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Flavor & Strong CP Graduate student, 1982

• On the proposition that all fermions are created equal
• Spontaneously Broken CP and the Renormalization of 

Theta-Barr
• Flavor symmetry and proton decay
• Naturally weak CP violation
• CP violation and Fritzsch mass matrices
• Axion-familon model with a harmless 17 keV neutrino
• Constraints on moose-model building
• Chiral composite fermions without U(1)’s
• Strange goings on in dense nucleonic matter
• Strange condensate realignment in relativistic heavy ion collisions
• Kaon condensation in the early universe
• The Peccei-Quinn mechanism without an axion
• Strange baryon matter
• An effective up quark mass from new light particles
• Prediction for top mass and Kobayashi-Maskawa parameters from a solution to the strong 

CP problem

1983-1991
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NATUR ALLY WEAK CP VIO LATIO N 

Ann NELS ON 
Lyman Laboratory o f Phys ics , Harvard Univers ity, Cambridge, MA 02138, US A 

Received 14 December 1983 

An S U(5) GUT model is  proposed in which the  observed CP viola tion is  due  to spontaneous  symmetry breakdown. The  
e ffective  fie ld theory be low the  GUT sca le  is  s imply the  s tandard model. Matching conditions  a t the  GUT sca le  give  a  non- 
zero contribution to 0- a t the  one-loop leve l. This  contr~ution is  proportiona l to ra tios  of superheavy fe rmion masses  over 
the  GUT sca le , which can be  na tura lly small, in the  sense  of 't Hooft. 

1. In troduction . How ca n we  na tura lly e xpla in  the  
a bs e nce  o f s trong CP viola tion?  In  the  s ta nda rd  mode l, 
the  s trong in te ra c tions  conta in  a  phys ica l CP viola ting 
pa ra me te r 0 = 0QC D + a rg de t Mq whe re  Mq is  the  
qua rk ma s s  ma trix a nd 0QC D is  the  coe ffic ie nt o f 
g2/327r2 F~'. Expe rime nta l me a s u re me n t o f the  e lec- 
tric dipole  m o m e n t o f the  n e u tro n  de te rmine s  0 to  be  
le s s  tha n  10 -9  [1]. ' t  Ho o ft ha s  convincingly a rgue d 
[2] tha t a  phys ica l pa ra me te r m a y on ly be  ve ry s ma ll 
if re pla cing it b y ze ro  incre a s e s  the  s ym m e try o f the  
the ory. The n, a ny re norma liza tion  o f the  pa ra me te r 
will be  p roportiona l to  the  pa ra me te r its e lf. Othe r- 
wise , the  the ory is  s a id to  be  unna tura l. In  the  s ta n- 
da rd mode l, howe ve r, CP is  e xplic itly b ro ke n  in the  
we a k in te ra c tions  by d ime ns ion-four ope ra tors . 
p ro b a b ly re ce ive s  a n infinite  re norma liza tion  e ve n if 
it is  ze ro  a t the  tre e  le ve l [3]. Thus  it s e e ms  0 ca nnot 
be  na tura lly s ma ll. 

One  pos s ible  e xp la na tion  fo r the  obs e rve d a bs e nce  
o f a  ne u tron  e le ctric  dipole  m o m e n t is  tha t the  up  
qua rk is  ma s s le s s . A ma s s le s s  qua rk in the  the o ry 
me a ns  tha t 0 is  unde fine d  a nd s o ca n  ha ve  no  phys ica l 
e ffe ct. Howe ve r, curre n t a lge bra  e s tima te s  o f the  up  
qua rk ma s s  ma ke  this  e xp la na tion  unlike ly [4]. 

Ano the r pos s ible  s olution is  due  to  P e cce i a nd 
Quinn [5]. If the  la gra ngia n pos s e s s e s  a  s pon ta ne ous ly 
b roke n  globa l U(1) s ym m e try with  a  co lor a noma ly, 

is  dyna mica lly de te rmine d  to  be  ze ro. S uch a  the o ry 
pre dic ts  the  e xis te nce  o f a  ps e udo-Golds tone  bos on , 
ca lle d a n  a xion, whos e  couplings  a re  inve rs e ly p ropor- 

0 .370-2693 /84 /$  03 .00  © Els e vie r S cie nce  P ublis he rs  B.V. 
(North-Holla nd  P hys ics  P ublis hing Divis ion) 

tiona l to  the  P e c c e i-Q u in n  s ym m e try bre a king s ca le . 
Expe rime nta l s e a rche s  for the  a xion  a nd a s trophys ica l 
re quire me nts  force  this  s ca le  to  be  la rge r tha n  109 Ge V 
[6]. Re ce n t cos mologica l a rgume nts  [7] pla ce  a n up- 
pe r limit on  this  s ca le  o f 1012 Ge V. An unna tura l fine  
tuning s e e ms  to  be  re quire d to  give  the  a xion jus t the  
right a mo u n t o f invis ibility. 

A third  a nd promis ing  a pproa ch  is  tha t CP is  vio la te d  
s oftly or s ponta ne ous ly. 0 the n  re ce ive s  on ly finite , 
ca lcula ble  contributions . It is  d ifficult bu t no t impos - 
s ible  to  find mode ls  whe re  the s e  con tribu tions  a re  s uf- 
fic ie ntly s ma ll. S e ve ra l ra the r complica te d  e xa mple s  
e xis t in the  lite ra ture  [8]. S ome  o f the s e  conta in  a  low 
e ne rgy le ft-rig h t s ymme try,  a nd m o s t re ly on  a ddi- 
tiona l cha rge d s ca la rs  in the  low e ne rgy the o ry to  pro- 
duce  the  obs e rve d CP viola tion in the  we a k inte ra c- 
tions . In  this  pa pe r we  pre s e nt a n e xa mple  o f a  mode l 
with  s ponta ne ous ly b ro ke n  CP whe re  the  low e ne rgy 
e ffe ctive  the ory is  the  s ta nda rd mode l with  no  e xtra  
unde s ira ble  s ymme trie s  or s ca la r fie lds . 

Our mode l is  e s s e ntia lly the  s a me  as  one  p ropos e d  
by the  a u thor in a  re ce nt pa pe r [9] on  fla vor s ymme - 
try a nd p ro to n  de ca y. We e xte nd  the  G e o rg i-G la s h o w 
S U(5) mode l [10] to  include  a n S O(3) fla vor s ymme - 
try a nd s ome  a dditiona l he a vy fe rmions . We impos e  a  
U(1) globa l chira l s ym m e try a nd CP inva ria nce . At the  
GUT s ca le  S U(5) s ponta ne ous ly bre a ks  to  S U(3) ® 
S U(2) ® U(1) a nd a ll the  globa l s ymme trie s  ge t b roke n . 
All fe rmions  a nd s ca la rs  e xce p t fo r the  thre e  light fa mi- 
lie s  a nd the  We inbe rg -S a la m Higgs  doub le t ge t ma s s e s . 
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Flavor & Strong CP

Δθ ≊ 10-11

Volume 143B, number 1, 2, 3 PHYSICS LETTERS 9 Augus t 1984 

(1 ) Th e  fe rrn io n s  m a y  b e  d iv id e d  in to  two  
c la s s e s ,  F a n d  R .  F is  a  c o m p le x  re p  in  wh ic h  th e  
fe rm io n s  h a ve  th e  s a m e  S U(3 ) x S U(2 ) × U(1 ) 
q u a n t u m  n u m b e rs  a s  th e  o rd in a ry  lig h t fe rm io n s .  
R is  re a l u n d e r  S U(3 )X S U ( 2 ) XU ( 1 ) .  (R  m a y  
c o n ta in  e q u a l n u m b e rs  o f c o m p le x  re p s  a n d  th e ir  
c o m p le x  c o n ju g a te s . )  

(2 ) S U(2 ) × U(1 ) b re a k in g  m a s s e s  o c c u r  o n ly  in  
F - F  te rm s ,  n o t  in  F - R  o r  R - R  te rm s .  

(3 ) C P  vio la t in g  VE Vs  o n ly c o n t r ib u te  to  F - R  
m a s s e s ,  n o t  to  F - F  o r  R - R  m a s s e s .  
It  is  n o t  n e c e s s a ry to  re q u ire  g lo b a l s ym m e tr ie s  o r  
to  h a ve  we a kly  c o u p le d  G o ld s t o n e  b o s o n s ,  s in c e  in  
s o m e  m o d e ls  c o n d it io n s  (2) a n d  (3 ) m a y  b e  e n - 
fo rc e d  b y  g a u g e  o r  d is c re te  s ym m e tr ie s .  

In  th e s e  m o d e ls  th e re  will b e  s o m e  fe rm io n s  
with  la rg e  re a l m a s s e s  wh ic h  d o  n o t  m ix with  th e  
lig h t fa m ilie s .  Th e  g e n e ra l fo rm  o f a  n + m b y  
n + m m a s s  m a t r ix  fo r th e  o th e r  n s t a n d a rd  a n d  m 
m ir ro r  q u a rks  is  g ive n  in  fig . 1. By in s p e c t io n ,  th e  
d e t e rm in a n t  o f th is  m a s s  m a t r ix  is  re a l.  W h e n  th e  
h e a vy  m a s s e s  a re  m a d e  d ia g o n a l a n d  re a l b y  
a n o m a ly  fre e  ro ta t io n s ,  th e  lig h t m a s s  m a t r ix  will 
in  g e n e ra l b e  c o m p le x,  b u t  will h a ve  re a l d e te rm i-  
n a n t .  

In  a n a lyz in g  th e  ra d ia t ive  c o rre c t io n s  to  8 it will 
b e  c o n ve n ie n t  to  d o  a  two -s ta g e  e ffe c tive  fie ld  
th e o ry  c a lc u la t io n .  In  re f.  [1] we  fo u n d  th a t  th e  
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Fig. 1. Tree-leve l qua rk mass  matrices  for models  sa tis fying the  
Barr crite ria . These  models  have  n s ta nda rd a nd rn mirror 
families . There  a re  n-m light families  with S U(2)xU(1) bre a k- 
ing masses . 

s u p e rh e a vy b o s o n s  h a d  to  b e  s e ve ra l o rd e rs  o f 
m a g n itu d e  h e a vie r  th a n  th e  fe rm io n s  fo r 8 to  b e  
with in  e xp e r im e n ta l lim its .  Th e re fo re  we  will in - 
te g ra te  o u t  th e  h e a vy b o s o n s  a n d  h e a vy fe rm io n s  
in  d iffe re n t  s te p s .  In  th e  s e n s e  o f ' t  Ho o ft ,  it  is  n o t  
u n n a tu ra l to  a s s u m e  th a t  th e  fe rm io n s  a re  lig h te r,  
s in c e  s o m e  c h ira l s ym m e tr ie s  will b e  re s to re d  in  
th e  lim it  wh e re  th e ir  m a s s e s  g o  to  z e ro .  

F o r  th e  fe rm io n s  to  b e  re la t ive ly lig h t,  a ll th e  
Yu k a w a  c o u p lin g s  o f th e  s c a la rs  wh ic h  g e t la rg e  
VE Vs ,  in c lu d in g  th e  o n e s  wh o s e  VE Vs  vio la te  C P ,  
h a ve  to  b e  s m a ll.  Th e re  is  a  s im p le  a rg u m e n t  th a t  
c o rre c t io n s  to  8 fro m  in te g ra t in g  o u t  th e  h e a vy 
b o s o n s  m u s t  b e  p ro p o r t io n a l to  th e s e  s m a ll 
Yu ka wa  c o u p lin g s .  Le t  ~i b e  th e  s e t o f s c a la rs  
e xc e p t  th e  re p (s ) c o n ta in in g  th e  lig h t Hig g s .  If th e  
Yu k a w a  c o u p lin g s  o f ffi a re  a ll tu rn e d  o ff,  it  is  
g e n e ra lly  ,1 p o s s ib le  to  re d e fin e  C P  to  b e  th e  
p ro d u c t  o f th e  o ld  C P  a n d  a  n e w s ym m e t ry  u n d e r  
w h ic h  ~/~i ~ ~ .  N o w  <t~i> d o e s  n o t  b re a k  th is  n e w 
C P ,  b u t  th e  Yu ka wa  c o u p lin g s  o f ~ i d o .  Th e re fo re  
a n y C P  vio la t in g  c o rre c t io n s  to  p a ra m e te r s  in  th e  
e ffe c tive  th e o ry b e lo w th e  s u p e rh e a vy b o s o n  m a s s e s  
will b e  p ro p o r t io n a l to  th e s e  s m a ll Yu ka wa  c o u - 
p lin g s .  As  lo n g  a s  th e  h e a vy fe rm io n s  a re  ke p t  
m u c h  h e a vie r  th a n  th e  o rd in a ry  fe rm io n s ,  th e  o ve r-  
a ll s c a le  o f th e  h e a vy fe rm io n  m a s s e s  d o e s  n o t  
a ffe c t  th e  lig h t m a s s  m a tr ix.  Th e  o ve ra ll s c a le ,  a n d  
s o  th e  Yu ka wa  c o u p lin g s  o f @~, c a n  b e  n a tu ra lly  
ta ke n  to  b e  s m a ll;  th e re fo re  c o rre c t io n s  to  ~ fro m  
g ra p h s  c o n ta in in g  h e a vy b o s o n s  c a n  b e  tu n e d  to  
b e  u n o b s e rva b ly  tin y.  

W h e n  we  h a ve  in te g ra te d  o u t  th e  h e a vy b o s o n s ,  
a ll we  h a ve  le ft is  a n  S U(3 ) x S U(2 ) x U(1 ) e ffe c - 
tive  g a u g e  th e o ry,  with  th e  u s u a l lig h t Hig g s  
d o u b le t  a n d  th e  fe rm io n s  F a n d  R .  We  will n e g le c t  
th e  e ffe c ts  o f n o n re n o rm a liz a b le  o p e ra to rs  wh ic h  
a re  s u p p re s s e d  b y  p o we rs  o f h e a vy b o s o n  m a s s e s .  
W e  will a ls o  n e g le c t  a n y  c o rre c t io n s  to  th e  p a r a m -  
e te rs  o f th e  e ffe c tive  th e o ry  wh ic h  a re  s u p p re s s e d  
b y  s m a ll Yu k a w a  c o u p lin g s .  N o w  a ll th e  C P  vio - 
la t io n  in  th e  e ffe c tive  th e o ry  is  s o ft,  a s  it m a y  a ll 

:~1 There  is  a  la rge  class  of models , including the  one  in re f. [1], 
for which these  a rguments  apply. It is  however poss ible  to 
cons truct models  where  the  light Higgs  is  in a  complex re p 
H a nd V(H, @i) ~ V(H, 9*). Then there  could be  corrections  
to 8 from graphs  conta ining heavy bosons  in H which 
cannot be  a rbitra rily suppressed. 
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Howard Georgi:

I had many fabulous students who are better than I am at many 
things. Ann was the only student I ever had who was better than I am 
at what I do best, and I learned more from her than she learned from 
me.

PhD! 1984

Ann’s PhD thesis consisted primarily of  
two single-author papers on a new  
solution to the strong CP problem
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Flavor & Strong CP Graduate student, 1982

• On the proposition that all fermions are created equal
• Spontaneously Broken CP and the Renormalization of 

Theta-Bar
• Flavor symmetry and proton decay
• Naturally weak CP violation
• CP violation and Fritzsch mass matrices
• Axion-familon model with a harmless 17 keV neutrino
• Constraints on moose-model building
• Chiral composite fermions without U(1)’s
• Strange goings on in dense nucleonic matter
• Strange condensate realignment in relativistic heavy ion collisions
• Kaon condensation in the early universe
• The Peccei-Quinn mechanism without an axion
• Strange baryon matter
• An effective up quark mass from new light particles
• Prediction for top mass and Kobayashi-Maskawa parameters from a solution to the strong 

CP problem

1983-1991
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Flavor & Strong CP Graduate student, 1982

• Is CP a gauge symmetry?
• CP violation and electroweak baryogenesis in 

extensions of the standard model
• B-factory physics from effective supersymmetry 
• CP violation and FCNC in the third family from 

effective supersymmetry
• Horizontal, anomalous U(1) symmetry for the more 

minimal supersymmetric standard model
• Realistic supersymmetric model with composite quarks
• New multi-scale supersymmetric models with flavor changing neutral current suppression
• Fermion masses and gauge mediated supersymmetry breaking from a single U(1)
• Testing mu= 0 on the lattice
• New Dimensions and other New Ideas for Flavor
• Suppressing flavor anarchy
• Exact results for supersymmetric renormalization and the supersymmetric flavor problem
• Inflationary axion cosmology beyond our horizon
• CP violating contribution to ΔΓ in the B s system from mixing with a hidden pseudoscalar
• Unified, flavor symmetric explanation for the t t  ̄asymmetry and W j j excess at CDF

1993-2011
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SU(5)GUT Sp(8) Sp(8)0 dimension

T1,2,3 10 1 1 42/25, 69/50, 1

F̄1,2,3, H̄ 5̄ 1 1 1
H 5 1 1 1

Q 10 8 1 87/100
A 1 27 1 3/5
J,K, L,M 1 8 1 3/4, 3/4, 3/4, 9/20

Q̄0 10 1 8 (confined)
R, S 1 1 8 (confined)

Table 2: Quantum numbers and scaling dimension of chiral superfields in the 10-centered

model.

Relevant terms such asA3 andA4 must either be excluded by a discrete symmetry
or be initially extremely small, so as not to disturb the approximate fixed point until

at least the scale Mc. Since these would be forbidden by the exact R-symmetry
which appears in the limit where the standard model interactions are turned oÆ, this
is technically natural. Small mass terms for L, M and A may be added which will

drive the first Sp(8) away from the fixed point into a confining phase. The Sp(8)0 is in
a confining phase as well. The composite particles are in a vector-like representation

of the standard model gauge group and perturbatively irrelevant couplings between
the two sectors will allow all exotic particles to get masses.

The model gives T1 and T2 large anomalous dimensions of 17/25 and 19/50

respectively. The resulting prediction for the suppression factors

≤101 = ≤
34/19
102 (6.5)

is in good agreement with (4.5).

6.3 Another SU(5) based example

The following model is also consistent with SU(5) grand unification, and produces
suppression factors for two 10’s and a 5̄ from a single Sp(12) gauge group at a su-

perconformal fixed point. A Z2 symmetry (either gauged or global) is also assumed.
Either large tanØ or another sector is required to suppress the bottom quark mass.

The marginal couplings of the theory do violate baryon number and will lead to pro-
ton decay from dimension-six operators in the Kahler potential. Thus an acceptable
proton lifetime will require exiting the conformal regime at a scale above 1015GeV.

The field content of the model is given in table 3.

The scaling dimensions listed in table 3 follow from the assumption that the

theory flows to a fixed point where the following superpotential terms are marginal:

W = T1T̄Z+T2T̄ZA+F̄1FZ+T̄
3F+T̄ FFZ+AUV +Z2UV +Z2U2+Z2V 2 . (6.6)

18

JHEP09(2000)030

Received: August 4, 2000, Accepted: September 19, 2000
HYPER VERSION

Suppressing flavor anarchy

Ann E. Nelson

Department of Physics, Box 1560, University of Washington

Seattle, WA 98195-1560, USA

E-mail: anelson@fermi.phys.washington.edu

Matthew J. Strassler

School of Natural Sciences, Institute for Advanced Study

Princeton, NJ 08540, USA

E-mail: strasslr@ias.edu

Abstract: We present a new mechanism, which does not require any flavor sym-

metry, to explain the small Yukawa couplings and CKM mixing angles. The Yukawa
matrices are assumed to be random at short distances and the hierarchical structure

is generated in the infrared by renormalization group flow. The generic qualitative
predictions of this mechanism are in good agreement with observation. We give

several simple examples in supersymmetric theories. We show that our mechanism
can also ameliorate the supersymmetric flavor problem, and make predictions for the
superpartner mass spectrum. The mechanism is fully consistent with grand unifica-

tion, and in SU(5)-based models of neutrino mass, predicts a large mixing angle for
∫µ $ ∫ø oscillations.

Keywords: Quark Masses and SM Parameters, Beyond Standard Model,
Supersymmetric Standard Model.

• SM particles coupled to 
conformal sector 

• Flavor structure from RG 
flow and scaling dimensions 

• Conformal sector ► power 
law scaling
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Flavor & Strong CP

• CP violation in pseudo-Dirac fermion oscillations 
• Heavy flavor and dark sector
• CP-violating baryon oscillations
• Baryogenesis from oscillations of charmed or beautiful 

baryons
• Relaxion: a landscape without anthropics
• Axion cosmology with early matter domination
• Baryogenesis from B meson oscillations
• Dark Matter and Baryogenesis from B mesons.
• A Supersymmetric Theory of Baryogenesis and Sterile Sneutrino Dark Matter from B 

Mesons

Graduate student, 19822014-2019
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Neutrinos Post-doc 1985

• New ν constraints on Majorana mass matrices
• Axion-familon model with a harmless 17 keV 

neutrino
• Upper bound on baryogenesis scale from neutrino 

masses
• Constraints on neutrino mixing with a 17-keV 

neutrino
• Solar and atmospheric neutrino oscillations from 

bilinear R-parity violation
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Dark Energy from Mass Varying Neutrinos
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Abstract: We show that mass varying neutrinos (MaVaNs) can behave as a negative pres-

sure fluid which could be the origin of the cosmic acceleration. We derive a model independent

relation between the neutrino mass and the equation of state parameter of the neutrino dark

energy, which is applicable for general theories of mass varying particles. The neutrino mass

depends on the local neutrino density and the observed neutrino mass can exceed the cosmo-

logical bound on a constant neutrino mass. We discuss microscopic realizations of the MaVaN

acceleration scenario, which involve a sterile neutrino. We consider naturalness constraints

for mass varying particles, and find that both eV cutoffs and eV mass particles are needed to

avoid fine-tuning. These considerations give a (current) mass of order an eV for the sterile

neutrino in microscopic realizations, which could be detectable at MiniBooNE. Because the

sterile neutrino was much heavier at earlier times, constraints from big bang nucleosynthesis

on additional states are not problematic. We consider regions of high neutrino density and

find that the most likely place today to find neutrino masses which are significantly different

from the neutrino masses in our solar system is in a supernova. The possibility of different

neutrino mass in different regions of the galaxy and the local group could be significant for

Z-burst models of ultra-high energy cosmic rays. We also consider the cosmology of and the

constraints on the “acceleron”, the scalar field which is responsible for the varying neutrino

mass, and briefly discuss neutrino density dependent variations in other constants, such as

the fine structure constant.

Keywords: Neutrinos, Dark Energy, Quintessence, MaVaNs.

observed at other experiments [16–20]. The LSND result [21] remains a puzzling anomaly,

whose interpretation via neutrino oscillations will be tested at the upcoming MiniBooNE ex-

periment [22]. To add neutrino masses into the standard model, one must invoke either the

existence of non-renormalizable operators, or light, sterile (singlets under the standard model

gauge group) fermions, either of which point to the existence of BSM physics.

While both of these developments are tremendously exciting, giving the second and third

direct pieces of evidence for new physics (the first being the large body of evidence for non-

baryonic dark matter), they are both unsatisfying. Models of dark energy are difficult to

impossible to test. Some give precisely a small cosmological constant as a result, others

predict a non-standard equation of state, but little else to distinguish them. A notable

exception has measurable long-distance modifications of gravity as a consequence [23], but a

theoretical debate still rages around this model [24,25]. Effective field theory considerations

motivate modifications of gravity at the sub-millimeter scale [26, 27], but it is not obvious

that we will be able to discern the nature of the dark energy, even in the presence of such

measurements.

The situation for neutrino masses is not much better. Although the existence of neutrino

mass is very exciting, it is not a priori clear how much we can learn about fundamental physics

from the neutrino masses. Majorana neutrino masses can arise from a dimension five operator,

whose origin can be from physics at an inaccessibly high scale, as high as 1015GeV. Although

there are exciting ideas that relate neutrino masses to supersymmetry breaking [28–32], or the

size of large extra dimensions [33,34], the most popular seesaw models [35,36] seem impossible

to test directly.

1.1 Coincidences and Damn Coincidences

The problem of the dark energy is especially puzzling because of what has become known as

the “cosmic coincidence problem.” Namely, at the present time, ρCDM/ρΛ ∼ 1/3, although

this ratio changes as a function of cosmic scale factor as 1/a3. Hence, although these energy

densities vary in dramatically different fashion over the history of the universe, we find that

they are the same order at the present day.

This coincidence has been the focus of a great deal of work: namely how to arrange for

the dark matter and dark energy densities to be comparable. Solutions to this are difficult in

that we actually know a great deal about the cosmological behavior of dark matter. Results

from CMB let us know that at z " 1100 the universe was dominated by dark matter, and

given the observed density of dark matter, this is consistent with a fluid redshifting with

equation of state w = 0. While we know little about the dark energy at early times, we

know that it is presently redshifting with equation of state w ≈ −1 [37]. Thus it either has

had w ≈ −1 for a long (cosmological) time, in which case there is a coincidence problem, or

it tracked dark matter and only recently switched to redshift slowly, in which case one has

a “why-now?” problem. In a sense, the cosmic coincidence between dark matter and dark

energy might be more properly phrased as to why the dark energy now should be precisely

three hundred million times smaller than the dark matter energy density at recombination.
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Figure 1: Cosmological energy densities as a function of redshift in the ΛCDM model. The different
lines are: long dashed - CDM; long-short dashed - baryons; short-dashed - neutrinos; solid sloped -
radiation; solid horizontal - cosmological constant.

On top of this, we are in fact confronted with a number of coincidences. There are many

different components of the energy density of the universe: dark matter, baryons, radiation,

neutrinos as well as dark energy. The first four all redshift very differently from with the

dark energy, and yet we have the remarkable coincidence that they all have been equal to

the dark energy within a redshift of a few, shown in figure 1. Is it possible that another of

these other coincidences is not a coincidence? While dark energy cannot reasonably track

dark matter since recombination, is it possible that dark energy has tracked one of these

other components? We have already discussed the difficulties in explaining the dark matter

coincidence. The baryon number of the universe, constrained considerably by WMAP, is

already probed at an even earlier era via the success of big bang nucleosynthesis (BBN),

meaning that dark energy should not have been tracking baryons, unless it has the “why-

now?” late time transition of its equation of state. Photon radiation is just as problematic.

Neutrinos, however, are an entirely different story. Currently, the neutrino energy density

is quite uncertain. Large scale surveys and WMAP together constrain Ων
<∼ .02. Terrestrial

measurements of neutrino mass indicate Ων > 7 × 10−4. BBN implies that roughly three

species of neutrino were relativistic at BBN, which leads to the mild conclusion that neutrino

masses are below O(MeV). In reality, very little is known about the cosmological behavior of

neutrinos and the neutrino energy density.

In this paper, we will propose that the coincidence ρν ∼ ρΛ (within a factor of 103) is

not a coincidence at all, but in fact a relationship which holds over a large portion of the

history of the universe. This is possible if the mass of the neutrino is not a fixed parameter,

but a dynamical quantity, with an associated potential, in analog with variable mass dark

matter [38]. The potential will have a zero energy minimum at a value of mν which is

– 3 –
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nν eV3 Eν r

BBN 1030 ∼ MeV 1036

SN cores 1021 ∼ MeV 1027

solar core ∼ 10−7 0.1 MeV 1

reactor cores 10−11 0.1 MeV 10−4

beams < 3× 10−7 GeV < 10−2

Table 1: r values for various environments. r ≥ 1 implies that neutrino mass parameters could be
modified.

4.2 Limits on sterile neutrino and acceleron production from BBN

Under ordinary circumstances, a sterile neutrino that has both a) appreciable mixing, and b)

sufficiently small mass, will come into thermal equilibrium prior to nucleosynthesis. This can

have serious consequences for BBN, making models with sterile neutrinos very constrained,

cosmologically. Here, we have not only a sterile neutrino, but also the possibility of producing

light A quanta, so one must take care that BBN is not radically changed.

Concerning the sterile neutrino, the key point is that while parameters may be interesting

today (i.e., accessible at the MiniBooNE experiment), these are effectively unrelated to the

values at times prior to nucleosynthesis. It is important to note that the relationship mν ∝ nw
ν

holds only for non-relativistic neutrinos. For relativistic neutrinos, we need to minimize the

potential with the relativistic form for the scalar neutrino density, namely

mνnν

T
+ V ′

0(mν) = 0 . (4.5)

Following the same procedure as we did for non-relativistic neutrinos, we arrive at

w + 1 =
m2

νnν

3TV
= −

mνV ′
0(mν)

3V
. (4.6)

Now, assuming a slow variation in w, we have

mν ∝ a(3w+1)/2 , (4.7)

which is considerably slower than in the non-relativistic case.

In the microscopic models presented, it was a sterile neutrino whose mass was varying,

and hence, for a relativistic system, the sterile neutrino mass will vary differently in the hot

early universe compared with later. In particular, if we consider the model in Eq. 3.1, then

for relativistic neutrinos, the expectation value of for M(A) (the sterile neutrino mass) is

M(A) ≈
Tm2

lr

Λ2
. (4.8)

Since mlr > mν > Λ the sterile state should be above the temperature scale and should not

affect the light element abundances.

– 13 –

larger than its present value. However, the presence of a (cosmologically) uniform neutrino

background will lead to an effective potential which prevents mν from becoming too large,

leaving a homogeneous negative pressure fluid in the universe (i.e., dark energy).

Variable mass particles have been previously considered in many contexts, with attention

recently revived in light of the current cosmological data. Early consideration of such ideas for

dark matter with varying mass appeared in refs. [39,40] in the context of scalar-tensor gravity.

Variable mass particles were proposed to solve the age of the universe problem in ref. [38], and

more recently as a solution to the problem of the coincidence of dark matter and dark energy

densities [41]. Phenomenological problems with this have been studied in [42–44]. In the

context of neutrinos, ref. [45] considered a Yukawa-type coupling to an extremely light scalar

field, leading to a different evolution of structure, and noted that the neutrino mass would

be density dependent, although heavier rather than lighter at earlier times. Ref. [46] argued

that dark energy in a desirable range could be linked to a scalar field coupled to neutrinos

with a desirable mass. Refs. [47, 48] considered a neutrino Yukawa interaction as a source

for “neutrino clouds” which might seed star formation, and change the mass of neutrinos

in their vicinity. Ref. [49] considered coupling a sterile neutrino to a slowly rolling, Hubble

mass scalar field which was responsible for dark energy, but did not consider the impact of

the cosmic neutrino background on the potential. Ref. [50] considered that varying neutrino

mass might have an impact on electroweak baryogenesis.

In this paper we consider the possibility that the neutrino mass arises from an interaction

with a scalar field, the “acceleron”, whose effective potential changes as a function of the

neutrino density, and consider the conditions under which such a new “dark force”, felt by

neutrinos, can explain the observed acceleration of the universe. In section 2 we will introduce

the formalism and general features for mass varying neutrinos (MaVaNs), focusing on model

independent relationships. We find a relationship between the neutrino mass and density,

the neutrino dark energy density, and the equation of state of neutrino dark energy which

will hold for any theory of neutrinos of varying mass. We discuss the effects of varying

neutrino mass, specifying where we expect significant variations both in time and space, and

reconsidering the traditional neutrino mass constraints as they apply to variable masses. We

find that some neutrino mass bounds, such as those from large scale structure formation, do

not apply. In section 3 we consider the details of particular microscopic realizations. Radiative

stability of the scalar potential uniquely chooses theories with light particles and a cutoff for

radiative effects at low energies (i.e., sub-eV). We argue that variable mass WIMPs are

too heavy to be significant contributors to the dark energy, phenomenological considerations

aside. A simple realization of MaVaNs arises from integrating out a standard model singlet

fermion whose mass depends on the expectation value of the acceleron field. We note that

traditional cosmological constraints from BBN on sterile neutrinos do not apply here, and

that naturalness suggests that MiniBooNE will be able to detect such a sterile neutrino. In

section 4 we consider phenomenological implications of MaVaNs, including effects at terrestrial

neutrino experiments, as well as in solar oscillations and supernovae.

– 4 –
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Low energy dynamical supersymmetry breaking simplified
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Ann E. Nelson
Department of Physics, FM 15, -University of Washington, Seattle, Washington 98195
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We present a model in which supersymmetry is dynamically broken at comparatively low energies.
Previous efforts to construct simple models of this sort have been hampered by the presence of
axions. The present model, which exploits an observation of Bagger, Poppitz, and Randall to avoid
this problem, is far simpler than previous constructions. Models of this kind do not suffer from the
naturalness difhculties of conventional supergravity models, and make quite definite predictions for
physics over a range of scales from 100 of GeV to 1000's of TeV. Thus "renormalizable visible sector
models" are a viable alternative to more conventional approaches. Our approach also yields a viable
example of hidden sector dynamical supersymmetry breaking.

PACS number(s): 12.10.Dm, 11.30.Pb, 11.30.+c, 12.60.3v

I. INTRODUCTION

If supersymmetry is truly to provide a resolution of
the hierarchy problem, it is necessary that it be dynami-
cally broken. Yet, while various mechanisms for dynami-
cal supersymmetry breaking (DSB) are known, there doe
snot yet exist any particularly compelling particle physics
model. Most models of supersymmetry breaking assume
breaking at a scale of order M;„q ——/ms~2M&, with the
gravitino mass m3y2 of order the weak scale, and sim-
ply put in soft supersymmetry-breaking parameters by
hand. Moreover, in these theories, the superpotential
and Kahler potential cannot be the most general com-
patible with symmetries. In the context of string theory,
a number of models have been constructed. However,
explicit models which actually do break supersymmetry
have other difhculties, such as a nonvanishing cosmolog-
ical constant and large flavor-changing neutral currents.
An alternative possibility is that supersymmetry is

broken at a low scale, within a few orders of magnitude of
the weak scale. In such a model, gauge interactions can
serve as the "messengers" of supersymmetry breaking,
giving rise to a high degree of degeneracy among squarks
and sleptons. However, past efforts to build such models
have met a number of obstacles. The general strategy
has been to take some model which exhibits DSB, and
to gauge some global symmetry, identifying this with a
subgroup of the standard model gauge group. However,
this typically leads to diFiculties with asymptotic &ee-
dom. In [1], this problem was avoided by identifying
the global symmetry with a new gauge symmetry, car-
ried both by "supersymmetry-breaking sector" fields and
by "messenger sector" fields which also carry standard
model quantum numbers. A second problem is the ap-
pearance of axions associated with spontaneously broken
B symmetries. As explained in [2], the appearance of

spontaneously broken R symmetries is generic to models
of dynamical supersymmetry breaking. The R axion in
these models is not seen in terrestrial experiments, due
to its large decay constant. However, it could be emit-
ted by red giants and supernovae, leading to unrealistic
cooling rates. To avoid this diKculty, it seemed neces-
sary to introduce additional gauge groups, whose sole
purpose was to give mass to the axion. The resulting
models were quite unwieldy, with extremely large groups
and representations, and su8'ered &om several natural-
ness and fine-tuning diKculties.
Recently, however, Bagger, Poppitz, and Randall [3]

have pointed out that the R axion is never a problem
for astrophysics. They noted that in the &amework of
a supergravity theory, the R symmetry is necessarily ex-
plicitly broken, and the R axion obtains a mass of order

a
p

Here, F is the Goldstino decay constant (the expectation
value of the F component of some hidden sector Beld). In
models with radiative generation of squark and slepton
masses, this is typically of order (1GO TeV), so the axion
mass if of order 10 MeV or larger. This term originates
&om the expectation value of the superpotential required
to cancel the cosmological constant; such contributions
can also arise &om other dimension-five R symmetry-
breaking operators [2]. This mass is large enough to sup-
press the production of these particles in red giants and
supernovae [4].
With the R axion problem disposed of, one may be

able to construct simpler and more compelling models
of dynamical supersymmetry breaking. This is the goal
of the present work. We will outline a general strategy
for model building, and apply it to some particular exam-

0556-2821/95/51(3)/1362(9)/$06. 00 51 1362 1995 The American Physical Society
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Dynamical Supersymmetry Breaking

Ann E. Nelson∗ a

aDepartment of Physics, University of Washington,
P.O. Box 351560, Seattle, WA 98195-1560 USA

I review the motivation for dynamical supersymmetry breaking, the various mechanisms which have been

discovered, and the prospects for model building.

1. Motivation: The Hierarchy Problem

The ratio of the weak scale to the Planck scale,
mW /mPl ∼ 10−17, suggests that it should have
a dynamical origin. Had this ratio been, e.g.,
∼ 10−2 we would have suspected that the weak
scale is a perturbative effect. In fact this ratio
is of the right size for a nonperturbative effect
in field theory. Had it been extremely small, e.g.
∼ 10−10

10

or so, we would have to look for some
really exotic, unprecedented explanation.
Whereas currently the hierarchy problem is the

puzzle of why the weak scale is so small, I hope
that within 10 years or so we will learn that the
weak scale is tied to a low supersymmetry break-
ing (SSB) scale, and the hierarchy problem will
be reformulated as the question of why the SSB
scale is so low. The likely answer to this question
is that SSB is a nonperturbative effect propor-
tional to e−4π/bα, where b is an integer of order
one and α is some coupling which is weak at mPl.

2. Recent Advances in Dynamical Super-

symmetry Breaking

Until c. 1994, the most popular approach
to SSB was to assume that it came from some
“hidden” sector and treat its consequences phe-
nomenologically, ignoring the underlying mecha-
nism. One reason for this was that explicit models
of dynamical SSB (DSB) had several unattractive
features.
Successful explicit renormalizable models ei-

ther required very large gauge groups or a con-

∗Research supported in part by the DOE under grant
#DE-FG03-96ER40956. Preprint no. UW-PT/97-20.

trived looking modular approach, with three sep-
arate sectors for DSB, the MSSM, and the “mes-
sengers” which share gauge interactions with both
the DSB and MSSM sectors.
Implementing DSB in a hidden sector which

only couples to the MSSM via Planck scale ef-
fects seemed to imply the existence of very light
gauginos. Gaugino masses in this scenario arise
from the terms in the gauge kinetic function
∫

d2θf(Φ)WαW
α , (1)

where f(Φ) is a gauge invariant polynomial of chi-
ral superfields. However known successful DSB
models were completely chiral under the gauge
interactions, and so f(Φ) had to be of at least
cubic order, implying that the visible gaugino
masses were proportional to at least three powers
of 1/mPl and were much smaller than the squark
and slepton masses.
Fortunately, the work of Seiberg, Seiberg-

Witten and co. [1,2] has dramatically improved
our understanding of nonperturbative effects in
supersymmetric theories and lead to many new
mechanisms for and models of DSB [3]. Modern
DSB models are known which

1. contain gauge singlets, hence are quite
workable as hidden sector models with com-
parable gaugino and scalar masses [4,5].

2. are not chiral under the gauge group [5].
This is possible in theories where adding
mass terms to all superfields allows super-
symmetric vacua to move in from infinity in
field space.

2

3. have large unbroken global symmetries, en-
abling direct embedding of the standard
model gauge interactions into the DSB sec-
tor [6].

4. have classically flat directions lifted by
quantum effects [4–7]. As I will discuss
later, this is a necessary condition for the
quarks and leptons to participate directly
in the supersymmetry dynamics.

5. generate multiple scales [4–8]. This has a
variety of model building applications.

6. do not have any U(1)R invariance [9].

No models with any of these features were known
prior to 1994. In addition, several new mecha-
nisms have been discovered. Furthermore, exam-
ples are known in which the various mechanisms
occur in a dual description of the theory [10].

3. Review of DSB Mechanisms

3.1. Strong Coupling

In general, a theory with no classically flat di-
rections and a broken global continuous symme-
try will break supersymmetry, according to the
following argument: Unbroken supersymmetry
requires that a Goldstone boson reside in a super-
multiplet whose scalar component corresponds to
a noncompact flat direction of the potential. The
first examples of DSB fell into this category [11].

Strongly coupled DSB theories have no small
parameters. For instance consider the gauge
group is SU(5), with chiral superfields 5̄ + 10.
This theory admits no gauge invariant superpo-
tential whatsoever, and has no classically flat di-
rections. The anomaly free global symmetry is
U(1)R × U(1)B−L. Because of the difficulty of
matching the global anomalies, it was assumed
that at least part of the global symmetry is spon-
taneously broken, and so supersymmetry also
must break [11].

Recently more evidence for DSB has been gath-
ered for the SU(5) theory and also for SO(10)
with a single spinor, using the following tech-
nique: Add vector-like matter to the theory with
a mass M [12]. In the large M limit, this addi-
tion should not affect the dynamics. Now analyt-

icity arguments [1,13] can be used to show that
whether or not supersymmetry is broken does not
depend on the size of M , for M non-zero. In the
limit where M is small, supersymmetry breaking
can be demonstrated in a weakly coupled dual
description.

3.2. Dynamically Generated Superpoten-
tial

A good example of supersymmetry breaking
which can be studied at weak coupling [14] is
based on the gauge group SU(3) × SU(2) [15],
with matter content

q ∼ (3, 2), ū ∼ (3̄, 1), d̄ ∼ (3̄, 1), ! ∼ (1, 2) (2)

and tree level superpotential

Wtree = λqd̄! . (3)

This theory has no classically flat directions,
and an exact U(1)R symmetry.
In the limit Λ3 # Λ2, the supersymme-

try breaking is dominated by SU(3) instantons,
which generate an effective superpotential

Wdyn =
Λ7
3

q2ūd̄
. (4)

This superpotential drives the scalar fields
away from the origin of field space and leads to
U(1)R and supersymmetry breaking. For λ $ 1,
the minimum occurs at a point where where all
the gauge groups are in a weakly coupled Higgs
phase and so quantitative calculations are possi-
ble.

3.3. Quantum Modified Constraint
The phenomenom of quantum modification of

the moduli space [1] can also lead to DSB [5]. A
good example of this occurs in the same SU(3)×
SU(2) model in the limit Λ2 # Λ3. The SU(2)
theory with 4 doublets has a quantum moduli
space on which the U(1)R symmetry and thus
supersymmetry are broken.

3.4. Confinement
Intriligator, Seiberg and Shenker [16] demon-

strated that confinement can lead to SSB in the
following simple model.

Post-1994 virtues of  
dynamical SUSY breaking:
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The ratio of the weak scale to the Planck scale,
mW /mPl ∼ 10−17, suggests that it should have
a dynamical origin. Had this ratio been, e.g.,
∼ 10−2 we would have suspected that the weak
scale is a perturbative effect. In fact this ratio
is of the right size for a nonperturbative effect
in field theory. Had it been extremely small, e.g.
∼ 10−10

10

or so, we would have to look for some
really exotic, unprecedented explanation.
Whereas currently the hierarchy problem is the

puzzle of why the weak scale is so small, I hope
that within 10 years or so we will learn that the
weak scale is tied to a low supersymmetry break-
ing (SSB) scale, and the hierarchy problem will
be reformulated as the question of why the SSB
scale is so low. The likely answer to this question
is that SSB is a nonperturbative effect propor-
tional to e−4π/bα, where b is an integer of order
one and α is some coupling which is weak at mPl.

2. Recent Advances in Dynamical Super-

symmetry Breaking

Until c. 1994, the most popular approach
to SSB was to assume that it came from some
“hidden” sector and treat its consequences phe-
nomenologically, ignoring the underlying mecha-
nism. One reason for this was that explicit models
of dynamical SSB (DSB) had several unattractive
features.
Successful explicit renormalizable models ei-

ther required very large gauge groups or a con-

∗Research supported in part by the DOE under grant
#DE-FG03-96ER40956. Preprint no. UW-PT/97-20.

trived looking modular approach, with three sep-
arate sectors for DSB, the MSSM, and the “mes-
sengers” which share gauge interactions with both
the DSB and MSSM sectors.
Implementing DSB in a hidden sector which

only couples to the MSSM via Planck scale ef-
fects seemed to imply the existence of very light
gauginos. Gaugino masses in this scenario arise
from the terms in the gauge kinetic function
∫

d2θf(Φ)WαW
α , (1)

where f(Φ) is a gauge invariant polynomial of chi-
ral superfields. However known successful DSB
models were completely chiral under the gauge
interactions, and so f(Φ) had to be of at least
cubic order, implying that the visible gaugino
masses were proportional to at least three powers
of 1/mPl and were much smaller than the squark
and slepton masses.
Fortunately, the work of Seiberg, Seiberg-

Witten and co. [1,2] has dramatically improved
our understanding of nonperturbative effects in
supersymmetric theories and lead to many new
mechanisms for and models of DSB [3]. Modern
DSB models are known which

1. contain gauge singlets, hence are quite
workable as hidden sector models with com-
parable gaugino and scalar masses [4,5].

2. are not chiral under the gauge group [5].
This is possible in theories where adding
mass terms to all superfields allows super-
symmetric vacua to move in from infinity in
field space.

2

3. have large unbroken global symmetries, en-
abling direct embedding of the standard
model gauge interactions into the DSB sec-
tor [6].

4. have classically flat directions lifted by
quantum effects [4–7]. As I will discuss
later, this is a necessary condition for the
quarks and leptons to participate directly
in the supersymmetry dynamics.

5. generate multiple scales [4–8]. This has a
variety of model building applications.

6. do not have any U(1)R invariance [9].

No models with any of these features were known
prior to 1994. In addition, several new mecha-
nisms have been discovered. Furthermore, exam-
ples are known in which the various mechanisms
occur in a dual description of the theory [10].

3. Review of DSB Mechanisms

3.1. Strong Coupling

In general, a theory with no classically flat di-
rections and a broken global continuous symme-
try will break supersymmetry, according to the
following argument: Unbroken supersymmetry
requires that a Goldstone boson reside in a super-
multiplet whose scalar component corresponds to
a noncompact flat direction of the potential. The
first examples of DSB fell into this category [11].

Strongly coupled DSB theories have no small
parameters. For instance consider the gauge
group is SU(5), with chiral superfields 5̄ + 10.
This theory admits no gauge invariant superpo-
tential whatsoever, and has no classically flat di-
rections. The anomaly free global symmetry is
U(1)R × U(1)B−L. Because of the difficulty of
matching the global anomalies, it was assumed
that at least part of the global symmetry is spon-
taneously broken, and so supersymmetry also
must break [11].

Recently more evidence for DSB has been gath-
ered for the SU(5) theory and also for SO(10)
with a single spinor, using the following tech-
nique: Add vector-like matter to the theory with
a mass M [12]. In the large M limit, this addi-
tion should not affect the dynamics. Now analyt-

icity arguments [1,13] can be used to show that
whether or not supersymmetry is broken does not
depend on the size of M , for M non-zero. In the
limit where M is small, supersymmetry breaking
can be demonstrated in a weakly coupled dual
description.

3.2. Dynamically Generated Superpoten-
tial

A good example of supersymmetry breaking
which can be studied at weak coupling [14] is
based on the gauge group SU(3) × SU(2) [15],
with matter content

q ∼ (3, 2), ū ∼ (3̄, 1), d̄ ∼ (3̄, 1), ! ∼ (1, 2) (2)

and tree level superpotential

Wtree = λqd̄! . (3)

This theory has no classically flat directions,
and an exact U(1)R symmetry.
In the limit Λ3 # Λ2, the supersymme-

try breaking is dominated by SU(3) instantons,
which generate an effective superpotential

Wdyn =
Λ7
3

q2ūd̄
. (4)

This superpotential drives the scalar fields
away from the origin of field space and leads to
U(1)R and supersymmetry breaking. For λ $ 1,
the minimum occurs at a point where where all
the gauge groups are in a weakly coupled Higgs
phase and so quantitative calculations are possi-
ble.

3.3. Quantum Modified Constraint
The phenomenom of quantum modification of

the moduli space [1] can also lead to DSB [5]. A
good example of this occurs in the same SU(3)×
SU(2) model in the limit Λ2 # Λ3. The SU(2)
theory with 4 doublets has a quantum moduli
space on which the U(1)R symmetry and thus
supersymmetry are broken.

3.4. Confinement
Intriligator, Seiberg and Shenker [16] demon-

strated that confinement can lead to SSB in the
following simple model.

Post-1994 virtues of  
dynamical SUSY breaking:

1997Supersymmetry 1992 - 1997
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Assist. Professor 1991

• Supersymmetric baryogenesis
• Dynamical supersymmetry breaking at low energies
• Naturally large tan β
• Cosmological implications of dynamical supersymmetry 

breaking
• R-symmetry breaking versus supersymmetry breaking
• Low energy dynamical supersymmetry breaking simplified
• Consequences of low energy dynamical supersymmetry 

breaking
• A Viable model of dynamical supersymmetry breaking in 

the hidden sector
• New tools for low energy dynamical supersymmetry breaking
• Electroweak baryogenesis in supersymmetric models
• The more minimal supersymmetric standard model
• B-factory physics from effective supersymmetry
• CP violation and FCNC in the third family from effective supersymmetry
• Dynamical supersymmetry breaking

Supersymmetry 1992 - 1997
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• Horizontal, anomalous U(1) symmetry for the more 
minimal supersymmetric standard model

• Realistic supersymmetric model with composite quarks 
• Counting 4π's in strongly coupled supersymmetry
• New multi-scale supersymmetric models with flavor 

changing neutral current suppression
• Fermion masses and gauge mediated supersymmetry 

breaking from a single U(1)
• Solar and atmospheric neutrino oscillations from bilinear 

R-parity violation
• Gaugino mediated supersymmetry breaking
• Gauge/anomaly syzygy and generalized brane world 

models of supersymmetry breaking
• Anomaly, gauge and gaugino mediation in brane worlds with messenger matter
• Exact results for supersymmetric renormalization and the supersymmetric flavor problem
• The minimal supersymmetric model without a μ term
• Dirac gaugino masses and supersoft supersymmetry breaking

Assist. Professor 1991Supersymmetry 1997 - 2002
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• All superpartners obtain masses which are simultaneously consistent with 
experiment  and natural electroweak symmetry breaking. In particular we can predict 
the sign of scalar masses squared, and only the Higgs mass squared is negative.  

• The necessary size of the µ and Bµ parameters can naturally and simply be generated 
from supersymmetry breaking.  

• There are no beyond the standard model flavor changing neutral currents and lepton 
flavor violation.  

• There is no CP violation in conflict with experiment.  

• The above features are achieved in a simple, automatic way without any appearance 
of contrivance.  

• The theory is distinctively predictive and testable, and the predictions are insensitive 
to UV physics. 

Supersoft: make gauge sector be N=2 supersymmetric 
Patrick J. Fox∗, Ann E. Nelson†and Neal Weiner‡    (2006)
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• The MSSM without mu term
• Scalar Fields, SUSY, and Dark Matter
• Supersymmetric theories of neutrino dark energy
• New Supersoft Supersymmetry Breaking Operators and 

a Solution to the mu Problem
• Generalized Supersoft Supersymmetry Breaking and a 

Solution to the µ Problem 
• Extended anomaly mediation and new physics at 10 TeV
• Baryogenesis via mesino oscillations
• A Supersymmetric Theory of Baryogenesis and Sterile 

Sneutrino Dark Matter from B Mesons

Assist. Professor 1991Supersymmetry 2002 - 2019
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Professor 1999

• Constraints on moose-model building
• Chiral composite fermions without U(1)'s
• Contact terms, compositeness, and atomic 

parity violation
• Realistic supersymmetric model with 

composite quarks
• Counting 4π's in strongly coupled supersymmetry
• The littlest higgs
• The minimal moose for a little Higgs
• A composite little Higgs model
• Lattice-friendly gauge completion of a composite Higgs with top partners

Compositeness 1986- 2019
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Abstract: We present an economical theory of natural electroweak symmetry breaking,
generalizing an approach based on deconstruction. This theory is the smallest extension
of the Standard Model to date that stabilizes the electroweak scale with a naturally light
Higgs and weakly coupled new physics at TeV energies. The Higgs is one of a set of pseudo
Goldstone bosons in an SU(5)/SO(5) nonlinear sigma model. The symmetry breaking scale
f is around a TeV, with the cutoff Λ ! 4πf ∼ 10 TeV. A single electroweak doublet, the
“little Higgs”, is automatically much lighter than the other pseudo Goldstone bosons. The
quartic self-coupling for the little Higgs is generated by the gauge and Yukawa interactions
with a natural size O(g2,λ2

t ), while the top Yukawa coupling generates a negative mass
squared triggering electroweak symmetry breaking. Beneath the TeV scale the effective
theory is simply the minimal Standard Model. The new particle content at TeV energies
consists of one set of spin one bosons with the same quantum numbers as the electroweak
gauge bosons, an electroweak singlet quark with charge 2/3, and an electroweak triplet
scalar. One loop quadratically divergent corrections to the Higgs mass are cancelled by
interactions with these additional particles.

Keywords: Beyond Standard Model, Higgs Physics.
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 Sakurai Prize Talk:  
“Baryogenesis”   2018

• Kaon condensation in the early universe
• Weak scale baryogenesis
• Upper bound on baryogenesis scale from neutrino masses
• Baryogenesis at the electroweak phase transition
• Spontaneous baryogenesis at the weak phase transition
• Baryogenesis from anomalous weak interactions at the 

weak phase transition
• Why there is something rather than nothing: Matter from 

weak interactions
• Debye screening and baryogenesis during the electroweak 

phase transition
• Implications of a 17 keV neutrino for baryogenesis
• Supersymmetric baryogenesis
• Progress in electroweak baryogenesis
• Cosmological implications of dynamical supersymmetry breaking
• Diffusion enhances spontaneous electroweak baryogenesis

Cosmology and gravity 1990 - 1994
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 Sakurai Prize Talk:  
“Baryogenesis”   2018

• CP violation and electroweak baryogenesis in extensions 
of the standard model

• Electroweak baryogenesis in supersymmetric models
• Effective field theory, black holes, and the 

cosmological constant
• Solution to the hierarchy problem with an infinitely large 

extra dimension and moduli stabilization
• New angle on intersecting branes in infinite extra dimensions
• Lower bound on the propagation speed of gravity from 

gravitational Cherenkov radiation
• Scalar Fields, SUSY, and Dark Matter
• Tests of the gravitational inverse-square law
• Neutrino oscillations as a probe of dark energy
• Dark energy from mass varying neutrinos
• Supersymmetric theories of neutrino dark energy
• Inflationary axion cosmology beyond our horizon

Cosmology and gravity 1995 - 2007
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 Sakurai Prize Talk:  
“Baryogenesis”   2018

• Slightly non-minimal dark matter in PAMELA and ATIC
• Dark matter annihilation rate with nonstandard thermal history
• Dark light, dark matter, and the misalignment mechanism
• MeV dark matter in the 3+ 1+ 1 model
• Dark matter thermalization in neutron stars
• Effects of mass varying neutrinos on cosmological parameters 

as determined from the cosmic microwave background
• Renormalizable model for the Galactic Center gamma-ray 

excess from dark matter annihilation
• Reducing cosmological small scale structure via a large dark 

matter-neutrino interaction: constraints and consequences
• Baryogenesis via mesino oscillations
• Baryogenesis from oscillations of charmed or beautiful baryons
• Relaxion: a landscape without anthropics
• Hidden-sector spectroscopy with gravitational waves from binary neutron stars 
• Neutron stars exclude light dark baryons 
• Axion cosmology with early matter domination  

Cosmology and gravity 2007 - 2018
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Cosmology and gravity 2007 - 2018
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Cosmology and gravity  Sakurai Prize Talk:  
“Baryogenesis”   2018

• Baryogenesis from B meson oscillations
• Dark Matter and Baryogenesis from B mesons.
• Dark halos around neutron stars and gravitational waves
• A Supersymmetric Theory of Baryogenesis and Sterile 

Sneutrino Dark Matter from B Mesons

2018 - 2019
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A Supersymmetric Theory of Baryogenesis and Sterile

Sneutrino Dark Matter from B Mesons

Gonzalo Alonso-Álvarez,
a
Gilly Elor,

b
Ann E. Nelson

⇤
,
b
and Huangyu Xiao

b

a
Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

b
Department of Physics, Box 1560, University of Washington, Seattle, WA 98195, U.S.A.

E-mail: alonso@thphys.uni-heidelberg.de, gelor@uw.edu, aenelson@uw.edu, huangyu@uw.edu

Abstract: Low-scale baryogenesis and dark matter generation can occur via the production of

neutral B mesons at MeV temperatures in the early Universe, which undergo CP-violating oscil-

lations and subsequently decay into a dark sector. In this work, we discuss the consequences of

realizing this mechanism in a supersymmetric model with an unbroken U(1)R symmetry which

is identified with baryon number. B mesons decay into a dark sector through a baryon number

conserving operator mediated by TeV scale squarks and a GeV scale Dirac bino. The dark sector

particles can be identified with sterile neutrinos and their superpartners in a type-I seesaw frame-

work for neutrino masses. The sterile sneutrinos are su�ciently long lived and constitute the dark

matter. The produced matter-antimatter asymmetry is directly related to observables measurable

at B factories and hadron colliders, the most relevant of which are the semileptonic-leptonic asym-

metries in neutral B meson systems and the inclusive branching fraction of B mesons into hadrons

and missing energy. We discuss model independent constraints on these experimental observables

before quoting predictions made in the supersymmetric context. Constraints from astrophysics,

neutrino physics and flavor observables are studied, as are potential LHC signals with a focus on

novel long lived particle searches which are directly linked to properties of the dark sector.

⇤Ann Nelson passed away after this manuscript was written. Her contribution made this work possible, particle

physics a richer field and the whole world a little bit brighter. We are forever grateful for her kindness and inspiration.
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Low-scale baryogenesis and dark matter generation can occur via the 
production of neutral B mesons at MeV temperatures in the early 
Universe, which undergo CP-violating oscillations and subsequently 
decay into a dark sector….The produced matter-antimatter asymmetry is 
directly related to observables measurable at B factories and hadron 
colliders… potential LHC signals with a focus on novel long lived 
particle searches which are directly linked to properties of the dark 
sector.
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John Preskill:

No matter what the topic, we wound up laughing. I 
suppose that was because the pleasure Ann derived 
from thinking about and talking about physics was so 
infectious.  

1965


