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* KATRIN neutrino mass measurement in a nutshell
* BSM studies with KATRIN

— Light sterile neutrinos

— Relic neutrinos

- New light bosons

— General Neutrino Interactions and charged currents beyond the SM
— Lorentz invariance violation

* Summary and outlook
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KATRIN experiment AT
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Beta-spectrum and neutrino mass
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T, spectrum scanning ﬂ(“.

tritium signal background region
-40 eV below E, +50 eV above E,
S > . :
%0 N - Ca. 30 high-voltage steps in each scan
4 m°(v) tritium
40 region . endpoint E, - Distribution optimized for m?(v) sensitivity

35
30

- Different regions for four fit parameters:
m?(v), endpoint Eo, norm. N, background B

Measurement time (hours)
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- Ca. 25% of time spent on background
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® Several measurement campaigns per year:
each 2-3 months long, separated by calibration and maintenance breaks

e Several hundred scans of the B-decay spectrum in each campaign:
each ~2.5 hours long, alternating in up/down direction
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Beta-spectrum and neutrino mass ﬁ(“.

Spectrum 1% i : : //’ —
sttt sl 15t measurement campaign (spring 2019) / =
nd i
E«?&cirgn;rgorbcaar?gaégon v total statistics: 2 million events & x
: 2 _ +0.9
v best fit: m; = (—1. 0_1.1) eV?(stat. dom.)
f } v upper limit: m, <1.1eV(90%CL)
. . nature physics
2" measurement campaign (autumn 2019)
Stat. Stat. and syst. . .
[ v total statistics: 2 million events
- +0.34
f s 2" campaign o
0- = —— _
, 100  Combined result: m,, < 0.8 eV (90% CL)
Retarding energy — 18574 (eV)
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Main sources of systematics ﬂ(“.
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“Beyond neutrino mass” in KATRIN

mass

Neutrino mixing: “Kink” in
normal (3-spectrum (eV scale)
or deep B-spectrum (keV scale)
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B-spectrum, of
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and precision

Constrain local
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(peak search)
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Search for exotic
weak interactions
(spectrum shape)

Search for Lorentz
invariance
violation (sidereal
modulation)

KATRIN”"
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* Multiple anomalies in the TEEEETE ] aactor flug aromaly
oscillation data i - resolved with new input data

to flux calculation

Light sterile neutrinos — Motivation ﬂ(“.

of them .. s there really an anomaly?

...........

& -- | gallium anomaly
o ¢ 1 unresolved, recently reinforced

* An oscillation-free
measurement as an
iIndependent cross-check by
KATRIN

Measured [ predicted

LSND
unresolved

MiniBooNE
unresolved
resolvable by next-gen. SBL experiments

* No universal explanation to all . - . « ... reactor specira ?
|
7
7
7
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Sterile neutrinos signature in g-spectrum A\‘(IT

* 3+1 sterile neutrino model 0.8
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Sterile neutrinos signature in KATRIN ﬂ(“.
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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

m, — 4™ neutrino mass
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AnaIyS|s of the 1St and 2" science runs

IU“;'

—

]
=
""1. r LA |

Count rate (cps)
=)

12

;*._a) | KATRIN data w1th lo error bars X *30
N —— 3141 best fit model
N Active branch

11. = Sterile branch

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;

......................................

......................................

||||||||||||||||||||||||||||||||||||

-40 20 0 20 40 60 80 100 120 140

Retarding energy - 18574 (eV)

07.06.2022

Alexey Lokhov — KATRIN beyond the neutrino mass

SKIT

Karlsruher Institut fir Technologie

3v+1 model fitting
» Using x? for parameter inference
(&) = (Raata — Rmode1(€)) C7" (Raata — Rmode1 (€)) "
e Uncertainty inference via covariance matrix C
* 50 x 50 logarithmically spaced grid
* |Ue4)? is constrained by < 0.5
- otherwise active - sterile
* 95% exclusion limit applying Wilks’s theorem

Ry =g~~~y — 599

KATRIN Collab., PRD 105, 072004 (2022)
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Results of the 15t science run

| —— Mainz 95% C.L.: m>=0eV’
E — — Troitsk 95% C.L.: m=0eV?

——KATRIN 95% C.L. : mi e
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KATRIN sensitivity 95% C.L.: m>=0eV>
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Fixed m?=0
m:=77.5eV?,|U,,*=0.031
Ay =143

Free m,?

m:=21.8eV?,|U,,’|=0.155
Ay’ =1.30,m,=-5.3eV’

v Comparable to limits from Mainz and
Troitsk

KATRIN Collab. PRL 126, 091803 (2021)
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Sterile neutrino systematics (2" campaign) ﬂ(“.

Statistical uncertainty Magnetic fields Activity fluctuations _
= Combined systematic uncertainties Molecular final-state distribution Energy-loss function e Raster scan (f|Xed m42)
= - Non-Poisson background qU-dependent background e Detector efficiency
=== Source-potential variations Column density X inelastic scat. cross section ===Theoretical corrections . .
""" Scan-step-duration-dependent background = -High voltage stability and reproducibility Estimate every
N AR S s e sns——— | ey par e I systematic contribution
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KATRIN Collab., PRD 105, 072004 (2022)
14 07.06.2022 Alexey Lokhov — KATRIN beyond the neutrino mass

Institute of experimental particle physics



Interplay of m,2 and m,? (2" campaign)
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Fixed m?=0

m2=0.28eV?,|U,’|=1.0
Ay’ =0.74

| Free m,?

m:=98.3eV?,|U,}=0.027
Ay =249 m =1.1eV’

KATRIN Collab., PRD 105, 072004 (2022)
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Interplay of m,2 and m,? (2" campaign) A\‘(IT

5 . . ————— * Sizable correlation of m,? and m,?

: 1 ; 3v+1 data _ _ _ N
n 3v+1 sensitivity | - reduction in m,? sensitivity

i e L N .. ... 3y data 1 .

: e Strong correlation for m,2< 0 eV?
35 % : g

<>].< i EY 1 - flat %2 profile - loss of sensitivity
5 [ ; 3 _' .

: - restored by external constraints
R I 1 +m?>0eV? - x2 uncertainty on m,?
Of et - ——____—————— « Fully restore sensitivity using
1 05 0 0.5 | 1.5 ;. 25

2 - |Ue4|2< 10_4
m (eV")

KATRIN Collab., PRD 105, 072004 (2022)
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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 |

17 07.06.2022

Alexey Lokhov — KATRIN beyond the neutrino mass

SKIT

Karlsruher Institut fir Technologie

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

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
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.
2
v’

.
L}
L }
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2 2
gy B Y
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== KATRIN (KNM2, m” = 0eV?) 95% C.L.

s KATRIN (KNM1+2, mi =0eV?)95% C.L.
----- KATRIN projected final sensitivity
(mi =0eV%)95% C.L.
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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? >
10 eV?

complementary probe to
oscillation-based
experiments

Institute of experimental particle physics



Sterile neutrinos — prospects ﬂ(“.

With final dataset

DANSS 95% C.L.
Daya Bay 90% C.L.
Double Chooz 95% C.L.

Prospect 95% C.L. * Probing large portion of

e the RAA, BEST and
_ggsngifts.ﬁ%CL Neutrino-4

0vG3 NH 90% C.1..

Ou@{)’IH ?O% I, L

e * comparable sensitivities

KATRIN (KNM, m* =0 eV?) 95% C.L. to neutrinoless double -

2
I
= = KATRIN (KNM2, mi

=0eV>)95% C.L. d ecay
s KATRIN (KNM1+2, mi =0eV?)95% C.L.
----- KATRIN projected final sensitivity

(mi =0eV%)95% C.L.

KATRIN Collab., PRD 105, 072004 (2022)
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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)
e upper limits from previous kinematic neutrino mass measurements: 10%
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Relic neutrinos search with KATRIN ﬂ(“.

differential spectrum

* relic neutrinos with meV energies ' o —
* neutrino capture on tritium (no energy w | Pl | =
threshold) S 100 g
* Peak above the endpoint c | | oo
3 3 + E \\ — 10v
— captures
H+v, — “He" +e 3 \ -
\
Irvine, Humphreys, \ j \
1. Phys. G 9 (1983) 847 \ _

/g/’ - mv : My "
Qp
\ J
|

0 < 1 eV: energy resolution

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

KATRIN Collab., arXiv:2202.04587, accepted to PRL
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Relic neutrinos search with KATRIN ﬂ(“.

Karlsruhe Tritium Laboratory (TLK)

. L

'i..:*
/

/ﬁ.\ 7

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., arXiv:2202.04587, accepted to PRL

30 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
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§ 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., arXiv:2202.04587, accepted to PRL

Institute of experimental particle physics



Count rate (cps)

Model for the relic neutrinos in KATRIN ﬁ(".

102

10°

1.01F

Ratio
o

Time (d)

0.99F

200F

100¢

24

t Asimov data with 5 = 2.8 x 10° (error bars x 50)
— 3-decay model

Counts per 0.1 eV

, | | / I<ECUB> -
-f-'-'f:ara'e'z;;aa:;a;r“"*”****”***EHH'WH -

d-decay +JCP«'B model ¢ Simulation for 5 =2.81 x 1073

-30 -20 -10 0 10

[ | T T R T T T
r = MNeutrino capture full differential spectrum n
| —— Gaussian fit of ground state (used in the analysis)

-25 -20 =15 -10 -5

tassssrass siisssssss ........1‘|IIHIIIII. i

30 -20 10 0 10

Raig(E) = Rg(E) + Rcoup(E)

Retarding energy - 18575 (eV)
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KATRIN Collab., arXiv:2202.04587, accepted to PRL
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Count rate (cps)

Time (d)
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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)
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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., arXiv:2202.04587, accepted to PRL
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Relic neutrinos In the first science runs ﬂ(".

e 15t campaign (2019)
KNMI1 Data Set

Ratio

: - 522 hours
1 "+++**+++§*+* *+£{+-H+++* ......... } .................. +- N
o Eo =0 Best fit: 7o =3.7e+11 il.4ei11 : - 3.4 pg for capture on tritium
« 2" campaign (2019)
KNM2 Data Set - 744 hours

| 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 * no evidence for relic neutrino

Retarding energy - 18575 (eV) overdensity
- upper limits

KATRIN Collab., arXiv:2202.04587, accepted to PRL
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Relic neutrinos: challenges ﬂ(“.

10— * Background rate

- 105} ! | : - order of magnitude higher

v | | . .

~ [ ' - * 3-spectrum creates irreducible
© 1{]‘10 - — 3 decay, single F5D state | : -

’g [ CwB, single FSD state :{_Em 4 baCkg round

f‘é' 1015

|

-]

o

[ 3 decay, standard FSD v ]

:_ CuB, standard FSD i d -my < <Egs>/2 =0.85 eV

[ l i - Increase of the target mass
i ! : does not increase the CvB

sensitivity

[
-]
[
[ ]
1

KATRIN Collab., arXiv:2202.04587, accepted to PRL
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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. arXiv:2202.04587 (2022) — to appear in PRL

................ o
........................................... _ B
Majorana: a=1 excluded i - ®
Dirac: a=1/2 I Majorana: a=1
e i .
i DlraC ﬂ=1l!2 . - ] KATR]N
s S o o i e S - T A B AL E e, b B il e e B L <— 1000 days
R e e KM = _ KATRIN projected 3-yr sensitivity | sensitivity:
— - KNM2
——KNM1+2 ! | n=<14-10%a
=== KATRIN projected 3-yr sensitivity
e — I Limit from Pauli blocking
1[]100 0‘2 0'4 0‘5 UIB 3 105 I, L BRI I PO Ty I I P
' ' ' ' Los Alamos Troitsk KNM1 KNM2 KNM1+2

mf (eV?)
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GNI and BSM charged currents

* Generalized neutrino interactions

SKIT

Karlsruher Institut far Technologie

— new neutrino interactions of scalar, pseudoscalar, vector, axial vector and tensor type

— energy-dependent distortions of the measured [3-decay spectrum

Eo is a free parameter - better knowledge of the absolute eneray scale is required

- see talk by Caroline Rodenbeck later today

* Right-handed currents combined with
sterile neutrinos

— sensitivity to the left-right interference term
- precise knowledge of E, required

N. M. N. Steinbrink et al.,JCAP 06, 015 (2017)

29 07.06.2022 Alexey Lokhov — KATRIN beyond the neutrino mass

CLR

sin?§ = sin® g = 0.1 |

10F
10-1B
1072F
103§
OF
—103F

—1072§

10—1
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New light bosons: Motivation AT

Karlsruher Institut fir Technologie

* Searching for new physics in the low-energy range
— Light scalar or vector bosons can be emitted if their mass < O~
— axions and axion-like particles (), Majoron models, Z'

350
——
}"\ —19 2k
300} ‘\mJﬂ 0 keV ) 10 B i TIOT
‘\ J,__\ o= i R -
.,l_h 250 1 '\‘ % 10—22 of 000 AR T - N
= \ - ¥
%—" 200 \ = . g
= o o (e \ |
L Lu':l} 150 1 ‘\‘:\‘\m‘_’j =5 keV % '-.i — std [B-decay. iy = 0eV
o o ‘\'\\ 3 1{}_23 :I std [3-decay, my = 10eV
& i § == A vsvX
— 1 L 100 = my=1 keV s =7 6epex
9 10-31 - T - I' C: ¥, PrvXH
50 Standard 8 decay © - e Lines Domyexe
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New light bosons: Sensitivity

* Searching for new physics in the low-energy range
— a pseudoscalar coupling to neutrino, to electron, and a Z' coupling to neutrino, electron

and both
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Lorentz invariance violation A\‘(IT

Karlsruher Institut fur Technologie

* Lorentz invariance violation (LIV) can be probed by KATRIN (oscillation-free parameters
accessible only in kinematics / endpoint experiments)

* “Standard Model Extension” (SME) based on effective field theory + background fields:
Anisotropic effects could be observable at KATRIN (“intrinsic direction” via acceptance cone)

Possible impact on [3-spectrum:

- Global shift of endpoint Eo

illustrations by R. Lehnert

- Sidereal oscillation of Eo: search

in repeated spectrum scans

- See, e.q.: Colladay & Kostelecky 1998;
Diaz, Kostelecky & Lehnert 1305.4636

(typ. scan sequence ~2 hrs)

Modulation search: Need careful examination of potential systematic effects
Other speculative influences, e.g. space weather or orbital distance impact on decay constants ...?
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Lorentz invariance violation in KATRIN ﬂ(".

Fit each scan of B-spectrum

— 20 A a) —— Fit result
§ + Measurement
2 Estimate amplitude
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Publication in preparation — stay tuned!
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Conclusion & Outlook S‘(IT

* High precision measurement of tritium endpoint with KATRIN

* 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 signatures near E, — light bosons and

* 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! ﬂ(“.
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