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LHC 8

Higgs discovery!

..completes the Standard Model
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= Strong exclusion of a spin-1 resonance
* 0 excluded at > 30 level

® @Graviton-like resonances excluded at >30



LHC 8

Higgs discovery!
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LHC 8

No evidence (yet) for BSM
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C.I. A, X analysis, A+ LL/RR
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C.l., py, destructve LLIM
C.l., py, constructive LLIM
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C.l., single p (HNCM)

C.l., incl. jet, destructive
C.l., incl. jet, constructive

Ms, yy, HLZ, nED = 3
Ms, yy, HLZ, nED = 6

Ms, Il, HLZ, nED = 3

Ms, Il, HLZ, nED = 6
MD, monojet, nED = 3
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MD, mono-y, nED =6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2
MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED = 2
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Interactions

Extra Dimensions
& Black Holes




The Hierarchy problem % ______
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The Hierarchy problem — /ww,}
h h

3G, A 2
om’ | 4m? —2m;, —m., —m; |A* = m?
i o= 4\/_7r g ) (SOOGeV) "

Light Higgs —» Symmetry protection



The Hierarchy problem

3G A Y
Sm’ .. = F_(4m* =2m% —m2 —m?A* = ) m?>
S NGY = ( f v h) 500GeV

® Composite models - Higgs as Pseudo-Goldstone boson

® Supersymmetric models - Higgs as chiral superpartner

® Scale invariant models - m; +8m’° =0



The Hierarchy problem

Fine Tuning measure:

y, OM,|
M, 8}/."

A= = Max, A :(Z AZ )1/2

A(Vi):




The Hierarchy problem %
Fine Tuning measure: h - _}; N

V., BMZ‘
Aly,)=|-= , 5
M, 9y, M = Eai Y
A= Max A (ZAZ )1/2 l
Fine tuning from a likelihood fit: “Nuisance” variable

L(dataly,)e J.dvé(mz

172
j )L(data | yi;v)
1

(e 7.

q

™ Fine tuning not optional!

Probabilistic interpretation:

Xnew = Xow +2INA, A, <100



® Composite models - Higgs as Pseudo-Goldstone boson

2742
—q / Acomposite

Form factor €

m, <A ?

composite



® Composite models - Higgs as Pseudo-Goldstone boson

. 2/A2 .
Form factor € 41 composite

m h < Acomposite ()
SM sO(4 G gSM

o) H

Wi Z, W &ZL&h
H'H=Yn

1 e.g. SO(5)/SO(3):W,Z,h

SO(4) = >SO(3)



The hierarchy problem and light top quark partners
light vectorlike top quark < 1TeV

3 om? A 2 /125 GeV\?
om? = G rm2A\? A > h
Tk V22 FITy = - -772,,21 (400 GeV) ( mp, )

but m > 2.5TeV (S-parameter)

Hence low cut-off for low A must be due to top-quark form factor

o 100F v 0 eny A =
L, o 7y
2 . O 5
Eo 10k ) 3
4 .
1F 3
50

Panico et al 1201.7114



The hierarchy problem and light top quark partners

light vectorlike top quark < 1TeV

3 dm>2 A 2 1125GeV\?
6 ,2 — G ', 21)\2 A > h _
Tk V22 FITy = - 7’71,.,% (—100 GeV) ( mp, )

but m > 2.5TeV (S-parameter)

Hence low cut-off for low A must be due to top-quark form factor

—>  Technifermion top quark resonance ~1TeV

Fine tuning Sensitive to top resonance representations...minimum

A~E'1>10 for SO(4) 9-plet top quark



Top techni-resonance phenomenology

QCD pair production: O, sy =910fb, O, 7,y =13/ (8TeV CM)

90~3,.@®3,.®3 ., (SUR), xU(),) D2x0.,+ Qg/i
W +b+...

BR(Qs 555 = I'1"..)=5(6)%, BR(Qsx55 — lll..) = 3(6.5)%

LHC, m, >770GeV (95%)

Panico et al 1201.7114
Pappadopulo et al 1303.3062



® Supersymmetric models - Higgs as chiral superpartner

e.g. MSSM:

Standard particles SUSY particles

u C t



® Supersymmetric models - Higgs as chiral superpartner

Standard particles SUSY particles

e.g. MSSM: o)

m£:M§+3mt2h’2(ln(m2 Im})+8,)+...=126GeV

47[2 stop
2 3,2 g 2 A A
6mHu - 4-77:2 (mSZOP + W mgluino log( mgluino )) log( mslop )
LHC Higgs discovery:

AYM > 350, m, =125.6+3GeV

..but generalisations still viable

e.g. NMSSM with non-universal gugino masses:
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g-g production, g — qq X
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Dark matter
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® Scale invariant models:

(SM in absence of Higgs mass is scale invariant)



® Scale invariant models:

(SM in absence of Higgs mass is scale invariant)

Field theory: dm” not measureable

..only m’ = mg +om’ “physical”

Only m”> =0 special

dm¥ _ 3m? O\ + g2 — 395 B 3g7
dlnp 872 4 20

..no hierarchy problem for SM? (Landau pole?)



® Scale invariant models:

(SM in absence of Higgs mass is scale invariant)

Field theory: dm” not measureable

..only m’ = mg +om’ “physical”

Only m> =0 special

Y — —
d In L 72 Yt

dm3  3my I\ 4 12 395  3¢?
4 20

..no hierarchy problem for SM?

.. origin of EW breaking?



® Scale invariant models:

(SM in absence of Higgs mass is scale invariant)

Field theory: dm” not measureable

..only m’ = mg +om’ “physical”

Only m> =0 special

dm? B 3m? (2 A+ 12 395 39%)

Y — —
d In L 72 Yt

420

..no hierarchy problem for SM?

.. origin of EW breaking?

.. Stress tensor trace anomaly



Coleman-Weinberg - dynamical symmetry breaking :

e.g. scalar elactrodynamics

_ Ao 3¢, ¢2 +¢
V—{W “ean? "7 L

4 2 + + § 4o
Se 4(111«? _%J AT

AT

- 64r? (¢)*
3¢’
2 o) 2 2
= <
My Q112 <¢> My “real” hierarchy problem

P4

..... many models with new Higgs interactions + no heavy states



No heavy thresholds?

Neutrino masses?
Strong CP problem?
Baryogenesis?

Gravity/Inflation?

(real hierarchy problem)



No heavy thresholds?

Neutrino masses?
Strong CP problem?
Baryogenesis?

Gravity/Inflation?

Neutrino masses:

Add singlet neutrinos Vg,

L

(real hierarchy problem)

Ultra-weak:
Natural due to

eg. h,=510" h;=510"",M =20GeV

m,=0.1eV, my;=001eV



9 _G0,6™. 6<10™

® Strong CP problem:
32r



a ~ ajv

-GG, 9<107°7?

® Strong CP problem:
32r

a

S=(ISI+f,)e’, 10°GeV < f, <10 GeV



6 ~ apv

® Strong CP problem: > G:G , 6<107°7?
T

2 v

a

S=(ISI+f,)e’, 10°GeV < f, <10 GeV

DFSZ axion: 2 Higgs doublets H, ,, complex singlet, S

V(HlaHz): %‘Hu 4 +%‘Hd‘4 +2‘3‘Hu‘2‘Hd‘2 +A4‘H5Hd‘2

+§1|S|2\Hu ? +§2|S|2\Hd\2 +{,S*°H H,+hc.

1012 2
Ultra weak sector: £i,5 <1077 ( GeV]

a



Ultra weak sector:

Ci multiplicatively renormalised

(Underlying shift symmetry S — S+0 )



Ultra weak sector:

é/l- multiplicatively renormalised

(Underlying shift symmetry S — S+0 )

Origin of large vev?

Start with m=m, + Om =0 (Classical scale invariance)

Dimensional transmutation (Coleman Weinberg)



Coleman Weinberg in DFSZ model C.S°|H,[
-

»  Cer I el 1. ISP
VDFSZ(Hl,HZ,S)~? |H | +/11|S| 64ﬂ2(.{2|5|) ~+In -

+% |H,I*+{,S°H H ,+hc.

V(S) /

<H§> = —%<SZ> triggers EW breaking

1



Phenomenology

@ Requires two Higgs doublets (type IT couplings), light pseudo-dilaton

2

m
Hy

h & SM Higgs

_ 2 _ 2 _ p2 2
=m, . =my=R"m,

..Stable vacuum possible

Myg = 0.9[

10" GeV

a

j R*eV

@ Direct (axion-like) searches for pseudo-dilaton?

@® Cosmology

... potential Polonyi problem:

V(S,)~+6

1

7[2

s, |2)2[

—l+ln
2

2
S, |
2
a

|

Coughlan et al

(stored energy after inflation)



6471° 2

a

2
V(SI) ~+ ! (CZ 1S, |2)2 (_14_111'51 | j (stored energy after inflation)
2

2 ~§_2T2

M thermal = 6 \LA /
pgocT” \/

~ Nocps M hermar = 0 /\\’//
3
p S oc T resonant




® Baryogenesis - via neutrino oscillation

Akhmedov, Rubakov, Smirnov

- M
Lmass — ha lavRaH T ?ﬂb Vgac VRb

— V. produced via Yukawa interactions L, =L,=L.=0
— Vv, oscillate CP, L, #0, L,+L,+L.=0

Vg ap in thermal equilibrium by t¢,, when sphalerons inoperative

— A =L, +L, s AB=A, /27

Sphalerons

ARS demonstrate mechanism viable over range of parameters -

but Vznot dark matter - need axion as dark matter



® Gravity/Inflation

Scale invariance Spontaneous symmetry breaking = M b
2 1 4 L
Hierarchy problem?  Om, ~ WGNA — 0 (Scale invariance)
T

Inflation Chaotic- L D /ﬂL(S)S4 , §SS2R



® Gravity/Inflation

Scale invariance Spontaneous symmetry breaking = M b
> 1 4 o
Hierrar'chy ppoblem? 5mh ~ WGNA —0 (Scale anGPIGnCC)
T
Inflation Chaotic- L D /ﬂL(S)S4 . §SS2R
Jordan frame J-g' L' = _Ss 2R+(a;) +A(s)s*

2 2
E _ Q) 2 e 2 _ féss S_
guv (S) guv (S) Mf) Vf

Einstein frame J—g"LF = ——M R+(82) +A(s, )M,




A simple model

Vilsg)/M;
8.x107?

6.x10°

SEe 0 SEena

J cpd _ J 5_5 2 (85)2
V—9'L" =/—g KSM—Q.SR—I— 5
1 n_c I 1 _uc I
Ly = SUsSYV + SY oY,
1 1 1
V = Z)\534 + 1)\50820'2 + 1)\004,

Kannike et al 1502.01334



V’._'(SE ){M;

A simple model 8.x107 1

6.x10°

-20 -10 s 0 SEena 10 20

' 0s)?  (00)* i -
V=L =g | Lo~ Erp O OO e g v

2 2 2 2
1 A_c / 1 _IC I
Ly = SUsSYV + SY oY,
1 1 1
V = Z)\S.s4 + 1)\50820'2 + 1)\004,

Kannike et al 1502.01334

But underlying theory not scale invariant??



Summary

@® Field theory corrections to Higgs mass inevitable

@® If don't appeal to anthropics to keep Higgs light

= New symmetry



Summary

@® Field theory corrections to Higgs mass inevitable

@® If don't appeal to anthropics need symmetry to keep Higgs light

® Supersymmetry: Non-minimal implementations still viable (A~20)

New states should be visible at LHC 13/14

Unification hints




Summary

Field theory corrections to Higgs mass inevitable

If don't appeal to anthropics need symmetry to keep Higgs light
Supersymmetry: Non-minimal implementations still viable (A~20)
Composite: Pseudo Goldstone Higgs (A~20)

Composite states (top partners) should be visible at LHC 13/14



Summary

But..

Field theory corrections to Higgs mass inevitable

If don't appeal to anthropics need symmetry to keep Higgs light
Supersymmetry: Non-minimal implementations still viable (A~20)
Composite: Pseudo Goldstone Higgs (A~20)

Scale invariance:

Still need new light states accessible to LHC 13/14 to generate
EW breaking etc.

(i) No unification

. (ii) In Wilsonian sense quadratically divergent terms seem physical

(iii) Inclusion of gravity problematic






The hierarchy problem and light top quark partners

For partial composite models: Lmix = ALf qOf + ArftrOp + h.c.

A Ag

—_ m
Y, ~ / coupling between fermionic resonances 1<g, ~7 <4rm
Sy
=Lt give degree of compositeness
gv

2 (1) 2 2
e€F, =ci€s
V(h) = V(llOOp)(h/f)+V(2100p)(h/f)—|— 1 1 h

= PPmy (22) (CFOhyn) + FDh/ ) + )

+f2m2 (Zj’r) ( 2F (h )+...) +...,

Simplest case: 0?,0" ~ 5, o< g”sin(h/ f)2 ~e*sin(h/ f)

Fine tuning A ~(£°8 )_1 (5 ) (%N



