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Examples for Running in SM

» parameters in the Standard Model and Beyond are energy dependent

DELPHI, EPJC 46 (2006) 569
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What about the
Neutrino Sector?
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Energy Dependence of the PMNS Matrix
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» when higher-order quantum effects are included, do U,; matrix
elements change relative to one another?

» higher-order electroweak corrections lead to very minor effects but
in neutrino mass models U,; can change in a flavor-dependent way

» this was already extensively studied for many models with heavy BSM

degrees of freedom, see €.g. Antusch et al. (JHEP 03 (2005) 024) Casas et al. (NPB 573 (2000))
! Goswami et al. (PRD 80 (2009)) Balaji et al. (PLB 481 (2000))
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Energy-Dependent Neutrino Mixing Parameters at Oscillation Experiments

K. S. Babu,! Vedran Brdar,®3 André de Gouvéa,? and Pedro A. N. Machado®

! Department of Physics, Oklahoma State University, Stillwater, OK, 74078, USA
?Northwestern University, Department of Physics & Astronomy,
2145 Sheridan Road, Evanston, IL 60208, USA
? Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510, USA

Neutrino mixing parameters are subject to quantum corrections and hence are scale dependent.
This means that the mixing parameters associated to the production and detection of neutrinos
need not coincide since these processes are characterized by different energy scales. We show that,
in the presence of relatively light new physics, the scale dependence of the mixing parameters can
lead to observable consequences in long-baseline neutrino oscillation experiments, such as T2K and
NOvA, and in neutrino telescopes like IceCube. We discuss some of the experimental signatures
of this scenario, including zero-baseline flavor transitions, new sources of CP-invariance violation,
and apparent inconsistencies among measurements of mixing angles at different experiments or
oscillation channels. Finally, we present simple, ultraviolet-complete models of neutrino masses
which lead to observable running of the neutrino mixing matrix below the weak scale.
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Connection to Neutrino Experiments

QFT approach: i /e
Vi
T & « Y
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> amplitude: Y0, Uzie™ 27 “ Ui — Pog = S0, 4 Uz UsjUnk Uz e i

M. Beuthe, arXiv:hep-ph/0109119
— L.P. Volobuev, arXiv:1703.08070

PRODUCTION: contribution to the amplitude should be Lorentz invariant;
in the rest frame of decaying pion E = m; — Uyj = Uai( Q3 = m3)

DETECTION: Ug;(Q3) where Q3 has no dependence on m?

™

PROPAGATION: neutrino is on shell (Q? = p2 = m2 ~ 0)
= m; in formula is the mass at v Q2 = m;
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Neutrino Oscillations in Vacuum
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2 flavors:

» (3 appears due to the CP-violating couplings in the new physics sector
» 3 “shifts” the oscillation phase: Am?L/2E — Am?*L/2E + 3
3 flavors:
» CP-odd phases g3, «a, 6(03), 5(Q?)
e = 05(QA) — 05( Q7). €5 = 6(Q4) — 3(Q3), ca =, e5 = Aj = AmjL/2E
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» in the § — 0 limit, CP violation is present
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The Model
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-
Strategy

H = 523 5l vl + V2Ge Nelpe( @ = 0)){v(Q? = 0))

> at Qg scale mixing parameters are sampled using NuFIT values
> Yy~ O(1)
» Y, is obtained using Casas-lbarra parametrization

N
16723(Yn) = 1672 d‘{nY'Nm = e el
N N N N
4Yn [YZ + 3Te(YR)]

> at QF scale, Yy and hence M, (Q3) is found
» diagonalize M, to get PMNS matrix at higher scale m,  e—prop.
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Long-Baseline Neutrino Experiments

Super-Kamiokande :]

Mt. Noguchi-Goro
2,924m

Mt. lkeno-Yama
1,360 m

I 1,700 m below sea level
«® —

Neutrino Beam

295 km

AVO -~
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.
RGE Effect
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Constraints from Short Baseline Experiments

Pue = sin®(0, — 04) + sin 20, sin 204 sin” (AL{’];L + g)

> experiments with high average neutrino energy are especially sensitive due
to the larger difference between Qg = m72T and Qg,

» while we found successful explanations or LSND and MiniBooNE,
constraints from short baseline experiments rule out such possibilities

[Experiment|E (GeV)|/Q2 (GeV)| channel | constraint |

ICARUS 17 3.94 vy = Ve | 3.4x1073

CHARM-II| 24 470 V. > ve | 28x 1073
-3

NOMAD 475 6.64 Vu Ve | T4 10

v, = vr | 1.63 X 1074

vy —ve | 5.5x107*
NuTeV 250 15.30 Ve = Uy 0.1

v, — v, | 9x1073
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Constraints from Short Baseline Experiments
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» short baseline constraints remove parameter points with strongest running
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Inverted Ordering Case

Babu, VB, de Gouvea, Machado, arXiv:2108.11961
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» for fixed lightest neutrino mass, RG running in the inverted ordering
is stronger than in the normal one
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Oscillation Probabilities — NOvA
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» BP1 best fits T2K and NOvA data and BP2 is strongly disfavoured
by both short and long baseline experiments
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N
RG Evolution of the Mixing Parameters

Babu, VB, de Gouvea, Machado, arXiv:2108.11961

> the strongest effects are in running
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N
Ultra-High Energy Neutrinos - Flavor Ratios

Arguelles et al.
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Summary

> mismatch between U(Q3) and U(Q7) leads to novel phenomenology
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Summary

> mismatch between U(Q3) and U(Q7) leads to novel phenomenology

» this is induced by light new physics sector that does not need to be
produced at experiments but only impacts through quantum corrections
that induce non-trivial energy depedence of U(Q?)
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Summary

> mismatch between U(Q3) and U(Q7) leads to novel phenomenology

» this is induced by light new physics sector that does not need to be
produced at experiments but only impacts through quantum corrections
that induce non-trivial energy depedence of U(Q?)

P signatures include:
(7) difference between mixing angle measurements at various
experiments (e.g. 013 at reactor and beam experiments)
(i) zero-baseline flavor transition
(iii) new sources of CP violation
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Summary

> mismatch between U(Q3) and U(Q7) leads to novel phenomenology

» this is induced by light new physics sector that does not need to be
produced at experiments but only impacts through quantum corrections
that induce non-trivial energy depedence of U(Q?)

P signatures include:
(7) difference between mixing angle measurements at various
experiments (e.g. 013 at reactor and beam experiments)
(i) zero-baseline flavor transition
(iii) new sources of CP violation

» renormalization group evolution of the mixing parameters can induce
observable effects at T2K and NOvVA and in the flavor composition of
ultra-high energy neutrinos
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Summary

> mismatch between U(Q3) and U(Q7) leads to novel phenomenology

» this is induced by light new physics sector that does not need to be
produced at experiments but only impacts through quantum corrections
that induce non-trivial energy depedence of U(Q?)

P signatures include:
(7) difference between mixing angle measurements at various
experiments (e.g. 013 at reactor and beam experiments)
(i) zero-baseline flavor transition
(iii) new sources of CP violation

» renormalization group evolution of the mixing parameters can induce
observable effects at T2K and NOvVA and in the flavor composition of
ultra-high energy neutrinos

P neutrino mass models are testable at oscillation experiments!
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