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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 mmg ~ i—;j—; A
[ )
o ‘/A— Scale A: global SB, new IA
O(1TeV)| e [ Scale /': Pseudo-Goldstone
l bosons, new vectors/fermions
O(250GeV) | o U Scale v: Higgs, W/Z, ¢+, ...
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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 ‘

M([TeV]
A A

qr — y B .
SUSY by —— [2 o Little Higgs
by I ~1.25 ot
— Pt e —
N .
5 100 - op w
N Jo7s ) U,¢ —
H)A=Hj: Q?X/g 0 v
X5 40.50 |-
To ——; x5.xf
7y j’ . Joos k" .
h T1 "R X? n w* Z




_530 _J.R Reuter Little Higgs Models Sealle, 27,2013

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
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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 Moose Models
(e.g. Littlest Higgs) (e.g. Minimal Moose Model)

DEE)EDE) -

[H1, Ha) #0
91#\ 92550

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




Direct searches: Drell-Yan mainly

cotd

0.5

o Lo b b b b D b b

AN T ATLAS
Vg = iy

165 2 25 3 35 4 45 5 55 6

M (Tev)

Reach in the gauge boson sector: depends on mixing angle
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Motivation

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.
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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/
WZH > bb H-> bb (VH tag)
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.
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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

(0, * Oncee) / Oae
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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

e.g. % Z fv“((ggM +8g1)PL + (g2M + 5QR)PR>fZ#
f




SLH results

SLH : aldata

» free parameters: f SSB scale, ¢z ratio of
vevs of scalar fields ¢1 2

99% — 2.88 TeV, translates into lower

bounds on new states’ masses, e.g.

v

1.35 TeV
2.81 TeV

mw:
mr =

> min. required fine tuning: ~ 1%, defined as

2
A |5l; |
Habs

v

results mainly driven by EWPD
xen/dof = 1.043

xaw/dof. = 1.048




L2H results

L?H (x=0; c'=1/

V2): al

data

» free parameters: f SSB scale, ¢ mixing

angle in gauge sector
» f29% — 3.20 TeV, translates into lower
bounds on new states’ masses, e.g.

C— my = 2.13TeV
“““ R mr 2= 4.50 TeV

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

2
A= 1]
i 010 Hops
» results mainly driven by EWPD
xon/dof. = 1.048

xaw/d-of. = 1.049




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,




LHT: Littlest Higgs with T parity

» Goldstone boson matrix:

0 H V29
= 2i00/f o= 1 ot 0 Ht <I>OC( ﬁ(TJr o¢+- P )
V2 V2ot H* 0 ¢ vre

» Discrete T parity:
T: H—--QIQ Q=diag(l,1,-1,1,1)

Vew = g2 f2 T(T9) + iAngnf (H¢THt - H*¢HT) — p2HHY + \a(HHN 2+

2
+ Angon HOTOH" + N2 g2 HE'THO16) + Ag2g2 [T(6T0)| + Aga (01601 0).

Ap2 =2(g2+g'2) + 803 N =1ap, Moo = —$hg2
/\h2¢2 = —16)\% ,\¢4 = _2(92 +gl2) + %)\%
» Yukawa couplings E,R=\/)\

Ly =—kf (%gwc + @1<2>ngxpc) — g @ ue — mg dl de — my, s Xe + hoC.
A f

Ly =— €iik €
t 2\[z]kzy

I:(‘Ill’t)i E]'z Eky (‘1/2 t <E>)z G E%y] tR Ao f (TLlTRl + TL2TR2




LHT results

LHT (CaseA) : al data

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

99% — 405.9 GeV, translates into lower

bounds on new states’ masses, e.g.

myr 2 269.6 GeV
mr 2 553.6 GeV

—————————————————————————

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

2
PN
Haobs

10

» results mainly driven by EWPD (see next

Xon/dof = 1.048 slide)

xaw/d.of. = 1.053




Higgs data vs. EWPD

LHT (CaseA) : /i only LHT (CaseA) : EWPD only

04
Veu / f

04 06
Veu /T

» the shape of the combined result is driven by the EW constraints (much
smaller uncertainties)

> Higgs data only: for v/f 2 0.6 decay h — An Ar open and dominant

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




New Results (incl. Moriond 2013)

Littlest Higgs Model

L2H EWPT exclusion contours L°H Higgs precision & EWPT exclusion contours

Exclusions
1 95% CL
& 99% CL
@9
3 1500 5500 6500
1GeV] f1GeV]
. ) -




New Results (incl. Moriond 2013)

Simplest Little Higgs

SLH EWPT exclusion contours. SLH Higgs precision (8 TeV data) & EWPT exclusion contours.




New Results (incl. Moriond 2013)

Littlest Higgs with T" Parity

LHT EWPT exclusi
Exclusions
' 95% CL
W 99% CL
IB’OO 2000




New Results (incl. Moriond 2013)

Littlest Higgs with T" Parity

LHT EWPT exclusion contours LHT Higgs precision exclusion contours

Exclusions

30| 95% CL
& 99% CL

25|

29 5% ®

o

1.5)

1.0)
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800 1000 1200 1800 2000 400 800 1000 1200 1400 1600 1800 2000
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New Results (incl. Moriond 2013)

Littlest Higgs with T" Parity

LHT EWPT exclusion contours

Exclusions
' 95% CL
E 99%CL

T000 200
1GeV]

LHT Higgs precision & EWPT exclusion contours

Exclusions
¥l 95% CL
B 99% CL




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




What about Direct Searches?

» 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% up Wi d 58% 0%
Zyv 30% 0% Zy u 30% 0%
Apv 9% 100% Anu 9% 100%
T wt b 46% 45% m Ayt 100% 100%
Zt 22% 22% Znt 0% 0%
0,

Ht 21% 21% ®0/P Ay H 100% 100%

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

Ay stable

EE Ay (WE)? 100% 96%
Zy Ay H 100% 2% W) ° °
dy d 0% 41% W,:,i Ay Wi 100% 2%
UH 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
» Heavy Quarks

Heavy Quark Production Cross Sections

f1GeV]

» Heavy Top and Vectors

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

107

400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000

— — G
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Channels and signatures

. final state | |
final state | modes | params : modes | params
leptons  #jets  Ep | | leptons _#tjets  Er |
WEWE f.k
0 1 4 A ,k + 2 H"H >
| awAn | f l v Wz oy
0 2 o oawaw | fik qHAH Ik
0 3 o oaWi | £k N aWis fik
= 8 v T+ kR
AHaH fik a *
0 4 v WF+W+T fik L 4 v aHaH fik
Wit Zn 1.k 1= | f kR
ZHZH kK
! - 0 o wEwS | fk
0 4 X | Ttq | fkR
— - 1 o oawWiE | fik
0 5 o oawwiE | fk
- > v qHIH fik
0 6 v qHYH Ik T-T~ | f, kR
17" | f,kR —
(RIS 2 ol oawaw | ik




Recasting results

e 95% CL from Monojets + £ from LHC8

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

1 1 1 1 1 1 1 1
400 500 600 700 800 900 1000 1100 1200
£ [GeV]




Recasting results

e 95% CL from Jets + £ from LHC8

Jets & MET Searches
: : ; I ATLAS-CONF-2012-109
"""" Co L ATLAS-CONF-2013-024
; : E CMS SUS-12-028

400 500

800 900 1000 1100 1200

f[GeV]

600 700




Recasting results

e 95% CL from Leptons + Jets + £ from LHC8

30

Leptons, Jets & MET Searches 7
E ATLAS-CONF-2012-104
' ATLAS-CONF-2013-037
I ATLAS-CONF-2013-007

1 1 1 1
500 700 800 900 1000 1100 1200
f[GeV]
T




Combination

RXU

Experimental Searches
B Effective Operator Bounds
E Monojet & MET
[ Jets & MET
|| Leptons, Jets & MET

400 500 600 700 800 900 1000 1100 1200
£ [GeV]
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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. EWPO: \ f = 405 GeV@95% CL
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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

Little Higgs models require a minimum level of ~ 10% of fine tuning
» Limits on the LHT:
1. EWPO: | f 2 405 GeVa95%CL |
2. Higgs: | f 2 607 GeV@95% CL
3. Higgs+EWPO: | f 2 694 GeV@95%CL |

» fine-tuning as a guideline to understand the naturalness of a model:




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
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1.
2
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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 = 650 GeV@95% CL‘

We need more datal!
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Lessons from Lepton Photon last week ...

There are either colored exotics ...




Lessons from Lepton Photon last week ...

... or the world is fine tuned
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