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A cautionary tale
cf. Observational Geography, c. 1953
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1953 - The high energy frontier



1953 - The high energy frontier (of gravitational potential).






1953 - Where do we go from here?



Nowhere.



2013 - Where do we go from here?



2013 - The high energy frontier (of particle physics).



Where is ‘here’?
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UNIVERSITY OF
CAMBRIDGE

NATURAL SCIENCES TRIPOS Part IB & II (General)

Tuesday, 31 May, 2011 9:00 am to 12:00 pm

Exercise 1.1.1.1.1a: Given locality, causality, Lorentz invariance, and known
physical data since 1860, show that the Lagrangian describing all observed phys-
ical processes (sans gravity) can be written:
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» Effects of 0, ~ (£)".
» What is A?
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LHC, all &,
LEP &al., G = (H' DyH)>,...
flavour mixing, 0g = (Sy,d)?, ...

proton decay, 0 = qqql,uude’,...



Probes of generic new physics:

» LHC, A > TeV

» LEP &al, A>1-10 TeV
flavour mixing, A > 1035 TeV
proton decay, A > 103 TeV

v

v



31 measurement of A:
» v masses, 0s = (LH)?
» — A~ 100 TeVv
This is evidence for, not against, the SM!



Other ‘evidence’ for A:
» Dark Energy =— A~ 1072 eV!
» Dark Matter: 52 ~ 100!
» Baryogenesis — A < Mp!



So why did we build the LHC?!



We built the LHC to answer two qq:
» How is electroweak symmetry broken?
» Is the weak scale natural?



We built the LHC to answer two qq:

» How is electroweak symmetry broken? Via the Higgs
mechanism.

» |s the weak scale natural?



Is the weak scale natural?



An answerable question.



3 1 troublesome operator
» O, =HH
» ZDONHH = A~100 GeV
» naturalness vs. fine-tuning/anthropics . . .



v

LHC, A > TeV

LEP &al., AZ1—-10TeV
flavour mixing, A > 1035 TeV
proton decay, A > 103 TeV

v

v
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LHC new physics cannot be generic.



Rules out, e.g., a theory with

100s of sub-TeV particles

sizable couplings

new flavour structures # yY, y9, y®
» no accidental B or L symmetry

a.k.a. SUSY!
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Our predicament requires baroque new physics ...



e.g. 1/2: unnatural SUSY

Dimopoulos & Giudice



The Mona Lisa of Physics

Comploy At SUSY
[So0 T j’




Unnatural SUSY

CMS Preliminary, 19.4 fo, Vs = 8 TeV

., production, T, t7%(BR=1)
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e.g. 2/2: composite Higgs



e.g. 2/2: composite Higgs
» as plausible as SUSY
» similar resources should be devoted to it



A rhetorical question: What if 3 Higgs?



What if # Higgs?

An ‘almost perfect’ rendition of EWSB!
QCD has a natural scale ~ GeV

Global ySB: SU(2), x SU(2)g — SU(2)y
Gauge D SU(2) . x U(1)y = U(1)em

(But my 7 ~ GeV)
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QCD Colour — Technicolour

» natural scale ~ 100 GeV
Global SU(2), x SU(2)g — SU(2)y
Gauge D SU(2). x U(1)y = U(1)em
A perfect, natural rendition of EWSB
(But no Higgs, flavour, EWPT, ...)

v
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v
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Technicolour — Composite Higgs

Kaplan & Georgi, 84 ...

» SU(2) x SU(2)g — SU(2)y is equivalent to
SO(4) — SO(3)
» Generalize to SO(n+1) — SO(n)...



Geography of SO(n+ 1) — SO(n) via proof by example.



Consider SO(2) — SO(1):
» There is 1 Goldstone boson: an angle



Consider SO(3) — SO(2):
» There are 2 Goldstone bosons: latitude and longitude.
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Now gauge SO(2) ¢ SO(3):
» Rotations about a preferred direction, cf. Earth’s axis
» Goldstone boson — pseudo-GB
» Gets potential and coupling to gauge fields
» cf. temperature on Earth




Consider SO(5) — SO(4):
» There are 4 Goldstone bosons: angles of S*
» they are a 2% of SU(2) x U(1)y € SO(4), viz. the Higgs
field, H

» Gauging SU(2) x U(1)y plus coupling to f generates V(H)
and HWW  Hyy etc

» a.k.a. the Minimal Composite Higgs model

Agashe, Contino, & Pomarol, 0412089



The minimal composite Higgs model
» ASo 02 = 20 % tuning
» This is a lot better than SUSY



Phenomenology of composite Higgs models

Natural because strongly-coupled

We cannot compute!

Use same tricks for QCD: symmetry, chiral Lagrangians, ...
Simplified models

v

v

v
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Phenomenology of composite Higgs models: bad news
» Departures from SMin e.g. H couplings o 62 ~ 20 %
» Generic resonance masses ~ 4nv/6 ~ few TeV



Phenomenology of composite Higgs models: good news
» Naturalness = light, fermionic top partner
Contino, da Rold & Pomarol, 0612048
» dof: SO(4)/SO(5) reps, compositeness, mass, few
couplings
» eg.1=Tord=(B,T,T X3)of SO(4)

De Simone et al., 1211.5663



Pair production of X 8
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Single production dominates at high mass/coupling

s, Mis M4y, Ml

1
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1
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Optimize 4th gen. searches for forward jets

De Simone et al., 1211.5663




» a huge amount of work to be done, by theorists and
experimentalists

» we must do the best we can with LHC14



What if we come up empty-handed?



We will, nevertheless, have answered both questions.



We built the LHC to answer two qq:

» How is electroweak symmetry broken? Via the Higgs
mechanism.

» |s the weak scale natural? No.



At least our hubris will be profound.



“So many centuries after the Creation, it is unlikely that anyone
could find hitherto unknown lands of any value.” Spanish Royal
Commision, 1490



“The more important fundamental laws and facts of physical
science have all been discovered, and these are now so firmly
established that the possibility of their ever being supplanted in
consequence of new discoveries is exceedingly remote.... Our
future discoveries must be looked for in the sixth place of
decimals.” Michelson, 1894



