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Motivation

ide Jur

® The Large Hadron Collider will begin its first physics
run in mid-2008

® Expected rate of new physics events: up to ~ 10° yr—'
® Expected rate of SM events: ~ 10'° yr—!

® Thinking about new physics =» some guidance on
what to look for (use with caution!)

® Prepare for theoretical interpretation of the data



Standard Model: Electroweak gauge symmetry
SU(2)xU(1) is but
at low energies down to e&m U(1)

Uncovering the mechanism of electroweak symmetry
breaking is the central question for the LHC

The Standard Model explanation of EWSB: Higgs
phenomenon

Postulate a new particle - the Higgs boson - of spin
0

Vacuum is filled with Higgs condensate, which breaks
the symmetry



There is no direct experimental evidence for the
existence of the Higgs

LEP Il experiment @ CERN (1997-2000):

No observation = FE., < My + My
Lower bound on Higgs mass: My > 114 GeV



Indirect effect of the Higgs: radiative corrections

Small corrections to the mass, width, decay
branching rations, etc. of the W and Z bosons

Very precise experimental studies of these
properties (~0.|% precision) give sensitivity to the
radiative corrections

Large number of observables, both at high energies
(LEP, SLC/SLD, Tevatron) and low energies (atomic
parity violation, Moller Scattering)
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® Standard Model with a light Higgs provides a good
fit to all data, indirect determination of H mass:

My < 186 GeV  (95% c.l.)



The SM Higgs mechanism provides a description,
but not an explanation, of the EWSB:

V(H) = —p*|H[* + N H["

The crucial sign of the mass term is chosen by
hand = not a real explanation!

Similar to Landau-Ginzburg model of phase
transitions - a phenomenological description

The underlying microscopic physics is probably
much richer - Beyond the Standard Model



® No spin-0 particles are known to exist

® We understand why: scalar mass is unstable with
respect to radiative corrections

® In a generic field theory, valid up to some UV scale A
where all loops are cut off (e.g. by strings?) expect

2 2
M) = 2(A
o (Mew) = p7(A) + 19— 1672 M.,

1 1 A
A% + ¢ log ( ) + finite
with C1 1

® Unless the 1st and 2nd terms cancel each other
precisely, we should get / ~ A/(47)



® This leaves us with the following alternatives:

® "Desert paradigm” A > M., (e.g- A ~ Mp )
but c1 =0 ( )

® “"Strong Dynamics at TeV”: ¢; ~ 1
but A~ 4d7nMey ~ 3 TeV (technicolor, large
extra dimensions, Randall-Sundrum extra dim)

e "Hybrid”: 1 TeV <A < Mp,
while 0 < ¢ <1 ( , twin Higgs)

o "Whatever”: ¢; ~1,A> M, - accept fine-
tuning, become a biologist (split whatnot)

® Each paradigm (with one obvious exception) has
distinctive signatures at the LHC and the ILC
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® The extrapolation does not make sense if

A < Mgyt ~ 10'% GeV = desert good, others bad?

® However this may be a bit too naive! (see below)



Supersymmetry is the idea that there is a “superpartner”
for each SM elementary particle: selectron, smuon, stau,
sneutrinos, squarks, gluino, charginos, neutralinos

SUSY all quadratic divergences: ¢; =0

Two Higgs doublets Hy, and H g are needed to give
Yukawa couplings to both up and down quarks

Minimal Supersymmetric Standard Model (MSSM):
fix this particle content, write down the most
general Lagrangian consistent with gauge
symmetries and SUSY + add all possible soft SUSY-
breaking terms with mass scale = TeV.



The resulting theory predicts proton decay with
lifetime of order 10! sec

R-parity - a discrete symmetry under which all
SM states have charge +1, all superpartners have
charge -1

the lightest superpartner (LSP) is
stable!

Big Bang cosmology: if a particle is stable, a certain
number of them should be present in the universe
as "relics” from the Big Bang

Charged or colored relics would form exotic atoms,
which would be found =2 LSP must be weakly
interacting  (no singlets in the MSSM)



Minimal SUSY:Dark Matter

® Bonus: A weakly interacting, TeV-scale mass particle
(WIMP) has a relic density of the right order of
magnitude to account for the observed dark matter

09 (WMAP)
Oan ~ 1 pb

® Strong Theoretical Prejudice: the LSP is the lightest
neutralino (mixture of bino, wino, 2 higgsinos)



=) superpartners must be pair-produced at
the LHC (or any other experiment colliding R-even
SM particles)

Production cross sections for strongly interacting
superpartners - gluinos and squarks - are the
largest (typically 1 - 10 pb = 10* — 10° events/year
at the LHC)

Each produced gluino/squark decays into SM
particles and the LSP

LSP escapes the detector without interacting =)
"missing energy” (actually missing pr) signature



Direct decays (“guaranteed”): ¢ — g+ x1 .9 — qax;

Cascade decays (spectrum-dependent): for example

G—q+xXy, Xo—u +a, BT —pu +x)

iff M(q) > M(x3) > M(a) > M(x7)

Hard leptons to trigger on are not guaranteed;
ability to select events based just on large missing
Et may be very important!

CMS ET"*° + multijets, 1 fb™
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especially 7 — v

"Reality”: Etmiss from detector
malfunctioning, jet energy
mismeasurements, etc.



® Caveat 1: R-parity may be broken (e.g. either L or B
would be sufficient to ensure proton stability)

® Caveat 2: next-to-lightest SUSY particle (nLSP) may
be long-lived enough to decay outside of the
detector (10" yrs > 7r.9p > 107° sec ) @ no
missing energy, a massive charged-particle track or
a decay of a particle stopped inside the detector
instead



Making detailed predictions of the MSSM signatures
is hard: the model has ~100 parameters, which
depend on the unknown physics of SUSY breaking

Common approach: assume simplifying relations
among the parameters (e.g. mSUGRA) or specific
SUSY breaking models (e.g. gauge mediation,
anomaly mediation, etc.)

We may also try to use existing data to get some

hints about what the MSSM parameters might be!
[MP, Spethmann, hep-ph/0702038]

The most intriguing piece of data is the Higgs mass
bound from LEP2 MSSM: Moo (H) < Mz = 91.2 GeV

LEP2: M(H) > 114 GeV



The largest radiative correction tomy is from top/
stop loops (top Yukawa the strongest SM coupling) ==>
need them to be large

The same loops determine the amount of fine-tuning
needed to get the correct EWSB scale =) need
them to be small to avoid funing

® Tension =) data and naturalness prefer light stops
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[MP, Spethmann, hep-ph/0702038]

® Characteristic signature: decay 12 — 1172
® At the LHC, see events with b-jets, Z's, and Etmiss

® Not easy but should be observable with ~ 100 fb~"
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Prototype example: QCD vacuum condensate (4759)
breaks EW symmetry at the QCD strong coupling
scale AQCD ~ 1 GeV

Right physics at the wrong scale postulate similar
dynamics with A ~ 47 M., ~ 3 TeV - “technicolor”

SM is an effective theory at scales below A :

_ 1 5) , 1 (6)
Heff—HSM—I—K;CzOZ +F;dz(9@ + ...

Extra terms have observable effects at low
energies, e.g. in precision electroweak observables

For QCD-like dynamics, estimate c¢;,d; =) disfavored



® The PEW constraints in TC theories may be avoided
with fine-tuning of the order few % - not worse
than what is needed in the MSSM to avoid the
Higgs mass constraint!

® New calculational tool to study strongly coupled
theories: AdS/CFT correspondance

® Example: Randall-Sundrum model - 5D theory with
warped extra dimension is dual to a 4D theory with
strong coupling at TeV, approximate conformal
invariance in the TeV-Ap; window



\/_J

SU(2)L > SU(2)R > U@)

Gauge fields and fermions in the bulk /[ RS]

Higgs or

alternative | o
dynamics fOI& [H Iggs I e S S]
EW symmetry

breaking

4d graviton

Planck A TeV
5 b
rane
brane Slice of AdS ¢
=2k 1 lyl
y=0 dsz=e )dx2+r2dy2
y=nr

® 5D description provides calculability, even though the
4D dual is strongly coupled

® Example: models with successful calculable gauge

coupling unification with precision similar to SUSY
[Agashe, Sundrum]



® Universal prediction for models of this class: Kaluza-

Klein gravitons - a tower of spin-2 particles with
TeV-scale masses, 1/TeV couplings
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[Davoudiasl, Hewett, Rizzo]

® More model-dependent prediction: KK modes of the
SM particles (mostly coupled to top)



Higgless: Unitarity in W, Z, — W, Z, Scattering
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Cancellation requires SUM RULES:

W:I:

2(94 — 93)(Myy + M7) + g

W:l:

91=95+ ) 9%

— Z(g(i))Q lgME _

My

> M2,

W:l:

A

1

= 90

(M7 — My,)”

[Birkedal, Matchev, MP, hep-ph/0412278]
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® Robust prediction: a narrow, light resonance in WZ
scattering (absent in the SM and 2HDM!)

q > \F—\q//

L a M
My <171eV (unitarity), T = L
14453, M3,
® To suppress backgrounds from the SM s-channel
process ¢+ ¢ — WZ require 2 observed forward
jets
(2 <|n| <4.5, E > 300 GeV, pr > 30 GeV)




Gold-Plated Channel: 2j+31+Et_miss, vsu ~ Mz
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An alternative idea for keeping the Higgs light:
Higgs is a arising from a global
symmetry breaking [a la pions in QCD]

If the global symmeftry is exact, ,u2 — () exactly!

Goldstones only interact derivativelye=) need tfo
break the global symmetry by gauge and
Yukawa interactions (but no explicit tree-level mass
term, 1°(A) = 0)

Generically, the interactions reintroduce a quadratic
divergence in Higgs mass at one loop:

)\2
1672

A2 or ¢ ~1

[same as SM!]

mh’rad ™~



“Collective Symmetry Breaking”: no single gauge/
Yukawa coupling breaks the global symmetry

completely  [Arkani-Hamed, Cohen, Georgi, 2002]

e | : [Arkani-Hamed, Cohen, Katz,
Example: Littlest Higgs Model Nelson, 20021

Global symmetry breaking: ST/ (5) — SO(5)
Symmetry breaking scale: / ~ 1 TeV

Dynamics up to the cutoff A ~ 47 f ~ 10 TeV is
described by a non-linear sigma model:

* H )
¥ = exp(2i1/ )Xo, I=| H" =+« HT
o H~ *

Maybe strong interactions at the cutoff=)composite
Higgs!



An [SU(2) x U(1)]* subgroup is gauged:

/2 0 0 . 0
Qi=1{ 0 . . Q5= 0 .
0 0 0 —o9/2

Each gauged SU(2) preserves an SU(3) global
symmeftry, which is sufficient to keep the Higgs
massless! [same structure for U(1)s]

Every term in Vog(H ) has to involve at least two

couplings =) no one-loop quadratic divergence!
2

1672

Quad. divergence first appears at two loops: ¢1 ~
For A ~ 10 TeV, there is no fine tuning
At the scale f, [SU(2) x U(1)]* — SU(2)r x U(1)y



® Higgs-gauge boson interactions are generated by

f2 Mo
L = T Tr(D,X)(D*%)T
® Expanding > to quadratic order in Il gives s, g
HYH (9192 W W3, + g, gb BY' Bu,)

® Note: symmetry forbids H'HW? H'HWZ H' HB? H'HB2!

® In terms of mass eigenstates this becomes
H'H [¢*(WE'WE, — WE'WE,) + ¢*(BYBu, — B Bu,)]

a a
WL /L WHIL
AN AN
7 7
7/ N 7/ N

7 7
HY C\H HY 7 C\H



Collective Symmetry Breaking in the fop sector:
introduce a pair of colored, SU(2) singlet, Y= £2/3
fermions: t,1¢

~.

“Royal triplet”: x = (,b,1)

Yukawa couplings:

A .
Ly = %f@jk%yxixszkyug + Ao ftt©
Each term preserves enough symmetry to

ensure that the Higgs mass vanishes

No one-loop quadratic divergence is possible:
dmi o< ATA3

Diagonalize mass matrix = SM top t + Top 7' (M ~ f)



® Higgs mass is dominated by fop and Top loops:

® This contribution is log-divergent and negafive:
2 12 2
_BNME, L
872 Mz
® Quadratically divergent 2-loop contributions are of

2,2 2 .
order 9°%iM7 , no log enhancement =» subdominant
1672

e 1-loop gauge contribution down by ¢°/y; ~ 0.25

mi (H) =

® EWSB is friggered - simple mechanism!



Littlest Higgs Phenomenology

® Particle content: heavy top I', weak-triplet scalar @,
heavy gauge bosons W'= W' B’

® Very few parameters e=)> predictive!

® \ery strong constraints from precision electroweak
fits ( B’exchanges, triplet vev) - fine-tuning persists!

[Csaki et.al., 2002]
[Hewett et.al., 2002]

[Chen & Dawson, 2003]

lower bound on f [TeV]




[H.-C. Cheng and I. Low,
2003-2004]

Recall: in MSSM, all corrections to PEO's are loop-
level only as a consequence of !

Similar parity (T parity) can be introduced in the LH
models

All new particles are T-odd (1" is an exception)

In the gauge sector, 7': SU(2); x U(1); < SU(2)2 x U(1)2
The triplet is T-odd: 7 : & — —@ -} (@) = 0
Need T-odd partners for all weak-doublet fermions

=) 6 Dirac Q, and 6 L;



LHT gives acceptable fits to precision electroweak
observables without fine-tuning!

b dee

<10% tuning

.

m(H) =115 GeV

n.25; o’
200 400 600 800 1000
f (GeV)
[Hubisz, Meade, Noble, MP, hep-ph/0506042]
[Correction: Asano, Matsumoto, N.Okada,Y.Okada, hep-ph/0602157]

1200 1400



In LHT, partial cancelations between Higgs loops and
new physics contributions to T allow for a !

1000

800 '

<10% tuning ~
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[Hubisz, Meade, Noble, MP, hep-ph/0506042]



The lightest T-odd particle (LTP) is typically the “heavy

photon’

E00 ¢+
400:
(GeV) |
00 ¢

200 ¢

100

' ideal candidate!
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[Hubisz, Meade, hep-ph/041 1264]



® Phenomenology of the T-odd sector is very similar to
MSSM with R parity: pair-production,
down to the LTPs=>jets/leptons + missing E

® Tquarks have the largest pair-production cross
section at hadron colliders

Cross section (pb)

-
Q

—
Q
N

T-odd Quarks Mass (GeV)

[Carena, Hubisz, MP, Verdier, hep-ph/0610156]



Tevatron Reach for Tquarks
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[Carena, Hubisz, MP,Verdier, hep-ph/0610156]




® 2 jets + missing Et signature is “guaranteed”, same
issues as for SUSY search in this channel

® Cascade decays may be available:
Q—Wyq W — L, L—IB
[e.g. Belyaev et.al., hep-ph/0609179]
® Discrimination from SUSY?

e "Indirect”: no gluino in the LHT model, no Top in
the MSSM

® "Direct : spin correla’rig.rgBam Smillie & Weber,Wang & Yavin]

® or, just build the ILC and measure spins from
angular distributions and/or threshold scans



The ILC would be the to better
understand physics discovered at the LHC [long
history of hadron/e+e- complimentarity]

The ILC would do interesting measurements under
all scenarios we discussed...

Provided that the center-of-mass energy is high
enough to produce new particles!

Not enough data at the moment to say what that
energy would be [e.g. 200 vs 800 GeV squarks and
sleptons equally plausible]

But the answer may come very quickly once the LHC
is working - must be ready!



Conclusions

Mechanism of electroweak symmetry breaking
remains a mystery

Many candidate models have been proposed

All have observable signatures at the LHC

Data is coming - exciting tfimes ahead!




