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Start with an analogy...
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Hidden Symmetry

It turns out that the ground state (vacuum) of our universe is somewhat like a spin system!

e The Lagrangian describing how all the observed degrees of freedom interact with
each other displays a high degree of symmetry (both spacetime and internal)

¢ But, like the ferromagnet, the ground state has “arbitrarily chosen” a particular direction
in field space, thus “breaking” the symmetry spontaneously. This is energetically favored!

* More precisely, one should say that the symmetry is hidden rather than broken...
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Hidden Symmetry

Go back to the theory of four scalar particles we were studying:

H1 .
alil— 7 <+— Standard Model “Higgs doublet”
%

We saw that it had a SU(2) x U(1) symmetry:
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Hidden Symmetry

This means that there must exist a potential

1 = G Br G — WIS Er)

such that i)
Derivative w.r.t. U

V/(UQ) =0 and V”(vz) =0

Experimentally, there is still a lot we don’t know about this potential but we can parametrize

it like:
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with A > 0 . This is the potential we assume in the
the Standard Model, but it is important to remember

that we do not currently have experimental confirma-

tion of its detailed features.



Hidden Symmetry

To be concrete you can imagine we take
0 — 5, HOHH = O E R d))2

for the rest of our discussion. We also take

- (2

Recall that for the spin system, a rotation about the z-axis does not change the direction of the
magnetization.

In fact, there is an analogous operation in the above case: 6 = e et = R

i cvertin (5 9)()-(3

All the other operations rotate (H ) non-trivially.



Hidden Symmetry

To be concrete you can imagine we take
0 — 5, HOHH = O E R d))2

for the rest of our discussion. We also take

It Is convenient to parametrize the 4 do.f. as:

e 67; X T 0 bt H+ Notation: the superscripts indicate the
s s \/Li b R0 charge under the “unbroken” U(1).
Then HiggsTboson Trilinear and quartic interaction
Al 1 [ o\
V(H'H) = V[(v+ -5 h)?] = 200°h* 4+ V2 oh® 4 AR
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. i = A

Note that there is no mass for the three ¢ ’s!

These would be the analogs of the spin-wave modes, except they are a mirage...



Nature has given us spin-1 fields
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Spin-1 Fields and the Higgs

The SU(2) x U(1) symmetry of the Lagrangian means that there are conserved currents!
As we saw with QED, these are good candidates to serve as sources for spin-1 fields.

Consider the U(1) current involving the Higgs field. We would like to have

8, B* = —JV Bl B o

L a conserved current built from the Higgs field

- What is the appropriate J,, ?
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Spin-1 Fields and the Higgs

We are therefore led to the following couplings of the Higgs to the U(1) spin-1 field:

P 2
L=0,H'0"H — V(H'H)+igiquB, Y (HI0"H; — H;0O"H)) + giqy; » HIH;B"B,
j=1 j=1
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Interlude: why the minimal coupling
prescription works!

Consider a theory, £(0,,®, ®), that is invariant under ®(x) — e’ ®(x) , and define

1
e U0 DA = _Z B, BY + L(D, ®. D) with D,® = (9, —igB,)®

The Eqg. of motion for B, reads: DR = g L(D,®, )

B TED

But B, enters only through D, in L : Homework:
Check that applied to

our previous theory,
o et
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Spin-1 Fields and the Higgs

The three conserved SU(2) currents can also be coupled to three spin-1 fields, W,ﬁ

Take the third isospin component: compared to the U(1) —under which both components in the
Higgs doublet have the same charge— now the two Higgs components have opposite charges.
(and equal to 1/2)

By the same argument as for the U(1), the minimal coupling prescription now reads:

1
d,H — D, H = [au—igg(a _O )Wj]ﬂ




Spin-1 Fields and the Higgs

The upshot is that the couplings of spin-1 fields to the SU(2) x U(1) Higgs currents are:

16 = (D), LD IEE (e ED D,H = [0, —ig2m'W} —igiquB,| H

The interactions with the W’s can connect the different Higgs components. This is a clear manifes-
tation of what it means for the Higgs field to be a doublet.




SSB

(Spontaneous Symmetry Breaking)

Recall that the Higgs doublet d.o.f. can be written as follows

SON 0
Hz@””( 1 )
/U_l_ﬁh

where v 75 0 reflects the “spontaneous breaking” of SU(2) x U(1).

~ Also, we just pointed
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SSB and Spin-1 Fields

Now consider the Noether currents. To illustrate, take the U(1) current (set go = 0)

2 2
J* =igiqg » (HJO"H; — H;0"H)) + 293¢} > HJH,;B"

= j=1

so that replacing the previous Higgs field:  (using ¢r = 3)

J# = 2g{v°B* + h-terms

In the
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Massive Spin-1 Fields

So what?

In our discussion of electrodynamics, we saw that the exchange of the massless spin-1 photon
leads to the Coulomb potential in the non-relativistic limit:

e

#Particles




Massive Spin-1 Fields

It turns out that when both g1 and g2 are non-vanishing, there is a linear combination of spin-1
fields that does not receive a mass. This is directly related to the fact mentioned earlier that

(H) — 2% (H) = (H)

Therefore, as a result of the spontaneous breaking of SU(2) x U(1), one has

e 1 massless spin-1 particle: mediates long-range interactions (the photon)

e 3 massive spin-1 particles: mediating short-range interactions (Z and charged W'’s)

Nature hid this underlying symmetry well!

Only when we were able to explore distances as short as (100 GeV)™' ~ 107 8m

did the SU(2) x U(1) symmetry become apparent



Higgs Couplings

Note that the mass terms arise by replacing the vev in the terms in the Lagrangian of the form:

LD g*HWHW, H v v
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Since the Higgs boson always appears in the combination v -+ Lh, we also have interaction
V2

We can therefore think of them diagrammatically as follows:

of the following types:
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Higgs and Fermions

We discussed Yukawa interactions before: vy (W H )y + h.c.

For this to be invariant under SU(2) x U(1):

WU must be a SU(2) doublet with U(1) charge qw
X must be a SU(2) singlet with U(1) charge @

I O 0y e

It turns out that this is what is found experimentally. For illustration,
consider the electron and the electron-neutrino

BT

(i
TN AR et X = €R LEE
IRTSETS €1, These are called
hypercharges

Background: a Dirac fermion is really the sum of two irreducible Lorentz representations (“left” and
“right”). The experimental observation is that these two types of particles have different guantum
numbers! We describe this by saying that the Standard Model is a “chiral theory”.



Higgs and Fermions

The Yukawa term involving the electron reads as follows:

Ye (LeH)eR e G ye(v =F %h)éL(BR L e

Me (1 | \/%U) ee il =

We recognize the Dirac mass term. Thus,

e The electron mass (and the masses of the rest of the fermions) is a consequence of the
spontaneous breaking of the SU(2) x U(1) symmetry.
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The Higgs Boson

We have learned that the origin of the masses of elementary particles such as the quarks
and leptons or the W/Z vector bosons is the phenomenon of Electroweak Symmetry Breaking

In addition, there is a spin-0 particle, the Higgs boson (h), that corresponds to the fluctuations
of the vacuum!

The couplings of the Higgs boson to the other particles are determined by the mass of the
corresponding particle (fermion or vector boson)

Within the SM proposal for the Higgs potential, the mass of the Higgs boson is given by




Higgs Decays
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Quantum Effects

We have not talked about gluons, but (remarkably) they play an important role in Higgs physics!

Although the Higgs boson does not carry the color charge, it can couple to gluon pairs by
quantum effects, i.e. production of virtual quarks from the vacuum:

QCD coupling: g3 ~ 1
t A0O0000"9 L

eft 1 2 mp —2
9ggh ™ Tgrz X Y93 X 7 ~ o x 10

4 -
Top Yukawa: 4y ~ 1




Quantum Effects
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Events / GeV

The Higgs Boson Discovery
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A New Type of Interaction

ATLAS and CMS
LHC Run 1 Preliminary

—— Observed
SM Higgs boson

’
.’
.
.’
.
’
.
*
.
.’
’
.
4
'!
’
.

/1:

b

10 10°
Particle mass [GeV]

Not “universal” like the gauge interactions!



Summary

The discovery of the Higgs boson in 2012 can justly be seen as a crowning achievement
of a line of research that has been guided by the search for ever more fundamental laws.

While the Standard Model of Particle Physics describes about 100 degrees of freedom, most
of these are understood to be related by a number of symmetries (sometimes approximate).

Here we have focused on some of the symmetries whose Noether currents are coupled to
spin-1 fields (for lack of time, we left out QCD, mostly).

Interestingly, the vacuum (ground state) of our world has chosen a particular direction in this
internal symmetry space!
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Summary

We also saw that the known elementary particles owe their (often) non-vanishing masses to the
phenomenon of Electroweak Symmetry Breaking (EWSB).

Note: in this context, we recognize protons and neutrons (and other hadrons) as composite systems.
In fact, the bulk of the mass of these hadrons arises from QCD!

In particular, the mass of ordinary matter (everyday objects) has been well understood for a while,
and it is mostly unrelated to the Higgs field:

Only a small part arises from the quark masses (plus electromagnetism)
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Wider Context

Besides having omitted any mention to many other well understood properties of the world of
subatomic particles, we also did not mention the impact of such an understanding in other
fields of knowledge. Let us mention only a couple of examples:

1. We could gain a detailed understanding of how stars (e.g. our Sun) work. The Standard Solar
Model, in turn, played an important role in our understanding of the neutrino properties, thus
closing a “conceptual loop” in the saga of the weak interactions.

2. We have under control an essential part of the physics of supernova explosions, which play
an important role in the formation of structures, such as our Galaxy.




Open Questions

With the discovery of the Higgs boson, we have established experimentally the existence of
the four degrees of freedom required by a Higgs doublet.

Is this the only doublet, or are there others awaiting discovery? What about non-doublets?

Even if there is a single Higgs doublet, in our presentation we emphasized that most of the
consequences do not depend on the detailed features of the Higgs potential (only that it
leads to Spontaneous Symmetry Breaking)

1
sittrue that V(HTH) = A(HTH — v?)? = 220%h? + V2)wh® + ZAh‘l ?
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Open Questions

While we understand the (elementary) fermion masses as a consequence of their interactions
with the Higgs field, we do not know what sets their values. Are the observed patterns a
manifestation of further symmetry principles that are currently hidden to us?

Are the tiny neutrino masses providing a glimpse into physics that operates at much higher
scales?

What is the nature of Dark Matter and how does it fit with the rest of the Standard Model?

How come our universe is dominated by matter, with only tiny traces of anti-matter?
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Perhaps you will be part of that unwritten story!
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