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This brief history of my career in physics was written
in response to an invitation from the SCGP. I would
like to thank the SCGP for this invitation. The re-
search results are a selection, and I apologize in ad-
vance to coauthors on our papers that are not men-
tioned here for lack of space.

I was born in 1950 in Boston and grew up in Lex-
ington, MA. My father was a professor of geology
at MIT. When I was young, he would often take
me in to MIT on weekends and show me labs in
the geology and meteorology departments, ranging
from paleontology to geophysics, geochemistry, and
weather radar. He was also an all-round naturalist
and taught me much about the natural sciences. He
imparted in me a strong sense of the attraction of re-
search and discoveries in science. I still remember
his excitement when compelling evidence was ob-
tained in the mid 1960s for plate tectonics and, sep-
arately, for microfossils dated to times long before
the Cambrian era.
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I graduated from Lexington High School in 1967
and then attended Harvard College, earning an A.B.
summa cum laude in 1971, majoring in physics. I re-
call many interesting courses and professors in vari-
ous subjects from those years. Lab projects included
one in oceanography to model wind-driven ocean
currents and work on microwaves and a Lamb shift
experiment. Awards from this time included Detur
and Herschel Prizes, Phi Beta Kappa, Woodrow Wil-
son Fellowship, National Merit Scholarship, and a
NSF Predoctoral Fellowship.

I attended Princeton University for graduate school,
earning a Ph.D. in physics in 1975. My thesis work
was in theoretical particle physics. An outstanding
goal for many years had been the unification of elec-
tromagnetic and weak interactions. These both in-
volved perturbative interactions and currents, but
differed in several ways, including the fact that elec-
tromagnetic interactions involved a massless pho-
ton and conserved parity, while weak interactions
violated parity and were hypothesized to involve ex-
change of a massive vector boson. Furthermore,
quantum electrodynamics had been shown to be
renormalizable, but the existing weak interaction
theory with a Fermi current-current effective La-
grangian was not renormalizable, so one could not
calculate higher-order weak processes. These pro-
cesses included the weak contribution to the anoma-
lous magnetic moment of a charged lepton or neu-
trino; decays that occur at loop level, such as y — ey
and ;1 — eee, and the K° — K transition. An im-
portant advance occurred in 1971, when G. 't Hooft,
building on previous work with M. Veltman, showed
in [1] that a renormalizable unified electroweak the-
ory can be constructed by starting with a theory
that is invariant under a gauge symmetry, using the
Higgs mechanism [2], in which a scalar field trans-
forming as a nonsinglet under the gauge symmetry



has a potential that is minimized at a nonzero Higgs
vacuum expectation value, thereby spontaneously
breaking the gauge symmetry. This can be arranged
so as to yield a massless photon, while the W+ and
Z vector bosons pick up masses. This advance en-
abled one to calculate finite results for various pro-
cesses that occur at the loop level. It gave rise to a
period of intensive research on unified electroweak
gauge theories.

Having been fascinated by quantum electrodynam-
ics during my undergraduate years, I was thus nat-
urally drawn to this area for my Ph.D. thesis re-
search. While this advance suggested the use of a
gauge group for the unification of electromagnetic
and weak interactions, it did not determine which
gauge group or which representations for fermions
or Higgs would be a correct description of nature.
Hence, a major effort during the early and mid 1970s
was to calculate predictions of various electroweak
gauge models and compare these with experiments.
My Ph.D. thesis was devoted to this endeavor and
included a one-loop calculation of the radiative elec-
troweak decay of a neutral heavy lepton [3] and
papers on calculations of cross sections for various
neutrino reactions.

After completing my Ph.D. at Princeton, I was a post-
doctoral research associate at the Fermi National
Accelerator Laboratory, Fermilab. From my office
window, I could look out on the ring of the 400 GeV
proton accelerator, and I often bicycled around the
site, past various experiments. It was inspiring to
be part of an active high-energy physics laboratory
and hear of new results obtained by the various ex-
periments. My first paper as a postdoc involved a
clarification of a subtle point in a one-loop calcula-
tion of the amplitude for KY — utp~ [4]. In [5],
written with C. Albright, C. Quigg, and J. Smith, we
tested the predictions of various models for unified
electroweak interactions with inclusive and elastic
data on neutral-current neutrino reactions. I coau-
thored papers [6, 7], calculating rates for a num-
ber of processes that occur as a consequence of
nonzero neutrino masses and lepton mixing, includ-
ing 1 — ey pu — eee, KY — pre®, KT — ntp*eT, and
(né) « (ep). In[7] with B. W. Lee, we determined the
conditions for the natural suppression of these pro-
cesses and showed that this suppression applies in
what is now called the Standard Model of particle

physics extended to include neutrino masses. An-
other work, with W. Bardeen and B. W. Lee, during
this period was an exact nonperturbative solution
of a certain quantum field theory, namely the O(N)
nonlinear sigma model in d = 2+ ¢ dimensions in the
large-N limit [8]. This involved a summation of an
infinite number of Feynman diagrams that are dom-
inant in this limit.

I next took on a faculty position at Princeton. By
this time, there was compelling evidence from data
in favor of SU(2) ® U(1)y as the correct electroweak
gauge group, [9], comprising part of the Standard
Model, together with color SU(3).. The discoveries
of the 7 lepton in 1976 and the b quark in 1977 sug-
gested that there are three generations of quarks
and charged leptons. Kobayashi and Maskawa
had discussed quark mixing for three generations
[10], generalizing the previous Cabibbo theory [11].
There was thus motivation for using data to con-
strain the new mixing angles that parametrize the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, and I
contributed to this in [12, 13]. (At this time, the pos-
sibility of more than three generations of Standard-
Model fermions was still open; later, the measure-
ment of the invisible width of the Z at the CERN LEP
collider showed that there were three such genera-
tions.) I also proposed a method to search for de-
tection of a long-lived or effectively stable neutral
lepton [14] that was later performed by a Fermilab
experiment [15].

I started on the faculty at Stony Brook University
(then called SUNY Stony Brook) in 1979. During fall,
1979, I taught a graduate course on theoretical par-
ticle physics and recall several excellent students,
including Luis Alvarez-Gaumé, the current SCGP Di-
rector. Regarding research, I continued my work
on effects of neutrino masses and mixing. Up un-
til that time, upper limits on neutrino masses had
been quoted, e.g., by the Particle Data Group (PDG),
as applying to “m(v.)"”, “m(v,)", and “m(v;)". In
fall, 1979, I submitted a note [16] to the PDG in
which I pointed out that these limits were not con-
sistent as stated, since v., v,, and v, are interac-
tion eigenstates and not mass eigenstates. Specifi-
cally, |ve) = Y051 Ueilvs) and |v,) = 5027 Upalws),
where |v;) are neutrino mass eigenstates, U,; and
U,; are lepton mixing matrix coefficients, and n, de-
note possible additional mass eigenstates that are
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mainly contained in electroweak-singlet (“sterile”)
neutrinos. In this note, which was included in the
1980 PDG Review of Particle Properties [16], I gave
a precise definition of the neutrino mass limits from
various experiments. I served for a number of years
afterwards on the PDG, responsible for the section
on neutrinos. In 1980, with K. Fujikawa, I calculated
the magnetic moment of a massive (Dirac) neutrino
[17], which arises at the one-loop level, obtaining
ty = 3eGpm, /(87%/2). 1 later generalized this with
calculations of transition magnetic and electric neu-
trino dipole moments for both Dirac and Majorana
neutrinos [18].

Related to [16], I realized that one could test in a
new way for neutrino mass effects. In 1980 I sug-
gested a new class of tests for neutrino masses
and mixing, namely to search for massive neutrino
emission, via lepton mixing, in two-body leptonic
decays of charged pseudoscalar mesons, including
at = uty, 0 = etv., Kt — pfy,, Kt = ety
and corresponding heavy-quark meson decays, as
well as in nuclear beta decays [19]. I applied these
retroactively to existing data to derive the first up-
per bounds on such emission of heavy neutrinos via
lepton mixing [19, 20, 21]. These tests with pseu-
doscalar meson decays are especially powerful, be-
cause the signal is monochromatic, and in the case
of decays of the form M+t — etv,, where MT =
7T, KT, DT, Df, and BT, a decay mode to a neu-
trino with substantial mass avoids the helicity sup-
pression of the decay modes to neutrinos of neg-
ligibly small mass. The tests with meson decays
that I suggested were carried out in a series of ex-
periments at a number of labs and have yielded ex-
tremely stringent upper limits on |U,;|? and |U,,;|? in-
volving a possible heavy neutrino, v;. Some of the
early searches included [22, 23] at SIN and KEK; oth-
ers included [24] at TRIUMF, [25] at BNL, and re-
cently, results from the PIENU experiment at TRI-
UMF [26], and the NA62 experiment at CERN [27].
I also calculated how the ratio of branching ratios
BR(rt — e'v.)/BR(nt — p'v,) would change in
the presence of heavy neutrinos [20]. I have contin-
ued to work on the physics of neutrino masses and
mixing, including constraints on total lepton num-
ber violation. Some of these studies were fruitful
collaborations with experimentalists, such as [28]-
[32]. For example, in [28] with D. Ayres et al., we
performed an early study showing the sensitivity of
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a deep underground experiment searching for atmo-
spheric neutrino oscillations [28]. This type of ex-
periment was later used in the SuperKamiokande
experiment [33] that obtained decisive evidence for
neutrino oscillations and hence neutrino masses and
lepton mixing. With a Ph.D. thesis student, I. Mo-
cioiu (now a professor at Penn State University), we
calculated matter effects in long-baseline neutrino
oscillation experiments [34]. These are relevant for
the Deep Underground Neutrino Experiment, DUNE.
Over the years, I have contributed to a number
of multi-author high-energy physics planning doc-
uments and white papers, such as [35]-[39]; refer-
ences to these can be found on the arXiv. I organized
a conference on neutrino physics at Stony Brook in
Oct., 2002, where one of the pioneers of the sub-
ject, Ray Davis, was present. By coincidence, the an-
nouncement of the Nobel Prize to Davis and Koshiba
occurred at the time of this conference. Recently, in
[31] with D. Bryman, spokesperson of the TRIUMF
PIENU experiment, we derived new constraints on
possible electroweak-singlet (sterile) neutrinos. At
present, I am a theorist member of the PIONEER col-
laboration planning a future experiment called PIO-
NEER at the Paul Scherrer Institute that is designed
to measure BR(r" — etv.)/BR(r" — ptv,) with
a factor of 10 improvement in precision relative to
the best present measurement and hence can probe
for possible heavy neutrino effects with commensu-
rately greater sensitivity [32].

I have also been interested in a number of other sub-
jects in particle physics. For example, in 1982, with
M. Suzuki, we pointed out the possibility of invisi-
ble decays of the Higgs boson and calculated rates
for these decays [40]. The ATLAS and CMS experi-
ments at the Large Hadron Collider have searched
for this type of Higgs decay [41, 42, 43]. With a
Ph.D. thesis student, A. Kusenko (now a professor
at UCLA), we studied quark mixing in supersym-
metric grand unified theories [44], and performed a
related study with a YITP postdoc, V. Jain in [45].
I coauthored papers from the early 1980s to the
recent years on possible neutron-antineutron (n-7n)
transitions, e.g., [46, 47, 48]. (S. Rao and S. Girmo-
hanta were Ph.D. thesis students, while S. Nussi-
nov is a professor at Tel Aviv University with whom
I have also written a number of other works, e.g.,
[49].) A new experiment searching for n-n transi-
tions is planned at the European Spallation Source



[50]. This search is complementary to searches for
proton decay, since if n-n oscillations were to occur,
they would violate baryon number, B by two units,
in contrast to proton decay, which would violate B
by one unit. An interesting question concerns the
properties that a hypothetical model with the gauge
and fermion content of the Standard Model would
have if it did not contain a Higgs boson. With C.
Quigg we discussed these in [51].

I met my wife, I-Hsiu Lee, when she was a gradu-
ate student in physics at Berkeley and I was a visit-
ing professor there. I-Hsiu's Ph.D. thesis was in su-
persymmetry, involving papers on K+ — 757 [52]
and i — evy [63], but she later switched to research
in lattice field theory. At this time I was also do-
ing some work in lattice gauge theory, e.g., [64, 55],
so it was natural to collaborate with her, and we
wrote a number of papers together on lattice field
theory in the 1980s and 1990s, e.g., [66]. I-Hsiu and
I also wrote papers with other coauthors, including
[67] with S. Aoki, who was a postdoc at BNL and
YITP, and is now a professor at Kyoto University,
and [58, 59] with J. Shigemitsu of Ohio State Uni-
versity. Ref. [69] showed symmetric fermion mass
generation, the subject of a SCGP workshop in May,
2024. Lattice gauge theory has played a crucial role
in understanding the nonperturbative properties of
quantum chromodynamics (QCD), and experiments
with the Relativistic Heavy Ion Collider, RHIC, have
elucidated the properties of QCD at finite temper-
ature and density. In [60] with J. Verbaarschot in
the Stony Brook nuclear group, a YITP postdoc, M.
Stephanov (now a professor at the University of Illi-
nois at Chicago), and other coauthors, we studied
the QCD phase diagram as a function of these two
parameters. Later, after having a faculty position at
Rockefeller University, I-Hsiu switched to computa-
tional biology and is now working in this area.

Returning to my research, in the area of quantum
field theory, an interesting subject to consider is an
asymptotically free vectorial non-Abelian gauge the-
ory with a given gauge group G and a set of Ny mass-
less fermions transforming according to a represen-
tation R of G. The asymptotic freedom condition im-
poses an upper bound on Ny, denoted N,,, depend-
ing on (G and R. Let us denote the value of the gauge
coupling measured at a reference momentum p as
g = g(n), and also denote o = g?/(4n). For a range

of Ny < N,, this theory evolves from weak coupling
in the ultraviolet to an infrared (IR) fixed point of the
renormalization group (IRFP) [61]. At this IRFP, the
beta function $ = da/dln p vanishes, so the theory is
scale-invariant and is inferred to be conformally in-
variant, hence the term “conformal window” (CW)
for this regime. The properties of the theory at this
IRFP are of fundamental interest. In a series of pa-
pers, many with a YITP postdoc, T. Ryttov (now
a professor at the Southern Denmark University),
we have calculated anomalous dimensions of vari-
ous operators at this IRFP for various G, R, and Ny,
e.d., [62, 63, 64]. As Ny decreases toward the lower
end of the conformal window, the value of the cou-
pling at the IRFP increases. Hence, to maintain ac-
curacy, one needs to calculate to higher-loop order,
and we have done this, using inputs up to five-loop
order. We have compared our perturbative calcula-
tions with measurements from lattice gauge simu-
lations, e.g., [65], finding good agreement. One out-
put of these results is an estimate of the lower end
of the conformal window, at N.,.. If Ny < N, then
as the theory evolves to the IR, the coupling eventu-
ally gets large enough to break the chiral symmetry
and hence also the conformal symmetry, generating
a dynamical mass for the fermions. A theory with
N; slightly below N, behaves in a quasi-conformal
manner, and the dynamical breaking of the approxi-
mate conformal symmetry generates a light pseudo-
Nambu-Goldstone boson, the dilaton. Such theo-
ries may be relevant to models of dynamical elec-
troweak symmetry breaking and the solution of the
Higgs mass hierarchy problem [66]. I explored re-
lated models in a series of papers, e.g, [67, 68] with
T. Appelquist, [69] with a Ph.D. thesis student, N.
Christensen, and [70] with a YITP postdoc, M. Ku-
rachi. With T. Ryttov, I co-organized a SCGP confer-
ence on this subject in Jan. 2018 [71]. In a different,
but related direction, I studied beta functions of IR-
free theories, including 4D U(1) and A\¢* at higher-
loop order to search for possible UV zeros, finding
evidence against such zeros (e.g., [72, 73, 74]).

Finally, I have also done research in statistical and
mathematical physics. This work includes papers
with a YITP colleague, B. McCoy, and two YITP post-
docs, J. Perk and G. Miiller (now faculty at the Uni-
versity of Oklahoma and the University of Rhode Is-
land, respectively), on quantum spin models (e.g.,
[75, 76]). Several studies were collaborations with
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mathematicians. Among these, two were with for-
mer colleagues in the Stony Brook math department,
C.-H. Sah [77] and R. Roeder [78]. One interesting
area that involves a confluence of statistical physics
and mathematical graph theory is the study of the
Tutte polynomial, which encodes important infor-
mation about a graph [79], and is equivalent to the
partition function of a certain spin model called the
Potts model. For a graph (, the Tutte polynomial is
defined as T(G, z,y) = 3 o (x—1)FE)=RE) (y1)e(&),
where G’ is a spanning subgraph of G, k(G’) de-
notes the number of connected components in G/,
and ¢(G’) denotes the number of independent cir-
cuits in G’. This is related to, and generalizes, the ¢-
state Potts model partition function Z(G, ¢, v), where
v is a temperature-dependent variable: Z(G,q,v) =
(q/v)* T (G, z,y), where x = 1 + (q/v), y = v + 1,
and n is the number of vertices of G. Special cases of
Tutte/Potts polynomials include chromatic polyno-
mials describing graph coloring and reliability poly-
nomials describing connectivity of networks. Since
these are polynomials, it is of interest to calculate
the zeros in the complex ¢ plane for fixed v and the
zeros in the complex v plane for fixed ¢, and we
have done this in a series of papers. The ¢-state
Potts antiferromagnet has the interesting property
that for sufficiently large ¢ on a given lattice, it ex-
hibits nonzero ground-state entropy per vertex, Sy =
kpIlnW, where W = lim,, ,.[P(G,¢)]'/", an excep-
tion to the third law of thermodynamics. A sam-
pling of some of our papers includes [80]-[89]. Ref.
[84] was in collaboration with a YITP colleague, M.
RocKek, and much of this work involved collabora-
tions with several Ph.D. thesis students, including
V. Matveev, S.-H. Tsai, and S.-C. Chang, all of whom
are now faculty at their respective universities. As
n — 00, zeros merge to form curves which can sep-
arate regions of these respective complex planes.
Limiting functions such as the reduced free energy
f = lim, ,o n 'In[Z(G, ¢,v)] have different analytic
forms in these different regions. The study of these
sets of zeros and their accumulation sets for various
families of graphs, including lattice graphs, involves
a very interesting confluence of statistical physics,
graph theory, complex variables, and algebraic ge-
ometry. Indeed, in one of their classic works [91], C.
N. Yang and T. D. Lee pioneered the study of sta-
tistical mechanical models with physical variables
(the magnetic field in their case) generalized from
real to complex values. M. E. Fisher discussed the
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analogous generalization of temperature-dependent
variables from physical to complex values [92]. The
Potts model also has connections with percolation,
and we have worked on this subject, obtaining new
exact analytic results for average cluster numbers in
bond percolation [93].

In my time at Stony Brook, I have been quite fortu-
nate to collaborate with many very smart and hard-
working thesis students and postdocs, as well as
professors. I owe a great deal to the collaborations
with these physicists. It has been an enjoyable
and productive time. During this time, theoretical
physics has undergone many advances, and it has
been inspiring to be a part of this scientific endeavor.
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