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T he Standard Model

as a Low-Energy Effective Theory

SU-(3) QCD as the theory of strong interactions:
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as well as significant progress in lattice gauge calculatioins.



o SU(2) ® Uy (1) EW theory and precision measurements:

Summer 2003
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fig. from C. Quigg.
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SM with a light H could be an effective theory to A ~ M.
a stable vacuum;

non-trivial interactions;
renormalizability ...

fig. from C. Quigg.



The Need For Going Beyond SM
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The Large Hierarchy: My, — M,

Due to quantum corrections, the Higgs mass is quadratically sensitive
to the cutoff scale: ~ AZ.
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The Large Hierarchy: My, — M,

Due to quantum corrections, the Higgs mass is quadratically sensitive
to the cutoff scale: ~ AZ.
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2
(200 GeV)? = mpo + [—(2 TeV)? 4 (700 GeV)? + (500 GeV)?] ASF?/\V

If A ~ My, it would need a 10 >"-level cancellation!
If requiring less than 90% cancellation, A <3 TeV (~ 47v).



The Little Hierarchy: 4nmv — Anew

On the one hand, the “naturalness” argument prefers
New S 4mv.

On the other hand,

e EW precision data indicate ‘“decoupling” behavior *

New &2 — 10 TeV.
(based on generic dim-6 operators.)
s FCNC (K9 — K9 mixing etc.) constraints set
A tlavor < 70 — 100 TeV.
(based on generic strong Q<3m3,om,+ or generic MSSM )
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On the one hand, the “naturalness” argument prefers
New S 4mv.

On the other hand,

e EW precision data indicate ‘“decoupling” behavior *

New &2 — 10 TeV.
(based on generic dim-6 operators.)
s FCNC (K9 — K9 mixing etc.) constraints set
A tlavor < 70 — 100 TeV.
(based on generic strong Q<3m3mom,+ or generic MSSM )

—= imply special structure or symmetry.



Yet another Hierarchy: all way down to my

e The simplest (Majorana) neutrino mass term
2

WHLHL ~ y, % (vp)€ vp.

Taking my <1 eV,
2
= A~y WF:N? (1014 GeV).

It implies a large scale, even we take y, ~ ye ~ 10-°.



Yet another Hierarchy: all way down to my

e The simplest (Majorana) neutrino mass term
2

WHLHL ~ y, % (vp)€ vp.

Taking my <1 eV,
2
= A~y 22 >y, (1014 GeV).

SN\Z

It implies a large scale, even we take y, ~ ye ~ 10-°.

The smaller the fermion masses are, the larger the new physics scale is!



T heoretical issues to understand:

e Vastly different mass scales:
EW gauge symmetry breaking;
charged fermion masses;
neutrinO masses.

e Nontrivial fermion structure:
three fermion generations;
quark small mixing; neutrino (nearly) maximal mixing;
CP violation.

e Unified description:
gauge interactions;
Yukawa couplings;
mass relations.



T heoretical issues to understand:

Vastly different mass scales:
EW gauge symmetry breaking;
charged fermion masses;
neutrinO Masses.

Nontrivial fermion structure:
three fermion generations;
quark small mixing; neutrino (nearly) maximal mixing;
CP violation.

Unified description:
gauge interactions;
Yukawa couplings;
mass relations.

Gravitation and cosmology:
gravity and Planck scale physics;
cosmology connections: inflation; dark matter; dark energy ...
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We are entering a ‘‘data-rich” era:

Electroweak precision constraints;

muon g — 2; u — ev...; neutron/electron EDMSs;

Neutrino masses and mixing;

K/B rare decays and CP violation: B — Xgvy, J/¥Kg, ¢Kg, n'Kg;
Nucleon stability;

Dark matter constraint on stable particles (Mygp);

Cosmology constraints on m,, and dark energy (7).
Yet more to come:
Tevatron: EW, top sector, Higgs (?), new particle searches...
LHC: Higgs studies, comprehensive new particle searches...
LLC: more on top sector, precision Higgs and light new particles..

Other complementary experiments: non-colliders...



Our “theory bank”

(A). Weak-scale Supersymmetry:
A natural cancellation mechanism:

2
Ay~ (Bsy = M) ey (10— ).
167 Mgrr gy

Weak scale SUSY stabilizes the hierarchy My, — M,
only if the “soft-SUSY breaking”: Mgygy ~ O(Mgps).



Our “theory bank”

(A). Weak-scale Supersymmetry:
A natural cancellation mechanism:
2
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Weak scale SUSY stabilizes the hierarchy My, — M,
only if the “soft-SUSY breaking”: Mgygy ~ O(Mgps).

e predict TeV scale new physics: (see I. Hinchliffe)
light Higgs bosons, SUSY partners...

e imply a (possible) grand desert in

Msirsy — Maopr, and unification 6|
e radiative EWSB: s |
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What about Mgrrgy?

Merely (1247) unknown parameters, and most part
of the para-space is inconsistent with observations.
MSUGRA scenario: mg, mq s, A, tang, and sign(u)

Evolution of sparticle masses
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The Little Hierarchy persists:
* SQN several TeV or mg, highly degenerate.

>4 TeV.

“inverted hierarchy":T mz~ 1 TeV; mg , >

“focus point” scenario:*
Heavy mg, so that g, [ several TeV.
H,, insensitive to mqg; low u keep the naturalness.

“more minimal MSSM" *

New scale '~ 5 — 20 TeV, so that my; < MG, o-



LHC may NOT guarantee a SUSY discovery: *

mgo > 4000 GeV, mq/o > 1400 GeV, tang = 45.
MSUGRA: tanf3=45, A,=0, u<0

, hot LSP

N

.BOA._.mS

— m, LEP2 limit —a,SUSYx10®  — Br(b-sy)x10°

—— Br(B, - u'W)x10° — 0.094<Qh*<0.129 stage 3
fo(Z,p)*10" pb 100  eeen 10 s 1

*Baer, Balazs, Belyaev, O'Farrill, hep-ph/0305191.



Gauge mediation scenario: F, M, tang, and N,
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Squarks and gluinos are typically heavier;
There is the messenger sector to explore: Mg ~ O(few — 100 TeV).



(B). Dynamical approach/Little Higgs:

Technicolor/Extended Technicolor:
In TC, EWSB by techni-fermion condendation:

v~ (QLQR)/3.

—— predicts new strong dynamics at the TeV scale:
Tr, NTr, PT, WT...



(B). Dynamical approach/Little Higgs:

Technicolor/Extended Technicolor:
In TC, EWSB by techni-fermion condendation:

v~ (QLQR)/3.

—— predicts new strong dynamics at the TeV scale:
Tr, NTr, PT, WT...

When generalizing to ETC to incorporate fermion masses,*
it is phenomenologically difficult for generating
small FCNC: L <« -1

>mwﬂQ 103 TeVv®
A
and large mg ~ 5"“ > 100 MeV.

ETC

—— new strong dynamics with multi scales?
The Little Hierarchy persists!



Top quark special ? m; ~v//2 = 174 GeV.
“Topcolor/Top-seesaw”

Introducing an additional fermion pair x7, Xpg:
(1) topcolor* generates the condensation H ~ (xgrtr, Xrbr)
= EWSB and a heavy Higgs my ~ 1 TeV.
(2) topseesaw? leads to a SM ¢, and a heavy state X, with M, ~ 4 TeV.




Top quark special ? m; ~v/v/2 = 174 GeV.
“Topcolor/Top-seesaw”

Introducing an additional fermion pair x7, xpg:
(1) topcolor* generates the condensation H ~ (xXptr, Xrbr)
= EWSB and a heavy Higgs my ~ 1 TeV.
(2) topseesaw?’ leads to a SM ¢, and a heavy state y, with M, ~ 4 TeV.
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e Little Higgs: as a pseudo Nambu-Goldstone boson (see G. Kribs)

New symmetries introduced to cancel the (1-loop) quadratic divergence.

New heavy states in the littlest Higgs:

Heavy particles
T
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Anv. Extra-dimensions: (see G. Giudice, T. Rizzo, S. Nandi)

e With the help of extra-dimensions, low-scale
gravity/string theories resolve the large hierarchy:
M2T2 ~ M2, /R — O(1 TeV?).

New states predicted: KK, stringy, and winding modes
2

n

Mg~ 25, nsMg, ngRMg.

(depending on the geometry of the extrad-dim.)
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(C). Extra-dimensions: (see G. Giudice, T. Rizzo, S. Nandi)

e With the help of extra-dimensions, low-scale
gravity/string theories resolve the large hierarchy:
M2T2 ~ M2, /R — O(1 TeV?).

New states predicted: KK, stringy, and winding modes
2

n

Mg~ 25, nsMg, ngRMg.

(depending on the geometry of the extrad-dim.)

e TeV-Scale Black Holes: For a black hole of mass Mgy, its size is

1

o1 |Mpn sr (") \|"™
T aMp | Mp \ n+2

— imm\iﬁw in 4d

However, proton stability imposes bound on Mp.
e.g. ¢ — g separated scenario,*

H
hwi|w = Mp>10 TeV.



SUSY GUTs with extra-dimensions *
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thick solid: MSSM gauginos; e dot-dashed: XY gauginos;
dotted: 321 gaugino KK modes; ¢ thin solid: XY and 321 KK gauge.
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(D). The flavor sector:

Fermion masses and mixing remain the most challenging tast!

SM: 20T free parameters of ¢, /, v

Ansdtz/textures for mass/mixing relations
Attempts in ETC/Walking TC/Topcolor assisted TC/Top-seesaw .
Froggatt-Nielsen's mechanism (family symmetry e.g. (SMG)3)

SUSY GUTs relations,
(e.g. SUGB): yp=yr;, SO(10): yt=1yp =1yr. )

See-saw mechanism for my, ~ m%/Mp.
Fermion separation in extra-dimensions

Calculations in heterotic orbifold/intersecting D-branes

Further experiments for more hints.



Physics at Future Hadron Colliders

For any scenario beyond SM, VLHC WILL contribute:

e SUSY needs VLHC:

~

(a) Multi-TeV Squarks u, d: the inverse-hierarchy scenario
tis at O(1 TeV) (naturalness); while ¢ are at O(5 TeV) (FCNQC)
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(b) SUSY Breaking Messengers:
Mo ~ O(few — 100 TeV).

How w LI} _ LI B | _ LI B | _ LI Hom

2 7o

10 E.m=R00 TeV 10 9

Q' 1 6 °
b 10 10 o
— £
109 10° o
S <«
S ‘©
T 101 10¢ =
W I
2 =
5 1072 103 &
o

10-3 108 &
>

10—4 10l &

o

Holm L1 _ L 11 _ L1 1 _ [ ‘HOO =

5 10 15 20
M A_H_m<v

If the messenger number is conserved, then the Lightest Messenger Particle
(LMP) is stable, leading to .
n_u\ N n_vo< N m_jimm I_l S\u N“Q\TQ.

interesting signal; large SM bckgrnds .

If ®, & couple to SM multiplets (fermions...), then

Pog —e+pn, ¢+ qj, h+q, etc.
(almost like R, violating interactions)
which would lead to spectacular new experimental signatures!
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(c) Heavy Techni-quarks: Upeo, Dper...

o(pp~X) [pb]

The production rate

103
10°

101

E,,=200 TeV

QrcQre (Npe=4)

10
M (TeV)

10** cm™® sec™?]

Events/yr [for L

do/dM (pb/GeV)

10°

[N
o
[N

100

E,p=100 TeV

tt

500 1000 1500 2000
Mqq (GeV)

is comparable or higher than pp — ¢t !



Technicolor Manifeso:
pp — UpeUpn X — two very mass jets!

At high energies, e.g., Upq — 1o tW = — 45, 6w, fF — 9j

% ______ T T _______

Upe> et W >4j, bW W™ -9j
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0
103 104
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—— a massive (not always fat) jet!



(d) Strongly-interacting Electroweak Sector:

If no h;/SUSY found at the LHC, W W Scattering must reveal new dynamics
[ >®S\A§\h§\h — S\hg\hv ~\38m v~1.2 TeV.

§2w4m<nv<ﬂv$4m<nvz\ﬂv@m4m<

_ v [ ~2 scalar H°
c(WHIWo — witw;) 0’
> 1 vector pmre,

I_I —
c(WrWp = Z121) | ~2/3 LET 5 < M.

SEWS signal rates with 100 fb—1:

WITw— —WwWtTWw— 1|1 TeV scalar | M — ~
14 TeV 2000 900
200 TeV 8x10° 4x10°

Ne(WW — ff) =

8mv2 | 3Tev my =175 GeV
97 TeV my =5 GeV.

wﬁ;x



(e) Contact Interactions: Compositeness?

Heavy bosons and quark/lepton sub-structure lead to 4-fermion contact interactions:
AT 7oK
fﬂm Y1l prr Yol Fhygo

The best channel at hadron colliders is the DY process:

pp — v Z —ete /uTu + X

The Sensitivity to the “composite scale A" goes like

A4



(e) Contact Interactions: Compositeness?

Heavy bosons and quark/lepton sub-structure lead to 4-fermion contact interactions:
M7 T o[ H
Amo s Vel ubrr Yol Pibgo
The best channel at hadron colliders is the DY Process:

pp — 2 —ete /uTu™ + X
The Sensitivity to the “composite scale A" goes like
A4’
so that Tevatron—LHC—VLHC:

(1.8 TeV)* (14 TeV)* (100 TeV)4
(3 Tev)* (25 TeV)4 (170 TeVv)4

170 TeV = 1018 cm ! should cover the “little hierarchy’ .



e Deep into extra-dimensions at VLHC:

(a) Large extra-dim ADD & warped extra-dim RS: *
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left: ADD with M, = 20, 25, 30, 35 TeV,
right: RS with Mg = 16 TeV.



(b) Low-scale string resonances: *
pp — S? X — 1T~ X
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String state masses i%a = /n Mg =+/n 15 TeV.



*Greg

(c)

Black Hole Production at the200 TeV VLHC
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At /s =200 TeV, o(Mg > 25 TeV) = 3 pb. *

Landsberg



Bread & butter SM physics:

LHC
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Total pp cross section as expected 7
10-100 times more W/Z, WW, tt...;

Rare processes like h — uTu~ 7 (D. Rainwater)
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More Higgses: pp — Vhh, WW — hh

o(pp~X) [nb]

and a very heavy “Higgs” (1 TeV)
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e Any hope to probe the majorana mass?

For Ov23 decay,
(Z—-1)—-(Z+4+1) e e

Produce it at highest energies:
uwtu—d+dwtwt —dd oot

Since
VS\STN

M ~ D QMZSNM p2—m2

Vi

then
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> Qmw@.g&m Ai g+ for SW < BMQ
b
> Up Uity Ni 57, Tor Mg > p?.

M ~



Multi-W, H production via Sphalerons
Electroweak instantons/sphalerons induce B + L violating transitions
qq — 73+ 37+ nuW=* +npH

with total cross section

B 2 lom
o(tot) ~ e 27/ w ews/ My < :
S
— Enhanced for /s > My /o, bound by unitarity.
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Top Reasons For The VLHC:

There are unanswered questions left after the LHC/LC.
(in any scenarios, pretty much!)

It is exciting to think about a physics program at a Very-Large machine.

while the LHC is to study the “Large Hierarchy",
VLHC is to explore the “Little Hierarchy".

There must be things out there we have never thought about!

Go for the energy frontier!



