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Neutrinos- Windows to New Physics
What we know

• E. Lisi reviewed thoroughly what we have learned in 
the last decade about neutrino masses and mixing

• Physically, the neutrino mass eigenstates vi are not 
the same as the weak interaction eigenstates vα
associated with a given lepton flavor lα, but are 
related by unitary mixing matrix U:

| vα > = Σi U*αi | vi >
• In 3 v framework U contains 3 angles and 3 phases

and can be written as: U= Ulept V, where Ulept is the
leptonic analog of the CKM matrix:
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•Atmospheric oscillations are consistent with 
maximal mixing  ⇒ s23 ≈ c23 ≈ 1/√2 

(s23 )2 = 0.45 +0.18 –0.11   Lisi

•Best fit of all solar  neutrino oscillations data is the 
LMA MSW solution ⇒ s12 ≈ ½ ; c12 ≈ √3/2

(s12 )2 = 0.29 +0.05 –0.04   Lisi

•Strong bounds [CHOOZ ; Palo Verde] on the 
oscillations of reactor neutrinos confirmed by full 3 
neutrino analysis

(s13 )2 < 0.035  [2σ]  Lisi



• In 3 v framework, oscillation results identify:
| ∆m2

32| = ∆m2
atmos ~2.4 x10-3 eV2

| ∆m2
12| = ∆m2

solar ~ 8 x10-5 eV2

• LSND result ∆m2~ 1 eV2 ; s2~ 10-3 cannot be 
reconciled in a 3 v framework. If true requires 
different physics [ sterile neutrinos, CPT violation]. 
We await Mini BooNe results McGregor

• Oscillations data gives no information on the
Majorana phases α1 and α2. Present data also does 
not determine other CP violating phase δ.

• δ in principle measurable by comparing neutrino and 
antineutrino oscillations, but need s13 ≠ 0



• Neutrino spectrum is not fixed, since only know 
∆m2. However, since | ∆m2

32|= ∆m2
atmos is much 

greater than | ∆m2
12|= ∆m2

solar , it is reasonable to 
imagine a hierarchical spectrum  m3 >> m2 ≈ m1 (or 
an inverted hierarchy m2 ≈ m1 >>m3 ).

• Three “direct “ mass measurements all give bounds 
in the eV range: 

(m β)eff =[Σi | Uei |2 m2
vi ]1/2 β-decay

<Mee> = | Σi (Uei )2 m vi |        0ν2 β-decay
Σ = Σi m vi       Pastor Cosmology

Would like to get actual measurment!



Neutrinos- Windows to New Physics
What we want to know

• We will learn much more about neutrinos in 
the future and there are a set of critical 
questions to answer Kayser:

i. Are there more than 3  types of neutrinos?
Know from LEP that N ν= 2.984 ±0.008. 
However, are there sterile neutrinos? Must 
check if LSND result is correct- MiniBoone

ii. Do 2β0ν processes exist? Level of accuracy 
which is interesting and may be achievable is

<Mee>≈ 0.1 eV Capelli [Cuore]



Seeing 2β0ν will tell us neutrinos are self 
conjugate Majorana particles and that Lepton 
Number is not a symmetry. It will provide an 
experimental basis for seesaw mechanism
Most general  neutrino mass term 

does not conserve Lepton Number if mT, mS ≠ 0
term.  If mT<< mD << mS , the mass matrix will 
have a set of large eigenvalues connected with mS , 
and a set of small eigenvalues connected with the 
matrix m= mDT (mS)-1mD. 
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iii. It is important to actually measure s13. A likely 
goal is to be sensitive to  (s13 )2 ≈ 0.01, both 
through reactor disappearance experiments and in 
accelerator appearance experiments. With the 
latter, by measuring differences between neutrinos 
and antineutrinos one may get information on 
whether neutrino spectrum is normal or inverted.
Tanimoto discussed how s13=0 results from a Z2 
discrete symmetry and that asking in addition for 
maximal mixing s23 = 1/√2 leads to a mass matrix
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Interesting to ask whether one can connect the departures 
of s23 from 1/√2 with that of s13 from 0, as a way to try to 
predict s13? Frigerio

iv. Eventually, with a proton driver (2 MW) should seek to 
observe directly CP-violation in the neutrino sector, 
through the measurement of the CP-violating phase δ. 
Signal is proportional to s13 and one probably needs 
(s13 )2 > 0.01for a signal.

CP-violation in the neutrino sector is necessary for 
Leptogenesis in the early Universe, although CP phase
that enters is not necessarily related to δ. Leptogenesis is 
probably the most appealing scenario for matter-
antimatter asymmetry in Universe.



Neutrinos- Windows to New Physics
Cosmological Issues

• Reason I am so positive about Leptogenesis as the 
origin of matter is that it gets the right value for 
η=nB/nγ measured by WMAP and in BBN if 
neutrinos have precisely the properties we observe. 
Indeed, so as to prevent a wash-out of the 
asymmetry one needs that mνi < 0.15 eV.

• However, as Turzynski discussed there are 
conflicts between thermal Leptogenesis and 
expectations in SUSY. In particular, Leptogenesis 
requires that M1> 2 x 109 GeV and this leads to an 
overproduction of gravitinos.



• Gravitino decays can alter the predictions of BBN 
and typically this constrains the reheating 
temperature of the universe to TR<107 GeV << M1

• There are solutions to gravitino problem, but these 
in general alter the  “normal” SUSY expectations 
[eg. m3/2 >100 TeV; gravitino is LSP; etc]

• Different kind of tension noted by Pastor and Lisi
between strictest bound on Σ = Σi m vi < 0.47 eV 

(obtained by asking that the density of free 
streaming massive neutrinos be small enough so as 
not to alter  the power spectrum at small scales) 
and Heidelberg-Moscow value of <Mee>



Global analysis: ν oscillations + 
tritium β decay + 0ν2β + Cosmology

Fogli et al., PRD 70 (2004) 113003CMB + 2dF



Cosmology-Questions and Opportunities
Dark energy and particle physics

• We know from recent  cosmological observations 
that the energy density of the Universe is 
dominated by a dark energy component, whose 
negative pressure causes the Universe’s expansion 
to accelerate:

• One finds Frampton:
ΩDE≈0.73; ΩDM≈0.23; ΩB≈0.04

• Important parameter is ω=pDE/ρDE. Present bounds
-1.15< ω < -0.8



• Frampton worried about future of Universe and the 
physics of ω<-1. I consider latter possibility as 
unphysical ( Big Rip) since connected to negative 
energy density:
Lorentz transf.      ρ*= ρ(1 + β2ω)

• Also, I prefer to focus on past. Easy to see from 
energy conservation equation

∂ ρDE /∂ t=-3H(ρDE+ pDE)= -3HρDE (ω +1)
that ρDE  ~ R - 3(1+ ω), so that in earlier epochs dark 
energy was subdominant (eg. ρMatter~ R – 3)



• Two crucial questions need answering:
Cosmology                Is ω= ω(T)?
Particle Physics         What is Dark energy?

• A cosmological constant, where ρDE is a pure    
vacuum energy density, corresponds to ω=-1 :

-pDE = ρDE = Eo
4

Experimentally one finds that Eo ≈ 2 10-3 eV, which 
is a very difficult scale to contemplate for particle 
physics [e.g. Eo

QCD ~ΛQCD ≈ 1 GeV]
• Had no discussion at Moriond on possible 

approaches to dark energy problem, save for 
modifications of gravity Frampton Tinyakov



• Frampton discussed higher dimensional 
modifications of gravity due to Dvali et al involving 
a new fundamental length L= M2/M*3. Here dark 
energy is essentially mimicked by terms coming 
from the d>4 theory.

• Tinyakov discussed a model, leading to a massive 
graviton. However, potential for model reduces to 
standard one   

V=1/r + m2
2 r F(mi) →1/r

because Lorentz invariance is broken. Massive 
graviton is CDM [m2< 10-20 eV] and dark energy is, 
essentially, a cosmological constant. 

• Both models raise more questions than they answer! 



Cosmology-Questions and Opportunities
Conventional and unconventional dark matter

• The nature of Dark Matter – normal matter (p=0) 
which is, however, non luminous- addressed in 
three different ways: 

Indirect signals- Schwanke, de Boer, Boehm
Direct signals – Serfass, Probst
Theory- de Boer, Boehm, Turzynski, Nezri

• Here we will concentrate only on the last point in a 
broad  fashion



• Not many bonafide particle physics ideas for 
what dark matter may be. In fact, only 2 with 
some true theoretical motivation:

i. Axions – requires fa~1012 GeV ↔ ma=10-6 eV
ii. SUSY LSP –neutralino, gravitino, sneutrino
• Most effort expended in analyzing SUSY DM, in 

conventional MSSM framework. Should be 
cognizant that this may be too naïve [eg. If 
thermal leptogenesis holds, unlikely neutralino is 
the LSP. If it is, SUSY spectrum may well be 
different from MSSM – Profumo nearly 
degenerate chargino/neutralino ∆(χ+-χ)/χ~ 10-3]

• LHC will have enormous bearing on this 
question Nezri



• Important that theoretical analysis of possible 
signals have some cross checks.

• In this respect, analysis by Boehm of INTEGRAL
511Kev signal is not so well grounded:

- using better motivated density profile excellent
- theory reason for mDM < 100 MeV questionable
• In contrast, analysis of de Boer of EGRET diffuse 

photon background is more promising
- Signal determines WIMP mass m~50-100GeV
- There is a clear prediction of cross section expected 

in direct searches  σ~ 2 x10-43cm2 [ CDMS bound 
now is σ < 7 x10-43cm2 ]



Cosmology-Questions and Opportunities
Matter- antimatter asymmetry and dark matter
• Another important question to understand is why 

ΩDM/ΩB~ 6
• Matter-antimatter asymmetry is not clearly 

connected to SUSY dark matter. Even if both 
were due to supersymmetric phenomena [e.g. 
Affleck-Dine baryogenesis and neutralinos] 
scales are unrelated. [ lifting of flat direction vs 
scale of EW  symmetry breaking]. Thus no clear 
expectation for ratio ΩDM/ΩB



• Situation is different in case where Leptogenesis is 
the source of the matter asymmetry and axions are 
the DM

• For Leptogenesis one has that ΩB~ M1,  where M1
is mass of lightest right-handed neutrino

• Axion dark matter, on the other hand has ΩDM~ fa, 
where fa is the scale of PQ symmetry breaking

• However one can imagine M1 resulting from 
spontaneous symmetry breaking: M1~ <σ>. Instead 
of carrying Lepton Number σ can carry PQ charge
and then fa = <σ>.  Thus both phenomena occur at 
same scale and fa drops out in ratio.



Electroweak Theory
Refinements

• Precision electroweak data is in perfect agreement 
with the standard SU(2) x U(1) model [FIG]. Global 
fit of all data strongly points  to a light Higgs boson
EW global fit   ⇒ MH= 126 +73 –48 GeV

• Final LEP numbers are in preparation Spagnolo 
Rosenbleck and updated numbers are coming from 
the Tevatron Deliot de Lendecker

• NuTev result on W-mass is glaringly discrepant:
MW= 80.136± 0.084 NuTev MW=80.412 ±0.042 LEP
Not sure, however, if NuTev theory error is OK



W-pair cross sections

Clear proof of SU(2)xU(1) gauge couplings !



• Next step for EW theory tests necessitates finding 
the Higgs and reducing further the errors on 
measured parameters, like the top mass:

• Prototypical test is confronting [MW]exp with 
[MW]theo =MW(mt, MH)

• There is a possibility Higgs will emerge at the 
Tevatron, but they will need to integrate as much 
luminosity as possible [ 4-8 fb-1 Bernardi]

• However, LHC is really the place where it will 
become clear what the nature of Electroweak 
symmetry breaking is. Is it simply the result of a 
single  Higgs VEV, leading to one Higgs boson, or  
is it something much more complicated?



Electroweak Theory
Non-standard ideas

• Theorists, for a variety of reasons, believe that just 
a single Higgs VEV, with its associated Higgs 
boson is unsatisfactory. In a theory with a physical 
cutoff Λ, Higgs mass squared gets quadratic shift 

Hierarchy problem   δMH
2 ~Λ2

• Either, some underlying symmetry changes above 
formula [SUSY δMH

2 ~ MH
2 ln Λ/MH] or cutoff is 

very near [Technicolor Λ~ MH].
• Latter is disfavored by EW data which are fit with 

no structure, except a light Higgs 



• Theorists continue to explore alternatives, and 
Moriond is no exception. New game in town is 
theories in d>4

• Three topics discussed, in increasing order of 
wildness:

i. Attempts to reconcile Higgs mass cutoff Λ~ 1TeV, 
with scale Λeff~ 10 TeV bounded by experiment of 
irrelevant operators in  Leff = LSM + OD/ Λeff

D-4

ii. Revival of Technicolor as d>4 theories 
iii. Landscape and split SUSY theories

All these are really much more ideas than full 
fledged theories!



• In SUSY little hierarchy Λeff > 10 Λ is naturally 
satisfied by usual loop expansion Λeff=4π Λ. 

• Biggio talked how same effect occurs in d>4
theories where extra dimensions are compactified 
in orbifolds. Higgs fields are part of higher 
dimensional gauge field in compact directions

AM={Aµ, Aa=Ha}
and Higgs mass is partially protected by d>4 
gauge symmetry

• However there are subtleties connected with what 
happens at orbifold specified points and this 
works only for certain d>4 theories [not d=6 ]



• Hidalgo talked about another possible solution of 
the little hierarchy problem- Little Higgs Models

• In these models  the Higgs mass is partially  
protected because it is a pseudoGoldstone boson of 
a global symmetry which holds at the scale Λeff and 
is spontaneosly broken at Λ

• These models have new states at Λ which make the 
theory work technically, but introduce an 
enormous amount of superstructure which make 
them not very believable.

• More appealing, but still very speculative, are the 
d>4 Technicolor models discussed by Grojean



• These models have NO HIGGS. However, what 
replaces the single Higgs of the SM are towers of 
Kaluza Klein states which serve to give the required 
cancellations in EW amplitudes to preserve 
unitarity.

• Models are technically complicated and must build 
up “by hand” much of the structure present in the 
SM. For example the hidden O(3) in the usual Higgs 
potential which give ρ=1, here results from having a 
d>4 space which is highly weighted towards a Brane 
with an SU(2) symmetry. This also helps control the 
usual S and T parameters to manageable levels.

• Much work needs to be done to make realistic 
models of this type!



• Some of today’s most speculative ideas were  
wonderfully reviewed by Dudas. Will talk here 
briefly only about one such idea- the SUSY 
landscape

• Idea of having a very large number of possible 
quantized vacuum states in string theory – the 
landscape- is connected  to the enormous 
hierarchy associated with the cosmological 
constant : 

(Eo/ MP)4~ 10 125

and uses the anthropic principle
• Having sinned once ( and in a spectacular way!) 

not impossible to suggest split-SUSY theories



• These are theories where there is a badly broken 
SUSY in which the masses of squarks, sleptons 
are very high O(MX), but the gauginos have 
masses of O(MW). Obviously hierarchy problem 
(MH<< MX) remains [ minor sin!], but retains the 
best aspects of low energy SUSY [Vempati]:

i. Unification of couplings (mostly influenced by 
gauginos)

ii. Neutralinos as dark matter
and gets rid of flavor problem in SUSY.
• Landscape ideas are part of a subtle shift in 

theorist’s feelings about simple low energy SUSY



Flavor Physics
SUSY- insights and tribulations

• A remarkable aspect of the SM is that a number 
of processes are automatically very suppressed 
[FCNC, LFV, edms]. This is not the case in 
extensions of the SM 

• e. g. Abel discussed expectation of intersecting 
D-brane models which produce too large a ∆MK
unless string scale Ms >> 107 GeV

• Quite similar considerations apply for low 
energy SUSY, where flavor is both a boon and a 
bust!



• LFV provides a nice example. Even starting with 
universal scalar SUSY breaking masses mij= moδij

,

RGE produces non-diagonal masses at the weak 
scale which induce LFV .

• Prediction for processes like µ→eγ [Turzynski 
Takanishi] sensitive to mass of heavy neutrinos
Need M1> 1011 GeV
to be accesible to future
experiments. This  would
create further problems for
Leptogenesis
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• Electric dipole moments (edms) provide another 
relevant example [Lebedev Farzan] of 
constraints on CP-violation in SUSY models.

• In simplest example flavor blind SUGRA, CP-
violating phases appear in:

i. gluino masses: m1/2 λiλi
ii. scalar Yukawa int.: 
iii. bilinear scalar terms: Bµ(χTCϕ) +h.c.
iv. Higgsino mass term: 
• Only 2 of these phases are physical, say those in 

A and B. Experimental bounds on edms severely 
restrict these phases. Typically, sin φA,B < 10-2-10-3

..~~~~ chdQAuQA RLdRLu +Γ+Γ χφ

( )φχµ ~~ CT



• In general, flavor violating contributions due to 
SUSY matter entering in loops need to be 
controlled and different ideas have been put forth 
for how to do this:
Universality- ∆ 2<<      2

Alignment-

Heavy squarks- >>TeV       Lavignac

• If SUSY is found, it will be great fun to sort out 
how the flavor problem is  really solved in these 
theories!

m~ m~

m~
ijijgg δ~~



Flavor Physics
News from the Kaon Sector

• Two nice pieces of news reported at Moriond:
i. New experimental results at KLOE and KTEV for 

Vus restored unitarity [Lanfranchi Bellantoni]:
|Vud|2 + |Vus|2 + |Vub|2 =1

ii. Substantial progress in understanding long 
distance effects in KL→πl+l- , both through new 
experimental information on KS→πl+l- and theory
which established positive interference between 
SD and LD pieces of  the parity violating part of 
the amplitude for this process [Greynat Smith]



Flavor Physics
B- Physics and the CKM Model

• Precise values for sin 2β obtained by Babar and 
Belle [Morandin]  provide strong confirmation of 
the validity of the CKM model [Bosch]:

sin 2β= 0.726 ±0.037   Figure
• As a result of ongoing collaboration between 

experimentalists and theorists the extraction of 
sides and (other) angles of Unitarity Triangle is 
continuously being improved





• Nice example provided by determination of Vub
discussed by Limosani, where theory error is 
reduced to 2.8% for the shape function and 3.9%
for mb, allowing for a 10% determination of this 
quantity [Figure]

• I was also very impressed by the great progress 
being made by Babar and Belle in extracting the 
other 2 angles in the Unitarity Triangle using an 
array of clever techniques (invented by theorists):

i. Dalitz interference analysis of B→DK processes   
γ = (70 ± 26 ± 10± 10)° Babar 
γ = (68 ± 14 ± 13± 11)° Belle        Krokovney



χ2/n.d.f=6.7/7
(CL=46.5%) 

|Vub|=(4.70±0.44)⋅10-3

Do we see discrepancies 
between different 
kinematic regions 
•Sub-leading effects?
•Weak annihilation 
effects?

•Quark-hadron duality   
violations?

HFAG |Vub| inclusive averages 



ii. Isospin analysis of B→ ρρ processes  Wilson
α = (103 ± 10)° Babar 

iii. Mixing-decay interference in B → D*ρ Therin
|sin(2β +γ)| >0.74   68% CL Babar + Belle 

• All of these results are consistent with the CKM 
model fit. With more data and further analysis 
chinks in the CKM armor may well appear. 

• One such hint has surfaced, but it is to early to 
tell if it does, or does not, signal the presence of 
new physics



Flavor Physics
Peephole to new physics?

• Morandin discussed the apparent discrepancy seen 
in the value of sin 2β obtained by Babar and Belle
for B decays dominated by Penguin modes, like 
B→φKs

Sin2βeff=0.43 ±0.07 [Figure]
Penguin graph has no
weak phase in dominant
loops. s

s
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Comparison with charmonium modes

– When averaging the 
results of the two 
experiments sin2β
from penguin modes 
is systematically 
lower than the 
reference

– all penguins (to be 
used with care) :

Sin2βeff=0.43 ±0.07

3.7σexp



• In principle, can imagine new physics, like SUSY, 
could modify Penguin contribution, thereby 
causing βeff  ≠β

• However, one must check that there are not more 
mundane answers (QCD) which could affect 
Penguin B-decay modes

• If new physics is invoked, one must make sure that 
these new physics effects do not affect other 
processes. In this case, the fact that B → sγ seems 
to agree with SM expectations puts strong 
constraints on what may be allowed

• Time will tell!


