André de Gouvéa Northwestern

Recent Neutrino Results

André de Gouvéa

Northwestern University

JrStiGlimpse of the Tera Scale

October 19-21, 2011 « Brookhaven National Laboratory

October 21, 2011 Recent v Results




André de Gouvéa Northwestern

Outline
1. Where We Are — Non-controversial Stuff (Very Brief);

2. Some Recent Solar Neutrino Results;

3. Where We Are Going — Non-controversial Stuff;
4. On the Short-Baseline “Anomalies”;
5. What We Are Trying to Understand;

6. The OPERA Anomaly (Very, Very Brief).

Caution: I am not an experimentalist. Experimental results will be shown in an
oversimplified manner that does not do justice to the experiments or all the

scientists involved.
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Very Quick Reminder: v Flavor Oscillations

Neutrino oscillation experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on
the neutrino energy E, and the baseline L.

e v, — v; and ¥, — Uy — atmospheric experiments | “indisputable”|;
e V. — v, , — solar experiments “indisputable”];
® U, — Upther — reactor neutrinos “indisputable”];
® 1, — Usther from accelerator experiments “indisputable”].

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinct masses, and mix.
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Phenomenological Understanding of Neutrino Masses & Mixing

Ve Uel UeQ UeS 41
Vr UTl U’T2 U7'3 V3

Definition of neutrino mass eigenstates (who are vy, vs, v37):

e mi < mj Am3, < 0 — Inverted Mass Hierarchy
e ms —mi < |m§ — m%g\ Am3; > 0 — Normal Mass Hierarchy
. 2 U 2 . .
tan® 015 = U 2{2; tan? fyg = Upsl . U, = sin fy5e %0

|U61 |U7‘3|2’

[for a detailed discussion see AdG, Jenkins, arXiv:0804.3627]
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Three Flavor Mixing Hypothesis Fits All" Data Really Well.

= Good Measurements of Oscillation Observables

parameter best fit 10 20 30

Am3, [107%eV?] 7.59701% 7.24-7.99 7.09-8.19
2.45 4 0.09 2.28 — 2.64 2.18 — 2.73

Am3,; [107%eV7] ’ +0.10 -
—(2.3470:89) —(2.17 — 2.54) —(2.08 — 2.64)

sin? 65 0.3127001% 0.28-0.35 0.27-0.36
0.51 % 0.06 0.41-0.61

.2

sin ¢ 0.39-0.64

S 0.52 + 0.06 0.42-0.61

L 0.01070 00 < 0.027 <0035  _
0.01310:909 < 0.031 < 0.039

. . . ‘ .92 .2
Table 2. Neutrino oscillation parameters summary. For Am%l, sin” o3, and sin” 63
the upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy. We
assume the new reactor anti-neutrino fluxes [5] and include short-baseline reactor

neutrino experiments in the fit.
* Modulo short baseline anomalies.

October 21, 2011

[Schwetz et al, 1103.0734]
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Hint For Nonzero U.3(?) Not to be written in stone just yet. ..

... but next year may prove to be very exciting!

Global evidence for 0,,>0

lIlIlllllllllllllllIIIlllllllllllllIlllllllllllllllllllllllllllllllll
| ® | SOLAR + KamLAND
I o W 1
| o : ATM + LBL + CHOOZ
I o W !
| o I ALL
IR :
NN EIENIEEEEEE NN NN RN ENE RN NN SN E NN EE NI RN NSNS N R R RN NN

0.00 001 002 003 004 005 006  0.07
sin’ 0,5

FIG. 3: Global 3v analysis. Preferred +1¢ ranges for the mixing parameter sin”#13 from partial and global data sets. Solid

and dashed error bars refer to old and new reactor neutrino fluxes, respectively. Fogli et al., arXiv:1106.6028.
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Solar Neutrino Survival Probability

MSW-LMA Prediction
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Borexino, 1110.3230
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What We Know We Don’t Know (1): Missing Oscillation Parameters

e What is the v. component of v37

P —— (ma)2 (m2)2 (913 7§ ()?)
(am?),
2
(my) e Is CP-invariance violated in neutrino
oscillations? (§ # 0, 77?)
(m?) i e Is v3 mostly v, or v, 7 (623 > 7/4,
am m v (923<7T/4, or Q23:7T/4?)
h (am?),,
m e What is the neutrino mass hierarchy?
2
:l: (amd) (m2) = All of the above can “only” be
sol
(m,)* (M) s — addressed with new neutrino
normal hierarchy inverted hierarchy oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)
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What We Know We Don’t Know (2): How Light is the Lightest Neutrino?

(m,)? (M)’ So far, we’ve only been able to measure
(am?) . .
(ml)z_s"' neutrino mass-squared differences.
2 m The lightest neutrino mass is only poorly
A :
(BM _— 2 constrained: mﬁghtest <1eV?
H (Am®) 4
H . . . .
' qualitatively different scenarios allowed:
2 — -
® mlightest — 07
e (M )2 2 2 )
(Amz)sol i ¢ mlightest < A772’12,137
[ = (ml)2 (m d)2_ 2 A 2
A ® Miightest > AM12 13-
normal hierarchy inverted hierarchy

2 _
mlightest =7

Need information outside of neutrino oscillations.

m2 =0
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kinematical effect of neutrino masses: precision measurement of 3-decay

sensitive to an effective “electron neutrino mass’: m?2> = NUpg; 2m?
Ve 7 1

/ i t1/2 = 12.32 years b)
! Eo = 18.57 keV

count rate [a.u.l

Ficure 2: The electron energy spectrum of tritinm (7 decay: (a) complete and (b) narrow region
L] / L]

L

1

lLJJ

1
e

10
energy £ [keV]

F—F, [eV]

around endpoint Eg. The 3 spectrum is shown for neutrino masses of 0 and 1 eV.
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NEXT GENERATION: The Karlsruhe Tritium Neutrino (KATRIN) Experiment:

(not your grandmother’s table top experiment!)

sensitivity m2_ > (0.2 eV)?

Ve
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WMAPI (free blas)

Big Bang Neutrinos are Warm Dark Matter

Coobar et al. (2008)

Seljak, Slozar, & McDonald (2008)

Spergel et al. (2003.8)

Tegmark

October 21, 2011

e Constrained by the Large Scale

Structure of the Universe.

Constraints depend on

e Data set analysed;
e “Bias” on other parameters;

Bounds can be evaded with
non-standard cosmology. Will we
learn about neutrinos from
cosmology or about cosmology

from neutrinos?
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Probe Current Forecast Key Systematics Current Surveys Future Surveys =rn
Somw (V) [Dmy (eV)
CMB Primordial 1.3 0.6 Recombination WMAP, Planck None
CMB Primordial +0.58 0.35 Distance  measure-| WMAP. Planck None
Distance ments
Lensing of CMB 00 0.2—-0.05 |NG of Secondary|Planck, ACT [39],(EBEX [57], ACTPol,
anisotropies SPT [96] SPTPol, POLAR-
BEAR [5], CMBPol
[6]
Galaxy Distribution [0.6 0.1 Nonlinearities, Bias [SDSS [58, 59], BOSS|DES [84], BigBOSS [81],
[82] DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]
Lensing of Galaxies (0.6 0.07 Baryons, NL, Photo-| CFHT-LS [23], COS-|DES [84], Hy-
metric redshifts MOS [50] per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]
Lyman « 0.2 0.1 Bias, Metals, QSO|[SDSS, BOSS, Keck |BigBOSS[81], TMT[99],
continuum GMT[89]
21 cm 00 0.1 —0.006 |Foregrounds, Astro-|GBT [11], LOFAR|MWA [93], SKA [95],
physical modeling [91], PAPER [53],|FFTT [49]
GMRT [86]
Galaxy Clusters 0.3 0.1 Mass Function, Mass|SDSS, SPT, ACT,|DES, eRosita [87], LSST
Calibration XMM [101] Chan-
dra [83]
Core-Collapse Super-|oco f13 > 0.001* |Emergent v spectra |SuperK [98],|Noble Liquids, Gad-
novae ICECube[90] zooks [7]

Table I: Cosmological probes of neutrino mass. “Current” denotes published (although in some cases controversial, hence the
range) 95% C.L/ upper bound on ) m, obtained from currently operating surveys, while “Reach” indicates the forecasted 95%
sensitivity on Y m, from future observations. These numbers have been derived for a minimal 7-parameter vanilla4+m, model.
The six other parameters are: the amplitude of fluctuations, the slope of the spectral index of the primordial fluctuations, the
baryon density, the matter density, the epoch of reionization, and the Hubble constant.

* If the neutrinos have the normal mass hierarchy, supernovae spectra are sensitive to #13 ~ 1073,

produces a different signature, but one that is insensitive to ;3.

The inverted hierarchy

[Abazajian et al., 1103.5083]
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What We Know We Don’t Know (3) — Are Neutrinos Majorana Fermions?

A massive charged fermion (s=1/2) is
described by 4 degrees of freedom:

(e «— CPT — e},)

VL m 66 > | “Lorentz”
_I_

(e — CPT — e7)

you >

A massive neutral fermion (s=1/2) is
described by 4 or 2 degrees of freedom:

(I/L — CPT — ﬂR)

Vp? V_L?< mm ] “Lorentz” ‘DIRAC’

(VR — CPT — I7L)

you e
(I/L — CPT — ﬂR)
‘MAJORANA’ | “Lorentz”

How many degrees of freedom are required
to describe massive neutrinos? (vr «+— CPT — vp)
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Search for the Violation of Lepton Number (or B — L)

Best Bet: search for SM vertex
Neutrinoless Double-Beta Q_T B \‘[9
V. V. o -
: —e E Usi . > 1 U, «— Mixing matrix
Decay: | Z — (Z +2)e" e : _
W W~
1

Nucl == Nuclear Process == Nucl’

1071
i Mee

Helicity Suppressed Amplitude oc =%

10_2 §<_(next—neXt) Observa’ble mee = Z’L Ue27/m7’

| Mee | INEV

1073 |
’ < | no longer lamp-post physics!

90% CL (1 dof)

1004 ... SOEEES. ...
1074 1073 1072 1071 1

lightest neutrino massin eV
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Evidence(?) For Physics Beyond the Three-Massive-Neutrinos Paradigm
e LSND v, — v;
e MiniBooNE v, — vg;
e MiniBooNE 7, — vg;
e Reactor Anomaly;
o MINOS—+—~versus+#—oseillations;
e Ga Anomaly;
o ?
Plus

e Where is the “up-turn” in P,.. for low-energy solar neutrinos?
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4 ™
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Comparison of v, and \Te Appearance Results
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N 107 10"

2
sin ZOSBL

10

Am3y |Ues| |Upa| Amzy |Ues| |Uus| 8/7

x?/dof

3+2

0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1/130

1+34+1 0.47 0.129 0.154 0.87 0.142 0.163 0.35 106.1/130

Table II: Parameter values and y?

at the global best fit

points for 3+2 and 1+3+1 oscillations (Am?’s in eV?).
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(Some) Phenomenological Explanations

More important: assuming these fit all current data, how do we tell which
one, if any, is correct?

e Sterile Neutrinos (light, stable variety); Short Baseline Osc.
e New Neutrino Interactions; Neutrino Oscillations, Charged-Leptons (7)
e Lorentz Invariance/CPT-Violation; Neutrino Oscillations, Directional Effects

e Sterile Neutrinos (heavy, unstable variety). Mesons, Muons

October 21, 2011 Recent v Results
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S 107 . =TV What We Are Trying To Understand:
o 10t t ]
£ 1010 ]
10% v BT e e
8 s B
iz L < NEUTRINOS HAVE TINY MASSES
3 A U -
10 O - ~ Mev
105 ]
10 E
10 38 ALK ke
102 . | LEPTON MIXING IS “WEIRD” ||
10 5
101-1 777777777777777777777 ] ****** * 0.8 0.9 0.2 1 02 v
10 -2 . - Vs Vins ~ 04 06 07 Verm ~ | 0.2 ]. 0.01
10 '32””” ””7””””2 7777777777 T meV 0-4 0-6 0-7 0.001 0.01 1
4 V1 -
10 = =
10 b, .
0 1 2 3 4

generation What Does It Mean?
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Who Cares About Neutrino Masses: Only* “Palpable” Evidence
of Physics Beyond the Standard Model

The SM we all learned in school predicts that neutrinos are strictly
massless. Massive neutrinos imply that the the SM is incomplete and
needs to be replaced /modified.

Furthermore, the SM has to be replaced by something qualitatively
different.

* There is only a handful of questions our model for fundamental physics cannot
explain properly. These are, in order of “palpability” (my opinion):

e What is the physics behind electroweak symmetry breaking? (Higgs or not in SM).
e What is the dark matter? (not in SM).

e Why does the Universe appear to be accelerating? Why does it appear that the
Universe underwent rapid acceleration in the past? (not in SM — is this “particle
physics?”).

October 21, 2011 Recent v Results
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What is the New Standard Model? [vSM]

The short answer is — WE DONT KNOW. Not enough available info!

0

Equivalently, there are several completely different ways of addressing
neutrino masses. The key issue is to understand what else the vSM
candidates can do. |are they falsifiable?, are they “simple”?, do they
address other outstanding problems in physics?, etc]

We need more experimental input.

October 21, 2011 Recent v Results
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The Seesaw Lagrangian

A simple®, renormalizable Lagrangian that allows for neutrino masses is

M, . .
5 N'N'+ H.e.,

3
L, =Lod — M\ LXHN" — Z

i=1
where N; (i = 1,2, 3, for concreteness) are SM gauge singlet fermions.

L, is the most general, renormalizable Lagrangian consistent with the SM
gauge group and particle content, plus the addition of the /N; fields.

After electroweak symmetry breaking, £, describes, besides all other SM

degrees of freedom, six Majorana fermions: six neutrinos.

2Only requires the introduction of three fermionic degrees of freedom, no new inter-

actions or symmetries.
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What We Know About M:

e M = 0: the six neutrinos “fuse” into three Dirac states. Neutrino mass
matrix given by i = Aaiv.
The symmetry of £, is enhanced: U(1)p_r is an exact global symmetry of

the Lagrangian if all M; vanish. Small M; values are 'tHooft natural.

e M > u: the six neutrinos split up into three mostly active, light ones, and
three, mostly sterile, heavy ones. The light neutrino mass matrix is given
by Mmas =), aiM; " g moc 1/A = A= M/p*].
This the seesaw mechanism. Neutrinos are Majorana fermions. Lepton
number is not a good symmetry of £,, even though L-violating effects are

hard to come by.

e M ~ u: six states have similar masses. Active—sterile mixing is very large.

This scenario is (generically) ruled out by active neutrino data
(atmospheric, solar, KamLAND, K2K, etc).

e M < pu: Neutrinos are Pseudo-Dirac fermions. Strong constraints from

SOlaI' neutl‘ino data fOI‘ M > 10_9 ev [AdG, Huang, Jenkins, arXiv:0906.1611]
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Why are Neutrino Masses Small in the M # 0 Case?

If u < M, below the mass scale M,

 LHLH
===

Neutrino masses are small if A > (H). Data require A ~ 10'* GeV.

Ls

In the case of the seesaw,

AN?’

so neutrino masses are small if either

e they are generated by physics at a very high energy scale M > v

(high-energy seesaw); or

e they arise out of a very weak coupling between the SM and a new, hidden

sector (low-energy seesaw); or

e cancellations among different contributions render neutrino masses

accidentally small (“fine-tuning”).
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Constraining the Seesaw Lagrangian

[rough upper bound, see Donini et al, arXiv:1106.0064]

I I I \U/ I I I [ I I I 1 I I I
3 —— e e
S~ cutt s S BES S e S e R = = R R S O T A

I/

/-
/]

/]
g
|

0, 8. 6 _ -4 - 2 4 6 8 10 12
10 10 10 10 1 10 10 10 10 10 10
M, (eV)

[AdG, Huang, Jenkins, arXiv:0906.1611]
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Can we improve our sensitivity?

yim
Il

0

i
Il
/

A I B N NN Shorv-Baseline Bxperiments! ™

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o -8 -6 -4 - 5 4 6 8 10 12
10 10 10 10 1 10 10 10 10 10 10
M, (eV)

[AdG, Huang, 1110.xxxx]
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Number Of Operators
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This is Just thle Tip of the Model Iceberg ...

45 1 1 1 1 1 1 1 1 1 1 1 1 1 1
a0 Bl Dim5 | |
“Directly Accessible” Bl Dim7
35} Bl Dim9 | _
B Dim 11
30} _
25}

October 21, 2011

of “direct” reach if not weakly-coupled (‘7)-

(seesaw) _
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[arXiv:0708.1344 [hep-ph]]

e dc
ﬁl Order-One Coupled, Weak Scale Physics
|
@ : ! Can Also Explain Naturally Small
! '3
- ;_ o _ : Majorana Neutrino Masses:
¢1 by

|
|
|
L ! Multi-loop neutrino masses from lepton number
|
|

02
|
H /\\ violating new physics.
de %

d

4 - - -
—Lysm D ), Migidi +iy1QLp1 + y2d°d°Pa + y3e®d®pz + Mad1dpaHH + XazaMbagada + h.c.
my o (y1y2y3X234)A14/(16m)* — neutrino masses at 4 loops, requires M; ~ 100 GeV!

WARNING: For illustrative purposes only. Details still to be worked out. Scenario most
likely ruled out by charged-lepton flavor-violation, LEP, Tevatron, and HERA.
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How Do We Learn More?

In order to learn more, we need more information. Any new data and/or

idea is welcome, including

e searches for charged lepton flavor violation;

(4 — ey, p — e-conversion in nuclei, etc)

e searches for lepton number violation;

(neutrinoless double beta decay, etc)

e neutrino oscillation experiments;

(Daya Bay, NOvVA, etc)

e secarches for fermion electric/magnetic dipole moments

(electron edm, muon g — 2, etc);
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e precision studies of neutrino — matter interactions;

(Minerva, NuSOnG, etc)
e collider experiments:

(LHC, etc)

— (Clan we “see” the physics responsible for neutrino masses at the LHC?
— YES!

Must we see it? — NO, but we won’t find out until we try!

— we need to understand the physics at the TeV scale before we can
really understand the physics behind neutrino masses (is there
low-energy SUSY?, etc).

October 21, 2011
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And Now For Something |

Completely Different. ..

- ! ? '-1
bk
11“ rookhaven
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o

GPS

=) — (2,48 £0.28 £ 0.30) x 1077

CERN common view LNGS 140 | 140 L
- OPERA experiment
120 120
uTC uTc 100 |- 100 [
i "\ i [
time shift by TOF, B0 - 80 -
il waveforms data @ C
E “ P - = - stat. - +
L _ stat. + sys.
P /K Y 2 [ _ e
— > w0 [ w0 k-
BCT target decay tunnel : i
20 _— 20 "
baseline = (TOF,) R r -
. B no effect line
B T ss.a7ans | ST - "
6t=TOFC_'TO FV -20 - -20 +
r | v, CC internal | All events:
Fig. 5: Schematic of the time of flight measurement. ol w b Internal + external
FTETI RN RN AEEN ERE

[OPERA Coll. arXiv:1109.4897]
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0 10 29 3Q 4Q 50

(GeV)

Fig. 13: Summary of the results for the measurement of 6t. The left plot shows 6t as a function of the ene
v, CC internal events. The errors attributed to the two points are just statistical in order to make their 1
comparison easier since the systematic error (represented by a band around the no-effect line) cancels out. Tt
plot shows the global result of the analysis including both internal and external events (for the latter the
cannot be measured). The error bar includes statistical and systematic uncertainties added in quadrature.
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Neutrinos travelling faster than the speed of light!? How can that be?

e This would be an amazing discovery! Still needs to be confirmed by at
least one more experiment. Ideally, it would have to be confirmed

using a different method.

e Contradiction with other experimental data? In particular neutrinos
SN1987A neutrinos arrive at the expected time (compared to the light

signal). ..

e Easy way out (not so easy — v — vete™, [Cohen, Glashow,
arXiv:1109.6562]): modify the neutrino dispersion relation — Lorentz

Invariance Violation

E* — )" =m* — E°—|pl* =m*(E)
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The community is frantically at work!

98 Citations According to INSPIRE as of 12:16, today.

DiD Yo SEE THE
NEUTRING SPEED
OF LIGHT THING?

YUR! GOOD NEWS;
T MNEED THE CASH.

HUH? CASH? )

R

Northwestern

[Note: the OPERA preprint is dated September 22, 2011]

YEAH. WHEN THERES A NEWS STORY
ABGUT A STUDY OVERTURNING ALL
OF PHYS\CS, T USED To URGE
CRUTICN, REFIND PEDPLE THAT EXPERTS
BRENT ALL STUPID, AND END P IN

POINTLESS ARGUMENTS ABOUT GAULED.
g
ExXTs. |F T #
VDR GPS WOuLOH'T ‘\
WHAT DO ¥oU MEAN, |
*f¢1 EriCE THOUGHT FoueE 7
HAVE Yo SEEN OUE BUDGET?

WE CouLOwT &ET T AFERD
QU oo THOUGHT FOLICE.-

¥

THAT SOUNDS MISERABLE
AND UNFOLRLLING.

YUP, 50 I GAVE UP AND NOW T
JUST FIND EXCITED BELEVERS
PND BET THEM $200 ERCH THAT
THE NEW RESULT WoN'T PAN OUT.

o/

THATS MEAN.

T PROVICES A GOeD INCOME,
AND IF T EVER WRONG, TLL BE
Too EXCITED ABOUT THE NEW

PHYSICS TD NOTICE THE (055

3

[http://xkecd.com]

“Nothing travels faster than light.” — NA-H (BF11 Public Lecture)

October 21, 2011

Recent v Results



André de Gouvéa Northwestern

Slightly More Scientific Thoughts. . .

e This will be tested in the near future (a couple of years?) by MINOS
and T2K.

e This is probably the most precise measurement of a fundamental

particle’s velocity other than the photon and the electron.

e Great example (even if, most likely, it is proven that neutrino
propagation is not superluminal) of the many opportunities we allow

ourselves by constructing precision neutrino oscillation experiments!
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CONCLUSIONS

1. we have a very successful parametrization of the neutrino sector, but

we still don’t understand where neutrino masses come from;

2. neutrino masses are very small — we don’t know why, but we think it

means something important;

3. we need a minimal ¥SM Lagrangian. In order to decide which one is
“correct” we must uncover the faith of lepton number.

4. We still know very little about the new physics uncovered by neutrino
oscillations.

5. We need more experimental data in order to decide what is really
going on!

6. There is plenty of room for surprises. Neutrinos are very narrow but
deep probes of all sorts of phenomena. Remember: neutrino

oscillation experiments are “quantum interference devices”.

October 21, 2011 Recent v Results




