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Standard Model Triumph:

° 10°
= 10 7 gbsew‘ed b, categoy) | ATLAS I‘?relimi‘nary |
. i I 8 OEZZ%Z%% ((?r?&eé]:\%') Hoyy
» 2012: Discovery of a Higgs boson & Cenaned o neene) 3
(o}
= G
—_f— - 30
—— 4o
Data 2011, s =7 TeV 50
Ldt=481o"
66
Data 2012, Is =8 TeV
ij =207 0" 7o
10 i | | | | | | |
110 115 120 125 130 135 140 145 150

m, [GeV]

MS Preliminary, (s = 7-8 TeV, L = 24.3 fb™
T

C
> [ B n
[ [ ewer,ur, 1y, 49 @~ Data - Backgrownd
O 1000 £ . Unceray
= [ 20|
> 10000~ T T T T T = (= F
K} c Selected diphoton sample 1 £ 800
o Data 2011+2012 7 =} r
5 *  SRHEGH (m,=126.8 GeV) | E L
2 r Bkg (4th order polynomial) B s 3
2 goo0[— ATLAS Preliminary - 600 [~ 100 150
fii F Hom B 3 L Mo [GeV]
4000 — | E [ H(125 GeV) - Tt
£ ] —e— observed
£ f:7TV‘J‘Ldt:A.alb‘ i 400 - -
ol = 2 [ [ ]
£ ﬁ:sTeV‘J‘LdHZO‘/m' B Qo + g E
£ ] = [ B cecroweak ]
o sl -
g we . o 200f ) oo 3
o 300E- = B
E oy ' E 3 1
e +++ 4 TSUSLAUY SN Y 0
2 g f BT ' [ 0 100 200 300
[
@ " o 7 7o 7o 7o o
m,, [Ge! My [GeV]




and what now?

95% CL Lower Limits (Status: Dec 2012)

MSUGRA/CMSSM : 016p 41 4 E; 10 ¥ q=gmass T

MSUGRA/CMSSM : 1 lep + j's + Ey oo q=gmass
" Pheno model :0lep +s + Ey .. Gmass (o <2 Tev.igh ) ATLAS
2 Pheno model : 0 lep +'s + Eq . gmass m@-<2Tev, hqm}(" Preliminary
3 Glulnu med. X* (- GB) : 1lep +J's +Ey . Gmass () < 200 Gevim(c') = Hn ) m@)
8 EE ( NLSP) 2 ley 8505) + |s +EY s gmass (ang <15)
e GMSB( NLSPGG%A( |ep+1 | gmass ‘:‘Esf)zm
] mass (") > 50 Ge\ - - 1
S GGM (wino NLSP) v + \ep +EY mes gmass E ¢ o ILd' =@1-130)fo
= GGM (higgsino-bino NLSP) 1y + b + E gmass (@) >220Gev) (s=7,8TeV

GGM (higgsino NLSP) : Z + jets + E} e %mass (69 > 200 Gev)
Gravitino LSP : 'monojet’ +Em§ scale_ ((@)>10*ev)
oo g.bBY’ (vinuaib): Olep + 3b's +Eq pye. gmass () <200Gev)
TE g~ (virtyalt) : 2Iep (ss)«;s+ET i gmass Amdgquuem
g . tf) . (virtualt) s 3lep + J's +Ep gmass (m(x,) <300 Gev) _
o5 ﬂ%vwnua\ 1) 0 lep + multi-j's +E. gmass (m )< 300Gev) _
S X (virtu gmass (m(x!(ZWGEV]
b b mass (i) <120 Ge)
25 _ bl b mass ) =2md)
€3 T (light), T~ b} t mass (m(x"‘) 55Gev)
g3 t (medium), t L=1301" 8 Tev (ATLAS CONF2012-165) | H60B0GEVI t Mass (m(F) =0 Gev.m(z)
8 tt (mediu L1301, 8 Tov [ATLAS CONF 2012107 HBOMAOGAVH £ Mass (mi’)=0 Gev. mm i =10Gev)
2% z 11ep + Dojet + Eq pay |Lo130M0" 8Tev [ATLAS-CONF-2012-166] [EEERGEN L Mass.
55 muh lep (+ bjets) +E, e 124717 7oV 1208 10071208 25901200 410 SORRBBRGEEA t mass (miy)=0) o
n(m-nural GMSB) Z(- 1+ brjet +E tmass ms<m&"><zanew.
- [PTS ol EETEE e —— ;}‘9’)'
2 12 lep +E) miss |L=47 1077 Tev (1208 2884]  110340GeV mmqnswmﬂv) m&]‘m(x )
i ??WP ||<‘¢b% 3lep+E:’m ﬂ? k) .%&". 0.m(5) as above)
L=1301b", 8 TeV [ATLAS-CONF-2012-154] ﬂ mass  (nc) = m(x O m(x 0, Sieptons decouplec)

Direct ;gpéu orod (ANSE) - Iong nve:i'ﬁE
Stable g R-hadrons : low @, By (full detector)
stable Rehacrons:ow B, By (ul deector

- stable
i~ aau RPYV) 1 @heaﬁl dlsplal:ed vertex
LFV [ ~ e+ resonance

Long-lived
particles

LFV: "e(u)+T resonance
Bilinear RPV' CMéSM SLlep +7]s +E,
SW K~ eev, e t4lep +E.

-~ eev, ey 1 4lep +Ep .
q resonance pair
B 2]et resonance pair

WIMP mteracuun (D5 irac X) : ‘monojet’ +

RPV

=061, 7oV 11210.4825)

mass (1<t <

mass (s < anfs < 20)
qmass 33502“( 15+10°% 1mm <. < 1 m 3 decoupled)
. mass (.

300 G, 01, 0)
003307 Ay > 0)

gm
NNGEEEAEE Sgluon Mass (ncl. fimit from 1110 2693)

* poale (m, a0 Gev. imtor <557 o
P 1

| ST

10" 1 10

Mass scale [TeV]
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and what now?

Large ED (ADD)  monojet 4

T miss

Large ED (ADD) : monophoton + Ey . M, (3=2)

2 Large ED (ADD) : diphoton & dilepton, m, s M. (HLZ 5=3, NLO) ATLAS
s UED :diphoton +E ., Compact.scale R Prelminary
2 SYz, ED : dilepton, m, Mg =R
g RS1: dlpholon & dilepton, m,, Graviton mass (k/Mg, = 0.1)
£ RS1 : ZZ resonance, my, Graviton mass (k/Mp, = 0.1) .
© RS1: WW resonance, my Graviton mass (k/Mg, = 0.1) ILdl =(1.0-13.0) fo
£ RS g, -1t (BR=0.025) : 1t — Ijets,m """ B
fn} ADD'BH (M, /M=3) : SS dimuon, Noy ree 5=7,8Tev
ADD BH (M}, /M, =3)  leptons + jets, 5p
Quantum'black hole : dijet, F. () My (3=6)
didq contact nteracion () A
qqll C1  ee &y, A (constructive int)
uutt C1 : S dilepton + jets +E !
L=5551 1" 6 Tov [ATLAS CONE2017.179 207y 7 mass
L=a71b", 7 Tev [1210.6604] 1aTev Z'mass
- W (ssM): m,,, a7 0%, 7 Tov (1200.40461 28T W' mass
= ~1.g L0710, 7 Tev 12006503 a0 W mass
W'n (~ t, s"SM) my |eesow revtizos el 1487eVl W' mass
,,,u L=a7 10", 7 Tev [1205.4446) 242TeV W* mass
Scalar LQ pair (/H in: Vars. in eejj, evjj " [L-10m 77ev sz ezel se0cev 1° gen. LQ mass

= Scalar LQ pair (8=1) : kin. vars. in pyij, pvjj |L=10m®, 77ev 20331721 6sGev 2" gen. LQ mass

Scalar LQ pair (B=: 1) kin. vars. in Ttj, Tjj JL=a7 "7 Tev Preliminary) sacev 3”gen. LQ mass
A"Qenerauon . WbWh |t=a7m 7 7evit2105468 G866V t mass
b'(T,

" generation : Tos) s WM [t eviminscon sz 0 G06aI b' (T, ) mass
5 o
uark b: b5 Zbex, m, |zt v 4006871 b mass
Top partner : TT — tt+ A A, (dilepton, M %5 Jicarit vz sune a5GaVI T mass (m(A,) < 100 GeV)

Excited quarks | yjet resonance, m
Excited quarks : dijet resonance, i, ot mass
Excited lepton : Iy resonance,m’ - mass (A = m()
Techni-hadrons (LSTC) * dilepton,m,, 0o, mass (m(p/w,) - m(re) = )
Techni-hadrons (LSTC) : WZ resonance (I, m" - p, mass (#(:) m) J.:' A p

Major.neutr (LRSM, no mixing) : 24ep + et N mass (m(WR) 22 TeV)

Excit.: New quarks

ferm.

Other

H (DY prod., BR(H S ee (), m, H;* mass (imit at 398 eV tor )
"HE® (DY prod., BR{H™ ey ) sseum, ' e
Color octet scalar : dijet resonance, Scalar resonance m:
C

Vector-like quark : CC,m., |isistameviiasco iz 4a7evl VLQ mass (charge -1/3, coupling k
Vector-like quark : NC,m,, |icisibt i aviAmiAs conziaisi 4087e! VLQ mass (charge 2/3, coupling K o = v/m.)
q* mass

me,)

W,, (LRSM, no mlxlng) 2-lep + jets . mass (m(N) < 1.4 Tev)

10™ 1

*Only a selection of the available mass limits on new states or phenomena shown

10°
Mass scale [TeV]




M, [ Em‘]‘ 0.0

Doubts on the Standardmodel ol
. . Tw p 0.2

— describes microcosm  (too good?) m, "
Iz 0.1

— 28 free parameters R I = B
Al | 0.8

fermion masses A(LEP) ] 0.2

diese be A(SLD) —— -1.9

ue ce te SIn*O5 @) - o7

Vi —eieVo 0¥y ce lLeTs Ay = n:s

Ll L | - Ll - L1 L L L L L L Ll L A'DF: = 0.9

eV meV eV keV MV Gev  TeV Az 25

RY 0.0

. , . m oo

— Higgs ?, form of Higgs potential ? m, 00
m, = 0.4

Acy (M2) i -0.1

3 2 -1 0o 1 2 3

O, - Ormess) / s

(
Hierarchy Problem
chiral symmetry:  dmjocv In(A?/v?)
no symmetry for quantum corrections to
Higgs mass
SMEaA? ~ Mo = (101)2 GeV?

(125 GeV)? = ( 1000000000000000000000000000000020000 —

750

500

250

A[GeV]

102 10 10° 10'2 10%° 10'®
1000000000000000000000000000000000000 ) GeV2




Electroweak vacuum stability

» Most 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

» Most 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

» Most 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
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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(1 GeV D
e A Analogous: QCD

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

0O(150MeV)| i 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

[ 3
O(1TeV) D
4 Scale A: global symmetry
breaking, new particles, new
(gauge) IA
0(250GeV)| i U 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/Nelson/. . ., 2001

exact Goldstone boson

2 different global symmetries; one of them unbroken = Higgs

Coleman-Weinberg: boson masses by radia-
tive corrections, but: my only at 2-loop level
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l bosons, new vectors/fermions
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Characteristics and Spectra
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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)

o — @D
bo@® \——/
g #0 g2 #0

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)
ECEDEDEIE) o+ ()
/ \
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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,,®»|?

0 n 0
fon 1 h*

Dy = exp[+z—6 0 0= — ———= | 0 7
fire f1y2 fi+ /2 ht n

Coleman-Weinberg mechanism: Radiative generation of potential

3 3

2
g
(|21]* + [®2]*) ~ 16772f2
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» enlarged gauge group: SU(3) x U(1); globally U(3) — U(2)
» Two nonlinear ® representations | £ = |D,®,|*> + |D,,®»|?
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Cancellations of Divergencies in Yukawa sector

;:QM O AT/;"
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Little Higgs global symmetry imposes relation
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Constraints from Oblique Corrections: S, T, U

Zr Zr Zr, Zp
AN — —— AT ~Ap~AMZZ - 7

Zr Zr Zr Zr
A — —@— AS~W, B AU~ WO, WO

o All low-energy effects order v2/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 12,02 2 2 2 222 5
_ | (e =sT) ?(“=s"*) v b AV Mg v
B [ 7t 7= — 0 aAT — 745 e Z =

Constraints from contact IA: ( %), r{)) 4.5TeV < F/2 10TeV < F/c'2

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




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 (L2 H) iamaniHamed etal;
» Littlest Higgs with T-parity (LHT) toweta

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, - 07%)*
X2:Z( = )

3 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

_ 2%, i%  BR(h— X,X;)
M S @08 BR(h — X Xi) gy

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

Best-fit Higg=imcerump « M=125.8 #0.4 (stat) & 0.4 (syst) GeV
126.0 * 0.4 (stat) + 0.4 (syst) GeV.
— — — ; S-7TeVL- 516" \e=BTeV L= 1221b"
ATLAS Preliminary m,, = 126 GeV. CMS Preliminary m, = 125.8 GeV
WZH > bb H-> bb (VH tag)
Vou 7 Lnm a7 | H - bb (tiH tag)
g e
Hote( 1jet)
o H -t (VBF tag)
H 7t (VH tag)

H > vy (untagged)

—— H—> vy (VBF tag) B —
H—s WW (0/1 jet)
o
H—> WW (VBF tag)
H—> WW (VH tag)
-
Ho 27z

P 1 1 L 1 = . 2 ry
A0 Best fit o/,

Signal strength (1) . 6/ey=0.8840.21
sm=U.c0=0.




Data used: EWPD

every extension of SM has to satisfy at least o
the precision constraints of the electroweak R

lep
sector: AL
A(LEP)
A(SLD)

» low-energy observables sin*e7Q_ )

e.g. v-scattering, parity violation observables

» Z-pole observables R? 00

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

m 0.4

Al (M2 0.1

‘had z) -0.
wolin

3 2
(0, = Omeas) / Omeas

it




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

2

SM
e.g. 2 mTWyW hWHW,

hw = {1 +O (/2 LH

» interaction terms of Higgs with new fermions/vector bosons
e.g. %yThTT my ~ f, yr ~ O (v*/f?)

» modified neutral- and charged-currents

e.g. %Z f’y“((ng + 0g1)Pr + (QJ%M + JQR)PR)qu
f




SLH results JRR/Tonini, JHEP 1302 (2013) 077

SLH : al data

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

99% _ 9.88 TeV, translates into lower

bounds on new states’ masses, e.g.

v

mw = 1.35TeV
b

mr 2.81 TeV
> min. required fine tuning: ~ 1%, defined as

2
A |5/; |
Hobs

» results mainly driven by EWPD
Xon/dof. = 1.043

xaw/dof. = 1.048




L2H results

JRR/Tonini, JHEP 1302 (2013) 077

>

v

>

>

free parameters: f SSB scale, ¢ mixing
angle in gauge sector

= 3.20 TeV, translates into lower
bounds on new states’ masses, e.g.

=
R

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

2
A = o]

results mainly driven by EWPD




Partial decay widths in LH

» 1-loop decays

(07 mh
T(h— gg)in ~ 3%3”2‘2—-}“1 s yf‘

a“my,

L(h—=yy)ea  ~ m’z SF(xy yf+ZF1 Ty y”+ZF0 )
v,ch s,ch

where x; = %ﬁ F;(x;) are loop functions, y; the modified Yuk. coupl.
h

. . . OLH L'(h— g99)Lm
narrow-width approximation: —— —h) = ——— T
- PP oSM (99 ) I'(h — g9)sm

» tree-level decays

2
T(h—>VV)ig ~ D(h—VV)su (“’f;{})
hVV

T(h— fPir ~ T(h— fPsu (g’;fj;j)
. 9hsr

where gy =~V yy and gps =

my

Yf




Littlo Hi ==
LHT: Littlest Higgs with T parity

» Goldstone boson matrix:

0 H /29
5 2ill/f H:L ot 0 Ht <I>oc( ﬁdf-'— 0¢+. P )
V2\ vael m* o ¢ s

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

Vew = Ag2 2 T(@19) + idngn f (H¢THt - H*¢HT) — 2HHT + \a (HHT)?+

2
+ Mnggn HOTOH" + N2 go HH'TH(O16) + Aj2g2 [T(670)| + Aga (01801 0).

Ag2 =2(g% +g'2) +8AF  Na = Th,e Angoh = —3Ag2
Ap2g2 = —16 23 Aga = —5(? +9'%) + 222
» Yukawa couplings E,R= M/ )y
Ly =—kf (xifzgq/c + @1<2>ngqfc) — g @ ue — mg dl de — my X Xe + h.C.
A _ _ _ _
Li=— 72\1/1; €ijk €xy [(‘Ill,t)i Yje Bgy — (\112,t <E>)1 E;z E;cy] t/R —A2f (TLlTRl + 11, TRy




Littlo.Hi Bk Cldii
T parity and Dark Matter chengiow, 2003; HubisziMeade, 2005; wang/Vang/zh,

2013

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

» Bounds on FF 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 parity and Dark Matter Cheng/Low, 2003; Hubisz/Meade, 2005; Wang/Yang/Zhu,

20183
» 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

¥, (GeV)
T

Littlest Higgs: A’ LTP

W', Z" ~ 650 GeV, ® ~ 1 TeV

T, 7" ~0.7-1 TeV

Annihilation: A’A" — h — WW, ZZ, hh

Hubisz/Meade, 2005

0/10/50/70/100

500 800 1000 1200 1400 1600 1800 2000
£ (GeV)




Littlo.Hi Bk Cldii
T parity and Dark Matter chengiow, 2003; HubisziMeade, 2005; wang/Vang/zh,

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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Littlest Higgs: A’ LTP ) o | 227
W', Z" ~ 650 GeV, ® ~ 1 TeV p
T,7" ~0.7-1 TeV

Annihilation: A’A” — h — WW, ZZ, hh
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AM:

Wang/Yang/Zhu, 2013
Relic density/SI cross section
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T parity and 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

f(GeV)
6951 13100 19412 | 25769 g5 3as.
a22 | o | 16247 | 22587 | 28966 | 36387 |

0

Littlest Higgs: A’ LTP

W', 7' ~ 650 GeV, & ~ 1 TeV R —
7,7 ~0.7-1 TeV } |
Lo
Annihilation: A’A” — h — WW, ZZ, hh ‘3
Wang/Yang/Zhu, 2013 "ot

Relic density/SI cross section

F T —
M‘M(GeV)

» T parity Simplest LH: Pseudo-Axion n LTP
Z' remains odd: good or bad (7) Martin, 2006; JRR/Tonini, in prep.

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




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.

—————————————————————————

my 2 269.6 GeV
>

mr 553.6 GeV

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

,,,,,,,,,,,,,,,,,,,,,,,, 2
A |5l; |
To Haobs
vau /
» 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

04
vau / f

04
Vau /

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

» Higgs data only: for v/f = 0.6 decay h — Ag Ax 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 ’13) JRR/Tonini/de Vries, 1307.5010

Littlest Higgs Model

L°H Higgs precision & EWPT exclusion contours

L?H EWPT exclusion contours

Exclusions Exclusions
' 95%CL 1 95% CL
W 99% CL B 99% CL
@
03
3500 4500 5500 6500

11GeV] 1GeV]




New Results (incl. Moriond ’13) JRR/Tonini/de Vries, 1307.5010
Simplest Little Higgs

SLH Higgs precision & EWPT exclusion contours

Exclusions
1 95% CL
B 99% CL
E no EWSB

f[GeV]




New Results (incl. Moriond ’13) JRR/Tonini/de Vries, 1307.5010
Littlest Higgs with T" Parity

LHT EWPT exclusion contours

Exclusions
' 95% CL
W 99% CL
«
1600 1800 2000




New Results (incl. Moriond ’13) JRR/Tonini/de Vries, 1307.5010
Littlest Higgs with 7" Parity

LHT Higgs precision exclusion contours

Exclusions Exclusions
I 95%CL 39) I 95% CL
W 99% CL = 99% CL

25|

20 5% ®

o

1.5)

1.0)

0.5)
1800 2000 400 60K 800 1000 1200 1400 1600 1800 2000
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New Results (incl. Moriond ’13) JRR/Tonini/de Vries, 1307.5010
Littlest Higgs with 7" Parity

LHT EWPT exclusion contours

LHT Higgs precision & EWPT exclusion contours

Exclusions
I 95% CL
E 99%CL

Exclusions
F1 95% CL
B 99% CL

1[GeV] £(GeV)

» EWPT and Higgs data = f = 694 GeV




Direct searches: Drell-Yan mainly

Ve — iy

cotd

0.5

O;r-\\ \-\H\HH\\\H\\H\\HH\HH\HHIHH\HH

1 156 2 25 3 35 4 45 5 65 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

LHT Mass Spectrum (R=1.0,k=1.5)
5000

— Mg, ~My,

4000

g
(=3

Mass [GeV]

g
=

f[GeV]




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

g
(=3

Mass [GeV]

g
=

f[GeV]




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)
1500 - - - ST o
T,
1000]
T-
700
> ¢
é 500 —ZulWn it
é
300
200
t
150 S
H Ap
100}




Branching Ratios

» Decay patterns:

Particle  Decay BRr—1.0 BRi—o.4 Particle ~ Decay BRr—1.0 BRi—o0.4
IF Wik 62% 0% dn Wi u 62% 0%
Zy 1t 31% 0% Znd 30% 0%
Ayl 6% 100% Ay d 6% 100%
v Wi T 61% 0% uh Wi d 58% 0%
Zyv 30% 0% Zyu 30% 0%
Apv 9% 100% Ap u 9% 100%
Ty Wb 46% 45% T At 100% 100%
Zt 22% 22% Zyt 0% 0%
Ht 21% 21% o/
P Ay H 100% 100%
T, A 11% 11% i > >
oE Ay WE 100% 100%
Ay stable H ° °
gt A +)2 1009 o
Zn AwH 100% 2% n W) 00% 96%
dy d 0% 41% Wi Ay WE 100% 2%
up U 0% 30% up d 0% 44%
= 0% 14% dp u 0% 27%
VHV 0% 14% kv 0% 16.5%
vy 1+ 0% 16.5%




» Heavy Top and Vectors B

107

Cross Sections (1)

» Heavy Quarks

Heavy Quark Production Cross Sections

1000

200 1400 1600
11GeV]

“Top Partner Production Cross Sections

Heavy Gauge Boson Production Cross Sections




Channels and signatures: Parameters

final state

‘ modes ‘ params
leptons  #jets K \ ‘
0 1 | awAn | £k
0 2 v | awaw | £k
0 3 o oaWi | £k
GHIH _ Ik
+ +

0 4 ;| WEWS Ik
Wy Zy fik
ZnZy Ik

0 4 X | Tt¢ | £k R
0 5 o oawWwiE | fk
qHaH Ik

0 6 e

final state \ modes ‘ params
leptons  #jets  Er | |
—
jE= 2 v W’-TJrW; s
WI-TZH fik
aHan fk
i
qHW_ f1k
i* 3 v TV | kR
+ qHIH fiok
! 4 Yl T | fkr
0 v | wewi | re
i 1 Ol awg |k
e | e | R
[ 2 ol aman | fk




Channels and signatures (l)

final state |  production | o8 Tev X Br (fb) o1aTev X Br (fb)
#1*  #jets Fp | modes | k=10 k=04 | k=10 k=04
0 1 v o aHAH | 024 1.1x10% | 21 4.5%10?
0 2 v aHaH | 056  56x10° | 5.2 3.2x 10
+
0 3 v W 0.73 14 8.0 77
aHZH 0.76 8.6 8.0 49
qHaH 4.0 9.1x10? 35 5.6 x 10%
T
0 4 v WH+WH 1.9 low 9.1 low
W/-T Zy 4.8 low 23 low
ZnZy 0.56 low 3.0 low
0 4 X TVq 2.0 2.0 17 17
+
0 5 v AW 5.1 X 54 X
qHZH 4.1 X 44 X
0 6 v qHIH 1.6 9.7x10% | 1.7x10%> 6.0x10°
T~ 2.5 2.5 25 25




Channels and signatures (1)

final state |  production | osTev X Br (fb) o141ev X Br (fb)
#1152 #jets  Bp | modes | k=10 k=04 | k=10 k=04
qHaH 0.058 9.0x 102 1.1 5.6 x10°
E 5 W,_J,iW,f,r 0.77 low 3.9 low
Wg Zy 2.1 low 10 low
T%q 1.3 1.2 10 10
li 3 anWiE 3.5 X 37 X
qHZH 0.99 X 11 X
e N qHIH 7.4 9.7 x 102 82 6.0x10°
T-T- 2.2 2.2 21 21
i 0 |  wiwi | o032 ow | 1.7 low
i 1 | awWF | o054 x | 58 X
- 9 qHIH 1.1 X 11 X
T-T- 0.47 0.47 4.6 4.6
FiE 2 | anan | 0.7 x | a7 x




Recasting results JRR/Tonini/deVries,2013
e 95% CL from Monojets + £ from LHC8

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

® Dijet suppression: ATLAS A¢(Er, j2) > 0.5, CMS A¢(j1,72) < 2.5

® Pp — qHYH, PP — qHAH

Monojet Searches
E ATLAS-CONF-2012-147

0,9-:
: I CMS EXO-12-048




Recasting results JRR/Tonini/deVries,2013

e 95% CL from Jets + . from LHC8

® > 2 hard jets, £, no leptons
® signal regions: ATLAS £+ > 200/300/350 GeV, CMS:
(Nj, Np) =(2-3,0;(2-3,1-2);(24,1-2);(>4,0;(=4,>2)
® QCD suppression: ATLAS A¢(E 1, j2) > 0.5, BEp/mesy, CMS Ag(j1,752) < 2.5
e pp — quqn — (JAn)(jAn)

ssfL

Jets & MET Searches

I ATLAS-CONF-2012-109
- ATLAS-CONF-2013-024
E CMS SUS-12-028

300 . U N —

2.5

800
f [GeV]




Recasting results JRR/Tonini/deVries,2013

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

95% CL from Leptons + Jets + £ from LHC8

® signal regions: ATLAS £ > 200/300/350 GeV

Cuts: Br > 250GeV, mr (I, Br) > 250GeV, Ex/mes > 0.2, mS > 800 GeV

® pp — quqm With qg — Wgq, Zyq, ty — tAg, Zy — HAg

30

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




Combined analysis JRR/Tonini/deVries, 2013

2 — —
» Operator bounds: Ou = — 55" 5 by Yrdy vy, + O (§)
Hubisz/Meade/Noble/Perelstein, 2005

Experimental Searches
W Effective Operator Bounds
E Monojet & MET
I Jets & MET
|| ' Leptons, Jets & MET

» Bound from combined analysis:



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 = 405 GeV@95% CL\

2. Higgs: | f 2 607 GeV@9s% CL
3. Higgs+EWPO: | f 2 694 GeVa95%CL |

» 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. EWPO: \ f = 405 GeV@95% CL \

2. Higgs: | f 2 607 GeV@9s% CL

3. Higgs+EWPO: | f 2 694 GeVa95%CL |
4. Direct searches: ‘ f = 638 GeV@95% CL‘

We need more data!
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Lessons from Lepton Photon 2013 ...

There are either colored exotics ...
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Direct Searches — Heavy Quark States

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

15

f (TeV) for z,=1
2.0

2.5

o (fb)

I
LHC 14 TeV

ma=2

T _pp-TjX+TjX in Littlest

| |
5, 3
) >

B
)
1_4J 00E/sTuUsAg

5,




Direct Searches — Heavy Quark States

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

108 1 108 g
LHC 14 Te¥ 105 £ LHC 14 TeV 106
102 L e  ppoTIXATIX in SUG) ] - 102 : Pp-UjX+UjX in SU(3)
N T 10t & Frt4=3 TeV &
10! ty=3 E» g
—~ —~ £
g ) E
o 100 1 3 b 5
R/ °
1071 E L -
410!
10-2 | | [ | 3
1.0 15 20 25 3.0 35
My (TeV)

» Characteristic branching ratios :

M2
647’

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

AIM: Determination of My, A, A+ | A7+ indirect (T'Th impossible)

1
(T — th) ~ (T — tZ) ~ ;T(T = bW") ~ Iy ~ 10—50 GeV




T — Zt — {70 vb SN-ATLAS-2004-038

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

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

Events/40 GeV/300 fb ™

1500 2000

Invariant Mass (GeV)




T — Wb— fvb SN-ATLAS-2004-038

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

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

Events/40 GeV/300fb ™

2

500

1000

1500 2000

Invariant Mass (GeV)




T — th — (vbbb 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™

Mass(jiev) (GeV)
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» £, pr > 100GeV, jjj,pr > 130 GeV,
at least 1 b-tag

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

Events/30 GeV/300 fb™

500 1000 1500
Mass(jjev) (GeV)

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

108

LHC 14 TeV —410°

2 B Pp-UjX+TjX in SU(3)

» Large cross section: v or d
PDF

» Huge final state ¢ charge
asymmetry

£4,73 160

oog/siusam

a,

» Good mass reconstruction

T — th — (vbbb SN-ATLAS-2004-038
4
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T — th — (vbbb SN-ATLAS-2004-038

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

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

Events/30 GeV/300 fb™

500 1000 1500
Mass(jjev) (GeV)

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

1% ‘v
» Large cross section: u or d |
PDF + forward jet
. w
» Huge final state ¢ charge q /q,
asymmetry Q

» Good mass reconstruction

high p, jet




T — th — fvbbb SN-ATLAS-2004-038

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

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

Events/30 GeV/300 fb™

Mass(jjev) (GeV)

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

10~R T T T 3 10-R
pp-UjX SM W55
» Large cross section: uord 3 s L 18 .,
PDF & U-sWrd-1"vj El)
» Huge final state ¢ charge § 3
asymmetry 5 1074 - S04
» Good mass reconstruction
10-5 | | | 10-5 Lol |
0 500 1000 1500 1000 1500 2000 2500 3000 350C

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




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

X Eooa PpoZ'X — 107
» Dominant decays: ° L 14 Tev ey
Product group: Z' — Zh, WW, oo 8
W' - WhWZ e %
Simple group: 72’ — qq, X — fF S o ﬁwé
1L universal "~ |
i anom. l'\re;\\\ éws :

O e L N
1 2 3 4 5
My (TeV)




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

5
10° E ‘;‘g Xt — 107
» Dominant decays: o S AR |2
L [N -3
Product group: 2’ — Zh, WW, | e 172
E : 5
W' - Wh,WZ g ot 178
. [S)
Simple group: Z' — qq, X — fF ; S
E 1;103 -
T
. | I B -
1 3 4 5
My (TeV)
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Direct Searches — Heavy Vectors
Drell-Yan Production: Tevatron Limits ~ 500 — 600 GeV
ot [ 32 PpoZX 17
» Dominant decays: ' o EeuTe e
Product group: Z' — Zh, WW, fr oot 18
W — Wh,WZ MEN 1L
Simple group: 72/ — qq, X — fF o f N .
» Discovery channel: Z' — £, W' — fv CETTI NG et
» Ty ~10-50GeV, TI'x ~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 i
» Dominant decays: ' e e
Product group: Z' — Zh, WW, RN 18
W/ s Wh, WZ gmz ; BN N ﬂl&%
Simple group: Z' — qq, X — fF o f PN .
» Discovery channel: Z' — ¢¢, W' — tv ST N o
» 'y ~10-50GeV, T'x ~0.1-10GeV R - I TR AN

Er T T T
E — Zycote=1.0 _— aA—+r A 4 EATI A
Lo Z,, cot8=0.2 ATLAS - - W, cote=0.5
102 Drell-Yan 210 Drell-Yan
) E S top
8 F =
S C =
3 3
810 = )
= G o
2 £ o
< L | %]
H 2
[ g
w
1
10 B
L L 1o L |
1600 1800 2000 2200

L L L H H
2400 2500 3000
Mg, (Gev)




Direct Searches — Heavy Scalars

Generally: Large model dependence
no states complex singlet complex triplet

» Littlest Higgs, complex triplet:
q)(), q)Pv q)iv q)ii

» Cleanest channel: g7 — @ t®~— — (40L:
Killer: PS

» WW-Fusion: dd — wu®™ - vuWTW+

» 2 hard forward jets, hard close ¢ ¢+ \ :
pr-unbalanced N

600 1000 1200 1400
m, (GeV)

Events/100 GeV/300 fb™*

Alternative: Model-Independent search in WW fusion:
ILC:  Beyer/Kilian/Krstonosic/Mdnig/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 1]

— couples to fermions like a pseudoscalar
- my < 400GeV

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

\
50 100 150 200 250 300

m, [GeV]

— n axion-like particle:

Anomalous U(1): --- — L F, e

— 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 — [
Mismatch between global (g) and local rank reduction ()

Product Group Models Arkani-Hamed,.
> Doubling of electroweak gauge group: SU( ) x SU(2) —» SU(2) L,
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 Group Models Kaplan,Schmaltz, .
» Simple gauge group: SU(N) x U(1) — SU(2) xU(l)=1l=N
» Higgs is distributed over several global symmetry multiplets
» Simplest Little Higgs, g: [SU(3)]%/[SU(2)]? n=g—I1l=2-1=1
» Original Simple Group Model, g: [SU(4)]?/[SU(3)® x SU(2)],
I: SU(4) — SU(2) n=g—1=4-2=2
Moose Models Arkani-Hamed, .

» “Minimal” Moose: g [SU(3)]* HSU( ),  [SU(3) x SU(2)]/SU(2)
n=g—1l=6-2=4
. SSltngde| g [SU@2)*/[SUR)A 1 [SU2)]? - SU(2),n=2-1=1




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

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

Liin. ~ F2 T [(D*(€2)1 (D, (€X))] = .. .—2F(6,n) ImTr [ (D*E)TS]+0(n?)
» Use special structure of covariant derivatives:

D,Y = 0,5+ A}, (T{S + 2(TH)7T) + 43, (T5 S + 5(T5)"),

Tr [(D*S)'S] ~ Wi Te [SN(TY + T9)S + () + T5)*] = 0.
» Little Higgs mechanism cancels this coupling

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




i
Liin. ~ F2DH((TON)D,(8C) = ... + L (0um)CT (2(D®) — (D, @")@) ¢
= ... +iF(9.n) (27(D,®) — (D, @N®) v -
(0 h (W, 0 .
Y= <hT 0)’ V, = < 0 0> + heavy vector fields
i 1
Vi + F[Zvvu] - ﬁ[zv [Zvvu]] +..
(W O\, i 0 =W\ 1 (hhTW + WhAT 0 N
~\o o/ F\rw, 0 2F2 0 —2hTWh)

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

(*mh"W . h ~ vHZ,0"n .




More properties of Pseudo-Axions

>

>

Take e.g. one specific model: Simplest Little Higgs ~ schmaltz, 2004
Slmple Group Model two H|ggs trlplets with a tanﬁ I|ke m|xmg angle

T
8001 ma [( eV] 800 ma [(‘eV]
~~~~~~~~ F-2Tev e tand =4
600 600 —
400
a0 400 B
4
200 N
2001 20, _ B
i [Ge 1 [Ge

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

1.0

My [TeV]

L Il L L L Il L L Il L L L L L L Il L Il L L L
100 200 300 400 100 200 300 400 100 200 300 400

1 [GeV] [GeV] eV]

|




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

LHC: Gluon fusion, diphoton = —
signal for m,, 2 200 GeV, 7o = F $
! 1 oo £
possible £ ol EEH 3
"E B E '!"!‘*"!“i"!w!wp*%&&%%%&y%&«**a&&%%* E
LHC: T — tn A §
B < P x%xxxxxx%xxxxxx%‘xxxxx
ILC €+€_ — tt’l’] 1072 pl ) (ST




DiSCOVGI‘y of Pseudo-axions Kilian/Rainwater/JRR, 2004, 2006

10+

. _ . . /5 = 800 GeV
LHC: Gluon fusion, diphoton | 1 €€ ™ ttob fe=1ab"
signal for m,, = 200 GeV, 7o Hevt/2 Gev gun =02
possible 100 m, =50 GeV

LHC: T — 7
ILC: ete™ — tin

10




Discovery of Pseudo-axions

do/dm [fb/GeV]
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n pheno at ILC

Kilian/Rainwater/JRR, 2006

If ZHn coupling present: Hn production in analogy to H A:
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More detailed insights from photon collider option
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If ZHn coupling present: Hn production in analogy to H A:
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Pseudo Axions at the Photon Collider

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

» S/B analogous to LC

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

( < Muhlleitner et al. (2001) )
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Simplest Little HIggS (“,u Model”) Schmaltz ‘04, Kilian/Rainwater/JRR 04

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

urp® : (3,1)_
ef,nc o (1,1),

U, = (1,3)_
e : (3,1)

@172 . (1,3)_
Vo 1 (3,3)

Lagrangian £ = Liin. + Lyuk. + Lpot. Voo = (u,d,U), V= (v,,N)p:

1
3

1 1
3 3

A
Lyuk. = _)‘%HI,R(I)J{@T,L - )‘gEQ,Rq);\DT,L - Xe”"d%(l)ﬁ@%\Iﬂ%L
e -
— A"y g @I, — Ke”kéR@Zl@gq:gL +h.c.,
;Cth_ = M2®1T¢2 + hC
Hypercharge embedding (diag(1,1,—2)/(2v/3)):

1
Y =X-T%/3 Dy® = (0, = 59x B ® +igW,;)®
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