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Part IV:

?

Is



Outline of this section:

1 What does the data say?
2. What might the future show?
3. What's the impact on our search for a "higher theory"?



It certainly looks like oscillations...

Errors are 
statistical 

only

Super  K data raises a lot of questions....

nm ® ne is highly limited direct search and by CHOOZ

nm ® ns is limited to < 30%

in a 3 n  scenario, it is all nm ® nt
...  WHY WOULD THAT BE?
      why is nm ® ne so tiny?

But WHY IS THIS OSCILLATION EFFECT SO BIG?



It's lucky that nm ®  nt  is big or 
it would be hard to do a follow-up...       
                                                

Expected: 150 ± 11.6

K2K showed a 3.9s osc. signal 
at Nu'04 with only ~100 events.



8m octagonal steel & scintillator 
tracking calorimeter

Magnetized Iron (B~1.5T)

484 planes of scintillator

Turning on  now:   NuMI/MINOS

Near Detector
Det. 2

Det. 1

Far Detector:
segmented Iron 

calorimeter detector

Will have plenty of statistics to 
explore... HOW BIG IS BIG?

IS THIS OSCILLATION SIGNAL
MAXIMAL!?!    (sin2q23=1)



None of the ''well- measured'' angles
in the quark sector or the neutrino sector,

 are ''maximal''

solar only

solar+KamLAND

But in the atmospheric case,
we are here.

max

maxWhy is this angle different?



Expected MINOS capability:
solid = 90% CL

      d(sin2 2q23)~5% 
with 25E20 protons on target (~6 years)

SK:  90% CL 
and best fit ( �)

OPERA data can be combined also
               nm ®  nt  appearance

NuMI running
will be 4E20 p.o.t/year

Begins 
in 2006

Just how different is it?



Soudan

Macro

SK

And T2K can improve 
on this further!



Why make a big deal over Maximal Mixing?
Because it may be a clue to the larger picture...

A historical example:

Parity violation in the neutrino sector is maximal.

We discovered when this was incorporated into the theory
that this is really driven by the interaction itself.

"The W only shakes
   with the left hand"

And it leaves us with a lot of BSM ideas...
maybe there is a Right-handed W at some high mass scale
maybe there are right handed neutrinos (maybe heavy? maybe light?)



What Could Maximal Mixing between nm and nt  suggest?

That symmetry between the m and t   families  is broken 
at low energy scales by the vev (an extra) Higgs doublet,
which is why we don't know about this symmetry.

At some high mass scale there is a symmetry between the m & t  families
So the right-handed  nm & nt  (with very high mass) are the same.

But, if the see-saw model is right, then we would see the symmetry
in the neutrino mixing matrix, which depends 
on m and MD for each flavor family...

0     mn

mn  MD (      ) mlight =mn
2/MD

mheavy =MD

D

100's of 
TeV

~ e-
mass



q is a free parameter involving mixing to the ne
(which is not affected by the m- t  symmetry)

cos q sin q 0

cos qsin q 1
222

- -

cos qsin q 1
222

-

U~

see Grimus, hep-ph/0405261
symmetry groups that will work:

Z2, D4 models

Note!
Not small...
ZERO



It isn't necessarily an exact symmetry.
As you depart form exact symmetry, the model predicts:

a very specific correlation

Minos

T2K

Braidwood
Reactor Expt

 hep-
ph/054138



(          )

Quark-Lepton Unification
can relate...

big  big   not-to-small
big  big big
big big big(          ) big  small   tiny

small  big tiny
tiny tiny big(        )

MNS CKM

For a nice discussion see... Mohapatra, hep-ph/054138

The favorite Quark-Lepton Unificiation Models
may well move off the table!

big  big        zero
big  big  max
big big  max

big  small   tiny
small  big tiny
tiny tiny big(        )

MNS CKMNOT



This is one example of the importance of testing Super K... Others include

�Evidence for  neutr ino decay...

� Search for  Ster ile Contr ibution

� Even wilder ... e.g. CPT violation??

                                            

Oscillation: Decay:Errors are 
statistical 

only

Errors are 
statistical 

only

c2/dof=37.9/40 
(Prob=56%)

Fit, including 
systematic 
errors...

c2/dof=49.1/40
(Prob=15%)

There is 
3s between
c2 min...but...

...Do you REALLY believe the 
systematics are so well 

understood that the 
case is closed????



In Summary:

Results we can learn from precision studies of the atmospheric mixings
may tip us off to physics at very high energy scales!

Follow-up to Super K is very important!



Part V: 
The

NuTeV
anomaly

&
possible

next directions



Outline of this section:

1.  Is there a NC-related anomaly in the neutrino sector?
2.  The  NuTeV Experiment
3.  What's next?



Is there an anomaly in NC scattering 
in the neutrino sector?

SM=0.2227

"sin2qW" is a way to parameterize  the NC coupling strength

� These measurements are made in many ways (to be discussed soon).

� They all show a systematic shift which implies less NC coupling

� NuTeV is the first result with small errors, so the shift is significant
(3 s)



Prediction:
If the NC strength for neutrinos is low, you should also

see it in the Z width measurements

Ratio of measured number of neutrinos
to Standard Model Prediction (LEP I)

Result is consistent with both NuTeV and the 2s from SM

3 n



Aside:
LEP I is measuring 2.9841 ± 0.0084  

How can there be a fractional number of neutrinos?

We don't directly measure the number of neutrinos.
We measure the decay width of the Z and 
extract the number from assuming a coupling.



Another Prediction Based on NuTeV:
If all n experiments are off in the same direction, 

you should see it in
Measurements from n Elastic Scattering from electrons....

line:
SM at NuTeV Q2

State of the art:  Charm II
off the SM in direction of NuTeV

Errors are so 
large it is hard
to tell...



Is there any other evidence that "sin2qW" is not as expected?

?

But in the same direction
of NuTeV...



Overall thought:
Without NuTeV the
idea isn't very compelling,
but given NuTeV...

So:  Why do I believe NuTeV?

Is there some kind of trend?

On the threshold of new physics you expect 
to see many small deviations...



The technique used by most previous neutrino experiments

SM=0.2227

n
n

q q n
m

q q'

all quarks,
including 
sea quarks & antiquarks

Rn = 
sn

NC

sn
CC

= r 2(    -  sin2qW+   sin4qW  (1+         ) ) 1
2

5
9

sn
CC

sn
CC

Selected
flavors

These are Deep Inelastic Scattering Experiments....



Quarks AND
Antiquarks!

Actually....

The level of the measurement
depends on knowledge of the 
sea quark distributions

Also, these experiments are done at high energies (~100's of GeV)

� Enough energy transfer to create charm

� But near enough to threshold 
for substantial suppression

n
m

s c

The level of the measurement
depends on knowledge of the charm mass

These were the major systematic limitations on the measurements



In principle, I could also define...

Rn = 
sn

NC

sn
CC

= r 2(    -  sin2qW+   sin4qW  (1+ r ) ) 1
2

5
9

sn
CC

sn
CC

These experiments are using:

Rn = 
sn

NC

sn
CC

= r 2(    -  sin2qW+   sin4qW  (1+         ) ) 1
2

5
9

If we can measure both, can we find a strategy to reduce the error?

r=

1/r



The Paschos-Wolfenstein Technique:

R- =sNC
n -  sNC

nsNC
n -  sNC

n

sCC
n -  sCC

n
= ½ -  sin2qW 

if dsea -  dsea =0  (only dvalence contributes)
usea -  usea =0  (only uvalence contribute)
ssea  -  ssea =0  .... no strange quark contribution
csea  -  csea =0  .... no charm quark contribution

Charm production only enters through dv
which is 1)   Cabbibo suppressed and 

   2)   at high x

This requires a design with separate n and n beams
so that you can measure Rn and Rn

= Rn-rRn

1-r



	 Beam is almost pure n or` n
(` n in n mode 3´ 10- 4, 
   n in ` n mode 4´ 10- 3)


 Beam only has ~1.6% electron 
neutrinos

Þ   Important background for 
isolating true NC event

NuTeV Experimental Setup

Dipoles make sign selection
 - Set n /` n type
 - Remove ne from Klong 

690 ton n- target

Steel-Scint-Chambers

Solid Steel Magnet 

Dr ift Chamber Spectrometer



Examples of what CC and NC events look like in NuTeV...

"long events"

"short events"

Short (NC) Events Long (CC) Events Rexp=Short/Long

Neutrino 457K 1167K 0.3916 ± 0.0007

Antineutrin
o

101K 250K 0.4050± 0.0016

n
n

'

(DIS events have large E-transfer,
hence many particles produced!)



Examples of backgrounds 
to the measurement



Use Detailed Monte Carlo to relate Rexp to Rn and sin2qW

� Quark Distribution Model

� Needed for including the NC and CC couplings


 Needed to model the event cross sections
(i.e. sets the amount short CC events)

� Neutrino fluxes (nm , ne ,` nm ,` ne )

� Combined with cross sections to predict event numbers

� Allows correction for electron neutrino CC events always look short NC events

� Shower Length Modeling

� Needed to correct for NC short events that look long like CC events

� Detector response vs energy, position, and time

� Test beam running throughout experiment crucial

Note that NuTeV never explicitly forms R- ,
they are simply doing a simultaneous fit to the Rn and Rn data,
which is equivalent.



Uncertainties in Measurement

What NuTeV worried
about as experimentalists

What has been
criticized by others



The NuTeV error is ENORMOUS 

Compared to the other EW measurements

But there is a clear 3s discrepancy

PSSST:  The next time someone tells you an experiment isn't worth
doing because the error will be large compared to other ways to 
ask the same question...

Stand your ground.
A measurement done in a new way is important.



What are the possible explanations?

"Standard Model Explanations"

� Needs a full NLO analysis
 

�  Needs improved radiative corrections

� Old Ke3 branching ratio should be updated

� Unidentified nuclear effects

� Isospin symmetry is violated (up ¹  dn and un ¹  dp )

� An s vs s sea quark asymmetry



A summary of the pulls from these "SM" explanations...

No smoking gun.

Some theorists have 
picked combinations, 
but this requires
ignoring other combinations.

These 3 models are
mutually exclusive

Controversial
calculation.



Beyond the Standard Model explanations are sparse so far...

SUSY in loop corrections or RPV SUSY at tree level
typically changes both Rn and Rn

S. Babu and J. Pati have and extended SUSY model
which explains:

NuTeV
LEP linewidth
sin22q23 = 1
g-2  (corrected result)

     AND  Vcb » 0.04

WOW

and it predicts a wealth of new particles in the TeV
range, so it should be testable at LHC...

Some Examples...

hep-ph/0203029



"Designer Z" Bosons...
= ½ -  sin2qW Rn-rRn

1-r
= gL

2 - gR
2e.g. Davidson, et al, hep-ph/0112302

 
An unmixed extra U(1) Z' Boson
that couples to the 2nd generation,
with mass  600 GeV<M<5 TeV

Some LHC sensitivities
(not precisely the same Z', 
but you get the idea...)



A Heavy Higgs....

Usually discusssed within context of the S & T plot,
which is a way to introduce new physics:

S = weak isospin conserving
T = weak isospin violating

(0,0) is fixed by convention.  
In this case mt=175 GeV, mH=100 GeV

scaled so that an effect~1
corresponds to a correction of ~a

Parameterizing the BSM physics in loops
and vertex corrections



Heavy Higgs Cont'd

gL
2 measurement

from NuTeV

gR
2 measurement

from NuTeV is so 
huge it goes off plot,
and is irrelevant.

The fit to all
EW data 
except
NuTeV

Swoosh shows how EW data move as you increase the Higgs Mass
from 115 GeV to 1 TeV 

Loinaz, et al, hep-ph/0210193

Flaws:  Fits are poor for a 1 TeV Higgs and this doesn't explain LEP I...



A better fit is obtained if neutrinos are allowed to have 
non-standard couplings (adjusted by  e~0.3%, MH » 500 GeV)

Znn  «  (1-e)
W

�

n  «  (1-e/2)

Sensitivity to e

The idea has
now been extended
to allow different
e for each family.



Any of these explanations,
or one not yet thought of,
would be very exciting!



The ideal way to study this question is through
a nm-electron elastic scattering ( nme ® nme) experiment...

"Super Charm II"

How can we follow up?

Charm II had 2000 events.   Error is a  ´ 4 too large

How can this be improved
to match NuTeV?



What was CHARM II?

nm

e-

Z



To match the NuTeV  error you need...
1)   Statistics:  ~30000 events

2)   Find a smart way to meaure the flux...
at high energy to use nm e ®   m ne

1) Increase size of detector (2 football fields?)
2) Use a higher energy beam (CERN SPS was 400 GeV p.o.t.)

Threshold:     2meE+me
2 = mm

2

E = (mm
2-me

2)/2me > 10 GeV !!!

The highest energy beams we have NuMI,CNGS cannot do this!

Very well understood!

nm

e- ne

m

(and you need a beam design with
a very low ne content!)



SAVE
OUR

BEAMS!



An alternative method, using a reactor experiment
was discussed at this conference by Ray Stefanski

Measurement
we can make
at the
Braidwood reactor 

Goal is error compatable to NuTeV

Not perfectly         to   
Because NuTeV was nm scattering and reactor is ne,
but still could shed an interesting light!



How to measure  sin2 qW at a reactor:

Use the antineutrino-electron elastic scatter ing

ne

e-

Z
W

ds
dT

G2m
 2p { (CV+CA)2 +(CV-CA)2 (1-      )2 + (CA

2-CV
2) mT

E
 T
 E2=

CV = ½ + 2 sin2 qW

CA = -½ 

T = electron KE energy
E = neutrino energy
m= mass of electron
This assumes mn=0

The total rate for this process is sensitive to sin2 qW  

(ES)

}

ne

e-

see Conrad, Link, Shaevitz, hep-ex, 0403048, PRD71:073013



ne

p

W

n

e+

An absolute measurement has large errors.
e.g. the flux error on most reactors is 2%

Instead do a relative measurement
to "inverse beta decay"

Use a detector near to a reactor
(e.g. the near detectors proposed 
for q13 experiments)

make sure it is deep underground
to protect from cosmic-muon-
produced backgrounds

cancellations in flux 
& fiducial errors



Options of places to run:

1.8 km

Braidwood Illinois
450 mwe

Krasnoyarsk Siberia
600 mwe

Proposals are in
development



In Summary:
New Physics may be lurking within the NuTeV anomaly.

But  we don't have
the beam we need to
pursue it.

Luckily this can be 
pursued at a reactor 
or we'd be stalled completely!



Having any of these four ideas work out is a longshot.



� 2-3s with Positive resolution

� J/y  (charm) shoulder at Brookhaven

� Tau lepton at SLAC

� Solar neutrino oscillations

 CP violation in the K system
        ! ! ! ! ! ! ! ! .

" 2-3s with Negative resolution

# Mono-jets at CERN Collider

$ 17 keV neutrino

% g-2 discrepancy with theory

&  High Q2 results at HERA
         ' ' ' ' ' ' ' ' ' ..

But Consider:

NONE WERE EXPECTED.
SOME WERE APPLAUDED-ON-ARRIVAL & 
                                SOME WERE REJECTED-OUT-OF-HAND.

THOSE WHICH PROVED TRUE HAVE  CHANGED OUR FIELD.

It's well worth looking!



Conclusions:

The data in the neutrino sector is rich with interesting effects,
I have only had time to describe a few.

To understand these effects, we need precision experiments.

Accelerators can play a key role in reducing systematics.

We need to preserve our accelerator-resources 
for neutrino physics and more!

.
.


