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Impact of neutrino non-standard self-interactions |
on sterile neuktrino darke matkter ‘
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INTRODUCTION - STERILE NEUTKING DARK MATTER

Definition: sterile neubrinos are neutral fermions, singlets under the SM symmetries.

If neubrinos are Majorana particles: Vs | vy =cosfvs+sinfu,
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INTRODUCTION - STERILE NEUTKING DARK MATTER

Definition: sterile neubrinos are neutral fermions, singlets under the SM symmetries.

If neubrinos are Majorana particles: Vs | vy =cosfvs+sinfu,

sterile neutrino can play the role of DM:
no em nor strong interaction, by definition
massive: possibly with mass O(keV)

depending on mixing with active neutrinos: stable over time scales aamparabta with {y

S 8 @ d

dapending own the Prodma&on mechanism: produ&ed i Ehe @.&rbj universe wikh
velocities compatible with large scale structures
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SEARCHES IN TERRESTRIAL EXPERIMENTS
o in the domain of direct detection

¢ rely on large mixing of Vs <> Ve or Uy & T,
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SEARCHES IN TERRESTRIAL EXPERIMENTS

o in the domain of direct detection

° rely on large mixing of Vs <> Ve or Us <> Ve

HUNTER BeEST

w KATRIN ECHo

X-ray detectors ]
(4%, not shown)

Tritium b@.&&“d&t&v Holmium EC ‘ Caestum £C Berju.iu,m eEC
me < 17.5 keV \ ms < 2.5 keV w ms < 350 keV 10 keV < mg < 860 keV
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DODELSON-WIDROW PRODUCTION

Assumplion: Vg <> Ve and Ty < U, mixing
Mechanism: [;?rc::vciu,@&mm through oscillation and collistons:

the neutrine fields, while propagating in the F?ri,ma—rcimt plasma,

oscillate between the electron and the sterile stabe

when they interact with the other fields in the bath,

the wave function has probabitiﬁj X Sin2(26’ v) bo collapse in the sterile state

* [Dodelson and Widrow, Phys. Rev. Lett. 72 (1994) 17-20]
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Assumplion: Vg <> Ve and Ty < U, mixing

Mechaniswmw:

the neutrine fields, while propagating in the primordmt plasma,

oscillate between the electron and the sterile stabe

when they interact with the other fields in the bakh,

the wave function has probability o sin®(20yr) to collapse in the sterile state

Evolution of the distribution function fi(p,t) described bfj the Boltzmann equation

0 0 e
gl (P 1) —Hp o fo(pt) & T (Pulve = vsip,1)) fe(p,1)

where Le(p) = ce(p, T) GrpT*

1
(P(Ve = Vs p,t)) = sin®(20s) sin’ (%) o sin® (26 )

* [Dodelson and Widrow, Phys. Rev. Lett. 72 (1994) 17-20]
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In the gtasma, the LS

sin” (207) =
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In the gtasma, the LS

2\ 2
(ms) sin2(26)
L 59 2p
S111 (QHM) == = 9 - o2
S =2 Fe g
(Z”p) sin”(26) 1 2(29) | _g"p cos(260) — VT(p)_

where interactions of neubrinos with particles in the plasma impact on:

X [e(p) = ce(p, T) G%pT4

3 20(3)T3ng  8V2Gpp 8vV2Grp

Ve e NG py (Pv. + p.) ey (Pe- + pet)
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We solve the Boltzmann equation and find the distribution function

Tin Mo, _1 125 Gl ( %)2 sin?(26) : 1
fs(r) = al 1 2 2
Bel e
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We solve the Boltzmann equation and find the distribution function

; e
ety D e
r) = =
8 1.66./a. T3 ) |4 [ m2 \2 2 2 2
s Y B (QT?F) Sin (29) (%—) | (27‘% V) g y —I_ 1

and calculate the

sterile neutrino number density
n

sterile neubrine vietd = =

SQ Mg

p&ssw\g through

+00

45

1
- i S —
O (4#4
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NEUTRING NON-STANDARD SELF-INTERACTIONS - WHAT? WHY?

Definition: Neubrino non-standard self-interactions (NSSI) are a parameterization of new physics
in the neubrino sector in the form of new interactions beyond the SM nvolving only neutbrinos.
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NEUTRING NON-STANDARD SELF-INTERACTIONS - WHAT? WHY?

Definition: Neubrino non-standard self-interactions (NSSI) are a parameterization of new physics
in the neubrino sector in the form of new interactions beyond the SM nvolving only neutbrinos.

E4fective description valid for heavy mediators

G o _ =
LNss1 = \/g Z Z &5 70 (7aOjvp) (V’YOJV5)

Jj o,B,7,0

Oi=s{l S8y, 2y, 08 Va Va
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NEUTRING NON-STANDARD SELF-INTERACTIONS - WHAT? WHY?

Definition: Neubrino non-standard self-interactions (NSSI) are a parameterization of new physics
in the neubrino sector in the form of new interactions beyond the SM nvolving only neutbrinos.

E4fective description valid for heavy mediators

G o _ =
LNss1 = \/g Z Z &5 70 (7aOjvp) (V’YOJV5)

Jj o,B,7,0

Oi=s{l S8y, 2y, 08 Va Va

Why are NSSI interesting?
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NEUTRING NON-STANDARD SELF-INTERACTIONS — WHAT? WHY?

Definition: Neubrino non-standard self-interactions (NSSI) are a parameterization of new physics
in the neubrino sector in the form of new interactions beyond the SM nvolving only neutbrinos.

E4fective description valid for heavy mediators

G a _ _ A
LNsst = \/g Z Z € e (7aOjvp) (V’YOJV5)

Jj o,B,7,0

Oi=={l 5&une, i~y gEES Va Va

Why are NSSI interesting?

° we expect new physics to come from the neutrino sector

(See [arXiv: 2203.01955 [hep-ph]]
for more information)

¢ some models describing neutrine mass generation naturally include NSSI
° NSSI could have significant impact on physics of the early universe (Hubble tension ete.)

® parame&ev space very Poorij constrained and investigated
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NEUTKING NSSI - HOW TO INCLUDE THEM?

Assumptions for concreteness:

° heavy mediators —— effective field theory treatment

* only electron flavor-diagonal NSSI considered

* for Majorana neubrinos: only scalar, pseudoscalar and axial-vector interactions are non-zero
° to capture temperature and momentum dependence in the thermal potential:

G ~ - 1 ~ ,
L; = _71; (€5.0) ((Verue) (VQO;VG) 5 (7eOjve) (VQO;-VG) > O — {I, Z’y5,7“’”y5}

g,
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In the gtasma, the LS

2\ 2
(ms) sin2(26)
L 59 2p
S111 (QHM) == = 9 - o2
S =2 Fe g
(Z”p) sin”(26) 1 2(29) | _g"p cos(260) — VT(p)_

where interactions of neubrinos with particles in the plasma impact on:

X [e(p) = ce(p, T) G%pT4

3 20(3)T3ng  8V2Gpp 8vV2Grp

Ve e NG py (Pv. + p.) ey (Pe- + pet)
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NEUTRKING NSSI - HOW TO INCLUDE THEM?
Assumptions for concreteness:

° heavy mediators —— effective field theory treatment

* only electron flavor-diagonal NSSI considered

* for Majorana nheubrinos: only scalar, pseudos«mtm and axial-vector interactions are non-zero

s ko cap&ure E@.mpera&ure and momenkum depemdamee i Ehe Ehermal Fo&em&at:

G , 1 ,_ R .
L; = _TI; (€5.0) ((VeC?jue) (De(que) mé (7eOjve) (VerVe) > O {I, 7’75,7“’75}
Ce(p) —  Tepot(p) = Te,sm(p) + Te,nssi(p) W
Vr(p) —  Vriot(p) = Vrsm(p) + Ve nssi(p) Q
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NEUTKING NSSI - HOW TO INCLUDE THEM?

¢ Secalar NSSI

it
Fe,NSSI(ZU) = 180 € G2 pT4 VrNssi(p) = 45m €S GF]OT4
¢ Pseudoscalar NSSI
T 7/ 272
I'e nss1(p) = 120 ep GrpT* Vrnssi(p) = TE 2 6P GppT*
o Axial vecktor NSSI
(T 14\/5772
I'e nss1(p) = = G Vr nssi(p) = eaGrpT?
135 45 m?b

following [M. Paraskevas, 1802.02657] [P. B. Pal, AJP 79 (2011), 485498] [J. C. D'Olivo et al., PRD 46 (1992) 1172]

Cristina Benso PASCOS 2022, 26.07.22 - MPIK Heidelberg 20




NEUTKING NSSI - HOW TO INCLUDE THEM?

¢ Secalar NSSI

it
Fe,NSSI(ZU) = 180 € G2 pT4 VrNssi(p) = 45m €S GF]OT4
¢ Pseudoscalar NSSI
T 7/ 272
I'e nss1(p) = 120 ep GrpT* Vrnssi(p) = TE 2 6P GppT*
o Axial vecktor NSSI
(T 14\/5772
I'e nss1(p) = = G Vr nssi(p) = eaGrpT?
135 45 m?b

following [M. Paraskevas, 1802.02657] [P. B. Pal, AJP 79 (2011), 485498] [J. C. D'Olivo et al., PRD 46 (1992) 1172]
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NEUOTRKING NSSI - IMPACT ON STERILE NEUTRKINGS

Sterile neutrino distribution function

Cristina Benso

0.01-

10-8,

10710,

——
-~
-

DW + pseudoscalar NSSI
my =10 GeV
mg = 10 keV
sin’(20) = 1.1x10~°

0.001 00l 0.1
V

1

10

10

Il

0.1

[CB, W. Rodejohann, M. Sen, A. Ujjayini Ramachandran, PRD 105 (2022) 5, 05501 6]
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NEUOTRKING NSSI - IMPACT ON STERILE NEUTRKINGS

Sterile neukrino produ&mm evolukbion

€p
1 T T o 100
10
10_8 DW + pseudoscalar NSSI 1
my = 10 GeV
m, = 10 keV -"
10-10 sin?(20) = 1.1x10~°
0.001 0.01 0.1 1
T [GeV] 0.1

[CB, W. Rodejohann, M. Sen, A. Ujjayini Ramachandran, PRD 105 (2022) 5, 05501 6]
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NEUOTRKING NSSI - IMPACT ON STERILE NEUTRKINGS

Sterile neukrinoe Paramaﬁar space : 100% DM cownskitubed bj sterile neutrinos

100_""“| T T "'l"l T T N\ T T T T T T orrrod EP
| | T = 100
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1~ 7~
1S g=
- 1 = -2
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|
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| p— |
Z |
=4, 10}
. _
S ~ X-ray bound
for
Q.h* =0.12 i
1 DW + pseudoscalar NSSI
m¢ =10 GeV
Q.h* =0.12
10 10 0.1

[CB, W. Rodejohann, M. Sen, A. Ujjayini Ramachandran, PRD 105 (2022) 5, 05501 6]

Cristina Benso PASCOS 2022, 26.07.22 - MPIK Heidelberg 24




CONCLUSIONS

Sterile neubtrinoes that mix with active neutrinos are qood dark wmatter candidates.
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Tkej can have been praduaed it the e&rtv universe via oscillakion and collisions through

¢
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CONCLUSIONS

Sterile neubtrinoes that mix with active neutrinos are qood dark wmatter candidates.

Tkej can have been proc&wt:e.ci i the e&rtv universe via oscillakion and collisions through

¢

This vanilla scenario is harcitv debectable in terreskrial experiments i the near future.
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CONCLUSIONS

Sterile neubtrinoes that mix with active neutrinos are qood dark wmatter candidates.

Tkej can have been proc&wcec& i the e&rlv universe via oscillakion and collisions through

This vanilla scenario is harcitv debectable in terreskrial experiments i the near future.
Active neutrino non-standard self-inkeractions (NSSI) are well motivated extension of the SM.

Scalar, pseudoscalar and axial-vector NSSI moc&i{v the production of sterile neubtrino dark
matter in the early universe.
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CONCLUSIONS

Sterile neubtrinoes that mix with active neutrinos are qood dark wmatter candidates.

Tkev can have been proc&wcec& i the e&rlv universe via oscillakion and collisions through

This vanilla scenario is harcltv debectable in terreskrial experiments i the near future.
Active neubrino non-standard self-interactions (NSSI) are well motivated extension of the SM.

Scalar, pseudoscalar and axial-vector NSSI moc&.&fj the production of sterile neubtrino dark
matter in the early universe.

The parameter space region i which OpMm = 25 is enlarged bfj such NSSI
and Ehej enhance the Fossibiuﬁv o debect skerile neubrine darke maltker n HUNTER pk&se 3.
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NEUTKING NSSI - IMPACT ON STRUCTURE FORKMATION

Relevant observable: free streaming length

BPl:Ims =I 7.1IkelV I, Slilllzl(ée) — 5><1I0-11
- | BP2: m, = 10 keV , sin’*(20) = 1.1x107°
o (u(t)) keV'\ (p/T) BP3: my =30 keV , sin’20) = 1.1x10"" | A-c > 0.1 Mpc (HDM)
AFS = / dt ~ 1.2 Mpc BP4: m, = 50 keV , sin’(20) = 1.1x10~! s P
Al ms ) 3.15
O- 1 e ————— Lo
* Depends on the features of the production | — T —
through the distribution function needed to § ] Q:h2= 0.1
calculabe <F7/T> ~ .
,.% S, s, e P
o Structures cannol form on scales < Arg @
0 0] = e D
o Neibher NSSI strength nor wmediator mass -~ | DW + pseudoscalar NSSI
affect significantly Ars S Ars < 0.01 Mpc (CDM)
- m¢= CY mmmmmmma
3 B my =100 GeV eeurannnnnns
o What malkes the major difference is still P T
the sterile neubtrinoe mass |
€p

[CB, W. Rodejohann, M. Sen, A. Ujjayini Ramachandran, PRD 105 (2022) 5, 05501 6]
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CONCLUSIONS

Sterile neubtrinoes that mix with active neutrinos are qood dark wmatter candidates.

Tkev can have been proc&wcec& i the e&rlv universe via oscillakion and collisions through

This vanilla scenario is harcltv debectable in terreskrial experiments i the near future.
Active neubrino non-standard self-interactions (NSSI) are well motivated extension of the SM.

Scalar, pseudoscalar and axial-vector NSSI moc&.&fj the production of sterile neubtrino dark
matter in the early universe.

The parameter space region i which OpMm = 25 is enlarged bfj such NSSI
and Ehej enhance the Fossibiuﬁv o debect skerile neubrine darke maltker n HUNTER pk&se 3.

Active neubrino NSSI comsidered are nob in conflict with large scale structures.
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SEARCHES IN TERRESTRIAL EXPERIMENTS

Based on tritium beta-decay:
e = * Short half-Life of 12.3 yrs — high decay rate
z* , * Endpoint of Ej =18.6keV. — allows search of sterile

neubrinos wikh mass up bo several eV

Signature: kink in the electron spectrum at energy Ey—ms
with magnitude gqoverned bv the mixing ampti&ud@. sin” 0

_0.1071 P kN — - cos’@ & (mp)
;; ----- smzej—;(mz)
9 0.08 - - With sterile neutrino
o — = no sterile neutrino
= 0.06 -
5 dI’ dI’ dI’
= 0.0 —— — cos? 0—(m(ve)) + sin? 0——(msg)
- dF dF dFE
o
£ 0.021 ...
T
ooo ..............
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

. . Energy (keV)
[ Troitsk experiment based on the 5

same process but less sensitive ]

(Borrowed from S. Mertens lecture in Bad Honnef)
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SEARCHES IN TERRESTRIAL EXPERIMENTS

Rased o holmium eleckron tag%ur@.:

* calorimelbric wmeasurement —— all events occurring in the

| \ detector give a measurable signal (entire sp@.&ruw\ "for free")
. o emdpa-im& of Qpc = 2.833 kv —— allows search of sterile

ECHo neubkrinos oni.v wikh mass < 2.5 eV

Signature: kink in the EC spectrum of %3Ho ak energy QEC - My
with amplitude proportional to |UZ

107 5 ——- no sterile neutrino
4‘ 10 — my=2keV, Ue42 =0.57]
5 10 :
,c\i ST .
£ 10°L @
2 =
S . 38 10 i
o 10 (o)
— —- no sterile neutrino Q
10710 — Mmy=2keV, Ue42 =0.5 \10-1_ _
[ HOLMES and NuMECS experiments 00 05 10 15 20 25 30 ope S . , ,
Energy / keV 0.4 0.6 0.8 1.0 1.2
based on the same process ] Energy / keV

[M. Drewes, JCAP 1701 (2017) 025]
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SEARCHES IN TERRESTRIAL EXPERIMENTS

Based on caesium electron (K-) capture:

* with total energy-momentum reconstruction using

\ magneto-optical atom trap (MOT) and reaction ion

momeinbum spea&rom&ers

HUNTER

* available energy of the reaction Q =352keV allows
complementary searches w.rt. KATRIN # ECHo

Signature: separated population of events with non-zero
reconstructed missing mass up to 352 keV

605— L

50—

Counts

401

10°E
105—
- 1 L‘ I:|
0 | (00000 Eaduudualuada |1 1 | T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
— | m2 [(keV/c?)?

- b g

0 | I1I000 I2000 3000 4000I I5I0700I I6I000 I7IOOIOI I8I000 500I0I 1I(I)000 g
m?2 [(keV/c®?] [C. J. Martoff et al, Quantum Sci. Technol. 6 (2021) 024008 ]
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SEARCHES IN TERRESTRIAL EXPERIMENTS

Cristina Benso

Based on beryllium electron capture:

* wikh de«:a\:j momentum reconstruction using supertomdwt&ma
tunnel junction (STI) quantum sensing technology

* available energy of the reaction @ =862 keV allows
complementary searches w.art. KATRIN # ECHo

Signature: spectrum similar to the one of the standard case
(Mo sterile neubrinos) bub shifted in energy and with smaller

anm pu&m@_

10° — . . .
f |=—— Background

— Signal AE
- - Signal+Background

10° -

Counts

mg = 300 keV
|Ue4_|2 - 5 X 10_2

20 40 60 80 100 120 140 160 180
Energy [eV]

(Borrowed from G, Kim, APS-DNP Meeting 2020)
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X-RAY BOUND

bree level cieacav \ one Loop deaaj
\ N
v, et !
| < N Ue Ve
+
W:l:
G2 m5 ]. TN 5 90(G2 ~ Mg 5 =
s e L R ( S)-2 = = o 5:5.5><10226’2( )sl
i g ) e o e\ kv e B B S S 120 keV

nger bounds on mass and mixing angle

H0 k
e < 112X 10_7( meV) from the X-rays (non-)observations
; Exp.: XMM-Newton, Chandra, Suzaku, Swift,
[Adhikari et al., JCAP 01 (2017), 025] INTEGRAL, HEAQ-1, Fermi/GBM
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X-RAY BOUND: ABSOLUTE OR MODEL-DEPENDENT?

Observable: flux of photons F = Ly.mvy /dl dQ ppm (1, Q)
drm
where [ s e /dPhase\./\/l\2

In absence of new pkvswsr

]DV U Ve - M = Ml and FI/S—H/’Y X SIHQ(QHM)

I new physics mediates the same decay and interferes disruptively:

M= M; + My =xM; <M,

d@_&&j rake FVS—H/’Y and ﬂfi,ux F reduced bfj X2
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X-RAY BOUND: ABSOLUTE OR MODEL-DEPENDENT?

Particular realizakion:

Adding a heavy scalar > and introducing 3 new parameters AN mys

——  partial or complete cancellation i the following condition is satisfied

A\ N L 2z T 2 '
Siﬂ@z( )mm‘g/ Log(m2€>—|—1

s S s
| | e ) S (i
But: X must not reach the thermal equilibrium o
= or
i the early universe T 8
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» RELAXATION

X-RAY BOUND

Overproduction

ECHo
: .~ sensitivity

|1
—
- 4 1
g -
[ = =) ~ 1 v
> = e 1
Iu u [ ]
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- 2 e :
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X-RAY BOUND: RELAXATION

100 _' T |\|\||||||
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\\
-3
\
\
\
\
\
\
\
\\ i
e 'l’ ,0’ \\\ "ﬂ—
0‘ P
> U4 \\ 2.
O foNCe
i \ _
ﬁ 10 i i.$ \\\
< 15 )
S X—ray bound L1 ;
\ <
for > 1 Z
Qh2 = 0.12 ‘\‘%
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~"sensitivity y
\
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\
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Y
'
1 Lol Lol IR B |
10713 10~ 1072 1073

[CB, V. Brdar, M. Lindner, W. Rodejohann, Phys.Rev.D 100 (2019), 115035]
42
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X-RAY BOUND: RELAXATION IN THE DM COCKTAIL SCENARIQO

Observable: flux of photons P 1veovy / dl dQ pom (1, Q)
drm.
where ppDM  is the entire dark matter enerqy density in the universe

If DM is o "cocktail” of different species of DM candidates:

Ps < PDM corresponds to larger sin2(26’) for the same flux [F

Secondary advantage: multicomponent dark matter leaves in principle more freedom
also from other constraints coming for example from structure
Formakion,
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X-RAY BOUND: RELAXATION IN THE DM COCKTAIL SCENARIQO

Sterile neukrinoe Paramaﬁm space : 100% DM cownskitubed bj sterile neutrinos

Cristina Benso
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X-RAY BOUND: RELAXATION IN THE DM COCKTAIL SCENARIQC

Sterile neukrinoe Fvaramaﬁer space : 10% DM cownskitulted bj sterile neutrinos
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NEUTKING NON-STANDAKD INTERACTIONS - WHAT? WHY?

Definition: Neubrino non-standard interactions (NSI) are a parameterization of new physics in
the neutrine sector in the form of new interactions béjomd the SM Uhvolving neutrinos and
obher fermions.

Effective description valid for heavy mediators

— P . —_
Lne = -2V2Gr Y Ll wanPrug)(fruPf)  Loc = —2V2Gr Y el (" Prls)(fr.Pf)
f,P,OZ,/B f7P7a7/B

f,f’E{e,u,d} PE{PL,PR}
Why are NSI interesting?

° we expect new physics to come from the neutrino sector
° some models describing neutrine mass generation naturally include NSI
° initlally considered Fwssibte solution to the solar and atmospheric neutrine anomalies

° NSI can affect determination of neutrino parameters in the standard picture
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NEUTRKING NON-STANDARD INTERACTIONS - WHY NOT?

° Neultrino oscillation and scattering experiments give rather tight constraints on neutrino NSI
with matter fields (e, u, 4).

See [P. Coloma et al., JHEP 02 (2020) 023, JHEP 12 (2020) 071 (addendum), 1911.09109]

However, such small couplings may anyway be relevant in modiffvivxg sterile neubtrine dark
matter production.

° Neultrino non-standard interactions with quarks and leptons of the 2nd and 3rd generation
are much less constrained.

However, ohly muons and strange quarks are still relativistic in the plasma at the time of
moaximal production of sterile neutrinos.
For the other non-relativistic particles the number density is suppressed lilke

3/2
mZT g
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