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The BCS Theory of Superconductivity

PHYSICAL REVIEW

VOLUME 108,

NUMBER 5§ DECEMBER 1, 1957

Theory of Superconductivity™

J. BarpeeN, L. N. Coorer,f AND J. R. SCHRIEFFER]
Department of Physics, University of Illinois, Urbana, Illinois
(Received July 8, 1957)

A theory of superconductivity is presented, based on the fact

- that the interaction between electrons resulting from virtual

exchange of phonons is attractive when the energy difference
between the electrons states involved is less than the phonon
energy, 7w. It is favorable to form a superconducting phase when
this attractive interaction dominates the repulsive screened
Coulomb interaction. The normal phase is described by the Bloch
individual-particle model. The ground state of a superconductor,

. formred from a linear combination of normal state configurations
~ in which electrons are virtually excited in pairs of opposite spin
" and momentum, is lower in energy than the normal state by

e

| amount proportional to an average (#w)?, consistent with the
1sotope effect. A mutua]ly orthogonal set of exmted states in

one-to-one correspondence with those of the normal phase is
obtained by specifying occupation of certain Bloch states and by
using the rest to form a linear combination of virtual pair con-
figurations. The theory yields a second-order phase transition and |
a Meissner effect in the form suggested by Pippard. Calculated |
values of specific heats and penetration depths and their temper- £
ature variation are in good agreement with experiment. There is
an energy gap for individual-particle excitations which decreases
from about 3.5k7. at T=0°K to zero at 7. Tables of matrix &
elements of single-particle operators between the excited-state
superconducting wave functions, useful for perturbation expan-
sions and calculations of transition probabilities, are given.

Codesate of electron pa1rs of due to phonon 1nteract1ons

Lowest-energy state has charge density: breaks/hides U(1),,
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ambu, Anderson & “Spontaneous
Breaking” of Gauge Symmetry

PHYSICAL REVIEW VOLUME 117, NUMBER 3 FEBRUARY 1, 1960

Quasi-Particles and Gauge Invariance in the Theory of Superconductivity™®

“Spontaneous
symmetry
breaking”

Ideas and techniques known in quantum electrodynamics have
been applied to the Bardeen-Cooper-Schrieffer theory of super-
conductivity. In an approximation which corresponds to a
generalization of the Hartree-Fock fields, one can write down an
integral equation defining the self-energy of an electron in an
electron gas with phonon and Coulomb interaction. The form of
the equation implies the existence of a particular solution which
does not follow from perturbation thcory, and which leads to the
energy gap equation and the quasi-particle picture analogous to

Yoicairo NamMBU
The Enrico Fermi Institute for Nuclear Studies and the Department of Physics, The University of Chicago, Chicago, Illinois

(Received July 23, 1959)

magnetic field, can be maintained in the quasi-particle picture by
taking into account a certain class of corrections to the charge-
current operator due to the phonon and Coulomb interaction. In
fact, generalized forms of the Ward identity are obtained between
certain vertex parts and the self-energy. The Meissner effect cal-
culation is thus rendered strictly gauge invariant, but essentially
keeping the BCS result unaltered for transverse fields.

I

It is shown also that the integral equation for vertex parts |~

allows homogeneous solutions which describe collective excitations

hidden symmetry

Gauge-invariant
mass generation
by plasmons 1n
non-relativistic

LN o 8 2

Bogoliubov’s.
The gauge invariance, to the first order in the external electro-

of quasi-particle pairs, and the nature and effects of such col- | |
lective states are discussed.
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PHYSICAL REVIEW VOLUME 130, NUMBER 1

Plasmons, Gauge Invariance, and Mass

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 8 November 1962)

Schwinger has pointed out that the Yang-Mills vector boson implied by associating a generalized gauge
transformation with a conservation law (of baryonic charge, for instance) does not necessarily have zero
mass, if a certain criterion on the vacuum fluctuations of the generalized current is satisfied. We show that
the theory of plasma oscillations is a simple nonrelativistic example exhibiting all of the features of Schwin-
ger’s idea. It is also shown that Schwinger’s criterion that the vector field »7£0 implies that the matter
spectrum before including the Yang-Mills interaction contains m=0, but that the example of supercon-
ductivity illustrates that the physical spectrum need not. Some comments on the relationship between these
ideas and the zero-mass difficulty in theories with broken symmetries are given
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Nambu Introduces Spontaneous Symmetry
Breaking into Particle Physics

AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS*

Yoichiro Nambu
Enrico Fermi Institute for Nuclear Studies and Department of Physics
University of Chicago, Chicago, Illinois
(Received February 23, 1960)

In analogy to the conserved vector current in- momenta. Such an attempt has some appeal in
teraction in the beta decay suggested by Feynman view of the apparently modest renormalization
and Gell-Mann, some speculations have been effect on the axial vector beta decay constant
made about a possible conserved axial vector (gA/sz 1.25), although the second appealing

. current.’”® One can formally construct an axial point,’ namely, the possible forbidding of r~e+v,

vector nucleon current, which satisfies a con- has now lost its relevance.
- tinuity equation, The expression (1), unfortunately, can be
— : A easily ruled out experimentally, as was pointed
- r (p",p) =i-y5‘y“ . 2My5qu/qz, g=p’-p, (1) out by Goldberger and Treiman,® since it intro-

duces a large admixture of pseudoscalar interac- =

- where p and p’ are the initial and final nucleon tion. . | B
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- Spntaeos breaking
* Pion as (almost) massless (Nambu-)Goldstone
boson of chiral symmetry of strong interactions
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The Englert-Brout-Higgs Mechanism
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- BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* g

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P.W. HIGGS
Tuil Instirute of Mathemalical Plysies, Vniverstly of Edinburph, 5S¢ otland

Recelved 27 July 1964

T T— PHYSICAL REVIEW LETTERS 19 OcTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

5 citations
Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland befOI'e 1967
(Received 31 August 1964)

SPONTANEOUS BREAKDOWN OF STRONG INTERACTION SYMMETRY AND THE
ABSENCE OF MASSLESS PARTICLES

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,¥ C. R. Hagen,i and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(Received 12 October 1964)

The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass




Steps Towards the Higgs Boson
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First Steps 1n Phenomenology

PHYSICAL REVIEW

VOLUME 145, NUMBER 4

27 MAY 1966

pontaneous Symmetry Breakdown without Massless Bosons*

Perer W. Hicost
Department of Physics, University of Nerth Carolina, Chapel Hill, North Carolina
(Received 27 December 1965)

We examine a simple relativistic theory of two scalar fields, first 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

tbesymm:ygmpdlhehp:ngiwhextendedfmglobﬂlohal U@
Goldstone boson becomes the

transformations by the introduction of coupling with a vector gauge field, the
longitudinal state of a massive vector boson whose transverse states are the quanta of the transverse gauge

field. A perturbative treatment of the model is developed in which the major f

of these ph are

present in zero order. Transition amplitudes for decay and scattering processes are evaluated in lowest order,
dluubown th!thymyhobmdmmdum!ytmuqmnht%mmwhchthewﬂ

tryunolongermlmfcst When the syst

to other systems in a U(1)

h omasystmdhphyminducedsymmeuy* “ ciated with a partially cop
et with itself via the massive vector boson.

L. 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 field 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 may 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 first noted by Schwinger®
and by Salam and Ward.? Under the alternative name,
“tadpole” diagrams, the graphs in which vacuons
* This work was ed by the U. S. Air Force
Office of Scientific Rueuch un er grant No. AF-AFOSR-153-64.
fOn leave from the Tait Institute of Mathematical Physics,

Umvenl of Edinburgh, Scotland.
mg Phy:. Rev. 104, 1164 (1954); Ann. Phys.

%
(N )Sim . Ward Phys. Rev. Letters 5, 390 (1960);
Nuow cumm ) 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 field theoretical models which display
spontaneous breakdown of symmetry under an internal
Lie group was initiated by Nambu,* who had noticed®
that the BCS theory of superconductivity® is of this
type, and was continued by Glashow” and others.® All
these authors encountered the difficulty that their
theories predicted, infer 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,

8. Coleman and S. L. Glashow, PPhr.Rcv. 134, B671 (1964).

¢Y. Nambu and G. Jonnl.a-mo, ys. Rev. 122, 345 (1961);

124(2{&51961) Y. Nambu and P. Pascual, Nuovo Cimento 30,
'Y Nambu, Phys. Rev. 117, 648 (1960]

. LN.Cc:q)er and J. R)Sd:ndu,l’hys.kev

R 2462 (1962);
5. 1. Glashow, i, 13, zm(mgz::f( “ :z; mt:oas;
30627(1963),N A E. Shrauner, Phys.

Rev. 139, BY1S (1965) 8933 (
(1954')6‘ O. Freund and Nmbu, Pbys. Rev. Letters 13, 221
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going states and associsted complex conjugate wave
functions.

i. Decay of a Scalar Boson into Two
Vector Bosons

u&mmm,wmoa—,m
# be the incoming and by, by the cutgoing momenta.
Then

M i e (k) (— ibe, )" (ke) + 0% (ka) (— ik, )6 (1))
—elip e (k6" () +c*(k)e" (k)]
= 2emye,* ()a**(ke) = frued® (k1)0" (k) .
By using Eq. (15), conscrvation of momentum, and

the transversality (B *(R)=0) of the wector wave
functions we reduce this to the form

= 2icm "+ (R:)5," (ke)

—demi (Pt (k)et (k). (16)
Wehwm-dthhuh-.'hchwumd
in calculating scattering amplitodes; when the incident
particle is on the mass shell it vanishes and we are keft
with the invariant expression

Mo = 2iem ()8, (k) . an
Coascrvation of angular momentum allows three pos-
sibilitics for the spin states of the decay products: They
may be both right-handed, both left-banded, or both
longitudinal (sy=ey=+1, —1, or 0). With the help of
mwhmm(u).whd

M(+1, +1)=M(~1, —1)=2icwm,,

MO00)=ifmi(1—2¢/1).

We note that as ¢~+0 the amplitudes for deca

d&wmwmdawm.
the 2, 4, or » chamnd, where s=—(p+p), ¢
(=P, we=(p=P. It 2lso occurs as 2
direct effect of two of the quartic vertices. Equation
(16) caables us to write down

M =it —2emb,* (1) (s")
+emy(s—md)o" (b)o" (&)
Xi(s—md)y ' —2emb, (k)b (ks)
Fem(3—md)o (ko (k)

and similar cxpressions for M, and M, The quartic
vertices yield a contribution givea by

M= i(= 26 ," (1) (1) (ko (Be)
+S similar terms)
(=30 ()" (ke (ke (k)
- S, (W (e (ke (k)
+$ siznilar terms)
+il4f—3Me" (10" (kDo (e (k).
It is caly when we combine these four contributions
that we cbtsin (after some algebra) the invariant
erpresion
Mos= M5 MM M gun
= — G| (s— md)y 0" (0 )5 ()b () (ke
+ (=m0 (PP (RN () (k)

outgoing
momenta. Aph mem M M,
H.dl_h&ennd-d-&nwb-
is exchanged and it turns out that the nm.pm—
gatory, (TV4,4.), (T°4.8), and (T™99), cccur caly in
the combination (TV5,5,). We obtain the cxpression
M= (= 2em (X )4iepe® (V) )ilg.+m=i%g4)

X (s—md)*( —2emr (k) —ieyolk)) ,
where gwbip and 3o —¢, and 3 similar cxpression
for M, In the § channel a scalar boson s exchanged,
and we find that

My 2 =3 fag) i (1—md) ' — 2emd * ()b (k)

e (1—-mfe " ()o(B)) ,
where o — (B=F). Finally, the contribution of the
quartic vertices is given by
M= i = 2600, (¥ )~ i1, /9" (X))

X[ (k) Fim i (k) ] fo* (K)o (B)) .
Again the four contributions sum to the invasiant
cpreain
Mos= —2im (26 (s—me) [, (K)o (k)
Tt P )p(R))
F3f(=md) S, WP (E)
4+ 28 (u—my (B (R)
+m AT ]
=26, (K)(k). (19)
A similar matrix dement may be written down for the
process, vector ;- «» scalar pair, by making W"

ate interchanges of incoming and
and wave functions.
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The Non-Abelian Case

PHYSICAL REVIEW VOLUME 155, NUMBER 5§ 25 MARCH 1967

Symmetry Breaking in Non-Abelian Gauge Theories*

T. W. B. Kmsre
Department of Physics, Imperial College, London, England
(Received 24 October 1966)

According to the Goldstone theorem, any manifestly covariant broken-symmetry theory must exhibit
massless particles. However, it is known from previous work that such particles need not appear in a rela-
tivistic theory such as radiation-gauge electrodynamics, which lacks manifest covariance. Higgs has shown
how the massless Goldstone pamcles may be eliminated from a theory with broken U (l) symmctry by
coupling in th E € primary purpose of this paper S agous problem
se of broken non- Abclian gauge symmetries. In pamculu, a model is exhiblted wlnch DW?

thc number of massless particles in a theory of this type is determined, and the possibility of having a
broken non-Abelun gauge symmetry wnth no massless pamcles wlutever is established. A second

4 — ' : Jlous uo, the
Lorentz-gauge formahsm properly handled is pcrfectly oonmtent and luds to physical conclusions
identical with those ruched using the ndution gauge.

V. A SIMPLE MODEL

As an mustratwn of the discussion in the preceding
- xe shall consider here a simple model of broken
in which no massless particles remain. pYITREIR B LINEI )G

‘ el contains a complex three-component field
¢= (¢‘) and four vector fields 4, and A,=(44). It is




Electroweak sector of - th
Standard Model

« SU(2)x U(1)

|* Mixing of Z, photon

e Neutral currents

| Higgs-lepton couplings
No quarks

VoLuME 19, NUMBER 21

PHYSICAL REVIEW LETTERS

20 NOVEMBER 1967

and

¢, = («)0 +¢0T—2A)/~/7 o= (¢0—¢OT)/if2" . ()

The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A*=M ?/2h, and therefore the
field ¢, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and ¢, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,’
so the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace ¢ ev-
erywhere by its vacuum expectation value

@ =1(y) ®

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes

-bgla P A )

-gAZ(gA“%g'Bu)Z—AGeée. (7)

We see immediately that the electron mass
is AG,. The charged spin-1 field is

WMEZ“”(A“’+1'A“2) (8)
and has mass
My, =2 ©
The neutral spin-1 fields of definite mass are
=(g*+g"")"V*(gA *+g'B ), (10)
i W
A“ =(g +g")“’2(—g’A”’+gBu). (11)
Their masses are
M, = (g +g")", (12)
M, =0, (13)

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

g K igg’ n
= 1 w Cot e
w3 &Y ( +75)V “+Hc +(g2+g’3)”2€7 eA“

+i(g2 +g12)1/2 [ 3g12_g2

4

2ig )ey e—éyuyse +17y 1 +y5)v] . (14)

We see that the rationalized electric charge |
is

e=gg'/(g*+&")* (15)
and, assuming that Wli couples as usual to had-

rons and muons, the usual coupling constant
of weak interactions is given by

GW/J‘z‘ =g2/8MW2 =1/2)2, (16)

Note that then the e-¢ coupling constant is
- —91/4 /2 _ X 10—¢
G, Me/)\ 2 MeGW 2.07X107°.

The coupling of ¢, to muons is stronger by a
factor M|, /Mg, but still very weak. Note al-
so that (14) gives g and g’ larger than e, so
(16) tells us that My >40 BeV, while (12) gives
Mz >Mwy and Mz >80 BeV.

The only unequivocal new predictions made

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

G (3¢2-g") u u l
f—w A+ygv gD e +3ey g€ s

If g>>e then g>>¢’, and this is just the usual
e-v scattering matrix element times an extra
factor 3. If g=~e then g <g’, and the vector
interaction is multiplied by a factor —% rath-
er than 3. Of course our model has too many
arbitrary features for these predictions to be

1265




Higgs Boson Couplings




Gauge Theories taken Seriously

't Hooft and Veltman: renormalizable

Kobayashi and Maskawa show how to include CP

violation 1n the Standard Model :
| Neutral currents in Gargamelle 2

| J/W¥Y discovered
1 1975/6

* Tau lepton and charmed partlcles dlscovered
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A Phenomenological Profile
of the Higgs Boson

 First attempt at systematic survey
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

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

Received 7 Novemnber 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 Wemnberg-Salam model. After reviewing previous experimental limits on the mass of
We should pcrhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higgs boson, unhke the
case with charm [3,4] and for not being sure of its couplin es. except
that they are probably all very small. For these reasonCwe do not want to encourage

big experimental searches for the Higgs boson, but we do feel thaT peopic performing
experiments vulnerable to the Higgs boson should know how it may turn up.




A Phenomenological Profile

of the Higgs Boson
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Next Steps in Phenomenology

VoLUME 40, NUMBER 11 p . EW E TERS 13 MARCH 1978

Higgs Bosons from Two-Gluon Annihilation in Proton-Proton Collisions

H. M. Georgi, S. L. Glashow, M. E. Machacek, and D. V. Nanopoulos
Lyman Labovatovy of Physics, Havrvavd University, Cambridge, Massachusetts 02138
(Received 27 December 1977)

We estimate the cross section for Higgs-boson production in proton-proton collisions.
We find that most of the cross section comes from a two-gluon annihilation process, in
which the gluons couple to Higgs bosons via heavy-quark loops.

PHYSICAL REVIEW D VOLUME 18, NUMBER 5 1 SEPTEMBER 1978

Associated production of Higgs bosons and Z particles

S. L. Glashow, D. V. Nanopoulos, and A. Yildiz

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 25 April 1978)

We estimate the cross section for Higgs-boson production via bremsstrahlung from intermediate vector
bosons produced in pp and pp collisions.




@ Discovery of the W and Z

" The top quark still undiscovered

“|* The search for the Higgs moved up the agenda o
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Supercollider Phenomenology

. FERMILAB-Pub-84/17-T
LBL-16875
DOE/ER/01545-345
February, 1984

Supercollider Physics

E. EICHTEN )
Fermi National Accelerator Laboratory*
P.OfABo; 500, Batavia, IL 60510

I. HINCHLIFFE
Lawrence Berkeley Laboratoryt
Berkeley, CA 94720

i K. LANE
Ohio State University,+ Columbus, OH 43210

. C. QUIGG
Fermi National Accelerator Laboratory*
P.0. Box 500, Batavia, IL 60510

D. Production of Higgs Bosons

In the standard electroweak theory, a single neutral scalar particle remains as
a vestige of the spontaneous breakdown of the SU(2), ® U(1), gauge symmetry. As
we have already noted in §I.B, the mass of this Higgs boson is not specified by the
theory, but consistency arguments sugkest (Linde, 1976; Weinberg, 1976a; Veltman,
1977; Lee, Quigg, and Thacker, 1977)

7 GeVe* £ My £ 1 TeV/e™.
(4.80)
The interactions of the Higgs boson are of course prescribed by the gauge
symmetry. It is therefore straightforward to write down the partial widths for
kinematically-allowed decays. The partial width for decay into a fermion-

antifermion pair is

P(H—>$F) = —L——-G';“,‘j“g S (e /i)

(4.81)
where N is the number of fermion colors. For M, s M,,, the preferred decay of the

Higgs boson is into the heaviest accessible pair of quarks or leptons.




1984

A Preview of the Higgs Boson @ LHC

Presented at LHC Lausanne Workshop 1984
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1989

The Higgs Hunter’s Guide

Previous searches and prospects in
e e collisions

Prospects at the SSC
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Summary of the Standard Model

« Particles and SU(3) x SU(2) x U(1) quantum numbers:

Ignored for
several years
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Where are the top and Higgs?

Estimating Masses with Electroweak Data

= >

High-precision electroweak measurements are
sensitive to quantum corrections
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Estimating the BEH mass

‘| Early attempts

m | J j'_rr | ’1—" | -

250 |-

_L_Llll L llll | llll IJJLL i L i3l Adbeenbended L
1 10 10 0 0 16°

M, (Gev) My [GeV]

 Difficult betore the discovery of the top quark

JE, Fogli & Lisii
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Higgs Mass 1n Supersymmetry
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Combining Information from
Previous Direct Searches and Indirect Data
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Theory uncertainty
—— Fit including theory errors
---- Fit excluding theory errors
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Higgsdependence Day!
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The Particle Higgsaw Puzzle

Is 1t the right shape? Does it have the right size?



LLHC Measurements

September2020 CMS Preliminary

P 7 TeV CMS measurement (L = 5.0 fb™)

@ 8 TeV CMS measurement (L < 19.6 fo’))

B 13 TeV CMS measurement (L < 137 fb™)

- Theory prediction

4 Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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It Walks and Quacks like a Higgs

E =
o

Ratio to SM

* Do couplings scale ~ mass? With scale = v?

35.9-137 fb' (13 TeV)
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Dixit Swedish Academy
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Today we believe that “Beyond any reasonable
doubt, it is a Higgs boson.” [1]

Ehttp://www.nobelprize org/nobel prizes/physics/laureates/2013/ad Pro
2 Vanced phy51csprlze2013 pdf
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Everything about Higgs 1s Puzzling

L = yHyyp + p*|H]? = NH|* = Vpll+ ...

* Cosmological constant term V:

 Pattern of Yukawa couplings y:

— Flavour problem

* Magnitude of mass term p.:
| — Naturalness/hierarchy problem
|» Magnitude of quartic coupling A.:

— Stability of electroweak vacuum

— Dark energy
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Theoretical worries about the Higgs boson

Elementary Higgs or Composite?

* Higgs field: * Fermion-antifermion

reed = =

v = <O|H|0> # 0 condensate?

* Quantum loop problems "« Just like m in QCD, Cooper

* M,, v, other masses have pairs in BCS superconductivity

quadratic divergences

free loops Cutoff
A=10TeV

o 8§ - Heavy scalar resonance?

* Need new ‘technicolour’ force |

- Pseudo-Nambu-Goldstone §
boson? ,~ |
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1979

Is “Empty Space” Unstable?

Ty e B = ‘
Politzer & Wolfram, ' 180
* Y Hung,
S Cabibbo, Maiani, Parisi & Petronzio; Ins tablllty
—— 178
Depends on

masses of Higgs 176 1012 GeV

boson and top

quark, strong
coupling

Metastability

174 Measured
values

172

" Top pole mass M, in GeV

Instability scale
~ 1012 GeV

170 Stability

Buttazzo et al, arXiv:1307.3536; % 168
Franceschini et al, 2203.17197 120 122 124 126 128 130

Higgs pole mass M), in GeV




...the dzrect method may beused but

o | indzrect methods will be needed in order to Pkt

)

secure victory ...

“The direct and the indirect lead on to each 8§
\other in turn. It is like moving in a circle....”

Who can exhaust the possibilities of their
combination?”

Sun Tzu




Effective Field Theories (EFTs)

a long and glorious History

1930’s: “Standard Model” of QED had d=4 : <

Fermi’s four-fermion theory of the weak force

Dimension-6 operators: form =S, P, V, A, T? ><

— Due to exchanges of massive particles?

V-A = massive vector bosons => gauge theory >AMA<
W A

Yukawa’s meson theory of the strong N-N force
— Due to exchanges of mesons? => pions
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Standard Model Effective Field Theory

a more powerful way to analyze the data

Assume the Standard Model Lagrangian is correct
(quantum numbers of particles) but incomplete =

Look for additional interactions between SM particles
due to exchanges of heavier particles

Analyze Higgs data together with electroweak
precision data and top data

Most efficient way to extract largest amount of
information from LHC and other experiments

Model-independent way to look for physics beyond
the Standard Model (BSM)

ik " L ——
-.;.‘ -

- - g
i~ PR . 1 : 5
"“ y v..". ',A \ \i N
e’ e g ’ . - ! : g PO s ‘ \ .
A » > .J‘
v , e >
9 . y " T . Py o -
’ _ b o 2 : A W -~



Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

iy

JE, Madigan,

L T~

* (Global fit to dimension-6 operators using precision
electroweak data, W"W- at LEP, top, Higgs and
diboson data from LHC Runs 1, 2

|* Search for BSM
|» Constraints on BSM

e At tree level

- At loop level

Mimasu, Sanz & You, arXiv:2012.02779
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SU(3)°: EWPO + Diboson + Higgs

M 2018 data M 2020 data
0.04] mm No STXS ™ No Zjj
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CDF Measurement of mw

compared with previous measurements

¥

mmmm Stat. uncertainty
—— Total uncertainty

LEP2 80376 = 33
DO II 80375+ 23
ATLAS 80370+ 19
LHCb 80354 + 32
CDF Il 80434 +9
World Avg. (w/o CDF) 80370 12
World Avg. (w/ CDF) 80411 +8
80361 =7
SM electroweak fit 80354 +7
SM + S,T fit 80378 24

80100 80200 80300 80400 80500
my [MeV]

* Tension: 7-0 discrepancy with Standard Model?




Global SMEFT Fit ™
to Top, Higgs, Diboson, Electroweak Data

* (Global fit to dimension-6 operators using precision
" electroweak data, W"W- at LEP, top, Higgs and
| diboson data from LHC Runs 1, 2

» Search for BSM — N
f . Cw T
|* Constraints on BSM ~ 3
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SMEFT Fit with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs

‘ 95%CL individual; C;

(1TeV)? ’
i

I 2020 fit, No My, W 2022 fit, CDF My update |
I 2020 fit

* Non-zero coefficients for any of four operators can fit W mass
Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260




Single-Field Extensions of the Standard Model
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Models Fitting the Mass of the W Boson

Mass limits (in TeV)

+ 68 and 95% CL ranges of masses assuming unit coupling
« Masses proportional to couplings

« Large masses consistent with SMEFT approximation
Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260




Higgstorical Summary

1* Speculation

~ |* Hypothesis
: » Theory

- |* Discovery
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