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I am not a philosopher. 
I’m just trying to understand         
what they are trying to understand.
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We all have opinions about 
• what a theory should look like 
• how knowledge is acquired 
• what is real and what is not 
• …

That doesn’t make us philosophers. 
It’s what makes us interesting for philosophers.
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Philosophy of physics
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Philosophy for physics?

“we should not expect [philosophy] to 
provide today’s scientists with any 
kind of useful guidance about how to 
go about their work or about what 
they are likely to find.

I should acknowledge that this is 
understood by many of the philosophers 
themselves.”

I agree.
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Philosophy for physics?

“Some of it I found to be written in a 
jargon so impenetrable that I can only 
think that it aimed at impressing those 
who confound obscurity with 
profundity.”

I agree.
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in: Handbook of the Philosophy of Physics
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Philosophy for physics?
• Wigner: 

“the unreasonable effectiveness of 
mathematics” 

• Weinberg: 
“the unreasonable ineffectiveness of 
philosophy”

Wrong expectation.
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Epistemology = 
theory of knowledge
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Epistemology of the LHC
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 R. Harlander, Physics and Philosophy, July 2016

Epistemology of the LHC
• Robert Harlander 
• Rafaela Hillerbrand 
• Michael Krämer 
• Dennis Lehmkuhl 
• Holger Lyre 
• Peter Mättig 
• Martina Merz 
• Gregor Schiemann 
• Erhard Scholz 
• Friedrich Steinle 
• Michael Stöltzner 
• Adrian Wüthrich 
• Christian Zeitnitz

physicists



 R. Harlander, Physics and Philosophy, July 2016

Epistemology of the LHC
• Robert Harlander 
• Rafaela Hillerbrand 
• Michael Krämer 
• Dennis Lehmkuhl 
• Holger Lyre 
• Peter Mättig 
• Martina Merz 
• Gregor Schiemann 
• Erhard Scholz 
• Friedrich Steinle 
• Michael Stöltzner 
• Adrian Wüthrich 
• Christian Zeitnitz

physicists 
philosophers



 R. Harlander, Physics and Philosophy, July 2016

Epistemology of the LHC
• Robert Harlander 
• Rafaela Hillerbrand 
• Michael Krämer 
• Dennis Lehmkuhl 
• Holger Lyre 
• Peter Mättig 
• Martina Merz 
• Gregor Schiemann 
• Erhard Scholz 
• Friedrich Steinle 
• Michael Stöltzner 
• Adrian Wüthrich 
• Christian Zeitnitz

physicists 
philosophers 
historians



 R. Harlander, Physics and Philosophy, July 2016

Epistemology of the LHC
• Robert Harlander 
• Rafaela Hillerbrand 
• Michael Krämer 
• Dennis Lehmkuhl 
• Holger Lyre 
• Peter Mättig 
• Martina Merz 
• Gregor Schiemann 
• Erhard Scholz 
• Friedrich Steinle 
• Michael Stöltzner 
• Adrian Wüthrich 
• Christian Zeitnitz

physicists 
philosophers 
historians 
sociologist

postdocs (so far): 
Arianna Borrelli 
Simon Friederich 
Koray Karaca



 R. Harlander, Physics and Philosophy, July 2016

Philosophy for physics
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Philosophy of physics

How does science work?
→ physicists as research objects
• how is progress made? 

• continuously? 
• revolutions? 
• …? 

• how is knowledge acquired? 
• explorative experiments 
• theory-driven experiments 
• … 

• how do concepts emerge, how are they established?

can one find 
a regularity at all?

LHC Epistemology: 
how theory-laden is the ATLAS 

experiment? 
Karaca, Steinle, Zeitnitz

• “The Strong and Weak Senses of Theory-Ladenness of Experimentation: 
Theory-Driven versus Exploratory Experiments in the History of High-Energy 
Particle Physics,” Science in Context, 26(1): 93–136 (2013).

• “Philosophical Reflections on Diagram Models and Diagrammatic 
Representations,” Journal of Experimental & Theoretical Artificial Intelligence, 
in the Special Issue on “Epistemology of Modeling and Simulation,” 24: 365–
384 (2012).

• “Representing Data Acquisition Procedures through Diagrams: The Case of 
the ATLAS Experiment,” at Studies in History and Philosophy of Modern 
Physics.

• “A Study in the Philosophy of Experimental Exploration,” invited contribution to 
the special issue of Synthese on the discovery of the Higgs boson.

• “Lessons of Modeling from the Large Hadron Collider: Models of Data 
Acquisition,” at Philosophy of Science.
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Philosophy of physics

→ contact to history

“[P]hilosophy of science […] at its 
best seems to me a pleasing gloss 
on the history and discoveries of 
science.”

I think the reflective 
character is crucial.
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Philosophy of physics

→ contact to sociology

E.g., the “Leithammel” concept: 
ancient: Aristoteles, …  
modern: ’t Hooft, Witten, Arcani-Hamed, …

“It is simply a logical fallacy to go from the 
observation that science is a social 
process to the conclusion that the final 
product, our scientific theories, is what it is 
because of the social and historical forces 
acting in this process.”

It depends on what you call the 
“final product”…
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recent example:

 ⇒ NLO revolution!
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imagine…

Shavkat Mirziyoyev 
University of Ubekibekistanstan
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September 2011

LHC Epistemology: 
empirical study of model dynamics 
Borrelli, Mättig, Steinle, Stöltzner
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September 2011
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September 2012
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Philosophy of physics

What is real?

Do the ingredients of a theory have to be observable?

Ontology = 
theory of being, realityWhat is “real”?

Is a chair real? 
Is a quark real? 
Is it as real as a chair?

Is gauge symmetry real? 
Is breaking of a gauge symmetry real?

LHC Epistomology: 
ontology of the Higgs mechanism 

Friederich, Harlander, Lyre
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Reality of gauge symmetries
Noether’s theorem: 
symmetry  ⇒  conserved quantity

examples:  
classical mechanics: 
translational symmetry  ⇒  momentum cons’n, etc. 
field theory: 
global U(1)  ⇒  electric charge conservation, etc.

�(x) ! e

i✓
�(x)
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global symmetry ⇒ @µJ
µ = 0

⇒ conserved charge Q
⇒ quantum states can be labelled accordingly:

|Q = 0i|Q = �1i |Q = 1i |Q = 2i, , , , ……,
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local symmetries:
�L
�Aµ

� @⌫
�L

�(@⌫Aµ)
Xµ =

no new information (on-shell)!
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puzzle:

global symmetry ⇔ conserved charge

local symmetry ⇔  ???

→ measurable!

Is local symmetry a theoretical artefact? 
If so, how can its breaking have physical 
consequences?

Εlitzur’s theorem: in gauge theories, ⟨Φ⟩=0 always 
(proven in lattice gauge theories)
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Earman (2004):
As the semi-popular presentations put it, “Particles get their masses by eating
the Higgs field.”
Readers of Scientific American can be satisfied with these just-so stories. But
philosophers of science should not be. For a genuine property like mass cannot be 
gained by eating descriptive fluff, which is just what gauge is.
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Philosophy of physics

disambiguition:

Identify and resolve ambiguities in physical jargon: 
• symmetry breaking 
• virtual particle 
• particle 
• mechanism 
• explanation 
• simplicity 
• aesthetics 
• ad hoc 
• …



The vacuum



The quantum vacuum
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Figure 2: Left: pull comparison of the fit results with the direct measurements in units of the experimental
uncertainty. Right: determination of MH excluding the direct MH measurements and all the sensitive
observables from the fit, except the one given. Note that the fit results shown are not independent.

which exceeds the experimental world average in precision. The indirect determination of the
e⇥ective weak mixing angle, cf. Fig. 3 (bottom right, blue band) gives

sin2⇥�e� = 0.23150± 0.00010 , (3)

which is compatible and more precise than the average of the LEP/SLD measurements [9]. Finally,
the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
�2.4 GeV , (4)

in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).

The measured value of MH together with the fermion masses, the strong coupling strength �S(M2
Z)

and the three parameters defining the electroweak sector and its radiative corrections (chosen

here to be MZ , GF and ��(5)
had(M

2
Z)) form a minimal set of parameters allowing one, for the

first time, to predict all the other SM parameters/observables. A fit using only this minimal
set of input measurements6 yields the SM predictions MW = 80.360 ± 0.011 GeV and sin2⇥�e� =

6For �S(M
2
Z) we use the result from Table 1.
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+ Brout

+ Guralnik, Hagen, Kibble 

+ Anderson

+ ...
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~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
~2M. Adernollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and H, . E. Marshak,
Phys. Rev. Letters 17, 888 (1966).
~3The predicted ratio I.eq. |,'12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p-dominance model of Ref. 2. This seems to be
true also in the other case of the ratio &(t) ~+m y}/
&(VV} calculated in Refs. 12 and 14.
L. M. Brown and P. Singer, Phys. Rev. Letters 8,

460 (1962}.

A MODEL OF LEPTONS*

Steven Weinberger
Laboratory for Nuclear Science and Physics Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields. s The model may
be renormalizable.
We will restrict our attention to symmetry

groups that connect the observed electron-type
leptons only with each other, i.e. , not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

and on a right-handed singlet

R = 4(i-},)le.
The largest group that leaves invariant the kine-
matic terms -I-yI" 8&L -R yI" 8&B of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers NI„Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge Q =T3 NR 2NL—, —
and the electron number N=N~+NL. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass, ' and there is no
massless particle coupled to N, ' so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange F=—Ng
+ 2NL.
Therefore, we shall construct our Lagrang-

ian out of L and B, plus gauge fields A& and
B& coupled to T and ~, plus a spin-zero dou-
blet

whose vacuum expectation value will break T
and ~ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and & gauge transformations is

2=-g(6 A —6 A +gA xA ) -«(6 B -6 B ) -R}' (& ig'B )R Ly (6 igt—~ A —i2g'B )L-p. V V p, P, V P V V P P

1 1 2 —4 2 2igA ~ ty-+i ,g'B yl ——G (LcpR+Ry L)—M y y+h(y y) . (4)p, p, p, 1

We have chosen the phase of the 8 field to make Ge real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A.

—= (y') real. The "physical" p fields are then p
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and

W&-=(V +V' -»)/~2 V. -=(V -V )/~~2. (5)
0 Ot 0 0$

The condition that p, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A.

'—=M,'/2h, and therefore the
field p, has mass M, while p, and p have mass
zero. But me can easily see that the Goldstone
bosons represented by y, and y have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates y and p, everywhere' without chang-
ing anything else. We will see that Ge is very
small, and in any case M, might be very large, '
so the y, couplings mill also be disregarded
in the following.
The effect of all this is just to replace p ev-

erywhere by its vacuum expectation value

(rp) =x( ). (6)

The first four terms in Z remain intact, while
the rest of the Lagrangian becomes
-~ y'g'[(A ')'+ (A 2)2]

p,

-~8K'(gA '+g'B )'—AG ee. (7)

We see immediately that the electron mass
is A.Ge. The charged spin-1 field is

gf ——2 &+(A & + fA 2)
p p,

and has mass

M = 2Ag.

= (g'+ g") "(gA '+g'& ),
p, P

(10)

=(g'+g") '"(-g'A '+g& ).
p.

Their masses are

M = —,X(g'+g")"', (12)

M~ ——0,

so A& is to be identified as the photon field.
The interaction betmeen leptons and spin-1
mesons is

The neutral spin-1 fields of definite mass are

Sg P,e y (1+y ) v W +H. c.+,»&2 ey eA

~(g'+g")"' 3g"-g' v u v+ 4,» ey e Fy y5-e+vy (1+y )v Z
— g' +g 5 p,

' (14)

G /Wr=g'/SM 2=1/2~2.

Note that then the e-p coupling constant is
=M /X=2 M G =2.07 10e e e W

(16)

We see that the rationalized electric charge
is

e=gg'/(g +g' )
and, assuming that W& couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

by this model have to do with the couplings
of the neutral intermediate meson Z@ . If Z&
does not couple to hadrons then the best place
to look for effects of Z& is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- v interaction is

( (3g'-g")
~~Py (1 +y) 5)v(+2, )F2y e+ Fy2y e ~.

The coupling of p, to muons is stronger by a
factor M&/Me, but still very weak. Note al-
so that (14) gives g and g' larger than e, so
(16) tells us that Mgr &40 BeV, while (12) gives
MZ &Mgr and MZ &80 BeV.
The only unequivocal new predictions made

If g »e then g »g', and this is just the usual
e-v scattering matrix element times an extra
factor ~. If g =e then g«g', and the vector
interaction is multiplied by a factor —2 rath-
er than 2. Of course our model has too many
arbitrary features for these predictions to be
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taken very seriously, but it is worth keeping
in mind that the standard calculation' of the
electron-neutrino cross section may well be
wrong.
Is this model renormalizable? We usually

do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our Z& and W& mesons get
their mass from the spontaneous breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
so the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of A& and B& to the hadrons?
I am grateful to the Physics Department of

MIT for their hospitality, and to K. A. Johnson
for a valuable discussion.

~This work is supported in part through funds pro-
vided by the U. S. Atomic Energy Commission under
Contract No. AT(30-1)2098).
)Qn leave from the University of California, Berke-

ley, California.
~The history of attempts to unify weak and electro-

magnetic interactions is very long, and will not be re-
viewed here. Possibly the earliest reference is E. Fer-

mi, Z. Physik 88, 161 (1934). A model similar to ours
was discussed by S. Glashow, Nucl. Phys. 22, 579
(1961); the chief difference is that Glashow introduces
symmetry-breaking terms into the Lagrangian, and
therefore gets less definite predictions.
2J. Goldstone, Nuovo Cimento 19, 154 (1961); J. Gold-

stone, A. Salam, and S. Weinberg, Phys. Rev. 127,
965 (1962).
3P. W. Higgs, Phys. Letters 12, 132 (1964), Phys.

Rev. Letters 13, 508 (1964), and Phys. Rev. 145, 1156
(1966); F. Englert and R. Brout, Phys. Rev. Letters
13, 321 (1964); G. S. Guralnik, C. R. Hagen, and T. W.
B. Kibble, Phys. Rev. Letters 13, 585 (1964).
See particularly T. W. B. Kibble, Phys. Rev. 155,

1554 (1967). A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is just the bare mass, while the
A.

& meson picks up an extra contribution from the spon-
taneous breaking of chiral symmetry. See S. Weinberg,
Phys. Rev. Letters 18, 507 (1967), especially footnote
7; J. Schwinger, Phys. Letters 24B, 473 (1967);
S. Glashow, H. Schnitzer, and S. Weinberg, Phys. Rev.
Letters 19, 139 (1967), Eq. (13) et seq.
~T. D. Lee and C. N. Yang, Phys. Rev. 98, 101 (1955).
6This is the same sort of transformation as that

which eliminates the nonderivative 7t couplings in the
a model; see S. Weinberg, Phys. Rev. Letters 18, 188
(1967). The 7t reappears with derivative coupling be-
cause the strong-interaction Lagrangian is not invari-
ant under chiral gauge transformation.
7For a similar argument applied to the 0 meson, see

Weinberg, Ref. 6.
R. P. Feynman and M. Gell-Mann, Phys. Rev. 109,

193 (1957).

SPECTRAL-FUNCTION SUM RULES, ('d-p MIXING, AND LEPTON-PAIR
DECAYS OF VECTOR MESONS*

R. J. Oakest
Brookhaven Nationa1. Laboratory, Upton, New York

J. J. Sakurai
The Enrico Fermi Institute for Nuclear Studies and the Department of Physics,

The University of Chicago, Chicago, Dlinois
(Received 18 October 1967)

Within the framework of vector-meson dominance, the current-mixing model is shown
to be the only theory of ~-y mixing consistent with Weinbeig's first sum rule as applied
to the vector-current spectral functions. Relations among the leptonic decay rates of p,
(d, and y are derived, and other related processes are discussed.

We begin by considering VFeinberg's first sum rule' extended to the (1+8) vector currents of the
eightfold way:

fdm [m p ' '(m )+p ' '(m )]=85 +S'5 5 0,
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The Weinberg-Salam 
electroweak theory

At first the theory, later awarded a 
Nobel Prize, attracted little attention 
� not even Weinberg found it 
interesting!

Weinberg 
’67

Citations to Weinberg’s “Model of Leptons”:

’t Hooft 
’71

H. Kragh
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Nuclear Physics B35 (1971) 167-188. North-Holland Publishing Company 

R E N O R M A L I Z A B L E  L A G R A N G I A N S  F O R  
M A S S I V E  Y A N G - M I L L S  F I E L D S  

G. ' t  HOOFT 
Institute for Theoretical Physics, University o f  Utrecht 

Received 13 July 1971 

Abstract: Renormalizable models are constructed in which local gauge invariance is broken 
spontaneously. Feynman rules and Ward identities can be found by means of a path in- 
tegral method, and they can be checked by algebra. In one of these models, which is 
Studied in more detail, local SU(2) is broken in such a way that local U(1) remains as a 
symmetry. A renormalizable and unitary theory results, with photons, charged massive 
vector particles, and additional neutral scalar particles. It has three independent param- 
eters. 

Another model has local SU(2) (~U(1) as a symmetry and may serve as a renormali- 
zable theory for p-mesons and photons. 

In such models electromagnetic mass-differences are finite and can be calculated in 
perturbation theory. 

1. INTRODUCTION 

In a preceding article [1] ,  henceforth referred to as I, it  has been shown that,  ow- 
ing to their large symmetry,  mass-less Yang-Mills fields may  be renormalized, pro- 
vided that a certain set of  Ward identit ies is not  violated by renormalization effects. 
With this we mean that  anomalies like those o f  the axial current Ward identities in 
nucleon-nucleon interactions [ 2 - 4 ] ,  which are due to an unallowed shift o f  inte- 
gration variables in the "formal"  proof,  must not  occur. In I it  is proved that such 
anomalies are absent in diagrams with one closed loop,  if  there are no parity- 
changing transformations in the local gauge group. We do know an extension of this 
proof  for diagrams with an arbitrary number o f  dosed  loops, bu t  it is rather in- 
volved and we shall not  present it here. 

Thus, our prescription for the renormalization procedure is consistent, so the 
ultraviolet problem for mass-less Yang-Mills fields has been solved. A much more 
complicated problem is formed by the infrared divergencies o f  the system. Wein- 
berg [5] has pointed out  that ,  contrary to the quantum electrodynamical  case, this 
problem cannot merely be solved by  some closer contemplat ion of  the measuring 
process. The disaster is such ~ a t  the per turbat ion expansion breaks down in the in- 
frared region, so we have no rigorous field theory to describe what  happens. 

180 G. 't Hooft, Massive Yang.Mills fields 

7. ISOSPIN AND ELECTROMAGNETISM; VECTOR DOMINANCE 

In the previous model, electromagnetism can be introduced in an elegant wayt .  
Consider first the symmetric representation (6.1). Let us assume the presence of  a 
"hyperelectromagnetic" field, Au, which does not break isospin. Let in (6.1) only 
the K particle have a "hypercharge" q. The Lagrangian is then: 

with 

£~ = "QYM -- !/~tv/~ttv -- (/~ K)*/)  K - /12K*K - ",~.(K*K) 2 ,it /,i 

Du K - Du K + i q A u r  . 
(7.1) 

The gauge group in this model is SU(2)®U(1) .  Let us consider an infinitesimal 
gauge transformation: 

K *= (1 -! i A a r  a -  iTX)K, 
wu'a = w a _  g -  1 u (DuA)a ' (7.2) 

Z.--./. +q-%x, 
where Aa(x), ,Tt(x) are generators of an infinitesimal gauge transformation. 

Now if the K field has a non-zero vacuum expectation value: 

( 1 )  
(01K(x)10) = F , (7.3) 

0 

then the physical fields will only appear to be invariant under those transformations 
(7.2) that leave the spinor 

(;) 
invariant; that are the transformations with 

A 1 = A 2 = 0 ; A 3 = - 2A = A EM . (7.4) 

1" The model  o f  this section is due to Weinberg [ 13],  who showed that  it can describe weak in- 
teractions between leptons. His lepton model can be shown to be renormalizable. 
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energy scattering requires these trajectories not to be
associated with spin-zero particles. 2 This is by no means
a drawback to our model; again, as in the case of the a
n R.J.N. Phillips and W. Rarita, Phys. Rev. 139,B1336 (1965).

meson, we remark that we do not expect to obtain all the
known mesons out of the present model. The dynamical
origin of spin-zero particles may very well be found in a
different channel.
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Spontaneous Symmetry Breakdown without Massless Bosons*
Pzrzz W. Hroost

Departntent of Physics, University of North Carolina, Chapel Hil/, North Carolina
(Received 27 December 1965)

V/e examine a simple relativistic theory of two scalar Qelds, Grst discussed by Goldstone, in which as a
result of spontaneous breakdown of U(1) symmetry one of the scalar bosons is massless, in conformity with
the Goldstone theorem. When the symmetry group of the Lagrangian is extended from global to local U(1)
transformations by the introduction of coupling with a vector gauge Geld, the Goldstone boson becomes the
longitudinal state of a massive vector boson whose transverse states are the quanta of the transverse gauge
Geld. A perturbative treatment of the model is developed in which the major features of these phenomena are
present in zero order. Transition amplitudes for decay and scattering processes are evaluated in lowest order,
and it is shown that they may be obtained more directly from an equivalent Lagrangian in which the original
symmetry is no longer manifest. When the system is coupled to other systems in a U(1) invariant La-
grangian, the other systems display an induced symmetry breakdown, associated with a partially conserved
current which interacts with itself via the massive vector boson.

I. INTRODUCTION
HE idea that the apparently approximate nature
of the internal symmetries of elementary-particle

physics is the result of asymmetries in the stable solu-
tions of exactly symmetric dynamical equations, rather
than an indication of asymmetry in the dynamical
equations themselves, is an attractive one. Within the
framework of quantum 6eld theory such a "spontane-
ous" breakdown of symmetry occurs if a Lagrangian,
fully invariant under the internal symmetry group, has
such a structure that the physical vacuum is a member
of a set of (physically equivalent) states which trans-
form according to a nontrivial representation of the
group. This degeneracy of the vacuum permits non-
trivial multiplets of scalar fields (which inay be either
fundamental dynamic variables or polynomials con-
structed from them) to have nonzero vacuum expecta-
tion values, whose appearance in Feynman diagrams
leads to symmetry-breaking terms in propagators and
vertices. That vacuum expectation values of scalar
fields, or "vacuons, " might play such a role in the
breaking of symmetries was 6rst noted by Schwinger'
and by Salam and Ward. ' Vnder the alternative name,
"tadpole" diagrams, the graphs in which vacuons

*This work was partially supported by the U. S. Air Force
QfBce of Scientidc Research under grant No. AF-AFQSR-153-64.
t Qn leave from the Tait Institute of Mathematical Physics,

University of Edinburgh, Scotland.' J. Schwinger, Phys. Rev. 104, 1164 (1954); Ann. Phys.(!Y.) 2, 407 (1957).' A. Salam and J. C. Ward, Phys. Rev. Letters 5, 390 (1960);
Nuovo Cimento 19, 167 (1961).

appear have been used by Coleman and Glashow' to
account for the observed pattern of deviations from
SU(3) symmetry.
The study of Geld theoretical models which display

spontaneous breakdown of symmetry under an internal
Lie group was initiated by Nambu, 4 who had noticed'
that the BCS theory of superconductivity' is of this
type, and was continued by Glashow7 and others. 8 All
these authors encountered the difficulty that their
theories predicted, inter alia, the existence of a number
of massless scalar or pseudoscalar bosons, named
"zerons" by Freund and Nambu. ' Since the models
which they discussed, being inspired by the BCS
theory, used an attractive interaction between mass-
less fermions and antifermions as the mechanism of
symmetry breakdown, it was at first unclear whether
zerons occurred as a result of the approximations
(including the usual cutoff for divergent integrals)
involved in handling the models or whether they
would still be there in an exact solution. Some authors,

3 S. Coleman and S. L. Glashow, Phys. Rev. 134, 8671 (1964}.
4 V. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961);

124, 246 (1961};Y. Nambu and P. Pascual, Nuovo Cimento 30,
354 (1963).' Y. Nambu, Phys. Rev. 117, 648 (1960).i J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
106, 162 (1957).
r M. Baker and S. L. Glashow, Phys. Rev. 128, 2462 (1962);

S. L. Glashow, ibid 130, 2132 (1962). .
vM. Suzuki, Progr. Theoret. Phys. (Kyoto) 30, 138 (1963);

30, 627 (1963); N. Byrne, C. Iddings, and E. Shrauner, Phys.
Rev. 139, B918 (1965); 139, B933 (1965).

9 P. G. Q. Freund and Y. Nambu, Phys. Rev. Letters 13, 221
(1964).

SPONTANEOUS SYM M ETRY BREAK DOWN

going states and associated complex conjugate wave
functions.

i. Decay of a Scalar Boson into Toro
Vector Bosons

The process occurs in erst order (four of the 6ve
cubic vertices contribute), provided that mp&2m~. Let
p be the incoming and k~, kp the outgoing momenta.
Then

M=i{e[a* (k,)( ik—,„)y*(kp)+a*»(k,)( ik—&„)y*(k&)j—( p.)L *"(k )~*(k.)+ *"(k )~*(k )3—2emga„*(kg) a*»(kp)—fmoy'(kg)y*(kp) }.
By using Eq. (15), conservation of momentum, and
the transversality (k„b»(k)=0) of the vector wave
functions we reduce this to the form

M=—2iemyb*» (kg) b„(kp)
—iem (p'+m. ')y*(k,)y*(k,). (16)

We have retained the last term, which we shall need
in calculating scattering amplitudes; when the incident
particle is on the mass shell it vanishes and we are left
with the invariant expression

M=—2iemgb* (kg) b„~(kp) . (17)
Conservation of angular momentum allows three pos-
sibilities for the spin states of the decay products: They
may be both right-handed, both left-handed, or both
longitudinal (p ~=op ——+1,—1, or 0). With the help of
the explicit vectors (14), we 6nd

M(+1, +1)=M(—1,—1)=2iem~,
M(0,0)=ifmp(1 2e'/f') .—

We note that as @~0 the amplitudes for decay to
transverse states tend to zero, but the amplitude
M(0,0) tends to the value ifmp which we would calcu-
late from the vertex —'pfmpC'X for the decay of one
massive into two massless scalar bosons in the original
Goldstone model. (The sign change arises from the
factor i which is associated with the term p in each b„).

ii. Vector Boson-Vector Boson Scattering
Let k~, k2 be the incoming and k~', k2' the outgoing

momenta. The process occurs as a second-order effect
of the cubic vertices, by exchange of a scalar boson in
the s, t, or I channel, where s=—(p~+ pp)',=—(p,—p,')', I=—(p,—p,')'. It also occurs as a
direct effect of two of the quartic vertices. Equation
(16) enables us to write down

M,=i'( 2emgb»*(—kg') b*»(kp')
+em'—'(s—mp') y*(kg')@*(kp') }
Xi(s—mp') —'{—2emgb„(kg) b" (kp)

+em' '(s—mp')P(kg)y(kp) }

and similar expressions for M& and M . The quartic
vertices yield a contribution given by

Md;, ~g——p(—2e') (a»*(kg') a'»(kp')y (kg)g (kp)
+5 similar terms)
+i(-3f')4*(k~')4*(kp')4 (k~)4 (kp)

=—2pd(b»+(k, ')b*»(k,')y(k, )y(k,)
+5 similar terms)
+i(4e'—3f')4*(ki')4*(kp')4(k~)4 (kp).

It is only when we combine these four contributions
that we obtain (after some algebra) the invariant
expression

M„„(=M.+M)+M.+Me;, t
=—4~e'mP( (s—mp')-'b*»(kg') b*»(kp') b„(kg)b" (kp)
+(i—mo') 'b *(kg') b»(kg) b„*(kp')b"(kp)
+(I—moo) 'b ~(kg')b»(kp)b„*(kp')b"(ky)}. (18)

iii. Vector Boson-Scalar Boson Scattering

Let k, p be the momenta of the incoming vector and
scalar boson, respectively, and k', p' be their outgoing
momenta. Again there are four contributions, M„3f~,
M„, and M~;, ~. In the s and u channels a vector boson
is exchanged and it turns out that the various propa-
gators, (T*Ag„), (T*A„C), and (T*CC), occur only in
the combination (T*BQ„).We obtain the expression

M,=io(—2em&b*»(k')+ieq»g*(k') }i(g»„+m& 'q„q„)
X (s—mP) '(—2em~b" (k)—ieq"P(k) },

where q=k+p and s=—q', and a similar expression
for M . In the t channel a scalar boson is exchanged,
and we 6nd that

M~=i'( —3fmo}i(t—mo') '{—2emqb»~(k')b»(k)
+em (i—moo)y'(k')y(k) },

where i=—(k—k')'. Finally, the contribution of the
quartic vertices is given by

Mp;, t——i(—2e'$b„*(k')—imp 'k»'g*(k')]
XLb»(k)+im&-'k»y(k) j—f'y*(k')y(k) }

Again the four contributions sum to the invariant
expression

M~opsi= —2imP(2e'(s —ma') '$b *(k')b"(k)
+m p»'b*»(k') p b"(k)$
+3f'(r—mop)-'b„*(k') b»(k)
+2e'(u—mP) 'Lb»*(k') b»(k)
+m p„b*»(k')p„'b"(k)$}

2ie'b *(k')b—»(k) . (19)

A similar matrix element may be written down for the
process, vector pair &-+ scalar pair, by making appropri-
ate interchanges of incoming and outgoing momenta
and wave functions.
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON 

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS ** 
CERN, Geneva 

Received 7 November 1975 

A discussion is given of the production, decay and observability of the scalar Higgs 
boson H expected in gauge theories of the weak and electromagnetic interactions such as 
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of 
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass 
is similar to that of the pion, the Higgs boson may be visible in the reactions n-p + Hn or 
yp --t Hp near threshold. If its mass is < 300 MeV, the Higgs boson may be present in the 
decays of kaons with a branching ratio 0(10-T), or in the decays of one of the new par- 
ticles: 3.7 + 3.1 + H with a branching ratio 0(10e4). If its mass is <4 GeV, the Higgs 
boson may be visible in the reaction pp --f H + X, H --f n+p-. If the Higgs boson has a mass 
<2m , the decays H -+ e+e- and H + y-r dominate, and the lifetime is 0(6 X 10m4 to 
2 X ib-12) seconds. As thresholds for heavier particles (pions, strange particles, new par- 
ticles) are crossed, decays into them become dominant, and the lifetime decreases rapidly 
to O(lO-*o) set for a Higgs boson of mass 10 CeV. Decay branching ratios in principle 
enable the quark masses to be determined. 

1. Introduction 

Many people now believe that weak and electromagnetic interactions may be de- 
scribed by a unified, renormalizable, spontaneously broken gauge theory [l]. This 
view has not been discouraged by the advent of neutral currents, or the existence of 
the new narrow resonances [2]. These latter may well be a manifestation of some 
form of “charm”, a new hadronic degree of freedom [3] favoured by constructors 
of weak and electromagnetic interaction models. A comprehensive discussion of the 
phenomenology of conventional charm has been given by Gaillard, Lee and Rosner [4] 
At the time of writing, the discovery of charm has not been confirmed, but gauge 
theorists are not yet discouraged. 

Other particles have been suggested by gauge theorists, including heavy leptons [5], 
Higgs bosons [6] and intermediate vector bosons. Experimental searches for heavy 
leptons M+ coupled to muon neutrinos have ruled out [7] masses below 8 GeV. From 

* And Laboratoire de Physique Theorique et Particules Elementaires, associe au CNRS, Orsay. 
! * Address after 1 January 1976: Ecole Normale Superieure, Paris. 
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We should perhaps finish with an apology and a caution. We apologize to ex- 
perimentalists for having no idea what is the mass of the Higgs boson, unlike the 
case with charm [3,4] and for not being sure of its couplings to other particles, except 
that they are probably all very small. For these reasons we do not want to encourage 
big experimental searches for the Higgs boson, but we do feel that people performing 
experiments vulnerable to the Higgs boson should know how it may turn up. 

We would like to thank B.W. Lee, J. Prentki, B. and F. Schrempp, G. Segrd and 
B. Zumino for valuable remarks, comments and suggestions. 

Note added in proof 

Since writing our paper we have learnt of some more considerations [SS-571 about 
the mass of the Higgs boson. Also, we have been encouraged [58] to calculate its pro- 
duction in neutrino collisions. We also make here some further remarks about the model 
dependence of our previous results. 

In two papers [55,56], Sato and Sato have given astrophysical arguments against very 
light Higgs bosons. They argue that present understanding of the cosmic background 
radiation excludes 0.1 eV < mH < 100 eV [55], and that stellar evolution would be 
drastically affected if mH < 0.1 X m, [56]. 

Most recently, Linde and Weinberg have derived [57] an approximate lower 
bound on mH from an analysis of Coleman and Weinberg [59]. These authors 
pointed out that a simple Higgs potential 

V,(H) = p2@ + AH4 , (2 < 0, x > 0) , (A.1) 

acquires radiative corrections in perturbation theory. The one-loop graphs of fig. 20 
yield 

V,(H) = p2H2 t BH4 In (H2/M2) , (A-2) 

where M is a mass parameter chosen to absorb all H4 terms, and 

&_L 
64n2 v4 

[3 C rnt - 4 Frn:] 
v=w,z 

(A.31 

where v2 = l/fiGF as before ! . Then by requiring that the value H = v be a global 

* The potential is actually gauge dependent, the original calculations of Coleman and Weinberg 
[59] being performed in the Landau gauge so that no ghost loops appear in fig. 20. However, 
the conclusions of physical interest are gauge independent to all orders in perturbation theory 
[60]. There is also a H&s contribution to (A.3) which is negligible for the comparatively light 
Higgs bosons we are interested in. 
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Problems with the Higgs mechanism
• requires a fundamental scalar particle 

— the only one! 
• naturalness: Higgs mass should be large

physics at E≪Λ: 

assume: L = LSM(ĝ, m̂q, M̂W , M̂H , . . .) + L⇤

L ! LSM(g,mq,MW ,MH , . . .) +O (1/⇤)

m(µ) = m̂(µ) (1 +O(lnµ/⇤))

g(µ) = ĝ(µ) (1 +O(lnµ/⇤))

M2
H = M̂2

H +O(⇤2)

1252 = 1032 - (10 + 0.0000000000000000000000000000488)32
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Problems with the Higgs mechanism

V (�) = �µ2�†�+ �(�†�)2

↑
by hand

• no prediction of particle masses 
• no prediction of CKM matrix 
• …
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Neptune

• 1781: Uranus discovered (W. Herschel) 
• 1788: position deviates from prediction 
• 1835: A. Bouvard suggests trans-Uranian planet 
→ ad hoc? 

• 1845: J.C. Adams and U. Le Verrier calculate 
position of the Neptune 

• 1846: Neptune discovered by J.G. Galle
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Neutrino
• apparent energy violation in β decay

• 1930: Pauli proposes a new particle: 
massless, electrically neutral  → ad hoc?
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Lorentz-Fitzgerald length contraction
Michelson-Morley 1887

Lorentz: electromagnetic forces are 
transmitted mechanically via static ether

Lorentz-Fitzgerald: moving 
rigid bodies change their 
size.
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What is ad hoc?
• 1934: Popper 

“Some genuinely testable theories, when found to be 
false, are still upheld by their admirers - for example by 
introducing ad hoc some auxiliary assumption, or by re-
interpreting the theory ad hoc in such a way that it 
escapes refutation. Such a procedure is always possible, 
but it rescues the theory from refutation only at the price 
of destroying, or at least lowering, its scientific status.”
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“…neuen Theorien eine Atempause, und sie deuten 
die Richtung der zukünftigen Forschung an.”

• 1975: Feyerabend

Ad-hoc-Hypothesen verschaffen…

[ ad-hoc hypotheses give new theories some breathing 
time; they indicate the direction of future research ]

in other words: time to look for a better theory!
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1975
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There is some 
“strange” result.
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I have a solution! But… 

1. … it only solves                   
this one problem 

2. … I don’t know any other 
application in this field 

3. … I cannot explain it from 
anything we know

“independent support”
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… at least my solution 
is not in contradiction 
with what we know.
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I cannot convince 
you that I’m right, 
but you cannot 
convince me that 
I’m wrong either.
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I know, it feels like…

In other words: if H is “true”, 
we’ll be in even deeper trouble.
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Do we think the underlying theory is fundamental?

gravity: definitely
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Do we think the underlying theory is fundamental?

QFT: infinities!

“Maybe understanding 
the infinities will also 
resolve the energy-
conservation problem?”
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Result:

• Neptune is not ad hoc 
• Neutrino is ad hoc

(but it still turned out right!)
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Lorentz-Fitzgerald length contraction
• Is there an experimental anomaly? 

Sure: Michelson-Morley P 
• Is there independent support for length 

contraction? 
No: there is only Michelson-Morley, and there is no 
theory behind it. P 

• Is it theoretically consistent?
Yes: Remember that the ether defines an absolute 
reference frame!  P
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Lorentz-Fitzgerald length contraction
• Can I convince you that it’s right?

Definitely no. P  
• Can you convince me that it’s wrong?

Definitely no: in the end, it sort of turned out right! P 
• Are there other problems with the ether theory?

Oh yes: 
• back reaction ether ⟷ matter 
• relativity (why is there a preferred frame?) 
• etc. P

definitely ad hoc!
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Higgs mechanism (Standard Model)

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

yes: particle masses

was known before SM0  
             ⇒ requires slight modification of Leplin’s conditions

⇒ (P)

• Is there an experimental anomaly w.r.t. SM0?    
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Higgs mechanism (Standard Model)

• Is it theoretically consistent?

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

yes  P
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Higgs mechanism (Standard Model)

• Is there independent support?   

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

experimentally:  
• ρ-parameter? no 
• several particle masses? not really 
• Higgs boson? not before 2012!
theoretically: no (sign of  μ2  put by hand!) 

⇒  P
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Higgs mechanism (Standard Model)

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

• Can you convince me that it’s wrong?
no: after all, SM is renormalizable

⇒ P
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Higgs mechanism (Standard Model)

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

• Can I convince you that it’s right?
no:  
• naturalness problem 
• there are too many alternatives

⇒ P
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Higgs mechanism (Standard Model)

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

• Is the Standard Model a fundamental theory?
I don’t think so: 
• gravity? 
• pattern of CKM matrix? 
• pattern of particle masses? 
• number of generations? 
• …

→ all possibly related the 
the Higgs mechanism!

⇒  P



 R. Harlander, Physics and Philosophy, July 2016

Higgs mechanism (Standard Model)

Standard Model:
  

SU(3)⊗SU(2)⊗U(1)  =:  SM0 

⊕   
 Higgs mechanism

result:
before July 4, 2012: SM Higgs mechanism is ad hoc
after that:  no longer ad hoc!

so what?



 R. Harlander, Physics and Philosophy, July 2016

A religious analogy

1. Paradigm: God is good
2. Observation: Craters
3. Ad-hoc hypothesis: Meteorites                   
→ could destroy us  → conflict with paradigm

4. Event: Meteorite hits earth                         
→ hypothesis no longer ad hoc

5. Possible conclusions:
A. it’s all part of a bigger plan
B. God is not good
C. there is no God

assume: there is no astronomy

theories are natural
particle masses

Higgs mechanism

Higgs discovery

new physics to come
naturalness is a red herring
anthropic principle



pre-discovery:   Higgs mechanism ad hoc

⇒ a reason to look for alternatives

post-discovery:   no longer ad hoc

but problems remain real
⇒ time to think about the arguments used against it
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Conclusions
• interaction philosophy/physics is fun 

(most of the time…) 
• immediate impact on philosophy ≫ on physics 
• possible back-reaction? (“spin-offs”) 
• interest among physicists unexpectedly large 
→ Springschools 
→ Workshop 
→ etc.


