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A cautionary tale
cf. Observational Geography, c. 1953









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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LSM



L? = LSM + ΣOn
Λn

I Effects of On, ∼ (E
Λ )n.

I What is Λ?



I LHC, all On

I LEP & al., O6 = (H†DµH)2, . . .

I flavour mixing, O6 = (sγµd)2, . . .

I proton decay, O6 = qqql ,ucucdcec , . . .



Probes of generic new physics:
I LHC, Λ & TeV
I LEP & al., Λ & 1−10 TeV
I flavour mixing, Λ & 103−5 TeV
I proton decay, Λ & 1013 TeV



∃ 1 measurement of Λ:
I ν masses, O5 = (LH)2

I =⇒ Λ∼ 1010 TeV
This is evidence for, not against, the SM!



Other ‘evidence’ for Λ:
I Dark Energy =⇒ Λ∼ 10−3 eV!
I Dark Matter: ∆Λ

Λ ∼ 1080!
I Baryogenesis =⇒ Λ . MP !



So why are we bothering to look at all?!



∃ 1 troublesome operator
I O2 = H†H
I L ⊃ Λ2H†H =⇒ Λ∼ 100 GeV
I 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: 3.9σ local, 2.3σ global
ATLAS-CONF-2015-081

CMS 2.6/fb: 10 events at 760 GeV
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Qualitatively
I Big σ ×BR
I Excess in 2 bins =⇒ wide
I =⇒ strong interactions?
I =⇒ inconsistent with 8 TeV?
I ×5 pdf gain for 2σ compatibility =⇒ gg or QQ production

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



Higher order QCD corrections (not included here) can modify the numbers in eq. (4) by K

factors of order unity. Typical values are Kgg = 1.48 and Kqq̄ = 1.20. These corrections depend

on the specific channel but negligibly depend on
p

s because we are considering a resonant

process that always occurs at the same centre-of-mass parton energy. Hence, they roughly

cancel out in the gain factors r.

We will focus mostly on gg and bb̄ induced processes, which represent the extreme cases

as they give the minimum and maximum value of C, and also lead to a large gain in parton

luminosity going from 8 to 13 TeV.

2.1 An s-channel resonance coupled to gluons and photons

Let us first consider the case in which a spin-0 resonance is produced from gluon fusion and

decays into two photons. The claimed signal rate is reproduced for

BR(S ! ��) BR(S ! gg) ⇡ 1.1⇥ 10�6 M

�
⇡ 1.8⇥ 10�5 (6)

or, equivalently,
���

M

�gg

M
⇡ 1.1⇥ 10�6 �

M
⇡ 6⇥ 10�8, (7)

where ��� ⌘ �(S ! ��) and �gg ⌘ �(S ! gg). The first set of equalities in eqs. (6)–(7) follows

from the request �(pp! ��) ⇡ 8 fb at
p

s = 13 TeV, while the second one uses the additional

information on the total width, �/M ⇡ 0.06.

Figure 1a visualises the region of ��� and �gg in which the observed excess can be explained.

The diphoton rate implies that the acceptable region must lie above the blue band, which is

obtained by assuming no extra decay channels (� = �gg + ���). Note that the blue band is

essentially straight when �gg � ���. This is because, in this limit, the total width is � ⇡ �gg,

and eq. (7) simplifies into ���/M ⇡ 1.1⇥ 10�6, irrespectively of the value of �. An analogous

result is obtained for ��� � �gg.

In each point of the allowed region in fig. 1a above the blue band (coloured in yellow), eq. (7)

determines the value of the total width. In particular, along the green band the constraint on

the total width �/M ⇡ 0.06 is satisfied. This is the region singled out by the ATLAS data, taken

at face value. In each point of the plane in fig. 1a we can compute the rate of dijets induced

by the decay of S back into two gluons. Searches for dijet resonances at
p

s = 8 TeV [5] rule

out the grey region in the figure. Note that, for �gg > ���, a resonance coupled only to gluons

and photons (which corresponds to the intersection between blue and green bands) predicts a

peak in pp! jj in tension with the existing experimental upper bound.

In order to relax this constraint, it is useful to consider extra decay channels beyond ��

and gg. Table 1 summarises the upper bounds on cross sections at 8 TeV due to an s-channel

narrow resonance at 750 GeV, decaying into various final states. In the last column of the table,

the limit on the 8 TeV cross section is translated into a limit on the partial decay width, in

units of the width into photons corresponding to the ATLAS observation. The rescaling factor

r = �13 TeV/�8 TeV is about 5 for resonances produced from gluons (as well as bottom quarks),

see eq. (5). The first entry in the table shows that rescaling the 8 TeV data constrains the
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Figure 1: Left: The yellow region describes the range of �(S ! gg)/M and �(S ! ��)/M in

which the diphoton rate can be fitted as gg ! S ! ��. Its upper boundary is the green band (at

1� and 2�) in which the total width is �/M ⇡ 0.06, as suggested by data. Its lower boundary

is the blue band, which assumes a minimal total width � = �(S ! gg) + �(S ! ��). The grey

region is excluded by searches for dijet resonances at Run 1. The upper and right axes show

the values of the operator coe�cients defined in eq. (9). Right: The analogous plot, assuming

that the resonant production is initiated by bb̄.

resonance. The dimensionless partonic integrals are

Cgg =
⇡2

8

Z 1

M2/s

dx

x
g(x)g(

M2

sx
), (3a)

Cqq̄ =
4⇡2

9

Z 1

M2/s

dx

x


q(x)q̄(

M2

sx
) + q̄(x)q(

M2

sx
)

�
. (3b)

Their numerical values, computed for a resonance at M = 750 GeV using the MSTW2008NLO [4]

set of pdfs evaluated at the scale µ = M , are:
p

s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg

8 TeV 1.07 2.7 7.2 89 158 174

13 TeV 15.3 36 83 627 1054 2137

(4)

Thus, the gain factors r = �13 TeV/�8 TeV = [Cgg/s]13 TeV/[Cgg/s]8 TeV from 8 to 13 TeV are

rbb̄ rcc̄ rss̄ rdd̄ ruū rgg

5.4 5.1 4.3 2.7 2.5 4.7
(5)
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Couplings from EW invariants:
g2

3
Λ3

ηGµνG̃µν +
g2

2
Λ2

ηW µνW̃µν +
g2

1
Λ1

ηBµν B̃µν

BB:
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Figure 2: Regions that fit, at 3� confidence level, the �� rate, peak position and the large width

(possibly suggested by ATLAS) assuming a resonance S that can decay into ��, gg and a third

channel among those considered in the figure. The left boundaries of the allowed regions in the

diagonal band are the same for all channels, while the right boundaries di↵er for the individual

channels and are marked by the labels. All constraints in table 1 have been taken into account.

This result is also shown in fig. 1, where the translation between the operator scales ⇤ and the

partial widths is given by the di↵erent axis labelling. For the gluon-induced process, the scales

⇤ can be somehow larger than M = 750 GeV, although not much larger. In view of the reduced

parton luminosity, S produced trough bb̄ pairs needs values of ⇤b and of ⇤� comparable to or

smaller than M .

The coupling of S to photons is not invariant under the SM gauge group. Since M is larger

than v, it is more reasonable to assume electroweak gauge invariant operators. A coupling of an

electroweak singlet S to the hypercharge field strength SB2
µ⌫ produces �(S ! ��) accompanied

by
�(S ! Z�)

�(S ! ��)
= 2 tan2 ✓W ⇡ 0.6,

�(S ! ZZ)

�(S ! ��)
= tan4 ✓W ⇡ 0.08. (12)

We see that the embedding of the photon in the hypercharge gauge field is such that the related

decays involving Z bosons are suppressed. Then the bounds from resonant ZZ production

shown in table 1 are easily satisfied. Any elementary theory in which the new matter coupled

to S has only hypercharge quantum numbers will lead to the SB2
µ⌫ operator alone and thus

8

WW:

rise no conflict with the absence of peaks in ZZ/WW distributions.

A coupling of an electroweak singlet S to the SU(2)L field strength produces �(S ! ��)

accompanied by
�(S ! WW )

�(S ! ��)
=

2

sin4 ✓W

⇡ 40, (13)

�(S ! ZZ)

�(S ! ��)
=

1

tan4 ✓W

⇡ 12,
�(S ! Z�)

�(S ! ��)
=

2

tan2 ✓W

⇡ 7. (14)

This operator gives Z�, ZZ, WW rates slightly above the bounds in table 1.

Spin 2

Similar considerations hold if S has spin 2. Taking gravity as inspiration, we can couple a

tensor Sµ⌫ to the various components T
(p)
µ⌫ of the energy-momentum tensor:

Sµ⌫
X

p

T
(p)
µ⌫

⇤p

(15)

where T
(�)
µ⌫ = Fµ↵F⌫�g

↵��gµ⌫F↵�F
↵�/4 for a gauge boson and T

(f)
µ⌫ = (f̄�µ

 !
@ ⌫f)/2 for a Dirac

fermion f . The relevant decay rates are then

�(S ! ��) =
M3

80⇡⇤2
�

, �(S ! gg) =
M3

10⇡⇤2
g

, �(S ! bb̄) =
3M3

160⇡⇤2
b

. (16)

Including the 2J + 1 factor from the 5 spin states, the signal rate is reproduced for

⇤�

M

⇤g

M
⇡ 24

r
M

�
⇡ 98 or

⇤�

M

⇤b

M
⇡ 0.8

r
M

�
⇡ 3.2 . (17)

In the future, by analysing the angular distributions of the excess diphoton events, it will

be possible to distinguish a spin-2 resonance from a scalar particle. A candidate for heavy

spin-2 resonances is the graviton in warped extra-dimensional models [19]. In this case all the

⇤p coe�cients would be equal: the resulting ��, gg rates can reproduce the diphoton excess.

However, the universality of gravity interactions implies a peak in the dilepton spectrum with

a cross section equal to the one in two photons. There are no indications for a peak at 750 GeV

in Run 2 dilepton data, which imply the 95% confidence level bounds �(pp ! `+`�) < 5 fb

(ATLAS) and �(pp ! `+`�) <⇠ 3 fb (CMS) [1]. Only with modifications of the minimal setup

one could fit the observations.

3 Perturbative models

Here we describe how to obtain renormalizable perturbative models that realise the scenario

discussed in the previous section. The SM is extended by adding one (or more) scalar S and

9
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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 @ Higgs?



What if @ Higgs?
I An ‘almost perfect’ rendition of EWSB!
I QCD has a natural scale ∼ GeV
I Global χSB: SU(2)L×SU(2)R → SU(2)V

I Gauge ⊃ SU(2)L×U(1)Y → U(1)em

I But mW ,Z ∼ GeV :-(



QCD Colour→ Technicolour
I natural scale ∼ 100 GeV
I Global SU(2)L×SU(2)R → SU(2)V

I Gauge ⊃ SU(2)L×U(1)Y → U(1)em

I A perfect, natural rendition of EWSB
I But no Higgs, flavour, EWPT, . . .



Technicolour→ Composite Higgs
Kaplan & Georgi, 84 . . .

I SU(2)L×SU(2)R → SU(2)V is equivalent to
SO(4)→ SO(3)

I Generalize to SO(n + 1)→ SO(n) . . .



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



Consider SO(3)→ SO(2):
I There are 2 Goldstone bosons: latitude and longitude.



Now gauge SO(2)⊂ SO(3) . . .

I Goldstone boson→ pseudo-GB
I Gets potential and coupling to gauge fields
I cf. potential on Earth







Consider SO(5)→ SO(4):
I There are 4 Goldstone bosons: angles of S4

I they are a 2 1
2

of SU(2)×U(1)Y ⊂ SO(4), viz. the Higgs
field, H

I Gauging SU(2)×U(1)Y plus coupling to t generates V (H)
and HWW ,Hγγ etc

I a.k.a. the Minimal Composite Higgs model
Agashe, Contino, & Pomarol, 0412089



The minimal composite Higgs model
I ∆S ∝ θ 2 =⇒& 10−20 % tuning



Phenomenology of composite Higgs models: bad news
I Departures from SM in e.g. H couplings ∝ θ 2 . 10−20 %

Giudice, Grojean, Pomarol & Rattazzi,0703164

Falkowski, 0711.0828

Low, Rattazzi & Vichi, 0907.5413

I Generic resonance masses ∼ (4π)v/θ & few TeV



Phenomenology of composite Higgs models: good news
I mh = 125GeV =⇒ light, fermionic top partner

Contino, da Rold & Pomarol, 0612048

I ∃ search strategies for these now
Contino & Servant, 0801.1679

de Simone & al., 1211.5663

BMG, Muller, Parker & Sutherland, 1406.5957

I Flat R4 vs. curved S4: h self-couplings at high E
I 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 & θ ×mh.
=⇒ Singlet mass is expected to be & few 100 GeV.



Another

desideratum: composite models feature anomalies
cf. π0→ γγ in QCD.

BMG, 0803.0497



Physics agenda

I With gSM = 0, the structure is fixed by group theory.
I hh, hη , ηη couplings fixed.
I With gSM 6= 0,η couples to everything (like h)
I couplings to fermions scale like Higgs Yukawas



Physics agenda II

LHC run II
I Confirm excess
I Look for couplings to WW , Z γ, ZZ ; check SU(2)L×U(1)Y

I (In general, get ηBB and ηWW .)
I Measure another channel gg→ gg and pin down couplings



Physics agenda III

Future Collider(s)
I Decide on future facility(ies): η-strahlung from e+e− at 850

GeV? QQ or gg via pp?
I What η−SM couplings can be probed?
I Can we measure hh, hη , or ηη?
I Are top partners/other resonances within reach?
I What about flavour?



Suffice to say plenty to do . . .



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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