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Hierarchy Problem

M;L [GeV]
750 Motivation: Hierarchy Problem
500 » Effective theories below a scale
A =
290 » Loop integration cut off at order
Il Il 1 /}[Gey] ) A

102 10% 10° 10'2 10%° 10'®

e
- - | = == A

¢ Light Higgs favoured by EW
precision observables
(mp < 0.5TeV)

» mp < A < Fine-Tuning !?

» Solutions: Large number of
ideas since 1970s

Problem: Naturally, m;, ~ O(A?):

’mi =mZ + A? x (loop factors) ‘
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Overview of Solutions

(1) Light Scalar as Pseudo-Goldstone Boson

a) Higgs as massless Goldstone Boson, Higgs mass connected to explicit
symmetry breaking

b) No fundamental scalars in Nature: Technicolor (Repetition of QCD); EW
Precision Data problematic
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Overview of Solutions

(1) Light Scalar as Pseudo-Goldstone Boson

a) Higgs as massless Goldstone Boson, Higgs mass connected to explicit
symmetry breaking

b) No fundamental scalars in Nature: Technicolor (Repetition of QCD); EW
Precision Data problematic

(2) Mechanism of Elimination of Loop Corrections:

a) Supersymmetry: Spin-Statistics = Loops of bosons and fermions
cancel = W. Kilian’s talk

(b) Little Higgs mechanism: Global symmetries = Loops of particles of like
statistics cancel Incorporates the ideas of (1a) and (1b)
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Overview of Solutions

(1) Light Scalar as Pseudo-Goldstone Boson

a) Higgs as massless Goldstone Boson, Higgs mass connected to explicit
symmetry breaking

b) No fundamental scalars in Nature: Technicolor (Repetition of QCD); EW
Precision Data problematic

(2) Mechanism of Elimination of Loop Corrections:

a) Supersymmetry: Spin-Statistics = Loops of bosons and fermions
cancel = W. Kilian’s talk

(b) Little Higgs mechanism: Global symmetries = Loops of particles of like
statistics cancel Incorporates the ideas of (1a) and (1b)

(3) Removal of Hierarchy:

a) Large Extra Dimensions: Gravity looks only weak; no fundamental
scalars, but components of (higher-dem.) gauge fields

b) Warped Extra Dimensions (Randall-Sundrum): Gravity only weak in our
world

(4) Numbers chosen by Providence
» Anthropic principle: Values are because we can observe them 29)

— -
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Little Higgs paradigm

Old Idea: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984

Light Higgs as Pseudo-Goldstone boson < spontaneously bro-
ken (approximate) global symmetry; non-linear sigma model

B w/o Fine-Tuning: v ~ A /4w
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Little Higgs paradigm
Old Idea: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984
Light Higgs as Pseudo-Goldstone boson < spontaneously bro-
ken (approximate) global symmetry; non-linear sigma model
B w/o Fine-Tuning: v ~ A/4m
New Ingredience: Arkani-Hamed/Cohen/Georgil. . ., 2001

Collective Symmetry Breaking: no quadratic div. @ 1-loop

O, = explicos S/ f]f, Oy = explisin Sh/f]f

Q Q 92 ’ ( ? 2) 92 :
== = S o — A |(I>1| |(I>2| ~ f

T2 2
<I>J{ o, (IDJ{ o, = i
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Little Higgs paradigm
Old Idea: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984
Light Higgs as Pseudo-Goldstone boson < spontaneously bro-
ken (approximate) global symmetry; non-linear sigma model

B w/o Fine-Tuning: v ~ A/4m
New Ingredience: Arkani-Hamed/Cohen/Georgil. . .,

2001

Collective Symmetry Breaking: no quadratic div. @ 1-loop

O, = explicos S/ f]f, Oy = explisin Sh/f]f

C} Q 92 ’ ( ? 2) 92 :
== = S o — A |(I>1| |(I>2| ~ f

T2 2
<I>J{ o, (IDJ{ o, = i

\ 1
<I>I \ / <I>; 4 A2 4 A?
= I _log (ﬂ) 181 ®,[2 = -2 log< )f2(hTh)
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Cancellations of Divergencies in Yukawa sector

- - 4+ - - + --Q__
)\tQ)\t )\TQ)\T )\T/f

d4k 1 mr
X / (21)% K2(k2 — m2.) {/\?(kz —mi) + k*\} — —)\’1']‘32}
7
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Cancellations of Divergencies in Yukawa sector

O QO -8

d4k 2 2 2412 mr 2
o /(277)4 kQ(k mT) {/\ (k —my) + kA — ?/\ﬂc }

Little Higgs global symmetry imposes relation

A2+ 22 .
% — % = | Quadratic divergence cancels
» I

» Proof these relations experimentally! Han et al., 03/05; Kilian/JR, 05

DESY )




Generic properties — Scales and Masses

» Extended scalar (Higgs-) sector | Extended global symmetry

> |Specific form of scalar potential |

> |Extended Gauge Sector: i B,z W'+

> | Extended top sector: ] new heavy quarks, ¢, loops = M? <0
= EWSB




Generic properties — Scales and Masses

» Extended scalar (Higgs-) sector | Extended global symmetry

> |Specific form of scalar potential |

> |Extended Gauge Sector: { B,z W'+

> | Extended top sector: 1 new heavy quarks, ¢, loops = M? <0

= EWSB
/JJH
. o Scale A: global SB, new
O(10 TeV D . .
| | ‘/\ dynamics, UV embedding

01TeV)| o F © Scale F': Pseudo-Goldstone

l bosons, new vector bosons and
0(250CeV)| o v fermions
o Scale v: Higgs, W, Z, (%, . ce.

e/
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Little Higgs Models

Plethora of “Little Higgs Models” in 3 categories:
» Moose Models

> Orlg Moose (Arkani-Hamed/Cohen/Georgi, 0105239)

> Slmple Moose (Arkani-Hamed/Cohen/Katz/Nelson/Gregoire/Wacker, 0206020)

» Linear Moose (Casalbuoni/De Curtis/Dominici, 0405188)

» Product (Gauge) Group Models SU(2); x SU(2)2 — SU(2)p,

» Littlest Higgs (Arkani-Hamed/Cohen/Katz/Nelson, 0206021)

» Antisymmetric Little Higgs (Low/Skiba/Smith, 0207243)
Custodial SU(2) Little Higgs (Chang/Wacker, 0303001)
Littlest Custodial Higgs (Chang, 0306034)

Little SUSY (Birkedal/Chacko/Gaillard, 0404197)
» Simple (Gauge) Group Models SU(N >3) — SU(2).

» Orig. Simple Group Model (Kaplan/Schmaltz, 0302049)
Holographic Little Higgs (Contino/Nomura/Pomarol, 0306259)
Simplest Little Higgs (Schmaltz, 0407143)

Simplest Little SUSY (Roy/Schmaltz, 0509357)
Simplest T parity (Martin, Kilian/Rainwater/JR/Schmaltz,...

vy vy

vVYyVvyy
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Little Higgs Models

Plethora of “Little Higgs Models” in 3 categories:
» Moose Models

> Orlg Moose (Arkani-Hamed/Cohen/Georgi, 0105239)
» Simple Moose (Arkani-Hamed/Cohen/Katz/Nelson/Gregoire/Wacker, 0206020)
» Linear Moose (Casalbuoni/De Curtis/Dominici, 0405188)
» Product (Gauge) Group Models SU(2); x SU(2)2 — SU(2)p,
» Littlest Higgs (Arkani-Hamed/Cohen/Katz/Nelson, 0206021)
» Antisymmetric Little Higgs (Low/Skiba/Smith, 0207243)
Custodial SU(2) Little Higgs (Chang/Wacker, 0303001)
Littlest Custodial Higgs (Chang, 0306034)
Little SUSY (Birkedal/Chacko/Gaillard, 0404197)

vy vyYyy

» Simple (Gauge) Group Models SU(N >3) — SU(2)L
» Orig. Simple Group Model (Kaplan/Schmaltz, 0302049)

H0|Ographic L|tt|e nggs (Contino/Nomura/Pomarol, 0306259)

Simplest Little Higgs (Schmaltz, 0407143)

Simplest Little SUSY (Roy/Schmaltz, 0509357)

Slmplest T parlty (Martin, Kilian/Rainwater/JR/Schmaltz,...)

vVYyVvyy
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Varieties of Particle spectra

>

DESY,.6.3.2006

SU(5) G [SU(2) x U(1)]?
SO(5)’ 7~ SU(2) x U(1)
Arkani-Hamed/Cohen/Katz/Nelson, 2002
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Varieties of Particle spectra

>
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SU(5) G [SU(2) x U(1)]?
SO(5)’ 7~ SU(2) x U(1)
Arkani-Hamed/Cohen/Katz/Nelson, 2002

H =

A 7!
ml g Z
pEE

 — et

d*
—3, »

S0(6) [SU(2) x U(1)]?

"= 5 SU(2) x U(1)

G =

Low/Skiba/Smith, 2002

A 7!
o z w'’ 2=
— 3, B — S
P T
o — A
= H
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Varieties of Particle spectra

2 2
S PV SU(5)’g _ [SU(2) x U(1)] o SO(6)7g _ [SU(2) x U(1)]
SO(5) SU(2) x U(1) Sp (6) SU(2) x U(1)
Arkani-Hamed/Cohen/Katz/Nelson, 2002 Low/Skiba/Smith, 2002
A ot S A g
ml  — z —w* " Z w'=
E=E B ——
o e 7ol e dp A
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B ——
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Schmaltz, 2004
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EW Precision Observables

N \\:F
;?M;:\\

Higgs mass variable
(Coleman-Weinberg,
UV completion)

2O

1 m?2
Y e AS = L M
: 120 mg
........... S 2
i = 700 GeV AT = ——3 _1n™
- —i— 490GV — 4 16mc2, md
0 o [
© i250GeV!

Csaki et al.; Hewett et al.; Kilian/JR,
2003
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Heavy Quark States
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» EW single dominates QCD pair production: Perelstein/Peskin/Pierce, '03
f (TeV) for z,=1

i i i
LHC 14 TeV

I
2

To._pp-TiX+THX in Littlest

2 &
;1_43 00E/s7ULAY

5,
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Little Higgs @ LHC RESL, 6.3.2000
» EW single dominates QCD pair production: Perelstein/Peskin/Pierce, ‘03
103
LHC 14 TeV 108 E LHC 14 TeV 100
- E| Sl pp-UiX+TjX in SU(3)
- pp-TjX+TjX in SU(3) 1 = L
€ 10t g Fotg=3 TeV 10t G
__ 10! ty=3 ;» i E!i
S 5 3 o 100 8
N 2 3 102 S
PppoTTX \ L L
E N 3 e 3 101
P ISP I I b B w—z’.‘H\HH\\H‘\HH\HH
1.0 15 2.0 25 3.0 35 1.5 2.0 25 3.0 35 4.0
M, (TeV)

My (TeV)

» Characteristic branching ratios :

1 Mg )2
(I — th) 8 T(I' — t2) ~ 5T(I' - V) = 62 T
7I9

» Proof of T"as EW singlet; but: T — Z'T, W'b, tn !

I'r ~ 10—50 GeV

AIM: Determination of Mz, Ay, Ay A7+ indirect (T'Th impossible)
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T — Zt — 0T0~0Ub  SN-ATLAS-2004-038 asf ATLAS

Events/40 GeV/300 fb ™

> Fr > 100GeV, ¢, pr > 100/30 GeV,
b, pr > 30 GeV

> Bkgd.: WZ,ZZ btZ
» Observation for My < 1.4TeV

500 1000 1500 2000

Invariant Mass (GeV)
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2

T — Wb — fvb SN-ATLAS-2004-038 =8 ATLAS

Events/40 GeV/300fb

> Br > 100GeV, ¢, pr > 100 GeV,
b, pr > 200 GeV, max. jj,pr > 30 GeV

» Bkgd.: tf, Wbb, single ¢
» Observation for My < 2.5 TeV

500 1000 1500 2000

Invariant Mass (GeV)

o ® >\
( DESY )
@/
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T — th — fvbbb SN-ATLAS-2004-038

> ¢, pr > 100GeV, jjj,pr > 130 GeV,
at least 1 b-tag

» Bkgd.: tf, Wbb, single ¢
» Observation for My < 2.5 TeV

Events/30 GeV/300 fb™

Mass(jiev) (GeV)
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L | )
T — th — fvbbb SN-ATLAS-2004-038 ATLASH

> ¢, pr > 100GeV, jjj,pr > 130 GeV,
at least 1 b-tag

» Bkgd.: tt, Wb, single t
» Observation for My < 2.5 TeV

Events/30 GeV/300 fb™

Mass(jev) (GeV)

Additional heavy quarks (Simple Group Models): U,C or D, S  Hanetal., 05

109

LHC 14 TeV —410°

2D ppoUi+Tj in SU(3)

» Large cross section: u or d

[=3 167 o
PDF L
. é mﬁé
» Huge final state ¢ charge o g
asymmetry w3
. -1 g
» Good mass reconstruction ’ i
02 Lonon(Bannl \
L5 20 25 30 35 40
My (TeV)
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T — th — fvbbb SN-ATLAS-2004-038

> ¢, pr > 100GeV, jjj,pr > 130 GeV,
at least 1 b-tag

» Bkgd.: tt, Wb, single t
» Observation for My < 2.5 TeV

Events/30 GeV/300 fb™

Mass(jev) (GeV)

Additional heavy quarks (Simple Group Models): U,C or D, S  Hanetal., 05

vy
| *V
» Large cross section: u or d I
PDF
t forward jet
: W j
» Huge final state ¢ charge q /q,
asymmetry Q
» Good mass reconstruction
high py jet
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L | )
T — th — fvbbb SN-ATLAS-2004-038 ATLASH

> ¢, pr > 100GeV, jjj,pr > 130 GeV,
at least 1 b-tag

» Bkgd.: tt, Wb, single t
» Observation for My < 2.5 TeV

Events/30 GeV/300 fb™

Mass(jev) (GeV)

Additional heavy quarks (Simple Group Models): U,C or D, S  Hanetal., 05

1072 T T T3 10-2
pp-UjX Yy SM W'jj
. 2 =
» Large cross section: u or d s g
PDF € F vswtdoattyy R
3 5
» Huge final state ¢ charge 5 3
N S~
asymmetry S 10t 4 S
» Good mass reconstruction )
10-8 | | | 105 Lol 1
0 500 1000 1500 1000 1500 2000 2500 Spgﬂ. 95\0{:
Pa(i) (GeY) M(U) (GeV)  (BES)

o
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Heavy Vectors

Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV
— 107
: o | .2 pPZ'X
» Dominant decays: i3 e e ot
r Zy cotf=1
Product group: 2/ — Zh, WW, 109 b g
E . 1050
W' — Wh,WZ R RPN R
Simple group: Z' — qq, X — fF o f Pt .
101 universal "\ 3 L
: anom. (re\e‘\ T 108
O e e e N ]
1 2 3 4 5
My (TeV)
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Heavy Vectors
Drell-Yan Production:

» Dominant decays:

Product group: Z’ — Zh, WW,

W' — WhWZ
Simple group: Z' — qq,

X — fF

T‘EV 6.3.2006.
Tevatron Limits ~ 500 — 600 GeV
108 ]
;2 — 107
] pp-X*
10t LHC 14 Tev 1 ?
[ R
e 3 W,, cote=1 g
£ ‘02 —105 3
2 10t =
E |
ﬁ; 103
I q 102
-1 —
10 =
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Heavy Vectors

Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV
pp->Z'X R
» Dominant decays: 1T 140 sz
Product group: Z' — Zh, WW, 100 | o g
W' — Wh,WZ SRIRI NN £
Simple group: 7' — qq, X — fF - R Hiot
» Discovery channel: Z’' — &6, W' — (v PETT NG e
» Iz ~10-50GeV, TI'x~01-10GeV &1 1. 100N
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Heavy Vectors
Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV

o pp->Z'X R

» Dominant decays: 1 HHE AE e S

Product group: 2’ — Zh, WW, RN 3

W' — Wh,WZ IR £

Simple group: Z' — qq, X — fF o f NG .
» Discovery channel: Z’' — &6, W' — (v PETT NG e
» [z ~10-50GeV, T'x ~01-10GeV K. 11 N

1

2 3 4
M5 (TeV)
S O e e s ey T T T T
B — A GEiSily  cnees eeRo gml s ol B e o e an W, cot8=0.2
Lo Z,, cot8=0.2 ATLAS - - W, cote=0.5
102 Drell-Yan Q102 L ——  Drell-yan
o E S top
8 E =
s C h
3 %10
@
G610 £ (O]
S = o
2 F [ E
=4 L B 1 e
2 2t E
@ g | [} E
o £
w o,
10 =
a E
S - O I R NUR E 1 v i i
1600 1800 2000 2200 2400 1000 1500 2000 2500 3000

m,, (GeV) m; (GeV)
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2
. /\ wa o ATLAS
g 5'; Zy — £6bb

b Vi — ifvy )
o
= ,
S I ‘

" ;

-

0.5

Pt oo b b b b Do i

1 156 2 25 3 35 4 45 5 565 6

M (TeV)

Proof: Sum rule for cancellation of divergences: ggrvv + gaav:v: =0,
associated production pp — V'h
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Heavy Scalars

Generally: Large model dependence
no states complex singlet complex triplet

» Littlest Higgs, complex triplet:
(I)U, Q)P’ (I)j:’ (I)ii
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Heavy Scalars

Generally: Large model dependence

no states complex singlet complex triplet

v

Littlest Higgs, complex triplet:
PO Dp (I):i: (I,:I::I:

v

Killer: PS
WW-Fusion: dd — uu®tt — wuW W+

2 hard forward jets, hard close ¢+ ¢+
pr-unbalanced

v

v

Cleanest channel: g — &+ &~ — £00¢:

Events/100 GeV/300 fb™

1200 1400
m, (GeV)
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Heavy Scalars

Generally: Large model dependence
no states complex singlet complex triplet

v

Littlest Higgs, complex triplet: °
PO Dp (I):i: dE=E

Cleanest channel: g — &+ &~ — £00¢:
Killer: PS
WW-Fusion: dd — uu®tt — wuW W+

2 hard forward jets, hard close ¢+ ¢+ »
pr-unbalanced o b

v v
Events/100 GeV/300 fb™

v

1200 1400
m, (GeV)

Unstudied channels:

© qq — Pph — Zhh qq— W~ - WWZ
qq — ®°Z — ZZZ,Zhh
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Heavy Scalars

Generally: Large model dependence
no states complex singlet complex triplet

v

Littlest Higgs, complex triplet:
PO Dp (I):i: (I,:I::I:

Cleanest channel: g — &+ &~ — £00¢:
Killer: PS

WW-Fusion: dd — vu®tt — wuWtTW+
2 hard forward jets, hard close ¢+ ¢+

v v
Events/100 GeV/300 fb™

v

pr-unbalanced o b

Unstudied channels:

© qq — Pph — Zhh qq— W~ - WWZ
qq — ®°Z — ZZZ,Zhh

Alternative: Model-Independent search in W/ fusion:
ATLAS-note, Kilian/JR/(Schumacher)?

m, (GeV)

1200

1400
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PSGUdO AXIOI’]S |n LHM Kilian/Rainwater/JR, 2004

vV V.V Yy

broken diagonal generator: 7 in QCD; pseudoscalar

analogous particles: techni-axion, topcolor-axion, (N)MSSM-axion
my, S v~ 250 GeV

1 EW singlet, couplings to SM particles v/F suppressed
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PSGUdO AXIOI’]S |n LHM Kilian/Rainwater/JR, 2004

broken diagonal generator: 7 in QCD; pseudoscalar

analogous particles: techni-axion, topcolor-axion, (N)MSSM-axion
my, S v~ 250 GeV

1 EW singlet, couplings to SM particles v/F suppressed

new Higgs decays H — Zn, H — nn:  BR(H — nn) ~ 10% possible!

LHC: Gluon Fusion (axial U(1), anomaly), Diphoton Peak

vV V vV vV VY
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Pseudo Axions in LHM

» broken diagonal generator: 7 in QCD; pseudoscalar

» analogous particles: techni-axion, topcolor-axion, (N)MSSM-axion

> my, S v~ 250 GeV

» 7 EW singlet, couplings to SM particles v/F' suppressed

» new Higgs decays H — Zn, H — nn:  BR(H — nn) ~ 10% possible!
» LHC: Gluon Fusion (axial U(1), anomaly), Diphoton Peak

Kilian/Rainwater/JR, 2004

BR [1]

a(gg>n)*BR(n>yy) [fb]
do,,/dM,, [fb/GeV]
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T pa”ty and Dal’k Matter Cheng/Low, 2003; Hubisz/Meade, 2005

T parity: T* - T, X% — —X¢

analogous to R parity in SUSY, KK parity in extra dimensions
Bounds on f MUCH relaxed,

but: Pair production!, typical cascade decays

T: T-even = phenomenology unchanged, Z’ can also be even
Lightest heavy quark 7" is T-odd, similar to Simple Group Models
Lightest T-odd particle (LTP) = Candidate for Cold Dark Matter

vV V.V VvV vV VY
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T pa”ty and Dal’k Matter Cheng/Low, 2003; Hubisz/Meade, 2005

> T parity: T* - T, X% — —X¢

» analogous to R parity in SUSY, KK parity in extra dimensions

» Bounds on f MUCH relaxed,

» but: Pair production!, typical cascade decays

» 7 T-even = phenomenology unchanged, Z’ can also be even
Lightest heavy quark 7" is T-odd, similar to Simple Group Models
Lightest T-odd particle (LTP) = Candidate for Cold Dark Matter

v

v

Littlest Higgs: A’ LTP

W', Z" ~ 650 GeV
®~1TeV
T. 7" ~0.7-1 TeV

Annihilation:
A'A — h — WW, ZZ, hh

» Other LTP candidates: Pseudo-Axion 7 LTP, heavy neutral leptons >
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Open Points/Discussion
» Generics: new heavy gauge bosons, scalars, quarks

» Pseudoaxions: Gluon fusion, T' — tn, ZHn

» Simple Group Models: U, D production, discrimination from other
states

» Extensions of SU(2), e.g. in Simple Group Models: Pheno of Heavy
Vectors, e.g. X° « Y?°

» Measurement and Discrimation of W’; asymmetries?

» Pheno of Little Higgs with T' parity, Little Higgs cascades vs.
SUSY/UED cascades

» Physics from UV completions accessible?

» Tools: 0’'MEGA/WHIZARD multi-partice event generator: contains both
LH models
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» Tools: 0’'MEGA/WHIZARD multi-partice event generator: contains both
LH models
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Open Points/Discussion
» Generics: new heavy gauge bosons, scalars, quarks

» Pseudoaxions: Gluon fusion, T' — tn, ZHn

» Simple Group Models: U, D production, discrimination from other
states

» Extensions of SU(2), e.g. in Simple Group Models: Pheno of Heavy
Vectors, e.g. X° « Y?°

» Measurement and Discrimation of W’; asymmetries?

» Pheno of Little Higgs with T' parity, Little Higgs cascades vs.
SUSY/UED cascades

» Physics from UV completions accessible?

» Tools: 0’'MEGA/WHIZARD multi-partice event generator: contains both
LH models
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