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Neutrino Oscillation = Mass + Interaction |

PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering must be taken into account when considering the oscillations of
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can occur in matter if the neutral current has an off-diagonal piece
connecting different neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.
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Fierz Transformation for Unifying CC & NC

@ Using Fierz transformation, the effective Lagrangian becomes
gapggg 1 . v
> (TauPLvg) (L7 PLLy) |
2 qy—my
which can account for both charged & neutral currents
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o The matter potential is defined by not just Lagrangian, but

also external states! When expanding | (out|S = e~/ J £ |in) | to

leading order

0lap = —(vaelLglvge),  0Tap = —(PaelLiilPse)

for neutrino & anti-neutrino modes.
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Forward Scattering & Effective Lagrangian

o Standard Model Lagrangian

Loo = E2LV 5y PLL, + hoc.

\/E H

To be general, let's keep non-universal couplings g .

@ The effective Lagrangian for forward scattering without
momentum transfer

8ap€3s 1 ,_ _
Ll = Tﬂa - (T PLLy) (LoypPLyg) |
v
where | 51— = —L_ | from the V propagator with vanishing qy.
qy—my —My

It seems like effective operator, but not really!

Shao-Feng Ge @ NEPLES 2019, KIAS, 2019-9-27 New Physics & (vector, scalar, dark) NSI's



Dispersion Relation & Effective Hamiltonian

@ Dispersion Relation Only ~ term survives!
(E£V)? = § + MM

o Effective Hamiltonian

= VP2 + MMT iv~|m+—iv

Since the leading term is universal, it would not affect neutrino
oscillation and hence can be omitted. The neutrino oscillation is
determined by the effective Hamiltonian

MM
Her = —:I:V

Note that neutrino oscillation is described by H.s but the
anti-neutrino one by #’;. Since the neutrino energy E is a constant,
it is equivalent to use 2EH for describing neutrino oscillation.
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Neutrino Oscillation in Absence of Mass Term J

In this paper we show that even if all neutrinos
are massless it is possible to have oscillations
occur when neutrinos pass through matter. This
can happen as a result of coherent forward scatter-
ing provided that this scattering is partially off
diagonal in neutrino type. The phenomenon is an-
alogous to the regeneration of K¢ from a K; beam
passing through matter, A simple model is given
in Sec. II from which it is seen that the oscilla-
tion length in matter of normal density is of the
order 10° cm or larger. One of the proposed ex-

SmAL 1
.2 ij 2 (1
sin < iE, ) — sin <2VL>

Wolfenstein 78’
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Standard & Non-Standard Interactions

o Effective Hamiltonian

MM MM
= — = ——4Vq
Her °F £V °F siEVNst
@ Standard Interactions
1
VST — VCC 0 + VHCI[3><3

o Non-Standard Interactions

1+ €ee €ep  €er

*
Vst = Vee €ep €up Cur

% *

€er E/LT €rr

In the same way as Standard Interactions through vector boson
mediation.
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NSI already appeared in Wolfenstein 78’ Paper

J

Hy= 5Ly, (1)

Ly =cos”al 7,7, (1 + ¥5)v, + Uy 7a (1 + V)0, ]
+sin®a[T,7, (L +¥,)vy, + Ty L + ¥ )0, ], (2a)

Sy =gy DD Y8 N+ e+ ", (2b)

where the ellipses represent terms in J, of no in-
terest for our present considerations. The essen-
tial term in H, is the off-diagonal term propor-
tional to sin’a, where v, and v, are neutrino types
defined by the charged-current interaction. We
have also assumed §, = v, symmetry, which sim-
plifies the discussion and maximizes the effect

of interest.

Shao-Feng Ge @ NEPLES 2019, KIAS, 2019-9-27 New Physics & (vector, scalar, dark) NSI's




Extra New Physics from Scalar NSI

@ Vector NSI

8ap83s, 1

2
2 —my,

Lol = (TauPLvs) (€ey" Pily)

which is vector-vector type vertex.
@ Scalar Mediator

1 1 _ _ =
—L = 5m§,¢2 + 5 MapPavs + YopdPavs + Yasdfafs + hc.,
Due to forward scattering, the effective Lagrangian is

L o Yop Yee [Va(p3)vs(p2)] [e(pr)e(ps)] ,

which is a scalar-scalar type vertex = significant
phenomenological consequences.

SFG, Stephen J. Parke, Phys.Rev.Lett. 122 (2019) no.21, 211801 [arXiv:1812.08376]
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EOM & Effective Hamiltonian with Scalar NSI |

@ Two-Point Correlation Function

_y ’ /_y _ _
ors = a:]2 = (ValDarvg|vs) (eléele)
¢

— y ’ /y _ _ _ _
s = ’8;‘12 = DalUarvp|75) (e|Eele) .
¢

@ Equation of Motion

Y.
175 [l@u'y“ + (M,Ba + neyeizg) Vo = O)
my
o Effective Hamiltonian
M + Ms) (M + Ms)T
,H%EVJF( + Ms) (M + Ms) Ve

2E,
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Mass Scale & Unphysical CP Phases in OscillationJ

@ The effective mass term is a combination
MM — (M + Mg)(M + Ms)f = MMT + MM{ + MsM + MsML
@ The absolute neutrino mass can enter neutrino oscillation!
MM + MsM’
@ The unphysical CP phases can also enter neutrino oscillation!
M=R,D,R, & R,=P,U,Q,

The Majorana rephasing matrice Q, = {e™1/2 1 ¢/%3/2} can
be absorbed, QI,D,,QJ = D, while the unphysical rephasing
matrix P, = {e'®, e'% €7} can not be simply rotated away now:

M — M =U,D, U], Ms — Mg = PIMgP,
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Parametrization & Constant Density Subtraction |

o Use characteristic scale Am? to parametrize scalar NSI
_ Nee Mje e
Ms = \/ Amg Nue  Mup 77:“ )
Nre Nrp  Nrr
where Am? = Am3; = 2.7 x 1073 V2.
@ We first need input for M which is not directly measured.

@ However, the one directly measured from terrestial experiments is
always a combination, M + Ms(ps ~ 3g/cm?). It is then necessary
to first substract a constant term:

M— M + |\7|5p —Fs

Ps

where M = U,,D,,U,T,~is reconstructed in terms of the measured
mixing matrix while Mg is the scalar NSI @ typical constant
subtraction density ps.
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Density Subtraction for Reactor Anti-Neutrinos |

@ Since the reactor anti-neutrino experiments (Daya Bay & JUNO)
are the most precise ones, we do substraction according to them:

0.14 | ®) DayaBay [subtracted]

0.14 |, @ DayaBay _ S

/\7I—>/\7I+|\~/|s—p_ps
Ps

@ Then no constraint on scalar NSI from reactor experiments!
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Scalar NSI @ Accelerator Neutrino: TNT2K
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Scalar NSI @ Solar Neutrino Oscillation
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Fitting the Borexino 2017 Data
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Light Dark Matter SFG, Hitoshi Murayama [arXiv:1904402518]J

@ The DM mass can span almost 100 orders

must be bosonic must be composite
mpy (or BH)
~ 10720 eV | L ~ 100Mg
~ 100 eV ~ 10" GeV
mpwm

@ For light bosonic DM
1 1 _ _
—L = Eméqﬁz + §Ma51/a1/5 + YapPavg + h.c.,

leading to forward scattering

v(py) v(py) v(py) v(py)
l_/(—]),,)/ / \ \D(fpl/) 17(7])”) ~ - - 17(—[)7/)
PR
/ \ 7 - TS ~
¢/Va ¢/ Ve ¢/ Vi o/V,
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Effective Mass Correction from Dark Matter |

@ The forward scattering with the DM background

v(py) v(py) v(py) v(py)
~N -~
(-p,) / \\u<—py> =)~ __ - w-n)
E
-
/ \ - - h ~ ~
o/V, o[V, A o)V,

@ modifies the neutrino kinetic term

i6T 0 =

iP¢(V¢)Zy i [fy—i-p(@—l—ml, #V_d(b"i'mu
mé ; oy YjB p£+2py.p® p£_2pu'p(b

with p, ~ my(1,Vy), the correction

x« P
(Sr()zﬁ ~ Zyajyjﬁ 2XE 70
j Mo

appears as dark potential. SFG, Hitoshi Murayama [arXiv:1004.02518]
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Dark NSI SFG, Hitoshi Murayama [arXiv:1904.02518]J

@ The dark potential
Py
O o ~ Zyajng >0
My

is a correction to the Hamiltonian, same as the matter potential.

@ Due to 1/E, dependence, the dark potential is promoted to mass
correction
M2 1 S v py _ M?45Mm?

T2 E 2 T o,

which is totally different from the scalar NSI.

@ With mass term correction, any neutrino oscillation cannot
see the original variables. Neutrino oscillation can happen
even if the original mass term M? vanishes.
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Dark NSI & Faked CP

@ With just 3% of dark NSI
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@ The biprobability contour can totally change.

SFG, Hitoshi Murayama [arXiv:1904.02518]
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Dark NSI @ Low Energy Exps |
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SFG, Hitoshi Murayama [arXiv:1904.02518]
Shao-Feng Ge @ NEPLES 2019, KIAS, 2019-9-27 New Physics & (vector, scalar, dark) NSI's



Summary J

@ Neutrino oscillation = Mass + Interaction
@ Mass — vacuum mixing & oscillation
o Interaction — matter effect

@ Both are important
¢ Yukawa coupling — Mass
¢ Gauge coupling — Interaction

@ Crossing & Hybrid of the two — scalar NSI

@ Appears as NSI, but contribute as mass term correction.

o The effect of scalar NSI is not suppressed by neutrino energy.
Can completely disguise the original oscillation parameters.
Neutrino mass scale & unphysical CP phases can enter oscillation.
Matter density variation can help to identify scalar NSI;

@ Dark NSI — Scalar NSI is not alone!

¢ € @

(M + Mg)(M + Mg)t + sM?
2F,

The scalar or dark NSI can fake the neutrino mass term!

H = + Vi1 + Vgt



Thank You!
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Sign Difference between Neutrino & Anti-Neutrino |

@ Altogether
0Tap o (0aa(aly s + barVar )y, PL(ap g + bl var)ah|o)
= <O|ML,UQI’YMPL35/U5/QE|O>,
0Tap < (Olba(aly s + barVar )7 PL(ag g + bl var)bh|0)
= <0|bat?a/ Va/'YuPLl?;/ Vﬁ’b;‘0> °

@ 0 permutation for neutrino vs 1 permutation for anti-neutrino

gozeg* _ _
olop = + 2m2ﬁe (TayuPrug) (e|éy,PLele),
14
(sfag = —% (Vﬁ'YuPLVa) (e\éyuPLe|e> y
14
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MSW Effect

@ Take 2-neutrino oscillation as an example
i cosf sin6 m% cosf —sinf n V.. O
2E | —sinf cosd m3 sing  cosd 0 0
@ The lagrangian can be described by effective matter term
vac _ 1 | cos 9 sind m2 cosf —sinf
off 2E | —sin@ cos® m3 sinf  cosf

@ Resonance if

sin20 = sin 20
\/sin2 20 + (cos 20 — 2EV / Am?)?
Am? = Am2\/sin2 260 + (cos 20 — 2EV / Am?)2

@ Energy modulation: | H — 2EH
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Adiabatic Evolution of Solar Neutrinos |
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Guidry & Billings [arXiv:1812.00035]; Maltoni & Smirnov [arXiv:1507.05287]
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