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* Observable: effective electron antineutrino mass m? = Z,-IUeilzml2

B decay rate in s'eV*

* Kinematic approach: electron energy spectrum of tritium B-decay
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Standard Model 3-decay of tritium

A—->B+e +7,

(2m)

4
* Fermi’s golden rule (decay rate): dI’ = M2 dD .-
2m 4 -

= — % (EO%.A)(éO[ﬂ V)

M

. . d
* Differential spectrum % (E m,z,) =C-(E+m,) p, E,- \/(E0 — E)2 —mé? - Corr(E)

* Energy scale: tritium Q-value ~ E, = 18.6 keV (kinematic limit)
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Inferring the neutrino mass — spectrum fitting

* Precise model evaluation, Gauss-Legendre integration

d
o R(qU,u) = Aslgf f(E — quet) dl'g (E m2) dE + Rgg { Spectrum for KNM1 data with

» 16 error bars (x50)
S
* Four free fit parameters: = —— Spectrum for KNM2 data with
E 16 error bars (x50)
* Neutrino mass m? S
Y 4
°* Endpoint E, |
*  Amplitude Ag;g B KNM1
B KNM2
* Background Rg, “ | “
9 m,, < 0.45 eV (90% CL) 5|0 1(|)0

Retarding energy (18,574 eV)
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Beyond the SM: emission of new light boson A—>B+e +7.+X

* Beyond SM (BSM) theories: new particles (light boson X), interacting with the final state leptons

igveysveX, igéyseX, or gv.y'Pv.X,, géey'eX,, gj; X,

ref. Arcadi et al.: o B B
h Oﬁ
JHEP01(2019)206 e e
A - A —>—
_ X X
O .
(9 e
Ve » 7,
(a) boson X coupling to the neutrino v (b) boson X coupling to the electron e~

- Consequence: spectral modification due to emission of the additional real particle X

1. dynamics: special coupling structures, virtual intermediate leptons (27[)4

dI

2. kinematics: shifted endpoint, four-body final state 2m g

M4 dD
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Spectral modifications with light bosons

dr dry dryx _ dry

-> Additional decay channdel deX: =P s P
dE. dE, dE. dE,
p B B
O, | O,
e scenarios e~
xample
A siudosca\ar couplings A ——
x T X P _vX, igx@Vse X
O, L D igxVYsVes eX
p O, g
7, Ve
le—18 le—18
% 10- %%(E; m,=0,my=10eV) % 1.41 %%(E;ml,:O,mX:lOeV)
= N —— total B-spectrum 4L (E) = 1.2- —— total B-spectrum L(F)
8osg{ " tree-level process: &
© 9 © 1.0-
> I' < 9x ,__@ >
O 0.6 S 0.8
Q Q
© ©
e < 0.6
= 0.41 - two parameters: =
@ Q A
g my and gy 5 04
S S 0.2
00 T T T T OO T 1 T T
18550 18555 18560 18565 18570 18575 18550 18555 18560 18565 18570 18575
kinetic electron energy E (eV) kinetic electron energy E (eV)
JHEPO01(2019)206
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Search for light bosons with KATRIN JHEPO1(2019)206

- — - igxVysvX
10114 . - = gxeyseX
. . ggXGV]LPLUXp 4.0 Stk etk i T T
10-141 '.,.... e gx@yreX, —
T — gu'X, 351 ;igzg’;
§ 10 - OxPYPLUX,
. . —-20 . ."... 30_ 'y gxéyﬂeX'u
* No general analytic expression for the 0 e, o,
(differential) rate exists 1075 — 25
102 _ T T
- Empirical parametrization by Julian Heeck: 107207 107100 10t 10710710 T U L
my (eV my (eV
[ n
g . K £ Emax o E + Spectrum for KNM1 data with
T 0 16 error bars (x50)
dE N me Emax + me @ 101 E ’ )
2 | Spectrum for KNM2 data with
§ . 10 error bars (x50)
5 10° =
* Semi-analytic approach for evaluation at certain S . +
energies E (withm, = 0) - fit of K, n | t t $
10~ |
* Analysis procedure for KATRIN: likelihood scan oo KNM1
over parameter grid in (M, gy) fE'; ————
> current KATR\N\:I =
massesS My = 40 e 0- | |
0 50 100

Retarding energy (18,574 eV)
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Reference-based light boson sensitivity of KATRIN (m,, = 0) g%

ond gcience run.

4 x 108 electrons statistics
light boson X coupling: 95% CL sensitivity dominated
108 103 5
pseudoscalar coupling to 1 vector boson coupling to
—— neutrino 10° 4 —— neutrino I
10° - electron C electron /
10 j —— lepton current ji, /
104 - 10° ;
> S 1071
2 -
1073 -
109 - :
104 3
10_2 T T T T T T T T T T T T T T 1 10_5- T T T T T T T T T T T 1
103 102 101 10° 101 103 102 10°1 10° 101
my (eV) myx (eV)
X POS(ICHEP2024)326 X
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Exact derivation of the spectra

* Goal: extension to explicitly massive neutrino (m, # 0, as opposed to reference)

271)%
—> calculation of the spectra from first principle (tree-level): dI" = (2 ) M |2 dD
m A

Dynamics:

- 1
* Mathematica with package FeynCalc is used to perform the operations for M2 = ) |M[* = p > IM[
Kinematics:

2
* Parmaterization: 5 independent many-particle mass-squares M; ; = ( D pk) = (Ei+..+E) —(pi+.+p;)
k=i...j

dTI’ M122+(E) M5?4+(E M M1234+(M122=M5?4) M124+(E M122 M324 M134) ‘M‘Z ) , ) )
dM?,dM2,dMZ,, dM?,
dE 25(27[)6171 2 2 Aq2 2 2 AA2 AA2 J—B 12
A 12_ 34 (Ee M Mz, (M7, M3,) M3y (Ee,.Miy,Mz,,Mi3,)

v—o>1, X2, e—>3 B-4
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Spectrum calculation — numerical integration

dTl’ Mi,  (Ee) M3, , (Ee. M, Misy , (M7, M5,) M3y, (Ee,M7p. M5y, Mi54) |M|2 ) ) ) )
dE 25(2 )6 2 2 Af2 2 2 Af2 Af2 —B dMlsz34dM134dMl4
e n mA My, M3, _(E., M, M3, _ (M7, M3y) M3y _(Ee.Mip. M35, Mi3,) -

* No general exact analytic solution for the integral was found

* Highest level of flexibility and modularity: MC sampling of entire phase space

—> statistically converging approximation of the integral, uncertainty o< 1/+/N Performance
example
le—24
averaged rate
2.00 estimated 10 x 1 o uncertainty
* Computation: C++ framework with GNU Multiple 1751
Precision Arithmetic Library (GMP) - numerically 1504
extremely stable 3 1.25
4 100
* Downside: expensive computation for precise 5 . T
. p P P 0.75 - LT N,\"\*'\.a“‘""‘
calculation at single electron energy # spectrum - e
0.25
PO T T e 1ee 10t 108
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s 10717 ]
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10720 ]
10723 ]

10—26 J

1011

M(To—3HeT* +e~ +9

1 M(T2—=3HeT* +e~ + e+

10—13 4

x = 107,

103,
10714
1075+

‘NU)? 10—9 4

df | E [ Emax—E\"
dE B me -lzIIIa)( + M,

. —igxVYsuX
i - = igx€yseX
-~ 4.0
N gxVyHPLvX 0
gxéyHeX
—_— gl Xy 3.5
c
3.0
- 2.5
e e R B — ”
__________________________
. . ‘ . . ‘ . ‘ 2.0
10-3 1072 10! 10Q° 10! 102 103 104
my (eV)
...... —igxVYsuX
........ -—— |gxéy5eX
_______ gxVyHPLVX
...... gxeyreX
-------- — ngfexl-‘

1073 102 10! 10° 10! 102 103 10°

my (eV)

Good agreement with
reference

Problem: assuming
uniform weights instead
of actual uncertainties

- deviations at the
endpoint (small
contributions)
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Results — comparison
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3.25-
3.00 -
S 2.75-
2.50-
2.25 -

2.00 -

residuals (o)
|
= o =

I
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reference JHEP01(2019)206
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L DigvysvX (m, = 0)

10—18_

Endelnt StUdIeS || MC integration (my = 0):

108 samples per electron energy

semi-analytic reference (my = 0)

* Goal: precise description of the last 60 eV
below the maximum energy E

max

—> parametrization not accurate in this region

* Adapted ansatz: ~ 102
dr - |
In{ — 0 In’
n(dE)‘xZ:‘} Jn(X) ] | I _ I _ | 10—3
= 10-5 10~ 1073
dr k | k - _Ema—E_
= Tz T exp ; 0;1n’(x) | = K exp | In(x) ; 0;1ln’""(x) X = E € [0,1]

e .
j:(} 9j+1 lnj (JC)

=K xszc:l 0;In' " (x) _ K (Emax —E )L A(E) ’
Emax
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Refined parametrization

* Numerical results are fitted with
ansatz of order k:

10-29
dr .
5 =~ exp Z 0, 1nj(x)) _ 10732
J=0 >
$ o

e Parameters K and n(x) are extracted.:

E?:_(} 011 lnj(x )

Emax — E\* * g
K n(E) 10—37
( Emax )
10—39
—> Calculated for any considered
boson scenario and neutrino masses
m, from 0to 1eV
_ _ B 2.57
— Computations are running on the e
bwForCluster NEMO (Freiburg) s 0
O —2.5-

analytic model

Precise _
2 gion

in the sensitive re
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Example scenario:

electron-pseudoscalar coupling

L DigeyseX (m, = 0)

=8
o
1.6-
o
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o
1.4_ ® '
® O
o ©o
1.2 .
o ° $
S
1.0- ¢ ’
. o ©®
e °D
0.8- e
° [ ]
0.6- ®
1 —— fit
| simulation (20 x o)
. . . . . 0.4 |
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New model: compensated deviations

* Comparison: relative deviation of this work from the simplified model (reference)

* Scenario: electron-pseudoscalar coupling

IgxeyseX (m; =0eV) IgxeyseX (myx =1eV)
L) — My = 0.001eV LL] m— M= 0.0 eV
O ©
\; e My = 0.010 eV "; . ;= 0.1 eV
5 —— my=0.100eV 5 107 — m;=0.2ev
6 — = 1.000eV 'S —
S 100/ —— mx=10.000eV = S
S ] e S
- -
@) @)
Vp) n
@) @)
O O 100_
5 S
S S
= 1071 =
O O
> S
() Q
© ©
o o
= | ~ 10711
-40 -35 -30 -25 -20 -15 -10 -5 0 -40 -35 -30 -25 -20 -15 -10 -5 0
E — Emax (eV) E — Emax (V)
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New model: compensated deviations

rel. deviation of boson branch dIy/dE

Comparison: relative deviation of this work from the simplified model (reference)

Scenario: neutrino-pseudoscalar coupling

—0.2 1
—0.3 1
—0.4
—0.51
—0.6 1
—0.7
—0.8 1
—0.91

—1.01

igxl)Y5\)X (m;=0eV)

— My = 0.001 eV
myx =0.010eV
myx =0.100eV
My = 1.000eV
myx =10.000eV

40 -35 -30 -25 -20 -15 -10 -5 O

E — Emax (eV)
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rel. deviation of boson branch dly/dE
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Summary & outlook

* This work: a highly adaptable and modular framework for boson emission spectrum computation
* Reproduction of the reference values from JHEP01(2019)206, but deviations in the endpoint region
* Refined parameterization of the tree-level light boson branches compensates deviations close to E,_,

* Extension to explicitly massive neutrino was performed

f‘ o
Outlook: @’@ gt} ?:
o

* Update analysis framework according to refined model
* Analysis of a subset of our data with respect to imprints of light bosons

* Comparison of Majorana neutrino case to current Dirac assumption
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Example scenario:
neutrino-pseudoscalar coupling
L >1igvysvX (gx = 5)

0.05

0.00-

°* The neutrino mass Is now
respected explicitly in the

underlying theory —0.05-

— Std B-spectrum: my=1eV

—0.101 = my=1eV, mx=10eV
my=1eV, mxy=3eV

- my=0, my=10eV

—0.15 - my;=0, my=3eV

* Assumption (so far): Dirac neutrino

rel. integral rate deviation

~30 -25 -20 -15 -10 =5 0 5
E—Eo (EV)
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Fit results m, =0

my (eV)

le—14
. 108 MC samples per electron
9 1.2 - energy, equal weights fit
e Fi . W — fit (50 X 0)
it of proposed relation to full spectra - N
_ _ ~ 10- { simulation (50 x o)
from MC Integration: <
+ —
f 0.8- . N
dr o 'E [ Epx —E \" i - {
ET - 0.6 N
dE \ me Emax me _;I- . °
|_ )
I 04 \
. . . ? .
* Assumption: equal weight for each point LA N
S ~
. |_||N0>§ ®
—> extraction of parameters K, n 0.0 =
0 2500 5000 7500 10000 12500 15000 17500
E (eV)
g 0.0 oooo“--nuumo.o.o.o:u-. X RN NN, '.... 'y 2o
= .. @ o )
S —0.5- . |
Q [
©
. o —1.0
Xa | | | | © | | | L
neutrino_psn;%e SCenario- 0 2500 5000 7500 10000 12500 15000 17500
OSCaIa C E (eV)
. Oupli
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Emax —E "

Epax + Me

ar_ [
dE

Me

* Fit: each point weighted with uncertainty

—24
10 | = semi-analytic reference (Heeck) 3.501
MC integration (10 X o) 3951
¢ (108 samples per electron energy) '
3.00 -
r\g‘( ]
AN 1 < 2.751
* 102>
] 2.50
' 2.25
| | | | 2,001 . . .
1072 10° 102 104 1072 10° 102 104
my (eV) myx (eV)
107 ¢——gp—p ’
SE ~ 12.5-
2|3 -3
¥ 10 10.01 v v
I i~ A
|+ E, A A
++ = 107> w 7.57 a K A A A
Eﬁ g v n
Tl 10—7_ O 5.0+ ° B
LE O
t- — — i
3 10-9- 2.5
I 0.01 s s : o ° ‘
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rel. deviation
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e
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108 MC samples per electron
energy, error-weighted fit
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$ simulation (50 x o)
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B= [M2Q2+N2P2+M2R2+N2R2—|—P2Q2]— ZEMEQR-i— N2PR—I—MNR2—]—MPQ2—I—NP2Q] PhysRev140(1965)B914
+2[ MNPQ+MN PR+MNQR+MPQR+ N POR]— 2L M?Om--N?Pn-+ M*Rm--N*Rn+M Q%
N P2p+M R+ NR+ P*Qp+ PQ%]— 2LM N Pm+MNQn+MPRp+NQRg-+PORr ]
+ 2L M NR(m~+n—2r)+MPQ(m~+ p—29)+NQP(n+q—2p)+QRM (qg+r—2m)+ PRN (p+r—2n)]
+ [ M2m*+ N2+ P*p*+- Q%+ R»* |42 M Nmn—+M Pmp-+ NQng+PRpr+QRqr ]
+2[ MQ(mg~+mn—+qn+mp—+qr— pr)-+ NP (np+nm-+ pm-+ pr+nqg— gr)+ M R(mr+mp—+rp+mn-+rqg—nq)
+ NR(nr+ng+rq+nm~+rp—mp)+ PQ(pq+ pr-+qr-+ pm—+gn—mn) ]— 2L Mm(mp-+mn—+qr— pr—nq+2np)
+ Non(nm—ng-+pr—pm—gr-+2mg)+Pp(pm-+ pr-+ng—mn— gr-+ 2mr)+Qqlqn-+ gr-+mp—mn— pr-+2nr)
+ Re(rptrg+-mn—mp—ng-+29) 1+ [mn>-+-m*p?4 g2 pr*+¢r*]— 2L mnp+ mng+-mpr-+ngr+ pgr)
+2[ mnpg+mnpr+mngr+mpor-+npgr], (7)

where the symbols are defined by

M=Myp*, N=Ms?, P=DMw’, Q=Mu®, R=M1 pi‘;ﬁiz t IKV representation
m="ma3>, n=ms>,  p=m?, g=m4>, r=F2, P1- P2 L (M7, — m? —m3)
p1 - pa 3 (M7 —mi —m})
P3 - Pa 3 (M3, —m§ —m})

P2 P3 % (Mi24 — Mpy — Mgy + mit)

v—o1, X2 e—>3 B4 P13 7 (Misy — My = Ms, +mj)

P2 - P4 ’ (M1224 — Mi, — M;, + m%)
pa- P2 3 (m% +m3 — My,)
PA - D3 % (mit +mj — M1224)

pa - pP1 ; (M1234 + Mi, — Mz, — m%)

pa - P4 ; (Mfm + M3, — M7, — m%)
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Light bosons: sensitivity comparison

JHEP01(2019)206
10° 9 o o o e e e e e e e e e e - - -~
mawm A ?751!)( 100 — '
2] Beyee N i
10 2 e » ceCube & Z—decayl
< 10t T ( ; -)-I- -;l:_,-i ..................... . 107 - (C) SN1987Al
o0 ce-ube 2 -0 ] (C/D) BBN D) (g — 2
%_ 10—4 - (A) SN1987A % 10 (€/D) l (D) (g )E.l, (E) v—e scatteringl
=
S O
O O —9 _ o
10 — G Vv Prvx® (C) meson decaysl’
«u: D:Ey eXH l
10-124 —- F ILXp (C/D) W-decay
1071
1077 1077 107" 10" 10* 1077 1072 107" 10" 10"
boson mass mx (eV) boson mass mx (eV)
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