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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

Explore New Physics beyond the Standard Model

@ The Electroweak Symmetry Breaking:

e Higgs Mechanism: described in the standard model and
predicts the Higgs Boson.

e Dynamical Symmetry Breaking: Technicolor, Topcolor or
Walking Technicolor model.

@ The Dark Matter:

e What is the particle content of it? Scalars, Fermions or
Gauge Bosons?
e How does it couple to ordinary particles?

@ Other Puzzles:

e Hierarchies of fermion masses and their mixings?
e The large mixings in the lepton sector versus the small
mixings in the quark sector?
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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

Radiative Corrections to the Higgs Boson Mass

@ The mass of the Higgs field is not stable against radiative
corrections:

t W,Zy
____Q____ Q ,/ \‘
\ /

H H = . Nl __
t h h H H
3X2 2 3(3¢°+97) a2 X2 A2

_8?/\ 6472 A 167r2/\

A =10TeV: ~ (2 TeV)? ~ (700 GeV)? ~ (500 GeV)?

@ LEP paradox sarieri and strumia, 2000:
e The mass of Higgs boson is less than 250 GeV.
e The cutoff A of relevant higher-dimensional operators must
be greater than 5-10 GeV.
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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

thtle nggs MOdel [Arkani-Hamed, Cohen and Georgi, 2001]

@ Identify the Higgs doublet as a pseudo-Nambu-Goldstone
boson (PNGB) of a spontaneously broken global
symmetry.

@ Collective Symmetry Breaking: two or more couplings are
needed to explicitly break the global symmetry.

@ Consequence: only logarithmically divergent potentials of
the Higgs doublet are generated at one-loop level. The
weak scale can be protected up to 5-10 TeV.
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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

One Example

@ The VEV of a triplet spontaneously breaks U(3) to U(2):
_ T
u@) 2= 2y

@ 5 Goldstone Bosons: one doublet and one singlet of U(2):

=i (8] ()

@ Using Yukawa couplings to explicitly break the global symmetry:

y1Quéts + ya fidryp + hc.
= yquhts — %@hzl‘ﬂ + yifdits + ya fuyr + he.

with Q, = (., ¢), a triplet of U(3).
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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

@ The cutoff-squared terms are cancelled:

qL nf
e o __ 173 g
h ey
IR f
(] One-LOOp Effective Potential (coleman and weinberg, 1973
, y2 fsin® y2 12 sincos &
m? = mym! =
y2f2sinfcos?  y2f2cos® ! + y2f2
3 A2 3
Vew 6.2 Tr[m?] + 5 Tr[mf Iog( = +5)]
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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

@ Cancellations in the gauge sector:

@ Gauge symmetries in various little Higgs models [SU(3). is
not included]:

e The minimal moose model: SU(3) x SU(2) x U(1).
e The littlest Higgs model: [SU(2) x U(1)]2.
e The simplest little Higgs model: SU(3) x U(1).
@ Predict Z/, W'; t' and partners of other light quarks; extra
scalars including triplets and singlets.
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Motivation Little Hierarchy Problem
Little Higgs Model
One Example

@ How about the most minimal extension of the standard
model gauge group: SU(2) x U(1) x U(1)?

W.,Z,y Z’

@ What is the symmetry for this cancellation?
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Linear Realization

@ The field content under the gauge symmetry:

| SUR)w _ U(1)r  U(1)e
H 2 72 1R
s| 1 53  -5/3

@ The kinetic terms of scalars:
) ) 5
(O + ig 17 W2 zf’/éwm + By HP + (0 + 120 2(% ~ By,))SP

@ A Z interchanging symmetry: g = g = vV2¢'

g’ is the gauge coupling of U(1)y; g is the gauge coupling of SU(2) .
@ The A? contributions to scalar masses from gauge bosons are:
100
9

3/\2 72 T /2 T
Vy = 5 |(89° + gP)HH + ——g?Ss

64
25g'2N\?
4872
sin? 0w = g'?/(9% + 9'%) ~ 0.23

[HHT + SST] + --- . = Approximate U(3) global symmetry
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Nonlinear Realization

@ Write H and S together as a triplet of U(3): ¢ = (H,S)"
@ (¢) = (0,0, )T from underlying dynamics
global symmetry: U@B) — U(2)
gauge symmetry: SUR)w x U(1)1 x U(1)2 — SU)w x U(1)y

@ Below the cutoff A ~ 4xf, the EFT contains 9-4=5 GB’s.

@ One is eaten by the massive neutral gauge boson: B’ = (By — By)/v/2
@ The other 4 become PNGB’s and identified as the Higgs doublet: h

T:f(<' sm<> cos<>) (ih, ff—)Jr
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Bosonic Sector
The Model Fermionic Sector: Z, broken

Fermionic Sector: Z, unbroken

@ The field dependent masses of gauge bosons are:
M2, (h) = c& M&(h) = 1g?f2sin? 2 M2, (h) = 30 g2f2 cos? I
@ Calculate the one-loop effective potential

Vew = 55 N2 TH[MZ] — Tr[Mmg Iog( 2!

642

@ The Higgs mass contributions from the gauge sector:

3g'2A2 ;271185
le2|g 327-r ( 9s2, SW)+ 321 2/2 (IOg M2 + 1)

Mg = 5v2g'f/3 ~ 0.8f

@ For s2 around 0.23, the A2 term is even smaller than log A term.
m2|g ~ —(87 GeV)? + (116 GeV)?,

for f = 800 Gev, A =10TeV, s2 =0.23.
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Z> Broken Model

@ The field content under the gauge symmetry:

SUB)e  SUR)w U()1  UQ)e

H 1 2 172 172
S 1 1 5/3 -5/3
aL 3 2 176 176
ta 3 1 2/3 2/3
br 3 1 /3 13
DL 3 1 773 3

¥R 3 1 7/3 -1

Only a colored vector-like quark added; gauge anomalies are still cancelled.

@ The Yukawa couplings in the top sector are:

Li=yi(Gu L) ot + Yo fdvpr=y1(@LH + 9L S) tr + y2 fh R + hc.
Z, symmetry is manifestly broken
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Z> Broken Model

@ Higgs boson masses from the top sector:
Ml =~ g2y m (g 1z +1)
No A2 contribution: collective breaking mechanism protects it.
@ Spontaneously electroweak symmetry breaking:
my = milg + mple < 0

Minimizing the full potential, we get a light Higgs boson below 200 GeV.

Ny

my = /y2 + y2f
\/ Vi+vs

@ Spectrum: =

fLm=tL tam~ (Volrn — y1¥R)/\/Y2 + y2
v R Wite+yevr)/ Y +Y3
@ Large mixing between the right-handed parts of t and t' quarks.

@ Both Z and B’ couple to tr and t5 with order one couplings.
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Electroweak Precision Test

@ At tree level, only the experimentally unmeasured top quark
couplings to W and Z bosons are changed.

@ At one-loop level, the strongest constraint comes from the T
parameter:

m?

t/
2
mi

_ 3yt
al = 16m2yzm?, (log

2
_ pin
14 2y§)
[From PDG, aT < 1.2 x 10~3 at 95% confidence level for m, < 300 GeV.]

@ For yi/y» < 3/4, there is no bound on the symmetry breaking
scale f. Hence, f can be as low as 400 GeV (to have the cutoff A
above 5 TeV).
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Signatures of the Z> Broken Model

@ Two new parameters: y» and f (y; is determined by y» and y;).
@ Predicts two new particles: B’ and t'.

Mg = 5v/29'f/3 ~ 0.8f my = \/y? + y2f > 2f

@ For f > 400 GeV, Mg > 300 GeV. This possible light neutral
gauge boson only couples to top quarks (nonuniversal).

@ B’ can mainly be produced through loop diagrams at Hadron

Colliders like:
%Su t g g t 9
t t t t
g ' B s ' B

@ B’ decays to two top quarks. Mainly look for tt + 1 jet.
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Z> Unbroken Model

@ To have a cold dark matter candidate, we need to keep this 2 to
be unbroken to have stable particles. [Low and cheng, 2003]

@ Introduce two more vector-like quarks:

SU@B)e SUR)w  U(M)1  UQ)

H 1 2 172 172

5 1 1 5/3 -5/3
&, 3 2 176 176
ta 3 1 2/3 2/3
br 3 1 A3 13
o1, 3 1 773 -1
P 3 1 7/3 -1
Go, 3 1 -1 773
o 3 1 -1 7/3
%, 3 2 1/6 1/6
ah 3 2 1/6 1/6

Gauge anomalies are cancelled.
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Bosonic Sector
Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

The Model

Z> invariant

% @1, F+ 01, S) ta + ya f 1, 1,

Yio,- = - _
+ 715 (Go, H+ 2, S tr+ y2 F o, ¥,
Y3 1@y, —8,)qa+h
+ 7 (1, — @2,) gr + h.c.
Under the 2, transformation, we have

. / ’
Ly Qip < Q2> ¢1L,R A sz,R’ 9r — —0p,

B1 — Bg, S <~ SJr
and all other fields are invariant
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Bosonic Sector
The Model Fermionic Sector: Z, broken
Fermionic Sector: Z, unbroken

Mass Spectrum

Z, is exact; all particles are Z, eigenstates.
@ Z, even particles:

. V2 tr—y1 (Y1 ,+v2,)/ V2
t: tm~t tr,m ~ H_—A my = 3% (h)
\/y1 +¥3 Yitys

1, +2 V1 tatye (Y1 +2g)/ V2
oot & —L "L LR H__°H my = \/y2+y2f>
[SRER ) V2 [ \/y12+y22 th yit+ysf=2f

The A2 contribution to the Higgs mass from t is cancelled by t.

All other standard model particles are also Z, even.

@ Z, odd particles:

;. ;o Yy Yy ;. Vg2 _

o t*L =7 t,ﬂ R m,/_ = yzf
g1, —q

q_ qLLz WL\/EZL q’,qu'{q My =ysf

B - (By — By)/2 Mg ~ 0.8f

@ For y»,y3 > 1, B is the lightest Z, odd particle and a potential
dark matter candidate in this model.
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Dark Matter
Relic Abundance
Dark Matter Direct Detection

Dark Matter

@ From WMARP, the relic abundance of the dark matter is:
0.098 < Qgmh? < 0.122 (20)

@ In the non-relativistic limit, Q4,12 is relating to sum of the
quantities, a(X) = v, o(B'B’ — X), as

Qum 2 ~ 1.04x10°GeV™! xr 1
m h2 ~ 1:04x10 056V

Mp, /9" aot
@ Approximately, only need to calculate a,; and require:

arr ~ 0.81 + 0.09 pb
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Dark Matter
Relic Abundance
Dark Matter Direct Detection

Couplings of B’ to Higgs Boson

B’
hO
B!
- . . Hypercharge-like Gauge

Minimal Little Higgs ypBoson [?HT and UED]g

Model

|
Lg2v 29"
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Dark Matter
Relic Abundance
Dark Matter Direct Detection

Relic Abundance

The leading processes for B’ B’ annihilation into SM particles:

2w BANANAS - ‘ ”'1, - - t
S
L
,,,,, " Wt,rf "
h 4
Y
B W B NN - '

- [

2 ¢4 - 2 44 M2
_ _ 0,0\ _2wra® 5% 1 _ _16ma” 5"Vt B/
aww) = 2al22) = 2alW°I)= 3ot g, 37 U2, a(lt) = 305t by 37 ve (M2, P, 2

For yp >> 1, a(tt) is negligible.

1000 1100 1200 1300 1400 1500 1600
My (GeV)

(Mg ~08fmy =ysf] 0.098 < Qymh? < 0.122(20) = agr ~ 0.81 = 0.09 pb
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Dark Matter
Relic Abundance
Dark Matter Direct Detection

Direct Detection

@ Measure the recoil energy in the elastic scattering of dark matter particles with

nuclei.
B B B’ B'
g A
‘ 'h
th
e
q q 9 9

Only contribute to spin-independent cross section
@ Using the matrix element of quarks and gluons in a nucleon state: [Elis, Olive,
Santoso, Spanos, 2005]

__ 0.352g" 10*

~ —44, 2 (1 TeVy2,100 GeV 4
og ~ or MZ, 37 ~ 1.6 x 10~**cm= ( Mg )4 ( ™ )

}%“DE#

@ Exchanging t’_ in the s- and t-channel can also contribute to spin-dependent
cross section.
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Direct D

Dark Matter
Relic Abundance
Dark Matter Direct Detection

etection
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Dark Matter
Relic Abundance
Dark Matter Direct Detection

Summary

@ A very simple little Higgs model has been constructed based on
the SU(2),, x U(1)? gauge symmetry.

@ A Z; interchanging symmetry is introduced between these two
u(1)’s.

@ For Z, broken case: only B’ and t’' appears in the EFT. The
mass of B’ can be as light as 300 GeV.

@ For Z> unbroken case:

@ B’ is a stable particle and can serve as a dark matter candidate.

@ The direct detection of this B’ dark matter is promising.

@ The og/(B’'N) is two order of magnitude larger than a hypercharge-like
neutral gauge boson dark matter candidate.
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