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A cautionary tale
cf. Observational Geography, c. 1953
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1953 - The high energy frontier (of gravitational potential).






1953 - Where do we go from here?



Nowhere.



2016 - Where do we go from here?



2016 - 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 are we bothering to look at all?!



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



Running out of good solutions to this problem!



Anomalies ...



The thing that went bump in the night ...



ATLAS 13 TeV 3.2 /fb: 14 events at 750 GeV
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ATLAS 3.2/fb: 3.90 local, 2.36 global

ATLAS-CONF-2015-081

CMS 2.6/fb: 10 events at 760 GeV
CMS Preliminary 2.6 fo (13 TeV)
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Qualitatively
» Big o x BR
» Excess in 2 bins — wide
» — strong interactions?
» — inconsistent with 8 TeV?

» x5 pdf gain for 26 compatibility = gg or QQ production
modes

Franceschini et al. et al. et al., 1512.04933
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Couplings from EW invariants:
2 ~ 2 ~ 2 ~
—f(?; nG* Gy + —,‘6{22 nWH Wy, + %‘1 nB*Y By

DS =27 o mos L =222) o,
BB T = 2tan’ Oy ~ 0.6, TS 1)~ tan® Oy =~ 0.08.
NE—-Ww) 2o
0(S—yy) sinfy
I(S — 22) Ly LS=2y) 2

WW: (S = ~y) = tan® by ’ (S = vy)  tan?fy ~T

Franceschini et al. et al. et al., 1512.04933



A bit premature, but let’s imagine it’s true ...



1. Naturalness is back!



‘To do one tuning may be regarded as a misfortune. To do two
looks a little careless.



2. Strong coupling: SUSY unlikely.



3. Composite Higgs.



Composite Higgs overview



Composite Higgs = modern incarnation of natural EWSB via
strong dynamics.



A solution to the hierarchy problem that is (almost) literally
natural.



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 z ~ GeV ~(
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v
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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

v

v

v



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)...



SO(n+1) — SO(n) is in fact rather mundane.



Consider SO(3) — SO(2):
» There are 2 Goldstone bosons: latitude and longitude.



Now gauge SO(2) ¢ SO(3)...
» Goldstone boson — pseudo-GB
» Gets potential and coupling to gauge fields
» cf. potential on Earth



«O» «F






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
» AS e« 0? — > 10— 20 % tuning



Phenomenology of composite Higgs models: bad news
» Departures from SMin e.g. H couplings = 62 <10 —20 %

Giudice, Grojean, Pomarol & Rattazzi, 0703164
Falkowski, 0711.0828

Low, Rattazzi & Vichi, 0907.5413

» Generic resonance masses ~ (4rn)v/0 2 few TeV



Phenomenology of composite Higgs models: good news
» mp,=125GeV — light, fermionic top partner
Contino, da Rold & Pomarol, 0612048

» Jsearch strategies for these now
Contino & Servant, 0801.1679
de Simone & al., 1211.5663
BMG, Muller, Parker & Sutherland, 1406.5957

» Flat R* vs. curved S*: h self-couplings at high E
» Effects in flavour physics. Tough to call.



But this is true for the minimal model with just a ‘curved Higgs'.
What about the 750 GeV anomaly?



Are extra scalars plausible?
Of course: just change G/H!



e.g. the ‘next-to-minimal’ model based on SO(6)/SO(5)
has the Higgs plus 1 scalar.
BMG, A. Pomarol, F. Riva, J. Serra, 0902.1483



SO(6)/SO(5) is unique: SO(6) ~ SU(4).
Can get this from a chiral (ergo natural) gauge theory.



Another desideratum: extra scalars in composite models
have mass 2 6 x mp.
= Singlet mass is expected to be > few 100 GeV.



Another

desideratum: composite models feature anomalies
cf. 7% — yyin QCD.

BMG, 0803.0497



Physics agenda

v

With gsy = 0, the structure is fixed by group theory.
hh, hn, nn couplings fixed.

With gsi # 0,1 couples to everything (like h)
couplings to fermions scale like Higgs Yukawas

v

v

v



Physics agenda Il

LHC run I

Confirm excess

Look for couplings to WW, Zvy, ZZ; check SU(2); x U(1)y
(In general, get nBB and n WW.)

Measure another channel gg — gg and pin down couplings

v

v

v

v



Physics agenda lll

Future Collider(s)
» Decide on future facility(ies): n-strahlung from e* e~ at 850
GeV? QQ or gg via pp?
What 1 — SM couplings can be probed?
Can we measure hh, hm, or nn?
Are top partners/other resonances within reach?
What about flavour?

v

v

v

v



Suffice to say plenty todo ...



But what if it goes away again?



“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
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