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* KATRIN neutrino mass measurement in a nutshell

* Beyond neutrino mass searches with KATRIN
— Sterile neutrinos
- Relic neutrinos
— General neutrino interactions and light boson production
— Lorentz invariance violation

* Summary and outlook
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Three ways to assess the absolute AT
neutrino mass scale =\l

1.00{KATRIN 2021 90% CL

1) Cosmology TR BT e

* very sensitive: era of precision cosmology

KATRIN isensitivity 3 years, 90% CL

* compares power at different scales 7 B
ce = 0.10
« current sensitivity: Zm(v) ~ 0.12 eV . : o |
: ordering ! GERDA, 90% CL
(Plaan1 DES) ____Inverted : Normal
: ordering ! ordering
----- ke o B e
0.01 1

2) Search for Ofvﬁﬁ ' 0.1E 1.0 0.01 010 1.00

.. : . xm;, eV (mpgg), eV
e Sensitive to Majorana neutrinos, model-
dependent, LNV
- Upper limits by CUORE, EXO-200, GERDA, 3) Direct neutrino mass determination

KamLAND-Zen: * No further assumptions needed, use E? = p?c? + m?c*

m < 0.1-0.4 eV = M?(v)
* Time-of-flight measurements (v from supernova)
» Kinematics of weak decays / beta decays, e.g. T, ***Ho
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Tritium pB-decay ﬂ(IT
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® continuous p-spectrum described by Fermi’s Golden Rule, measurement of

count rate (arb. units)

effective mass m(v,) based on kinematic parameters & energy conservation
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KATRIN experiment AT
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Electrostatic high pass filter Analysing plane Bl
U,{r) Uana(r) ‘:-‘ T2
& *HeT*
Ueelri2) & Rydberg atom
c) ¢ Positive ion
; 15 out
15 out T2 in

: 7 Transport and \{ e AN X Segmented
Tritium source pUMPping AN S8 bl - AGEaREaR
Rear wall and Main spectrometer
electron gun /
4 / N T L } &
Pitch angle ; / _____ a Al o=t
: i / ----------------------- Bmax =4.2T
" FEEEE .t | B »
Magnetic i ekl Bane = 0.3 % 10771
adiabatic collimation Cyclotron Field line direction
Bei=358T motion Full system description & commissioning, JINST 16 (2021 ) T08015
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Beta-spectrum and neutrino mass

7l Beta spectrum: Rpg(E,m?(ve))
10

Count rate (arb.)

SO N B~ OO

E-E, (eV)
Jal Experimental response: f(E-qU)
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E, single tritium scan -
and fit
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R(qU) =

Np | Ry(E/m*(ve)) - f(E = qU) dE + Ry,
qu

rE
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Recent v-mass results ﬂ(lT

N Spectrum 15t campalgn Karlsruher Institut fir Technologie
a with 10 errorbars x 50
o
~ Spectrum 2" campaign : : : :
2 W halde L oL First campaign (spring 2019):
= v’ total statistics: 2 million events e |
é + v best fit: s = (—1. Of‘l)j?) eV? (stat. dom.)
- | I Vimit: m, < 1.1 eV (90% CL)
B :
(2] °
© Second campaign (autumn 2019):
O - -
@ Stat. Stat. and syst. v  total statistics: 4.3 million events
4
S R — v’ best fit: ms = (0.26i8;§j) eV’ (stat. dom.)
g st i . .
< — dcampalgn v limit: m, <0.9eV(90% CL) s
w B 2"% campaign
£ ‘
|_
| | ‘ - Combined result: m,, < 0.8 eV (90% CL)
100 -
Reta rding energy - 18574 (EV) Blinded by the light neutring

! KATRIN Collab, Nature Phys. 18 (2022) 160



KATRIN Data taking AT
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Analysis of 5 scientific runs -~ ongoing
Statistical sensitivity ~ 0.5 eV (90% CL)

PRL 123 (2019) 221802
PRD 104 (2021) 012005

Nature Phys. 18 (2022) 160
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* KATRIN neutrino mass measurement in a nutshell
* Beyond neutrino mass searches with KATRIN

— Sterile neutrinos

- Relic neutrinos

— General neutrino interactions and light boson production
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* Summary and outlook
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“Beyond neutrino mass” in KATRIN

Is there a fourth
(sterile) neutrino?

A

m |V,

mass

eV ... kev
separation?

_VS
_V2

1
—]V1

Neutrino mixing: “Kink” in
regular B-spectrum tail (eV scale)
or deep B-spectrum (keV scale)
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Count rate (cps)

101 =

100_

Spectrum 15t campaign
with 1o errorbars x 50

Spectrum 2" campaign
with 1 o errorbars x 50

—
—

o=

B-spectrum, of

high statistics
and precision

Constrain local

overdensity of cosmic

relic neutrinos
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Search for exotic
interactions
(spectrum shape)

Search for Lorentz
invariance
violation (sidereal
modulation)

KATRIN”"
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— Sterile neutrinos
- Relic neutrinos
— General neutrino interactions and light boson production
- Lorentz invariance violation

* Summary and outlook
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Light sterile neutrinos — Motivation

* Multiple (longstanding) anomalies in the oscillation data

* No universal explanation to all of them

* An oscillation-free measurement as an independent cross-

check by KATRIN

Reactor antineutrino anomaly

_IHI]

Observed/Predicted Ratio
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No oscillation
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With oscillations (3 active v's + 1 sterilev)

T I[IIII|

I

Rttt

Neutrino-4 experiment

1.64 500 keV

Am’=7.25¢V", sin’(20) = 0.26 £/DoF 1711117 GoF 045

g144un Y/DoF 299819  GoF 0.08

N(L, ENN(L,E),,,

A ~,4’ R

| JETP Lett. 112 (2020)
" 4,199-212
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10° 10' 10° 10° 10" 10° 10
Reactor To Detector Distance (m)
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Phys.Rev.Lett. 128 (2022) 23, 232501
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Sterile neutrinos signature in g-spectrum A\‘(IT

* 3+1 sterile neutrino model 0.8

2gdr
------ cos<6 5z (mpg)

* Same data-set as for the neutrino mass
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Sterile neutrinos signature in KATRIN ﬂ(“.

T
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6 Fit parameters:

N — amplitude of the signal

Eo, — effective endpoint energy
m? — effective mass of the electron antineutrino

B — background rate

|Ues|? — 4" neutrino mixing

m42 — 4™ neutrino mass
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Combination of 1t and 2" campaigns

10° ¢
2|
> 107
X _
L
ol =t 1L -
= 10 mi={)eV2 mifree BRE—
_ KNMI KNMI1
10r:)__-"KNMZ —--KNM?2
— KNMI1+2 —KNMI1+2
102 107!
2
U |
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Fixed m?=0
m2=59.9¢V?,|U,, =0.011
A X =0.66

Free m.?

m:=87.4eV?,|U,’|=0.019
Ay =1.69,m,=0.57eV"

KATRIN Collab., PRD 105, 072004 (2022)
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Sterile neutrinos — complimentarity
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10°

DANSS 95% C.L.

Daya Bay 90% C.L.
Double Chooz 95% C.L.
Prospect 95% C.L.
STEREO 95% C.L.
Neutrino-4 20

—— RAA 95% CL

wmm KATRIN (KNM2, m

BEST + GA 95.45% CL
0v33 NH 90% C.I..
OvB3 TH 90% C.L.
Mainz 95% C.L.
Troitsk 95% C.L.

KATRIN (KNMI, mi = 0eV?)95% C.L.
i =0eV?)95% C.L.

s KATRIN (KNM1+2, mi =0eV?)95% C.L.

KATRIN projected final sensitivity
(m>=0ev?)95% C.L.

sin?(26,,) = 4|U 4> (1 = |U 4 %)
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looking at the short baseline
anomalies from a different
perspective

Signal-to-background up to
250

More stringent limits than
Troitsk and Mainz

approaching the BEST
allowed regions with Am? 2

10 eV?

complementary probe to
oscillation-based
experiments
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Amzl (eVz)
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Sterile neutrinos — prospects

103

102

10t

100

10!

DANSS
(95% C.L.)

Prospect
(95% C.L.)

Stereo
(95% C.L.)

KATRIN
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projected
| =--- final
sensitivity

(95% C.L.)

BEST4GA
(20)

- 3
- N RAA
- N T (95%C.L)
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With first 5 datasets

* Probing large portion of
the RAA, BEST and
Neutrino-4

With full dataset

» Sensitive to interesting
parameter range

e comparable sensitivities
to neutrinoless double -
decay
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keV sterile neutrinos ﬂ(“.

* Probing neutrinos with keV masses

1071 5
] — using the first (technical) measurement phase
- | * TRISTAN project in KATRIN:
- novel multi-pixel Silicon Drift Detector array
T 4
i . - large count rates
* 10734 .
E - excellent energy resolution full array
] _ _ - Target sensitivity: Detector Module
1 =—— Exclusion BF *  DBest Fit Mainz 2013 Detector pixel — -
l{'}—rl__ = Fxclusion NH Troitsk 2017 Holzschuh 1999 Sinze <10-6
é === Sensitivity Troitsk 2013 Hiddemann 1995
L ! ! L | T ! LR ' I !
1072 1071 100
my (keV)
KATRIN Collab., arXiv:2207.06337 S. Mertens et al., J.Phys.G 46 (2019) 6, 065203; T. Brunst et al.,JINST 14 (2019) 11,

P11013, T. Houdy et al.,J. Phys.:C.Ser. 1468 (2020) 012177
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* KATRIN neutrino mass measurement in a nutshell
* Beyond neutrino mass searches with KATRIN

— Sterile neutrinos

- Relic neutrinos

— General neutrino interactions and light boson production
- Lorentz invariance violation

* Summary and outlook
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Cosmic neutrino background: Motivation ﬂ(“.

10 seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years 13.8 billion years

Beginning
of the ¢
Universe

Inflation Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolution The present Universe
Accelerated expangon ||ght and matter are tnupled SEParate Atoms start feeling The first stars and
of the Universe Dark matter evolves - Protons and electrons  the gravity of the galaxies form in the

independently: it starts form atoms cosmic web of dark densest knots of the
dumping and forming - Light starts travelling ~ Matter cosmic web
a web of structures freely: it will become the

Cosmic Microwave

Background [CMB)

» ~340 relic neutrinos of all species /cm? in the Universe (56 /cm? per species)
* Decoupled the first second (1 MeV) after Big Bang
* Predicted overdensity n = (1.2..20)

Upper limits from previous kinematic neutrino mass measurements: 10*3
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Relic neutrinos search with KATRIN ﬂ(“.

differential spectrum
1

* relic neutrinos with meV energies

Electron
* neutrino capture on tritium (no energy w ! PRE |

threshold) é 100

* Peak above the endpoint c || tritium

L yields

k — 10v

3I‘l + — 3H T —l— ‘Ebg \\ captures
Ve e e < \ ' per year

/g/' R - mvy : My >
Qp

‘ J
\4‘ '

0 < 1 eV: energy resolution

S. Weinberg, Phys.Rev. 128 {1962} 14571473

KATRIN Collab., PRL 129 (2022) 1, 011806
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Relic neutrinos search with KATRIN ﬂ(“.

Karlsruhe Tritium Laboratory (TLK) 7

n.s-:is,,_‘ W ) =, Kk

up to 40 g of tritium

Tritium source

KATRIN has the sensitivity to
probe large clustering of cosmic n= nu/ <n>
neutrinos around the solar system

KATRIN Collab., PRL 129 (2022) 1, 011806

tens of pg of T, in the source
10° captures per year
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Model for the relic neutrinos in KATRIN ﬂ(".

2
10 ' ' y
t Asimov data with 5 = 2.8 x 10° (error bars x 50)
“n —— J-decay model
5
U
© 10%%
| .-
]
=
>
@]
@
105k . . . . :
-30 -20 -10 0 10
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* #-decay model
a n
099 F 3- decay +1Cf B model t Simulation for 5 =2.81 x 101
—30 -20 -10 0 10
§ 200F
@
c 100} I
ol e dlariniinne,
-30 -20 -10 0 10
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Retarding energy - 18575 (eV) _

Alexey Lokhov — KATRIN beyond the neutrino mass

Fit parameters:
* N — amplitude of the signal

Eo, — effective endpoint energy

m? — effective mass of the electron antineutrino

B — background rate

n — local overdensity

meV energy is neglected

Rdiff (E) — R;ﬂ (E) 4 RCHB (E)

KATRIN Collab., PRL 129 (2022) 1, 011806
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Count rate (cps)

Time (d)

24

Relic neutrinos in the first science runs

102 4 T T T T J T T T
o, A Spectrum KNM1 :
' '\\ ' with 1o error bars x 50 1
1' N , Spectrum KNM2 ‘
107 ¢ \.* with 1o error bars x 50 ;
[ ' \-it\ ]
i \kb'\
10° \EL E
M
10-1 L L 1 1 " M 1 " N 1 "
0 50 100
2F BEKNML|
1 _ ‘ KNM2 _
0: ...... |Ill.||‘H‘HH|‘ |. ‘. ‘. L ‘] . . 1 .
0 50 100
Retarding energy - 18575 (eV)
04.05.2023 Alexey Lokhov — KATRIN beyond the neutrino mass
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e 15t campaign (2019)

- 522 hours

- 3.4 g for capture on tritium
« 2" campaign (2019)

- 744 hours

- 13.0 pg for capture on tritium

KATRIN Collab., PRL 129 (2022) 1, 011806
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Relic neutrinos In the first science runs S(IT

e 15t campaign (2019)
KNMI1 Data Set

: - 522 hours
1 -++*H+++H+f *# H-++H ......... } .................. +-
0og £ =0 ——Best fit: ,-; a =3.7e+11 il.4ei11 : - 3.4 g for capture on tritium
« 2" campaign (2019)
KNM2 Data Set - 744 hours

Ratio

| LNE =3 L] +. ........ .+. ... .
Ogglt i ‘HH {H; i ++ + 3 - 13.0 ug for capture on tritium

""" =0 Best fit: n-a=-5.8¢+10  +5.2e+10

40 -20 0 20 40 e no evidence for relic neutrino
Retarding energy - 18575 (eV) overdensity
- upper limits

KATRIN Collab., PRL 129 (2022) 1, 011806
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Relic neutrinos: challenges S(IT

10— * Background rate

(-]

o
wn
Ll

| i f - order of magnitude higher

* T, B-spectrum creates
irreducible background

-my < <Egs>/2 = 0.85 eV

-

=
H
o

- — 3 decay, single F5D state
[ CuvB, single FSD state

3 decay, standard FSD
CuvB, standard FSD

Counts per 0.1 eV

- Increase of the target mass
does not increase the CvB
sensitivity

i -
-] =]
P =
[ un
1 I
aa a I 5 g 5 g I 5 4

KATRIN Collab., PRL 129 (2022) 1, 011806
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Relic neutrinos: results and prospects

* search for large overdensity n of relic neutrinos near the Earth
* n<1.1-10%a at 95% C.L. — the search is statistically limited

* improved by 2 orders of magnitude compared to previous laboratory limits
KATRIN Collab., PRL 129 (2022) 1, 011806

TR 1 1 S [ e e Sy 1015 — T T T T - . ey
.............................................. _ o
Majorana: a=1 excluded i - ®
Dirac: a=1/2 I Majorana: a=1
L. i )
| Dirac: a=1/2 ! . { KATRIN
T ey e e e . ;1010-: ------------ e e i o B il i e B B S -f— 1000 days
R e e KM = _ KATRIN projected 3-yr sensitivity | sensitivity:
Pl b _ | ns14-1090
=== KATRIN projected 3-yr sensitivity
T e ess—————r Yy L Limit from Pauli blocking
lﬂlﬂﬂ 0‘2 0'4 0‘5 UIH - 105 A R ) FE S [ N N 2 B
' 'mz [evz). ' Los Alamos  Troitsk KNM1 KNM2 KNM1+2
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General Neutrino Interactions A\‘(IT

* Additional interactions which contribute to the weak interaction in the S-decay

* SM Effective Field Theory with additional p .
right-handed neutrinos udu

— Truncated at the order n = 6

Lsmerr (Psm) = Lsm(Psm) + Z Z ﬁ C,-(n) O,-(n) (Psm)

n>95 | udd

* GNI could modify the #-spectrum

- Energy-dependent contributions to the rate
could be studied with KATRIN
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GNI Lagrangian for 4-fermion-interaction A\‘(IT

GF V s 10 (.._,) aﬁycﬁ _ _ )
ng}, - — Y Z ( € j,ud) (eanVﬁ) (u],Oj dg) + h.c.
J=1

V2

® Gf : Fermi constant

" Vs : CKM matrix
~ W
0 (e)),-, ud- Flavour space tensor describing strength of interaction type
with respect to SM Fermi interaction

® ¢1/R: Coupling for left-/right-handed vector-like interactions Haa

® cg: Coupling for scalar interactions
® ¢p: Coupling for pseudo-scalar interactions
® e7: Coupling for tensor-like interactions
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GNI in the tritium B-spectrum ST
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ar Gz Vve
E = £ﬂ3Ud\/(E+me)2_m§(E+ me)(Eo—E)
% Eg— E)2 —m | & |1 +| bk =—— — b] - O(Ey—my—E
{k—zﬁ: \/( o~ F L “E+m, KE-E Ck(E+me)(Eo—E) B0 me )}
Rale

* Total decay rate for active and sterile neutrino

e 5.b.,b,c. are defined in terms of €, U.s and
dv,; Js, g1, ga

| 1 L ./.r’ >
The SM case: &,=b,=b ,=c,=0 \/\
|
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Sensitivity to GNI with the sterile branch
&y

Converting mixing 5_/3 INto sensitivity to € Preliminary Study on first year MC at 95 % CL
* Strongest constraints on €r f " :
- — |ET|2£WM |£L,|=c|251_t.)’f‘fJg
* Other constraints: — leal?s -2 el = grass;
- neutrino oscillations 104 T
- v-e and v-N scattering
. : 3§ 1074
- charged lepton flavor violation 5
g
10’ -
109 L— e e LN S —
1073 10~ 107! 10° 101
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New light bosons

* Searching for new physics in the low-energy range

— Light scalar or vector bosons can be emitted if their mass < Qr
— axions and axion-like particles, Majoron models, Z'
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Outline A\‘(lT
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e KATRIN neutrino mass measurement in a nutshell

* Beyond neutrino mass searches with KATRIN
— Sterile neutrinos
- Relic neutrinos
— General neutrino interactions and light boson production
- Lorentz invariance violation

* Summary and outlook

“Spaceship KATRIN”
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Search for Lorentz Invariance Violation A\‘(IT

 Standard Model Extention: relativistic

EFT with all possible LIV operators for .
neutrino propagation
a . - H at
LSME — _wwa' ’Yuww |
* for all particles in the #-decay —
B 0 — — —_—
* terms aa”pﬂzapo—a-p —
- 1 sideral-day modulation of E, and X

absolute shift of Eo
KATRIN Collab. arxiv:2207.06326, accepted to PRD
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Search for Lorentz Invariance Violation A\‘(IT

* Time-dependent

— Rotation of the Earth: change of
Intrinsic KATRIN direction w.r.t. a#

- E, oscillates with 23 h 56 min period “,
B ‘(afé))n' :
* Time-independent _
- Measurements of Ep at Mainz and .
KATRIN —

| @$)0o| and |(@$P1o X

KATRIN Collab. arxiv:2207.06326, accepted to PRD

36 04.05.2023 Alexey Lokhov — KATRIN beyond the neutrino mass Institute of experimental particle physics



Lorentz invariance violation in KATRIN ﬂ(".

Fit each 2h scan of B-spectrum

— 20 - a) m— Fit result
§ + Measurement
£ 10- Estimate amplitude
§ of E; oscillation
04 T T T e T ° T 9 —— best fit, y2 =0.98 w

'—8 w S -1.0
%Tg & 1.5 1 .I} Aot |
ég % 2.0 Tyl N g . + o : ILJIIHJMI' ["
> - el B | S SR B Y- \D Convert into

2 500 o) P N F— ‘ estimation of LIV

N C 8%

: i o _parameters

I

F - .

O 0 100 200 300 4:]0 00 600 700 800
18540 18560 18580 18600 18620 Hihe aftor gt (b
di .
fetarding energy (eV) KATRIN Collab. arxiv:2207.06326, accepted to PRD
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Lorentz invariance violation in KATRIN ﬂ(".

Fit each 2h scan of B-spectrum

A= &I )11 NBZ cos? y co £+ (ot — Bsin )2

— 20 a,) w—— F'it result
jol
° + Measurement best fit, yZ = 0.98
% 4 data
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+ —
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_ ° o o e
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Eqt(t.) = D+ Acos (wt, — ¢)

KATRIN Collab. arxiv:2207.06326, accepted to PRD
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Lorentz invariance violation in KATRIN ‘(IT

* No significant oscillation of Eo A= 2 1(a)1 VB cos? y cosZ E+ (Bror — Bsin )2
observed
First upper limit: = total | 0.08
3 = stat+NP
}(agg)ﬂ} <37%x10°%GeV (90%CL) 3 .. e
best fit

1@)11], 1076 GeV

4 i
* No significant shift of E, observed 001
Improved upper limits: = ~———— 0.02
( - )00 <3.0x107° GeV (90% CL) . — — — + 000
€ S))m < 6.4 x107* GeV (90% CL) ¢

KATRIN Collab. arxiv:2207.06326, accepted to PRD
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Outline AT
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* KATRIN neutrino mass measurement in a nutshell
* Beyond neutrino mass searches with KATRIN

— Sterile neutrinos

- Relic neutrinos

— General neutrino interactions and light boson production
- Lorentz invariance violation

* Summary and outlook
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Summary & Outlook AT

Karlsruher Institut far Technologie

First results on the eV-scale sterile neutrinos
— complementary to oscillation data
— competitive sensitivity in relevant parameter regions

* Cosmic neutrino overdensity

— improved limits from the first science runs
* New physics searches near Eo: GNI and light bosons
* Lorentz invariance violation

- KATRIN is probing parameters inaccessible to oscillation experiments

* New data-sets with higher statistics and lower background!
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Thank you for your attention! AT
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