The case against v detection

Joachim Kopp

Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany

IDS-NF Plenary Meeting / EuroNU Meeting, March 2009, CERN

J. Kopp (MPI Heidelberg) The case against v+ detection



Outline

ﬂ New physics in the neutrino sector
@ Non-standard neutrino interactions
@ Sterile neutrinos and unitarity

@ NSl and sterile neutrinos at a neutrino factory with and without v, detector

e Summary and conclusions

J. Kopp (MPI Heidelberg) The case against v+ detection



Outline

ﬂ New physics in the neutrino sector
@ Non-standard neutrino interactions
@ Sterile neutrinos and unitarity

J. Kopp (MPI Heidelberg) The case against v+ detection



The general formalism

@ “New physics” often leaves low-energy fingerprints in the form of
effective, non-standard 4-fermion interactions (NSJ).
= Modification of weak interaction Lagrangian

J. Kopp (MPI Heidelberg) The case against v+ detection



The general formalism

@ “New physics” often leaves low-energy fingerprints in the form of
effective, non-standard 4-fermion interactions (NSJ).
= Modification of weak interaction Lagrangian

@ NSI can affect neutrino production, propagation, and detection

Grossman PL B359 (1995) 141
Wolfenstein PR D17 (1978) 2369, Valle PL B199 (1987) 432, Guzzo Masiero Petcov PL B260 (1991) 154, Roulet PR D44 (1991) R935, etc.

J. Kopp (MPI Heidelberg) The case against v+ detection



The general formalism

@ “New physics” often leaves low-energy fingerprints in the form of
effective, non-standard 4-fermion interactions (NSJ).
= Modification of weak interaction Lagrangian

@ NSI can affect neutrino production, propagation, and detection

Grossman PL B359 (1995) 141
Wolfenstein PR D17 (1978) 2369, Valle PL B199 (1987) 432, Guzzo Masiero Petcov PL B260 (1991) 154, Roulet PR D44 (1991) R935, etc.

@ Lagrangian:

Lnst = Z NS” V(1 =)l ][?7;)(1 —75)f]
ff’

\/_Z mPay” (1 — )Vd][f’}/p(1 — 5)f] + h.c.,

J. Kopp (MPI Heidelberg) The case against v+ detection



The general formalism

@ “New physics” often leaves low-energy fingerprints in the form of
effective, non-standard 4-fermion interactions (NSJ).
= Modification of weak interaction Lagrangian

@ NSI can affect neutrino production, propagation, and detection

Grossman PL B359 (1995) 141
Wolfenstein PR D17 (1978) 2369, Valle PL B199 (1987) 432, Guzzo Masiero Petcov PL B260 (1991) 154, Roulet PR D44 (1991) R935, etc.

@ Lagrangian:

Lnst = Z NS” V(1 =)l ][?7;)(1 —75)7‘]
ff’

\/_Z“ 3 [Tay"(1 =~ )l/j][f"}/p(1 - 5)f] +h.c.,

@ Lorentz structures different from (V — A)(V — A) are possible.
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Modified neutrino oscillation probabilities
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Modified neutrino oscillation probabilities

Standard oscillations

PVQ—Wﬂ = |<Vﬁ|e_iHL|Voc>|2

Oscillations with NSI

P = |(vg|e~ At |g) 2

124 —>I/g,

@ CC type NSI: Flavour mixture at source and detector (crossman P B3s9 (1995) 141)

e
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B=e,u,t ,
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a=e,u,T
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Modified neutrino oscillation probabilities

Standard oscillations

PVa—Wﬂ = |<V6|e_iHL|Voc>|2

Oscillations with NSI

P = |(vg|e~ At |g) 2

124 —>Vg,

@ CC type NSI: Flavour mixture at source and detector (crossman P B3s9 (1995) 141)

ESLe
|V<§> = Il’a> + Z 52,3|Vﬂ>, e.g. ot 25 ,u+Ve
B=e,u,t ,
Wil = (sl + > elsval e.g. v,N = e X
a=e,u,T

@ NC type NSI: Extra matter effects in propagation

Wolfenstein PR D17 (1978) 2369, Valle PL B199 (1987) 432, Guzzo Masiero Petcov PL B260 (1991) 154, Roulet PR D44 (1991) R935, etc.

(Wnsi)ap = \/éGFNeEZZS

J. Kopp (MPI Heidelberg) The case against v+ detection



Sterile neutrinos and unitarity

Scenario with one extra sterile neutrino oo ru Lépez-Pavé Meloni Yasuda arXiv:0812.3703

Two possible schemes:
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Sterile neutrinos and unitarity

Scenario with one extra sterile neutrino oo ru Lépez-Pavé Meloni Yasuda arXiv:0812.3703

@ 2+2 ruled out
3+1 OK if LSND is disregarded

Two possible schemes: ® Amj, 2 0.1eV?

2 m e If Amz2, is too large, coherent production is
1 m3 impossible — effective three-flavour
situation. Condition:
_ 2 2 2
2 ome = \/(2EoE)? + (2pop)2 > AmE,
. rmng Kayser 1981
g m? @ Mixing matrix is now 4 x 4.
@ () @ Upper left 3 x 3 submatrix is non-unitary.
242 3+1 = Experiment sees apparent unitarity

violation.
@ Note: N, jion > 4 disfavoured by BBN.

Barger Kneller Lee Marfatia Steigmann hep-ph/0305075
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Neutrino factory setup (IDS-NF 1.0 baseline)

@ Two 50 kt magnetized iron detectors @ Ly = 4000 km, L, = 7500 km.
@ Optional 10 kt silver channel detector (emulsion cloud chamber)

@ Hypothetical Silver* detector (signal x5, background x3) incorporates
hadronic = decay channels

@ 2.5 x 10?! useful muon decays per baseline and polarity
@ Muon energy: E,, = 25 GeV

@ Golden (ve — v,,), Silver (ve — v,), and Disappearance (v,, — 7,,)
channels simulated

@ Charge ID in Golden and Silver channels, but not in disappearance
channel
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e2 and € sensitivity of the IDS-NF neutrino factory

L=4000km, Golden channel only L=7500km, Golden channel only L.=4000km+ 7500km, Golden channel only
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Ribeiro Minakata Nunokawa Uchinami Zukanovich-Funchal JHEP 0712 (2007) 002, JK Ota Winter arXiv:0804.2261

= With two golden channels detectors (+ disapp.), ho need for silver channel.
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Analytical discussion
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@ For 63 = /4, Pe, and Pe. differ only in the signs of certain terms.
= Unless intricate cancellations occur, no need for silver channel detector.
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@ For 63 = /4, Pe, and Pe. differ only in the signs of certain terms.
= Unless intricate cancellations occur, no need for silver channel detector.

@ For 63 = /4, Pe, and Pe. are identical at the magic baseline.
= Silver channel at magic baseline would be useless.
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Neutrino factory sensitivity with and without v, detector
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v-fact is a powerful tool to
search for NSI

Silver channel can be
omitted for standard
physics and NSI.

We have checked that
varying the baselines L1,
Lo, Lsorthe energy E,
does not change this
conclusion.
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slightly better at longer
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Sterile neutrinos in a neutrino factory
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B34

@ Once correlations are taken into
account, improvement due to
discovery channel v, — v, only
marginal.

Donini Fuki Lépez-Pavon Meloni Yasuda arXiv:0812.3703
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Sterile neutrinos in a neutrino factory

* 2000k 7500Kkm @ Once correlations are taken into

o disappearance —— | account, improvement due to

%1 . gscovery discovery channel v, — v, only
disappearance+discovery .

20 - marg over 923,4SgandAm§17 mal’glnal.

B34

@ v, — v, helps a bit for
non-optimal baselines.
@ Not yet fully studied:

» CP violation in sterile neutrino
models.

Donini Fuki Lépez-Pavon Meloni Yasuda arXiv:0812.3703
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Is v, detection required?

Scenarios that would require v, detection:
e Effects in v, interactions (e.g. large CC NSI o £9_)
» s there any motivation for such effects?

@ Non-standard v, production (e.g. large CC NSI « 627_) Tang Winter arXiv:0903.3039

» v, near detector may help.
» |s there any motivation for such effects?

v, detection in general unnecessary:
@ New physics in v, oscillations will always contribute also to v,, oscillations
(strong v,—v, mixing).
@ Testing unitarity
» First possibility: Measure P(v,, — ve), P(vy — v.), P(v, — v7) and sum.
Problem: e~ detection difficult in magnetized iron detectors.
» Second possibility: Use NC interactions
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Summary and conclusions

@ Combining different oscillation channels is crucial to achieve optimal
sensitivity in a neutrino oscillation experiment.
@ In this talk: Focus on

» Standard three-flavour oscillations
» Non-standard neutrino interactions (NSI)
» Sterile neutrinos

@ NSI discovery reach of reactor and superbeam experiments marginal.
@ Sensitivity of neutrino factory good

@ ...even without a v, detector

» Reason: Strong v,—v> mixing makes most effects accessible also in a v,
detector.

» Are there “new physics” models that predict signatures exclusively in =
interactions?.
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NSI in oscillation experiments

@ Compared to charged lepton flavour violation experiments: Interference
between standard and non-standard amplitudes is possible
= NSl effects suppressed only by || instead of |¢[?.

Grossman 1995, Wolfenstein 1977, Valle 1987, Guzzo 1991, Roulet 1991, Bergmann 1999, Gago 2001.
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NSI in oscillation experiments

@ Compared to charged lepton flavour violation experiments: Interference
between standard and non-standard amplitudes is possible
= NSl effects suppressed only by || instead of |¢[?.
Grossman 1995, Wolfenstein 1977, Valle 1987, Guzzo 1991, Roulet 1991, Bergmann 1999, Gago 2001.
@ Possible consequences in oscillation experiments:
» Poor quality of standard oscillation fit (= Detection of NSI possible)
» Offset: Wrong reconstruction of neutrino mixing parameters
» Mismatch between standard oscillation fits to different experiments
» Different optimization strategy
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NSI in the NF appearance channel
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NSI in the NF appearance channel

~1 14+l
1 —>ve > Ve ee e
o '9 13
023
023

@ Standard path (suppressed by 613): u* — ve s, Uy — @

J. Kopp (MPI Heidelberg) The case against v+ detection



NSI in the NF appearance channel
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@ Standard path (suppressed by 613): u* — ve s, Uy — @
@ Assume ¢ ~ b3
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NSI in the NF appearance channel
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@ Standard path (suppressed by 613): u™ — ve s, Vy — 7~
@ Assume ¢ ~ 643
@ NSI paths with same level of suppression as standard path:
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NSI in the NF disappearance channel
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NSI in the NF disappearance channel
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@ Standard path (unsuppressed): u* — 7, — 7, — p*
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NSI in the NF disappearance channel
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@ Standard path (unsuppressed): p* — 7, — 7, — p*
@ Dominant NSI paths:
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Classification of NSl in a neutrino factory

@ Relevant NSl in appearance channel: =7, £

J. Kopp (MPI Heidelberg) The case against v detection



Classification of NSl in a neutrino factory

@ Relevant NSl in appearance channel: =7, £
@ Relevant NSl in disappearance channel: ¢/ , 7, ]

Hp?
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Classification of NSl in a neutrino factory

@ Relevant NSl in appearance channel: =, £
@ Relevant NSl in disappearance channel: ¢ , =7, £]7

@ Combination of appearance and disappearance channels provides a
handle on all ¢ parameters except =, (which is special anyway, being
intimately correlated with the standard matter potential).
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Classification of NSl in a neutrino factory

@ Relevant NSl in appearance channel: =, £
@ Relevant NSl in disappearance channel: ¢ , =7, £]7

L
@ Combination of appearance and disappearance channels provides a
handle on all ¢ parameters except =, (which is special anyway, being
intimately correlated with the standard matter potential).
@ Already at this level, one can see that the Silver channel is not needed to
detect NSI.
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Further restrictions

o <. Effect equivalent to systematically biased matter density
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Further restrictions

o ¢].: Effect equivalent to systematically biased matter density
@ . Strong existing bounds from charged LFV (¢, < 5 x 107%)

Davidson Pena-Garay Rius Santamaria JHEP 03 (2003) 011
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o ¢].: Effect equivalent to systematically biased matter density
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e ¢ : effect very similar to €.
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Further restrictions
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Classification of NSl in a neutrino factory — Summary

@ For the NF optimization, we need to consider only <7, ¢/, and €.
@ We expect:

» The Golden channel will be sensitive to €7’ .
» The Silver channel will be sensitive to €7, but will not be needed.
» The disappearance channel will be sensitive to ¢/, and €7,

J. Kopp (MPI Heidelberg) The case against v+ detection
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Optimization of muon energy
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Optimization of muon energy
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@ E, =25 GeV is optimal.

(E,, > 25 GeV — no significant improvement
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E, < 25 GeV — sensitivity decreases dramatically)
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Optimization of muon energy
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E, < 25 GeV — sensitivity decreases dramatically)

@ Silver channel only useful at £, > 25 GeV.
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Optimization of Silver channel baseline
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Optimization of Silver channel baseline
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Conclusion: Silver channel only useful at L = 4000 km and E,, > 25 GeV.
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Optimization of Silver channel baseline
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Conclusion: Silver channel only useful at L = 4000 km and E,, > 25 GeV.
= We can omit the Silver channel in the rest of our discussion.
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Optimization of baselines for 613, MH, CPV
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Optimization of baselines for 613, MH, CPV
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Optimization of baselines for 613, MH, CPV
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Optimization of baselines for 613, MH, CPV
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The case against v+ detection

Performance indicators:

@ sin® 203 sensitivity:
What is the new
exclusion limit if
073 =07

@ Normal MH/max. CPV
sensitivity: How large
does sin® 2645 have to
be to guarantee
detection of NH/max.
CPV?
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Optimization of baselines for 613, MH, CPV
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The case against v+ detection

Performance indicators:

@ sin® 203 sensitivity:
What is the new
exclusion limit if
073 =07

@ Normal MH/max. CPV
sensitivity: How large
does sin® 2645 have to
be to guarantee
detection of NH/max.
CPV?

Conclusion:

Ly = 4000 km,

L, = 7500 km is close to
optimal even if NSl are
included in the fit.
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Optimization of baselines for 613, MH, CPV
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The case against v+ detection

Performance indicators:

@ sin® 203 sensitivity:
What is the new
exclusion limit if
073 =07

@ Normal MH/max. CPV
sensitivity: How large
does sin® 2645 have to
be to guarantee
detection of NH/max.
CPV?

Conclusion:

Ly = 4000 km,

L, = 7500 km is close to
optimal even if NSl are
included in the fit. (We
checked this also for the other
Egﬁ)
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|er| sensitivity (30)

Optimization of baselines for NSI
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Optimization of baselines for NSI
€| sensitivity (30) €| sensitivity (307) || sensitivity (3c)
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L, = 7500 km is OK for =7

@ Ly =4000 km,
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Optimization of baselines for NSI

€| sensitivity (30) €| sensitivity (307) |€%| sensitivity (3c)
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@ L1 =4000 km, L, = 7500 km is OK for 7.
@ Fore and 77, larger baselines are preferred.
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Optimization of baselines for NSI
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@ L4 =4000 km, L, = 7500 km is OK for .
@ Fore and 77, larger baselines are preferred.

T

@ Note: NSI sensitivity could be improved if longer baselines were
combined with higher E,,.
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