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Neutrinos: Massless in the Standard Model
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Motivation
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Extension via Sterile Neutrinos
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Motivation
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Light Sterile Neutrinos: 3+1 Scheme

141

@ Light sterile neutrino may participate in Vo
oscillations —» observable in short-baseline V3
experiments vy

@ Anomalies in GALLEX, SAGE, MiniBooNE,
BEST, etc., could indicate its existence

@ Appearance vs disappearance data tension
(~3-4 0); tested independently via 3-decay
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KATRIN
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Signature in [-decay

3
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o Differential decay rate: My = ; |Uer Z 1— U
dr 2 2 2
d?(E7 my,, My, ‘ UE4| ) 020 \\\ —— active neutrino only: 4% (m,,)
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Active branch

o Sterile neutrino branch leads
to a kink at Eg — mq
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KATRIN setup

70 m beamline: ultra-pure gaseous T, source 01 g :
= active neutrino only: gi(m,)
+ high-resolution electron spectrometer e =7 setve branch: (1= [Uf") - 5 (om.)
. § 0104 —-= sterile branch: [U[* - 45 (m.)
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KATRIN
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KATRIN Physics Goals

Direct neutrino mass measurement
Selected KATRIN Coll. Results:

o Combined Best fit: m2 = —0.14f8'}§ eVv?
. ‘ o Nature 648 (2025) 70
o New upper limit: m, < 0.45 €V (90% C.L.)
KATRIN Coll., Science 388 (2025) 180 © Phys. Rev. D 107 (2023) 082005

o Phys. Rev. Lett. 129 (2022)

Physics Beyond Neutrino Mass
011806

@ eV-scale sterile neutrinos

: N o PoS ICHEP2024 (2024) 326
@ Lorentz Invariance Violation (LIV)
Reli . @ Phys. Rev. Lett. 134 (2025)
@ Relic neutrinos 251801

o Light extra bosons

@ General neutrino interactions
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KATRIN
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Spectrum Modeling

@ Model: The measured rate Nexp,(qU) is 10! ,
¢ KATRIN data with 1o error bars x 10
mOdeled as ? 100 —— (3+1)v best fit model
2 100
Nmodel(qU7 9) = %
< 1071 4
Eo qr . £
A- ——=(E, 0) - R(E,qU) dE + Nyg(qU) 3
qu dE 1072 4
. . IR I
Parameter Description —
2 0.8 (3 :—(;)v)swguol:tlon
. . S e SiN“(Bee) = 0.
A Signal amplitude © .06 4 m3 =100.0eV?2
Ey Effective endpoint energy
m? Effective electron neutrino mass § 0104
Nig Background rate £ 005
. . £
mz Sterile neutrino mass F 000 |" | . | | |
|Uea|? Sterile neutrino mixing -0 -20 0 20 40 60

Retarding energy —18575 (eV)
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Data Collection Overview

6x10%¢~ 36 x 10°e
Goal 220 x 100 e~

2.5

KNM
KNM2
NMS
KNM16

o KNMx: KATRIN
mass-Measurement campaign

/]

2.0 4

@ Progressive rate increase,
background reduction, and
statistical optimization
across campaigns

@ Scan time: ~ 3 hours per scan,
0O(100) scans per campaign,
stacked data

1.5

1o @ 259 measurement days

@ Scan points: ~ 30 high-voltage
set points

@ 1757 (-scans

0.5+

Cumulative electrons in 40 eV range

@ Scan interval: Ey —40¢eV to
Ey + 135eV

KATRIN premmmary

0.0 5,

2023

20% of total data set

Shailaja Mohanty Queen's University

Latest Constraints on Sterile Neutrinos from the KATRIN Experiment 9



KATRIN
000000000

KNM1-2 Analysis

Data points:
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Analysis

Data points:
PHYSICAL REVIEW D 105, 072004 (2022
KNMIT SIC 05, ( )
t Data N t Data
—— Model ", Model Improved eV-scale sterile-neutrino constraints from the
@ b Y second KATRIN measurement campaign
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KNM1-5 Analysis
B (mT) From KNM3 onward

0.60
0.55
0.50
400
0.45
QUana — 18600 (eV) 200
0.40 =
E o
5T
—-200
"0.63 mT"
-6 —4001 = 1021 T SN b
D i
SAP ownstream

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
The KATRIN Collaboration, Eur. Phys. J. C 84, 1258 (2024)
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KNM1-5 Analysis

Data points: (14+1)x28| |14x28+14x25| [14x28]
KNM3 KNM4 KNM5
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KATRIN
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KNM1-5 Analysis Complexity

o Highly segmented data Data et No. of data stat -only total
(14 patCheS) points pa:cm Constr.  dof pal;lltm Constr.  dof
o 7 different configurations : :
9 KNM1 27 5 0 2 24 19 22
o 59 spectra KNM2 28 5 0 23 24 19 23
e 1609 data points KNM3-SAP 392 44 0 348 106 62 348
. KNM3-NAP 28 5 0 23 27 2 23
@ 144 correlated systematic KNM4-NOM 392 44 0 348 106 62 348
+ KNM4-OPT 350 44 0 306 105 61 306
parameters KNM5 392 44 0 348 105 61 348
) Computationa”y expensive KNM1-5 1609 180 0 1429 340 160 1429
model
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Analysis Method for Sterile Neutrino Search

. . . . . . 2_
© 3 (oxp, Aloa(8)) = —210g £ (Nexp, Ninoact(6)) © Primary analysis: m;=0
. (m123 < ma)
@ Grid Scan: x? minimized on 50 x 50 grid with ) ) )
m3 € [02.1, 1600] €V? and [Ues|? € [0.001,0.5]; mj = 0 ev? © AX? = XZu1 — XPiobal min
& |Ues|* = 0 (null-hypothesis)

3T e 3
10* o 10
o o Ny
\,
. 102
10% 5 N
o o .
;,;‘ I' 10]
o s e o« . J e o
9
;% 10' 4 Y \\\ . ; <
H S 10
. >
<
0 4 N " —1
10 Simulated data Simulated data 10
- Grid points - Grid Points
% Bestfit: m3 = 63eV?, sin®(..) = 0.03 % Bestfitt m? = 63eV?, sin?(6..) = 0.02 102
107! T T / f y y
107 1072 107! 107 1072 107!
[Ueal? [Ueal?
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Analysis Method for Sterile Neutrino Search

. . . . . . 2_
© 3 (oxp, Aloa(8)) = —210g £ (Nexp, Ninoact(6)) © Primary analysis: m;=0
. (m23 < ma)

@ Grid Scan: x? minimized on 50 x 50 grid with ) ) )
m3 € [02.1, 1600] €V? and [Ues|? € [0.001,0.5]; mj = 0 ev? ® AXx* = Xju1 — Xalobal min
& |Ues|* = 0 (null-hypothesis) .
@ 95% significance level

— 2 __ H
1001 = 10° < Ax® =5.99, per Wilks
o o oY
. - theorem (2 degrees of freedom)
2 | N
R
£ L o
Y
;% 10' 4 b \\\ . ; <
= 8 10
o
~
0 4 -1
10 Simulated data Simulated data 10
«  Grid points «  Grid Points
% Bestfit: m3 = 63eV?, sin®(..) = 0.03 % Bestfitt m? = 63eV?, sin?(6..) = 0.02 102
107! T T / ! y y
107 1072 107! 107 1072 107!
[Ueal? |Ueal?
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Sensitivity and Systematic Effects
D)

Sensitivity and Systematic Effects

m2=0eV?, mj =0eV? & Sensitivity contribution of systematic uncertainties
|Uea|®> =0

Statistical uncertainty

Combined systematic uncertainties

10° 4
Column density x inelastic cross section
102 4 Energy-loss function
— tep-durati pendent
% Source-potential variations
~ 10" 4 Non-Poissonian background
95% C.L. sensitivity qU-dependent background slope
~— KNM1 — KNM4 Analyzing-plane magnetic field and potential
109 — KNM2 — KNM5 Source magnetic field B~ 2eV?
— KNM3-SAP — KNM1-5 Maximum magnetic field =3 mi=101ev?
\ KNM3-NAP Rear-wall residual tritium B f = 016V
1 1078 10 10- 10 104 10+ 10-2 107!
|Ueal? |U..4|? sensitivity contribution (Ax? = 1)

Asimov dataset: expected data without fluctuations

Shailaja Mohanty Queen's University
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Exclusion Limits from First Five Science Runs

@ Previous (KNM1-2): 6 x 10° electrons
@ New (KNM1-5): 36 x 10° electrons

Results
€00

Dataset mg |Uea|? x2/dof P Ax? Sig.%

KNM1 82.63 0.027 22.1/22 046 140 5036 %
KNM2 0.33 0.500 27.7/23 023 034 1577 %
KNM3-SAP 25.26 0.058 309.5/348 093 175 58.30%
KNM3-NAP 725.98  0.005 31.1/23 0.12 0.18 8.56 %
KNM4-NOM 45.68 0.024 360.2/348 031 258 7248 %
KNM4-OPT 884.56 0.013 309.5/306 043 169 57.12%
KNM5 82.63  0.006 309.3/348 093 0.88 3575 %
KNM1-5 55.66 0.011 1374.7/1430 0.85 4.00 86.50 %

10% 4
102 5
=
[}
~e 10" A
1S
10° 3
—— KNM1-2
—— KNM1-5
10~ T T
107 1072 107!

sin?(Bee)
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Sig.% = CDFg(a,2)(Ax?) x 100%

F(Ax?): Chi-squared distribution with two degrees of

freedom

Queen's University
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Exclusion Limits from First Five Science Runs

Results
€00

@ Previous (KNM1-2): 6 x 10° electrons
@ New (KNM1-5): 36 x 10° electrons

10% 4
102 5
=
[}
~e 10" A
1S
10° 3
—— KNM1-2
—— KNM1-5
10~ T T
107 1072 107!

sin?(Bee)

Shailaja Mohanty

Latest Constraints on Sterile Neutrinos from t

Verifying distribution of Ax? = Xfmn — x%f
Asimov truth: m3 = 0eV?, [Uu|?> = 0
[0 Parameter space: m? € [0,1600] eV?, [U.4|? € [0,0.5)
Best-fit of 25 x 25 grid
x>-distribution (dof=2)
30 band of Empirical CDF
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Results
0e0

Comparison with Neutrino Oscillation Experim

2 2 2 10° 4
o Amy; = my — m;, with

2 2
0<m; <my

0 5in*(20ce) = 4| Uea (1 — |Uea|?) R

DANSS exclusion
(95% C.L.)
STEREO exclusion
(95% C.L.)
PROSPECT exclusion
(95% C.L)
BEST+GA
(20)
* BEST+GA+SAGE
best fit
RAA
T (95%C.L)
Neutrino-4
" (20

20)

Am3, (eV?)
=l
:

" "
1072 10" 100
sin? (26ee)

Queen's University
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Results
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Comparison with Neutrino Oscillation Experim

2 2 2 10° 4
o Amy; = my — m;, with

2 2
0<m; <my

0 5in*(20ce) = 4| Uea (1 — |Uea|?) R

DANSS exclusion

(95% C.L.)

STEREO exclusion

(95% C.L.)

PROSPECT exclusion

(95% C.L)

BEST+GA

(20)

BEST+GA+SAGE

best fit

RAA

~ (95%C.L)
Neutrino-4

~ (0

KATRIN exclusion

KNM1-2 (95% C.L.)

Am3, (eV?)
=l
:

" "
1072 10" 100
sin? (26ee)

Queen's University
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Results
0e0

Comparison with Neutrino Oscillation Experim

2 2 2 10° 4
o Amy; = my — m;, with

2 2
0<m; <my

0 5in*(20ce) = 4| Uea (1 — |Uea|?) R

DANSS exclusion
(95% C.L.)

STEREO exclusion
(95% C.L.)

PROSPECT exclusion
(95% C.L)

BEST+GA

(20)

BEST+GA+SAGE
best fit

RAA

(95% C.L.)

_ Neutrino-4

(20)

KATRIN exclusion
KNM1-2 (95% C.L.)

KATRIN sensitivity
KNM1-5 (95% C.L.)

Am3, (eV?)
=l
:

100 4

107"

sin? (26ee)
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Comparison with Neutrino Oscillation Experiments

o Am3, ~ m2 — m?, with

0< m2<mj
] sin2(2066) = 4|Ue4|2(1 — |Ue4|2)

@ Tests most of Gallium anomaly
region and excludes Neutrino-4
claimed discovery

@ Complementary to SBL reactor
searches (PROSPECT,
STEREO, DANSS); KATRIN
has significant sensitivity for
Am3, > 6eV?

Shailaja Mohanty
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Latest result: Nature 648, 70-75 (2025)

Results
0e0

108 4

Am3, (eV?)
3
:

100 4

DANSS exclusion
(95% C.L.)
STEREO exclusion
(95% C.L.)
PROSPECT exclusion
(95% C.L.)
BEST+GA
(20)
BEST+GA+SAGE
best fit
_ RAA
(95% C.L.)
Neutrino-4
(20)
KATRIN exclusion
KNM1-2 (95% C.L.)
KATRIN sensitivity
KNM1-5 (95% C.L.)
KATRIN exclusion
— KNM1-5 (95% C.L.)

107!

T
107" 100

5in? (26ce)
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Results
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KATRIN Final Sensitivity Forecast

3
10 RAA

(95%C.L.)

BEST + GA

(20)
BEST+GA+SAGE
best fit

KATRIN exclusion
KNM1-5 (95%C.L.)

KATRIN final
" sensitivity (95%C.L.)

KATRIN final
sensitivity 1-o0 band

KATRIN final
sensitivity 2-o0 band

PROSPECT-II sensitivity
---. nominal parameters
2Y(90%C.L.)

JUNO-TAO sensitivity
T (90%C.L.)

KATRIN
1000 days

Forecast
Band

102 4

101 4

Am3, (eV?)

100 4

1071

1072 10! 10°
SiN2(20ee)
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Summary and Outlook
0

Summary and Outlook

@ KATRIN probes short baseline anomalies @ Oct 2025: Completed 1000 days
via [-spectrum shape of data collection

@ No significant sterile neutrino signal @ Analysis of full dataset of ~230
found mio. events ongoing

@ Exclusion limits complementary to
neutrino disappearance searches

2026-2027: keV-

2025: Latest Sterile Neutrino Results Sterile Neutrino
Nature 648, 70-75 (2025) TRISTAN detector upgrade to
cover full tritium S—spectrum

Shailaja Mohanty Queen's University
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Summary and Outlook
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Backups
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Impact of Systematics

o Calculating 68% CL uncertainty on |Uea|? : 0syst = \/agtaH_Syst — O%tat
@ Statistically dominated uncertainties

o Largest systematic contribution: Penning Bg (low m?), Column Density (high m?)

Statistical uncertainty

Combined systematic uncertainties
Column density x inelastic cross section
Energy-loss function
Scan-step-duration-dependent background
Source-potential variations
Non-Poissonian background
qU-dependent background slope
Analyzing-plane magnetic field and potential
Source magnetic field
Maximum magnetic field
Rear-wall residual tritum

10°° 10 03 Tz o
|U.4]? sensitivity contribution (Ay? = 1)
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Active Neutrino Mass Treatments

103 4
102
&
-
< 1
~o 101 4
= ’
95% C.L. exclusion
1004 — m2 =0eV?
—— m? unconstrained
0<m?<m}
107t T T
1073 1072 107t

[Ueal?

Queen's University
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Active Neutrino Mass Treatments

103 4
4.0
102 4
2.0
< g
2 © ~a
= 10! 4 = 00 &
g
95% C.L. exclusion 95% C.L. exclusion 20
1004 — m2 =0eV? 1004 T m2 =0eV? ’
m? unconstrained ---= 0<m?<m? 40
o<m?<mi > e m? unconstrained
10~ T T 107! T
1073 1072 1071 1073 1072

[Ueal? Ueal?
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Active Neutrino Mass Treatments

mﬁ = Qglope * mﬁ + const.

10° 4
10° FYN 0.25
10 1—o00 0.00
2 -
< 05 -0.25
\%.)/ 1 & ] N
= 10"+ 3 1—0.00 -050 &
g ’ & 10" 4 g
95% C.L. exclusion £ o078
w04 T m2 = 0eV? ]
—— m? unconstrained 10° E -1.00
0< m;", < mz 3 ]
] -1.25
1071+ — — 101 i i
10 10 10 1073 102 107"

[Ueal?
‘ [Ueal?
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Exclusion Bounds Compared to Sensitivity

@ Sensitivity (simulation) and exclusion 0]

(data) contours overlap
10% 5
@ mj < 30eV?: exclusion stronger than

L
sensitivity = 0
5 > i KNM1-595% C.L.
@ my > 30eV*: exclusion fluctuates | Sersiiiy
e, e . — Xclusion
around sensitivity — .- Median
. . L v 103 10'*7 10‘*'
@ Exclusion contour remains within the Uesl?

95% intervals expected from
statistical fluctuations
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Systematic error propagation via Pull term approach

e Adding additional free parameters (6;)
o Constraining parameters with a penalty term

o Adding pull terms widens the x? distribution:

@ —91)2
X* (m?, Eo,Sig,Bg,b1,...) + ~——5—+ ...

2
e

In the combined analysis of data across campaigns:

@ Pull term as multivariate normal distribution

o Treatment of correlations between campaigns
and segments

@ High-cost model computations
Shailaja Mohanty
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12.5

10.04
7.5
5.0

2.57

0.04

Illustration:
x2(stat.)

—— x?(stat. and sys.)

m2 (eV?)
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