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ParticleTheory ~1969

The analy’nc S-matrix, ELOP, 1966
. , S. Mandelstam

Bootstrap model, 6. Chew, 1968 Crossing symmetry + Regge
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electron-positron —> Compton —> electron-positron
annihilation scattering pair production
Finite energy sum rules, R. Dolen, D.Horn, Duality

C. Schmidt, 1967

Construction of a crossing-simmetric, Regge-behaved amplitude
for linearly rising trajectories, 6.Veneziano, 1968

Quantum dynamics of a massless relativistic string, { 1 0
P.Goddard, J. Goldstone, C. Rebbi and C.B.Thorne, 1973 b}



Field theory ~1969 Harvard,
Oxford (J.C.Taylor),..

Electroweak theory:

A model of leptons, S. Weinberg, 1967

Broken symmetries and the masses of gauge bosons, P.Higgs, 1964



Field theory ~1969 Harvard,
Oxford (J.C.Taylor),..

Electroweak theory:

A model of leptons, S. Weinberg, 1967

Broken symmetries and the masses of gauge bosons, P.Higgs, 1964

Alex Love -> S.Weinberg (1970)

Purely hadronic weak interactions in unified field theories of the
weak and electromagnetic interactions,
D.Bailin, A.Love, D.Nanopoulos, GGR, 1973 SU(2)XU(1) afterthought

(Just before Gargamelle)



Quarks and QCD

Quark model for the elementary particles, R.H.Dalitz, 1965, 1973...(F.E.Close)

QCD, Fritzsch, Gell-Mann, Leutwyler 1972-73
Asymptotic freedom, H.D. Politzer; D.J.Gross, F. Wilczek (1973).
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..by 1974 : theoretical elements of Standard Model in place

..but community not convinced



J/¥ discovery

November 1974
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DESY: JADE, Mark-J, PLUTO, TASSO - Lepton-Photon symposium Fermilab, Aug 1979
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QCD predictions confirmed
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UAL, UA2 W, Z discovery (1983)
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7(1975),b(1977),1(1995), v.(2000) discoveries

complete the Standard Model

.. apart from the Higgs



7(1975),b(1977),1(1995), v.(2000) discoveries

complete the Standard Model

.. apart from the Higgs

..fast forward



LHC

Higgs discovery (2012)!

..completes the Standard Model
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= Strong exclusion of a spin-1 resonance

® (O excluded at > 3G level

® @Graviton-like resonances excluded at >30



LHC 8

No evidence (yet) for BSM

LQ1, B=0.5
CMSE ;
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q*, dijet pair stop (b1)
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e, A=2TeV Compositeness ,
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... and beyond



The Hierarchy problem
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The Hierarchy problem
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Light Higgs —> Symmetry protection
® Composite models - Higgs as Pseudo-Goldstone boson
® Supersymmetric models - Higgs as chiral superpartner

® Scale invariant models - m; +8m’ =0



® Composite models - Higgs as Pseudo-Goldstone boson

light vectorlike top quark ~ 1TeV

/
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Partial compositeness —  Technifermion top quark resonance ~ 1TeV




Composite models - Higgs as Pseudo-Goldstone boson

light vectorlike top quark ~ 1TeV

/

(4mf—2m§v—m§—m2)A2:( A

3G, )2 .
h
500GeV

6m2 o=
427

Partial compositeness —  Technifermion top quark resonance ~ 1TeV

LHC discovery potential:
QCD pair production: 0O, _syey =370fb, O, 7y =130 (8TeV CM)

BR(Qs 555 = I'1"..)=5(6)%, BR(Qs355 — lll..) = 3(6.5)%

Panico et al
1201.7114

LHC8 mt > 770G€V (95%) Pappadopulo et al

1303.3062




SUSY particles

® Supersymmetric models - Higgs as chiral superpartner

Standard particles

e.g. MSSM:
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Ibanez, GGR



® Supersymmetric models - Higgs as chiral superpartner

Standard particles SUSY particles

e.g. MSSM:

stop

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

2 3y 2 g 2 A A
BmHu o 7[2 (mStop + 37[2 mgluino log( mgluino ))log( mslop )

LHC Higgs discovery —» A" >350, m, =125.6+3GeV

A
Fine tuning measure (A<100 acceptable)



® Supersymmetric models - Higgs as chiral superpartner

Standard particles SUSY particles

e.g. MSSM: o)

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

stop

2 3y 2 g 2 A A
6mHu — 4r? (mstop + 372 mgluino log M gluino log M

LHC Higgs discovery —) AYSM 5350, m, =125.6+3GeV

A
Fine tuning measure (A<100 acceptable)

..but generalisations still viable

e.g. NMSSM with non-universal gaugino masses:
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Dark matter
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® 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?; N+ — 395 B 397
dlnpy 872 4 20

..no hierarchy problem for SM!
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® 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 ... origin of EW breaking ?

Dimensional transmutation:

Coleman Weinberg

V(h)

|

“real” hierarchy problem

many models with new light states interacting with the Higgs




No heavy thresholds? (real hierarchy problem)

- M
® Neutrino masses? L =hlyv, H+—2v, Cv,,
2

mass

eg. h>=510" h=5.10"5, M =20GeV



No heavy thresholds? (real hierarchy problem)

mass

- M
® Neutrino masses? L =hlw,H-+ 2“b Ve, CV,y
eg. h>=510"12=510"" M =20GeV

® Baryogenesis?

e.g. V., oscillate CP, L,,.#0, L,+L,+L.=0
A ,=L,+L, > AB=A,,, /2

Sphalerons




No heavy thresholds? (real hierarchy problem)

- M
® Neutrino masses? L,.=hldveH+ 2“b Ve CV,,

eg. h>=510" h=5.10"5, M =20GeV

® Baryogenesis?

e.g. V., oscillate CP, L,,.#0, L,+L,+L.=0
A =L, +L, —o—— AB=A, /2
® Strong CP problem? 0 ~ auv

: GﬁvG . 6010772
327

. a
1—

S=(ISI+f,)e’, 10°GeV < f, <10"GeV



o_ GG, 0<107°7

® Strong CP problem:
32r

a

S=(ISI1+f,)e™, 10°GeV < f, <10°GeV

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

V(HlaHz): %‘Hu 4 +%‘Hd‘4 +AS‘HM‘2‘H61‘2 +A4‘H;Hd‘2

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

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

mi[g : mi[ <O(TeV)



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



..and beyond

Field theory corrections to Higgs mass inevitable:

if don't appeal to anthropics need symmetry to keep Higgs light

—> BSM physics visible at LHC 13/14
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LHC 8

Higgs discovery!
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