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A Appearance probes

Appearance: the first anomaly

Based on:
JPG 43 (2016) 033001

LSND
MiniBooNE

in preparation
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B The Standard Model of Particle Physics
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B The Standard Model of Particle Physics
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B Neutrino oscillations

Major discoveries:

[SuperKamiokande, 1998] [SNO, 2001-2002]
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B Two neutrino bases

[flavor neutrinos z/a] [’Va> =3 Uak|yk)j [massive neutrinos yk]

[v(t =0)) = |va) = Uatlv1) + Uaz|v2) + Uas|va)

R ENE N N
Vo NN VB

source detector

lv(t>0)) = |vg) = Ua1 e E1E|11) + Unz € B2 |1) + Unz e B3t [u3) # |v)

EZ =p?+m; define ————— t =L
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B Three Neutrino Oscillations
3

Vo = Z Uakvi (O[ =6, T)
k=1

U,k described by 3 mixing angles 015, 013, (>3 and one CP phase

[Current knowledge of the 3 active v mixing: [JHEP 02 (2021)]J

NO/NH: Normal Ordering/Hierarchy, my < my < ms3 10/IH: Inverted O/H, m3 < my < mp
aAmd = (7.50t‘é~§§) -10° evz j
[amd | = (2'55t8"8§) 1073 eV2 (NO) )
=(2.457303) - 1073 ev? (10)
10 SInZ(le) — 3.18 :l: 0.16 0.2 uszinzsn 0.4 0.3 0.4 l)g 0.6 0.7 016 00;(:779“0024 0.028
102sin?(f13) = 2.2001:?2)26% (NO)
=2.2257 7, (10) %10
10sin?(623) = 5.74+0.14 (NO) |
_ +0.10
- 5'7870.17 (IO) 65 70A N [:Osrs Vza]o 85 23 z‘:m”[z]fr3 \515 2705 Os 1o 15 20
§/m  =1.08T51 (NO) :
-0 mass orderin .
— 1587015 (10) , & [ § still unknown
still unknown

see also: httﬁ : //Elobalf it. astroaarticles .es


http://globalfit.astroparticles.es

B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 03300}

{Do three-neutrino oscillations explain all experimental results?}




B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

LSND

(Do three-neutrino oscillations explain all experimental results?}
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

(Do three-neutrino oscillations explain all experimental resuIts?J
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

[Do three-neutrino oscillations explain all experimental results?}
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[Giunti, Laveder, 2011]
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

[Do three-neutrino oscillations explain all experimental results?}
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B A large family

In principle, previous discussion is valid for N neutrinos

‘ only constraint: there are exactly ’ =
three flavor neutrinos in the SM £ R
2, ALEPH
[LEP, Phys. Rept. 427 (2006) 257, © DELPHI
arXiv:hep-ex/0509008] L3
OPAL
[Nﬁz’ — 2.9840 + 0.0082] 2y
o e ncrenmed”
through the measurement by factor 10
of the Z resonance 10
ete” — 7 — Z Vala
a=equT 0= 88 90 92 9

E,, [GeV]

Eneutrinos o > 3 must be steriIeJ

sterile neutrino = SM singlet: no couplings with other SM particles



B A large family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, N flavor neutrinos, N massive neutrinos

’Ve> Ue1
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|V51> U511

Ue2
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U, e3
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U51 3
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UT4
U51 4



B A large family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, \V flavor neutrinos, N massive neutrinos

Uel
U1
UT].
U511

Ue2
U2
UT2
U51 2

Ue3
U3
U7'3
U51 3

Ue4 |V1>
Uys v2)
Ura |v3)
Us4 |va)

Our case will be 3 (active)+1 (sterile), a perturbation of 3 neutrinos case

/\/\Vl/\/\/
my > my ) 6 angles
(=123 2 VaVaVaCaVaY 3 Dirac
Va U3 Vs CP phases
A2, ~ 1 V2 VaVaVaVavaVaVaVaVa
~ AmZ, b 3 Majorana
~ 2 CP phases
~ Amyg;
source detector



B Short BaseLine (SBL)

Am?L
Puamsws (L) = |{val(L)] ZUﬁkU*k“ﬁf“weXp( 2E )
k.j

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop



B Short BaseLine (SBL)

Am?L
Puamsws (L) = |{val(L)] ZUﬁkU*k“ﬁf“weXp( 2E )
k.j

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop
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B Short BaseLine (SBL)

Am?L
Puamsws (L) = |{val(L)] ZUﬁkU*k“ﬁf“weXp( 2E )
k.j

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

erere 0/

(=) (=) (=)

Vot ' N 7 ~_V3 Vo' N 7>
source detect different source Vs GOes

-) ) -)
of Vg flavor 1 of vy undetected




B Short BaseLine (SBL)
AkaL
Poo—svs(L) = [(valv(L))] Zuﬁku kuﬁjua,exp( SF >

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

erere 0/

(=) (=) (=)
Vo ™ N_ " .~ ~_ V3 Vo " N >
, -
501{56 detect different sou(ge Vs GOes
of v, flavor(ﬂfg of v, undetected

CP violation cannot be observed in SBL experiments!




B New mixings in the 3+1 scenario

Uel Ue2 U, e3 Ue4

. ) Ua Up Usz Uy
4 x 4 mixing matrix: H H # H
- U’rl U7'2 U7-3 U7-4

U51 1 U51 2 U51 3 U51 4




B New mixings in the 3+1 scenario

4 X 4 mixing matrix:

Uel
U
U’rl
U51 1

Ue2
U2
U7'2
U51 2

U, e3
U3
UT3
U51 3

Ue4

U7'4
U51 4

V14
Vo4
] V34



B New mixings in the 3+1 scenario
Uel Ue2 Ueg Ue4 1914
4 x 4 mixing matrix: Un U2 Us U ‘| s

U’Tl U7'2 U7-3 U7-4
U51 1 U51 2 US]_ 3 U51 4

DISappearance

Am? L
"?f?L(,) ~ 1 —sin” 29, sin? ( 41 )
Va—Va 4E

sin® 2000 = 4|Ua4|2(1 _ |Ua4|2)

(=) (=) reactor
Ve — Ve

|Uea|? = sin® 14

gallium

= ) accelerator
= atmospheric

\ Uu4|2 = cos? 14 sin% Vo4




B New mixings in the 3+1 scenario

Uel Ue2

. ) Uis Up

4 x 4 mixing matrix: H H
& U’Tl U7'2

U511 U512

DISappearance

Am? L
SBL 1 _ <205, 2 41
.‘?7) ) =~ 1 —sin“ 20,4 sin ( iE )

Va—Va

sin? 20,0 = 4 Uag|?(1 — |Uasl?)

0 ) reactor
Ve — Ve

|Ue4|2 = sin2 1914

(
gallium

accelerator
atmospheric

=) =)
vy, =V

| Uu4|2 = cos? 14 sin% Vo4

Ues | Ues Y14
U,u3 Uu4

UT3 U7-4 l 1924
US]_3 U514 ] 1934

APPearance

. . Am? L
If?L(i) ~ sin? 20,8 sin? ( 4;1 )

Va—rrg

sin? 2005 = 4|Ua4|2|U54|2

LSND
MiniBooNE
KARMEN
OPERA

(=) (=)
Vy — Ve

sin? 20e, = 4|Ue4|2| UM4|2

quadratically suppressed!

for small |Ues|?, |U,L4|2




[PRD 64 (2001) 112007]

B LSND

Be‘am Stop [D,u — De’ 20 < E/(MGV) < 528}
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B MiniBooNE [PRL 121 (2018) 221801]
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B MiniBooNE [PRL 121 (2018) 221801]
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M Global fit of v, — V. APP
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M Global fit of v, — V. APP
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B Beta/double beta constraints

i.e. non-oscillation probes, first part

. - Mainz 95% CL.  —— Neutrino-4 20
B a Sed on: - - - Troitsk 95% C.L.  ——KATRIN 95% C.L.
Prospect 95% C.L. - Projected KATRIN final
DANSS 95% C.L. sensitivity 95% C.L.

O0v33NH 90% C.L.

. AN
KATRIN oA s

" Giunti+ JHEP 2015 10

107 107"
.2
sin’ (2056)



M 3 decay

[,6 decay: N(A. Z) — V(A 7 1) +e + Ee]

QﬁzMi—Mf—me EV:Qﬂ—T:Qg—(Ee*me)

total available energy neutrino energy

notice that max electron energy is:
Tmax - Q/B — Mg,



M 3 decay

[ﬂ decay: NV (A.Z) — +e + De]
Qs = M — — me E,=Q—T=Qs—(Ec— me)
total available energy neutrino energy

notice that max electron energy is:
Tmax - Qﬂ — Mg,

Kurie function: (degenerate v masses) Useful to describe

= (0 - 1@ T SR

near the endpoint

[notice: flavor neutrinos have no definite mass!} m2, =3 |Uei|?m?




M 3 decay

[6 decay: NV (A.Z) — +e + De]
Qs = M; — — me E,=Q—-T=Qs—(
total available energy neutrino energy

notice that max electron energy is:
Tmax = Qﬁ — my

e

Kurie function: (degenerate v masses)

E. — me)

Useful to describe

1/2 he e~ spectrum
K( T) = [(Q3 - T)\/(Qo’ - T)2 —m2 J ;ear thependtpoint

Ve

[notice: flavor neutrinos have no definite mass!} m2,

Full expression:

Ny,
K(T) = (@ = D)X Ve (@ = T2 = m?

1/2

= Z|Uei|2m:2

N, neutrinos
with different
masses m;

mixing angles
enter (|Uq[?)



M 3 decay

1/2
K(T) = [(Q: — Z\ue,\ V(@ = T2 —m?
2.5
-------- massless
Fake case:
2.0 V1 .

Vs 3 neutrinos
> 154 V3 masses:
% ::5f‘=:~. =7-0.5 eV,
= Teelliing
< 1.0 A mixings:

|Ue,-\2 =1/3
0.5 4
0.0 T t T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Qs —TleV]

endpoint shifted 4+ one kink for each mass eigenstate



M 3 decay

K(T) [eV]

0.07

K(T) =

(Qe—T

Z\ue,\ V(@ =T —m

0.06 -
0.05 A
0.04 -
0.03 A
0.02 A
0.01 A

massless
V1
V2
V3

0.00

—0.07 006 005 004 003 002 001 000

Qp—TleV]

1/2

Realistic case:
3 neutrinos,
normal
ordering

masses: m; —

[5,10,51] meV,

mixings:
|Ue:|2 _
[0 67,0.31,0.02]

Much harder to see the endpoint shift and kinks!
S. Gariazzo  “(Light) Sterile neutrinos,from A to Z'  UAI 11/06/2021  12/47



B KATRIN results

[KATRIN, 2105.08533]

Los Alamos (91) 1
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. KATRIN results [KATRIN, 2105.08533]

[strongest bound on my,(= my,) are from KATRIN}

KNM1+KNM2:

2 _ 2
[Katrin Neutrino Masi i_-- IIIIl“““IIII'I--__ my, = (0'1 + 03) eV

18573.80F o
’ | Upper limit 90%:
i L
——— . ; 0/.
S 18573.70fF —— Bayesian 90%:
< i BEBeeee m, < 0.7eV
“'18573.65} =
| R
18573.60 5 statistics domlnated.}
-1 0 1 :
expected final
m?2 (eVv?) p

sensitivity (90%):
my, < 0.2eV




B Sterile neutrino in 3 decay

N, 1/2
K(T)= (@0 = T)Y_1Ual*V/(Qr = T) = m%]

2
|Uea|* ~ 0.01 my = \/m% +Am§1 ~ \/Am?u
2.5
........ massless
2.01-., V1
..... ~ ].% k'nk, Uz

— The. hard to seel! v
S 1.5 1 3
2 .'.... .... TR v4
= — sum
z 1.0- .'... .,

0'5- ....'.....'.

Qg —T[eV]
'S. Gariazzo  “(Light) Sterile neutrinos,from A to Z'  UAI 11/06/2021  14/47



[KATRIN, PRL 126 (2021)]

B Sterile neutrino in 3 decay

a) + KATRIN data with 1 & error bars x 50
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[KATRIN, PRL 126 (2021)]

B Sterile neutrino in 3 decay

,.
! N
10°F « :
\
\_ o7
~ s,
~ ~
102 L
Yo
N
>
3 2 2
Nsﬂ‘ 101 | —— Mainz95% C.L.: m  =0eV ~. |
— — Troitsk 95% C.L.: m_=0eV’ :

KATRIN sensitivity 95% C.L.: m’=0eV
o| — KATRIN95% CL.: mi =0eV?
10 KATRIN 95% C.L.: m’ free

~-=-KATRIN 95% C.L.: m’ free, o(m’) =1 eV*

102
2
|

| Ue4
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[KATRIN, PRL 126 (2021)]

—— Neutrino-4 20

B Sterile neutrino in 3 decay

Mainz 95% C.L.

——KATRIN 95% C.L.

- - - Troitsk 95% C.L.
Prospect 95% C.L. - Projected KATRIN final
DANSS 95% C.L. sensitivity 95% C.L.
— Stéréo 95% C.L. 0133 NH 90% C.L.
——RAA+GA95%CL  O0uy331H 90% C.L.
5 ' K final sensitivity will test
10 \‘ < N several oscillation results!
102
NA
>
L
=l
o<+ 3
<§] 10 search for keV states
needs to measure the
100k spectrum much further
from the endpoint...
10
10”2 107! 10°
)
sin (2666)




B Neutrino masses from neutrinoless double 3 decay

(if neutrino is Majorana)
[Schechter&Valle, 1982]

n b o p figure from [NEXT] webpage
/ N 30
- e ;‘1.}—7/ e 2.0 ) \» v Zq '
/ \ < 10
v 1.5
v v Ix / A 00.90 1.00 1.10
— L _ K/Q
v | 1.0
n VST p ¢ n WIS p € 054 /
. 0.0 ‘ - : = .
L 11 e R A1) B S MR R P N o
Ko/Q
0.1 me electron mass,
Measure T](_)/Vz Gp, phase space,
3 MY matrix element
< 001
£ Me

convert into mgg =

0.001

MY, [ Go, TP,

o Majorana phases
Miightest (V)

and then use mgg = Z e’ U2, my
K

1074 M|
107t 0.001

[Dell’Oro et al., 2016]




. Mass eigenstates and OV/BB [Giunti&Zavanin, JHEP 07 (2015) 171]

. . i o ioue . — 2
effective Majorana mass: mgg = E e pu|, with e = UL my
k
1 - T 1 - T T — T
3v — Normal Ordering 3v — Normal Ordering T T
- 10 W A
— 20 § )
% M
107 ¢ 107
— =
% 2,
1072 ¢ Tnw’2 3 E
I £
10° E 10° 8 1
107 : 107 al ‘
107 107 107 107" 1 107 107° 107 107" 1
Lightest mass: m; [eV] Lightest mass: my [eV]

3 neutrinos, normal ordering (NO): my < mp < m3, |Ue1| > |Ue2| > |Ues|
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. Mass eigenstates and OV/BB [Giunti&Zavanin, JHEP 07 (2015) 171]

effective Majorana mass: mgg = Zeiak fk|, with e = U2 my

k
1 1 3+1 - Normal 3v Ordering| " ' ' ' " i
107 & 107
— =
% 2,
1072 ¢ __ 102 E
. E E F
= £
107° B s 107°
3+1 - Normal 3v Ordering’
==
w30 R ettt
107 . 1074 ul
107 107 107 107" 1 107 107° 107 107" 1

Lightest mass: m; [eV] Lightest mass: my [eV]

3+1 neutrinos, NO: my < mp < m3 < ma, |Ue1| > |Ue2| > |Ue3| 2 |Ueal



. Mass eigenstates and OV/BB [Giunti&Zavanin, JHEP 07 (2015) 171]

: : . _ iy : — 2
effective Majorana mass: mgg = E e puy |, with e = U2 my
k
1 Bv=inverted Ordering[ T 1 3 “inverted Ordering T T T
— 1o — ()
— 20 e f:::
D 30
L (B
= S
Z 2,
107 & 10T
E £ [
10° &
1074 Lol L Ll Lol Lo 10—2 L L i 1
107 107° 1072 107" 1 107 1072 107 1
Lightest mass: mz [eV] Lightest mass: mj [eV]

3 neutrinos, inverted ordering (10): m3 < my < my, [Uet] > |Uea| > |Ues]




. MaSS eigenstates and OVBB [Giunti&Zavanin, JHEP 07 (2015) 171]

. . i o ioue . — 2
effective Majorana mass: mgg = E e pu|, with e = UL my
k
1 1 3+1 — Inverted 3v Ordering]T e s i i
107 ¢ 107
— =
% 2,
1072 ¢ _ 10%
= £
10° & 107°
3+1 - Inverted 3v Ordering’
.
10 PN Al % 107
107 107 107 107" 1 107° 107? 107 1

Lightest mass: mz [eV] Lightest mass: mj [eV]

341 neutrinos, 10: m3 < my < mp < myg, |Uet| > [Ue2| > |Ues| 2 |Ues]



. . . Giunti&Zavanin, JHEP
M Light sterile neutrino and QuB3 G maevan. o EDEx 201s

NO for active neutrinos 10 for active neutrinos

Normal 3v Ordering — 3¢ 1 Inverted 3v Ordering — 36

= 3v

= 3v
— 3+

— 3+1

107 107
> >
o, )
_10% _10*
E E

107° 107°

107 107

107 10° 1072 107! 1 107 10° 102 107 1
Lightest mass: my [eV] Lightest mass: mz [eV]

[ one more neutrino completely changes the picture! }

Ewith 3+1 vs, incoming experiments could see mgg even if Myjghtest = 0]




C Cosmology

i.e. non-oscillation probes, second part

Based on: 107 | | |
[|uy4|2 =1073, U2 = 10-3]
= JCAP 04 (2021) 073

= JCAP 07 (2019) 014
= arxiv:2003.02289

AmZ, [eV?]

|Ue4]2



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
109 T llllllll T lIIIIIlI T T T T T 10T
105
N
T
< 1o H
osc. atm. ——
osc. Sun ——— |
103 osc. 1eV2 ——— |
GF2T5 — ||
1 IIIIIIII 1 IIIIIIll 1 llIIIIII 1 111t
0.01 0.1 1 10 100
Court P. F.de Sal
[ ourtesy e aas] T/ MeV



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
109 T T T Illlll T L |||||| T T T T T T
“
10° .
T L oscillations blocked <7
= - by matter effects 1
< 10 | y H——
r osc. atm. 7
I osc. Sun
103 osc. 1 eV? N
GF2 T5 ]
1 1 111 IIII 1 1 1 |I||l| 1 i1 8 \‘H‘ | L1ty
0.01 0.1 1 10 100

Courtesy P. F. de Sal
[Courtesy e Salas] T/ MeV



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
109 T T T Illlll T L |||||| T T T T T T
“]
105
T L oscillations blocked sl
= - by matter effects ]
g 100 b , H——
v decouplin osc. atm. 1
osc. Sun
10 osc. 1 eV? _
Ge2 TS
1 1 IIIIIII 1 1 IIlIIll 1 1 l|lA.‘Al 1 1 I
0.01 0.1 1 10 100

Courtesy P. F. de Sal
[Courtesy e Salas] T/ MeV

v decouple mostly before eTe™ — ~v annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
time

10°

T T T

T T T T T T T TR Ty2(4/11)1/3T’y
after eTe™ — vy

f,: frozen Fermi-
Dirac distribution

105

L L oscillations blocked sl
= o L by matter effects — Today:
== L v decouplin o | T,o0=1945 K ~
S 1 1.676 x 107* eV
102 osc. 1 eV® ! <El,> ~ 3.1 TV70 ~
Gg? T° 5 x 107% eV

ol L el Lo 1Ll

0.01 0.1 1 10 100
[Courtesy P. F. de Salas]

Lol

Ng = nNyo = Npo =
56 cm~3 per family
T/ MeV

v decouple mostly before eTe™ — 7~ annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
time

10°

T T T

T T T T T T T TR Ty2(4/11)1/3T’y
after eTe™ — vy

f,: frozen Fermi-
Dirac distribution

105

L L oscillations blocked <
= o L by matter effects — Today:
== L v decouplin o | T,o0=1945 K ~
S ' 1.676 x 107* eV
103 osc. 1 eV? | (E,)) ~31T,0 ~
Y GF‘T . 5 x 107% eV
no = n,,’o = n,;70 ~
0.01 0.1 1 10 100

Courtesy B E. de Sal 56 cm~3 per family
[Courtesy P. F. de Salas] T/ MeV

v decouple mostly before ete~ — ~v annihilation! “[ distortions to

actually, the decoupling T is momentum dependent! equilibrium £ !

| S




[Bennett, SG+, JCAP 2021]

B v oscillations in the early universe
comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a
Oce = fu, Qep Qer Qes
. . =1, 0 Ous
density matrix: o(x,y) = Cne Oup = To il :
Y Q( 7}/) Ore Orp Orr = fu,- Ors
Ose Osp Ost Oss = fus
do(y, 3m? x2 [Mr  2V2G E,+P, 4E, 3GE
oly,x) _ [3m 0 [Me  2V2Gky (Be+Pe 4B/ ) meGe g
dx 8mpr m | 2y x6/m3 my, 3m3 (27)3x%y
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator



TP : . B G+, JCAP
B v oscillations in the early universe [Bennett, SG- JCAP 2021]
comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = fy, Oep Qer Qes
. . =f 0 Ous
density matrix: o(x,y) = Oue Oupe = Tou wr a
Y olx.y) Ore Orp Orr = fu, Ors
Ose Osu Ost Oss = f,,s
do(y, 3m? x2 [My  2V2G E,+P, 4R, 3 GE
oly,x) = - _’% o - v2 Féy Z‘E ‘ot > |0+ me3 E 21(9)
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
Mp = UMUT
— di 2 2
M = diag(mg, ..., my) cosfi3 0 sinfiz O
U — R#RARIR23 13 pl2 eg RY = 0 10 0
= —sinfi3 0 cosbiz O
- 0 o 0 1
sin© 614
|U|2_ cos2014sin2924

c0s? 014 cos? B4 sin? O34
cos? 014 cos? 04 cos? O34



s . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a

Oce = o, Qep Qer Qes

. . =f 1Y Ous

density matrix: o(x,y) = Cne Cun = T m #

Y olx.y) Ore Orp Orr = fu, Ors

Ose Osu Ost Oss = f,,s
do(y,x)  [3m} _iﬁ Mr 2\2Gpy (E,+1P, 4R, . m:G3 (o)
dx '\ 8mpp md | 2y x®/m8 m, 3m% 1@ (27)3x4y? @
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
My = UMUT

17, = diag(pe, pu,0,0)  E, =S5, (/ dyy3g> S, with S, = diag(1,1,1,0)

lepton densities

neutrino densities (only for active neutrinos)

take into account matter effects in oscillations



s . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a

Oce = o, Qep Qer Qes

. . =f 1Y Ous

density matrix: o(x,y) = Cne Cun = T m #

y olx.y) Ore Orp Orr = 1o, Ors

Ose Osu Ost Oss = f,,s

do(y, x 3m? X2 [M 2V2G, E,+P, 4E, m3G?
oly,x) _ [3mp, {_,73 l:l_ \{Fﬁy cro e ) mGE

dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator

My = UMUT

[, = diag(pe, pu, 0, 0) E, =S, (/ dyy’o | S

Z(o) collision integrals

take into account neutrino-electron scattering and pair annihilation,
plus neutrino—neutrino interactions

2D integrals over momentum, take most of the computation time



T . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oce = o, Qep Qer Qes
. . =f 0 Ous
density matrix: o(x,y) = Cne Cun = T m #
y olx.y) Ore Orp Orr = 1o, Ors
Ose Osu Ost Oss = f,,s
do(y, x 3m? X2 [M 2V2G, E,+P, 4E, m3G?
oly,x) _ [3mp, {_,73 l:l_ \Gf by (Bt 48 )L mGE
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator

My = UMUT I, = diag(pe, pu,0,0) E, =S5, (/ dyy3g> S,

Z(o) collision integrals

r2 1 o0 ° do
. . A _ 3 fe7el
from continuity | Z {rJ(re) + Gi(r) —2W223/0 dyy Z—dx
equation d_z = e . —
. x T
p=—-3H(p+ P) Z [r2J(re) + Y(ro)] + Ga(r) + 3
L=e,p
r = x/z, rp, = mg/mer J(r), Y(r) from non-relativistic transition of e®, u*

Gi(r) and Gy(r) from electromagnetic corrections



s . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a

Oce = o, Qep Qer Qes

. . =f 1Y Ous

density matrix: o(x,y) = Cne Cun = T m #

y olx.y) Ore Orp Orr = 1o, Ors

Ose Osu Ost Oss = f,,s

do(y, x 3m? X2 [M 2V2G, E,+P, 4E, m3G?
oly,x) _ [3mp, {_,73 l:l_ \{Fﬁy cro e ) mGE

dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator

My = UMUT

[, = diag(pe, pu, 0, 0) E, =S5, (/ dyy’o | S

Z(o) collision integrals

I 1 =~ - doaa
from continuity Z [fJ(fe) + Gi(r) — m/o dyy3z I
equation :_z _ t=en ame
- X
p = —3H(p+ P)

15
L=e,p

71.2
S [R) + V()] + Gal) + >

neutrino temperature w: same equation as z, but electrons always relativistic



s . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a
Oce = o, Oep Qer Qes
. . =1, 0 Ous
density matrix: o(x,y) = Cpe Oup = To mr :
y olx.y) Ore Orp Orr = 1o, Ors
Ose Osu Ost Oss = f,,s
do(y, [3m? X2 My 2V2G E,+P, 4E, 3G2
Q(y X) = Pl —IX73 71—‘ — 4\/67 F(;y . 5 + 2 ;0 + me3 E ZI(Q)
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
Myp = UMUT 2, = diag(pe, pu, 0,0) E, =S, (/ dyy3g> S,
Z(0) collision integrals
- I’g 1 ~ 3 - doaa
from continuity | Z )| + Gl =555 i dyy Z—dx
equation £z _ Lo a=e

. dx 2
p = —3H(p+ P)

S [0 + ¥ + Glr) +

L=e,p

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: ¢,, = Fermi-Dirac at x;, ~ 0.001, with w = z ~ 1



s . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oce = £, Oep Qer Qes
. . =1, 0 Ous
density matrix: o(x,y) = One Oup = Tvy T H
y o(x.y) Ore Orp orr = fu, Ors

Ose Osu Ost Oss = f,,s

do(y, x 3m? X2 [Mp 226G E,+P, 4E, m3G?
oly: ) = ~ I 5 — 6 Fﬁy - >— t = |0 + %I(g)
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty

Dl L fal o

s

FORTran:]évolved ‘PrimordIAl Neutrino Oscillations
(FortEPiaNO)
https://bitbucket.org/ahep cosmo/fortepiano_public

I 1 =~ - doaa
from continuity Z [fJ(fe) + Gi(r) — m/o dyy3z I
equation :_z _ t=en : =
- X
p = —3H(p + P) EZ [r20(re) + Y ()] + Ga(r) + %
=e,u

neutrino temperature w: same equation as z, but electrons always relativistic
initial conditions: ¢,, = Fermi-Dirac at x;, ~ 0.001, with w = z ~ 1
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https://bitbucket.org/ahep_cosmo/fortepiano_public

B Momentum distributions

y2oin(y)

[SG+, JCAP 07 (2019) 014]

Am3; = 1.29 V2, other [Uga|? = 0, ANegr = Negr — N2GH®

100 F T T T T T T T E
i — Ueal? =102
I |Ue4|2 =103
1071 3 — |Uu4|2 =10"*% E
¥ SN — 3 -
- ’YANeﬁ‘ ~ 0. 1 Se
1072 §y “~.
; ,, \\.s 1.01
. ~
E
107%F) — a=e E
| - a=s pow _ ANei
4 e 3+1DW er/v +1 .
[Dodelson&Widrow, 1993] . “~
1 -4 L 1 1 1 1 1 1 S 1
0 0 2 4 6 8 10 12 14

y
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Only vary one angle and fix two to zero: do they have the same effect?

10° Py N T y ™
[Neff =31 (Ner=3. 3] ~\[Nerr =3.9] ‘S DIS
BN =7 30
10 _ ..‘\\\ \\ \\\ <:' (’ Uﬂ4|2) -
' \\ \\ \\\ 2 [SG+, in prep.] ]
- . ‘\‘\\ .\‘\\ -\ ~\\ - =¥ —_—— ]
% 100 actlveI .){\\\ ) ‘\\\ \:\: \________: Lo
o f norme AN NN L DANSSINEOS
g ordering AN\ AN proflar g ]
J \ "\ : " 30 (|Ueal?)
N, AN N, N N, ‘Z\ [SG+, 2018]
1071 — \‘ \ \‘ \ AR\
-—-a=e \.\\ \\\ W
AR N A
== a=u '\\ '\\ \:\\
102k vuees a=T1 AN NN 2 _
5 e ™ T N W R SO A
1076 107> 1074 1073 1072 107!



N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 3.9

[Uual? = U=l = O

10! —
- :
> L
2 100 —
- :
AN<t
S
q 10—1 L
102 —
106 107> 1074 1073 1072 1071
|Ue4|2
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 39
R | |

102 3 . .......I == = = = .......:
f [1Upal? =107, Una? =0
10" E
- :
>
L 100
—
N
S
< 107!




B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: _:> Neg
102 ...| - ......| | | sl
1Upal? = 102, [UnaP = 10|

10% 3

100-7 _— - |

Am3, [eV?]

1076 107 1074 1073 1072 1071



. N " and CMB [Planck Collaboration, 2018]
e

Negg = 3.05
et =3 0.84
75 -
Riess et al. (2018) 0.83
T 0.82
2 70 -
.-.2 0.81
| 3
]
0.80
£ 65 -
Io 0.79
60 o Neg = 2.92+0.19 2.9940.17 3.27+0.15 0.78
TT,TE,EE+lowE +lens+BAO +Reiss18
| 0.77
1 1 1 1
2.0 2.5 3.0 3.5 4.0

Ness




B Cosmological constraints on |U,4|? [ariv:2003.02289]
Use multi-angle results from FortEPiaNO to derive constraints on |Ua4?:

Constraints come from Nyg
and late-time density Qg

Angles |U,4|? are almost
equivalent for cosmology

logyg |Upual*

logy |Ural*
L

logao(Am3, /6V?)

5 —4 -3 -2 -5 —4 -3 -2
logy |Ueal* logyg |Upal* logyo |Uraf*

-4 -3 -2 —08 00 08
logyo(Am3, /eV?)




B Prevent v. thermalization?
oscillation parameters suggest ANyg ~ 1  [SG+, 2019]

[is there a way to suppress vs contribution to Neﬁ‘?j

— T

suppress oscillations/reduce ANeg compensate effects of ANeg ~ 1
large lepton asymmetry time varying dark energy
[Foot+1995, Mirizzi+2012, many more] components [Giusarma+2012]
new neutrino interactions [Bento+2001, larger expansion rate at the time
Dasgupta+2014, Hannestad+2014, Sa- of Vs production [Rehagen+2014]

viano+2014, Dentler+2019, de Gouvea+2019,
Moulai+2019, Fischer+2019, Diaz+2019,
Liao+2019, Archidiacono+2020, many more]

freedom in the Primordial Power
Spectrum (PPS) of scalar pertur-
bations from inflation compensate
very low reheating temperature damping due to ANeg [SG+2015]
[Gelmini4-2004, Smirnov+2006, deSalas+2015,

in preparation]

These are just some ideas (incomplete list!)
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D Disappearance (Muon channel)

strong constraints, and a recent first hint

Based on: 100
w= == This work 90% CL
e This work 99% CL
IceCube 2016 [E—_—
DeepCore 10
Minos/Minos+ %
- 1
. . g
in preparation 4 \
prep 00 Vi ==
---- CDHS
IceCube 2020 01 77 Mmos
—— DeepCore
- -~ Super-Kamiokande )
------- MiniBooNE-SciBooNE <
0.01

0.001 0.01 01 1
sin?(20s4)



B |ceCube and DeepCore

O(10 km) < L < O(10* km)

~ 2 x 10* High energy s events

320 GeV < E < 20 TeV

10!
10° 1
N
-
©
~
g
S
< —1
107 E
IceCube 99% CL Exclusions o
= [C86 rate+shape .’.:"
------ 1C86 shape only (blind result) >
5 ===+ IC59 result
10~ L
107? 107! 10°
sin? 26y,

[PRL 117 (2016) 071801]



B |ceCube and DeepCore

~ 2 x 10* High energy s events

. -
IceCube string
320 GeV < E < 20 TeV .
DeepCore string
1
10 .
SR
DeepCore |3
—_—
Corridor
100 1
N
>
o
~
~ ; Depth(m ]
<
10 E
Veto cap
IceCube 99% CL Exclusions R et esa
= [C86 rate+shape .’.:"
------ 1C86 shape only (blind result) >
===+ IC59 result
107 : s bowe
= = s
1072 107! 10° 7 mvertcal pacng
sin? 26,

[PRL 117 (2016) 071801] Ao 1/



B |ceCube and DeepCore

IceCube O(10 km) < L < O(10* km) DeepCore

~ 2 x 10* High energy s events ~ 5 x 103 tracklike events
320 GeV < E < 20 TeV 6GV < E < 60 GeV
10t EE: " i A
5‘4' 20%.CL.]
o D g
0.30 . - —
++ 8K, NO (2015),90 % C.L. 8 8
= SK,NO (2015),99 % C.L. o o
025 | ....| == IceCube, NO (2016), 90 % C.L. - -
10 ] . b e e
N 5; 0.20 - - IceCube, 10 (2016),99% CL.|[ 1
E D kel /
aF I 015 1t .
S 2
q I
1071 i ”—_ 0.10 | 1
IoeCube 99% CL Exclusions | " 0.05 ; | |
= [C86 rate+shape .’.:" >
‘‘‘‘‘‘ IC86 shape only (blind result) M “'mljl)"‘ 1(;’-' 10". \ ; :1 E' é
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sin? 26y,
[PRL 117 (2016) 071801] [Both also constrain \UT4\2]




B MINOS & MINOS-+

Near (ND, ~ 500 m) and 1GeV < E S 40 Gev,
far (FD, =~ 800 km) detector peak at 3 GeV

Reconstructed energy (GeV)
1 10%

10°
o -
5 08 —o8
T = 1
L 06 —o.6
2 E E
o 04 —0.4
= £ B
0.2 —Jo.2
b Ll Ll =
RN 11T A T
O g e o 0
1]
I
T 08F
- F
> 06—
o =
. 0.4
p=] C
U 02
ot 0

102 10" 0? 10°

1 10 1
L/E (km/GeV)
[PRL 117 (2016) 151803]:

far-to-near ratio
[PRL 122 (2019) 091803]:

full two-detectors fit



B MINOS & MINOS-+

I]P(vM -vy)ad

01 - P(vu->vs) O

Near (ND, ~ 500 m) and
far (FD, =~ 800 km) detector

Reconstructed energy (GeV)
1 10%

10° 0
e o 4 e L/ !
11— —1
0.8~ —o.8
0.6 —o.6
0.4 —0.4
0.2 —0.2
bl il vl ol ol g
C FD 3
1= -1
£ —~ B
0.8 T Tos
0.6 —o.6
0.4 —0.4
0.2 0.2

o

10°
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L/E (km/GeV)

[PRL 117 (2016) 151803]:

far-to-near ratio
[PRL 122 (2019) 091803]:

full two-detectors fit

10°

102

1Gev < E < 40 GeV,
peak at 3 GeV

MINOS+ update

3 MINOS&MINOS+ (30) 3
- -+ arXiv:1710.06488 v1 ]
- — arXiv:1710.06488 v2-v5 |
DA O [ Livviiin Lo,
0.01 0.02 0.03 0.04 0.05
2
[Upal

[SG+, in preparation]



B MINOS & MINOS-+

Near (ND, ~ 500 m) and 1GeV < E S 40 Gev,
far (FD, =~ 800 km) detector peak at 3 GeV
Reconstructed energy (GeV)
10° 1 10° A . ..
T /e Sensitivity and exclusion limit:
1= —1
O T |
’;i 0.8 —o.s lOSEWH‘ T T T
t C 7 F 10.56x10% POT MINOS E
o= 015; *:0-6 n 5.30x1102" POT MINOS+ 1
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= = E F E
0.2F o2 . ]
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> F B LR & g E
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- F ! NE* 101 _|
>7 0.6 o6 E 3
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g o2f 0.2 107 E
ot -2 -1 2 3 0 —37 ]
10 10 Lll E (kaIOGeV) 10 10 10 E —MINOS & MINOS+ data 90% C.L. E
[PRL 117 (2016) 151803]: 1043‘H\Eg?wfCf]f?"s"'v‘i'y‘“‘”‘a”"ffc’)‘ vl bl
. 4 -3 -2 -1
far-to-near ratio 10 o 218 10 1
[PRL 122 (2019) 091803]: sin’(6,,)

full two-detectors fit [PRL 122 (2019) 091803]



B MINOS & MINOS-+

Near (ND, ~ 500 m) and 1GeV < E < 40 Gev,
far (FD, =~ 800 km) detector peak at 3 GeV
Reconstructed energy (GeV)
10? 10 1 10° 10 1
F T ‘Hllgl:l)lgk (LA LA s T Marglnallze over lelng parameters
o 1? 7;1 10° Fr—————
= 08F —os
;1 06 Jos el
E 0.4 oa
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>T 0.8 | —lo.s g 1 F
3/1 O.G; — 3-flavor prqb. éo.e <
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& E 1 0-1 L PR MINOS&MINOS+ (36)
O o02F 0.2 ——  B14=04=0, fixed AmZ, and 25 3
E free 914 and Vs, hxedAmﬂ and v ]
0 07 I 1 0 162 0 0 . - - - free da, Dag, AM3, and vz5
L/E (km/ GeV) L — SE— S
[PRL 117 (2016) 151803]: 0.01 0.02 0.03 0.04
. U
far-to-near ratio ) Uyl ,
[PRL 122 (2019) 091803]: [SG+, in preparation]

full two-detectors fit



B MINOS & MINOS-+

Near (ND, ~ 500 m) and 1GeV < E < 40 Gev,
far (FD, =~ 800 km) detector peak at 3 GeV

Reconstructed energy (GeV)
1 10° 10

=

10? 10 1 .
T ey Systematlcs:
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[ v, mode simulation B
[PRL 117 (2016) 151803]: qodlce ]
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far-to-near ratio 10 107 9 10
[PRL 122 (2019) 091803]: sin"(8,,)

full two-detectors fit [PRL 122 (2019) 091803]



B MINOS & MINOS-+

Near (ND, ~ 500 m) and 1GeV < E < 40 Gev,
far (FD, =~ 800 km) detector peak at 3 GeV
Reconstructed energy (GeV)
10° 10 1 10? 1 1 i )
e ‘mig[\)r T T T TWO deteCtOI’S VS ratlo flt:
I L N 100 . . . . .
E r = m— MINOS+ 2 detectors
5 08 —o8 — ratio
= —oss
2 E E
o 04 —0.4
O E ]
0.2F —o.2
£ 3 10°
o YU N T
A o -
o £ FD 2N 3
’>=‘n E T - g
T 08 | —os ‘
= =
T S 1 107t
04 —0.4
- = 3
U 02 0.2 0
ot 2 1 2 3 0 (90 A))
10 10 1 10 10° 10
L/E (km/GeV)
. —2 T T T T T
[PRL 117 (2016) 151.803]. 10 T e
far-to-near ratio sin202
[PRL 122 (2019) 091803]: [SG+, in preparation]

full two-detectors fit



M Global fit of v, DIS

102
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[eV?]

2
41

1

30

CDHSW
CCFR
ATM
SB-MBv,
SB-MBV,
IceCube
DeepCore
MINOS+
Combined

o
b

[SG+, in preparation]

MINOS+
dominates
at small AmZ,

IceCube (1 yr)
important at
AmZ; ~ 0.2 eV?

see later for
IceCube 8 yr!




M Global fit of v, DIS [SG-+ in preparation]

@ /I v, Dis
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[lceCube, PRL 2020]

B IceCube 8 yr update

100

== This work 90% CL
mmm This work 99% CL
I 68% (trials)

95% (trialb—‘) o

104 Ps

100

— Logi(BF) = 05
— - Log(BF) = 10
- Logio(BF) = 1.5

/ 10l

Am?; [eV?
—
_-——=

Amdy [eV?]

A

99% T =7
---- CDHS
0.1{4 —— MINOS
—— IceCube
—— DeepCore
- -- Super-Kamiokande
------- MiniBooNE-SciBooNE

0.1+

: 0801 001 01
001 0.01 01 1 sin?(26031)

sin?(260y4)

[first indication in favor of sterile from v, DIS!}

although rather weak: log;y BF ~ 1 (weak preference)
or compatible with no oscillations at p-value of 8%



B First LBL constraints from NOVA

near detector
10° Events / 0.25 GeV / 3.1x 10%° POT

6,, (degrees)

T
—|— Data

Total prediction
10 syst. range

Beam-induced
backgrounds

25 5 75
Energy Deposited (GeV)

40

30

T T T
. 68% C.L.

| NOVA Data Fit, 12.51 x 10% POT
D 90% C.L.

[ sin’e,,=0.542, Am?, = 2.44 x 10° eV?
| Amé =05eV?
[ 5,=137

20
6,, (degrees)

far detector
Events /1 GeV / 12.5 x 10° POT

40

30

20

[NOvVA, 2106.04673]

T —T—
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Total 3-Flavor prediction
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6, = 8.48°, sin%,, = 0.542
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T T
NOVA Data Fit, 12.51x 10 POT
sin'e,, = 0.542, Am?, = 2.44 x 10° eV?
Am? = 0.5 eV?
5, =137

T
- NOVA 68% C.L.
l:l NOVA 90% C.L.

Super-Kamiokande
90% C.L.*
IceCube DeepCore
90% C.L.**

* PRD 91, 052019 (2015)

“*PRD 95, 112002 (2017)

olbv v lvv v b by by



E disappearance (Electron channel)

reactor and Gallium experiments

Based on:

JPG 43 (2016) 033001

Neutrino4

Giunti+ 2020/2021
Kostensalo+ 2019

RENO
DayaBay

PLB 782 (2018)

SiN°20e
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[eV?)
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NEOS + DANSS + Bugey-3 + PROSPECT




B Reactor Antineutrino Anomaly (RAA) [PRD 83 (2011) 073006]

2011: new reactor 7, fluxes by Huber and Mueller+ (HM)

[Huber, PRC 84 (2011) 024617] [Mueller et al., PRC 83 (2011) 054615]

Previous reactor rates evaluated with new fluxes = deficit

1.20

—&—- Bugey-3 —t+— Daya Bay —— ILL —b— Palo Verde  —#— Rovno91
E —— Bugey-4 —— Double Chooz —#— Krasnoyarsk —&— RENO —=— SRP E|
e E —£— Chooz —— Gosgen —k—  Nucifer —#%— Rovno88 E
©
O
2
—
a
X
=z
Il
m E |
o
@® E .. El
s ~ 2.80 deficit
3 R=0.934+0.024 3
o
l\. L L L
o
10 10 10°
L [m]

[Suppression at detector due to active-sterile osciIIations?}




B Can we trust the HM fluxes?

—4— Data

known since 2014:

1
»

Data / Predicted
0.25 MeV
s
N

~--+- No oscilltion
[0 Reactor flux uncertainty
[ otalsystematic uncertainty
—— Best it: sin’20,, = 0.090

ettt

-

0.8

P

[Double Chooz, JHEP 2014] l

1 2 3 4 5 6 7 8
Visible Energy (MeV)

bump in the spectrum
around 5 MeV!

cannot be explained
by SBL oscillations

(averaged at the ob-
served distances)

St 12
' ttempts of
EalL 00 2 200 m?ny attemp S_O
25 00 possible explanations,
2= 0s how to clarify the issue?
2 Prompt4Ensrgy (MeV) 6

O of T ]

S 02 -

~ | + 4 .

) 0.1 - o ]

S OFPueeeegreregto T

&-01F  [RENO, PRL 2016] ]
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B Can we trust the HM fluxes?

known since 2014:

E 1 —— Data
o>+ -+ No oscillation -
R [ o— bump in the spectrum
I8y [T [ oat systemati uncertainty
5012 —— Best i sin'29,, = 0.080 ++ around 5 Me\/l
N £
e + HJ[J[ | cannot be explained
by SBL oscillations
[Double Chooz, JHEP 2014] l

O R I B R (averaged at the ob-
Visible Energy (MeV) .
served distances)

many attempts of
possible explanations,

Ratio to Prediction
(Huber + Mueller)
o
}

X
3
%

8

0.9
08 . . how to clarify the issue?
Prompt Energy (MeV)
% 02} - ";++' ' '-_ [Model independent information!]
g 0;__”“%.““:”++++: (i.e. take ratio of spectra
& -01F  [RENO, PRL 2016] at different distances)
B 172 3 4 5 6 7 8 @ =%Bf(E) ¢ = dE)f(L,E)

Prompt Energy (MeV) ®1/P2 = f(L1,E)/f(L2, E)



B . at reactors in 2020
[RENO-+NEOS, 2020] [DANSS, 2020] [Neutrino-4, PZETF 2020]

T S o
[ — RENO+NEOS90% i RAA predictions* _‘é
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104;(\)% L “H]_‘D‘—z A mh\ﬂ —_—— 027 o2 o o0
20, sin2.26
[PROSPECT, PRD 2020] [STEREO, PRD 2020] [SoLiD, JINST 2018]
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B Significance of the preference? [Giunti, PRD 101 (2020)]

standard x? distribution may be not appropriate to study the significance
due to undercoverage at angles below the experiment sensitivity

10 T
<
>
2,
NE; g L E
g
90% CL
L[ %’ distribution
- - PROSPECT MC
—— Our MC
107 —— - ‘
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B Significance of the preference? [Giunti, PRD 101 (2020)]

standard x? distribution may be not appropriate to study the significance
due to undercoverage at angles below the experiment sensitivity

NEOS + DANSS + Bugey-3 + PROSPECT

:{_) i
o ‘(;E — 1o
N D .
gf — 30
s
>
2,
~F B
g L
£ 3
~F
! S
| 3
90% CL N
L[| 2 distribution \
--- PROSPECT MC
— OurMC
o : - n Ll
T
—2 -1
10 10 1 107 10° o °
.2,
ain’20,, Sin®20e,

solid: MC, dashed: x?2

True significance smaller than usually quoted (e.g. 2.4 — 1.80)



B Neutrino-4

[Neutrino-4 2020]

claimed > 3o
preference for
3-+1 over 3v case

best fit
incompatible
with other
reactor
experiments

01 02 |
sir(es, )




B Neutrino-4

1.3

1.0

07 08

0.6

[Giunti+, PLB 2021]

S L e e e B L 2 e

£"500 keV" data 3

l E'-‘ 1 ] ' —
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] ]

E §in®20,, = 0.38, AmZ, = 7.26 eV? 3

2 _ 2 _ 2 —— Unaveraged oscillations E

E Sin"20¢,=1.00, Am,, =7.16 eV —— Averaged oscillations without energy resolution smearing 3

E —— Averaged oscillations with energy resolution smearin —— Averaged oscillations with energy resolution smearing E

S S NS S RSSO RS SR R R B R T E RS E|
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

L/E [m/MeV]

energy resolution smearing not properly taken into account?




B Neutrino-4

[Giunti+, PLB 2021]

o Neutrino—4 "500 keV" data =) Neutrino—4 ""500 keV" data without energy
=1 B En m & = T T ;
w/o en. res. -
o — Ic o B
B T meecs e N e
0 30 . ©
w/ en. res. T T
= p— L e
— 20
T — 30 —
> e > e
QL 2
aF aF T/
- 18w [ was | e S
<
--- lo
--- 2
--- 30
<t B
. MCdist. | 77 N
-~ KATRIN 95% C.L1~ —_— ls| Tt
PROSPECT 95% C.L. |+, — 2%
- STEREO 95% CL. 3
—— Solarv.s 95% C.L. / — 3¢
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102 107" 1072 107! 1
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proper energy resolution treatment
moves best-fit — sin229 ~ 1

need to take into account
violation of Wilk's theorem

b

relaxed constraints




B Fuel evolution

Reactor fluxes produced
by decay fissions of

Fuel fractions in reactors

change with time

235U 238U 239 Pu 241 Pu 0.36 !‘
0.32 f AA a L;*
A
Can we use time evolution to Fo2s i g - A °
identify source of 5 MeV bump? 0.24 { o
0.20
t239 2012 2013 2014 2015
g 0 35 ‘ 0‘.3 ‘ 0.25 1.0 Year
% [ ¢ Daa
g 3'2; -.--.Constant 5 MeV excess 0.8
g 3- —pei e e ST
s 2.8 0.4 - e
Te) £ .—---'f"."."'.--.-
5 2.6 - | 0.2
c F EE FE EE EF LI LE EX )
S 2_4/ 0.0
L 0.24 0.26 0.28 0.30 0.32 0.34 0.36

g = L L L | L L L L | L |
<22 Fyg
L 05 0.55 0.6 0.65

[RENO, PRL 122 (2019)]

[Daya Bay, PRL 118 (2017)]




B Fuel evolution

Fit bump amplitude as a function Normalization of 23°U flux

of flux normalizations smaller than prediction!
=94 9 - .
|
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52 56 6.0 64 68 7.2 Yass | ] X
au; [107% cm? / fission] [RENO, PRL 122 (2019)]

[Daya Bay, PRL 118 (2017) 251801]
Again, we need model-independent information!
take ratios at different distances to avoid normalization dependency




[SAGE, 2006][Laveder, 2007][Giunti&Laveder, 2011]
L~19m L~0.6m
Gallium radioactive source experiments: GALLEX and SAGE

Ve sources: o= 451 Cr 551V 4 e 437 Ar =37 Cl+ 1,

B Gallium anomaly

E ~0.75 MeV E ~0.81 MeV

In the detector: 1. +/1 Ga —"1 Ge + e~
3/27  500keV

5/2-  175keV

1/2-
‘ 71Ge
1232 keV

cross sections of
the transitions from
[Krofcheck et al., PRL 55 (1985) 1051]
[Frekers et al., PLB 706 (2011) 134]
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B Gallium anomaly

[SAGE, 2006][Laveder, 2007][Giunti&Laveder, 2011]
L~19m L~06m

Gallium radioactive source experiments: GALLEX and SAGE

Ve sources: o= 451 Cr 551V 4
E ~0.75 MeV

In the detector:

Test detection of solar v,

= & GALLEX SAGE

Cr Cr

5
2 GALLEX SAGE
B, 1 Cr2 Ar
o o L
2
Il
@

: R=0.84+0.05

St ~ 2.90 deficit

e +37 Ar =37 Cl+ v,

E ~0.81 MeV

Ve +™ Ga =" Ge+ e
3/2=  500keV

5/2-  175keV

1/2-
‘ 71Ge
1232 keV

cross sections of
the transitions from
[Krofcheck et al., PRL 55 (1985) 1051]
[Frekers et al., PLB 706 (2011) 134]




B Gallium anomaly revisited

New cross section calculations:
(interacting nuclear shell model)

90% CL
— Bahcall
--- Haxton

- Frekers
--- JUN45

235

10
-
>
9,
1 |-
~ T
IS
<
107
107

1072 107"
2
[Uedl

original Gallium anomaly: ~ 2.9¢
[SAGE, 2006]
[Laveder, 2007]
[Giunti&Laveder, 2011]

[Kostensalo+, PLB 795 (2019) 542-547]



. Ga“|um anomaly revisited [Kostensalo+-, PLB 795 (2019) 542-547]

New cross section calculations:
(interacting nuclear shell model)

Compare with DANSS+NEQS:

10 T
10 ! Reactors !
“ = 1o |
! — 20 h
: 3o \
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Rl ' n\
& ) e
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- tr NE; .
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|Uesf?
original Gallium anomaly: ~ 2.90 Better compatibility with reactors
[SAGE, 2006]
[Laveder, 2007]

[Giunti&Laveder, 2011]
'S. Gariazzo _ “(Light) Sterile neutrinos,from Ato Z'  UAI 11/06/2021  37/47



F Fit

Based on:

in preparation
Dentler+ 2018
arxiv:2003.02289

10g10(Amil/eV2)
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G Fit = Global Fit

like “Bond, James Bond"

Based on:
in preparation 1o
Dentler+ 2018

arxiv:2003.02289

logm(Ale/eVZ)
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—4 -3
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B APP — DIS tension in 2019 [SG-+, in preparation]

Status just after
Neutrino 2018:

Status in early 2019

10 10° o
B
we ! 10 E
&
< —
Global Fit 731 Dis N>
—_— 1 —— v,Dis
— — bis (]
36 — App —
107" . . : 1 -
107 107° 1072 107 1 - E
Sin*206, = 4|Ugal?|Upl® N <+
g
<
107 H Global Fit -
F —— v Dis |]
MINOS+ update, : 1o — v,Dis|
new data H e 26 — Dis
including MiniBooNE , | 30 — Aep
(all bins) 10" = S S -
10 10 10 10 1

§iN°20¢,, = 4| U o4/?| Uyual®




B APP — DIS tension in 2019 [SG-+, in preparation]

Status just after _
Stat ly 2019
Neutrino 2018: atus in early
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%
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B APP — DIS
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2
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tension in 2019

[SG+, in preparation]
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B APP — DIS tension in 2019 [SG+, in preparation]

see also [Dentler+, 2018]
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B May something be Wrong? (013 data from MiniBooNE, MINOS vi)
AnalySiS Xaqin global Xlgnin,app AXpr Xﬁ‘xin,disapp AXglisapp X%G/dOf PG
Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 [3.71 X 10_7]

Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6x 1073
w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 244/2 5.2 x 1076
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x 1075
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4x 108
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2 4.2 x 1077
w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 x 1076
w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 x 1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5 107
Removing classes of data
V', dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 x1072
%, dis vs app 564.7 791 120 4689 47 16.7/2 23x107%
V', dis + solar vs app ~ 884.4 79.1 139 7817 9.7 23.6/2 7.4x10°6




B May something be Wrong? (2015 data from MiniBooNE, MINGS.1 v11)
AnalySiS X?nin global Xlgnin,app AXpr X?nin disapp AX?‘isapp XIZDG/dOf PG
Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 [3.71 X 10_7]

Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6x 1073
10122 40.7 83 9472 161 24.4/2
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x 1075
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4x 108
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2 4.2 x 1077
w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 x 1076
w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 x 1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5 1077
Removing classes of data
V', dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 x1072
%, dis vs app 564.7 791 120 4689 47 16.7/2 23x107%
V', dis + solar vs app ~ 884.4 79.1 139 7817 9.7 236/2 T7.4x1076

No improvements if MiniBooNE is not considered



B May something be Wrong? (2015 data from MiniBooNE, MINGS.1 v11)
AnalySiS X?nin global X%ﬂin,app AXpr X?nin disapp AX?‘isapp XIZDG/dOf PG
Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 [3.71 X 10‘7]

Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6x 1073
w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 52x1076
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x 1075
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4x1078
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 20.4/2  4.2x1077
w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 x 1076
w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 x 1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5x 1077
Removing classes of data
v dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 [3.6x1072
%/, dis vs app 564.7 791 120 4689 47 16.7/2 (23 x 1074
W', dis + solar vs app  884.4 791 139 7817 9.7 23.6/2 7.4x 1076

- . o (- .
(VL DIS also constrain |Ues|?, while 1/39 DIS do not constrain |U,L4|2



B May something be WIong? (013 data from Moo, MINGS A vi1]
Analysis Xonin global X?ﬂin,app AXpr Xﬁﬁn,disapp Axglisapp Xpg/dof PG
Global 11209 791 119 10122 177 29.6/2 [3.71 x 10°7)

Removing anomalous data sets

10992 868 128 10122 01  12.9/2
w/o MiniBooNE 1012.2 407 83 947.2 161 244/2 52x107°
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x 1075
w/o gallium 1116.0 791  13.8  1003.1 201 33.9/2 44x1078

Removing constraints
w/o IceCube 920.8 791 119 8124 175 29.4/2 42x1077
w/o MINOS(+) 10521 791 156  948.6 894  245/2 47x10°6
w/o MB disapp 10549  79.1 147  947.2 139  28.7/2 6.0x1077
w/o CDHS 11048 791 119  997.5 163 28.2/2 7.5x1077

Removing classes of data

628.6 791 0.8 5429 58  6.6/2
W, dis vs app 564.7 791 120 4689 47 16.7/2 23x107%
%, dis + solar vs app ~ 884.4 79.1 139 7817 9.7 23.6/2 7.4x10°6

Only removing LSND or aII(z/L constraints the fit is almost acceptable

No reason to do so!
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B Comparing constraints [arxiv:2003.02289)

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

ovBp
KATRIN

Cosmo

loglo(Am21/eV2)
o
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B Comparing constraints [arxiv:2003.02289)

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

ovBp
KATRIN

Cosmo

loglo(Am21/eV2)
o

—6 -1 -6 -5 —4 -3 -2 21
logy, |U;z4 |2

Warning: tension between reactor experiments and CMB bounds!



H Heavier sterile neutrinos

beyond €V: other types of sterile neutrinos

Based on:

= JCAP 01 (2017) 025
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Model-dependent
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B Masses in the Standard Model [masses from PDG 2020]
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B Masses in the Standard Model [masses from PDG 2020]
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B Masses in the Standard Model [masses from PDG 2020)
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B Masses in the Standard Model [masses from PDG 2020)
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B Masses in the Standard Model [masses from PDG 2020]
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B Heavier neutrino states at oscillation/mass experiments

Oscillation probability:
AmkjL
Py sy (L) = [(valv(L))]? Zugku kUb;Uajexp F

oscillation length decreases with increasing Amij!




B Heavier neutrino states at oscillation/mass experiments

Oscillation probability:

Amk L
Voz—H/B(L) = [(va|v( L) Z Uk Uy, kUﬂJUaJ exp ( 2EJ )

oscillation length decreases with increasing Amijl

Concerning the mixing matrix (341 scenario):
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B Heavier neutrino states at oscillation/mass experiments

Oscillation probability:

Amk L
Voz—H’B(L) = [(va|v( L) Z Uk Uy, kUﬂJUaJ exp ( 2EJ )

oscillation length decreases with increasing Amijl

Concerning the mixing matrix (341 scenario):

10 0 0 10 00 e 00 s 1 0 00 3 0 spe 0 o s 000
yo| o1 0 o 0 cu 0 sy 0 10 0 0 o s 0 0o 1 0 0 S o 000
“loo 00 1 0 0 01 0 0 53 3 0 || —s3¢” 0 a3 0 0 0 10

00 0 54 0 s, 00 o J\O 0 0 1 o 0 0 1 0 0 01

2 2 2 2 2 2 2 2 2
C14C13Cin  Ci4C€13512  C14513 Sia
2 ‘-'145224
:>|U| = 279 ,S,'4’10,C,'421
c£4c%4
CiaCos

Effect of neutrino masses in 8 and Ov3f3 decays:
1/2

N, .
= (@ - DY WP (@ - T—m?|  and mss = with fuc = Uee® my
i=1

o




Production in the early Universe k& ¥ white paper, JCAP 01 (2017) 025]

[N production in the early Universe?}

cannot be only through neutrino [decay of heavier particles]
oscillations if they are copiously

produced in the early Universe

'

given mean number of active
neutrinos ng, py = Myng > pc

. ; OK also if N is not pro-
[OK if early decoupllng} [ duced in the early Universe }

' f
d|.Iut|on of energy den- produced through oscillations,
sity py to acceptable but never reaches equilibrium

values during expansion thanks to small mixing angle
S. Gariazzo “(Light) Sterile neutrinos,from A to Z" UAI, 11/06/2021 43 /47

includin e.g. decoupling of
inflatons or generic scalar fields




[keV v white paper, JCAP 01 (2017) 025]

keV sterile neutrino effects

mgy =~ O(keV) non-relativistic at CMB decoupling

indistinguishable Cold Dark Matter at the CMB |

S. Gariazzo “(Lig Sterile neutrinos,from A to Z" UAI, 11/06/2021



. KeV N constraints - I [keV v white paper, JCAP 01 (2017) 025]
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[Tremaine-Gunn 1979]
phase space distribution

in galaxy cannot exceed
degenerate Fermi gas



. KeV N constraints - I [keV v white paper, JCAP 01 (2017) 025]
-7

10

N decay responsible of X-ray line at 3.55 ke
lsee e.g. [Iakulbovsky, 2015]
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1
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radiative decay N — v + I
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. KeV N constraints - ” [keV v white paper, JCAP 01 (2017) 025]
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[Astrophysics bounds stronger than those at terrestrial experiments! I




/ Conclusions

The situation is NOT favorable
for the light sterile neutrino...




B What do we learn on sterile neutrinos?

possibly strong constraints

N Non-oscillation probes: no signal

logyg(Amd, /eV?)

R
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B What do we learn on sterile neutrinos?
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