard Higgs!

S |
o LEP
S - (2 Vs = 91-210 GeV
© B
=
:
FJ —— Observed
U (T Expected for background
X100 | -
un
(=)
-2
10\\\\\\\\\\\\\\\\

| ‘ | | |
20 40 60 80 100 120
m,(GeV/c?)



Non-Standard Higgs!

S |
o LEP :
© - (@) Vs =91-210 GeV :
.i: - i
E :
FJ —— Observed 7
U ------- Expected for background
-1
X100 | = R
N 7
(=) i
Suppress SM
BR’s to 20%
-2
10 N T N N IR SO N NN S SN N

| ‘ | | |
20 40 60 80 100 120
m,(GeV/c?)
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Small Higgs Width

very
sensitive to
hew
particles



BR for SM Higgs
=

10

[E—
OI

Small Higgs Width

140 GeV

\
i LL e very

: sensitive to

| new
5 _ particles
3 . 44 . . . A
50 100 200 500 1000

Higgs Mass  (GeV)
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Upper Limit on B(h'—yy)o(e*e — h"Z)/c(SM)

10

-3
10
20 30 40 50 60 70 80 90 100 110 120

M, 0 (GeV)

Fermionphobic

. LEP Combined " f
I "%% i1 Exclusively
_ kY 2 phot
1:_ ' % Al photons
: Excluded Region f
] 117 GeV
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m,,, (GeV/c?)

h
=

L
=

iy
=

Lad
=

ba
=

10

H to

4b

[ T T T | T T T | T T T T T T T T T T T T d ] 1.2

(@) [ pp ]

N observed 595 limits on 11

- H,Z — H,H,Z i

-~ _sbbbb Z 1llps

- 4 0.6

- 1§04

- 1§ 0.2

: | | | | | | | | | || | || | | | | | | | | | : D

0 20 40 60 80 100 212t:u
m, (GeV/c")
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Model Independent

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

Limit on k

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

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

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

e R P A i o

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

------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------

b i e el iiiiiieieeaeaeeaees

: ! . : : Observed
-1 e L Expected

10° 10 20 30 40 50 60 70 80 90 100
my (GeV)




New Higgs decays!?

h — aa® — bbbb

h — a’a® — 7777

h — a’a’ — gggg

h — a’a’ — 67°

0

h — a%a’ — 4~

h — ss — ﬂnanﬂﬂﬂﬂ

— bbbbbbbb

my, > 110 GeV

my, > 86 GeV

my, > 86 — 100 GeV??
my, > 117 GeV

my, > 117 GeV

my, > 82 GeV 777
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Tomorrow

Supersymmetry, standard and not
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