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Particle physics studies the structure of matter on the smallest
scales that we can probe experimentally.

Size of atom = 1/100-million cm
Size of nucleus = 1/100,000 of atom

Image: Fermilab Image: Contemporary Physics Education Project
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Theoretical particle physics interprets the experimental results in

a coherent mathematical framework.

- Make detailed predictions based on current understanding

o “Standard Model” of particle physics: works very well so far!

o Detailed understanding of “backgrounds”: allows experiments to know when

they’ve found something new.

- Develop new ideas (theories) to address observational or theo-

retical problems

o There are holes in our understanding: we know the Standard Model can’t

be the whole story.

- Figure out predictions of the new theories so they can be tested

by experiments

o This is the only way to tell whether a new theory is right or wrong!

o Theory input helps community figure out what experiments to build.
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Theoretical particle physics at Carleton has a long history

Working on the Higgs since the beginning!
I'HYS ICAL REVIE W D V OLUME 8, NUMBER 1 1 JULY 1973

Is There a Light Scalar Boson' ?

L. Resnick, M. K. Sundaresan, and P. J. S. %atson
Department of I'hysics, Carleton University, Ottawa, Canada

(Received 28 July 1972; revised manuscript received 2 January 1973)
In view of recent theoretical interest in the possibility of a light scalar boson $ we discuss some of
its properties and possible methods for detecting it. Cross sections for its production are typically 10 '
of competing processes, with the possible exception of 0+ 0 transitions in nuclei. We also give a
general method of determining the mass of a particle from the energy of its decay products alone,
which does not seem to be well known.

I. INTRODUCTION

Interest in the unified model of weak and elec-
tromagnetic lnteractlons of Welnberg has been re-
cently aroused by a number of theoretical develop-
ments. ' ' Among the requirements of the model
is the existence of a scalar boson, coupling to
muons and electrons, whose mass is not predicted
by the theory. Two of the present authors' have
recently shown that the discrepancy between the
theoretical predictions and the experimental val-
ues of certain muonic x-ray transitions can be ex-
plained if a light scalar meson exists, with an ef-
fective coupling of about that of the weak interac-
tions. '
In this paper we amplify the comments made

about the Q in Ref. 7, and discuss possibilities
for observing it. In Sec. IE we discuss the mass,
couplings, and decay modes of the P; in Sec. III
we discuss potential effects on known processes,
and in the final See. IV various possible experi-
ments are analyzed.

II. PROPERTIES OF THE P

In Ref. 7 an upper limit of 8 MeV was given for
the mass of the Q, based on the relative shifts in
the Ba 4f -Sd and Pb 5g-4f muonic x-ray transi-
tions. We have now performed a X2 analysis on
all the data "0 and this shows that the previous
upper limit was too low. The X2 plot shows a
broad minimum centered on 8.5 MeV, but any val-
ue between 0 and 22 MeV is acceptable. Although
it is not possible to put a lower limit on the mass
from the muonic data, we can put a very rough
limit from other arguments. The mass must clear-
ly be finite, as a massless particle with an effec-
tive coupling some 10"times larger than the grav-
itational coupling would give rise to enormous non-
saturating forces. Macroscopic experiments to
measure G find essentially the same result (to
within much better than 10jp), using experimental
designs with widely varying interaction lengths be-

tween a, centimeter and a kilometer. The potential
due to Q-exchange and gravitation has the form

1 2 — ~—(g»—„'e ~ +Gmq'),

and so we require

when r-1 cm. This leads to a very approximate
lower limit of 10 ' eV.
The value of g~„-„g~„y required to fit the data"

varies between 4~10 ' for m @=22 MeV and 2X10 '
for m~=0. If this is accepted at face value and we
take

gg(, p2/4m=(I/2v)(m„'/m~')(G m '/v2)

as provided by %'einberg's model, where C& is
the Fermi coupling constant and m~ is the mass
of the proton, we find g@„~'/4m=1.3x10 '. The
value of g»-„'/4v is then dependent on the mass
of the Q, and we find

g»„'/4m = I S—xl0 'eo. '2'"~ (m~ in MeV) (2)

to an accuracy of a few percent in the range
0&m@&30 MeV. We note as a curiosity that if we
assume (quite unjustifiably) that the Q couples to
all fermions proportional to their mass, then

2 2g4$N ~E~P 1 1y 104~

which implies m@= l6 MeV, well within the allowed
range.
Since the (Ie) couples to nucleons it is also nec-

essary that it couple to pions via hadronic loops,
but the triangle diagram corresponding to a sin-
gle nucleon loop is divergent. Thus the coupling
constant of Q to pions cannot be calculated reli-
ably, and we will assume below that it is negli-
gible. However, it would be very interesting to

IS THE RE A LIGH T SCALAR BOSON?

measure the Pionic x rays corresponding to the
muonic x rays measured by Dixit et al. to see if
there was any similar anomaly.
The two decay modes available to the Q meson

are to e'e and to two photons. The former [Fig.
1(a)] is calculated straightforwardly in Weinberg's
model and has a probability

2f(y-e'e-)= "' ~[1-(e '/m ')]"' (5)4 2

The two-photon decay mode involves the well-
known triangle diagram [Figs. 1(b) and 1(c)] that
has already been evaluated by Steinberger, "
Schwinger, "and others. " We have only included
the contributions due to e'e and p,

'
p, interme-

diate pairs and not included contributions from
hadrons [Fig. 1(c)] in the intermediate loop. Using
g~„- ~m, (l = e, p, ) in Weinberg's model, we find

-' e''m m1(y-2&)= " —' ~ ~ iI +I i~
4m 4„4 2 e+ P

1 y x (4)
It = dg d& 1-4&$1-&7m

0 0

For m~=8 MeV, it turns out thatI&=0. 333+Oi,
I, = -0.033+ 0.069i, and we obtain a branching
ratio 1'(&f& - 2y)/I'(p —e' e )= 6.46 x 10 '. Hadronic
contributions may very well give larger effects
than the p. ,e loops but are difficult to calculate
quantitatively. However, it is most unlikely they
would make the two-photon mode as large as the
e"e mode. For example the effect of the hadron-
ic loop in Fig. 1(c) may be represented as a fac-
tor 1+gy~g~ /g@&& m„=1.5 multiplying I~, because
I„/I„=1; even then the branching ratio is in-
creased by a factor less than 2. We find for m~ in
the range, 1.022&m@& 30 MeV, a lifetime of the
order of 10 ' sec; the path length before decay is
several to tens of centimeters. If the mass of the
scalar meson m~ is less than 2m, , it cannot decay
into e+e pair and the only decay mode available is
into two photons. Its lifetime is then of the order
of 10 ~ sec and its detection by the usual methods
of high-energy experiments would be very difficult.

III. EFFECTS OF A LIGHT Q

Clearly the existence of the Q will alter the elec-
tromagnetic and weak properties of elementary
particles, and it might be thought that already ex-
isting measurements would be sufficient to rule
it out. Perhaps surprisingly, this is not so. For
example, Jackiw and Weinberg have calculated its
effect on the p anomalous magnetic moment and
found it below the observable level.
There are a number of models in the literature'

which discuss Weinberg-type models incorporating
hadrons. At least one of these requires that m&
be greater than 10 GeV (Refs. 14, 6), and all re-
quire the existence of further particles of various
kinds. At the present we are therefore inclined to
regard the Q in a mainly phenomenological manner,
with the minimum of additional theoretical ideas
which we have taken from steinberg's original
model. It is therefore necessary to ask what re-
strictions on the interactions of the Q can be de-
duced from known results, in addition to those
mentioned above. It would appear necessary that
the Q couplings conserve strangeness, otherwise
we would expect & - Tt' p 'p ™to be roughly com-
petitive with K- vp, v (Fig. 2), but this may be ef-
fected by other means. Paschos and Wolfenstein"
have indicated that Weinberg's original model may
already be incompatible with experiments measur-
ing inclusive neutrino cross sections. However,
this is due to the presence of a massive neutral
vector boson, which induces neutral currents,
rather than the Q. The coupling of the Q to leptons
is proportional to the mass of the lepton, and thus
it does not couple to neutrinos; hence neutrino in-
teractions are unaffected by it.
An intriguing possibility, however, arises in

certain nuclear transitions. As is well known0'- 0' transitions such as those in "0and '"Po
proceed by pair emission (as in "0)or internal
conversion (as in "~Po), and these are of order
n'. However, the P can be emitted by a first-
order process, and it appears that the two pro-
cesses might be competitive. The matrix element

(a) (c)
FIG. 1. (a) Decay of Q into e+e . (b) Decay of f4[) into 2y through a lepton triangle. (c) Decay of Q into 2y through

a hadron triangle.

Prof. Emeritus Peter Watson

Higgs mechanism theorized 1964, incorporated into Standard Model 1967;

Standard Model became respectable 1971 with development of renormalization;

Strong evidence for Standard Model 1973 with discovery of weak neutral currents.
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Carleton Physics theory group faculty

+ 2 postdoctoral Research Associates

+ 3 Ph.D. students

This academic year:
+ 2 fourth-year honours project students

Summer 2013:
+ 1 NSERC USRA student
+ 1 summer student
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Training the next generation of students

Peer-reviewed journal articles with Carleton students (since 2011)

S. Godfrey, T. Gregoire, P. Kalyniak, T. A. W. Martin, and K. Moats, “Exploring the heavy
quark sector of the Bestest Little Higgs model at the LHC,” JHEP 1204, 032 (2012).

C. Frugiuele and T. Gregoire, “Making the Sneutrino a Higgs with a U(1)R Lepton Number,”
Phys. Rev. D 85, 015016 (2012).

K. Hally, H. E. Logan, and T. Pilkington, “Constraints on large scalar multiplets from
perturbative unitarity,” Phys. Rev. D 85, 095017 (2012).

R. Diener, S. Godfrey, and I. Turan, “Constraining Extra Neutral Gauge Bosons with Atomic
Parity Violation Measurements,” Phys. Rev. D 86, 115017 (2012).

T. Brown, C. Frugiuele, and T. Gregoire, “UV friendly T-parity in the SU(6)/Sp(6) little
Higgs model,” JHEP 1106, 108 (2011).

H. E. Logan and J. Z. Salvail, “Model-independent Higgs coupling measurements at the LHC
using the H → ZZ → 4l lineshape,” Phys. Rev. D 84, 073001 (2011).

G. Cree and H. E. Logan, “Yukawa alignment from natural flavor conservation,” Phys. Rev.
D 84, 055021 (2011).

R. Diener, S. Godfrey, and T. A. W. Martin, “Unravelling an Extra Neutral Gauge Boson at
the LHC using Third Generation Fermions,” Phys. Rev. D 83, 115008 (2011).
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The Big Questions

Is the Higgs boson really responsible for other particles’ masses?

What keeps the Higgs boson from getting a huge mass from

quantum effects?

What is the dark matter?

What happened to all the antimatter?

Why are neutrinos so much lighter than all the other particles?

Why are there so many quarks and leptons, with such different

masses?

→
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The Big Questions Carleton people are working on

Is the Higgs boson really responsible for other particles’ masses?

What keeps the Higgs boson from getting a huge mass from

quantum effects?

What is the dark matter?

What happened to all the antimatter?

Why are neutrinos so much lighter than all the other particles?

Why are there so many quarks and leptons, with such different

masses?

→
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What keeps the Higgs boson from getting a huge mass from
quantum effects?

Properties of particles get “screened” at very short distances
by virtual particles (a quantum-mechanics effect; they kind of
tunnel into existence).

Charge of electron is a little stronger

if you measure it really close up.

(within less than 1/100 of size of atom)

Calculation of this effect uses language

of loop diagrams.

Masses of particles also get a quantum

correction: mass that we measure is

not the “original input” to the theory.

Heather Logan Research Works March 2013

9



What keeps the Higgs boson from getting a huge mass from
quantum effects?

For most particles, these quantum corrections to charges and
masses are pretty small, no big deal.

For the Higgs boson, these quantum corrections are enormous.
The Higgs is special: the only fundamental spin-zero particle we know of.
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Quantum correction is ∼ 30 orders of

magnitude bigger than the physical

mass! Second-worst prediction in all particle physics.

Has to be cancelled by “original input”:

a very implausible coincidence.
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What keeps the Higgs boson from getting a huge mass from
quantum effects?

To solve this problem we need a new theory with a physical
mechanism to get rid of the enormous quantum correction.
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Physical mass =

“original input” + quantum correction

+ new quantum correction

A good new theory will give us

Physical mass ≈ “original input”

≈ quantum correction + new quantum correction

The new quantum correction comes from new particles.
Not just random new particles: their properties need to be just right to fix the

Higgs mass problem. New physical principles→ very specific expt. predictions.
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What keeps the Higgs boson from getting a huge mass from
quantum effects?

Some candidates for the new theory:

*Supersymmetry

*Little Higgs

Composite Higgs

* Bonus:

could explain

dark matter!

All these predict new particles with very specific properties.
- How to search for them at the LHC and other colliders?
- How to measure their properties and test whether they solve
the Higgs mass problem?
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backup slides
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Active group with student and physics-community involvement

LHC Physics Theory workshop at TRIUMF (Vancouver) April 2009
Co-organized by theorists from TRIUMF and Carleton
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