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Neutrinos as a stargate  
to BSM Physics
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An experimentalist review of many  
theory+experimental talks 
25 parallel session talks 

[+4 (/6)plenaries] 
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Coherent Elastic Neutrino Nucleus Scattering
The Result

14

D. Akimov et al., Science 10.1126/science.aao0990 (2017).

Barbeau-Plenary
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…as a tool to improve our knowledge of  
the nuclear neutron form factor
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The rms neutron distribution
radius Rn and the difference
between Rn and the rms radius Rp
of the proton distribution (the so-
called “neutron skin”)

The Z boson couples
preferentially with 

neutrons!

The CEnNS process as unique probe of the neutron density
distribution of nuclei

Even if it sounds strange, spatial
distribution of neutrons inside
nuclei is basically unknown!

The CEnNS process itself can be used to provide the first 
model independent measurement of the neutron 
distribution radius, which is basically unknown for most of 
the nuclei.

Cadeddu
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CEnNS cross section with different neutron and proton form
factors

[6] A. Drukier and L. Stodolsky, Phys. Rev. D30, 2295(1984).
[7] J. Barranco, O. G. Miranda, and T. I. Rashba, JHEP 0512, 
021 (2005), hep-ph/0508299.
[8] K. Patton, J. Engel, G. C. McLaughlin, and N. Schunck, 
Phys. Rev. C86, 024612 (2012), arXiv:1207.0693 [nuclth]Two different form factors, one for the proton distribution

and one for the neutron distribution

This factor is small ~0.0454 and moreover
Z<N so the contribution of the proton form
factor is negligible!!Hence, measurements of the process give information on the 

nuclear neutron form factor, which is more difficult to obtain than
the information on the proton one, that can be obtained with elastic 

electron-nucleus scattering and other electromagnetic processes.
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This is the first model independent
measurement of the CsI neutron radius

17
𝑅𝑛𝐶𝑠𝐼 = 5.5−1.1+0.9 fm

First average CsI neutron density distribution measurement

• We first compared the data with the predictions in the case of 
full coherence, i.e. all nuclear form factors equal to unity: the 
corresponding histogram does not fit the data.

• We fitted the COHERENT data in order to get information on the 
value of the neutron rms radius 𝑅𝑛, which is determined by the 
minimization of the 𝝌𝟐 using the symmetrized Fermi and Helm 
form factors. 



Wg5 Summary, NuFact2018, VirginaTech !8

…and as a new tool for probing BSM physics
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Kinetic Mixing Portal

Extend the SM by an extra U(1) 
which introduces a new field 

6
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FIG. 1: Neutrino nucleus scattering diagrams. Fig. 1(a) is for dark hypercharge and dark Z bosons and Fig. 1(b) is
for the Lµ � L⌧ model.

for high values of mZ0 the CE⌫NS limits become independent of the exposure and detector material. This e↵ect is
due to the nature of the Z 0 coupling as well as the high luminosity compared to the assumed systematic uncertainty.

In the dark Z 0 scenario the ratio of BSM to SM couplings to protons and neutrons are identical and equal to
0.27(✏Z/mZ0)2, which limits the distinguishing power of detectors with di↵erent proton and neutron content. Coupled
with the fact that the number of expected events is su�ciently large for the systematic uncertainty to dominate the
statistical uncertainty, this leads to the merger of limits from di↵erent detectors and exposures. Note that the same
cannot be said about the dark hypercharge scenario. In this case, the relative couplings to protons and neutrons are
�3.3(✏Z/mZ0)2 and 0.06(✏Z/mZ0)2 respectively which significantly enhances the reach when di↵erent detectors are
combined.

This can also be demonstrated using Eq. (14). After maximizing the expression with respect to the nuisance

parameter � and defining k ⌘
Npred

Nbg+Nexp
, we get:
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where in the second line we used the fact that 1/�2 is small compared to Nexp. As mentioned earlier, the Z 0 coupling
relative to the Z coupling is universal in the dark Z scenario which means that k is the same for all detectors and
energy bins at the high MZ0 region. Therefore, Eq. (16) can be solved for k to give
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In other words, k, and hence ✏Z is independent of the exposure. This argument breaks down for the dark hypercharge
case due to the detector dependence on k.

Finally, in Fig. 4, we show the limit gZ0 as a function ofMZ0 for the case of Lµ-L⌧ models using current and projected
COHERENT results and contrast it against limits from Borexino and CCFR. We find the three experiments to be
complementary, and in the mass window 4MeV . mZ0 . 100 MeV the future COHERENT projections provide the
strongest limits (g0Z  1�9⇥10�4). Note that reactor, fixed target, and atomic parity violation experiments present
poor limits in this scenario since they require electron flavor couplings.

We will examine the cases
where the new field has
only loop induced couplings to
SM fields, as well as
tree level couplings
with neutrinos.

1
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E141

E137

FIG. 3: The current and future bounds on the mixing ✏Z in the dark Z case are plotted as a function of the Z 0 mass
MZ0 . The solid blue curve is the current COHERENT limit, the orange dashed and green dot-dashed curves are

derived future projections for COHERENT for di↵erent luminosities, the red dotted curved is the future projection
for a reactor experiment, the purple large-dotted curve is from atomic parity violation, and the grey regions are from

the NA48/2, E774, E141, and E137 fixed target experiments.
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For a Z′ coupling as strongly as the SM W, 

MZ′ ≳ 4.5 TeV, |αZ| < 0.001 at 95% CL. 

Strongest constraint from DY

Bandyopadyay
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Case Study 2: Constrain DM with COHERENT

Fig. 3: The COHERENT bounds derived in this work in the context of other bounds on DM interacting with a

kinetically mixed dark photon. The left and right panels standards for asymmetric fermion and symmetric scalar

dark matters, respectively. The red solid curve show the COHERENT bound with gX at the cluster bounds on DM

self-interactions, and dashed red with gX at 0.3 times the cluster bound.

handle for discriminating the presence of DM. In addition, imposing a timing cut can reduce the

background since the DM signal comes from neutral pion decay but the background is from charged

pions/muons with very di↵erent lifetimes [39]. The timing cut can further improve the COHERENT

sensitivity.

We also note that the reactor based coherent neutrino scattering experiment MINER [40] will

soon take data as well. Although the reactor power at MINER will be orders of magnitude below

TEXONO’s, the significant reduction in energy threshold expected by MINER may open up new

parameter space for them, though only at sub-MeV DM masses.
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dark matters, respectively. The red solid curve show the COHERENT bound with gX at the cluster bounds on DM

self-interactions, and dashed red with gX at 0.3 times the cluster bound.

handle for discriminating the presence of DM. In addition, imposing a timing cut can reduce the

background since the DM signal comes from neutral pion decay but the background is from charged

pions/muons with very di↵erent lifetimes [39]. The timing cut can further improve the COHERENT

sensitivity.

We also note that the reactor based coherent neutrino scattering experiment MINER [40] will

soon take data as well. Although the reactor power at MINER will be orders of magnitude below

TEXONO’s, the significant reduction in energy threshold expected by MINER may open up new

parameter space for them, though only at sub-MeV DM masses.
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one (or larger) mass splittings, the metastable state promptly

de-excites inside the detector via 'h ! '`e
+e�. This process

yields a target (nucleus, nucleon, or electron) recoil ER and

two charged tracks, which is a instinctive, zero background

signature, so nuclear recoil cuts need not be limiting.

Reinterpret data  ⌫N ! ⌫N

A0

Krnjaic
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World-Wide CEvNS Efforts
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BSM physics accessible with  
oscillation experiments
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…modifying the oscillation pattern… 
(most results presented in  
the context of SBN/DUNE)
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8NuFact 2018 - LED at the SBN                                                                                                             G. V. Stenico
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Affects Neutrino Oscillation!

Oscillation Probability

NuFact 2018 - LED at the SBN                                                                                                             G. V. Stenico

Gabriela Vitti Stenico
Orlando Luis Goulart Peres

David Vanegas Forero

A short travel for neutrinos in 
Large Extra Dimensions

arXiv:1503.01520

08/13/2018

Short-Baseline Neutrino Program - Fermilab

Stenico

LED model of Phys. Rev. D 65, 105015
RED compactification radius

KK n-modes of 
the fermion field

LED can give natural explanation of the smallness of active 𝛎 masses
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Results:

90% C.L.

IHNH
NuFact 2018 - LED at the SBN                                                                                                             G. V. Stenico

G. V. Stenico, D. 
V. Forero and O. L. 

G. Peres

RED < 1.25 eV�1 (90% C.L.)

New result: 
sensitivity of SBN 

and DUNE

22

Conclusions

NuFact 2018 - LED at the SBN                                                                                                             G. V. Stenico

 LED can be very well explored in Neutrino Experiments;

SBN is sensitive to the oscillations predicted in the LED model  and have 
the potential to constrain the LED parameter space better than any other 
oscillation experiment, for        < 0.1 eV;

In case SBN observes a departure from the three active neutrino 
framework, it also has the power of discriminate between sterile 
oscillations predicted in the 3+1 framework and the LED ones.

mD
1
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 LED can be very well explored in Neutrino Experiments;

SBN is sensitive to the oscillations predicted in the LED model  and have 
the potential to constrain the LED parameter space better than any other 
oscillation experiment, for        < 0.1 eV;

In case SBN observes a departure from the three active neutrino 
framework, it also has the power of discriminate between sterile 
oscillations predicted in the 3+1 framework and the LED ones.
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Summary

• Neutrinos have mass. This requires new physics.

• We explored one new physics extension, in which (B ≠ L) is preserved in
nature, and new scalar fields are charged under (B ≠ L).

• The parameter space is already constrained by a number of sources, both
related to neutrino beams and not.

• Next-generation experiments (like DUNE) will be able to add to the
picture.

• These LeNCS may serve as a portal to a stable Dark Matter candidate.

37

Extending the SM with „

LLeNCS ∏
⁄ij

c

2 ‹c

i ‹c

j „ı + 1
�2

–—

(L–H) (L—H) „ + h.c. (4)

Post-Electroweak Symmetry Breaking, H æ
h+vÔ

2 :

LLeNCS æ
⁄ij

c

2 ‹c

i ‹c

j „ı + ⁄–—

2 ‹–‹—„ + ⁄–—

v
‹–‹—„h + h.c. + O(h2), (5)

where ⁄–— © v2/�2
–—

.

If �–— ƒ electroweak scale, then we can have ⁄–— ƒ 1 and realizable
interactions between „ and the active neutrinos ‹–.

6

How can a new scalar talk to the SM?

New fields: Lepton-Number-Charged Scalars (LeNCS) –
Scalars with nonzero Lepton number that can only couple to the SM in
ways that preserve (B ≠ L).

If we construct higher-dimension (d) operators with SM fields and ‹c,
they can have non-zero (B ≠ L) charge qB≠L.

(≠1)d = (≠1)qB≠L/2 , (1)

assuming SU(3) ◊ SU(2) ◊ U(1) and Lorentz invariance [1604.05726].

d is an integer =∆ qB≠L is even.
This means that if (B ≠ L) is conserved, odd-charged LeNCS must
appear in pairs.

4

DUNE Sensitivity
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Summary)
•  Fuzzy)DM)coupling)to)neutrinos)can)give)a)perturba4on)on)

the)neutrino)mass)matrix;)scalar)mass)must)be)large)enough)
to)avoid)observable)4me)varia4ons)

•  In)models)where)the)unperturbed)θ13)is)zero,)Fuzzy)DM)
perturba4ons)can)generate)nonzero)θ13)

•  In)leading)order)of)the)perturba4on,)our)model)has)same)
effec4ve)parameters)across)all)experiments)(except)for)longW
baseline))

•  High)precision)experiments)(such)as)JUNO))can)probe)
differences)at)second)order)in)the)perturba4on)

20)

Ultralight)scalar)(Fuzzy))dark)ma/er)

•  UltraWlight)(<<)eV))scalar)DM)has)large)de)Broglie)wavelength)

))))))and)therefore)behaves)as)a)wave)at)astrophysical)scales)
)
•  )Can)account)for)small)as)well)as)largeWscale)structure)

•  LymanWα)forest)data)disfavors)mφ)<)2)x)10W21)eV,)although)this)
constraint)perhaps)may)be)avoided)

•  DM)field)oscillates)as)coherent)state)with)single)macroscopic)
wavefunc4on)

Hu,)Barkana,)Gruzinov)
Hui,)Ostriker,)Tremaine,)Wi/en)

Iri,)Viel,)Haehnelt,)Bolton,)Becker)
Zhang,)Kuo,)Liu,)Tsai,)Cheung,)Chu)

Suarez,)Robles,)Matos)

Â =
∣

∣

∣2
√

2GFNeEν/δm
2
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∣
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Results for the ‘"e(µ,⌧)’ case
Showing s2

13 from LBL-only in vertical bands
Contours at 90% of C.L for 2 d.o.f. Band: 90% (1�) of C.L for 1 d.o.f, green(yellow).
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s̃2
13 ⇡ s2

13 + 2s13s23|"e(µ,⌧)| cos (� � �e(µ,⌧))

Cancellations when cos (� � �e(µ,⌧)) = 0, higher order " terms important!

16

Forero

CC-like NSI with  reactors

Summary

The reactor mixing angle has been measured within a ⇠ 4% precision
mainly thanks to Daya Bay.
Taking advantage of the Daya Bay data other beyond standard oscillation
scenarios can be probed. In particular, CC-like NSI have been tested.
Multidetector reactor neutrino experiments offer a clean probe of CC-like
NSI. The ✓13 determination is in general NOT robust under CC-like NSI
(due to the effect of the phases) while the value of the NSI constrains is
limited by our current knowledge of the ‘absolute normalization of reactor
neutrino fluxes’. New physis might be ‘entangled’ with syst. errors.
By using the LBL result for the reactor mixing angle as an input,
constrains on the ‘"e(µ,⌧)’ and ‘FU’ couplings substantially improved.

21
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MN

eV keV MeV GeV TeV

⇤EW

⌫ oscillation
searches

EW and flavor
observables

At some level, both limits

• Very high (MN > ⇤EW) neutrino ! Non-Unitarity

• Very light (MN < keV) neutrino ! sterile neutrinos

will impact neutrino oscillation searches.

Introduction: SM + Type I Seesaw

Non-Unitarity induced by heavy neutrinos and oscillations of light

light sterile neutrinos in the averaged out regime share the same

same phenomenology at leading order.

Light sterile neutrino limit can be probed at present and near-

future neutrino oscillation experiments (✓ ⇠ O(10�1)).

Important to consider the role of the Near Detector.

Non-Unitarity from heavy neutrinos beyond the reach of near-future

contrary to previous claims in the literature.
future neutrino oscillation experiments (✓ ⇠ O(10�2)),

Neutrino masses and mixings point to a New Physics scale

where L is broken.

Summary
<latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit>

Non-Unitarity induced by heavy neutrinos and oscillations of light

light sterile neutrinos in the averaged out regime share the same

same phenomenology at leading order.

Light sterile neutrino limit can be probed at present and near-

future neutrino oscillation experiments (✓ ⇠ O(10�1)).

Important to consider the role of the Near Detector.

Non-Unitarity from heavy neutrinos beyond the reach of near-future

contrary to previous claims in the literature.
future neutrino oscillation experiments (✓ ⇠ O(10�2)),

Neutrino masses and mixings point to a New Physics scale

where L is broken.

Summary
<latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit>

Hernandez-Garcia
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Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Constraints obtained for the public 1 year-data
<latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit><latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit><latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit><latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit>

90%
<latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit>

99%
<latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit><latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit><latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit><latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit>

Between 0.75 and 3� depending on the binning and flux adopted.
<latexit sha1_base64="oBVxvBDJdxEeBeLnUTM4Ba6m/Zo="></latexit><latexit sha1_base64="oBVxvBDJdxEeBeLnUTM4Ba6m/Zo="></latexit><latexit sha1_base64="oBVxvBDJdxEeBeLnUTM4Ba6m/Zo="></latexit><latexit sha1_base64="oBVxvBDJdxEeBeLnUTM4Ba6m/Zo="></latexit>

Mild preference (2.3� 1 dof) for non-zero mixing
<latexit sha1_base64="5ETYYiE7jlWl+xNIw5gpalS/rFQ="></latexit><latexit sha1_base64="5ETYYiE7jlWl+xNIw5gpalS/rFQ="></latexit><latexit sha1_base64="5ETYYiE7jlWl+xNIw5gpalS/rFQ="></latexit><latexit sha1_base64="5ETYYiE7jlWl+xNIw5gpalS/rFQ="></latexit>

Summary
<latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit><latexit sha1_base64="2k6URNkZF8jMiXM2SgQZKwMNWh8="></latexit>

At 99% CL the obtained bounds improve over the SK and DC
<latexit sha1_base64="qXqvxeulXQLZ8vQvnHK5DzI8/L8="></latexit><latexit sha1_base64="qXqvxeulXQLZ8vQvnHK5DzI8/L8="></latexit><latexit sha1_base64="qXqvxeulXQLZ8vQvnHK5DzI8/L8="></latexit><latexit sha1_base64="qXqvxeulXQLZ8vQvnHK5DzI8/L8="></latexit>

present constrains in some part of the parameter space.
<latexit sha1_base64="eLrSu1ECpFvMDBhm6G/x0I4UYtc="></latexit><latexit sha1_base64="eLrSu1ECpFvMDBhm6G/x0I4UYtc="></latexit><latexit sha1_base64="eLrSu1ECpFvMDBhm6G/x0I4UYtc="></latexit><latexit sha1_base64="eLrSu1ECpFvMDBhm6G/x0I4UYtc="></latexit>

The capabilities of IceCube to search for sterile ⌫ above 10 eV
<latexit sha1_base64="habhnM1eDs9Jh+PjmUxuYTTClvw="></latexit><latexit sha1_base64="habhnM1eDs9Jh+PjmUxuYTTClvw="></latexit><latexit sha1_base64="habhnM1eDs9Jh+PjmUxuYTTClvw="></latexit><latexit sha1_base64="habhnM1eDs9Jh+PjmUxuYTTClvw="></latexit>

by analyzing its atmospheric ⌫ sample has been studied.
<latexit sha1_base64="iIARorLUVY/p5iNy9LnD96v2Nlg="></latexit><latexit sha1_base64="iIARorLUVY/p5iNy9LnD96v2Nlg="></latexit><latexit sha1_base64="iIARorLUVY/p5iNy9LnD96v2Nlg="></latexit><latexit sha1_base64="iIARorLUVY/p5iNy9LnD96v2Nlg="></latexit>

The preferred mixings are in tension with NOMAD data, and
<latexit sha1_base64="sQ9kRo/xlGN8uRxSV8E5i6RhhLo="></latexit><latexit sha1_base64="sQ9kRo/xlGN8uRxSV8E5i6RhhLo="></latexit><latexit sha1_base64="sQ9kRo/xlGN8uRxSV8E5i6RhhLo="></latexit><latexit sha1_base64="sQ9kRo/xlGN8uRxSV8E5i6RhhLo="></latexit>

non-standard matter interactions needed to reconcile results.
<latexit sha1_base64="HcYdNcxIJgW48KhBXK7g/K942SU="></latexit><latexit sha1_base64="HcYdNcxIJgW48KhBXK7g/K942SU="></latexit><latexit sha1_base64="HcYdNcxIJgW48KhBXK7g/K942SU="></latexit><latexit sha1_base64="HcYdNcxIJgW48KhBXK7g/K942SU="></latexit>

8 years of IceCube data would be su�cient to confirm or
<latexit sha1_base64="kOx0yPjjXppGqLaVjAZ8lmvSPlk="></latexit><latexit sha1_base64="kOx0yPjjXppGqLaVjAZ8lmvSPlk="></latexit><latexit sha1_base64="kOx0yPjjXppGqLaVjAZ8lmvSPlk="></latexit><latexit sha1_base64="kOx0yPjjXppGqLaVjAZ8lmvSPlk="></latexit>

exclude the present preference.
<latexit sha1_base64="XtGLiyMkspdIpsOSxUpnSTeSiTI="></latexit><latexit sha1_base64="XtGLiyMkspdIpsOSxUpnSTeSiTI="></latexit><latexit sha1_base64="XtGLiyMkspdIpsOSxUpnSTeSiTI="></latexit><latexit sha1_base64="XtGLiyMkspdIpsOSxUpnSTeSiTI="></latexit>

The results overlap with the favored region for the sterile ⌫
<latexit sha1_base64="MHRYCdOKWAX+b4rZrSu1sP2YpqM="></latexit><latexit sha1_base64="MHRYCdOKWAX+b4rZrSu1sP2YpqM="></latexit><latexit sha1_base64="MHRYCdOKWAX+b4rZrSu1sP2YpqM="></latexit><latexit sha1_base64="MHRYCdOKWAX+b4rZrSu1sP2YpqM="></latexit>

interpretation of the upward shower observed by ANITA.
<latexit sha1_base64="KuZs5j1iIiftrJdKWPSi/kARzQ4="></latexit><latexit sha1_base64="KuZs5j1iIiftrJdKWPSi/kARzQ4="></latexit><latexit sha1_base64="KuZs5j1iIiftrJdKWPSi/kARzQ4="></latexit><latexit sha1_base64="KuZs5j1iIiftrJdKWPSi/kARzQ4="></latexit>

The 1-year data shows a mild preference for non-zero mixing,
<latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit><latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit><latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit><latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit>

between 0.75 and 3� depending on the binning and flux adopted.
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Current bounds
● Most stringent bounds come from the neutral kaon 

system

● But: 1. Kaons are not elementary 2. The kaon mass 
as scale is arbitrary 3. Kaons are bosons and 
entering the Lagrangian are the masses squared 

● Translating the bound gives then

● Neutrinos might give better bounds

  

● We obtain the current bounds at 3σ C.L.

● The bound on both mass splittings is better 
than the one of the kaons

● We want to see, if DUNE can improve some of 
these bounds

Current bounds

Phys.Lett. B780 (2018) 631-637, G. Barenboim, CAT, M. Tórtola

  

● We obtain the current bounds at 3σ C.L.

● The bound on both mass splittings is better 
than the one of the kaons

● We want to see, if DUNE can improve some of 
these bounds

Current bounds

Phys.Lett. B780 (2018) 631-637, G. Barenboim, CAT, M. Tórtola

  

DUNE and CPT-violating neutrinos

Christoph Andreas Ternes
IFIC, Universitat de València/CSIC

NuFACT 2018

Blacksburg, August 17th 2018
Ternes
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● DUNE could improve the bounds on                
by one order of magnitude

● If CPT is violated in nature we are committing 
errors in our analysis by combining neutrino 
with antineutrino results

● If the results measured by T2K turn out to be 
true, DUNE would measure CPT violation at 
more than 4σ

● NSI could not explain the apparent CPT 
violation measured by T2K

Conclusions
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…or showing up as unexpected  
new types of signals…
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Doojin Kim, CERN NUFACT 2018, VirginiaTech-21-

Conclusions and Outlook

� The boosted (light) DM search is promising and provides a new direction to study DM 

phenomenology. 

� Theoretical/phenomenological studies have been actively conducted and in progress.

� These ideas can be tested in various ongoing/projected experiments.

9 Experimental studies have already begun, e.g. SK, COSINE-100, ProtoDUNE, ICARUS 

– Gran Sasso, … 

𝑣𝐷𝑀
Scattering

Non-relativistic
(𝑣𝐷𝑀 ≪ 𝑐)

Relativistic
(𝑣𝐷𝑀~𝑐)

elastic Direct detection Boosted DM (eBDM)

inelastic inelastic DM (iDM) inelastic BDM (𝒊BDM)

thank you !

Doojin Kim, CERN NUFACT 2018, VirginiaTech-7-

Generic BDM Signal Processes

𝜒1

𝜒1

𝜒0

𝜒0

Galactic Center

𝜒1

𝑒/𝑁 𝑒/𝑁

𝜙

(in)visible

𝜒2 𝜒1
𝛾1

Detector

(𝑏) Inelastic scattering (iBDM) (cf. iBDM at DUNE [DK, Park, Shin (2016)] )

• 𝜒0: heavier DM
• 𝜒1: lighter DM
• 𝛾1: boost factor of 𝜒1
• 𝜒2: massive unstable dark-sector state
• 𝜙: mediator/portal particle

Many signal features, 

helping veto BGs

𝜒1

𝑒/𝑁 𝑒/𝑁

𝜙

𝜒1
𝛾1

Detector

(𝑎) Elastic scattering (eBDM) (cf. eBDM at DUNE [Necib, Moon, Wongjirad, 
Conrad (2016); Alhazmi, Kong, Mohlabeng, Park (2016)] )

Signal featureless, not free from BGs �

“Earth Shielding” [DK, Kong, Park, Shin 

(2018)]

9 Similar signatures at intensity-frontier exp. [LoSecco et al. (1980); Bjorken, Essig, Schuster, Toro (2009); Batell, Pospelov, 
Ritz (2009); deNiverville, Pospelov, Ritz (2011); Izaguirre, Krnjaic, Schuster, Toro (2014); Izaguirre, Kahn, Krnjaic, Moschella (2017); 
Berlin, Gori, Schuster, Toro (2018); Bonivento, DK, Park, Shin in progress, and many more]

Kim
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Doojin Kim, CERN NUFACT 2018, VirginiaTech-19-

iBDM and eBDM Prospects at DUNE

� Comparison between ProtoDUNE 1-year vs. DUNE 10 kt + 10 kt, DUNE 20 kt + 20 kt 1-year with all-sky data for 

iBDM (left panel) and eBDM (right panel) signatures

� The limit for iBDM (eBDM) becomes lower by ~2 (~1) orders of magnitude at DUNE due to background-free 

analysis (large neutrino-induced background). m Improvement by 𝑉Detector for iBDM vs. 𝑉Detector for eBDM.

NB: physics possible with protoDUNE!

Doojin Kim, CERN NUFACT 2018, VirginiaTech-10-

Expected Signatures with Electron Recoil

𝑒−

𝑒−
𝑒−

𝑒+

𝑒−

𝑒+

� Ordinary elastic scattering: electron recoil 

(ER) only, i.e., single track

� “Prompt” inelastic scattering: ER + 𝑒+𝑒− pair 

(from the decay of on-shell X), i.e., three 

tracks

� “Displaced” inelastic scattering: ER + 𝑒+𝑒−

pair (typically from a three-body decay of 

𝜒2), i.e., again three tracks 

� Note that tracks will pop up inside the 

fiducial volume.

� Straightforwardly applicable to proton recoil 

(up to form factor, DIS etc.)
𝑒−



Wg5 Summary, NuFact2018, VirginaTech !27

M. Hostert

Other rare processes?
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Similar rates to tridents at DUNE?

Neutrino trident production measurement is an attainable goal 
of future LAr DUNE ND. 

Trident events might hide in our current experiments. Can our detectors see them?

Incredibly sensitive to new physics. Leading constraint for                    .U(1)Lµ�L⌧
<latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit>

To think: what can other rare processes 
teach us?

M. Hostert

LAr rates

18

Channel SBND µBooNE ICARUS DUNE ND ⌫STORM ND

Total e±µ⌥ 10 0.7 1 2993 (2307) 191
2 0.1 0.2 692 (530) 41

Total e+e� 6 0.4 0.7 1007 (800) 114
0.7 0.0 0.1 143 (111) 14

Total µ+µ� 0.4 0.0 0.0 286 (210) 11
0.4 0.0 0.0 196 (147) 9

<latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="Txf8OBpSqHVZtUMmaBxydmc4kKU=">AAACDnicbZC/TsMwEMadAqWEAu3MYlEhMVUJC4xILIxFon+kNqoc59JadZzIviBFUV+AlZmnYUO8AG+Dm3agLSdZ+un77LvzF2ZSGPS8H6d2cHhUP26cuKdN9+z8otUcmDTXHPo8lakehcyAFAr6KFDCKNPAklDCMFw8rvzhK2gjUvWCRQZBwmZKxIIztFJv2up4Xa8qug/+BjpkU9O2U59EKc8TUMglM2bsexkGJdMouISlO8kNZIwv2AzGFhVLwARlteeSXlslonGq7VFIK/Xvi5IlxhRJaG8mDOdm11uJ/3njHOP7oBQqyxEUXw+Kc0kxpatP00ho4CgLC4xrYXelfM4042ij2ZqSzQsjuLEtaG+NNNSMMhXRBSBVKVbBuTY4fzemfRjcdn2v6z97pEEuyRW5IT65Iw/kifRIn3ASkTfy7nw4n87XOuCas0m6TbbK+f4F9AydnA==</latexit><latexit sha1_base64="kWZtsPV1Ws9f8KmZ61jvJDjMGcY="></latexit><latexit sha1_base64="kWZtsPV1Ws9f8KmZ61jvJDjMGcY="></latexit><latexit sha1_base64="pcUfQFwElOq+wB2cYAhPoHsrDFg="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit><latexit sha1_base64="ZcBPp7ge5QU1FMZmiwwZsa905ng="></latexit>

Coherent (upper) and diffractive (lower) trident events for (anti)neutrino mode.

     initiated channels?⌫e
<latexit sha1_base64="kcW3l23SGG38uiRxWmk2HZdF89c=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLIk2lpjIRwIXsrfMwYa9vcvungm58CNsLDTG1t9j579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzUrQ5kOsTqsFxxa+4SZJN4OalAjtaw/DUYxSyNUBomqNZ9z02Mn1FlOBM4Lw1SjQllUzrGvqWSRqj9bHnunFxZZUTCWNmShizV3xMZjbSeRYHtjKiZ6HVvIf7n9VMT3vgZl0lqULLVojAVxMRk8TsZcYXMiJkllClubyVsQhVlxiZUsiF46y9vkk695rk176Fead7mcRThAi7hGjxoQBPuoQVtYDCFZ3iFNydxXpx352PVWnDymXP4A+fzB431jwk=</latexit><latexit sha1_base64="kcW3l23SGG38uiRxWmk2HZdF89c=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLIk2lpjIRwIXsrfMwYa9vcvungm58CNsLDTG1t9j579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzUrQ5kOsTqsFxxa+4SZJN4OalAjtaw/DUYxSyNUBomqNZ9z02Mn1FlOBM4Lw1SjQllUzrGvqWSRqj9bHnunFxZZUTCWNmShizV3xMZjbSeRYHtjKiZ6HVvIf7n9VMT3vgZl0lqULLVojAVxMRk8TsZcYXMiJkllClubyVsQhVlxiZUsiF46y9vkk695rk176Fead7mcRThAi7hGjxoQBPuoQVtYDCFZ3iFNydxXpx352PVWnDymXP4A+fzB431jwk=</latexit><latexit sha1_base64="kcW3l23SGG38uiRxWmk2HZdF89c=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLIk2lpjIRwIXsrfMwYa9vcvungm58CNsLDTG1t9j579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzUrQ5kOsTqsFxxa+4SZJN4OalAjtaw/DUYxSyNUBomqNZ9z02Mn1FlOBM4Lw1SjQllUzrGvqWSRqj9bHnunFxZZUTCWNmShizV3xMZjbSeRYHtjKiZ6HVvIf7n9VMT3vgZl0lqULLVojAVxMRk8TsZcYXMiJkllClubyVsQhVlxiZUsiF46y9vkk695rk176Fead7mcRThAi7hGjxoQBPuoQVtYDCFZ3iFNydxXpx352PVWnDymXP4A+fzB431jwk=</latexit><latexit sha1_base64="kcW3l23SGG38uiRxWmk2HZdF89c=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLIk2lpjIRwIXsrfMwYa9vcvungm58CNsLDTG1t9j579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzUrQ5kOsTqsFxxa+4SZJN4OalAjtaw/DUYxSyNUBomqNZ9z02Mn1FlOBM4Lw1SjQllUzrGvqWSRqj9bHnunFxZZUTCWNmShizV3xMZjbSeRYHtjKiZ6HVvIf7n9VMT3vgZl0lqULLVojAVxMRk8TsZcYXMiJkllClubyVsQhVlxiZUsiF46y9vkk695rk176Fead7mcRThAi7hGjxoQBPuoQVtYDCFZ3iFNydxXpx352PVWnDymXP4A+fzB431jwk=</latexit>

See K. Long’s talk earlier this week.
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Neutrino trident production
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⌫↵ (or �)
<latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit>⌫↵ (or �)

<latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit>

`��
<latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit>

`+�
<latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit>

`��
<latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit>

`+�
<latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit>

p+
<latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit><latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit><latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit><latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit>

Pair production in the coulomb field of the  
nucleus, nucleons or quarks.

4

Measured!
Neutrino Antineutrino SM Contributions

⌫µ ! ⌫µµ+µ� ⌫̄µ ! ⌫̄µµ+µ� CC, NC
⌫µ ! ⌫ee+µ� ⌫̄µ ! ⌫̄ee�µ+ CC
⌫µ ! ⌫µe+e� ⌫̄µ ! ⌫̄µe+e� NC
⌫e ! ⌫ee+e� ⌫̄e ! ⌫̄ee+e� CC, NC
⌫e ! ⌫µµ+e� ⌫̄e ! ⌫̄µe+µ� CC
⌫e ! ⌫eµ+µ� ⌫̄e ! ⌫̄eµ+µ� NC

<latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit><latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit><latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit><latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit>

CC/NC interference leads to a cancellation of 40%.

M. Hostert

Neutrino trident production

�

⌫↵

A

�

⌫↵

⌫↵ (or �)
<latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit>⌫↵ (or �)

<latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit><latexit sha1_base64="2lgAIMZwKvIs5LOK9Dxr0OSCZRE=">AAACD3icbVA9SwNBEN2LXzF+nVraLCZKhBDu0mgZtLGMYD4gF8LcZpMs2ds7dveEcOQf2PhXbCwUsbW189+4l1yhiQ8GHu/NMDPPjzhT2nG+rdza+sbmVn67sLO7t39gHx61VBhLQpsk5KHs+KAoZ4I2NdOcdiJJIfA5bfuTm9RvP1CpWCju9TSivQBGgg0ZAW2kvn1e8kTcTzzg0RiwVyl7AeixDJJQzrwK9nyq4WJW6ttFp+rMgVeJm5EiytDo21/eICRxQIUmHJTquk6kewlIzQins4IXKxoBmcCIdg0VEFDVS+b/zPCZUQZ4GEpTQuO5+nsigUCpaeCbzvRateyl4n9eN9bDq17CRBRrKshi0TDmWIc4DQcPmKRE86khQCQzt2IyBglEmwgLJgR3+eVV0qpVXafq3tWK9essjjw6QaeojFx0ieroFjVQExH0iJ7RK3qznqwX6936WLTmrGzmGP2B9fkDnbSbvA==</latexit>

`��
<latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit>

`+�
<latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit>

`��
<latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit><latexit sha1_base64="E8TRlgjOlxwhXfNNknfhTeGt7Ug=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LLaCF0vSix6LXjxWsB/QxLDZTtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZpNCmCU9kLyQKOBPQ1kxz6KUSSBxy6Ibju7nfnYBULBGPepqCH5OhYBGjRBspsO2aB5wHuReCJrOnq1pgV526swBeJ25BqqhAK7C/vEFCsxiEppwo1XedVPs5kZpRDrOKlylICR2TIfQNFSQG5eeLy2f4wigDHCXSlNB4of6eyEms1DQOTWdM9EitenPxP6+f6ejGz5lIMw2CLhdFGcc6wfMY8IBJoJpPDSFUMnMrpiMiCdUmrIoJwV19eZ10GnXXqbsPjWrztoijjM7QObpELrpGTXSPWqiNKJqgZ/SK3qzcerHerY9la8kqZk7RH1ifP63ikwQ=</latexit>

`+�
<latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit><latexit sha1_base64="f72xqNs3cPGvaoG+pM0YFoZ3iRU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBltBEErSjS6LblxWsA9oYphMbtqhkwczE6XEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89fsqZVJb1bZTW1jc2t8rblZ3dvf0Ds3rYlUkmKHRowhPR94kEzmLoKKY49FMBJPI59Pzx9czvPYCQLInv1CQFNyLDmIWMEqUlz6zWHeDcy50AuCLT+/O6Z9ashjUHXiV2QWqoQNszv5wgoVkEsaKcSDmwrVS5ORGKUQ7TipNJSAkdkyEMNI1JBNLN56dP8alWAhwmQles8Fz9PZGTSMpJ5OvOiKiRXPZm4n/eIFPhpZuzOM0UxHSxKMw4Vgme5YADJoAqPtGEUMH0rZiOiCBU6bQqOgR7+eVV0m02bKth3zZrrasijjI6RifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHfRKTeg==</latexit>

p+
<latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit><latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit><latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit><latexit sha1_base64="R+B8BQ7m4QuQrhYrU94AwRhsydU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5o+XlR75Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad1evNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AKy+jes=</latexit>

Pair production in the coulomb field of the  
nucleus, nucleons or quarks.

4

Measured!
Neutrino Antineutrino SM Contributions

⌫µ ! ⌫µµ+µ� ⌫̄µ ! ⌫̄µµ+µ� CC, NC
⌫µ ! ⌫ee+µ� ⌫̄µ ! ⌫̄ee�µ+ CC
⌫µ ! ⌫µe+e� ⌫̄µ ! ⌫̄µe+e� NC
⌫e ! ⌫ee+e� ⌫̄e ! ⌫̄ee+e� CC, NC
⌫e ! ⌫µµ+e� ⌫̄e ! ⌫̄µe+µ� CC
⌫e ! ⌫eµ+µ� ⌫̄e ! ⌫̄eµ+µ� NC

<latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit><latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit><latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit><latexit sha1_base64="gFG25PGwIQy/mMHG3TvqxlChgLM="></latexit>

CC/NC interference leads to a cancellation of 40%.

M. Hostert

Past

�CHARM�II

�SM

= 1.58± 0.57
<latexit sha1_base64="T/DMyUIPIXNKl2tK+NgZ5ghgmJY="></latexit><latexit sha1_base64="T/DMyUIPIXNKl2tK+NgZ5ghgmJY="></latexit><latexit sha1_base64="T/DMyUIPIXNKl2tK+NgZ5ghgmJY="></latexit><latexit sha1_base64="T/DMyUIPIXNKl2tK+NgZ5ghgmJY="></latexit>

hE⌫i = 25 GeV
<latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit><latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit><latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit><latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit>

Nsig = 55± 16
<latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit><latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit><latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit><latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit>

CHARM II 

6

[Czys et al, 1964] — Full calculation of process in V - A theory. 

[Brown et al, 1972] — Full calculation in V - A and SM. 

[CHARM II coll., 1990] — First measurement of           trident. µ+µ�
<latexit sha1_base64="zDqUJysHyXEkGgpE221hmhJr9mg=">AAAB9HicbVDLTgIxFL2DL8QX6tJNI5iYGMkMG10S3bjERB4JjKRTOtDQdsa2Q0II3+HGhca49WPc+Td2YBYKnuTenJxzb3p7gpgzbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Db1W2OqNIvkg5nE1Bd4IFnICDZW8stdkTxeoLRflnvFkltx50CrxMtICTLUe8Wvbj8iiaDSEI617nhubPwpVoYRTmeFbqJpjMkID2jHUokF1f50fvQMnVmlj8JI2ZIGzdXfG1MstJ6IwE4KbIZ62UvF/7xOYsJrf8pknBgqyeKhMOHIRChNAPWZosTwiSWYKGZvRWSIFSbG5lSwIXjLX14lzWrFcyvefbVUu8niyMMJnMI5eHAFNbiDOjSAwBM8wyu8OWPnxXl3PhajOSfbOYY/cD5/AAftkPI=</latexit><latexit sha1_base64="zDqUJysHyXEkGgpE221hmhJr9mg=">AAAB9HicbVDLTgIxFL2DL8QX6tJNI5iYGMkMG10S3bjERB4JjKRTOtDQdsa2Q0II3+HGhca49WPc+Td2YBYKnuTenJxzb3p7gpgzbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Db1W2OqNIvkg5nE1Bd4IFnICDZW8stdkTxeoLRflnvFkltx50CrxMtICTLUe8Wvbj8iiaDSEI617nhubPwpVoYRTmeFbqJpjMkID2jHUokF1f50fvQMnVmlj8JI2ZIGzdXfG1MstJ6IwE4KbIZ62UvF/7xOYsJrf8pknBgqyeKhMOHIRChNAPWZosTwiSWYKGZvRWSIFSbG5lSwIXjLX14lzWrFcyvefbVUu8niyMMJnMI5eHAFNbiDOjSAwBM8wyu8OWPnxXl3PhajOSfbOYY/cD5/AAftkPI=</latexit><latexit sha1_base64="zDqUJysHyXEkGgpE221hmhJr9mg=">AAAB9HicbVDLTgIxFL2DL8QX6tJNI5iYGMkMG10S3bjERB4JjKRTOtDQdsa2Q0II3+HGhca49WPc+Td2YBYKnuTenJxzb3p7gpgzbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Db1W2OqNIvkg5nE1Bd4IFnICDZW8stdkTxeoLRflnvFkltx50CrxMtICTLUe8Wvbj8iiaDSEI617nhubPwpVoYRTmeFbqJpjMkID2jHUokF1f50fvQMnVmlj8JI2ZIGzdXfG1MstJ6IwE4KbIZ62UvF/7xOYsJrf8pknBgqyeKhMOHIRChNAPWZosTwiSWYKGZvRWSIFSbG5lSwIXjLX14lzWrFcyvefbVUu8niyMMJnMI5eHAFNbiDOjSAwBM8wyu8OWPnxXl3PhajOSfbOYY/cD5/AAftkPI=</latexit><latexit sha1_base64="zDqUJysHyXEkGgpE221hmhJr9mg=">AAAB9HicbVDLTgIxFL2DL8QX6tJNI5iYGMkMG10S3bjERB4JjKRTOtDQdsa2Q0II3+HGhca49WPc+Td2YBYKnuTenJxzb3p7gpgzbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Db1W2OqNIvkg5nE1Bd4IFnICDZW8stdkTxeoLRflnvFkltx50CrxMtICTLUe8Wvbj8iiaDSEI617nhubPwpVoYRTmeFbqJpjMkID2jHUokF1f50fvQMnVmlj8JI2ZIGzdXfG1MstJ6IwE4KbIZ62UvF/7xOYsJrf8pknBgqyeKhMOHIRChNAPWZosTwiSWYKGZvRWSIFSbG5lSwIXjLX14lzWrFcyvefbVUu8niyMMJnMI5eHAFNbiDOjSAwBM8wyu8OWPnxXl3PhajOSfbOYY/cD5/AAftkPI=</latexit>

Hostert

background tough…
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10�3 10�2 10�1 100 101 102

MZ 0 [GeV]

10�4

10�3

10�2

10�1

g0

CCFR

LHC Z ! 4µ

BaBar 4µ

⌫µ ! ⌫µµ+µ� D.B. Z 0 ! µ+µ� (g � 2)µ ± 2�

Sensitivity of DUNE ND

Experimental sensitivity

DUNE near detector (25 t) at 90 % C.L.  

Assume 10% normalisation systematics and no backgrounds.

U(1)Lµ�L⌧
<latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit>

Enhancement is largest at 
lower energies. 

Log sensitive to the Z’ mass 
below 10 MeV. 
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Trident enhanced by light mediator mass, no QED contribution to compete 
with!

`��

`+�
�

⌫↵⌫↵

A

Z 0

A single channel is affected: ⌫µ ! ⌫µµ+µ�
<latexit sha1_base64="fEcEVPIpTZjWOekVEqlQI9sirxo=">AAACCnicbVBLSwMxGMzWV62vVY9eoq0giGW3Fz0WvXisYB/QXUs2TdvQJLvkIZTSsxf/ihcPinj1F3jz35huF9HWgYRh5vtIZqKEUaU978vJLS2vrK7l1wsbm1vbO+7uXkPFRmJSxzGLZStCijAqSF1TzUgrkQTxiJFmNLya+s17IhWNxa0eJSTkqC9oj2KkrdRxD0uBMJ2AGxjoGP5wbu5O0/us1HGLXtlLAReJn5EiyFDruJ9BN8aGE6ExQ0q1fS/R4RhJTTEjk0JgFEkQHqI+aVsqECcqHKdRJvDYKl3Yi6U9QsNU/b0xRlypEY/sJEd6oOa9qfif1za6dxGOqUiMJgLPHuoZBm3qaS+wSyXBmo0sQVhS+1eIB0girG17BVuCPx95kTQqZd8r+zeVYvUyqyMPDsAROAE+OAdVcA1qoA4weABP4AW8Oo/Os/PmvM9Gc062sw/+wPn4BipQmUI=</latexit><latexit sha1_base64="fEcEVPIpTZjWOekVEqlQI9sirxo=">AAACCnicbVBLSwMxGMzWV62vVY9eoq0giGW3Fz0WvXisYB/QXUs2TdvQJLvkIZTSsxf/ihcPinj1F3jz35huF9HWgYRh5vtIZqKEUaU978vJLS2vrK7l1wsbm1vbO+7uXkPFRmJSxzGLZStCijAqSF1TzUgrkQTxiJFmNLya+s17IhWNxa0eJSTkqC9oj2KkrdRxD0uBMJ2AGxjoGP5wbu5O0/us1HGLXtlLAReJn5EiyFDruJ9BN8aGE6ExQ0q1fS/R4RhJTTEjk0JgFEkQHqI+aVsqECcqHKdRJvDYKl3Yi6U9QsNU/b0xRlypEY/sJEd6oOa9qfif1za6dxGOqUiMJgLPHuoZBm3qaS+wSyXBmo0sQVhS+1eIB0girG17BVuCPx95kTQqZd8r+zeVYvUyqyMPDsAROAE+OAdVcA1qoA4weABP4AW8Oo/Os/PmvM9Gc062sw/+wPn4BipQmUI=</latexit><latexit sha1_base64="fEcEVPIpTZjWOekVEqlQI9sirxo=">AAACCnicbVBLSwMxGMzWV62vVY9eoq0giGW3Fz0WvXisYB/QXUs2TdvQJLvkIZTSsxf/ihcPinj1F3jz35huF9HWgYRh5vtIZqKEUaU978vJLS2vrK7l1wsbm1vbO+7uXkPFRmJSxzGLZStCijAqSF1TzUgrkQTxiJFmNLya+s17IhWNxa0eJSTkqC9oj2KkrdRxD0uBMJ2AGxjoGP5wbu5O0/us1HGLXtlLAReJn5EiyFDruJ9BN8aGE6ExQ0q1fS/R4RhJTTEjk0JgFEkQHqI+aVsqECcqHKdRJvDYKl3Yi6U9QsNU/b0xRlypEY/sJEd6oOa9qfif1za6dxGOqUiMJgLPHuoZBm3qaS+wSyXBmo0sQVhS+1eIB0girG17BVuCPx95kTQqZd8r+zeVYvUyqyMPDsAROAE+OAdVcA1qoA4weABP4AW8Oo/Os/PmvM9Gc062sw/+wPn4BipQmUI=</latexit><latexit sha1_base64="fEcEVPIpTZjWOekVEqlQI9sirxo=">AAACCnicbVBLSwMxGMzWV62vVY9eoq0giGW3Fz0WvXisYB/QXUs2TdvQJLvkIZTSsxf/ihcPinj1F3jz35huF9HWgYRh5vtIZqKEUaU978vJLS2vrK7l1wsbm1vbO+7uXkPFRmJSxzGLZStCijAqSF1TzUgrkQTxiJFmNLya+s17IhWNxa0eJSTkqC9oj2KkrdRxD0uBMJ2AGxjoGP5wbu5O0/us1HGLXtlLAReJn5EiyFDruJ9BN8aGE6ExQ0q1fS/R4RhJTTEjk0JgFEkQHqI+aVsqECcqHKdRJvDYKl3Yi6U9QsNU/b0xRlypEY/sJEd6oOa9qfif1za6dxGOqUiMJgLPHuoZBm3qaS+wSyXBmo0sQVhS+1eIB0girG17BVuCPx95kTQqZd8r+zeVYvUyqyMPDsAROAE+OAdVcA1qoA4weABP4AW8Oo/Os/PmvM9Gc062sw/+wPn4BipQmUI=</latexit>

gaugeLµ � L⌧
<latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit>
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Possible explanation of the muon (g-2) anomaly.

gauge

[Altmannshofer et al, 1406.2332]

Consider first a new gauge boson gauged under the anomaly free group

Recent interest due to hints of flavour non-universality  
in                    decays.b ! s `+ `�

<latexit sha1_base64="XmkOHD8qXl/oV7rqVrpYJ+T23GM=">AAACC3icbVDLSgMxFM3UV62vUZduQltBUMtMN7osunFZwT6gM5ZMeqcNZh4kGaEM3bvxV9y4UMStP+DOvzHTDqKtF5J7OOdeknO8mDOpLOvLKCwtr6yuFddLG5tb2zvm7l5bRomg0KIRj0TXIxI4C6GlmOLQjQWQwOPQ8e4uM71zD0KyKLxR4xjcgAxD5jNKlKb6ZrnqOSfYURHWTWaXA5zfHv+g02rfrFg1a1p4Edg5qKC8mn 3z0xlENAkgVJQTKXu2FSs3JUIxymFSchIJMaF3ZAg9DUMSgHTTqZcJPtTMAPuR0CdUeMr+3khJIOU48PRkQNRIzmsZ+Z/WS5R/7qYsjBMFIZ095Ccca+tZMHjABFDFxxoQKpj+K6YjIghVOr6SDsGet7wI2vWabdXs63qlcZHHUUQHqIyOkI3OUANdoSZqIYoe0BN6Qa/Go/FsvBnvs9GCke/soz9lfHwDps6Xnw==</latexit><latexit sha1_base64="XmkOHD8qXl/oV7rqVrpYJ+T23GM=">AAACC3icbVDLSgMxFM3UV62vUZduQltBUMtMN7osunFZwT6gM5ZMeqcNZh4kGaEM3bvxV9y4UMStP+DOvzHTDqKtF5J7OOdeknO8mDOpLOvLKCwtr6yuFddLG5tb2zvm7l5bRomg0KIRj0TXIxI4C6GlmOLQjQWQwOPQ8e4uM71zD0KyKLxR4xjcgAxD5jNKlKb6ZrnqOSfYURHWTWaXA5zfHv+g02rfrFg1a1p4Edg5qKC8mn 3z0xlENAkgVJQTKXu2FSs3JUIxymFSchIJMaF3ZAg9DUMSgHTTqZcJPtTMAPuR0CdUeMr+3khJIOU48PRkQNRIzmsZ+Z/WS5R/7qYsjBMFIZ095Ccca+tZMHjABFDFxxoQKpj+K6YjIghVOr6SDsGet7wI2vWabdXs63qlcZHHUUQHqIyOkI3OUANdoSZqIYoe0BN6Qa/Go/FsvBnvs9GCke/soz9lfHwDps6Xnw==</latexit><latexit sha1_base64="XmkOHD8qXl/oV7rqVrpYJ+T23GM=">AAACC3icbVDLSgMxFM3UV62vUZduQltBUMtMN7osunFZwT6gM5ZMeqcNZh4kGaEM3bvxV9y4UMStP+DOvzHTDqKtF5J7OOdeknO8mDOpLOvLKCwtr6yuFddLG5tb2zvm7l5bRomg0KIRj0TXIxI4C6GlmOLQjQWQwOPQ8e4uM71zD0KyKLxR4xjcgAxD5jNKlKb6ZrnqOSfYURHWTWaXA5zfHv+g02rfrFg1a1p4Edg5qKC8mn 3z0xlENAkgVJQTKXu2FSs3JUIxymFSchIJMaF3ZAg9DUMSgHTTqZcJPtTMAPuR0CdUeMr+3khJIOU48PRkQNRIzmsZ+Z/WS5R/7qYsjBMFIZ095Ccca+tZMHjABFDFxxoQKpj+K6YjIghVOr6SDsGet7wI2vWabdXs63qlcZHHUUQHqIyOkI3OUANdoSZqIYoe0BN6Qa/Go/FsvBnvs9GCke/soz9lfHwDps6Xnw==</latexit><latexit sha1_base64="XmkOHD8qXl/oV7rqVrpYJ+T23GM=">AAACC3icbVDLSgMxFM3UV62vUZduQltBUMtMN7osunFZwT6gM5ZMeqcNZh4kGaEM3bvxV9y4UMStP+DOvzHTDqKtF5J7OOdeknO8mDOpLOvLKCwtr6yuFddLG5tb2zvm7l5bRomg0KIRj0TXIxI4C6GlmOLQjQWQwOPQ8e4uM71zD0KyKLxR4xjcgAxD5jNKlKb6ZrnqOSfYURHWTWaXA5zfHv+g02rfrFg1a1p4Edg5qKC8mn 3z0xlENAkgVJQTKXu2FSs3JUIxymFSchIJMaF3ZAg9DUMSgHTTqZcJPtTMAPuR0CdUeMr+3khJIOU48PRkQNRIzmsZ+Z/WS5R/7qYsjBMFIZ095Ccca+tZMHjABFDFxxoQKpj+K6YjIghVOr6SDsGet7wI2vWabdXs63qlcZHHUUQHqIyOkI3OUANdoSZqIYoe0BN6Qa/Go/FsvBnvs9GCke/soz9lfHwDps6Xnw==</latexit>

U(1)Lµ�L⌧
<latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit><latexit sha1_base64="/38jZzeup6Aa6KgNm1vTa6tFCA0=">AAACBHicbZC9TsMwFIWd8lfKX4Cxi0WLVAaqpAuMFSwMDEUibaU2ihzXaa3aSWQ7SFWUgYVXYWEAIVYego23wWkzQMuRLH06915d3+PHjEplWd9GaW19Y3OrvF3Z2d3bPzAPj7oySgQmDo5YJPo+koTRkDiKKkb6sSCI+4z0/Ol1Xu89ECFpFN6rWUxcjsYhDShGSlueWa07DfvMS2+9dMiTDJ7DnBRKsqzumTWrac0FV8EuoAYKdTzzaziKcMJJqDBDUg5sK1ZuioSimJGsMkwkiRGeojEZaAwRJ9JN50dk8FQ7IxhEQr9Qwbn7eyJFXMoZ93UnR2oil2u5+V9tkKjg0k1pGCeKhHixKEgYVBHME4EjKghWbKYBYUH1XyGeIIGw0rlVdAj28smr0G01batp37Vq7asijjKoghPQADa4AG1wAzrAARg8gmfwCt6MJ+PFeDc+Fq0lo5g5Bn9kfP4AkDSWxA==</latexit>

Lint � g0Z 0
↵

�
Lµ�

↵Lµ � L⌧�
↵L⌧ + µR�

↵µR � ⌧R�
↵⌧R

�
, (1)

<latexit sha1_base64="yv6+LJtxqp3WS9xSf/XijHXfGLs="></latexit><latexit sha1_base64="yv6+LJtxqp3WS9xSf/XijHXfGLs="></latexit>

Lµ � L⌧
<latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit>

See [Altmannshofer et al, 1403.1269] for an 
extension for flavour anomalies.

34

“Not the worst model.”
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12Future DUNE constraints on EFT - G.Grilli di Cortona

Result 

NuFact 2018

[Falkowski, GGdC, Tabrizi, JHEP04(2018)101]

13Future DUNE constraints on EFT - G.Grilli di Cortona

Conclusions

We investigated the precision reach in the determination of the 
wEFT and SMEFT Wilson coefficients relevant for the DUNE 
experiment.

We studied observables related to trident production, neutrino 
scattering off electrons and neutrino scattering off nuclei at the 
DUNE Near Detector.

The results show the importance of precision measurements in 
DUNE and the importance of the effort to reduce the 
experimental and theoretical source of systematic errors.

NuFact 2018

Grilli di Cortona

Future DUNE 
constraints on EFT

Giovanni Grilli di Cortona

based on:  A. Falkowski, GGdC, Z. Tabrizi, 
               JHEP04(2018)101, arXiv:1802.08296

Istituto de Fisìca 
Universidade de São Paulo

NuFACT 2018, Virginia Tech

ggrilli@if.usp.br
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…or in unitarity tests…
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In what circumstance, do we want to 
test unitarity ?

• We don’t know what is NP that causes UV
• Yet, we want to test unitarity
• (If we know what is NP, we don’t need unitarity

test. We can just go to the model of NP to 
confront it to experiments!)

• The only way we could pursue is to prepare (as 
much as) model-independent framework for 
unitarity test

Aug 16, 2018 Nufact2018@Virginia Tech

Minakata
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…and how systematics could affect BSM parameter 
determination…
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Knowing the flux will be challanging!

But we want to measure zero distance e↵ects!

We need to rely on other types of measurements (see hep-ex/arxiv:1201.3025)

(1) Modeling the distribution of ⇡ and K produced by the proton beam

(2) Measuring the muon flux in the decay pipeline and relate it to the ⌫ flux

(3) Measuring the low energy transfer events (low-⌫)
May be a↵ected

by new physics

Need to know production di↵erential cross section and the horn magnetic field

Need to understand detector very well and is hard to measure E dependency

12 / 24

We can put better constraints to new physics!

Why are those (short-baseline) experiments interesting?

These new physics contain a short-distance (non-Standard) ⌫µ ! ⌫µ

Non-Unitarity NSI Sterile Neutrino

P
NU
µe ⇠ |↵21|2 P

NSI
µe ⇠ |✏deµ + ✏

s
eµ|2 P

3+1
µe ⇠ sin2 2✓µe

9 / 24Pasquini

ND of  SBN + DUNE
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We need �s ⇠ O(1)%

What we got (for |↵21|2):
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We can probe sterile neutrinos too!

If it is possible to use two near detectors, we gain a very good improvement!
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An alternative/complementary proposal to LBL  
for δ measurement… 
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The Dirac CP Phase δD @ Accelerator Exp

Accelerator experiment, such as T2K, uses off-axis beam to compare νe
& νe appearance @ the oscillation maximum.

Disadvantages:

Efficiency:

Proton accelerators produce ν more efficiently than ν (σν > σν).

The ν mode needs more beam time [Tν : Tν = 2 : 1].

Undercut statistics ⇒ Difficult to reduce the uncertainty.

Degeneracy:

Only sin δD appears in Pνµ→νe & Pνµ→νe
.

Cannot distinguish δD from π − δD.

CP Uncertainty ∂Pµe

∂δD
∝ cos δD ⇒ ∆(δD) ∝ 1/ cosδD.

Solution:

Measure ν mode with µ+ decay @ rest (µDAR)

Shao-Feng Ge (IPMU & UC Berkeley) @ NuFact, 2018-8-13 TNT2K: Measuring the Leptonic Dirac CP Phase with µDAR

Ge



Wg5 Summary, NuFact2018, VirginaTech !37

Summary

Better CP measurement than T2K

Much larger event numbers

Much better CP sensitivity around maximal CP

Solve degeneracy between δD & π − δD

Guarantee CP sensitivity against NUM

Guarantee CP sensitivity against NSI

Better configuration than DAEδALUS

Only one cyclotron

100% duty factor

Much lower flux intensity

Much easier

Much cheaper

Single near detector
Shao-Feng Ge (IPMU & UC Berkeley) @ NuFact, 2018-8-13 TNT2K: Measuring the Leptonic Dirac CP Phase with µDAR

New Proposals

1 µDAR source + 2 detectors

Advantages:
Full (100%) duty factor!

Lower intensity: ∼ 9mA [∼ 4× lower than DAEδALUS]

Not far beyond the current state-of-art technology of cyclotron
[2.2mA @ Paul Scherrer Institute]

MUCH cheaper & technically easier.
Only one cyclotron.

Lower intensity.

Disadvantage?
A second detector!

µDAR with Two Scintillators (µDARTS) [Ciuffoli, Evslin & Zhang,
1401.3977]

Tokai ’N Toyama to(2) Kamioka (TNT2K) [Evslin, Ge & Hagiwara,
1506.05023]

Shao-Feng Ge (IPMU & UC Berkeley) @ NuFact, 2018-8-13 TNT2K: Measuring the Leptonic Dirac CP Phase with µDAR

CP Sensitivity at T2K & µSK SFG & A. Smirnov [arXiv:1607.08513]

 0

 2

 4

 6

 8

 10

 12

 14

 16

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at T2K [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

 0

 2

 4

 6

 8

 10

 12

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at µSK [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

90o 135o 180o 225o 270o 315o 360o 405o 450o
χ2 (δ

D
)

δfit
D

The effect of NSI on the CP sensitivity at T2K+µSK [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

 0

 10

 20

 30

 40

 50

 60

 70

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at νT2K+µSK [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

Shao-Feng Ge (IPMU & UC Berkeley) @ NuFact, 2018-8-13 TNT2K: Measuring the Leptonic Dirac CP Phase with µDAR



Wg5 Summary, NuFact2018, VirginaTech !38

 23Spencer N. Axani  

MC updateThe Dae!alus experiment
(Decay At rest Experiment for δcp At Laboratory for Underground Science) 

IsoDAR proton driver

Axani
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Dark matter can show up in neutrino  
experiments when run in dump mode…
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The experimental era has arrived: MiniBooNE-DM
5

FIG. 6. The ✏4↵D 90% confidence limits for 0.01 < mV <
1 GeV and mV > 2m� using the vector portal DM model.

the NCE sample, existing simulation samples were used
for a �N sample with an event-weight scaling based on
the scattered nucleon energy. Only true NCE events were
used for the DM signal. This is equivalent to assuming
no DM interactions via resonant events and will result in
a more conservative limit. The e�ciency for a DM scat-
tering event to be detected in this analysis is ⇡ 35% for
nucleon kinetic energy above ⇡ 150 MeV but falls rapidly
to < 1% at 50 MeV. In addition, the nucleons in carbon
are subject to binding energy and final-state interactions
further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
they were applied using an e↵ective e�ciency calculated
from the MB simulation which does account for those
e↵ects [25].

The procedure results in a set of predicted �N signal
events for each set of ✏4↵D, mV , and m�. The num-
ber of predicted events simply scales with the ✏4↵D pa-
rameter, while the nucleon energy distribution changes
shape with each mV and m�. These DM simulation
results were then combined with the components de-
scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
oped previously for the MB ⌫ and ⌫ oscillations analy-
ses [28, 29]. The procedure determines the 90% CL ✏4↵D

value within this vector portal DM model and allowed
by this experimental data set for a given mV ,m� pair
with 0.01 < m� < 0.5 GeV, mV > 2m�. These results
(Fig. 6) provide the best sensitivity of ✏4↵D < 1.2⇥10�14

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional
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FIG. 7. Confidence limits and sensitivities with 1, 2� errors
resulting from this analysis compared to other experimental
results [4, 11, 12, 30–36]. Limits from experiments that as-
sume DM coupling to quarks/nucleons, including this result,
are shown as solid lines while those that require DM coupling
to electrons are shown as dot-dashed lines. The favored pa-
rameters for this model to account for the observed relic DM
density [4] are shown as the lowest solid line.

choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
Acknowlegments This work was supported by the U.S.
Department ofEnergy; the U.S. National Science Foun-
dation; Los Alamos National Laboratory, U.S., Science
and Technology Facilities Council, UK; Consejo Nacional
de Ciencia y Tecnologa, Mexico. We thank Fermilab Ac-

MiniBooNE-DM Collaboration Phys. Rev. Lett. 118 (2017)
MiniBooNE-DM Collaboration arXiv:1807.06137
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DM beam from pi0/eta decays
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
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shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active

13

nucleon recoils (PRL 2017) electron recoils (2018)

Krnjaic
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small mass splitting ~ 10%

large splitting ~ 40%

Neutrino experiments + electron fixed targets + B-factories + LHC 

again inelastic DM!
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BSM physics with supernova neutrinos
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Over the years many have considered new, Non-Standard 
Interactions (NSI), of neutrinos with matter in supernovae.

- see Amanik, Fuller and Grinstein, Astropart. Phys. 24 160 (2005)

- Amanik and Fuller, PRD 75 083008 (2007)

- Esteban-Pretel, Tomas and Valle, PRD 76 053001 (2007)

-  Esteban-Pretel, Tomas and Valle, PRD 81 063003 (2010)

- Stapleford et al, PRD 94 093007 (2016)

…

We can also consider new non-standard interactions of neutrinos 
with other neutrinos – Non-Standard Self Interactions (NSSI).

- see Blennow, Mirizzi, and Serpico, PRD 78 113004 (2008)

- Das, Dighe, and Sen, JCAP 5 051 (2017)

- Yang and Kneller, PRD 97 103018 (2018)
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SummarySummary

Supernova neutrinos are sensitive to non-standard scalar / 
pseudoscalar interactions with other neutrinos if they are 
Majorana particles.

Flavor preserving NSSI damp / remove Standard Model 
neutrino self-interactions effects 

Flavor violating NSSI restores neutrino self-interactions

Pure flavor violating NSSI promotes neutrino self-interactions 

Future work:

- the signatures of NSSI in detectors need to be computed.

- we need an understanding of why NSSI has the effects it does.

Kneller
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HyperK	differen.al	event	rates	

8/14/18	 Hallsie	Reno,	NuFact	2018	 22	

gs = 10�4

Number	of	events	in	10	years	from	diffuse	
supernova	flux	

8/14/18	 Hallsie	Reno,	NuFact	2018	 24	

400 kT · yr (DUNE), 2.6 MT · yr (HK)

4	flavors,	ϕ	not	in	
interes.ng	range	
for	absorp.on	dips	

3	flavors	10 MeV  E⌫  30 MeV
gs = 10�4

solar	neutrinos	an	issue	at	lower	energies	

Reno

Diffuse SN background



Wg5 Summary, NuFact2018, VirginaTech !45

Solar neutrinos to probe a  
tension that could be related to BSM…
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Results

Shirley Li (SLAC) 22/28

In addition, 8B flux 2.5%, hep flux 10%
Capozzi et al, in prep

Current status

Shirley Li (SLAC)
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Solar & reactor tension

Reactor: vacuum 
oscillation

Solar: matter effect

Capozzi et al, in prep

Tension driven by day-night effect

Li

proposal to reduce the threshold from 10MeV to 5MeV in DUNE 
AND 

add neutron shielding all around 

Unique advantage of DUNE

Shirley Li (SLAC) 19/28

CC channel: !" + Ar → ' + K∗

Combine with:
!* + ' → !* + '

Improve on sin. /

Capozzi et al, in prep
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and dedicated searches for light steriles…
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Experiment Reactor Baseline 
(m) 

Overburden 
(m.w.e) 

Mass  
(ton) 

Segmen
tation 

Energy res. 
(@ 1 MeV) 

NEOS 
(South Korea) 

LEU 
2.8 GW 

23.7 ~20 1.0 none 5% 

Nucifer 
(France) 

HEU  
70 MW 

7.2 ~12 0.6 none 10% 

NEUTRINO4 
(Russia) 

HEU  
100 MW 

6 - 12 ~10 0.3 2D 

DANSS 
(Russia) 

LEU  
3.1 GW 

10.7 - 12.7 ~50 1.1 2D 17% 

STEREO 
(France) 

HEU  
58 MW 

9 – 11 ~15 1.6 1D 
25 cm 

8% 

PROSPECT 
(USA) 

HEU  
85 MW 

7 - 12 < 1 1.5 2D 
15cm 

4.5% 

SoLid 
(UK Fr Bel US) 

HEU  
70 MW 

6 - 9 ~10 1.6 3D 
5cm 

14% 

CHANDLER 
(USA) 

HEU  
75 MW 

5.5 - 10 ~10 1.0 3D 
5cm 

6% 

NuLAT 
(USA) 

HEU  
20 MW 

4 few 1 3D 
5cm 

4% 

8/17/2018 NuFACT 2018 10 

Finished phase I Taking data Planned Apologize if I missed any 

Zhang-Plenary
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5

Experimental site: High Flux Isotope Reactor @ORNL

User facility with 24/7 access; Exterior access at grade 

exterior door
reactor wall

PROSPECT-20 shield

Compact Reactor Core

Power: 85 MW
235U Fission Frac.: >99%
Size: h=51cm d=44cm
Duty-cycle: 46%

Antineutrino 
Detector

HFIR Core

44cm

Power Density

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore National Security, LLC

LLNL-PRES-XXXXXX

First Results from the 
PROSPECT Short Baseline 
Reactor Experiment

Nathaniel Bowden
For the PROSPECT collaboration

NuFACT 2018

Bowden

4

PROSPECT Experiment Overview

Münster, April 10, 2014

Physics Objectives

HFIR, ORNL

1. Model Independent search for short-baseline oscillation at distances <12m
2. Precision measurement of 235U reactor νe spectrum

Antineutrino 
Detector

HFIR Core

Range of Motion

Segmented detector design using PSD capable 6Li-doped liquid scintillator (LiLS)
provides powerful near-surface background rejection  

nLi

Neutron capture on 6Li (nLi) provides: 
• localized, distinct signal
• uniform efficiency in compact 

detector

Physics Program
J. Phys. G, 43 113001
arXiv:1512.02202

Segment Energy & PSD
JINST 10 P11004 (2015)
arXiv:1508.06575

Reactor Background 
NIMA A806 (2016) 401
arXiv:1506.03547

Production Prototype 
JINST 13 P06023 (2018)
arXiv:1805.09245

PROSPECT Experiment
Submitted to NIMA
arXiv:1808.00097
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7

Active Background Suppression
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§ Detector design features provide background rejection via 
— Efficient recoil & neutron capture identification
— Multi-interaction & multi-particle identification
— Fiducialization

§ Signal:Background > 1:1 predicted using prototype validated MC; > 104 background rejection 

PSD & 6Li

Position Reconstruction

18

First Analysis Data Set - arXiv:1806.02784
§ 33 days of Reactor On

§ 28 days of Reactor Off

§ Correlated S:B = 1.36

§ Accidental S:B = 2.25

§ 24,608 IBD interactions 

§ Average of ~750 IBDs/day

§ IBD event selection defined and frozen 
on 3 days of data

Reactor
On

Reactor
On

Reactor
Off

Rx
Off

PROSPECT - arXiv:1806.02784

Accidentals

Correlated

Best Signal-to-Background achieved On-Surface (< 1 mwe overburden)

rejection of neutron background 
not underground!
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8/17/2018 NuFACT 2018 20 

� Data fluctuation due 
to statistics and 
systematic 
uncertainties 

� At 1.4 eV2  
� DANSS, NEOS, 

PROSPECT all show 
downward fluctuation 

� STEREO shows upward 
fluctuation 

� More statistics and 
better understanding 
of systematics is 
necessary 

� Statistical analysis 
best practice: 
� Use Feldman-Cousins 

approach with full MC 
uncertainty fluctuation 
for correct C.L.  

� Use Gaussian CLs 
method for cross-
checking exclusion 
regions 

 

DANSS best-fit 1.4 eV2  

X. Qian and J-C Peng,  arXiv:1801.05386 

8/17/2018 NuFACT 2018 19 

Put all 4 
experiments 
together 

X. Qian and J-C Peng,  arXiv:1801.05386 

𝛎e disappearance



Wg5 Summary, NuFact2018, VirginaTech !52

and of course the great star of the week…
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Key questions

• Is the low energy excess 
electron like or gamma 
like?


• What is the L/E 
dependence? Are these 
sterile neutrino 
oscillations?

Pavlovic-Plenary

MiniBoone
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M Wallbank (Cincinnati)

Limits

Sterile Neutrino Search via Neutral Current Disappearance with NOvA (NuFact 2018)  24
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24θ

NOvA 2018 68% C.L.

Antineutrino Beam
 POT20 10×6.91 

2 = 0.5 eV41
2m∆

NOvA Preliminary

• Perform shape-based fits to create allowed regions 
in θ24-θ34 parameter space: 

• Valid for 0.05 < m241 (eV2) < 0.5; 

• Profile over θ23 and δ14. 

• Assume θ14 = 0 and δ14 = 0 (solar and reactor 
constrains sin2θ41 < 0.04). 

• 1D limits from neutrino data: 

• θ24 < 16.2°, θ34 < 29.8° (90% C.L.). 

• 1D limits from antineutrino data: 

• θ24 < 25.5°, θ34 < 31.5° (68% C.L.).

Wallbank

Sterile Neutrino Search via 
Neutral-Current 
Disappearance with NOvA 
Mike Wallbank, University of Cincinnati 
on behalf of the NOvA collaboration 
The 20th International Workshop on Neutrinos from Accelerators 
August 17, 2018

Todd

Far detector only
(3+1)-flavor Limit Comparison

17 August 2018 Jacob Todd - University of Cincinnati 25
^S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, E.M. Zavanin, J.Phys. G43 033001 (2016)

◆ MINOS & MINOS+ sets 90% C.L. 
limit over 7 orders of magnitude in 
Δm2

41

◆ Improvement over previous MINOS 
fit due to:

▪ Utilizing Near Detector statistical 
power

▪ Covariance matrix systematic 
uncertainty cancellations

▪ Improved binning for atmospheric 
oscillations in Far Detector

◆ Increased tension with global best 
fit

◆ Final year of MINOS+ data yet to be 
analyzed

▪ Represents 50% more data in 
MINOS+ spectrum

◆ View the manuscript and data 
release:

▪ arXiv:1710.06488
▪ Ancillary materials included for more 

detail

Simultaneous Two-Detector Fit

17 August 2018 Jacob Todd - University of Cincinnati 19

FD ND

FD ND

FD
N

D
FD

N
D

CC

NC

◆ Near and Far Detectors are fit simultaneously 
with coequal treatment

▪ Maximal utilization of extremely high Near 
Detector event rate – low statistical error

▪ Flux estimate derived from PPFX method which 
uses only hadron production experimental data

◆ Systematic uncertainties are encoded in 
covariance matrices

▪ 26 sources of systematic uncertainty
▪ Effects of correlated systematics are mitigated 

by off-diagonal cancellations

◆ Best fit determined by minimization of χ2

function computed from covariance matrices

◆ νμ-CC and NC samples fit jointly by summing 
the χ2 contributions
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…therefore, also with 𝛎𝝻…
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MITP/18-023, FERMILAB-PUB-18-086-T, IFT-UAM/CSIC-18-033

Updated global analysis of neutrino oscillations
in the presence of eV-scale sterile neutrinos

Mona Dentler,1, a Álvaro Hernández-Cabezudo,2, b Joachim Kopp,1, 3, c

Pedro Machado,4, d Michele Maltoni,5, e Ivan Martinez-Soler,5, f and Thomas Schwetz2, g

1PRISMA Cluster of Excellence and Mainz Institute for Theoretical Physics,
Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany

2Institut für Kernphysik, Karlsruher Institut für Technologie (KIT), 76021 Karlsruhe, Germany
3Theoretical Physics Department, CERN, 1211 Geneva, Switzerland

4Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, IL, 60510, USA
5Instituto de F́ısica Teórica UAM/CSIC,

Calle de Nicolás Cabrera 13-15, 28049 Madrid, Spain

We discuss the possibility to explain the anomalies in short-baseline neutrino os-
cillation experiments in terms of sterile neutrinos. We work in a 3 + 1 framework
and pay special attention to recent new data from reactor experiments, IceCube and
MINOS+. We find that results from the DANSS and NEOS reactor experiments
support the sterile neutrino explanation of the reactor anomaly, based on an analy-
sis that relies solely on the relative comparison of measured reactor spectra. Global
data from the ⌫e disappearance channel favour sterile neutrino oscillations at the
3� level with �m

2
41 ⇡ 1.3 eV2 and |Ue4| ⇡ 0.1, even without any assumptions on

predicted reactor fluxes. In contrast, the anomalies in the ⌫e appearance channel
(dominated by LSND) are in strong tension with improved bounds on ⌫µ disappear-
ance, mostly driven by MINOS+ and IceCube. Under the sterile neutrino oscillation
hypothesis, the p-value for those data sets being consistent is less than 2.6 ⇥ 10�6.
Therefore, an explanation of the LSND anomaly in terms of sterile neutrino oscilla-
tions in the 3 + 1 scenario is excluded at the 4.7� level. This result is robust with
respect to variations in the analysis and used data, in particular it depends neither
on the theoretically predicted reactor neutrino fluxes, nor on constraints from any
single experiment. Irrespective of the anomalies, we provide updated constraints on
the allowed mixing strengths |U↵4| (↵ = e, µ, ⌧) of active neutrinos with a fourth
neutrino mass state in the eV range.

a modentle@uni-mainz.de
b alvaro.cabezudo@kit.edu
c jkopp@uni-mainz.de
d pmachado@fnal.gov
e michele.maltoni@csic.es
f ivanj.martinez@estudiante.uam.es
g schwetz@kit.edu
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the

[M. Dentler, et al., JHEP 1808 (2018) 010] 
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new experiments with great sensitivity on the way…
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 2Spencer N. Axani  

MC updateIsoDAR overview

KamLAND

MEBT

LEBT
p+

e-

p+

      Production Acceleration νe Production νe Detection via IBDH
+
2

1. Produce 20-50 mA of H2 and inject a into a cyclotron 
2. Capture and accelerate 5 mA of H2 to 60 MeV/amu in a compact cyclotron
3. Impinge on a 9Be target to induce a beta-decay. 7Li+n      8Li      8Be + e- + ve
4. Map out oscillation in anti-electron neutrino disappearance within a kiloton scale detector like KamLAND 

KamLAND

+

+

Axani
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 19Spencer N. Axani  

MC update3+1 sterile neutrinos sensitivity 

‣  Rule out 3+1 global fit region:
•  20σ in 5 years 
•  5σ in 4 months

IsoDAR@KamLAND, will be able to make a 
definitive statement about the existence of light 
sterile neutrinos.

Anomalous oscillation measurements drive the 
global allowed regions.

- LSND
- MiniBooNE 
- Global reactor deficit
- GALLEX/SAGE anomaly

Including NEOS and DANSS, an updated global 
allowed favors Δm2~1.3eV2
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 18Spencer N. Axani  

MC updateSterile neutrino search (IBD sample)

νe 

νe 
νe 

By accurately mapping out the short baseline 
oscillations through a single detector, over an L/E of 

0.6 to 7.0 m/MeV, IsoDAR can test 3+1 sterile model.

νe 

νe 

νe 

νe 

νe 

...or sterile decay models.

 ...or 3+N sterile models.
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Installation

 24

Top shield and vessel 
installation early fall

Electronic installation in fall

Cryogenic 
commissioning in winter

Full CRT installation 
in spring 2019

SBN Sensitivity

eµθ22sin

4−10 3−10 2−10 1−10 1

)2
 (e

V
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1−10

1

10

LSND 90%

LSND 99%

σGlobal 2017 1

σGlobal 2017 2

σGlobal 2017 3

Global 2017 best fit

σSBN 3

σSBN 5

SBN sensitivities assume exposures of:
 protons on target in ICARUS and SBND2010×6.60
 protons on target in MicroBooNE2010×13.2

Global 2017: S. Gariazzo et al., arXiv:1703.00860 [hep-ph]

  appearanceeν → µν

 11

See SBN (A. 
Fava) and 

Global Fits (G. 
Karagiorgi)

Tsai

ICARUS
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and, if the anomalous pattern will hold,  
please theorists squeeze your mind…
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A shift in focus? 

The inability of 3+N global fits to provide a satisfactory, coherent explanation to all SBL 
anomalies has prompted the exploration of new (physics) ideas: 
 
2.  Sterile neutrino + decay through Z’ [P. Ballet, et al., arXiv:1808.02915] 

 
 

         

Georgia Karagiorgi
NuFact 2018 @ Virginia Tech

Best fit:  m4 = 0.14 GeV,   mZ’ = 1.25 GeV,   χ2 = 5E-6 
  |Uµ4| = 1.5E-6,   |Uτ4| = 7.8E-4 

 

Karagiorgi - Plenary
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Also dedicated searches  
for heavy steriles were discussed… 

(they have also cosmological interest)



Wg5 Summary, NuFact2018, VirginaTech !65

Yang - PlenaryØ  LHC experiments probed heavy N  
    in mass range: 1~1.6TeV with 10-5<|VlN|2<1 

U.K.	Yang,	SNU	 15	

Watch out - 2019 ESPP!
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…and a new  idea for  the search for 0𝛎2β…
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FΨ Barium Tagging - August 2018

NEXT program - Searching for 0νββ

 9

(      )
136Xe 136Ba

e
e

�
�++

High pressure 136Xe gas Electro-luminescence TPC 

Psihas

FΨ Barium Tagging - August 2018

Single Molecule Fluorescence Imaging 

Calcium production tracked in rat cells.  

Single molecule tracking using SMFI is 
the basis of super-resolution microscopy 

 13

J Cell Biol 145, 795 (1999). 

J Microsc. 2011 Apr;242(1):46-54 

SINGLE ION BA++ TAGGING FOR 0vββ

Fernanda Psihas                    

For the NEXT Collaboration

Multi-disciplinary technique in development for the 
NEXT experiment. Demonstration and R&D landscape.
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Scientific summary 

A very exciting field with many open questions and 
ongoing projects! 

Thanks a lot to all the speakers and session 
conveners! 

Personal conclusion  

this has been my 3rd year serving as WG convener 
and I have to say I had a great time with this 

conference! 


