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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 conmdermg the oscillations of
neutrinos traveling through matter. In partlcular, 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. Apphcatlons discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.
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Neutrino oscillations in matter

L. Wolfenstein

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

The effect Gf coherent fofward' scattering must be taken into account when conside'ring 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.

v
general dispersion relations

v

dark matter v-DM interaction

by medium-induced mass-squared
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Neutrino oscillations In vacuum

« Propagation Hamiltonian:

d 110 — (V1;v21v3)T l,b — (Ve; VM; VT)T VCZ — Uai Vi
I—YyY = H
ac? v . m? ; Um2U* MM*
~ S = —
2p 2p 2p
« Two-flavor evolution:

Am? —Crg S2p iHt 2 . . Am?L

H = K 5o Cze] > Py = |(v,|et|v,)| = sin?26 sin ( e )
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Wolfenstein potential

e "Oscillations for massless neutrinos can occur as a result of coherent

forward scattering provided that this scattering is off-diagonal in ne
utrino flavor™:

Hepr= Gap VaV" P Vg f]/ﬂf = H ~ Ggp Ny (momentum-independent)

* “In the standard model, vacuum oscillations are modified by the cha
rged current scattering”:

Am? —
o L cal [0 ol

H, 5 = Viy = V2 GrN,(t) | MSW effect
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Generalizing the Wolfenstein effect

* In @ medium with arbitrary N, and N;

Vo yte, ey, v
Vv |= v }[eff — 2\/5 Gpmﬁ, el 2L L 2” et
my —(
[ N,/m N;/m ' _
H.N = F2G-m? er ¢ — er e (Ne,N |ee|Ne,N ) =
( v) éé\/_ FMyy _ 2 (p . k)z m%y . (P + k)z_ __Z
[ N;/m N,/m ' S Zko
Iy = 26 -m2 e/ "e e + Y. v (k) (k)
( V) ¢\/— FmW _m%‘/ _ (p . k)z mW (p + k)z s ©S S Zko
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"Free” neutrinos In a medium

* Self-energy correction by the coherent forward scattering:

Lyin = Vg (" — kFZy)y, vy
2 — 2
g5 = V2Gpmy,
Ners —2m E + e(mi, — p? — m2) ' ph = (E,p) p°=E>—p?

N, — Ng I
me (’mﬁ/ —p? —mg)? — 4mZE? € = Ne n Ne k* = (m, 0)
e e

EW=95

e Dispersion of Weyl neutrino in the high-momentum limit (E = p):
( Ne+é

E. = + € 2 + ... ;
, , , m2, > 2m,p v/ PILEGy mﬁ, Potential
(p—kZy)* = (E—meZy) —p“=0 > 4 N,,s/m
2mep > miy | E,oxp+ 92— 4 Ogcillation
(For Majorana neutrino, p.11) L 2p

CAU 2021-02-01 "Neutrino Osillations in a medium" EJChun@KIAS 8



Dispersion of neutrinos in a medium



General formulation

 Egs. of motion in a Lorenz invariant + Neutrinos interacting with dark
medium: matter and mediator

(® —pity = k2E)u (p) = M+ ) up(®@) £ = Gai fV*Var Xy + hoc. (1)

u

= P3te — K32 Yun () = (M + 20 Yy () Gui Tover b +hoe. (@)

n Yai fi_RVaL (P + h.c. (3)
Z:1,2: 212
9ap VgrVar ¢ + h.c. (4)
Jap VﬁTRVaL (P Ty C,b fRfL + h.c. (5)

* For v-spinors: 2¥(p) = 2%(—p)
23 (p) = -2 (-p)
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General egs. for dispersion

» For k = (my,0) &p = (E, 2p), EOM (for v, /v) is solved by

L = p - ZL = (Lo,ZALZ)

2 —
L'R—mviH—O R=p—ZXz = (Ro,2R,)

H = LZRO - RZLO
0=(E?-p>)(1—=2)(1 = Z15) —m§ + m§E, Top

220(1 = 24R)

— E=p S
—Mmg(E £ )2z, (1 — E1g) — Mg (E + p)Zop(1 — 2y Py {ZZR(l ~Z11)

Wolfenstein:

* Approximate solutions for [X;| K 1 & my|Z;| K m,,p Cipr = 0; mpZopp = £Vy)

EX, =p*+mZ+Vi+2pV,
0) 450 0) _5(0 =/ 2 (Sun: mZ ~ 2pVy)
—Mmy (EO [ZgL)+ZgR)] + p[sz)_ZgR)] ) E, pc +m; by
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Application to different types of neutrinos

« Weyl (m, = 0): u,(ug) forv ()

(Ev,v - p)(l - ZlL,R) —myplyr =0 = E,5=p+ mcng(BR

« Majorana (v = v¢): u;(ug) forv (v) for E - p

(g = V6, vp = 1) m3 [ <.(0) o) asymmetric
. S y ) Evy = Eo + 55 (ZlL + 2R )
Zi(p) = L)) = ~[x ()] me (0) (0) P ((0) (0)
— u *
= [Z4(P) ]2 +7((22L +157) + 2 (2 —ZZR)>
* Dirac (v #v¢,m, # 0) with X = 0:
mj m >
(EZ — pz)(l — ZlL) — m12/ EVL;VR ~ EO 4 ﬁzig) + 2—¢Zg(l)l) <1 + EP) E——€ ) EVL,VR
—mgZy (E+p)=0 0 0
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Neutrinos in a medium of complex scalar

L'=gfpvid + g V. frd"
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Modified neutrino propagator

* Finite temperature/density calculation

-1 — (=Y = (4 — — A k:i—zm(SkZ—mz k
Sv (p)—(}é Z)—(¢ ¢21 lézz) ¢() I 2 ( ¢)f¢()

: 4 1
Y=1 gg+ f (gﬂ; Ag (k) S¢(p + k) Sr(q) = (d +my) (qz " + 2mi §(q? — m?) ff(q)>
¢i‘) Medium 4-momentum: k = (ko,fc) ~ (mg, 0)
7 - TN . Distribution functions:
[" \1 fr(@) =0
W@ e 9 v 0 Jo ) = (BCkoIng +6(=k) 1) (28K
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Self-energy corrections

2 2
i (0), 211,k = S(p) £ €A(p) $(p) = om?— P T Mo ™ .
o1 (0), 22, = A(p) £ €S(p) (p? +m3 —m?)” — 4m2E?
— Ny —2myE
€ = N~ g om? = |g|2w A(p) = 6m? 5 mjz .
Ny + N3 2myg, (p2+m¢—mf) — 4myE?

S;1(p) = (¥ — y2i — IZ2) 1.
Modified dispersion relations 2.
E = E(p; mj,6m?,mg, m%) 3.
depending on the parameter hierarchies: 4.
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nb) Consistent with the diagrammatic calculation.

Decoupling limit: m]% »> dm?,mg, 2myp > qub
Heavy neutrino limit: m7 » dm? m¢, 2mgp
High momentum limit: 2mgp > m#, §m? m3
High density limit: §m? > mg, mg, 2myp
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Dispersion of Weyl/Majroana neutrinos

*) Weyl: m,, =0

1. Decoupling limit

. m2 om?\ _ om?
Dpoo Eyy=p+5-|(1-2—7|+temy—

2p ms ms
3 om?
ll)p—>0: Ev,gzmv 1—7 sz
f m3 » O
2. Heavy neutrino limit <

_ m? Sm? Sm?
l)p—)OO:EV,Vzp-l-% 142 > iqu_') >

3 dm?
i)p—-0: Eyy =m,(1+—
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3. High momentum limit

m2 + dm? _  m*(mj — mg)
E,v =p+ + €
’ 2p 4myp*

4. High density limit

) E AT om’
1 — 00: = = e eEm
p vv =P 2p ¢m12\/1 + Sm2

ii)p—0: E,y = my

my = %(mv +Jm2 + 45m2)

Rest mass correction!
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Dispersion of Dirac neutrinos

1. Decoupling limit

1) p — oo
m2 Sm?\ _
EvL,ﬁ (EVR,ﬁ) ~p+ % 1-— m—]% + (0) EMy,
i 0 E (1 5m2> - Sm?
1) p = Ul V,Vzmv — 5.2 qub—z
me me

2. Heavy neutrino limit

i) p — oo
mg 4+ 6m?  dm?mg

Ey or (Bvpvg) =P+

) Sm?
ii)p—-0: Eyy #my|1+-—
’ 2m;,

CAU 2021-02-01

2p 2p m;

3. High momentum limit

m2 +8m?  dm*m;

_I_
2p + € 4myp*

EVL,VL ~ p +

m?2  édm*m?
rRVR ZPT 7 Te

E
v 4myp?

2
mp  dm*mg

2p = 2p mj
m?  §m2mf _

2p 2p mj

mp = y/m2 + sm?2
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Sm?

> + EMyp —

mp
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Implications
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Fffective mass in a medium

- L-conserving mass-squared 5 2 _ 99" P¢+3

without chirality-flip: 2 2my My, = %(mv + \/mg 4 45m2)

E —m
M.D mp = [m? + dm?

mz + §m?

2p

2
My p

2p

 Affecting neutrino oscillations:  p? » 2mgp » dm? m? = E~

p* > dm?,mg » 2myp = E~
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Oscillation as a dark medium effect

« Solar and Atmospheric neutrino oscillations: E, = p

Psol = (01 _ 10)M€V, Patm = (01 — 100) GeV Amz _ { 3.8 X 10—10:—12 eV }
AmZ, =75%107°eV?, AmZ, =2.5%x 1073 eV? 2p 1.2 x 10711714 ey

« Weyl neutrinos can oscillates due to pji ~ 0.3 GeV/cm® ~ 2.3 x 107 eV*

1
Loc 2.5 % 1073 eV? 2
2 Ppm 2 -
OMiye = 92 Zmlz)M ~ An’lsol, atm > Mg = 0.03g eV ( 5mlzoc >
. m;  &m? |
* CPV may also appear: E, 3 e s 2p tempy

CAU 2021-02-01 "Neutrino Osillations in a medium" EJChun@KIAS 20



Cosmological limitation

 Neutrinos were heavier at earlier time.

0
Ppm

loc

DM

7 3
dm?(z) = 5mlzoc (1+2)° =~ 6650 (m) 5mlzoc

« Around the CMB decoupling, neutrinos cannot be too heavy:

dm?(z) < (0.1eV)? = dm?,. < 10~ %eV?

« To explain the neutrino oscillations as an local DM effect, the current
DM component needs to be generated well after the decoupling.
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Astrophysical bounds

* The present neutrino-DM scattering cross-section is constrained by

SN1987A (E, ~ 10 MeV) and lceCube-170922A (E, ~ 300TeV) neutrino
observations: 4, g

mey  32m mgE,

< 10_22 sz/GeV — m(,b > 2 X 106g2 eV

« Combined with the condition for the “massless” oscillation

-15

1 _ Ce0 m=01ev]
_g 2.5 X 1073 eV? 2 5 -20f my=10"%V ]
g < 1.5x%x10 > L : Y
My, e SN1987A .
l é—' -30¢
10 25x1073eVZ\2 I ¢
mg < 4.5 %10 eV S
5m2 hi [
loc S M 1P TH ST, g=2.0x107
L v v, To-T @ g=1.7x107¢
Y3 S S

-10 -5 0 5 10

Logo £ [GeV]
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Conclusion

 General dispersion relations of neutrinos propagating in a medium are f
ound up to first order in perturbation considering the four limiting situa
tions.

« Effective mass is generated and the neutrino oscillations may be due to
the medium effect (partly or totally even for Weyl neutrinos).

« The scenario is limited by the cosmological mass generation and the ne
utrino-DM interaction is constrained by the astrophysical neutrino obser
vations.

 Sensible UV-completion for the origin of scalar DM?

Dark sector coupling only to neutrinos; late generation of ultra-light cold DM



