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What We Don’t Know

• Things that the Standard Model gets wrong

• Questions that the Standard Model raises

• Things that the Standard Model doesn’t explain



Does the Standard Model Get Anything Wrong?



Muon g-2

The war intervened, and as life returned to normal a new generation of physicists

took up the problem, people like Tomonaga in Japan, and Schwinger, Feynman and

Dyson in the US. They were helped in no small way by a new experimental result,

discovered by Willis Lamb. The eponymous Lamb shift is a tiny, but detectable change

to the energy levels of hydrogen due to the problematic one-loop Feynman diagrams.

Their solution was a slow-burn revolution, one that took many decades to play out as

the power of quantum field theory became clear. However, at the time it didn’t feel

like a revolution. It felt like a con. Their solution was this:

1�1 = finite

In other words, they found a mathematical procedure that allowed you to subtract one

infinity from another, leaving an unambiguous finite answer. They called this process

renormalisation. The results were nothing short of spectacular.

Figure 11. The precession of a

spin

The poster boy for renormalisation is a quantity

known as the magnetic moment of the electron. If you

place an electron in a magnetic field, then the spin of

the particle will precess, as shown in figure. The speed

at which the spin precesses is characterised by a di-

mensionless number g known as the electron’s magnetic

moment.

In the grand scheme of things, this number is not par-

ticularly important. However, it has played a key role

in the development of quantum field theory because it is

a quantity that we can determine with some accuracy,

both experimentally and theoretically. After many decades of painstaking work, the

experimental result for the electron magnetic moment is

gexpt = 2.0023193043617± 3

Meanwhile, after many decades of extraordinarily challenging calculations, evaluating

increasingly complex Feynman diagrams up to corrections of order ↵5, the theoretical

result is

gtheory = 2.00231930436 . . .
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For the electron:

For the muon:

5 What We Don’t Know

It is often said that each new discovery opens up many more questions than it answers.

That’s not the case for the Standard Model. The collection of interlinked ideas, bound

together in the Standard Model, has brought a synthesis that is unprecedented in

science, bringing order to many, seemingly disconnected phenomena and leaving very

few threads hanging as a result.

Furthermore, the current experimental situation is one of remarkable harmony. Wield-

ing a broad brush, it is not too inaccurate to say that the Standard Model predicts the

correct answer to each and every one of the thousands of particle physics experiments

that we’ve performed.

That’s not to say that everything is perfect. There is, as we have recounted in Section

4.4, much still to learn about the neutrino sector. Moreover, if you look in finer detail,

then there are a handful of experimental anomalies that seemingly cannot be described

by the Standard Model. The most longstanding of these is the magnetic moment of

the muon. Recall that the magnetic moment describes how strongly a particle couples

to a magnetic field. Our best theoretical result for the muon is

gtheory = 2.00233183602

while the experimental result is

gexpt = 2.00233184122

As you can see that, by the time you get to the 9th decimal place, things don’t quite

match. In any other area of science, you wouldn’t care less about a discrepancy in the

9th decimal place. But here it matters. Taken seriously, the deviation between theory

and experiment is at the level of 4.2 sigma. Optimistically, this discrepancy might be

pointing to extra corrections to gexpt, beyond those of the Standard Model. However,

there are reasons to be cautious. In particular, the theoretical result involves very

di�cult numerical simulations to determine contributions from the hadrons and there

is some controversy over the accuracy of these results.

There are a number of further niggles too. In nuclear physics, the lifetime of the

neutron seems to be slightly di↵erent depending on the way in which its measured. In

particle physics, a collection of results around B-mesons seem to be slightly discrepant

from Standard Model predictions, hinting that electrons, muons and tau leptons may

di↵er in their interactions. The most prominent of these comes from looking at the

decays of B-mesons to kaons and a lepton-anti-lepton pair, through a diagram like the

following:
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B-anomalies and Lepton Universality

b̄ s̄

u u

l�

l+

W+

ū,c̄,t̄

�,Z

These are known as penguin diagrams. (As with the constellations, to see the resem-

blance you have to squint and reach into the depths of your imagination, before giving

up and wondering what these people were smoking. I like to think of the lepton pair as

the penguin’s beak, but apparently they’re the legs.) The quark running in the loop is

either (anti) up, charm, or top, while the neutral boson is either a photon or Z. Finally,

the end product is, in addition to the kaon, a lepton-anti-lepton pair where either l = e

or l = µ.

Since the bottom quark is so heavy, the mass of the leptons is largely irrelevant. This

is important because, if we ignore their mass di↵erence, the electron and muon have

identical couplings to the weak and electromagnetic forces, a fact that is sometimes

called lepton universality. This means that the probability to decay to an electron

should be the same as the probability to decay to a muon.

The best current measurements suggest that lepton universality is not respected in

this decay: there is a preference to decay to electrons over muons. Taken at face value,

it appears that this because something untoward is going on with muons, rather than

electrons.

If these anomalies hold up to further analysis, then they are telling us something

extremely important: the Standard Model needs replacing. They may, however, be

due to random fluctuations and will disappear as the data improves. The B-meson

results are currently 3.1 sigma from Standard Model expectations, somewhat short of

the 5 sigma gold standard necessary to claim a discovery. At any given time in history

their are always number of such mismatches between theory and experiment. Since

the Standard Model was put in place, they have nearly all evaporated upon closer

inspection.

These anomalies not withstanding, the current state of a↵airs is that the Standard

Model works extraordinarily well. You have to look very very hard — like the 9th

decimal place! — to find clear disagreement between experiment and theory. However,

at the same time, it is overwhelmingly clear that the Standard Model is not the last
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Questions Raised by the Standard Model

Why do parameters take certain values? • 3 force strengths

• 2 parameters in the Higgs potential

• Loads of parameters in flavour physics 

light strange mesons, with no need to invoke the charm quark in the argument. But

if you were feeling a little perverse, there’s nothing to stop you redefining everything

with the down-sector aligned and the up-sector askew, or even some combination of

the two.

The components of the CKM matrix have been accurately measured experimentally.

It turns out that some of the elements can be complex numbers and we’ll explain the

significance of this in Section 4.3.4. For now, we give just the absolute values of each

element which are roughly
0

BB@

|Vud| |Vus| |Vub|

|Vcd| |Vcs| |Vcb|

|Vtd| |Vts| |Vtb|

1

CCA ⇡

0

BB@

0.97 0.22 0.004

0.22 0.97 0.04

0.009 0.04 0.999

1

CCA

You can see the Cabbibo angle sitting there in Vus = sin ✓ ⇡ 0.22. The full CKM

matrix extends the Cabbibo angle to 10 parameters – the 9 above, together with a

complex phase that we’ll discuss in Section 4.3.4.

Just like we have no understanding of why the Cabbibo angle takes its particular

value, nor do we have any good understanding of the CKM matrix. As you can see,

it’s not far from a diagonal matrix, with the Cabbibo terms being the only ones that

aren’t tiny. We don’t know why.

It’s worth pausing to take in a bigger perspective here. In the first part of this

chapter, we described how the matter content of the Standard Model interacts with

the di↵erent forces. There we found a beautiful consistent picture – a perfect jigsaw –

in which the interactions were largely forced upon us by the consistency requirements

of the theory. For a theoretical physicist, it is really the dream scenario. This, however,

contrasts starkly with the story of flavour. Even focussing solely on the quarks, we find

that there are 6 Yukawa couplings that determine their mass, plus a further 10 entries

of the CKM matrix that determine their mixing. And none of these parameters are

fixed, or understood at a deeper level.

Somewhat ironically, much of this complexity can be traced to the simplicity of the

Higgs. The strong and electroweak forces are described by Yang-Mills type theories,

and these come with mathematical subtleties that are ultimately responsible for the

quantum consistency conditions that constrain their interactions. But there are no

such such subtle constraints for the Higgs boson. It is a simple, spin 0 particle, that

can do as it pleases and the result is the plethora of extra parameters that we’ve seen.
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Neutrino Mixing Angles

With three generations, neutrino mixing is described by introducing a 3 ⇥ 3 matrix,

entirely analogous to the CKM matrix that we met for quarks in (4.8). This is
0

BB@

⌫e

⌫µ

⌫⌧

1

CCA =

0

BB@

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

CCA

0

BB@

⌫1

⌫2

⌫3

1

CCA (4.13)

On the left-hand side we have neutrinos ⌫e, ⌫µ and ⌫⌧ that interact with their coun-

terpart electrons through the weak force; On the right-hand side we have neutrinos

⌫1, ⌫2 and ⌫3 that have definite mass. Relating them is a 3 ⇥ 3 matrix is known as

the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, or simply the neutrino mixing

matrix.

The components of the PMNS matrix have now been measured to reasonable accu-

racy. The absolute values are roughly
0

BB@

|Ue1| |Ue2| |Ue3|

|Uµ1| |Uµ2| |Uµ3|

|U⌧1| |U⌧2| |U⌧3|

1

CCA ⇡

0

BB@

0.8 0.5 0.1

0.3 0.5 0.7

0.4 0.6 0.6

1

CCA

Some values are known fairly well; others less well. There are, for example, error bars

of ±0.1 on U⌧2.

The first thing to note is that the PMNS matrix is strikingly di↵erent from the CKM

matrix describing the mixing of quarks15. In the quark sector, the CKM matrix was

close to being the unit matrix, with just small o↵-diagonal elements. This meant that

there was close alignment between the masses and the weak force.

But we see no such thing in the neutrino sector. The mixing is pretty much as big

as it can be! The only exception seems to be the mixing between ⌫1 and ⌫⌧ , which is

smallish at about 0.1. Once again, we see that, in quantitative detail, the neutrinos

really behave nothing like the charged fermions.

We do not have an explanation for the structure of the PMNS matrix. Indeed, its

form came as a surprise to theorists. Surely it is telling us something important. It’s

just we don’t yet know what!

15Recall that

0
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0
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1
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Strengths of Forces

At an energy of 100 GeV, we have

⇡+
(ud) ! µ+

+ ⌫µ

Mass = g ⇥ h�i

↵QED ⇡
1

127

↵strong ⇡
1

10

↵weak ⇡
1

30
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But each of these is a function of scale

Figure 50. The running of the coupling constants. ↵1 is hypercharge; ↵2 the weak force and

↵3 the strong force. This plot was made by Ben Allanach and taken from the PDG review of

GUTs.

On the vertical axis of Figure 50 is the inverse coupling, ↵�1
i
. The red line decreases

with energy, while both the blue and green lines increase. This is telling us that ↵1

increases with energy, while both ↵2 and ↵3 decrease, and this is the expected behaviour

given our discussion of asymptotic freedom in Section 3.1.

The most striking aspect of the plot is the way the three lines cluster together as we

approach higher energies. Obviously, they don’t precisely meet, but nonetheless they

lie in the same ballpark. This would appear to be hinting that the three forces are not

as di↵erent as they appear in our world: perhaps, at a much higher energy scale, they

are all unified as one. This idea is know as grand unification. The weak and strong

forces meet at a scale

MGUT ⇡ 1016 GeV

which is know as the grand unified scale. At this point, the three coupling constants

all converge on a value somewhere around

↵GUT ⇡
1

40

Even the location of this almost-meeting is important. First, ↵GUT is nice and small at

this point, telling us that the calculation to extrapolate the lines is at least consistent.

Second, the scale MGUT lies just below another important scale in nature, namely the
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Unification or coincidence?



The Higgs Potential

Figure 52. Two possible shapes for the Higgs potential for a scalar field. With a, b < 0 we

get the shape on the left; with a < 0 and b > 0 we get the shape on the right.

Much of this section will be devoted to explaining further what the words “roughly

speaking” in the previous sentence actually mean. For now, we’ll just roll with the

equations above and see what they tell us. Experimentally, we know that

mH ⇡ 125 GeV and h�i ⇡ 246 GeV

This means that the parameters in the potential must take the values

a ⇡ �(125)2 GeV2 and b ⇡ 0.13

For now, the important point to note is that a has dimension of energy-squared, while

b is dimensionless. Our interest here lies in a. This is the scale of the Higgs sector

which, through Yukawa interactions subsequently sets the mass of all the elementary

fermions.

As we’ve stressed earlier in these lectures, most of the mass of the proton and other

hadrons doesn’t come from the Higgs sector, but instead from ⇤QCD ⇡ 200 MeV. But

this sits on a di↵erent footing because ⇤QCD was, itself, a derived scale: it is the energy

at which the dimensionless coupling of the strong force becomes ↵s ⇡ 1. This means

that ⇤QCD should be thought of as an emergent energy scale.

In contrast, there is no such story for
p
|a| = mH . This is an absolute energy scale.

In fact, rather remarkably, it is the only fundamental parameter of the Standard Model

that is not dimensionless! As we now explain, this means that it comes with certain

baggage.
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Unlike all heavier particles that we’ve discussed in these lectures, monopoles would be

completely stable. Ironically the same Maxwell equations which once seemed to forbid

magnetic monopoles, now forbids them from decaying since they imply the conservation

of magnetic charge. Monopoles can only vanish by annihilating with anti-monopoles.

This leaves open the possibility that we may, once again, turn to the skies and search

for monopoles among cosmic rays. So far, none have been found18.

It’s not just GUTs that give rise to magnetic monopoles. Instead, pretty much any

theory that goes beyond the Standard Model will contain magnetic monopoles. They

are one of the very few robust predictions for new physics. If you want to learn more

about monopoles then you’ve come to the right place. You can read about their subtle

interplay with quantum mechanics in the lectures on Solid State Physics, about their

role in quantum field theory in the lectures on Gauge Theory, and about some of their

more mathematical aspects in the lectures on Solitons.

5.1.2 The Higgs Potential

Our next pair of parameters are associated to the Higgs potential. Recall from Section

4.2.1 that the Higgs potential V (�) determines whether the Higgs boson condenses. In

the Standard Model, it takes the very simple form

V (�) = a|�|2 + b|�|4 (5.3)

The two fundamental parameters are a and b.

If a > 0 and b > 0 then it looks like the graph on the left-hand side of Figure 52.

If a < 0 and b > 0 then it looks like the right-hand side of Figure 52. (If both a and

b are less than zero then the potential has no minimum the Higgs scalar runs away to

infinity unless we include further |�|6 terms of higher.)

As we’ve seen, the Standard Model has a potential with the shape on the right,

meaning that a < 0 and b > 0. The values of a and b determine both the mass

of the Higgs boson mH and the Higgs expectation value h�i. Roughly speaking, the

relationship between these two scales and the parameters in the potential is

m2
H
= |a| and h�i2 =

a

2b
(5.4)

18A more correct statement is that exactly one has been found! On Valentine’s day, 1982, a single
event consistent with a magnetic monopole was observed. Nothing similar has been seen since. Given
the importance of replicating scientific results, it’s di�cult to view this as anything more than a
tantalising footnote (literally here) in the story of the monopole
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meaning that a < 0 and b > 0. The values of a and b determine both the mass

of the Higgs boson mH and the Higgs expectation value h�i. Roughly speaking, the

relationship between these two scales and the parameters in the potential is

m2
H
= |a| and h�i2 =

a

2b
(5.4)

18A more correct statement is that exactly one has been found! On Valentine’s day, 1982, a single
event consistent with a magnetic monopole was observed. Nothing similar has been seen since. Given
the importance of replicating scientific results, it’s di�cult to view this as anything more than a
tantalising footnote (literally here) in the story of the monopole
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Naively

Unlike all heavier particles that we’ve discussed in these lectures, monopoles would be
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of magnetic charge. Monopoles can only vanish by annihilating with anti-monopoles.

This leaves open the possibility that we may, once again, turn to the skies and search

for monopoles among cosmic rays. So far, none have been found18.
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theory that goes beyond the Standard Model will contain magnetic monopoles. They

are one of the very few robust predictions for new physics. If you want to learn more

about monopoles then you’ve come to the right place. You can read about their subtle

interplay with quantum mechanics in the lectures on Solid State Physics, about their

role in quantum field theory in the lectures on Gauge Theory, and about some of their

more mathematical aspects in the lectures on Solitons.
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and

This then sets the scale for the masses of all other particles

Remarkably, the coefficient a is the only dimensionful parameter in the Standard Model!

Figure 52. Two possible shapes for the Higgs potential for a scalar field. With a, b < 0 we

get the shape on the left; with a < 0 and b > 0 we get the shape on the right.

Much of this section will be devoted to explaining further what the words “roughly

speaking” in the previous sentence actually mean. For now, we’ll just roll with the

equations above and see what they tell us. Experimentally, we know that

mH ⇡ 125 GeV and h�i ⇡ 246 GeV

This means that the parameters in the potential must take the values

a ⇡ �(125)2 GeV2 and b ⇡ 0.13

For now, the important point to note is that a has dimension of energy-squared, while

b is dimensionless. Our interest here lies in a. This is the scale of the Higgs sector

which, through Yukawa interactions subsequently sets the mass of all the elementary

fermions.

As we’ve stressed earlier in these lectures, most of the mass of the proton and other

hadrons doesn’t come from the Higgs sector, but instead from ⇤QCD ⇡ 200 MeV. But

this sits on a di↵erent footing because ⇤QCD was, itself, a derived scale: it is the energy

at which the dimensionless coupling of the strong force becomes ↵s ⇡ 1. This means

that ⇤QCD should be thought of as an emergent energy scale.

In contrast, there is no such story for
p

|a| = mH . This is an absolute energy scale.

In fact, rather remarkably, it is the only fundamental parameter of the Standard Model

that is not dimensionless! As we now explain, this means that it comes with certain

baggage.
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Figure 52. Two possible shapes for the Higgs potential for a scalar field. With a, b < 0 we

get the shape on the left; with a < 0 and b > 0 we get the shape on the right.
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hadrons doesn’t come from the Higgs sector, but instead from ⇤QCD ⇡ 200 MeV. But

this sits on a di↵erent footing because ⇤QCD was, itself, a derived scale: it is the energy

at which the dimensionless coupling of the strong force becomes ↵s ⇡ 1. This means

that ⇤QCD should be thought of as an emergent energy scale.

In contrast, there is no such story for
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|a| = mH . This is an absolute energy scale.
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that is not dimensionless! As we now explain, this means that it comes with certain
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The Hierarchy Problem

(5.3), then its relationship to the mass mH of the Higgs boson is nothing like as simple

as the m2
H

= |a| equation that we used above. Instead the relationship between the

two is much more complicated.

To understand what’s going on, first recall our discussion of renormalisation in Sec-

tion 2.3. There we learned that all parameters in a quantum field theory depend on

the distance scale or, equivalently, the energy scale at which an experiment takes place.

Moreover, we stressed that all quantum field theories should come with a health warn-

ing: there is a minimum distance scale, or maximum energy scale, beyond which they

shouldn’t be used. This energy scale is called the UV cut-o↵ and we will denote it as

⇤UV .

You should think of the UV cut-o↵ as the energy scale at which a given quantum field

theory is defined. When you specify the parameters of the theory, you should specify

their value at the scale of the cut-o↵. This is really just the statement of reductionism

in physics: small things determine the behaviour of larger things, and a fundamental

theory should be defined on the smallest distance scale at which it applies. As you then

look at lower energies – or longer distances – you can use renormalisation to figure out

how these parameters change.

Now let’s return to the Standard Model. It definitely works up to energy scales of

1 TeV so let’s be pessimistic and, with the expectation that the Standard Model will

cease to give the right answers very soon, take the cut-o↵ to be ⇤UV = 1 TeV. That

means that we take the Standard Model to correctly describe the dynamics of quantum

fields down to distance scales as small as 10�19 m. The fields may well have fluctuations

on scales much smaller than that, but we will just admit ignorance about these and

proceed.

What now happens if we put a Higgs boson into the mix. Naively the mass of the

Higgs boson is given by the formula that we used previously: mH =
p
|a|. But the

Higgs then gets surrounded by a swarm of quantum fluctuations and these change the

mass. The upshot is that if a is the fundamental parameter of the theory, then the

mass of the Higgs boson that we measure is actually something like

m2
H
⇡

��a+O(⇤2
UV)

�� (5.5)

where the O(⇤2
UV) means a contribution that is roughly around ⇤2

UV, but where the

exact coe�cient (including its sign) depends on the nature and dynamics of all the

other fields.
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The equation                is sadly too naive. There are quantum corrections that give  

Unlike all heavier particles that we’ve discussed in these lectures, monopoles would be

completely stable. Ironically the same Maxwell equations which once seemed to forbid

magnetic monopoles, now forbids them from decaying since they imply the conservation

of magnetic charge. Monopoles can only vanish by annihilating with anti-monopoles.

This leaves open the possibility that we may, once again, turn to the skies and search

for monopoles among cosmic rays. So far, none have been found18.

It’s not just GUTs that give rise to magnetic monopoles. Instead, pretty much any

theory that goes beyond the Standard Model will contain magnetic monopoles. They

are one of the very few robust predictions for new physics. If you want to learn more

about monopoles then you’ve come to the right place. You can read about their subtle

interplay with quantum mechanics in the lectures on Solid State Physics, about their

role in quantum field theory in the lectures on Gauge Theory, and about some of their

more mathematical aspects in the lectures on Solitons.

5.1.2 The Higgs Potential

Our next pair of parameters are associated to the Higgs potential. Recall from Section

4.2.1 that the Higgs potential V (�) determines whether the Higgs boson condenses. In

the Standard Model, it takes the very simple form

V (�) = a|�|2 + b|�|4 (5.3)

The two fundamental parameters are a and b.

If a > 0 and b > 0 then it looks like the graph on the left-hand side of Figure 52.

If a < 0 and b > 0 then it looks like the right-hand side of Figure 52. (If both a and

b are less than zero then the potential has no minimum the Higgs scalar runs away to

infinity unless we include further |�|6 terms of higher.)

As we’ve seen, the Standard Model has a potential with the shape on the right,

meaning that a < 0 and b > 0. The values of a and b determine both the mass

of the Higgs boson mH and the Higgs expectation value h�i. Roughly speaking, the

relationship between these two scales and the parameters in the potential is

m2
H
= |a| and h�i2 =

a

2b
(5.4)

18A more correct statement is that exactly one has been found! On Valentine’s day, 1982, a single
event consistent with a magnetic monopole was observed. Nothing similar has been seen since. Given
the importance of replicating scientific results, it’s di�cult to view this as anything more than a
tantalising footnote (literally here) in the story of the monopole
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This should be thought of as the biggest scale 
in the game...maybe the Planck scale?

Why should the coefficient a be so finely tuned to the higher energy scale? This is the problem
of naturalness.



Things Still to Explain

• (Gravity)

• Dark Matter 

• Dark Energy

• Early Universe



Gravity

Standard Model + General Relativity = Job Done. (Almost)

In contrast to the other forces, gravity has a dimensionful coupling constant
the strengths of all the other forces are governed by dimensionless numbers. In contrast,

there’s no way to get a dimensionless number out of Newton’s constant. Instead, if we

include some factors of ~ and c, we get a scale:

G =
~c

8⇡M2
pl

where Mpl is the Planck mass,

Mpl ⇡ 1018 GeV

This is telling us that the strength of the gravitational force depends strongly on the

energy of the process. If two particles scatter with energy E, then gravitational e↵ects

will scale as

Strength of Gravity ⇠

✓
E

Mpl

◆2

⇠ GE2

In some sense, you knew this already. Newton’s equation (5.6) tells us that the grav-

itational force between two objects scales as Gm1m2 which is just the formula above

with the masses in place of the energy. This formula also gives another perspective on

why gravitational forces are so weak in the world of particle physics, where our most

powerful accelerators can reach energies of E ⇠ 103 GeV, many orders of magnitude

below the Planck scale.

This argument means that any naive theory of quantum gravity will give sensible

answers providing that we look at energies E ⌧ Mpl, where we can use Feynman

diagrams and simple perturbation theory. But, as the energy increases to somewhere

near the Planck scale, the gravitational interaction becomes strong and our Feynman

diagram expansion ceases to work. In this simple minded approach, quantum gravity

only becomes challenging when we reach energies close to the Planck scale. In technical,

and slightly old-fashioned, terms general relativity is said to be non-renormalisable.

Before we proceed, it’s worth thinking a little more about the size of the Planck scale.

Back at the beginning of these lectures, I commented that the SI unit for energy, the

Joule, is not particularly useful in the subatomic realm. Instead we define the much

smaller unit of an electronvolt. But, by the time we get to the Planck scale, even the

Joule is too small! We have

Mpl ⇡ 109 J

That’s a seriously large amount of energy. It is, for example, greater than the kinetic

energy of all the cars in a formula one race! In particle physics, when we talk about
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This means that

This is perfectly fine for any experiments that we can currently perform. But... • Black holes
• Big Bang

Figure 53. A computer simulation of two black holes, about to collide. The background

field of stars is distorted by the curvature of spacetime in the vicinity of the black holes.

The connection between space, time and gravity is Einstein’s great insight and the

resulting theory goes by the name of General Relativity. It would take us too far from

our main narrative to describe general relativity in any great detail, but if any equation

deserves being placed in a picture frame, it is Einstein’s:

This equation replaces Newton’s gravitational force law (5.6). It relates the curvature of

spacetime, captured in the Gµ⌫ and gµ⌫ on the left-hand side, to the energy distribution

of other fields, captured in the Tµ⌫ on the right-hand side. There are two gravitational

constants in the Einstein equations. The first is Newton’s constant G, which retains its

place a fundamental constant of nature in general relativity. The second, ⇤, is known

as the cosmological constant. We will have more to say about this in Section 5.3.1.

The Einstein equations replicate the familiar results of Newton’s force law, from

apples falling from trees, to the orbits of the planets around the sun. But they do so

much more besides. They tell us how light bends as it passes heavy objects, giving rise

to the distortion of the background field of stars, how black holes form as the density of

matter becomes too great, and how collisions of these black holes can cause detectable

ripples of the spacetime continuum known as gravitational waves. Furthermore, the

Einstein equations provide, for the first time, a framework in which we can think about
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The Dark Universe



The Cosmological Constant

In some ways, this is a good thing. The cosmological constant isn’t just some random

number that we’ve plucked out of thin air to account for the expansion of the universe.

Instead it’s something that should arise naturally from our other laws of physics. And

this gives us the opportunity to calculate it from what we know about particle physics.

This is where the narrative takes something of a left turn. The vacuum energy in

quantum field theory is something interesting. Recall that one of the characteristic

features of quantum field theory is that the vacuum isn’t a dull place: the quantum

fields froth with quantum fluctuations. We showed an example of the quantum field

vacuum way back in Figure 4. And all of those fluctuations contribute to the vacuum

energy. If the vacuum has fluctuations on some maximum energy scale E, then we

typically expect a ground state energy density of order E4.

That’s problematic. We know that the Standard Model of particle physics holds up

to the energy scale of a TeV or so. But this strongly suggests that the vacuum energy

density should be at least

⇢SM = (1012 eV)4

This is not particularly close to the observed value. It is 60 orders of magnitude greater

than the observed value ⇢⇤. More generally, the contribution of any quantum field to

the vacuum energy density is naturally of order ⇢QFT ⇠ ⇤4
UV, where ⇤UV is the UV

cut-o↵.

In the cosmological context, a vacuum energy density of order a TeV or higher gives

ridiculous results. A cosmological constant this large would give a universe that expands

so quickly that it is not conducive to forming nuclei or atoms, let alone galaxies and

life. The huge discrepancy between the expected value of ⇢QFT and the observed value

of ⇢⇤ is known as the cosmological constant problem.

The cosmological constant problem is entirely analogous to the hierarchy problem

that surrounds the Higgs mass that we discussed in Section 5.1.2. In both cases,

quantum corrections seem to naturally push the value of some quantity to be much

higher than we observe. This happens only for the Higgs mass and the cosmological

constant because these are the only two dimensionful parameters in the known laws of

physics. (Strictly speaking, we also have the Planck mass Mpl, but this can be thought

as setting the scale relative to which all other parameters are measured.)

The cosmological constant problem is sometimes referred to as the worst prediction

in the history of physics. The people making this claim clearly haven’t studied the
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The energy density of the vacuum – or cosmological constant – acts as dark energy

Observed:

⇡+
(ud) ! µ+

+ ⌫µ

Mass = g ⇥ h�i

↵QED ⇡
1

127

↵strong ⇡
1

10

↵weak ⇡
1

30

⇢⇤ ⇡ (10
�3

eV)
4
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Value of Standard Model:

⇡+
(ud) ! µ+

+ ⌫µ

Mass = g ⇥ h�i
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1
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�3
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4

⇢⇤ = ⇢SM + something else
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A solution (of sorts!):

This is the second, much more acute, hierarchy problem in physics. 



Dark Matter

Figure 55. On the left, the Abell S1063 cluster. The smeared blue lines are background

galaxies, distorted by gravitational lensing. On the right, the bullet cluster.

• The beautiful spiral galaxies that we see in the sky seem to be spinning too

fast! The attractive gravitational force from all the stars in the galaxy, does not

come close to reproducing the necessary centripetal force to stop the galaxy from

flying apart. Moreover, if you measure the spectral lines of hydrogen far from

the visible edge of the galaxy, you find that it continues to rotate at a roughly

constant speed for quite some distance. All of this can be explained by simple

Newtonian dynamics, but only if there is much more mass in the galaxy than is

visible, To account for the observations, there should be a roughly spherical cloud

of dark matter surrounding the galaxy.

The rotation curve for a nearby galaxy, together with the predicted curve if there

is only the visible matter, is shown in Figure 54.

• A galaxy cluster is a collection of 100 to 1000 galaxies, bound together by gravity.

A clever argument, known as the virial theorem, gives a relationship between the

speed of the galaxies and their separation (or, more precisely, their kinetic energy

and potential energy). From this, one can extract the mass of the galaxy. The

answer is a couple of hundred times greater than the visible mass.

• A classic prediction of general relativity is that light bends as it passes heavy

objects. Furthermore, the image gets distorted, a phenomenon known as gravi-

tational lensing. Sometimes this happens in a spectacular fashion, as shown in

the picture on the left of Figure 55 where the image of a background galaxy is

distorted into the blue arcs by the cluster in the foreground. Even small distor-

tions of this kind allow us accurately determine the mass of the cluster in the
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Whenever we weigh galaxies, or galaxy clusters, they always have more matter than we can see. 

Further evidence comes from early universe cosmology.

Big question: does it interact with Standard Model other than through gravity?



The CMB

Figure 56. Look and weep, Ansel Adams.

There are many models of baryogenesis on the market, but currently no smoking gun

experiment or observation that will determine which, if any, is correct.

5.3.4 Primordial Fluctuations

Most reasonable people agree that the greatest movie ever made is Ghostbusters. Sadly

the world contains no small number of unreasonable people, those who prefer their

movies to have a less intellectual bent, or those who put less stock in powerful acting

performances and groundbreaking cinematography. It is di�cult to argue that the

opinion of these people is any less valid just because it is wrong. Art is not like science.

There is no immutable, underlying truth that determines what is the right and wrong.

Until, that is, we come to photography. No one, reasonable or otherwise, can disagree

about the greatest photograph ever taken. All other candidates pale into insignificance

when faced with the collective endeavours of a bunch of radio horns and a handful

of satellites who, between them, achieved the seemingly impossible feat of taking a

photograph of the Big Bang.

First, I should tell you what the Big Bang theory entails. It is not a theory that

tells us how the universe started. The question “how did the universe start?” has a

very straightforward answer which is “we don’t know”. Instead, the Big Bang theory

tells us what the universe was like when it was very much younger. The theory starts

with the observation that there was a time — 13.8 billion years ago to be precise –

when the universe was so hot that matter, atoms and even nuclei melted and all of

space was filled with a fireball. When I say that we’ve taken a photograph of the Big

Bang, I mean that we’ve taken a photograph of this fireball, capturing the light that
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Structure Formation

Figure 56. Look and weep, Ansel Adams.

There are many models of baryogenesis on the market, but currently no smoking gun

experiment or observation that will determine which, if any, is correct.
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about the greatest photograph ever taken. All other candidates pale into insignificance

when faced with the collective endeavours of a bunch of radio horns and a handful

of satellites who, between them, achieved the seemingly impossible feat of taking a

photograph of the Big Bang.

First, I should tell you what the Big Bang theory entails. It is not a theory that

tells us how the universe started. The question “how did the universe start?” has a

very straightforward answer which is “we don’t know”. Instead, the Big Bang theory

tells us what the universe was like when it was very much younger. The theory starts

with the observation that there was a time — 13.8 billion years ago to be precise –

when the universe was so hot that matter, atoms and even nuclei melted and all of

space was filled with a fireball. When I say that we’ve taken a photograph of the Big

Bang, I mean that we’ve taken a photograph of this fireball, capturing the light that
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Inflation

Figure 56. Look and weep, Ansel Adams.

There are many models of baryogenesis on the market, but currently no smoking gun

experiment or observation that will determine which, if any, is correct.

5.3.4 Primordial Fluctuations

Most reasonable people agree that the greatest movie ever made is Ghostbusters. Sadly

the world contains no small number of unreasonable people, those who prefer their

movies to have a less intellectual bent, or those who put less stock in powerful acting

performances and groundbreaking cinematography. It is di�cult to argue that the

opinion of these people is any less valid just because it is wrong. Art is not like science.

There is no immutable, underlying truth that determines what is the right and wrong.

Until, that is, we come to photography. No one, reasonable or otherwise, can disagree

about the greatest photograph ever taken. All other candidates pale into insignificance

when faced with the collective endeavours of a bunch of radio horns and a handful

of satellites who, between them, achieved the seemingly impossible feat of taking a

photograph of the Big Bang.

First, I should tell you what the Big Bang theory entails. It is not a theory that

tells us how the universe started. The question “how did the universe start?” has a

very straightforward answer which is “we don’t know”. Instead, the Big Bang theory

tells us what the universe was like when it was very much younger. The theory starts

with the observation that there was a time — 13.8 billion years ago to be precise –

when the universe was so hot that matter, atoms and even nuclei melted and all of

space was filled with a fireball. When I say that we’ve taken a photograph of the Big

Bang, I mean that we’ve taken a photograph of this fireball, capturing the light that
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Figure 58. The ripples in the CMB are quantum vacuum fluctuations, laid down in the first

few fractions of a second after the Big Bang.

the dynamics of the inflaton field in the very early universe. We’re currently at a stage

where many putative models of inflation can be ruled out, although there are many

that still survive. The hope is that further study of the CMB will yield precious clues

about the interactions of these quantum fields in the first few moments after the Big

Bang.

Remarkably, there is one further chapter to this story. Rather than asking where

the ripples in the CMB came from, we could ask what subsequently happened to

them. Here too we find an astonishing answer. The quantum fluctuations resulted in

temperature variations in the CMB, with some places hotter and others colder. As

the universe expanded and cooled, these hot and cold spots became the gravitational

wells into which matter fell. First protons and electrons, which subsequently bound

together into hydrogen dust and a smattering of other light elements. Over time, this

dust gathered, and the pressure grew until finally, after 500 million years or so, these

balls of dust ignited and became stars.

This means that the quantum fluctuations from when the universe was in its infancy

later became the seeds from which galaxies grew. This is backed up by observation: a

statistical analysis of the galaxies in our universe matches impressively with an analysis

of the CMB fluctuations. For example, the large peak in Figure 57 manifests itself in a

particular way in which galaxies cluster in the sky (known, boringly as “baryon acoustic

oscillations”).
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Big Question: What quantum field are we looking at? And how can we see it now?



Summary

Still lots of work to be done!


