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NEUTRINO MASS
In old SM, without RH ν’s, neutrino masses not allowed:

∆L ∼ mν ν̄c
LνL

Having observed oscillations, we need to add something - 
e.g. a “sterile neutrino”, i.e., a right-handed neutrino with 
no gauge couplings

∆L = λνĒL(iσ2H
∗)νR

L = λeĒLHeR = me(1 + h(x)/v)ēLeR + . . .

EL =
(

νL

eL

)

For electrons, 

But for neutrinos, no renormalizable mass term is consistent with gauge 
invariance

Just like a mass term for up-type quarks.  νR  isn’t charged under any gauge 
group, so no problem with anomaly consistency 



This is just one of many possible“portals” from our 
world to the “other” , “dark”, stuff of our universe

∆L = εFB
µνF ′µν

Standard model hypercharge “Dark” gauge field

∆L = cH†HS2

Standard model Higgs “Dark” scalar

Neutrinos are (at present) a unique look beyond the SM:  should exploit this to 
the fullest

recent popularity in 
inelastic DM models:
Weiner, Tucker-Smith;
Finkbeiner et.al.; 
Arkani-Hamed et.al.

∆L = λH ν̄RνL

The properties of this dark stuff have been studied with increasing 
precision over the past decade



What goes on, on the dark side? 

∆L = λνĒL(iσ2H
∗)νR

Everything that’s not forbidden is mandatory - the interaction is not 
forbidden by existing symmetries/principles

Once we have νR we can write this interaction:

At renormalizable level, can also write this one: 

∆L = mRν̄c
RνR (Majorana mass)

This interaction violates lepton-number 
conservation
 - distinct experimental signatures
 - possible role in leptogenesis origin of 
cosmological matter-antimatter asymmetry

f1

f ′
1

f2

f ′
2

W−

W−

!−i

!−j

Figure 1: A generic diagram for ∆L = 2 processes via Majorana neutrino exchange.

of LV processes involve tau decays such as τ− → !+M−
1 M−

2 [17, 18] where the light
mesons M1,M2 are π,K, rare meson decays such as M+

1 → !+
1 !+

2 M−
2 [19, 20, 18] and

hyperon decays such as Σ− → Σ+e−e−, Ξ− → pµ−µ− etc. [21]. One could also explore
additional processes like e− → µ+ [22], µ− → e+ [18, 23] and µ− → µ+ conversion [18, 24].
One may also consider searching for signals at accelerator and collider experiments via
e−e− → W−W− [25], e+e− → Z0 → N + X [26], e±p → νe(νe)!

±
1 !±2 X [27], neutrino

nucleon scattering ν!(ν!)N → !∓!±1 !±2 X [28], pp → !+
1 !+

2 X [29, 30, 31, 32, 33, 34], top-
quark decays t → b!+

1 !+
2 W− [35], charged-Higgs production e±e± → H±H± [36], and in

the decay N → !±H∓ [37].
The dynamics for ∆L = 2 processes as in Eq. (1.3) is dictated by the properties of the

exchanged neutrinos. For a Majorana neutrino that is light compared to the energy scale
in the process, the transition rates for LV processes are proportional to the product of two
flavor mixing matrix elements among the light neutrinos and a LV mass insertion

〈m〉2!1!2
=

∣

∣

∣

∣

3
∑

m=1

U!1mU!2mmνm

∣

∣

∣

∣

2

, (1.4)

where 〈m〉!1!2
are the “effective neutrino masses”. If the neutrinos are heavy compared to

the energy scale involved, then the contribution scales as
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∣

3+n
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m′=4

V!1m′V!2m′

mNm′

∣

∣

∣

∣

∣

2

, (1.5)

where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,
both situations encounter a severe suppression either due to the small neutrino mass like
m2

νm
/M2

W , or due to the small mixing |V!1m′V!2m′ |2. An important observation is that
when the heavy neutrino mass is kinematically accessible, a process may undergo resonant
production of the heavy neutrino. The transition rate can be substantially enhanced and
goes like

Γ(Nm′ → i) Γ(Nm′ → f)

mNm′
ΓNm′

, (1.6)
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L/ + (B − L)→ B/

(Dirac mass)



∆L ∼ mRν̄c
RνR + mDν̄LνR + h.c. =

1
2

(ν̄L ν̄c
R)

(
0 mD

mD mR

) (
νc

L
νR

)
+ h.c.

If we diagonalize mass matrix, eigenstates are Majorana fermions

mν ∼ mR/2±
√

(mR/2)2 + m2
D ∼ mR, m2

D/mR

See-saw ?

heavy light
Perhaps a coincidence, but if we take mD of the electroweak scale, 
observed light neutrino masses require mR of order the GUT scale, ∼1015 
GeV ( SU(3)xSU(2)xU(1) unification scale ) 

mν ∼ m2
EW /mGUT

⇒ The dark stuff could be GUT remnants



OUR EFFECTIVE THEORY, CIRCA 2009

Following our nose, we’re led to introduce a νR.  If mR 
is large, can “integrate out” νR , leaving an effective, 
nonrenormalizable interaction,

This is the holy grail for low-energy experiments: to 
uncover new physics by its impact on the low-energy 
theory.  It’s our first correction to the Standard Model

∆L ∼ λ2
ν

mR
HELHEL

At low energies, effects of heavy RH neutrino indistinguishable from this 
operator - can remain agnostic about origin of such lepton-flavor violating 
interactions



13. Neutrino mixing 15

U =
νe
νµ
ντ




c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13





× diag(eiα1/2, ei α2/2, 1) . (13.30)

Here, ν1 and ν2 are the members of the solar pair, with m2 > m1, and ν3 is the
isolated neutrino, which may be heavier or lighter than the solar pair. Inside the matrix,
cij ≡ cos θij and sij ≡ sin θij , where the three θij ’s are mixing angles. The quantities
δ, α1, and α2 are CP -violating phases. The phases α1 and α2, known as Majorana
phases, have physical consequences only if neutrinos are Majorana particles, identical
to their antiparticles. Then these phases influence neutrinoless double-beta decay [see
Sec. IV] and other processes [36]. However, as we see from Eq. (13.9), α1 and α2 do
not affect neutrino oscillation, regardless of whether neutrinos are Majorana particles.
Apart from the phases α1, α2, which have no quark analogues, the parametrization of
the leptonic mixing matrix in Eq. (13.30) is identical to that [37] advocated for the quark
mixing matrix by Ceccucci, Ligeti, and Sakai in their article in this Review.

From bounds on the short-distance oscillation of reactor νe [8] and other data, at
2 σ, |Ue3|2 <∼ 0.032 [38]. (Thus, the νe fraction of ν3 would have been too small to
see in Fig. 13.5; this is the reason it was neglected.) From Eq. (13.30), we see that
the bound on |Ue3|2 implies that s2

13
<∼ 0.032. From Eq. (13.30), we also see that the

CP -violating phase δ, which is the sole phase in the U matrix that can produce CP
violation in neutrino oscillation, enters U only in combination with s13. Thus, the size of
CP violation in oscillation will depend on s13.

Given that s13 is small, Eqs. (13.30), (13.15), and (13.17) imply that the atmospheric
mixing angle θatm extracted from νµ disappearance measurements is approximately θ23,
while Eqs. (13.30) and (13.18) (with να = νe and θ = θ") imply that θ" % θ12.

IV. The neutrino-antineutrino relation: Unlike quarks and charged leptons,
neutrinos may be their own antiparticles. Whether they are depends on the nature of the
physics that gives them mass.

In the Standard Model (SM), neutrinos are assumed to be massless. Now that we
know they do have masses, it is straightforward to extend the SM to accommodate these
masses in the same way that this model accommodates quark and charged lepton masses.
When a neutrino ν is assumed to be massless, the SM does not contain the chirally
right-handed neutrino field νR, but only the left-handed field νL that couples to the W
and Z bosons. To accommodate the ν mass in the same manner as quark masses are
accommodated, we add νR to the Model. Then we may construct the “Dirac mass term”

LD = −mD νL νR + h.c. , (13.31)

in which mD is a constant. This term, which mimics the mass terms of quarks and
charged leptons, conserves the lepton number L that distinguishes neutrinos and
negatively-charged leptons on the one hand from antineutrinos and positively-charged
leptons on the other. Since everything else in the SM also conserves L, we then have an
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Interactions of neutrinos are determined by their gauge 
interactions, and the masses and mixing due to couplings 
to the Higgs field:

14 13. Neutrino mixing

they cannot possibly obey the constraint of Eq. (13.29). If all of the reported changes of
flavor are genuine, then nature must contain at least four neutrino mass eigenstates [35].
As explained in Sec. I, one linear combination of these mass eigenstates would have to be
sterile.

If further MiniBooNE results do not confirm the LSND oscillation, then nature
may well contain only three neutrino mass eigenstates. The neutrino spectrum then
contains two mass eigenstates separated by the splitting ∆m2

! needed to explain the
solar and KamLAND data, and a third eigenstate separated from the first two by the
larger splitting ∆m2

atm called for by the atmospheric, MINOS, and K2K data. Current
experiments do not tell us whether the solar pair — the two eigenstates separated
by ∆m2

! — is at the bottom or the top of the spectrum. These two possibilities are
usually referred to, respectively, as a normal and an inverted spectrum. The study of
flavor changes of accelerator-generated neutrinos and antineutrinos that pass through
matter can discriminate between these two spectra (see Sec. V). If the solar pair is at
the bottom, then the spectrum is of the form shown in Fig. 13.5. There we include the
approximate flavor content of each mass eigenstate, the flavor-α fraction of eigenstate νi
being simply |〈να|νi〉|2 = |Uαi|2. The flavor content shown assumes that the atmospheric
mixing angle is maximal, which gives the best fit to the atmospheric data [16] and, as
indicated in Fig. 13.1, to the MINOS data. The content shown also takes into account
the now-established LMA-MSW explanation of solar neutrino behavior. For simplicity, it
neglects the small, as-yet-unknown νe fraction of ν3 (see below).

Figure 13.5: A three-neutrino squared-mass spectrum that accounts for the
observed flavor changes of solar, reactor, atmospheric, and long-baseline accelerator
neutrinos. The νe fraction of each mass eigenstate is crosshatched, the νµ fraction
is indicated by right-leaning hatching, and the ντ fraction by left-leaning hatching.

When there are only three neutrino mass eigenstates, and the corresponding three
familiar neutrinos of definite flavor, the leptonic mixing matrix U can be written as

ν1 ν2 ν3
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[plot from B. Kayser]

m3

m2
m1

ν1 = Ue1νe + Uµ1νµ + Uτ1ντ , etc.



Can divide experiments into two parts: 

1) Find out what new fields we should put in the lagrangian

2) Measure the parameters for the interactions between these fields 

Several experimental handles:

⇒ see experimental review talk by M. Shaevitz
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Figure 1: A generic diagram for ∆L = 2 processes via Majorana neutrino exchange.

of LV processes involve tau decays such as τ− → !+M−
1 M−

2 [17, 18] where the light
mesons M1,M2 are π,K, rare meson decays such as M+

1 → !+
1 !+

2 M−
2 [19, 20, 18] and

hyperon decays such as Σ− → Σ+e−e−, Ξ− → pµ−µ− etc. [21]. One could also explore
additional processes like e− → µ+ [22], µ− → e+ [18, 23] and µ− → µ+ conversion [18, 24].
One may also consider searching for signals at accelerator and collider experiments via
e−e− → W−W− [25], e+e− → Z0 → N + X [26], e±p → νe(νe)!
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1 !±2 X [27], neutrino

nucleon scattering ν!(ν!)N → !∓!±1 !±2 X [28], pp → !+
1 !+

2 X [29, 30, 31, 32, 33, 34], top-
quark decays t → b!+

1 !+
2 W− [35], charged-Higgs production e±e± → H±H± [36], and in

the decay N → !±H∓ [37].
The dynamics for ∆L = 2 processes as in Eq. (1.3) is dictated by the properties of the
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in the process, the transition rates for LV processes are proportional to the product of two
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where 〈m〉!1!2
are the “effective neutrino masses”. If the neutrinos are heavy compared to

the energy scale involved, then the contribution scales as
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where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,
both situations encounter a severe suppression either due to the small neutrino mass like
m2

νm
/M2

W , or due to the small mixing |V!1m′V!2m′ |2. An important observation is that
when the heavy neutrino mass is kinematically accessible, a process may undergo resonant
production of the heavy neutrino. The transition rate can be substantially enhanced and
goes like

Γ(Nm′ → i) Γ(Nm′ → f)

mNm′
ΓNm′

, (1.6)

– 3 –

neutrino oscillations:
P (να → νβ) = sin2 2θ sin2[1.27∆m2(L/E)]

lepton flavor violation: 

In this talk, a few examples of things we have learned, and can learn, from 
neutrino experiments.  Far from exhaustive.



THE GENERATION PARADIGM
Our experience with quarks has enforced the 
generation paradigm:

VCKM ∼




1 λ λ3

λ 1 λ2

λ3 λ2 1



 λ ∼ sin θC ∼ 0.2

But the neutrino mixing confuses the point

VPMNS ∼




O(1) O(1) ! 0.2
O(1) O(1) O(1)
O(1) O(1) O(1)





Why should (e, νe) “go” with (u,d) ? 



Maybe this paradigm is basically correct, and neutrinos just happen to have 
larger mixing and less hierarchical masses than charged fermions 

Or maybe we’re confused - e.g., third generation “special” 

Frampton, PRL,69:2889-2891 
(1992).For anomaly cancellation, can have only two 

“light” generations Arkani-Hamed et.al. (2003); 
Schmaltz, hep-ph/0407143

SU(2)L × U(1)Y → SU(3)L × U(1)X

(
u
d

)

y=1/6

→




u
d
u′





x=0

(
c
s

)

y=1/6

→




c
s
c′





x=0

(
t
b

)

y=1/6

→




t
b
t′





x=1/3

Top quark and new partner may play role in “fine-tuning” a low Higgs mass 
(little Higgs idea) 

+δm
2

H ∼ + ...
[ [



Or maybe there are more generations..

Kribs et.al., 0706.3718

Rumors of the death of the 4th 
generation are exaggerated.. 

strictly positive for degenerate masses, but 
compensated by logs, and contributions to T

“extra generation ... excluded at the 
99.999% CL on the basis of S parameter 
alone ...”

J. Erler hep-ph/0604035; PDG06

∆S =
Nc

6π

(
1− 2y log

m2
t′

m2
b′

)parameter set mu4
md4

mH ∆Stot ∆Ttot

(a) 310 260 115 0.15 0.19

(b) 320 260 200 0.19 0.20

(c) 330 260 300 0.21 0.22

(d) 400 350 115 0.15 0.19

(e) 400 340 200 0.19 0.20

(f) 400 325 300 0.21 0.25

TABLE I: Examples of the total contributions to ∆S and
∆T from a fourth generation. The lepton masses are fixed
to mν4

= 100 GeV and m"4 = 155 GeV, giving ∆Sν" =
0.00 and ∆Tν" = 0.05. The best fit to data is (S, T ) =
(0.06, 0.11) [28]. The Standard Model is normalized to (0, 0)
for mt = 170.9 GeV and mH = 115 GeV. All points are within
the 68% CL contour defined by the LEP EWWG [28].

fer slightly between each group, presumably due to slight
updates of data (the S-T plot generated by the 2006
LEP EWWG is one year newer than the plot included
in the 2006 PDG). A larger difference concerns the use
of the Z partial widths and σh. The LEP EWWG ad-
vocate using just Γ!, since it is insensitive to αs. This
leads to a flatter constraint in the S-T plane. The PDG
include the αs-sensitive quantities ΓZ , σh, Rq as well as
R!, and obtain a less flat, more oval-shaped constraint.
Additional lower–energy data can also be used to (much
more weakly) constrain S and T , although there are sys-
tematic uncertainties (and some persistent discrepancies
in the measurements themselves). The LEP EWWG do
not include lower–energy data in their fit, whereas the
PDG appear to include some of it. In light of these sub-
tleties, we choose to use the LEP EWWG results when
quoting levels of confidence of our calculated shifts in the
S-T plane. We remind the reader, however, that the ac-
tual level of confidence is obviously a sensitive function
of the precise nature of the fit to electroweak data.

In Table I we provide several examples of fourth–
generation fermion masses which yield contributions to
the oblique parameters that are within the 68% CL el-
lipse of the electroweak precision constraints. We illus-
trate the effect of increasing Higgs mass with compen-
sating contributions from a fourth generation in Fig. 2.
More precisely, the fit to electroweak data is in agree-
ment with the existence of a fourth generation and a light
Higgs about as well as the fit to the Standard Model alone
with mH = 115 GeV. Using suitable contributions from
the fourth–generation quarks, heavier Higgs masses up
to 315 GeV remain in agreement with the 68% CL limits
derived from electroweak data. Heavier Higgs masses up
to 750 GeV are permitted if the agreement with data is
relaxed to the 95% CL limits.

Until now we have focused on purely Dirac neutri-
nos. However, there is also a possible reduction of Stot

when the fourth–generation neutrino has a Majorana
mass comparable to the Dirac mass [29, 30]. Using the
exact one-loop expressions of Ref. [30], we calculated the
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FIG. 2: The 68% and 95% CL constraints on the (S, T ) pa-
rameters obtained by the LEP Electroweak Working Group
[27, 28]. The shift in (S, T ) resulting from increasing the
Higgs mass is shown in red. The shifts in ∆S and ∆T from a
fourth generation with several of the parameter sets given in
Table I are shown in blue.

contribution to the electroweak parameters with a Majo-
rana mass. Given the current direct–search bounds from
LEP II on unstable neutral and charged leptons, we find
a Majorana mass is unfortunately not particularly help-
ful in significantly lowering S. A Majorana mass does,
however, enlarge the parameter space where S ! 0. For
example, given the lepton Dirac and Majorana masses
(mD, M44) = (141, 100) GeV, the lepton mass eigen-
states are (mν1

, mν2
, m!) = (100, 200, 200) GeV, and con-

tributions to the oblique parameters of (∆Sν , ∆Tν) =
(0.01, 0.04). It is difficult to find parameter regions with
∆S! < 0 without either contributing to ∆U! ! −∆S!,
contributing significantly more to ∆T!, or taking mν1

<
100 GeV which violates the LEP II bound for unstable
neutrinos.

Let us summarize our results thus far. We have
identified a region of fourth–generation parameter space
in agreement with all experimental constraints and
with minimal contributions to the electroweak precision
oblique parameters. This parameter space is character-
ized by

m!4 − mν4
! 30 − 60 GeV

mu4
− md4

!
(

1 +
1

5
ln

mH

115 GeV

)

× 50 GeV

|Vud4
|, |Vu4d| ! 0.04

|Ue4|, |Uµ4| ! 0.02 , (9)
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Figure 12: Branching fraction versus heavy neutrino mass m4 for decay modes M+
1 → !+

1 !+
2 M−

2

not yet constrained by direct experimental searches. The regions below the curve are theoretically
allowed.
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Figure 13: (a) Left: Feynman diagram for like-sign dilepton signature via WW fusion in hadronic
collisions; (b) right: the exchanged coherent diagram which is same as heavy neutrino production
and decay.

We discuss the signatures for a heavy Majorana neutrino and the sensitivity to probe the
parameters m4 and V!4 at the Tevatron and the LHC.

As for the production of a heavy Majorana neutrino at hadron colliders, the represen-
tative diagrams at the parton level are depicted in Fig. 13, with the exchange of final state
leptons implied. The first diagram is via WW fusion with a t-channel heavy neutrino N4

exchange, directly analogous to the process of 0νββ. The second diagram is via s-channel
N4 production and subsequent decay. Although in our full calculations, we have coher-
ently counted for all the contributing diagrams of like-sign dilepton production including
possible identical particle crossing, it is informative to separately discuss these two classes
of diagrams due to their characteristically different kinematics.

The scattering amplitude for the process in Fig. 13(a) is proportional to V!14V!24 and
the cross section can be expressed as

σ
(

pp → W±W± → !±1 !±2 X
)

= (2 − δ!1!2) |V!14V!24|2 σ0(WW ), (4.1)

where σ0(WW ) is the “bare cross section”, independent of the mixing parameters. We
show the bare cross section at the LHC energy of 14 TeV versus the heavy neutrino mass
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Corrections to precision 
electroweak observables:



There may also be hints from B decays, although 
nonperturbative QCD effects not easy to control

Candidate B mesons are reconstructed by pairing a charged kaon
or pion with another pion of opposite charge or with a neutral pion.
Two variables are used to identify B candidates: the beam-energy

constrained mass, Mbc~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam{P2

B

q
, and the energy difference,

DE5 EB2 Ebeam, where Ebeam is the e6 beam energy and EB and PB
are the reconstructed energy and momentum of the B candidate in
the e1e2 centre-of-mass frame. Real B meson events give
Mbc> 5.28GeV/c2 andDE> 0GeVwhile background events are dis-
tributed differently. Using a continuum suppression7 method to
reduce background arising from eze{?q!qq (where q5 u, d, s and
c quarks), the number of signal B mesons and CP asymmetry are
extracted by performing an unbinned maximum-likelihood fit to
the Mbc2DE distribution with expected signal and background
shapes (as illustrated in Fig. 2 for Mbc).

Figure 2a and b shows the Mbc projections for the BRK6p7 can-
didates. In 535 million B!BB pairs, we observe 2,2416 57 K1p2 and
1,8566 52 K2p1 signal events. The CP-violating asymmetry in
BRK6p7 is measured to be:

AK+p+:
N !BB0?K{pzð Þ{N B0{Kzp{ð Þ
N !BB0?K{pzð ÞzN B0?Kzp{ð Þ

~{0:094+0:018+0:008, ð1Þ

whereN !BB0?K{pzð Þ is the yield obtained for the !BB0?K{pz decay
and N(B0RK1p2) denotes the yield of the antiparticle mode. The
first error in the measurement is statistical, while the second is the
systematic error from fitting and bias due to detector response (as it is
made from matter, not antimatter). The latter is investigated using a
large sample of tagged DRK6p7 decays (with K and p momenta in
the same kinematic region as B decays), where no CP-violating asym-
metry is expected. No obvious bias is observed. Furthermore, the
obtained background asymmetry of 20.0056 0.003 from the fit to
the B candidates is consistent with zero, implying that detector bias is
small. Equation (1) corresponds to a significance of 4.8s, or a prob-
ability for no asymmetry of less than 1.83 1026. The result is con-
sistent with the measurements by the BaBar8,13 and CDF14

collaborations, as well as with our previous measurement7, which
used 275 million B!BB pairs. The observed sign and strength of
AK+p+ were anticipated by the perturbative QCD factorization

approach15, while the QCD factorization approach16 predicted the
opposite sign.

For the decay final states with a p0, a similar procedure gives
1,600z57

{55 K
6p0 and 735z44

{43 p
6p0 signal events, with the associated

asymmetries of:

AK+p0~z0:07+0:03+0:01, ð2Þ

Ap+p0~z0:07+0:06+0:01: ð3Þ

In theMbc projection plots of Fig. 2c and d, slightly more B2 signal
events compared with B1 events are apparent, in contrast to the
behaviour in Fig. 2a compared to Fig. 2b. Equations (2) and (3) are
also in agreement with previous measurements7,17, but more precise.
With our new measurements of AK+p+ and AK+p0 , the difference
between direct CP violation in charged and neutral B meson decays
into Kp is:

DA:AK+p0{AK+p+~z0:164+0:037, ð4Þ
which is now established at the 4.4s level; the probability for no
difference is less than 9.33 1026. We note that in our previous mea-
surement7, based on 275 million B!BB pairs, the significance of the
difference was only 2.4s (1.93 1022 null probability), a statistically
marginal effect that could have disappeared by adding an equivalent
amount of data (but did not in our case).

What is the interpretation of the difference between AK+p+ and
AK+p0 ? For the decay B

6Rp6p0, the contribution from the penguin
diagram of Fig. 1b vanishes by isospin symmetry. With Fig. 1a as the
single dominant amplitude, the CP-violating asymmetry is expected
to be very small. Given the current errors, ourmeasurement ofAp+p0

is consistent with this expectation. On the other hand, both Fig. 1a
and b contribute to BRK6p7 and B6RK6p0 and we would
expect15,16 AK+p+ and AK+p0 to be rather close to each other.
However, we find not only a significant difference in magnitude
but also a sign difference between the central values of equation (2)
and equation (1). There are several theoretical conjectures that try
to explain this Kp asymmetry puzzle: enhancement of the colour-
suppressed tree amplitude18,19 (Fig. 1c), electroweak penguin contri-
butions20 (Fig. 1d, which is Fig. 1b with the gluon g replaced by Z), or
both21. If this effect were to be explained solely by enhancement of the
colour-suppressed tree amplitude (which is also proportional to
Vub), its amplitude would have to be larger than21,22 the colour-
allowed tree amplitude (Fig. 1a), while maintaining the large value
of AK+p+ . The electroweak penguin diagram of Fig. 1d violates
isospin, and so might be suspected as a source of the asymmetry.
In the standard model, this diagram has a negligible CP violating
phase, and cannot affectDA bymuch. However, as a loop amplitude,
it can pick up a CP violating phase from new physics. If the electro-
weak penguin explains the effect, this would indicate new physics
beyond the standard model20–22.

A more detailed theoretical calculation23 indeed supports an
enhancement of the colour-suppressed tree contribution, but not
to the extent of overpowering the colour-allowed tree contribution.
Dominance of the colour-suppressed tree contribution over the col-
our-allowed tree contribution, though possible from the data, would
indicate a breakdown of our theoretical understanding. It could also
exacerbate23 another puzzle arising in related B decays. Mixing-
dependent CP violation in B0RJ/yK0 decay has been measured pre-
cisely3,4. Similar measurements have been performed on B0 decays to
charmless final states dominated by penguin diagrams analogous to
Fig. 1b, such as B0RK0p0. Although the experimental errors are still
large, the average value24 over all penguin dominated modes is 2.5s
smaller than the value from B0RJ/yK0. In fact, almost all measure-
ments of penguin dominated modes give values of CP violation that
are below the value found in the B0RJ/yK0 mode. This negative
deviation, in contrast to theoretical calculations that suggest25,26 a
slightly positive deviation within the standard model, is called the
DS puzzle. At present there is no theory within the standard model
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Figure 2 | Mbc projections for K
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K1p0 (d).Histograms are data, solid blue lines are the fit projections, point-
dashed lines are the signal components, dashed lines are the continuum
background, and grey dotted lines are the p6p signals that are misidentified
as K6p. The Mbc projections are made by requiring |DE | , 0.06GeV for
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LETTERS

Difference in direct charge-parity violation between
charged and neutral B meson decays
The Belle Collaboration*

Equal amounts of matter and antimatter are predicted to have
been produced in the Big Bang, but our observable Universe is
clearly matter-dominated. One of the prerequisites1 for under-
standing this elimination of antimatter is the nonconservation
of charge-parity (CP) symmetry. So far, two types of CP violation
have been observed in the neutral Kmeson (K0) and Bmeson (B0)
systems: CP violation involving the mixing2 between K0 and its
antiparticle !KK 0 (and likewise3,4 for B0 and !BB0), and direct CP viola-
tion in the decay of each meson5–8. The observed effects for both
types of CP violation are substantially larger for the B0 meson
system. However, they are still consistent with the standard
model of particle physics, which has a unique source9 of CP viola-
tion that is known to be too small10 to account for the matter-
dominated Universe. Here we report that the direct CP violation
in charged B6RK6p0 decay is different from that in the neutralB0

counterpart. The direct CP-violating decay rate asymmetry,AK+p0

(that is, the difference between the number of observed B2RK2p0

event versus B1RK1 p0 events, normalized to the sum of these
events) is measured to be about 17%, with an uncertainty that is
reduced by a factor of 1.7 from a previous measurement7. How-
ever, the asymmetryAK+p+ for !BB0?K{pz versus B0RK1p2 is at
the 210% level7,8. Although it is susceptible to strong interaction
effects that need further clarification, this large deviation in direct
CP violation between charged and neutral B meson decays could
be an indication of new sources of CP violation—which would
help to explain the dominance of matter in the Universe.

Existing measurements of CP asymmetries in K and B meson
decays can be explained using a single source of CP violation from
the mechanism of the Kobayashi–Maskawa model. Proposed9 in
1973, this mechanism anticipated the third family of quarks before
they were discovered. Together with a quantum field theory that
describes the electromagnetic, weak and strong interactions, it is a
key part of the standard model of particle physics. The present
Kobayashi–Maskawa source of CP violation, however, is itself too
small (see ref. 10 for example) to account for the dominance of
matter in the Universe. A search for other sources of CP violation,
in the neutrino sector or in new physics beyond the standard model,
is needed.

The decay BRKp proceeds through two major processes, illu-
strated in Fig. 1a and b. Figure 1a is called the colour-allowed tree
diagram, and the Kobayashi–Maskawa source of CP violation enters
via the so-called Vub (where ub represents the transition between u
and b quarks) matrix element that governs the !bb!uuW interaction
vertex. On the other hand, while all charge 2/3 quarks contribute
to the quantum ‘loop’, it is the virtual top quark that dominates
the amplitude of the process shown in Fig. 1b, which is usually called
the (strong) penguin diagram. The controlling matrix element pro-
duct VtbV

!
ts (where tb and ts represent the transitions between t and b

quarks and t and s quarks) is insensitive to the Kobayashi–Maskawa

source of CP violation. CP violation may arise from the interference
between these two amplitudes, similar to two waves interfering with
each other to produce a combined wave. However, this still depends
on the detailed dynamics of each process. It is a theoretical challenge
to describe how the quark level decay evolves into the observed
mesons. One of the advantages of studying a direct CP-violating
asymmetry, which is a ratio of decay rates, is that many of the experi-
mental systematic uncertainties cancel. Consequently, CP-violating
asymmetries provide information about the dynamics of B meson
decay, test different theoretical approaches, and probe new physics
beyond the standard model.

Compared to the dominant bRc decay amplitudes, the amplitude
of Fig. 1a is suppressed by the smallness of jVub/Vcbj, while Fig. 1b is
suppressed by the quantum loop amplitude. However, the two
amplitudes are of similar magnitude, allowing for large interference
(and hence appreciable CP violation) to occur. The price to pay is the
small branching fractions or decay rates to bemeasured. For instance,
out of a million neutral B0 mesons, only about 20 will decay into
K1p2, while for B1 mesons, only about 13 in a million will decay to
K1p0. Therefore, to search for CP violation, wemust producemanyB
mesons and detect themwith high efficiency. The Belle detector at the
KEKB11 asymmetric-energy (3.5 on 8.0GeV) e1e2 collider, operating
on the U(4S) resonance (which decays exclusively to a B!BB meson
pair) energy, was designed for such a purpose. The KEKB accelerator
is currently the brightest collider in the world, in which the record
instantaneous luminosity is equivalent to bombarding a 1 cm2 area
with 1.73 1034 particles per second. A detailed description of the
Belle detector (see Supplementary Information 1) can be found
elsewhere12. Here we report ourmeasurements of CP-violating asym-
metries for the BRK6p7, K6p0 and p6p0 modes, using 535 million
B!BB meson pairs collected with the Belle detector.

*A list of authors and their affiliations appears at the end of the paper.

a

b
B+, B0

u
p0, p–

u
K+, p+

u

u

B+

b

u

c

p+, K+

p0

d, s

u

W

B+

u, d

u, d

p+, K+

u

b

u

p0

d, s

b

u

u
B+, B0

d

u, d u, d

bs, d

u, d u, d p0, p–

W

W

Z

W

K+, p+s, d

g

Figure 1 | Feynmandiagrams forBRKp,pp. TheB1(B0)meson consists of a
!bb quark and a u(d) quark, while its antiparticle, B{ !BB0ð Þ is made of a b quark
and a !uu !dd

! "
quark. Contributions from diagrams a and b are expected to be

dominant over those from c and d.

Vol 452 |20 March 2008 |doi:10.1038/nature06827

332
Nature   Publishing Group©2008

t, t′ ?

4th generation not obviously favored or disfavored.   But neutrino physics 
encourages us to think more about the whole generation paradigm.



MORE SURPRISES?

• heavy neutrino as “the” dark matter

• electroweak see-saw and fourth generation

• tri-bi mixing and GUT indicators..

• other sterile neutrino indications (more portals..)

Let’s consider a few examples of plausible new-physics scenarios that have 
been, or can be, constrained by laboratory neutrino measurements
(a very selective collection of historical/current examples)



EXAMPLE: STERILE NEUTRINO 
DARK MATTER

Beck et.al., Phys Lett B336, 141 (1994)A heavy neutrino was the original 
WIMP

M Beck et al /Physm Letters B 336 (1994) 141-146 14.5 

90 Z CL excluded // 

// 

- He~delber@.foscon (a) I 

- - Heidelberg-Moscow (b)- 

lo-= 7 (a) 

- Neuchatel-PSI-Caltech 

- - - Dlrac-neutrmo 
I 1111,1,I ~,,,,,,I ,,,l, 

lo1 

WIh;oP mass [Ge”? 

J 
10’ 

Fig 3 a) Smuts for the scattermg cross-section of WIMPS off 76Ge from the Heidelberg-Moscow expenment WIMPS of a given mass with 

cross sechons u above the hnes labeled (a) and (b) are excluded as mam component of the dark halo For coherently mteractmg WIMPS 

the cross se&on has been corrected for loss of coherence (narrow dash-dotted hne, (b)) to be chrectly comparable to the theoretical 

cross sectlon Dlrac neutrmos (dashed hne) e g with masses between 26 GeV and 4 7 TeV are excluded Exclusion hnuts obtained by 

the Neuchi%el/PSI/Caltech expenment (using natural Ge) are represented by a wide dash-dotted line b) Exclusion plot for the density 

of coherently mteractmg neutral dark matter parbcles with a standard weak coupling, obtained by the Heidelberg-Moscow /3p expenment 

The honzontal hne at 0 3 GeV/cm3 represents the local density of the dark halo assumed m the data evaluation for Fig 2 

used ( 11 keV) 1s higher than those of other HP Ge 

detectors searchmg for Dark Matter (as reported m 

[ lo-121 ), and since the steeply falling recod spectra 

of WIMPS with smaller masses require low thresholds, 

no improvement of the limits for masses below -50 

GeV was achieved. 

Using the same evaluation method, a second exclu- 

sion plot was obtained by assummg the existence of 

neutral particles with a standard weak mteractlon (e g 

see Dlrac neutrino curve m Fig 3a) m the dark halo 

(Fig 3b) It 1s possible to exclude a density of heavy 

Dlrac neutrinos with masses mw above the solid line, 

since they would produce more events m the measured 

spectrum than observed 

5. Summary 

With the Heidelberg-Moscow /3/3 experiment using 

large detectors of lsotoplcally enriched 76Ge an lm- 

proved background level m the spectra above 11 keV 

was achieved in comparison to detectors using natu- 

ral Ge Due to the extremely low background, it was 

possible to improve the cross section limits for WIMP 

masses larger than 50 GeV, since the observation of 

the flat recoil spectra of these WIMPS requires a low 

background m the higher energy region rather than a 

low threshold One can expect a further improvement 

of the hmlts, d the threshold of the enriched detectors 

can be reduced by only a few keV. 
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excluded by invisible 
Z decay

For Dirac neutrinos, ruled
out by Z decay and direct 
(non-)detection constraints

Nice, because it’s a definite model (can’t 
keep tuning the cross section lower as 
the results come in..)

(current exclusions)
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D i r a c  f e r m i o n  
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Fig. 4. Excluded regions in the mass-sin2~z plane for heavy fer- 

mions whose coupling strength is sin2~z relative to a conven- 

tional neutrino [12] from the Kamiokande data. (a) for Dirac 

ferrnions, (b) for Majorana fermions. Limits from the LEP col- 

lider [ 12 ], germanium detectors [ 30 ] and curves giving 12DM = 1 

for h=0.5, 1 are also shown. The associated heavy lepton mass 

and the Higgs mass are assumed to be my+ 100 GeV and 1 TeV, 

respectively. The 12DM = 1 curves for the mH = 400 GeV case can 

be seen as dotted lines near 200 GeV. 

[ 12 ] and  g e r m a n i u m  detec tors  [ 30 ] are also plot ted.  

N o t i c e  that  since g e r m a n i u m  detec tors  are no t  sensi- 

t ive  to M a j o r a n a  neut r inos ,  our  l imi t  is the  only  one  

for  m y >  !mz. 

In  summary ,  we found  no signal ind ica t ing  te ex- 

is tence o f  ha lo  dark  m a t t e r  cap tu red  in the ear th  o r  

the  sun in the  K a m i o k a n d e  detector .  The  exc luded  

mass ranges for D i r a c - ( M a j o r a n a - )  type neut r inos  are 

ex tended  to 6 (24 )  ~< my ~< several  hund reds  o f  GeV.  

G i v e n  o the r  empi r i ca l  cons t ra in ts  on these  masses,  it 

is ha rd  to be l ieve  tha t  mass ive  neu t r ino  dark  m a t t e r  

cons t i tu tes  the  galact ic  halo. 

We grateful ly  acknowledge  the  coope ra t ion  o f  the  

K a m i o k a  M i n i n g  and  Smel t ing  C o m p a n y .  Th is  work  

was suppor ted  by the Japanese  Min i s t ry  o f  Educa-  

t ion,  Science  and  Cul ture ,  by the  U S  D e p a r t m e n t  o f  

Energy,  and  the  U n i v e r s i t y  o f  Pennsy lvan ia  Resea rch  

Fund .  

~2 Note that the annihilation cross section a(v(~)-,Z°Z°)oc 

sin4Oz, while tr(v(~)--,i~)ocsin2~z (f stands for a fermion) 

which dominates for my< mz. 
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Heavy Majorana neutrino was long ago 
disfavored as primary component of  DM, by 
indirect (non-)detection of upward-going 
muons at neutrino detector
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Fig. 1. (a) Zenith angle distribution of upward-going muons ob- 
served in Kamiokande. (b) Correlation of upward-going muon 
events with the direction of the sun. O,u, is the cosine of the angle 
between the upward-going muon direction and a radius vector of 
the sun. Events which occurred when the zenith angle of the sun 
(el u") was greater than 115 ° were taken into account. The his- 
tograms show the expected distributions from atmospheric neu- 
trinos based on ref. [ 16 ]. 

the event track. We impose the condition that the sun 

must be below horizon to calculate the life time, so 

the distribution is not flat as shown by histograms in 

fig. lb. For this figure we used events that occurred 

when the zenith angle o f  the sun was greater than 115 ° 

because the detection efficiency worsens in the nearly 

horizontal direction. In the total exposure o f  215 

m2yr, we observed 5 muons coming within 25 ° o f  the 

sun while the expected number  is 6.6, and we obtain 

90% CL limit o f  6.6 ! 10-  ~ 4 c m -  2 s - -  1 .  

We use a half  angle between 15 ° and 30 ° for the 

cone from the source (ear th /sun)  direction as the 

angular window for a dark matter search, depending 

on the expected angular spread of  the signal which 

will be discussed later. 

The expected muon flux from the annihilation o f  

dark matter particles captured by massive astrophys- 

ical objects has been discussed in detail [3,5,8]. 

Massive neutrinos would be accummulated in the 

center of  a massive object and annihilate into had- 

tons and leptons, which eventually produce energetic 

neutrinos. Muon-neutrinos interact with the rock 

surrounding the detector and produce muons. These 

processes are calculated below. 

The capture rate is proportional to the product  of  

the dark matter mass density (PDM), inverse of  the 

root mean square velocity (VDM), the elastic scatter- 

ing cross section on nuclei of  massive neutrinos and 

a kinematical factor [ 18 ]. PDM and VDM are assumed 

to be those o f  the halo o f  our galaxy; 0.3 G e V / c m  3 

and 300 km/s .  The cross section is the sum of  spin- 

independent and spin-dependent terms. For Dirac 

neutrinos (VD) both terms contribute, while for Ma- 

jorana neutrinos (VM) only the latter term is rele- 

vant. We take the EMC result into account for the 

spin-dependent cross section after ref. [ 19 ]. The earth 

consists largely o f  spin-zero nuclei, so it is ineffective 

in capturing Majorana neutrinos. The kinematical 

factor is calculated including a resonant enhance- 

ment when the dark matter mass is near the masses 

o f  constituent nuclei [ 18 ], a suppression factor due 

to the lack of  coherence in elastic interaction [ 18 ], 

and a gravitational potential using the density profile 

in ref. [ 20 ] for the earth and in ref. [ 21 ] for the sun. 

The annihilation cross sections o f  massive neutri- 

nos into fermion pairs are given in refs. [ 3,4]. How- 

ever, for neutrinos heavier than the W-(Z-)  boson 

mass, v ( 9 ) ~ W + W  - (Z°Z °) channels open [22].  We 

calculated these cross sections in the framework of  

the standard model. The reaction v ( 9 ) ~ W + W  - pro- 

ceeds through exchange of  a Z-boson, neutral Higgs 

and heavy lepton (associated with the heavy neu- 

trino),  and the reaction v(~) ~ Z°Z ° through a heavy 

neutrino exchange. Decays of  gauge bosons are treated 

by the JETSET Monte Carlo program (version 7.2) 

[23 ] and the resulting neutrino spectra derived. We 

assume the top-quark mass (mr) as 150 GeV. For 

particles produced through dark matter annihilation 

in the sun, the energy loss of  hadrons in the solar me- 

dium and muon-neutr ino production from the decay 
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“real” neutrino
(full strength)
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Figure 3: Bounds on |Ve4|2 versus m4 in the mass range 10 MeV–100 GeV. The areas with solid
(black) contour labeled π → eν and double dash dotted (purple) contour labeled K → eν are
excluded by peak searches [83, 85]. Limits at 90% C.L. from beam-dump experiments are taken
from Ref. [86] (PS191), Ref. [87] (NA3) and Ref. [88] (CHARM). The limits from contours labeled
DELPHI and L3 are at 95% C.L. and are taken from Refs. [89] and [90] respectively. The excluded
region with dotted (maroon) contour is derived from a reanalysis of neutrinoless double beta decay
experimental data [84].

DELPHI [89], L3 [90] and CHARM [96].

2.2.3 Mixing with ντ

Heavy neutrinos mixed with τ neutrinos can be produced either via CC interactions if a τ
is produced or in NC interactions. The only limits come from searches of N4 decays and
are reported in Fig. 5. The bounds at 90% C.L. from CHARM [97] and NOMAD [98]
assume production via D and τ decays. The DELPHI bound at 95% C.L. [89] assumes
N4 production in Z0 decays and with respect to the bound on |Ve4|2 and |Vµ4|2 there is τ -
production kinematical suppression for low masses which weakens the constraint for masses
in the range m4 ∼ 2–3 GeV.

2.2.4 Electroweak Precision Tests

The presence of heavy neutral fermions affects processes below their mass threshold due
to their mixing with standard neutrinos [70] and significant bounds can be set by precision
electroweak data. The effective µ-decay constant Gµ, measured in muon decays, is modified
with respect to the SM value and can be related to the fundamental coupling GF as:

Gµ = GF

√

(1 − |Ve4|2)(1 − |Vµ4|2) . (2.10)
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2
= 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)
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Figure 5: Bounds on |Vτ4|2 versus m4 from searches of decays of heavy neutrinos, given in Ref. [97]
(CHARM) and in Ref. [98] (NOMAD) at 90% C.L., and in Ref. [89] (DELPHI) at 95% C.L.

and translates into a very strong bound on |Vµ4|2, |Vµ4|2 < 0.0003 (0.0014), at 1 (2)σ,
which holds for sterile neutrinos heavier than the Λ baryon.

In the presence of heavy singlet neutrinos heavier than half the Z0 mass, the invisible
decay rate of Z0 would be reduced with respect to the SM one, ΓSM

Z→inv, as:

ΓZ→inv

ΓSM
Z→inv

! (1 − 1

6
|Ve4|2 −

1

6
|Vµ4|2 −

2

3
|Vτ4|2). (2.14)

By a standard model fit to LEP data, the effective number of neutrinos is now determined
to be Nν = 2.984 ± 0.008 [99] and provides a bound on |V#4|2 similar to but somewhat
weaker than the ones obtained by lepton-universality.

A combined analysis of an old set of unitarity bounds [71], which does not include the
one from the CKM matrix determination, leads to the following limits at 90% C.L. |Ve4|2 <
0.012, |Vµ4 |2 < 0.0096 and |Vτ4|2 < 0.016. If the CKM matrix constraint is included and
partial cancellations between the contributions of different flavors are taken into account,
a previous combined study [70] then gives the more robust limits at 90% C.L., |Ve4|2 <
0.0066, |Vµ4 |2 < 0.0060 and |Vτ4|2 < 0.018. A very recent analysis [72] has updated these
results using the latest electroweak precision data, except for the CKM observables. They
find at 90% C.L.

|Ve4|2 < 0.003, |Vµ4|2 < 0.003, |Vτ4|2 < 0.006 . (2.15)

If the constraints from CKM observables are included, we expect the bounds to become
somewhat stronger, given by |Ve4|2 < 0.002, |Vµ4 |2 < 4 × 10−5, |Vτ4|2 < 0.006 [100]. In
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Figure 21: Invariant mass distributions of m(!jj) for the signal with m4 = 200, 400 GeV and
background processes.

Figure 22: Number of background events vs mass of the heavy neutrino, m4.

the parton-level. A preliminary analysis including full CMS detector simulations cannot
support their claim [34]. Nevertheless, we may consider to design more stringent acceptance
cuts to further discriminate against the backgrounds. First, common wisdom suggests to
tighten up the charged lepton isolation requirement

∆Rmin
!j > 0.8, (4.30)

which would remove the backgrounds from b, c decays substantially, but a full assessment
can be made only when real data become available and after the detectors are fully un-
derstood. Next, we may increase the jet threshold to suppress the initial state QCD jet
radiation to purify the W → jj sample. Our estimate based on a PYTHIA simulation
shows that the kinematics of a DY-type electroweak process can be largely preserved with
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Figure 12: Branching fraction versus heavy neutrino mass m4 for decay modes M+
1 → !+
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not yet constrained by direct experimental searches. The regions below the curve are theoretically
allowed.
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Figure 13: (a) Left: Feynman diagram for like-sign dilepton signature via WW fusion in hadronic
collisions; (b) right: the exchanged coherent diagram which is same as heavy neutrino production
and decay.

We discuss the signatures for a heavy Majorana neutrino and the sensitivity to probe the
parameters m4 and V!4 at the Tevatron and the LHC.

As for the production of a heavy Majorana neutrino at hadron colliders, the represen-
tative diagrams at the parton level are depicted in Fig. 13, with the exchange of final state
leptons implied. The first diagram is via WW fusion with a t-channel heavy neutrino N4

exchange, directly analogous to the process of 0νββ. The second diagram is via s-channel
N4 production and subsequent decay. Although in our full calculations, we have coher-
ently counted for all the contributing diagrams of like-sign dilepton production including
possible identical particle crossing, it is informative to separately discuss these two classes
of diagrams due to their characteristically different kinematics.

The scattering amplitude for the process in Fig. 13(a) is proportional to V!14V!24 and
the cross section can be expressed as

σ
(

pp → W±W± → !±1 !±2 X
)

= (2 − δ!1!2) |V!14V!24|2 σ0(WW ), (4.1)

where σ0(WW ) is the “bare cross section”, independent of the mixing parameters. We
show the bare cross section at the LHC energy of 14 TeV versus the heavy neutrino mass
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We discuss the signatures for a heavy Majorana neutrino and the sensitivity to probe the
parameters m4 and V!4 at the Tevatron and the LHC.

As for the production of a heavy Majorana neutrino at hadron colliders, the represen-
tative diagrams at the parton level are depicted in Fig. 13, with the exchange of final state
leptons implied. The first diagram is via WW fusion with a t-channel heavy neutrino N4

exchange, directly analogous to the process of 0νββ. The second diagram is via s-channel
N4 production and subsequent decay. Although in our full calculations, we have coher-
ently counted for all the contributing diagrams of like-sign dilepton production including
possible identical particle crossing, it is informative to separately discuss these two classes
of diagrams due to their characteristically different kinematics.

The scattering amplitude for the process in Fig. 13(a) is proportional to V!14V!24 and
the cross section can be expressed as

σ
(

pp → W±W± → !±1 !±2 X
)

= (2 − δ!1!2) |V!14V!24|2 σ0(WW ), (4.1)

where σ0(WW ) is the “bare cross section”, independent of the mixing parameters. We
show the bare cross section at the LHC energy of 14 TeV versus the heavy neutrino mass
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They may not be the dark matter, but 
if high-mass states are out there, could 
see them at LHC

e.g. Atre, Han, Pascoli, Zhang, 
arXiv:0901.3589

NU’S AT THE LHC

|Ue4|

|Uτ4|

|Uμ4|
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EXAMPLE: 4TH GENERATION
AND ELECTROWEAK SEESAW

e.g. C.T.Hill & Paschos 1990

An obvious objection to the naturalness of a 4th generation is the absence 
of a 4th light neutrino: mv4>mZ/2∼45 GeV

But recall the see-saw mechanism that may be at work: 

mν ∼ mR/2±
√

(mR/2)2 + m2
D ∼ mR, m2

D/mR

M ∼
(

0 mD

mD mR

)

If we take the Dirac mass of order the charged lepton mass, and the 
Majorana masses all of order the weak scale, then we would naturally 
explain the heaviness of the 4th “light” neutrino 

0.0005 0.106 1.8

me mµ mτ m!4

?GeV
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tr1n0 ma55e5, and the 10wer 11m1t 0n the f0urth neutr1n0 ma55 
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61e arr0w5. C05m01091ca111m1t5 are 1nd1cated 6y the da5hed 11ne5 

w1th 1a6e15: (a) c105ure den51ty c0n5tra1nt f0r 5ta61e neutr1n05; 

(6)  10wer 11m1t f0r a fam110n decay m0de v ~ v ~ + 0 ;  (c) 10wer 

11m1t f0r a maj0r0n decay m0de (5ee ref. [9] w1th the a55ump- 

110n 0f  5tr0n9 c0up11n9, h =  1.0 and fam110n decay c0n5tant 
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per1menta1 uppcr 11m1t5 0fthe 119ht ncutr1n0 ma55e5, 

and the 10wer 11m1t 0n the f0urth neutr1n0 ma55 a5- 
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that the exper1menta1 c0n5tra1nt5 0n the neutr1n0 

m1x1n9 an91c5 5h0u1d n0t 6e v1ewed a5 unnatura11n a 

5chcme 11kc th15. F0r examp1e the 11m1t 1 L%~1 < 0.029 

[8] w0u1d 6e c0n515tent w1th a ••Fr1t25ch an5at2•• f0r 

the D1rac ma55 matr1x 1ead1n9 t0 re1at10n5 5uch a5 

1 ~ 1  ~ m~1m~,. 
7he u5ua1 c05m01091ca1 pr061cm5 w1th ma551ve 

neutr1n05 are de5cr16ed 1n deta11 1n re1". [9]. 1n 5um- 

mary they c0n515t 0f: (1) the un1ver5e cann0t 6e 0ver- 

c105ed 6y 10n9-11ved ma551ve neutr1n05 re4u1r1n9, 
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prc55ed) [ 9 ]. M0rc0ver, we read11y cxpect rnv, ~< 10 

eV 1n th15 5cenar10. 

7he 11fet1mc 0fv~ 1n 0ur 5chemc can 6e 5uff1c1cn11y 
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Why 5h0u1d thc maj0rana ma55 5ca1e M6c 0f0rdcr 
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99 

predictions:  
mR bounded below: light neutrinos must be light
mR bounded above: 4th generation neutrino not below mZ/2

abundant data has intervened:
the average neutrino mass 
scale is too low to allow 
a universal weak-scale mR

can still tune parameters, but 
not as natural (several 
constraints need to be 
satisfied for low scale νR also)



EXAMPLE: CLUES TO GUTS ?

Harrison et.al. PLB 530, 167 (2002)

Besides the seeming coincidence of the neutrino mass scale with a 
seesaw’ed GUT scale (1019GeV), perhaps there are indications of GUT 
physics in the pattern of neutrino mixing: 

E.g., it’s interesting that the measured mixing angles are consistent with the 
“tri-bi” mixing

Such a scheme could arise from a discrete permuation symmetry on the 
fermion generations, although ideas from where that would come from are 
sparse

Neutrinos vs. Quarks, MNS vs. CKM Mu-Chun Chen

����
	����
���

One of the most significant unsolved questions in particle physics is the origin of fermion mass

hierarchy and flavor mixing. Even though the Standard Model (SM) works beautifully in explaining

all particle interactions, it has many free parameters in the Yukawa sector that accommodate the

observed masses and mixing angles for quarks and leptons. The number of free parameters can

be greatly reduced by expanding the SM gauge group to a grand unified gauge symmetry, which

gives rise to inter-family relations that connect quarks and leptons within the same family. Further

reduction of parameters can be achieved with an additional family symmetry that relates quarks

and leptons of different families. (For reviews, see e.g. [1, 2].)

The recent advent of the neutrino oscillation data from Super-Kamiokande gives further sup-

port to models based on Grand Unified Theories (GUTs), in which the seesaw mechanism can arise

naturally. The global fit to current data from neutrino oscillation experiments give the following

best fit values and 2! limits for the mixing parameters [3],

sin2 "12 = 0.30 (0.25−0.34),
sin2 "23 = 0.5 (0.38−0.64),
sin2 "13 = 0 (< 0.028),

#m212 = 7.9 (7.3−8.5) eV2,
#m223 = 2.2 (1.7−2.9) eV2.

In addition, recent analyses [4] from the Bari group have given hints on possible non-zero value for

"13, with

sin2"13 = 0.016±0.010 ,

at 1! . These experimental best fit values for the mixing parameters are very close to the values

arising from the so-called “tri-bimaximal” mixing (TBM) matrix [5],

UTBM =







√

2/3 1/
√
3 0

−
√

1/6 1/
√
3 −1/

√
2

−
√

1/6 1/
√
3 1/

√
2






, (1.1)

which predicts

sin2"atm,TBM = 1/2 ,

sin2 "#,TBM = 1/3 ,

sin"13,TBM = 0 . (1.2)

Even though the predicted "#,TBM is currently still allowed by the experimental data at 2! , as it is

very close to the upper bound at the 2! limit, it may be ruled out once more precise measurements

are made in the upcoming experiments.

One of the challenges that GUT models face is to give rise to large neutrino mixing and at the

same time accommodate small quark CKM mixing. It has been pointed out that the tri-bimaximal

mixing matrix can arise from a family symmetry in the lepton sector based on A4 [6]. However,

due to its lack of doublet representations, CKMmatrix is an identity in most A4 models. It is hence

not easy to implement A4 as a family symmetry for both quarks and leptons [7].

2



Unfortunately, without an understanding of the possible origin of such a 
permutation symmetry, difficult to conjecture the size of corrections

Can cook up schemes motivated by GUTs, e.g. merge SU(5) GUT with 
tetrahedral (T’) permutation symmetry, and some symmetry breaking scalar 
fields

Neutrinos vs. Quarks, MNS vs. CKM Mu-Chun Chen

2. The Model

In [8, 9], a grand unified model based on SU(5) combined with the double tetrahedral group [10],

T ′, was constructed, which successfully gives rise to near tri-bimaximal leptonic mixing as well as

realistic CKM matrix elements for the quarks. The groupT ′ is the double covering group of A4. In

addition to the 1, 1′, 1′′ and 3 representations that A4 has, the group T ′ also has three in-equivalent

doublet representations, 2, 2′, 2′′. This enables the (1+2) assignments, which has been shown to

give realistic masses and mixing pattern in the quark sector [11].

One special property of T ′ is the fact that its Clebsch-Gordon coefficients are intrinsically

complex, independent of the basis for the two group generators. This thus affords the possibility

that CP violation can be entirely geometrical in origin [9]. (We note that in addition to the capability

of giving rise to mixing angles and CP violation from CG coefficients, the group T ′ has recently

been utilized in a Randall-Sundrum model to avoid tree-level flavor-changing neutral currents [12],

which are present in generic RS models.)

The charge assignments of various fields in our model are summarized in Table 1. Due to the

transformation properties of various fields, only top quarkmass is allowed by the T ′ symmetry, and

thus it is the only mass term that can be generated at the renormalizable level. To give masses to

the lighter generations of fermions, which transform non-trivially under T ′, the T ′ symmetry has

to be broken, which is achieved by a set of flavon fields.

Table 1: Charge assignments. Here the parameter ! = ei"/6.

T3 Ta F H5 H ′
5

#45 $ $ ′ % % ′ & N ' (

SU(5) 10 10 5 5 5 45 1 1 1 1 1 1 1 1

T ′ 1 2 3 1 1 1′ 3 3 2′ 2 1′′ 1′ 3 1

Z12 !5 !2 !5 !2 !2 !5 !3 !2 !6 !9 !9 !3 !10 !10

Z′
12 ! !4 !8 !10 !10 !3 !3 !6 !7 !8 !2 !11 1 1

Due to the presence of the Z12×Z′
12 symmetry, only nine operators are allowed in the model,

and hence the model is very predictive, the total number of parameters being nine in the Yukawa

sector for the charged fermions and the neutrinos. The Lagrangian of the model is given as follows,

LYuk = LTT+LTF+LFF (2.1)

LTT = ytH5T3T3+
1

)2
ytsH5T3Ta%& +

1

)2
ycH5TaTa$

2+
1

)3
yuH5TaTa$

′3 , (2.2)

LTF =
1

)2
ybH

′
5
FT3$& +

1

)3

[

ys#45FTa$%N+ ydH
′
5
FTa$

2% ′
]

, (2.3)

LFF =
1

Mx)

[

*1H5H5F F' +*2H5H5F F(

]

, (2.4)

where Mx is the cutoff scale at which the lepton number violation operator HHFF is generated,

while ) is the cutoff scale, above which the T ′ symmetry is exact. (For the VEV’s of various scalar

fields, see Ref. [8].) The parameters y’s and * ’s are the coupling constants.

3

By imposing sufficiently many constraints/symmetries on the interactions, 
find that not all parameters are independent.   But need a guiding principle 
for embedding tri-bi into fundamental theory.

Chen and Mahanthappa, 0910.5467 |Ue3| = 0.0583 ?



EXAMPLE:  OTHER STERILE NU’S?

LSND, PRD 64, 12007 (2001)

Not obvious a priori that 
there are exactly three light sterile 
neutrinos

LSND - signal for high Δm2 
oscillation ?

the 2-neutrino oscillation 
interpretation has since been 
refuted

MiniBooNE PRL 98, 231801 (2007)

that the beam excess events are in agreement with our ex-

pectations for the !̄"p→"!n and 12C( !̄" ,"
!)12B* chan-

nels. With the same data on a smaller vertical scale, the bot-

tom graph shows events with accidental past activities, in

agreement with expectations from random cosmic ray back-

grounds.

VIII. THE DECAY-IN-FLIGHT OSCILLATION ANALYSIS

The high energy !"s from #! decay-in-flight are a poten-

tial source of !"→!e oscillation events. The contamination
of !es from standard sources is small, at the level of 0.1%.

Unfortunately, the cosmic-ray backgrounds are large, with

the result that the fluctuations in the beam-on, beam-off sub-

traction are comparable to the expected signal. Prior to 1996,

it was realized that the 1996–1998 data would not support a

stand alone, decay-in-flight analysis due to the larger beam-

off backgrounds that are inherent in running with a heavy

target. However, the analysis presented here is extended up

to an electron energy of 200 MeV because the decay-in-flight

data constrain the region "2 eV2, especially around 6 eV2.

The above analysis is applied to data in the energy range

FIG. 21. The scatter plots of the x-y and y-z spatial distributions

for events with R$"10, 20#Ee#60 MeV, and D"35 cm.
Beam-on and beam-off events are shown separately. The ratio of the

dot area in beam-off plots, to the dot area in the beam-on plots, is

equal to the duty ratio. This gives the appropriate scale for the

beam-off subtraction.

FIG. 22. The particle identification, % tot! , distribution for events

with R$"10, 20#Ee#60 MeV, and D"35 cm. The shaded re-
gion shows the expected distribution from a combination of neu-

trino background plus neutrino oscillations at low &m2. Oscillation

candidate events are required to satisfy the requirement $1.5
#% tot! #0.5.

FIG. 23. The veto hit distribution for events with R$"10 and
20#Ee#60 MeV. The data agree well with the distribution from
!eC→e$Ng .s . scattering 'shaded histogram(, where the reaction is
identified by the Ng .s . ) decay.

FIG. 24. The L! /E! distribution for events with R$"10 and
20#Ee#60 MeV, where L! is the distance traveled by the neu-

trino in meters and E! is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neu-

trino oscillations at low &m2.
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events) for 475 < EQE
ν < 1250 MeV; however, an ex-

cess of events (96±17±20 events) is observed below 475
MeV. This low-energy excess cannot be explained by a
two-neutrino oscillation model, and its source is under
investigation. The dashed histogram in Fig. 2 shows the
predicted spectrum when the best-fit two-neutrino oscil-
lation signal is added to the predicted background. The
bottom panel of the figure shows background-subtracted
data with the best-fit two-neutrino oscillation and two
oscillation points from the favored LSND region. The
oscillation fit in the 475 < EQE

ν < 3000 MeV energy
range yields a χ2 probability of 93% for the null hypoth-
esis, and a probability of 99% for the (sin2 2θ = 10−3,
∆m2 = 4 eV2) best-fit point.
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FIG. 2: The top plot shows the number of candidate νe events
as a function of EQE

ν . The points represent the data with sta-
tistical error, while the histogram is the expected background
with systematic errors from all sources. The vertical dashed
line indicates the threshold used in the two-neutrino oscilla-
tion analysis. Also shown are the best-fit oscillation spec-
trum (dashed histogram) and the background contributions
from νµ and νe events. The bottom plot shows the number of
events with the predicted background subtracted as a func-
tion of EQE

ν , where the points represent the data with total
errors and the two histograms correspond to LSND solutions
at high and low ∆m2.

A single-sided raster scan to a two neutrino
appearance-only oscillation model is used in the energy
range 475 < EQE

ν < 3000 MeV to find the 90% CL limit
corresponding to ∆χ2 = χ2

limit − χ2
bestfit = 1.64. As

shown by the top plot in Fig. 3, the LSND 90% CL al-
lowed region is excluded at the 90% CL. A joint analysis
as a function of ∆m2, using a combined χ2 of the best
fit values and errors for LSND and MiniBooNE, excludes

at 98% CL two-neutrino appearance oscillations as an
explanation of the LSND anomaly. The bottom plot of
Fig. 3 shows limits from the KARMEN [2] and Bugey
[32] experiments.

A second analysis developed simultaneously and with
the same blindness criteria used a different set of recon-
struction programs, PID algorithms, and fitting and nor-
malization processes. The reconstruction used a simpler
model of light emission and propagation. The PID used
172 quantities such as charge and time likelihoods in an-
gular bins, Mγγ, and likelihood ratios (electron/pion and
electron/muon) as inputs to boosted decision tree algo-
rithms [33] that are trained on sets of simulated signal
events and background events with a cascade-training
technique [34]. In order to achieve the maximum sen-
sitivity to oscillations, the νµ-CCQE data sample with
two subevents were fit simultaneously with the νe-CCQE
candidate sample with one subevent. By forming a χ2

using both data sets and using the corresponding covari-
ance matrix to relate the contents of the bins of the two
distributions, the errors in the oscillation parameters that
best describe the νe-CCQE candidate data set were well
constrained by the observed νµ-CCQE data. This pro-
cedure is partially equivalent to doing a νe to νµ ratio
analysis where many of the systematic uncertainties can-
cel.

The two analyses are very complementary, with the
second having a better signal-to-background ratio, but
the first having less sensitivity to systematic errors from
detector properties. These different strengths resulted in
very similar oscillation sensitivities and, when unblinded,
yielded the expected overlap of events and very similar
oscillation fit results. The second analysis also sees more
events than expected at low energy, but with less signif-
icance. Based on the predicted sensitivities before un-
blinding, we decided to present the first analysis as our
oscillation result, with the second as a powerful cross-
check.

In summary, while there is a presently unexplained
discrepancy with data lying above background at low
energy, there is excellent agreement between data and
prediction in the oscillation analysis region. If the oscil-
lations of neutrinos and antineutrinos are the same, this
result excludes two neutrino appearance-only oscillations
as an explanation of the LSND anomaly at 98% CL.

We acknowledge the support of Fermilab, the Depart-
ment of Energy, and the National Science Foundation.
We thank Los Alamos National Laboratory for LDRD
funding. We acknowledge Bartoszek Engineering for the
design of the focusing horn. We acknowledge Dmitri Top-
tygin, Anna Pla, and Hans-Otto Meyer for optical mea-
surements of mineral oil. This research was done using
resources provided by the Open Science Grid, which is
supported by the NSF and DOE-SC. We also acknowl-
edge the use of the LANL Pink cluster and Condor soft-



Nelson & Walsh, 0711.1364

But another mystery ?
- low energy excess of electron-like 

events in muon neutrino beam 

Some proposed explanations: 

- gauged B-L model with 3 sterile neutrinos

- resonance from large extra dimensions

- some overlooked standard model physics: (coherent) 
single photon production
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FIG. 1: The EQE
ν distribution for data (points with statistical errors) and backgrounds (histogram

with systematic errors).
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FIG. 2: The event excess as a function of EQE
ν . Also shown are the expectations from the best

oscillation fit and from neutrino oscillation parameters in the LSND allowed region [2]. The error

bars include both statistical and systematic errors.
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FIG. 3: The event excess as a function of Evis for EQE
ν > 200 MeV. Also shown are the expectations

from the best oscillation fit and from neutrino oscillation parameters in the LSND allowed region

[2]. The error bars include both statistical and systematic errors.
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Harvey, Hill & Hill, PRL 99, 261601 (2007) 

Pas, Pakvasa & Weiler, hep-ph/0504096

[MiniBooNE, PRL 102, 211801 (2009)]



Any fields coupling to anomalous symmetries must have 
peculiar interactions

E.g., the pion is generated by the axial-vector current, which 
is anomalous:

π → π + ε

L ∼ ε
µνρσ

πFµνFρσ

If we try an ill-advised gauge transformation on the axial 
symmetries, have to get the expected anomaly

∂µJ
µ

5
∝ ε

µνρσ
FµνFρσ

δL ≡ ε∂µJ
µ

5
∼ ε[εµνρσ

FµνFρσ]⇒

Axial anomaly

π
0

γ

γ



Again, any fields coupling to anomalous symmetries must 
have peculiar interactions

Baryon number is anomalous in the Standard Model

δωµ = ∂µε

L ∼ ε
µνρσ

ωµZνFρσ

If we make an ill-advised gauge transformation, have to find 
an anomaly

ω

γ

Z

Baryon anomaly

⇒ δL ≡ ε∂µJ
µ

5
∼ ∂µε[εµνρσ

ZνFρσ] ∼ −ε[εµνρσ
∂µZνFρσ]

∂µJ
µ

baryon ∝ ε
µνρσ

∂µZνFρσ + . . .



If Z was much lighter, would see e.g. ω→Zγ directly.  

ω

γ

Z

Br(ω → γνν̄) ∼

(

g2
weak

m2
W

)2
f6

π

m2
ω

∼

G2
F
f6

π

m2
ω

∼ tiny

ω

γ

Z

ν

ν

γ

π
0γ

But in practice, Z is heavy (weak interactions are weak !)

Compare Primakoff effect:

Coherent scattering off baryon number

Coherent scattering off electric charge



n p

νe e
−

γ
νµ

νµ

n (p) n (p)

 νe → e  “signal”  νμ → γ “background”

νµ
Signal or background ?



At energies of order 1 GeV, an extrapolation of the chiral lagrangian gives a 
meaningful estimate for various mechanisms of single photon production

Significant pollution/enhancement from the Delta resonance:

c ∼ c∆ + cω + cρ

∼ 5.0 + 1.5 + 0.2

Through three-derivative order, a unique operator couples baryon number to 
neutral current and electromagnetism 

At large energies, these bifurcate into separate 
s- and t-channel resonance contributions 

R.J. Hill, 0905.0291

c

m2
N

iεµνρσN̄γσNTr({Aµ, [iDν , iDρ]})

π, ρ, ω

Z γ

N N

FIG. 2: Meson exchange contribution to Z∗N → γN .

Taking the mN → ∞ limit of the final state phase space, the cross section for νN → νNγ

arising from generalized Compton scattering becomes

dσ(Compton)

dedx
=

1

π2

αG2
FE4

m2
N

e(1 − e)

{

F 2
1 C2

V

[

1

e2

(

1

2
− 1

6
x2

)

+
1

e

(

−7

6
+

5

6
x2

)

+
4

3
− 2

3
x2 − 2

3
e

]

+ F 2
1 C2

A

[

1

e2

(

17

6
− 11

6
x2

)

+
1

e

(

−11

2
+

19

6
x2

)

+ 6 − 2x − 4

3
x2 + e

(

−10

3
+ 2x

) ]

+ F1F2C
2
A

[

(1 − e)(4 − 2x)

]

+ F 2
2 C2

A

[

2(1 − e)

]}

. (46)

Here x ≡ cos θγ and e ≡ Eγ/E, where θγ is the angle between the photon and the incoming

neutrino, and Eγ, E are the energies of the photon and incoming neutrino. Note that

there is a logarithmic singularity at e → 0 in the terms F 2
1 C2

V and F 2
1 C2

A, corresponding to

production of very soft photons, i.e., bremsstrahlung corrections to neutral current neutrino-

nucleon scattering. For production of photons above a fixed energy threshold, this infrared

singularity does not pose a problem[48].

B. t-channel meson exchange

Besides the diagrams in Fig. 1, radiative neutrino scattering can take place via t chan-

nel exchange of pseudoscalar and vector mesons, as depicted in Fig. 2. Unlike Compton

scattering, these contributions do not vanish in the zero-recoil limit.

The relevant interactions at the upper vertex in this diagram are given by the lagrangian

15
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Z

N

γ

∆

N

Z

N

γ

FIG. 3: Production of photons through the ∆ resonance.

becomes of order mNE/f 2
π compared to Compton scattering. For the vector meson exchange,

we have in contrast to (44) the amplitude

iM ∼ (
√

2mN)2 eg2

16π2cWm2
ω

χ†χ(3g′gωNN ± ggρNN)ε(γ)∗
i ε(Z)

j εijkqk , (52)

where the ± refer to proton and neutron respectively. This demonstrates the claim made

previously that the vector meson contributions are parametrically of order mNE/m2
ω ∼

mNE/m2
ρ compared to Compton scattering. Using (49) and g′ ∼ g, it follows that the

ω contribution is approximately 32 = 9 times larger in amplitude that the ρ contribution.

Contributions from states involving the strange quark are suppressed by their relatively small

coupling to the nucleons. These facts, together with the suppression factor [50] 1 − 4s2
W ≈

0.08 in the pion amplitude, indicate that ω gives the dominant meson-exchange contribution

to νN → νNγ. This mechanism will compete with Compton scattering when mNE ! m2
ω.

For later use, the zero-recoil cross section for νN → νNγ resulting from ω exchange is

(neglecting interference with other contributions) [3]

dσ(ω)

dedx
=

αg4
ωG2

FE6

16π6m4
ω

e3(1 − e)2 . (53)

C. The ∆ resonance

At energies below 2 GeV, ∆(1232) is the most prominent resonance appearing in the s

(and u) channels [16, 17, 18, 19]. We review here the salient features of including ∆ as a

field in our effective lagrangian, and derive matching conditions onto the low-energy theory.

We will see that the leading effects at low energy are described by the same operator as for

t-channel ω exchange.
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WHY IS IT SO #?! HARD TO CALCULATE?

• what are the errors ?  ≈ what is the expansion ? 

• need to get creative: 1/Nc, z(dispersive), 1/A(nucleus), ... 

• model independent approach: decompose into helicity 
amplitudes.  but 12 of them, depending on multiple kinematic 
invariants - need dynamical model/small parameter expansion 

• without support from data, errors to tree-level meson 
exchange are “1/Nc” ∼ 30% if all relevant states are 
considered ( large energy ⇒ need more states)
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FIG. 1: Generalized compton scattering.

A. Compton scattering

Let us begin by examining the contributions to νN → νNγ mediated by an intermediate

nucleon as depicted in Fig. 1. These contributions will be referred to as “Compton-like”

scattering where one of the photons is replaced by an (offshell) Z boson. As discussed

above, form factors for onshell nucleons are employed at the vertices to account for resonant

structure in the appropriate channel.

1. Form factors

The onshell matrix element of the weak neutral current and electromagnetic current take

the form

〈N(k′)|Jµ
NC|N(k)〉 =

g2

2cW
u(k′)Γµ

NC(k′ − k)u(k) ,

〈N(k′)|Jµ
em|N(k)〉 = e u(k′)Γµ

em(k′ − k)u(k) . (33)

For the weak neutral current

Γµ
NC(q) = γµ[F 1 ,weak

V (q2) − FA(q2)γ5] +
i

2mN
σµνqνF

2 ,weak
V (q2) +

1

mN
FP (q2)qµγ5 , (34)

and similarly, for the electromagnetic current:

Γµ
em(q2) = γµF 1 ,em

V (q2) +
i

2mN
σµνqνF

2 ,em
V (q2) . (35)

Enforcing time-reversal invariance ensures that F 1,2
V (0), FA(0) and FP (0) are real as expected

from the effective lagrangian (18). Note that FP in (34) is induced by pion exchange,

12
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FIG. 2: Meson exchange contribution to Z∗N → γN .

Taking the mN → ∞ limit of the final state phase space, the cross section for νN → νNγ

arising from generalized Compton scattering becomes

dσ(Compton)
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=

1

π2

αG2
FE4

m2
N

e(1 − e)

{

F 2
1 C2

V

[

1

e2

(

1

2
− 1

6
x2

)

+
1

e

(

−7

6
+

5

6
x2

)

+
4

3
− 2

3
x2 − 2

3
e

]

+ F 2
1 C2

A

[

1

e2

(

17

6
− 11

6
x2

)

+
1

e

(

−11

2
+

19

6
x2

)

+ 6 − 2x − 4

3
x2 + e

(

−10

3
+ 2x

) ]

+ F1F2C
2
A

[

(1 − e)(4 − 2x)

]

+ F 2
2 C2

A

[

2(1 − e)

]}

. (46)

Here x ≡ cos θγ and e ≡ Eγ/E, where θγ is the angle between the photon and the incoming

neutrino, and Eγ, E are the energies of the photon and incoming neutrino. Note that

there is a logarithmic singularity at e → 0 in the terms F 2
1 C2

V and F 2
1 C2

A, corresponding to

production of very soft photons, i.e., bremsstrahlung corrections to neutral current neutrino-

nucleon scattering. For production of photons above a fixed energy threshold, this infrared

singularity does not pose a problem[48].

B. t-channel meson exchange

Besides the diagrams in Fig. 1, radiative neutrino scattering can take place via t chan-

nel exchange of pseudoscalar and vector mesons, as depicted in Fig. 2. Unlike Compton

scattering, these contributions do not vanish in the zero-recoil limit.

The relevant interactions at the upper vertex in this diagram are given by the lagrangian
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becomes of order mNE/f 2
π compared to Compton scattering. For the vector meson exchange,

we have in contrast to (44) the amplitude

iM ∼ (
√

2mN)2 eg2

16π2cWm2
ω

χ†χ(3g′gωNN ± ggρNN)ε(γ)∗
i ε(Z)

j εijkqk , (52)

where the ± refer to proton and neutron respectively. This demonstrates the claim made

previously that the vector meson contributions are parametrically of order mNE/m2
ω ∼

mNE/m2
ρ compared to Compton scattering. Using (49) and g′ ∼ g, it follows that the

ω contribution is approximately 32 = 9 times larger in amplitude that the ρ contribution.

Contributions from states involving the strange quark are suppressed by their relatively small

coupling to the nucleons. These facts, together with the suppression factor [50] 1 − 4s2
W ≈

0.08 in the pion amplitude, indicate that ω gives the dominant meson-exchange contribution

to νN → νNγ. This mechanism will compete with Compton scattering when mNE ! m2
ω.

For later use, the zero-recoil cross section for νN → νNγ resulting from ω exchange is

(neglecting interference with other contributions) [3]

dσ(ω)

dedx
=

αg4
ωG2

FE6

16π6m4
ω

e3(1 − e)2 . (53)

C. The ∆ resonance

At energies below 2 GeV, ∆(1232) is the most prominent resonance appearing in the s

(and u) channels [16, 17, 18, 19]. We review here the salient features of including ∆ as a

field in our effective lagrangian, and derive matching conditions onto the low-energy theory.

We will see that the leading effects at low energy are described by the same operator as for

t-channel ω exchange.
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Include phenomenological form factors, and perform flux averaging to yield
predictions for MiniBooNE spectrum

Tabulate the various contributions, consider both incoherent (nucleon knock-out) 
and coherent cross sections 

A=12

Include phenomenological form factors, and perform flux averaging to yield
predictions for MiniBooNE spectrum

A=1
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FIG. 1: The EQE
ν distribution for data (points with statistical errors) and backgrounds (histogram

with systematic errors).
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FIG. 2: The event excess as a function of EQE
ν . Also shown are the expectations from the best

oscillation fit and from neutrino oscillation parameters in the LSND allowed region [2]. The error

bars include both statistical and systematic errors.
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FIG. 3: The event excess as a function of Evis for EQE
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⇐

EQE
ν ≈ Evis/[1− (Evis/mN )(1− cos θ)]

6.46e20 POT

An excess of “electrons”
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TABLE I: The expected number of events for different EQE
ν

ranges (in MeV) from all of the backgrounds in the ν̄e appear-
ance analysis and for the LSND central expectation (0.26%
oscillation probability) of ν̄µ → ν̄e oscillations, for 3.39×1020

POT.

Process 200 − 300 300 − 475 475 − 1250
(−)
νµ CCQE 1.3 1.6 1.2

NC π0 14.4 10.2 7.2
NC ∆ → Nγ 1.7 4.9 2.0

External Events 2.2 2.5 1.9

Other
(−)
νµ 2.0 1.8 2.2

(−)
νe from µ± Decay 2.3 5.9 17.1

(−)
νe from K± Decay 1.4 3.8 11.7
(−)
νe from K0

L Decay 0.8 2.4 13.1

Other
(−)
νe 0.5 0.6 1.21

Total Background 26.7 33.6 57.8
0.26% ν̄µ → ν̄e 0.6 3.7 12.6

following [17], which uses events reconstructed near the
π0 mass peak. The size of the applied correction to the
total NC π0 rate is less than 10%. The ∆ → Nγ rate is
indirectly constrained, being related to the measured π0

rate through a branching fraction and final state interac-
tion correction. The rate of backgrounds from external
interactions is constrained through a direct measurement
using a sample of events occurring at high radius, head-
ing inwards, and having low visible energy. Other back-
grounds from mis-identified νµ or ν̄µ receive the ν̄µ CCQE
normalization correction according to their parentage at
production (π+ or π−). Intrinsic νe and ν̄e events from
the π → µ decay chain also receive this normalization.

Systematic uncertainties are determined by consider-
ing the effects on the ν̄µ and ν̄e CCQE rate prediction
of variations of fundamental parameters within their as-
sociated uncertainty. These include uncertainties on the
flux estimate, including beam modeling and hadron pro-
duction at the target, uncertainties on neutrino cross
sections, most of which are determined by in-situ cross-
section measurements at MiniBooNE or other experimen-
tal or theoretical sources, and uncertainties on detector
modeling and reconstruction. By considering the varia-
tion from each source of systematic uncertainty on the ν̄e

CCQE signal, background, and ν̄µ CCQE prediction as
a function of EQE

ν , a covariance matrix in bins of EQE
ν

is constructed, which includes correlations between ν̄e

CCQE (signal and background) and ν̄µ CCQE. This co-
variance matrix is used in the χ2 calculation of the oscil-
lation fit.

Figure 1 (top) shows the EQE
ν distribution for ν̄e

CCQE observed data and background. A total of 144
events pass the ν̄e event selection requirements with
200 < EQE

ν < 3000 MeV. The data agree with the
background prediction within systematic and statistical
uncertainties. Fig. 1 (bottom) shows the event excess
as a function of EQE

ν . Also shown are expectations

FIG. 1: Top: The EQE
ν distribution for ν̄e CCQE data (points

with statistical errors) and background (histogram with un-
constrained systematic errors). Bottom: The event excess as
a function of EQE

ν . Also shown are the expectations from
the best oscillation fit and from neutrino oscillation parame-
ters in the LSND allowed region. The error bars include both
statistical and systematic errors.

from the best ν̄µ → ν̄e oscillation parameters returned
by the fit and from two other sets of neutrino oscilla-
tion parameters from the LSND allowed region [1]. The
best oscillation fit for 200 < EQE

ν < 3000 MeV cor-
responds to (∆m2, sin2 2θ) = (4.42 eV2, 0.004), and
has a χ2 of 18.2 for 16 degrees of freedom (DF ), corre-
sponding to a χ2-probability of 31%. The null fit yields
χ2/DF = 24.5/18, with a χ2-probability of 14%. A fit to
475 < EQE

ν < 3000 MeV returns similar best-fit oscilla-
tion parameters, (∆m2, sin2 2θ) = (4.42 eV2, 0.005), with
χ2/DF = 15.9/13 and a χ2-probability of 25%. The null
fit to 475 < EQE

ν < 3000 MeV yields χ2/DF = 22.2/15,
with a χ2-probability of 10%. The number of data, back-
ground, and excess events for different EQE

ν ranges are
summarized in Table II. No significant event excess is ob-
served for EQE

ν > 475 MeV. Furthermore, no significant
excess is observed for EQE

ν < 475 MeV, to be compared
to a 3.0σ excess observed for 200 < EQE

ν < 475 MeV in

TABLE II: The number of data, background, and excess events
in the ν̄e analysis for different EQE

ν ranges. The correspond-
ing numbers from the νe analysis [3] are on the right. The
uncertainties include both statistical and constrained system-
atic errors.

Event Sample ν̄e Analysis νe Analysis[3]
(3.39 × 1020 POT) (6.46 × 1020 POT)

200 − 475 MeV
Data 61 544

Background 61.5 ± 11.7 415.2 ± 43.4
Excess −0.5 ± 11.7 (−0.04σ) 128.8 ± 43.4 (3.0σ)

475 − 1250 MeV
Data 61 408

Background 57.8 ± 10.0 385.9 ± 35.7
Excess 3.2 ± 10.0 (0.3σ) 22.1 ± 35.7 (0.6σ)

[MiniBooNE, arXiv:0904.1958]
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FIG. 27: Total predicted flux at the MiniBooNE detector by neutrino species with horn in neutrino

mode.
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new events excess Δ-direct Δ (MB)

75 [23] 45(26) 52 [16] 20
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χ2 = 1.5/2 d.o.f. (scale = 0.51), 
χ2 = 3.8/3 d.o.f. (scale = 0.3), 

χ2 = 0.3/2 d.o.f. (scale = 0.3), 

⇒ size appears consistent with data 

- should do more complete efficiency analysis, incorporate nuclear effects 

apply 30% acceptance 
estimate of incoherent events

included in 
MiniBooNE bkgd.
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In summary, MiniBooNE observes an unexplained excess of 128.8± 20.4± 38.3 electron-

like events in the energy region 200 < EQE
ν < 475 MeV. These events are consistent with

being either electron events produced by CC scattering (νeC → e−X or ν̄eC → e+X) or

photon events produced by NC scattering (νC → νγX). Upcoming MiniBooNE results

with the Booster antineutrino beam and with the NuMI neutrino beam [21] should help

distinguish these two possibilities and shed further light on the low-energy region.
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In summary, MiniBooNE observes an unexplained excess of 128.8± 20.4± 38.3 electron-

like events in the energy region 200 < EQE
ν < 475 MeV. These events are consistent with

being either electron events produced by CC scattering (νeC → e−X or ν̄eC → e+X) or

photon events produced by NC scattering (νC → νγX). Upcoming MiniBooNE results

with the Booster antineutrino beam and with the NuMI neutrino beam [21] should help

distinguish these two possibilities and shed further light on the low-energy region.
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TABLE III: The χ2 values from comparisons of the event excess Q2 and cos(θ) distributions for

300 < EQE
ν < 475 MeV to the expected shapes from various NC and CC reactions. Also shown is

the factor increase necessary for the estimated background for each process to explain the low-energy

excess.

Process χ2(cosθ)/9 DF χ2(Q2)/6 DF Factor Increase

NC π0 13.46 2.18 2.0

∆ → Nγ 16.85 4.46 2.7

νeC → e−X 14.58 8.72 2.4

ν̄eC → e+X 10.11 2.44 65.4

the ∆ → Nγ background.
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⇒ shape appears consistent with excess

float normalization

30% efficiency 

shape
comparison
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COMPARISON TO COMPTON SCATTERING

The largest single new source of single photons is due to
coherent production on the 12C nucleus, with the largest
component of the coherent amplitude due to the ∆(1232)
resonance in the s channel [13].

To gauge whether the nuclear modeling for the coher-
ent process mediated by ∆ excitation gives a reasonable
first approximation to the true cross section, it is use-

ful to compare to the analog process of coherent photon
scattering on the same nucleus. Data from [3] at fixed
angle, θ = 40◦ is shown in Fig. 5. The dashed line in
the figure shows the result of the “default” model, using
energy-independent width Γ∆ = 120 MeV. For compari-
son, the result of including in-medium modifications to ∆
propagation is displayed as the solid line. Here a simple
model for these modification is taken from [5] [14]

As the figure illustrates, the data is in better agree-
ment with the model incorporating in-medium effects,
where the cross section is somewhat reduced, and the
peak shifted to smaller energy. The fit to the data can
be improved by using a slighlty larger vacuum width (e.g.
Γ∆ ∼ 130 MeV) and including a small nonresonant back-
ground. However, these modifications are beyond the
accuracy of other approximations such as the simplified
nuclear form factor and nonrelativistic reduction of the
amplitude. The main point to be illustrated is that the
simple model represented by the dashed line is not a gross
misrepresentation of the data.

For comparison, the cross sections displayed in Figures
.... are reproduced using energy-dependent width and in-
medium modifications for the ∆ width and mass. Results
of the fit are not modified drastically.

SUMMARY

Accelerator neutrino experiments have reached a level
where processses such as single photon production are rel-
evant. In particular, the MiniBooNE excess may indicate
a first signal for coherent photon production by the weak
neutral current above the nuclear scale [15] These events
should be accessible at MicroBooNE, and at T2K. In the
latter case, they form a significant background that re-
quires careful attention due to its dependence on detector
material.
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Dipping a toe into the nuclear realm...

1
p2 −m2

∆ + im∆Γ∆

Γ∆ ∼ Γ0(p∆/p0)3

m∆ → m∆ + δΣ

Model self-energy by phenomenological model (calibrated from 
pion photoproduction on helium, carbon) δΣ = V (Eγ)F (q2)

Drechsel et.al. NPA, 660, 423.

Peak height somewhat reduced, position shifted.
Gross features unchanged. 



An enhanced coherent single-photon cross section has interesting 
implications

Astrophysics: mechanism 
for neutron star cooling

Parity violation: particles with weak charge acquire an anapole 
moment in nuclear medium, e.g. shell nucleon in heavy nucleus:

4

FIG. 2: log(Qanom
ν ), with Q measured in erg s−1 cm−3, versus

log(T9) for the range gω = 10 − 30 (hatched) compared to
the range of standard mUrca processes of eq.(9). The curves
for mUrca do not include superfluidic suppression factors.

may also play a significant role in neutron star cooling
and early stage evolution. There are many potentially
important applications in various other physical regimes.
We will present a more detailed analysis and discussion
elsewhere, including the detailed derivation of pCS and
axion interactions from the WZW term [13][24].

We further remark that the axion will have a similar
induced coupling to the photon and the ω, leading to an
interaction of the form:

caxion
eNc

24π2

g2
ω

m2
ω

εµνρσ
∂µa

fa
F νρNγσN , (17)

where caxion is calculable from a given axion model. An
important application is to consider axion emission and
the resulting bounds on axion couplings from supernovae
(SN1987A).
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SUMMARY
• ν’s provide a first look beyond the SM, and have changed our 

comfortable view of flavors and generations

• besides “new” new physics, ν’s tell us interesting things about 
QCD, astrophysics, cosmology

• there are discrete questions that should be answered in the 
next decade(s): is there lepton flavor violation? is θ13 nonzero? do 
neutrino interactions violate CP? are there more neutrinos/more 
generations? 

• An interesting time..


