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Standard Model Triumph:
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No evidence beyond SM
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Electroweak vacuum stability

» Recent analysis: Metastable vacuum with lifetime longer than the age
of the universe Degrassi et al., arXiv:1205.6497
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Electroweak vacuum stability

» Recent analysis: Metastable vacuum with lifetime longer than the age
of the universe Degrassi et al., arXiv:1205.6497
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» Could the Higgs field ever have fallen in the correct vacuum?
Hertzberg, arXiv:1210.3624

» Importance of higher terms in Higgs potential (gravity etc.) ?




Electroweak vacuum stability

» Recent analysis: Metastable vacuum with lifetime longer than the age
of the universe Degrassi et al., arXiv:1205.6497

V()= ap? + byt V()= ap? + by + cp®

» Could the Higgs field ever have fallen in the correct vacuum?
Hertzberg, arXiv:1210.3624

» Importance of higher terms in Higgs potential (gravity etc.) ?
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Higgs as Pseudo-Goldstone boson

Nambu-Goldstone Theorem: For each spontaneously broken global
symmetry generator there is a massless boson in the spectrum.

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

Light Higgs as (Pseudo)-Goldstone boson of a spontaneously
broken global symmetry

O(1GeV) N\

Analogous: QCD

Scale A: chiral symmetry
breaking, quarks, SU(3).

O(150MeV) | o U Scale v: pions, kaons, ...
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Higgs as Pseudo-Goldstone boson

Nambu-Goldstone Theorem: For each spontaneously broken global
symmetry generator there is a massless boson in the spectrum.

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

Light Higgs as (Pseudo)-Goldstone boson of a spontaneously
broken global symmetry

a8
O(1TeV) [ ]
. Scale A: global symmetry
breaking, new particles, new
(gauge) IA
0(250GeV)| i Scale v: Higgs, W/Z, ¢+, ...

Without Fine-Tuning: experimentally excluded
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Collective symmetry breaking and 3-scale models

Collective symmetry breaking: Arkani-Hamed/Cohen/Georgi/Nelsor. . ., 2001

2 different global symmetries; one of them unbroken = Higgs
exact Goldstone boson

Coleman-Weinberg: boson masses by radia-

tive corrections, but: my only at 2-loop level my ~ 992\
4 47
[ 3
(@] TeV D
o ‘/A Scale A: global SB, new IA
o(1TeV)| e F Scale F': Pseudo-Goldstone
l bosons, new vectors/fermions
0(250GeV)| Cnmm— U Scale v: Higgs, W/Z, ¢+, ...




Characteristics and Spectra

O(> 10 TeV) A cm— Scale A: “hidden sector”,

/ symmetry breaking

O(1TeV) o [’
l Scale F': new particles
O(250 GeV) a— )

Scale v: h, W/Z, (%, ...

\ Terascale: new particles to stabilize the hierarchy ‘
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Generic properties of Little-Higgs models

Extended global symmetry (extended scalar sector)
Specific functional form of the potential
Extended gauge symmetry: v/ = Ay, Z' = Zy, W't =Wy

New heavy fermions: 7', butalso U,C, ...

Product Group Models Simple Group Models
(e.g. Littlest Higgs) (e.g. Simplest Little Higgs)

H1H2¢0-

9 75\ 92750
-

o discrete T'(TeV) parity: pair production, cascades, DM




Generic properties of Little-Higgs models
Extended global symmetry (extended scalar sector)

Specific functional form of the potential

Extended gauge symmetry: v/ = Ay, Z' = Zy, W't =Wy

New heavy fermions: 7', butalso U,C, ...

Product Group Models Quiver [Moose] Models
(e.g. Littlest Higgs) (e.g. Minimal Moose Model)

@) v G

[H1, Ha) #(]
91#\ 92550

o discrete T'(TeV) parity: pair production, cascades, DM




Prime Example: Simple Group Model
» enlarged gauge group: SU(3) x U(1); globally U(3) — U(2)
» Two nonlinear ® representations | £ = | D, ®|* + | D, ®2|?

0 n 0
Jfon ] 1 h*
D/ =exp|+i=——0 0 O=——=| 0
12 p[ fiy2 Fujo VI th n

Coleman-Weinberg mechanism: Radiative generation of potential

Q 9> 2 2 2 9
-- Ry 2 (124] +|‘I>2|)~16?f




Prime Example: Simple Group Model
» enlarged gauge group: SU(3) x U(1); globally U(3) — U(2)
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Indirect constraints: Higgs/EW precision

How to constrain a generic model in HEP?

» direct searches of resonances

» electroweak precision tests

» flavour constraints

» nowadays: Higgs sector
.

Higgs sector is the key to understand EW-scale physics (and beyond?)
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Statistical analysis

We considered the three most popular Little Higgs models:
» Simplest Little Higgs (SLH) schmatz
» Littlest Higgs (LQI‘,) [Arkani-Hamed et al
» Littlest Higgs with T-parity (LHT) oweta

and realized a x? analysis on their parameter spaces, taking into account
the whole set of 7+8 TeV Higgs searches by ATLAS and CMS, and by
fitting 21 different EW Precision Observables:

0; — 0%)?
XQZZ( < )

7 K2

where O; depends on the free parameters of the model considered.




Data used: Higgs sector
the Higgs results are expressed in terms of a signal strength modifier

2oy BR(h— X;X;)
M S @ ST BR(h— XiXi)gn

we included in our x? analysis the best-fit values of x; reported by the
Collaborations for all the different 7+8 TeV channels i:

Best-fit Higge e Vl « M=125.8 0.4 (stat) == 0.4 (syst) GeV

126.0 + 0.4 (stat) + 0.4 (syst) Ge

s=7TeV,L= 51fb' \s=8TeV,L=1221b"

T T T T T T
ATLAS Preliminary m, =126 GeV. CMS Preliminary m,, = 125.8 GeV/
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Vo< 7w Lam 471 P H— bb (ttH tag)
oo fian 13
How Hos e ( 1 jet)
Yo v Lanm a1 -
e e H >z (VBF tag)
Howw iy
v e L. H 7 (VH tag)
Hopy H - vy (untagged)
i et —— H—> Y (VBF tag) —
(")
H-2zZ" >4 H— WW (0/1 jet)
Voo L4 ——
Ve Lanssn H—> WW (VBF tag)
Combined W=13£03 H— WW (VH tag)
Ho 27z
1 L I I 1 1 =3 < 3 4
40 Best fit o/cg,,

Signal strength (u) . 6/cey=0.88+0.21
sm=U.00LU.




Data used: EWPD

every extension of SM has to satisfy at least
the precision constraints of the electroweak R
sector: A

A(SLD)

» low-energy observables sinfe' 7@, )
A:

. . . . A,
e.g. v-scattering, parity violation observables e
An,b

FB

» Z-pole observables R?
Ry | — 2.4

EE]

e.g. mz, 'z, Z-pole asymmetries...

E
e
°

\ 0.4
Ady, (MP) -0.1
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LH Smoking guns

Where do the LH corrections to the SM quantities come from?

» new decay channels of the Higgs, e.g. h > Ay Ay in LHT
» modified Higgs couplings with SM fermions and vector bosons

m? 1 SM
eg. 2—"Yyw hWHtw-, =
9 o w {1+O(v2/f2) LH

» interaction terms of Higgs with new fermions/vector bosons
m —
e.g. TTyT hTT mp ~ f, ypr ~ O (v2/f2)
» modified neutral- and charged-currents

iW;f_fy”( +5gL)PL+( +59R)PR>fZ




SLH results JRR/Tonini, JHEP 1302 (2013) 077; JRR/Tonini/de Vries, JHEP 1402 (2014) 053

SLH Higgs precision & EWPT exclusion contours

Exclusions
I 95% CL
= 99% CL
¥ no EWSB

» free parameters: f SSB scale, ¢z ratio of
vevs of scalar fields ¢ 2

99% — 2.88 TeV, translates into lower

bounds on new states’ masses, e.g.

v

1.35 TeV
2.81 TeV

myy+

z
mr 2
» min. required fine tuning: ~ 1%, defined as

2
NN
Haobs

£[GeV]

» results mainly driven by EWPD

1.043 » includes data from Moriond 2013
1.048

Xein/d-0.f.
Xau/d-o.f.




|_2 H results JRR/Tonini, JHEP 1302 (2013) 077; JRR/Tonini/de Vries, JHEP 1402 (2014) 053

L?H EWPT exclusion contours

Exclusions

- free parameters: f SSB scale, ¢ mixing
% CL .
angle in gauge sector

» f99% — 3.20 TeV, translates into lower

bounds on new states’ masses, e.g.

2 4.50TeV

mr
» min. required fine tuning: ~ 0.1%, defined as

2
A |5l; |
Haobs

» results mainly driven by EWPD
» includes data from Moriond 2013

f1GeV]

Xpn/dof. = 1.048

> i i |
Cjdof = 1049 Exclusion gets weaker by Higgs data (d.o.f.)!
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L2H Higgs precision & EWPT exclusion contours

Exclusions

cesea || > free parameters: f SSBscale, ¢ mixing
® 99% CL .
angle in gauge sector

09)

& > f9% — 3.20 TeV, translates into lower
o bounds on new states’ masses, e.g.
mr 2 450 TeV

> min. required fine tuning: ~ 0.1%, defined as

03 2
A |5l; |
iuobs
% s w0 > results mainly driven by EWPD
» includes data from Moriond 2013
Xan/dOL = 1,048 Exclusion gets weaker by Higgs data (d.o.f.)!
xew/dof. = 1.049 9 y Hiag B




LHT: Littlest Higgs with T parity

» Goldstone boson matrix:

0 H /2%
S o L gt o Ht <I>oc( ﬁ¢+++ 0¢+. P )
\/§ \/iq)]‘ H* 0 ¢ ¢ +ig

» Discrete T parity:
T: II—--QIIQ Q =diag(1,1,-1,1,1)

» Yukawa couplings k,R=X/)2

Ly =—kf (@2£\Ifc + \T/1<E>Q§TQ\IIC) — Mg T, ue — mg d de — My X Xe + h.C.

Af

Ly =— ﬁ €ijk €xy [(‘I’l,t)i Yjw Xy — (@2775 <E>)z E;’x E;cy] th —Xaf (TLITRI + TL2TR2




T par|tY/Dark Matter Cheng/Low, 2003; Hubisz/Meade, 2005; Wang/Yang/Zhu, 2013

» Tparity: T* - T,  X*— —X“ automorphism of coset space
analogous to R parity in SUSY, KK parity in extra dimensions

» Bounds on " MUCH relaxed, F' ~ 0.5 — 1 TeV
but: Pair production!, typical cascade decays

» Lightest T-odd particle (LTP) = Candidate for Cold Dark Matter
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T pa”tY/Dark Matter Cheng/Low, 2003; Hubisz/Meade, 2005; Wang/Yang/Zhu, 2013
» Tparity: T* - T, X% — —X* automorphism of coset space
analogous to R parity in SUSY, KK parity in extra dimensions
» Bounds on ' MUCH relaxed, ' ~ 0.5 — 1 TeV

but: Pair production!, typical cascade decays
» Lightest T-odd particle (LTP) = Candidate for Cold Dark Matter

M, (Gev)

108 14 180 216 252 288

Littlest Higgs: A’ LTP

W' Z" ~ 650 GeV, ¢ ~ 1 TeV

7, 7" ~0.7-1 TeV

Annihilation: A’A" - h — WW, ZZ, hh

M,
(GeV)
300

Hubisz/Meade, 2005

0/10/50/70/100

S w0 1000 1200 ie0o is00 1300 2000
£ (Gev)
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T par|tY/Dark Matter Cheng/Low, 2003; Hubisz/Meade, 2005; Wang/Yang/Zhu, 2013
» T parity: T* - T,  X* — —X*°, automorphism of coset space
analogous to R parity in SUSY, KK parity in extra dimensions
» Bounds on ' MUCH relaxed, ' ~ 0.5 — 1 TeV

but: Pair production!, typical cascade decays
» Lightest T-odd particle (LTP) = Candidate for Cold Dark Matter

Littlest Higgs: A’ LTP
W', Z" ~ 650 GeV, @ ~ 1 TeV "
T, 7" ~0.7-1 TeV

Annihilation: A’A" — h — WW, ZZ, hh

M, -M, (GeV)

AM

Wang/Yang/Zhu, 2013
Relic density/SI cross section

100 150 200 250 300 350 400
M, (GeV)
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T par|tY/Dark Matter Cheng/Low, 2003; Hubisz/Meade, 2005; Wang/Yang/Zhu, 2013

» T parity: T* - T,  X* — —X*°, automorphism of coset space
analogous to R parity in SUSY, KK parity in extra dimensions
» Bounds on ' MUCH relaxed, ' ~ 0.5 — 1 TeV

but: Pair production!, typical cascade decays
» Lightest T-odd particle (LTP) = Candidate for Cold Dark Matter

£(GeV)

695113100 19412 25769 325 3asa.
422 | o | 16247 | 22587 | 28966 | 36387 |

0

Littlest Higgs: A’ LTP

W' Z" ~ 650 GeV, ® ~ 1 TeV

7,7 ~0.7-1 TeV

Annihilation: A’A” — h — WW, ZZ, hh

JENON100i20"2)

&% (x10™ emP)

Wang/Yang/Zhu, 2013
Relic density/Sl cross section A

» T parity Simplest LH: Pseudo-Axion ) LTP
Z' remains odd: good or bad (?) Martin, 2006

» T parity might be anomalous (??7?) Hill/Hill, 2007




LHT resulis JRR/Tonini, JHEP 1302 (2013) 077; JRR/Tonini/de Vries, JHEP 1402 (2014) 053

LHT EWPT exclusion contours

» free parameters: f SSB scale, R ratio of
Yukawa couplings in top sector

99% — 405.9 GeV, translates into lower

min

bounds on new states’ masses, e.g.

v

mwr = 269.6 GeV
mr 2 553.6 GeV

» min. required fine tuning: ~ 10%, defined as

2
A |5/21 |
Hobs

O W5 WE e e w@ results mainly driven by EWPD (see next
slide)

Xmn/d.0f. = 1.048 EWPT = f % 405 GeV

xam/d-of. = 1.053




Higgs data vs. EWPD

20p107)

LHT Higgs precision exclusion contours

(5%

Exclusions
1 95% CL
B 99% CL

500 1000 1200
1[GeV]

Ta00

T600

TR0 2000

LHT Higgs precision & EWPT exclusion contours

Exclusions
1 95% CL
B 99% CL

1200
11Gev]

T400

1600

T80 2000

> the shape of result driven by EW constraints (much smaller uncertainties)
» Higgs data only: for v/f 2 0.6 decay h — Ax Ax open and dominant

» Higgs data only: subdominant dependence on R w.r.t. f is a consequence of
the Collective Symmetry Breaking mechanism

EWPT and Higgs data =




Direct searches: Drell-Yan mainly

AN T ATLAS
Vg = iy

cotd

0.5

o Lo b b b b D b b

1 15 2 25 3 35 4 45 5 55 6

M (Tev)

Reach in the gauge boson sector: depends on mixing angle




Direct Searches: Focus on LHT

» Defining two benchmark scenarios: 1. heavy quarks

5000,

LHT Mass Spectrum (R=1.0,k=1.5)

4000

g
(=3

Mass [GeV]

g
(=3

— Mg, ~My,
— Mr,

— My
M,

-+ My, =Mz,
S My

i




Direct Searches: Focus on LHT

» Defining two benchmark scenarios: 2. heavy top/vectors
LHT Mass Spectrum (R=1.0,k=04)
5000
— Mg, ~My,
4000 - mi
- My
-+ Mw, =Mz,
— 3000 === My,
>
8
g 2000
1000




Direct Searches: Focus on LHT

» Defining two benchmark scenarios: 1. k=152 k=04
LHT Mass Spectrum
=800 GeV, R=1.0, k=1.5
2000
qn (k=1.5)
SO0 -~~~ m = m Ll
T,
LOOOF- - -- === - o= mm e oo oo ST e
T-
700
> I3
¢ 500w T e ZalWi oo D
-
300
DO -~~~ ool
t
150] -
H An
TOOF
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Branching Ratios
» Decay patterns:

Particle ~ Decay BRi—1.0 BRi—o.4 Particle  Decay BRrx=1.0 BRk=o0.4
1t Wik v 62% 0% du W, u 62% 0%
Zy 1t 31% 0% Znd 30% 0%
Apl* 6% 100% Ay d 6% 100%
v Wi IF 61% 0% uh Wi d 58% 0%
Zyv 30% 0% Zyu 30% 0%
Anv 9% 100% Anu 9% 100%
T wt b 46% 45% m Ayt 100% 100%
Zt 22% 22% Znt 0% 0%
Ht 21% 21% ®0/P Ay H 100% 100%

T, Ap 11% 11%
ot AWt 100% 100%

Ay stable

ot Ay (WE)? 100% 96%
Zy Ay H 100% 2% W) ° °
dp d 0% 41% Wi AywH* 100% 2%
up U 0% 30% up d 0% 44%
g 0% 14% dp u 0% 27%
VHV 0% 14% Itv 0% 16.5%
vy It 0% 16.5%




Cross Sections (1)

» Heavy Quarks

Heavy Quark Production Cross Sections

» Heavy Top and Vectors oo

‘Top Partner Production Cross Sections Heavy Gauge Boson Production Cross Sections

107




Channels and signatures: Parameters

final state

‘ modes ‘ params
leptons  #jets Ky | |
0 1 Vol awAw | £k
0 2 Yo oawaw | fk
0 3 Vo oaWE | £k
HaH fik
T

0 4 R ik
Wi Zu fik
ZnZy Ik

0 4 X | Ttq¢ | fkR
0 5 anWit Ik
qHaH Ik

0 6 v T—T" fik, R

final state | modes | params
leptons  #jets  Fp | |
4o
& ZH £
qHaH Ik
+
auW fik
s S Y v | fkr
+ qHaH f.k
! 4 v/ -7 | f,k,R
- 0 ol wiwi | £k
- 1 o oWt | £k
- 2 v ‘ LS ‘ff’kR
£ 2 ol aan | fik




Channels and signatures (l)

final state ‘ production ‘ ogTev X Br (fb) O14Tev X Br (ﬂ))
#1E #jets  Er | modes | k=10 k=04 | k=10 k=04
0 1 v | auAw | 024 11x10? | 21 4.5x10?
0 2 v o qHaH | 056 5.6x10° | 5.2 3.2x10*
+
0 3 / aHW 0.73 14 8.0 77
aHZH 0.76 8.6 8.0 49
AHaH 4.0 9.1x10? 35 5.6 x 10%
T
0 4 v WH+WH 1.9 low 9.1 low
Wi Zy 4.8 low 23 low
ZuZy 0.56 low 3.0 low
0 4 X T%q 2.0 2.0 17 17
+
0 5 v/ Wy 5.1 X 54 X
qHZH 4.1 X 44 X
o 6 v qHaH 1.6 9.7x10% | 1.7x10> 6.0x10°
T-T~ 2.5 2.5 25 25




Channels and signatures (1)

final state ‘ production ‘ ogTev X Br (fb) O14Tev X Br (fb)
#1*  #jets Pp | modes | k=10 k=04 | k=10 k=04
QHIH 0.058 9.0x10? 1.1 5.6x10°%
HeH _
I+ 9 v W,;+W,j' 0.77 low 3.9 low
Wi Zy 2.1 low 10 low
THq 1.3 1.2 10 10
1 3 y Wik 3.5 X 37 x
A 0.99 X 11 X
L 4 / qHaH 7.4 9.7x10? 82 6.0x10°
T-T~ 2.2 2.2 21 21
- 0 v | wiwl | 032 ow | 1.7 low
i 1 Vo Wi | o054 x | 58 x
1.1 b 11 X
+— 2 v/ 9HIH
i T-T~ 0.47 0.47 4.6 4.6
1+ 2 v qHIH | o037 X | 2.7 X




Recasti ng resu Ilts JRR/Tonini/deVries,2013

e 95% CL from Monojets + ' from LHC8

® 1 hard jet, £, no leptons, 2nd jet w. pr > 30 GeV
signal regions: ATLAS (pr, Er) > 120/220/350/500 GeV, CMS: £+ > 250/300/350/400/450/500/550 GeV

® Dijet suppression: ATLAS A¢(Er, j2) > 0.5, CMS A¢(j1,j2) < 2.5

® pp — quqH, PP — qHAH

Monojet Searches
F ATLAS-CONF-2012-147
I CMS EXO-12-048

500
f[GeV]




Recasti ng resu Ilts JRR/Tonini/deVries,2013

e 95% CL from Jets + £ from LHC8

® > 2 hard jets, £, no leptons

® signal regions: ATLAS E > 200/300/350 GeV, CMS:
(Nj; No) =(2-3,0);(2-3,1-2);(=4,1-2);(=4,0);(=4,>2)

® QCD suppression: ATLAS A¢(E 1, j2) > 0.5, Ep/mess, CMS A¢(j1,52) < 2.5
* pp = ququ — (jAn)(jAw)

3.5

Jets & MET Searches
: i © ATLAS-CONF-2012-109
30 : : © ATLAS-CONF-2013-024
: B CMS SUS-12-028

2.5




Recasting results JRR/Tonini/deVries,2013

95% CL from Leptons + Jets + £ from LHC8

® single isolated lepton, > 2 hard jets, Er,

® signal regions: ATLAS E 1 > 200/300/350 GeV

e Cuts: Bp > 250GeV, mp(l, Ex) > 250GeV, Ex/me > 0.2, mi > 800 GeV

e pp — quqm With qg — Wgq, Zgq, ty — tAn, Zy — HAg

30F -
Leptons, Jets & MET Searches

E ATLAS-CONF-2012-104
" ATLAS-CONF-2013-037
I ATLAS-CONF-2013-007

i i i
800 900 1100
f[GeV]
; =———— =
T




Combined analysis JRR/Tonini/deVries, 2013

2 — —
» Operator bounds: 0, = flzskazwm#ww'LWw'L +0(2)
Hubisz/Meade/Noble/Perelstein, 2005

Experimental Searches
¥ Effective Operator Bounds
B Monojet & MET
I Jets & MET
40FH | Leptons, Jets & MET

i
700 300
f[GeV]

» Bound from combined analysis: | f = 638GeV



Conclusions

>

Little Higgs models are an appealing solution to the hierarchy
problem, alternative to weakly coupled solutions like SUSY

most of the parameter space of three popular Little Higgs models is
still compatible at ~ 99% CL with the early results of the 7+8 TeV
Higgs searches

electroweak precision data represent still the most severe constraints

fine-tuning as a guideline to understand the naturalness of a model:
Little Higgs models require a minimum level of ~ 10% of fine tuning

Limits on the LHT:
1. EWPO: \ f = 405 GeV@95% CL
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» Little Higgs models are an appealing solution to the hierarchy
problem, alternative to weakly coupled solutions like SUSY

» most of the parameter space of three popular Little Higgs models is
still compatible at ~ 99% CL with the early results of the 7+8 TeV
Higgs searches

» electroweak precision data represent still the most severe constraints

Little Higgs models require a minimum level of ~ 10% of fine tuning
» Limits on the LHT:
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» fine-tuning as a guideline to understand the naturalness of a model:
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Conclusions

Little Higgs models are an appealing solution to the hierarchy
problem, alternative to weakly coupled solutions like SUSY

>

most of the parameter space of three popular Little Higgs models is
still compatible at ~ 99% CL with the early results of the 7+8 TeV
Higgs searches

electroweak precision data represent still the most severe constraints

fine-tuning as a guideline to understand the naturalness of a model:
Little Higgs models require a minimum level of ~ 10% of fine tuning

Limits on the LHT:

1.

2
3.
4

EWPO: | f 2 405 GeVa95%CL |

. Higgs: | f 2 607 GeV@95% CL
Higgs+EWPO: | f 2 694 GeV@95%CL |

. Direct searches: ‘ f = 638 GeV@95% CL‘

We need more datal!
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Lilile Higgs Models |
Direct Searches — Heavy Quark States

» EW single dominates QCD pair production: Perelstein/Peskin/Pierce, '03

f (TeV) for z,=1
15 2.0

10? i : z.‘s
LHC 14 TeV 1ot
T _pp-TiX+THX in Littlest =
S 108 £
o
=1
5 &
b 1071 . 5]
X 10! 32
s 1/2 o
1072 pp-TTX L
— 100
108 | | | |
15 2.0 26 3.0 35 40

My (TeV)
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Direct Searches — Heavy Quark States

» EW single dominates QCD pair production: Perelstein/Peskin/Pierce, '03

108 1 103 ¢
LHC 14 TeV o LHC 14 Tev —10°
102 = ppoTiX+TiX in SUGB) EI. 10 ¢ PO S
—10t § £ 1
~ o] <
10! ty=3 ] E» E::_
é ‘\b\x_\zX:E or 1/5 ?103} %
b 100 - 1 8 8
101 pp*TT\z;\‘\\ o gi w :Tl
’ R 510t — 10t
S I N I S B P I I R I B
1.0 156 2.0 25 3.0 35 1.5 20 25 3.0 35 4.0
M, (TeV) My (TeV)
» Characteristic branching ratios :
1 M2
(T = th) ~ (T > t2) ~ JT(T > bW ) ~ =775 Ty~ 10-50GeV
™

» Proof of T as EW singlet; but: T — Z'T, W'b, i) |

AIM: Determination of My, A, A Ar+ indirect (T'Th impossible)




T - Zt —» {70 lvb SN-ATLAS-2004-038

Events/40 GeV/300 fb ™

> Br > 100GeV, 000, pr > 100/30 GeV,
b, pr > 30 GeV

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

500 1000 1500 2000

Invariant Mass (GeV)




2

T — Wb— fvb SN-ATLAS-2004-038

w
&
S

o
@
S

Events/40 GeV/300fb ™
@
8
8

» Br > 100GeV, £,pr > 100 GeV, ,
b,pr > 200 GeV, max. jj,pr > 30 GeV ssof

» Bkgd.: tt, Wbb, single ¢ 1°°§
» Observation for M < 2.5 TeV

n
S
S

500 1000 1500 2000

Invariant Mass (GeV)




T — th — fvbbb SN-ATLAS-2004-038

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

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

Events/30 GeV/300 fb™
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T — th — fvbbb SN-ATLAS-2004-038

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

» Bkgd.: tt, Wbb, single ¢ 0
» Observation for M < 2.5TeV

Events/30 GeV/300 fb™

500 1000 1500
Mass(jev) (GeV)

05

108

LHC 14 TeV
@b pp-UiTjX in SU(3)

» Large cross section: u or d fypsten
PDF

» Huge final state ¢ charge
asymmetry

» Good mass reconstruction

008/s3usam

a,

Additional heavy quarks (Simple Group Models): U,C or D, S Hanetal.,
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T — th — fvbbb SN-ATLAS-2004-038

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

» Bkgd.: tt, Wbb, single ¢
» Observation for M < 2.5TeV

Events/30 GeV/300 fb™

501

Mass(jev) (GeV)

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

+
1= ‘v
» Large cross section: v or d i
PDF * forward jet
. w*
» Huge final state ¢ charge q /q,
asymmetry

» Good mass reconstruction

high p, jet




T — th — fvbbb SN-ATLAS-2004-038

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

» Bkgd.: tt, Wbb, single ¢ 0
» Observation for M < 2.5TeV

Events/30 GeV/300 fb™

500 1000 1500
Mass(jev) (GeV)

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

10-2 RN R RERR R 102
ppoUiX Y\ SM W'jj
» Large cross section: uord 8 g
PDF Y F vswtasty E R
3 g
» Huge final state ¢ charge § 3
asymmetry 8wt g s
» Good mass reconstruction
10-6 M I N 10-5 L L
] 500 1000 1500 1000 1500 2000 2500 3000 3509

(i) (Gev) M(U)-(GeV) :




Direct Searches — Heavy Vectors
Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV

2 pp->Z'X ER

» Dominant decays: N it
Product group: Z' — Zh, WW, o N\ 1 8
W' — Wh,WZ RN El
Simple group: 72/ —> qq, X — fF o f /v R
1L universal "~ E| |
. anom. (\re\e\\ . 3108 )

C T I IN

1 2 3 4 5
M (TeV)




Direct Searches — Heavy Vectors
Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV

» Dominant decays: Fo B Tk
Product group: 2’ — Zh, WW, | e e i &
W' — Wh,WZ < 78
Simple group: Z’ — qq, X — fF ) 18

108
10-1 | éloz




Direct Searches — Heavy Vectors
Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV

2 ppZ'X R
» Dominant decays: o LHC 14 TV Jue
“.Zy cotd=1 3
Product group: 2/ — Zh, WW, N 18
W' - WhWZ ng % 02 ﬂ?ws%
Simple group: Z' — qq, X — fF N Y N
» Discovery channel: Z' — 06, W' — (v o IR P
» Tz ~10-50GeV, Tx ~0.1-10GeV ....
My (TeV)
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Direct Searches — Heavy Vectors
Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV
o0t i ppZ'X R
» Dominant decays: ' e Jue
Product group: Z' — Zh, WW, AN g
W' —>Wh,WZ 8ol N ﬁws%
Simple group: 72/ —> qq, X — fF o f N Joot
» Discovery channel: Z' — £, W' — fv i SN
» Tz ~10-50GeV, T'x ~0.1-10GeV  *° )

£ T T . T T . T
E — Z,cotb=10 = e oA~ 4 EATI A W,, cot8=0.2
P Teos [ ATLAS T wees

102 Drell-Yan 2102 Drell-Yan

- E o)

= E 8 ?

g S

S

s 310

3 E

o0 k. O E
E =g

z F S

5 f 21 =

D1 f= E

[T ] £

>
w
10 =
4 E
ST TSI R BRI EER E :
1600 1800 2000 2200 2400 1000 1500 2000 2500 3000

m,, (GeV)




Direct Searches — Heavy Scalars

Generally: Large model dependence
no states complex singlet complex triplet

» Littlest Higgs, complex triplet:
(1)07 Dp, (I)i, (=

» Cleanest channel: g7 — ®*T®~— — £40¢:
Killer: PS

» WW-Fusion: dd — vu®*t - vuWtWw+

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

Events/100 GeV/300 fo™

800 1000 1200 1400
m, (GeV)

Alternative: Model-Independent search in WW fusion:
ILC:  Beyer/Kilian/Krstonosic/Ménig/JRR/Schmidt/Schréder, 2006
LHC:  Alboteanu/Kilian/JRR, 2008; Kilian/JRR/Sekulla, 2013
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Pseudo-Axions in Little Higgs Kilian/Rainwater/JRR, 2004, 2006; JRR,

2007
— gauged U(1) group: Z' < ungauged:

BR [n]

— couples to fermions like a pseudoscalar
- m, < 400 GeV

— SM singlet, couplings to
SM particles v/F' suppressed

\
50 100 150 200 250 300
m, [GeV]

— n axion-like particle:

Anomalous U(1): --- — F 3N FpeetP?

— U(1) explicitly broken = Axion limits from astroparticle physics
not applicable
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Classification of Axions in Little Higgs Models
Number of Pseudo-Axions: n =g — I
Mismatch between global (g) and local rank reduction (!)

Product Group Models Arkani-Hamed,. ..
» Doubling of electroweak gauge group: SU(2) x SU(2) — SU(2)z,
U(1) x U(1) = U(1)y (latter not necessary) =[=1

> Littlest Higgs, g: SU(5) » SO(5) =>n=(4—-2)—-1=1
> antisymmetric, g: Sp(6)/SO(6),n =(3—-2)—1=0

» Simple gauge group: SU(N) x U(1) > SU(2) xU(1)= Il =N —2
» Higgs is distributed over several global symmetry multiplets
» Simplest Little Higgs, g: [SU(3)]?/[SU(2)]? n=g-1=2-1=1

» Original Simple Group Model, g: [SU(4)]3/[SU(3)® x SU(2)],
l: SU4) > SU(2) n=g—1=4—-2=2

Moose Models Arkani-Hamed, . ..
» “Minimal” Moose: g [SU(3)]* — SU(3), | [SU(3) x SU(2)]/SU(2)
n=g—1l=6—-2=4

Simple Group Models Kaplan,Schmaltz, ...
» 3-site model: g [SU(2)]*/[SU(2))%, | [SU(2)]? - SU(2),n=2—-1=1




ZH?? Coupling as a discriminator Kilian/Rainwater/JRR, 2006

» pseudo-axion: { = exp [in/F], ¥ = exp [i{Il/F] non-linear
representation of the remaining Goldstone multiplet IT

Liin. ~ F2 Tr [(D*(€2)1(D,(€2))] = ...—2F(9,n) Im Tx [(D*X)1S]+0(n?)
» Use special structure of covariant derivatives:

D% = 0,5+ A}, (T7S + S(T1)7T) + A3, (T3S + £(T5)")

Tr [(D#*E)'S] ~ Wi Te [SN(TY + T5)S + (T + T5)*] = 0.
» Little Higgs mechanism cancels this coupling

» Simple Group Models: ® = exp[iX/F], ¢ = (0,...0,F)" VEV directing
in the N direction




i
Liin. ~ F2DH((T@T) D (9¢) = ... + F(@m)ﬂ (@"(D.®) — (D 2N)®) ¢
= ... +iF(0um) (21(D,®) — (D 2N)D) -
(0 h (W, 0 ,
Y= <hT 0>’ V, = ( 0 0) + heavy vector fields
i 1

Vit 72 Vil = g B [2 Vll + .
(W O\ i 0 Wk L BRTW - WhRT 0\,
~\o0 o/ r\ntw, 0 2F2 0 —2hTWh)

» 1st term cancels by multiple Goldstone multiplets
» 2st term cancels by EW symmetry
> 3rd term

(*n)h"W ,h ~ vH Z,,0"n .




More properties of Pseudo-Axions

» Take e.g. one specific model: Simplest Little Higgs  Schmaltz, 2004
> Slmple Group Model, two H|ggs tnplets with a tanﬁ -like m|xmg angle

8001 800(~
o [Ge\,] ) ma [c,cw - ma [c,cw
I R S Fp=2TeV 3 tang =4
600~ — 6001~ 5 1
100f 9 tanf =1
[ 7/ tang =1 -
a0 Y 4001 B
"\ 4 2
200 B \\
2001 2075 _ 05 Tev ! B
i
0 41_‘_1_‘_1_‘_1; 0 41_‘_1_‘_1_‘_1; 0 41_‘_1_‘_1_‘_1;
100 200 300 00 100 200 300 00 100 200 300 100
1 [GeV) 1 [GeV GeV]

» tan 8 ~ 1: heavy Higgs, (very) light pseudoscalar
» Heavy top decays: Kilian/Rainwater/JRR, 2006

1.0 T

30—

My [TeV]
T




Discovery of Pseudo-axions Kilian/Rainwater/JRR, 2004, 2006

LHC: Gluon fusion, diphoton

2

X & =
signal for m,, = 200 GeV, 7o = g
possible £ wolfs gges =
3} EEEE S E R =
}\ L3 FEEEEE S B G e @R DT o
= * ~
LHC: T — it Bk x % % % g

o o

ILC: ete™ — tin

L I I
100 160 200 260 300 3650

M, [GeV]




DiSCOVGFy of Pseudo-axions Kilian/Rainwater/JRR, 2004, 2006

10+
— o+ ITin V/s =800 GeV
LHC: Gluon fusion, diphoton e e’ — tbb [£=1ab"
: 1000 yevt/2 Gev
signal for m,, = 200GeV, 7o giun =022

possible 100
LHC: T — tn
ILC: ete™ — tin

10

50 100
Miny(bb) [GeV]




Discovery of Pseudo-axions Kilian/Rainwater/JRR, 2004, 2006

w2 I SR sty + g - iind ]
LHC: Gluon fusion, diphoton = SR -2zt op-0010 ]
. — 1 L =
signal for m,, = 200GeV, 7o = ¢
=
possible é 0o L2883 E8882%%° 00 o =
LHC: T — tn I &
g
5 *’Sxxxxxxgxxxxxx° & ©
ILC: ete™ — tin 0@ Pl et
00 Too 200 250 30
M, [GeV]
T T T
1.25

QCD 1'17jj

Z Hn coupling

H
=3
=]

forbidden in Product Group Models

o
o
S

Discriminator of diff. model classes

99 n— ZH — (0bb, (00]]

do/dmy [fb/GeV]
=3 =
[N} 2
& B

o
o
=3

200 250 300 350 400 450 500
m, [GeV]




Discovery of Pseudo-axions

do/dMq(vis) [fb/GeV]

0.15

0.10

0.05

0.00

LHC: Gluon fusion, diphoton
signal for m,, = 200GeV, 7o
possible

LHC: T — tn
ILC: ete™ — tin

T T
1"1*1" only

_— i - -
200 250 300 350 400 450 500

Mqy(vis) [GeV]

Kilian/Rainwater/JRR, 2004, 2006

T T T
QCD 171755

o
&

[£b/GeV]

do/dmy,
e o I
[av} ()] -2
& 3 &
T
L

200 ) 77250 300 350 400 450 500
m;, [GeV]
Z Hn coupling
forbidden in Product Group Models

Discriminator of diff. model classes

99 n— ZH — (0bb, (00]]




Discovery of Pseudo-axions Kilian/Rainwater/JRR, 2004, 2006
0.15 T T
. . S I'1"1” only
LHC: Gluon fusion, diphoton §
signal for m,, = 200GeV, 7o & op 1
possible 0
LHC: T — tn § 1
R 7 3 W'zjj
ILC: ete™ — tin oo
0'UgOO 250 300 350 400 450 500
Mq(vis) [GeV]
10% T T T
, T g .
10% b y & X Ef Z Hn coupling
T h e ) E forbidden in Product Group Models
St b % 1 Discriminator of diff. model classes
100 | x : H— Zn — 00bb
Lx ‘ 99 n— ZH — 00bb, 00055
100 200 300




Discovery of Pseudo-axions

2
o

1/0 do/dAR(bb)

LHC: Gluon fusion, diphoton
signal for m,, = 200GeV, 7o
possible

LHC: T — tn
ILC: ete™ — tin

vl
o
T

g
=3
T

1/0 do/dAR(1)

do/dMq(vis) [fb/GeV]

Kilian/Rainwater/JRR, 2004, 2006

0.15 T T
111" only
0.10 A
0.05 A
W*zjj
0.00 S o A [t
200 300 350 400 450 500
Mq(vis) [GeV]
Z Hn coupling

forbidden in Product Group Models

Discriminator of diff. model classes

99—’{

n— ZH — 0lbb, 0005]




n pheno at ILC Kilian/Rainwater/JRR, 2006

If ZHn coupling present: Hn production in analogy to H A:

T T T T T T T
12F g(etem — Z° = nH) [fb] B 12F o(etem = 24/2' i) (D]

= 150 GeV,
B r=190Ge W
=150 GeV
0sf o0sf
06F 06F
0af 04f
02f 02f
L | | | T
200 400 600 800 1000 1200 200 00 600 500 1000

» Light pseudoaxion, 77 5bb, final state Hbb "

» Intermediate range, n — gg, final state Hjj;
» n— ZH: ZHH final state

1 T T T T T 0.3 T T T T T
- 15 4
\E lolete” — Hy - HB) (1) a(ete” — Hi — Hjj) [)] o ]
p=2GeV Mj; > 150 GeV el e . 4
08F 30 < My <70 GeV_eee” 02 ) e ]
06 L E with 2" ]
no Z no 2 with Z
04 y 0.1 y 0.
02
500 600 700 800 900 1000 500 600 700 800 900 1000 400 600 800 1000
Vs [GeV] Vs [GeV] 5 [GeV]

More detailed insights from photon collider option




n pheno at ILC

Kilian/Rainwater/JRR, 2006

If ZHn coupling present: Hn production in analogy to H A:

[ u=150Gev,

T T T T
a(ete — Z2* — yH) [fb] B

IE

T T T
12F o(etem = 24/2' i) (D]

=150 GeV

02 0.2
T s
> Light pseudoaxion,  — bb, final state Hbb )
» Intermediate range, n — gg, final state Hjj;
» n— ZH: ZHH final state
T T T T T 03— T T T T 15 o
IE |o(ete — Hy* — Hbb) (i) a(ete” — Hi — Hjj) [)] o ]
0.8 =97 GeV My =150 GeV e D e ]
My, > 150 GeV' 02 1 |
0.6 — > ]
w0z with 2 oz i with 2"
04 0.1 5 0.
0.2
500 600 700 800 900 1000 500 2 600 700 800 900 1000 400 600 800 10
s [GeV] s [GeV] 5 [GeV]

More detailed insights from photon collider option

00




Pseudo Axions at the Photon Collider

» Photon Collider as precision
machine for Higgs physics (s
channel resonance, anomaly
coupling)

A1

» S/B analogous to LC

» 7 in the . model with (almost)
identical parameters as A in
MSSM

(<> Munhlleitner et al. (2001) )
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Pseudo Axions at the Photon Collider
» Photon Collider as precision 10
machine for Higgs physics (s oeit(YY — M, H) [pb]

channel resonance, anomaly
coupling) 1

0.1

Ar/

» S/B analogous to LC

» n in the ;. model with (almost)
identical parameters as A in
MSSM

( < Muhlieitner et al. (2001) )

0.001

100

|_—— H (SM)
----H (with T)
—n[T]
———n [1 complete heavy gen,
——n [3 gen. of heavy quarkﬂz
— " [3 compllete h?avy qen ]
200 300 400 500 600
mH/ mT] [Gev]

700




m, 100 130 200 285
I,keV] | 0.15 027 1.1 3.6

|gbbn = 0.4 - gppn |

1400 |~ ) o
1200—yy_> () = bb vy — (H,1) — bb e
#evt/2 GeV sy v
1000 1000 |cos(0) | < 0.76
- [p2l//See < 0.04
800 VSee =200 Gei/l Gy Pl s <
[Lee =400 fb 100 .
600 m, = lcos(0)7| < 0.76
100 GeV [pzl/y/See < 0.1
400 "
200 130
0 1 | L L
80 100 120 140 160 Mo (55) [GEV]

Minv (bB) [GeV]




Simplest Little HIggS (“,u Model”) Schmaltz ‘04, Kilian/Rainwater/JRR 04

Field content (SU(3). x SU(3). x U(1)x quantum numbers)

W, :(1,3)_% Ul,QC :(371)—
e : (3,1) e,n® (L),

(131’2 : (1,3)_

Ty :(3,3) 1
Lagrangian £ = Liin. + Lyuk. + Lpot. Vo= (u,d,U)r, V¢ = (v,¢,N)r:

t t A kb @i
Lyuk. = = AUy g @1V — AUy g @5V — Xeljkdlﬁ@llq)%‘p%L
AC o
— X"y @10, — Ke”kéR@’lcp;q/gL +h.c.,
Epot. = /LQ(I'lT(I)Q + h.c.

Hypercharge embedding (diag(1,1,—2)/(2V/3)):

1
Y =X -T%/\/3 D,® = (0, — ggXBfL((I)—i—igW;f)(I)




Partial decay widths in LH

» 1-loop decays

Ol m
F(hﬁgg)LH ~ h ’Z——Fl Tf yf’

327392
O[ m 2
L(h—y)n ~ ;JmeWw+Zﬂ%%+Z%%
256m°v
v,ch s,ch
where z; = %, F;(z;) are loop functions, y; the modified Yuk. coupl.
h
H L(h— g99)Lu
= — h = —
oSM (99 ) L(h — g9)sm

» tree-level decays

2
T(h—VV)Ly ~Fmﬁvmm%%%v

Ihvv

2
7 - g
D~ e ~ T £ (%)
Inrs
2
where gryy = =V yy and g, = LT,




Cancellations of Divergencies in Yukawa sector

- - 4L -- . N
At At Ar Ar Ar/F

d*k 1
M (k% —m2) + 22 — /\ k2
* f @)1 K2 (k2 mT){ (K = mi) + kAT ok

Little Higgs global symmetry imposes relation

A2 4+ )2
% - % — | Quadratic divergence cancels I
T

N\ c Ve
Collective Symm. break- @2\ ! ’/<I>2
ing: ACA A2, A1 = 0 A2)2 A2
orx =0 = SU@3) — [ 4%) VYo ~ 1é7731 ( )
[SU3)? ®, o,

|} |
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Constraints from Oblique Corrections: S, T, U

VA3 VA3 VARAS
A — —— AT ~Ap~AMZZ - 7

Zr Zr Zr Zr
A~ — —— AS~ WY, B" AU ~ W, WO

o All low-energy effects order v?/F? (Wilson coefficients)

AS, AT in the Littlest Higgs model, violation of Custodial SU(2): csaki
et al., 2002; Hewett et al., 2002; Han et al., 2003; Chen/Dawson, 2003; Kilian/JRR, 2003

AS 2,2 2 12,12 2 2 5 2,2 R
_ | et =5T) (=) v 502 2V A5 > v
i [ 7 T 7= — 0 aAT — 74 T R

Constraints from contact IA: ( £, f{)) 4.5TeV < F/c* 10TeV < F/d2

& Constraints evaded < ¢, ¢ « 1
B', 7', W'* superheavy (O(A)) decouple from fermions
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