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Systematic study of the implications of neutrino masses at low energy?
— Consider minimal SM extension: Singly-charged scalar singlet h ~ (1,1,1).

@ h features in several well-known radiative neutrino mass models. J

@ h could explain experimental hints for deviations from LFU.

How to model-independently study the generation
of Majorana neutrino masses and their phenomenology?
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Singly-Charged Scalar Singlet

L= Lsu — h*(D"D,, + My)h — (y/LiLih + h.c.) J

Continuous global U(1) symmetry: Lepton number. Lj ~ 1, & ~ —1, h ~ —2.
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Singly-Charged Scalar Singlet

L= Lsu — h*(D"D,, + My)h — (y/LiLih + h.c.) J

Continuous global U(1) symmetry: Lepton number. Lj ~ 1, & ~ —1, h ~ —2.

U A 74
Antisymmetric coupling matrix: o= 1| —y" 0 i
_ 6T uT 0
Yh Yh

— Eigenvector v, = (v}, =y, yi*)" with eigenvalue zero, ysv, = 0.
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Singly-Charged Scalar Singlet

L= Lsu — h*(D"D,, + My)h — (y/LiLih + h.c.) J

Continuous global U(1) symmetry: Lepton number. Lj ~ 1, & ~ —1, h ~ —2.

U A 74
Antisymmetric coupling matrix: o= 1| —y" 0 i

-y =y 0

— Eigenvector v, = (v}, =y, yi*)" with eigenvalue zero, ysv, = 0.

Assumption: At least one of the external neutrinos couples via y, when the
main contribution to neutrino masses is generated.

@ One external neutrino: Linear case.

@ Both external neutrinos: Quadratic case.
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Neutrino Mass Matrix: Linear Case

e

Eigenvector vy = (y/'7, —y57,yi")T with eigenvalue zero, yj,v; = 0.

Most general form of neutrino mass matrix: M, = U*mdiagUJr = Xy — y;,XT
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Neutrino Mass Matrix: Linear Case

Eigenvector vy = (y/'7, —y57,yi")T with eigenvalue zero, yj,v; = 0.

Most general form of neutrino mass matrix: M, = U*mdiagUJr = Xy — y;,XT
— All three neutrinos in general massive.

= V:U*mdiagUTVh =0 J

Tobias Felkl Singly-Charged Scalar Singlets 4



Neutrino Mass Matrix: Linear Case

Example: Effective dim-5 operator %ijh* &L;H + h.c. which violates LN
v2

= M, & G (cyeyn—ynyec”)
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Zee, Phys. Lett. B93 389 (1980)

Cheng, Li, Phys,. Rev. D22 2860 (1980)
Wolfenstein, Nucl. Phys. B175 93 (1980)

HG, Ohlsson, Riad, Wiren, JHEP 04, 130 (2017)

Cepedello, Hirsch, Helo, JHEP 07, 079 (2017)
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Neutrino Mass Matrix: Quadratic Case

Eigenvector vi = (y/'7, —y£™, yi*)T with eigenvalue zero, ysvs = 0.

Most general form of neutrino mass matrix: M, = U*mdiagUJr = ynSyn
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Neutrino Mass Matrix: Quadratic Case

Eigenvector vi = (y/'7, —y£™, yi*)T with eigenvalue zero, ysvs = 0.

Most general form of neutrino mass matrix: M, = U*mdiagUJr = ynSyn
— One neutrino remains massless.

= mdiagUth =0 J
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Neutrino Mass Matrix: Quadratic Case

Example: Effective dim-5 operator dTU(h*)Zé,-éj + h.c. which violates LN
2
= M, = Garyh Ye d Ye Y

STl
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W | ~
/ N
/ Y k™ \
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L’ er 1 er ‘1 -7 ,l\\‘ NN
T t - S . / N \s\_,\
vL | er er | L /7r y Y s .
1 1 J I.' '\\ N
1 1 ;. 7 \ N
% X ’ ; N
(H) (H) VL ep eg N ex % Vi

Zee, Phys. Lett. B161 141 (1985)
Zee, Nucl. Phys. B264 99 (1986)
Babu, Phys. Lett. B203 132 (1988)

Krauss, Nasri, Trodden, Phys. Rev. D67, 085002
(2003)

Nebot, Oliver, Palao, Santamaria, Phys. Rev. D77,
093013 (2008)
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Neutrino-Mass Constraints

Eigenvector vi = (y}'", —y£™, yi*)" with eigenvalue zero, ysvs = 0.

Derived constraints:

VIU*md;agvah =0, Linear case.
mgigUTvi, = 0, Quadratic case.
They ...
@ ... directly relate the couplings y,';j to measured neutrino data.

@ ... provide a necessary condition for the correct description of neutrino
masses in the SM extended by h.

@ ... are independent of the mechanism of lepton-number breaking.
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How to solve the constraint? Example: Quadratic case

Constraints yield four real conditions for both neutrino-mass orderings:

Normal Ordering Inverted Ordering
yeT cos(623) . is Y sin(623) _is
y'/;rr an( 12)COS(913) + an( 13)sm( 23)6 y,/;u— tan(913)
vt sin(623) i Vi _ cos(f3) js
y)/]u' an( 12) COS(013) an( 13) COS( 23)6 yli“' tan(913)

@ RHS: Assign pseudo-random variates from normal distributions. (NuFIT)
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP 09, 178 (2020)

@ LHS: Assign random values to one magnitude and one phase
— Rest fixed by constraint.

Linear case: One very lengthy complex expression, see next slide ...
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Constraint in the Linear Case

2 2 —2i —is 2 —2i —is 2\ e
( (513"’3523 +e 2 my (e 3512513 + 612523) +e " Mmy (e 12623513 — 512523) ) vt

2 —2i —is —is
- (623"13523613 +e FMmy (e €12023513 — 512523) (623512 +e 612513523)
—2iny —is —is er
—e my (e U 3512513 + c12923 ) (12623 — € Us12513923 ) ) vy

is —2i —is —2i —is ur\ o en
+c13 (e co3masi3 —e < 2mospo (e €23512513 + C12523) +e “Meppm (512523 —e C12€23513) )yh )y,,

2 —2in —is —is
- ((623'"3523613 +e "M my (e €12€23513 — 512523) (623512 +e 612513523)
—2iny —is —is en
—e my (e T c3512513 + 1253 | (C12€23 — € U s12513523 ) )y,
2 2 —2iny —is 2 —2iny —is 2\ er
— (cizm3sys + e my (3512 + € c12513523 ) +e mp (C12€3 — € 512513523 Yh

i§ —2i(6+ 2 —id —2i —2i
—e'%c3 (e ( 771),,,1513523512 +e o3 (e Mmy — e “'M2 mg) s12€12
—2i(5+m3) 2 ut \ et
—(m3 —e m2Sy5 ) 13523 | Y Yh
i —2in —ié —2in —ié e
+ <513 (E co3mzsi3 — e - 2msyp (e 23512513 + 612523) +e “Meppm (512523 —e 612623513) )y,,“
+elacl3 (672'(5+"1)m15135236122 + eflacz3 (572”’1 my — e 22 mg) 512C12

—2i(5+ > er —2i 2 2 o 2 2 2i5 2\ pr ) pr _
*(m3*e ( "2)'772512) 513523)yh +(e "2masiyciz +e” Memicys + € ’"3513) Yoo |Yh =0
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Lepton-Flavour Non-Universality

Define the ratios of effective leptonic gauge couplings inferred from I; — [jov:

4r7'*>/,llo(h:@7 4r7~>y.O(G-r,u:gi’ 4r7~>eo(G‘re:g77
rr~>e GTE 8e ruae Gue 8e ru%e Gue 8u
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Lepton-Flavour Non-Universality

Define the ratios of effective leptonic gauge couplings inferred from I; — [jov:

4 r-r~>,u o G‘ru @ 4 rT*}p. o G-r,u, _ gi 4 r7'~>e - G‘re _ gi

= R

rr~>e Gre 8e ’ ruae Gue 8e ruae Gue 8u

They are all equal to one in the SM (LFU). Current best-fit values:

8u
8.

&7| _ 1.0030 + 0.0030,

8e

87

8u

= 1.0018 +£ 0.0032,

=1.0011 £ 0.00BOJ

Gersabeck, Pich, Comptes Rendus Physique 21 (2020) 75
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Lepton-Flavour Non-Universality

Define the ratios of effective leptonic gauge couplings inferred from I; — [jov:

4rT*>/,LO(GT[J.:@ 4r7'~>y.O(G-r,u:gi, 4r7'~>eo(G‘re:g77

rr~>e Gre 8e ’ ruae Gue 8e ruae Gue 8u

They are all equal to one in the SM (LFU). Current best-fit values:

Bu) _ 1.0018 + 0.0032, Er| _ 1.0030 + 0.0030, | _ 1.0011 £ 0.0030
8e 8e 8u
Gersabeck, Pich, Comptes Rendus Physique 21 (2020) 75
® h contributes to £ at tree level 2 or 12
o o 8 qq 1 s 1" = lys"|
o 1o ranges of " /My, Iyt"| /My g ¥ T aGr W2
determined in 2012.09845 T
) _ PR S il il |/
@ Effect in p — e explains CAA ge ~ V2Gr M2
(indirectly: Gr — |V.S™M)) er (2 en)2
gy, L il
Crivellin, Kirk, Manzari, Panizzi, gﬂ« \/EGF Mﬁ

Phys. Rev. D. 103, 073002 (2021)
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Solution to the Neutrino-Mass Constraints

Normal Ordering R Inverted Ordering
1000 1000
£ 10 £ 10
= =
= =
& &
= 0.100 = 0.100
0.001 0.001
0.001 0. 106 - 10 1000 0.001 0.100 10 1000
ey T ey T
eIl alAl

Neutrino-mass constraints shape available parameter space for y/ non-trivially.
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Solution to the Neutrino-Mass Constraints

Normal Ordering R Inverted Ordering
1000 1000
£ 10 £ 10
= =
= =
& &
= 0.100 = 0.100
0.001 0.001
0.001 04106- 10 1000 0.001 0.100 10 1000
ey T ey T
eIl alAl

Neutrino-mass constraints shape available parameter space for y/ non-trivially.

@ Quadratic case (brown): Very predictive, stringently constrained.
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Solution to the Neutrino-Mass Constraints

Normal Ordering R Inverted Ordering
1000 1000
£ 10 £ 10
= =
= =
& &
= 0.100 = 0.100
0.001 0.001
0.001 04106- 10 1000 0.001 0.100 10 1000
ey T ey T
eIl alAl

Neutrino-mass constraints shape available parameter space for y,’;j non-trivially.
@ Quadratic case (brown): Very predictive, stringently constrained.

@ Linear case (blue, black): Less predictive, but simultaneous explanation
of LFU anomalies (VS™, T'(l; — ;pv); in red) at 1o possible.
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Conclusions

Assumption: Neutrino masses generated via a singly-charged scalar singlet.
— Model-independent constraints for couplings y; in terms of neutrino data.

Discussion of two distinct structures of the neutrino mass matrix:

@ Linear case: Zee Model and variants, ...

@ (Quadratic case: Zee-Babu Model, Krauss-Nasri-Trodden Model
and their variants, ...

Felkl, T., Herrero-Garcia, J. & Schmidt, M.A.
The singly-charged scalar singlet as the origin of neutrino masses.
J. High Energ. Phys. 2021, 122 (2021). arxiv: e-Print 2102.09898

Thank you for watching the talk!
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Conventions for the Neutrino Sector

Neutrino mass eigenstates v; and flavour eigenstates related v, via

3
Vo = Z Uaivi. (1)
i=1

PMNS matrix:
U = PUx Uiz Ui2Uny; (2)
with
1 0 0 c13 0 size ™
Uy = 0 C23 523 , Us= 0 ) 1 0 ) (3)
0 —s3 o3 —513(9“S 0 C13

cz2 s2 0
U = —s2 a2 0 |, (4)
0 0 1

Uwmaj = diag(e™, ™2, 1) and P = diag(e’, e/*2, e/*3).
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Conventions for the Neutrino Sector

Squared-mass differences Am?j =m?— mf:

my=my, my=+/Am}+mi, ms=\/Ami + m} (5)

in the case of Normal Ordering (NO) m: < m, < ms, and

m = \/|Am| — Amd, +mE, my = \/|Am,| 4 m3, ms=my  (6)

in the case of Inverted Ordering (I0) ms < My < mo.
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Input values

me [keV] m,, [MeV] my [GeV] Ge [ﬁ] - My [GeV]
510.9989 105.6584 1.777 1.16638 x 10~° 137.035999 91.1535
Amgl [10—3ev?] Am;l [10~%ev?) 6 [rad]
NO 2.517 =+ 0.026 7.42 £ 0.20 3.44 £ 0.42
10 —2.498 + 0.028 7.42 +0.20 4.92 + 0.45
sin?(612) sin®(613) sin?(623)
NO 0.304 = 0.012 0.02219 + 0.000 62 0.573 = 0.016
10 0.304 + 0.012 0.022 38 4 0.000 62 0.575 + 0.016
Iy arg(y7) arg(v'7) mo [meV] m,2 [rad] Mp [GeV]
Prior Log-Flat Flat Fixed Log-Flat Flat Log-Flat
Range [107%, 2] [0, 27] 0 [[11%:44’7 31%]] (('T'g)) [0, 7] [350, 10%]

Am2; > 0 for NO, and Am3, < 0 for 10.

Zyla et al. (PDG), PTEP 2020, 083C01 (2020)
Freitas, 2020

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2020
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Observables

Experiment Scan: Max.

Observable Current Bound Future Sensitivity NO 10
Br(u — ev) 4.2 x 10713 (90% CL) 6 x 10714 4.2 x 10713 4.2 x 10713
Br(r — ev) 3.3 x 1078 (90% CL) 3x107° 6.4 x 10711 4.9 x 1071
Br(t — pv) 4.4 x 1078 (90% CL) 10~° 1.6 x 10~ 1.6 x 10~
Br(u — 3e) 10712 (90% CL) 10716 10712 10712
Br(r — 3e) 2.7 x 1078 (90% CL) 4.3 x 10710 6.6 x 10~° 1.3 x 108
Br(T — 3p) 2.1 x 1078 (90% CL) 3.3 x 10710 3.0 x 1072 1.2 x 108

lgu/ge [0.9986, 1.0050] (20) 1.0050 1.0047

lgr/gul [0.9981, 1.0041] (20) 1.0009 1.0014

ooel | o e e
[6Myy |[GeV] 0.018 (30) 0.018 0.018

Baldini et al. (MEG), Eur. Phys. J. C 76, 434 (2016)
Baldini et al. (MEG Il), Eur. Phys. J. C 78, 380 (2018)
Aubert et al. (BaBar), Phys. Rev. Lett. 104, 021802 (2010)
Altmannshofer et al. (Belle-Il), PTEP 2019, 123C01 (2019)
Bellgardt et al. (SINDRUM), Nucl. Phys. B 299, 1-6 (1988)
Arndt et al. (Mu3e), 2020
Hayasaka et al., Phys. Lett. B 687, 139-143 (2010)
Gersabeck, Pich, Comptes Rendus Physique 21, 75-92 (2020)

Zyla et al. (PDG), PTEP 2020, 083C01
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Universality of Leptonic Gauge Couplings

2 2
4 rr%,u o GT,u _ gl ~14 1 |.yllym—| — |yﬁ7| =1+ T _ T (7)
r‘r—)e GTe 8e \/EGF M?, “ hee
nT |2 ep|2
4 rr*),u o GT,u _ gi ~14 1 |.yh ‘ B ‘yh | =1+ HH _ TT (8)
- ee )
r,u.—)e G,ue 8e \/EGF Mf2, pa
2 ep|2
4 r-r~>e o Gre & ~ 1 + 1 |yI$T| _ I.yh | — 1 + 6;L,u, _ 67’7’ (9)
- ee ee
e Gue 8 V2GE M;
0.008} |Normal Ordering 0.008} |Inverted Ordering
30 30
_ 0.006 35 _ 0.006 35
1 0004 # 1 0004 .
. b% o
)
& 0002 & 0002 . Pl
N N
0.000— 20 0.000! 20
3a | 3ag
_0'0—0&002 0.000 0.002 0.004 0.006 _0'0—0&002 0.000 0.002 0.004 0.006

(gulge) - 1 (8ulge) - 1
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Universality of Leptonic Gauge Couplings

T2 2
4 rT*)H ~ G‘ru — & ~ 1 + 1 |.yh | B |yﬁT‘ — 1 + 67'7' _ ETT (10)
rT~>e GTe 8e \/EGF M;Z, « e
KT 2 ep 2
4 r7‘—>u x GTM _ & ~1 + 1 |yh | - |.yh ‘ =1 + 6“”’ _ 677’ (11)
- ~ - ee )
ru%e G,ue 8e \/§GF Mﬁ s
2 e |2
4 rrae GTe _ 8r ~1 + 1 |yﬁ‘r| B |yh | =1 + E[A,[_L _ GTT (12)
2 - ee ee
Mu—e Gpe 8u V2Ge M
0.005 0.005
Normal Ordering Inverted Ordering
0.004 0.004;
— 0.003 — 0.003
| |
~ 0.002; ~ 0.002,
if 0.001 &f 0.001
89 89
~0.000 ~0.000
~0.001 S ’ ~0.001
_0'0—0&002 0.000 0.002 0.004 0.006 _O'O—O(f.OOZ 0.000 0.002 0.004 0.006

(gp/ge) -1 (gy/ge) -1
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M2, MwMz | |ye#?
5M2 — _ w _ h 13
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Leptonic Non-Standard Interactions

en — U)W (e cen — _ 0 )y (14)
T V2GEM? S " V2GEM?
Normal Qrdering Inverted Ordering
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Radiative Charged-Lepton Decay

B _ B B QEM |ye7— y.‘r|2 1

r(p — ey) = Br(p — eVV)487TG2 M (15)
QEM yeuywl2

Br(t — ey) = Br(7 — evv)—— 487 G2 b I\/Il‘; , (16)

QEM ‘y 7—|2 (17)

Br(t = py) = Br(r = wwo)—— 287G M4

Inverted Ordering

Normal Ordering
MuZe MEG Il 10_9 PRISN/PRIME MuZe MEG Il

107°  PRISNUPRIME

~ ~
o~ o~
* SF
~12 -12
- 10 I 1074}
~— ~—
S~ S~
2] aa]

107 1078 1072

107"
Br(u—ey)

10—16

107 1073 1072 107"

107"
Br(u—ey)

10—16

1077

Tobias Felkl Singly-Charged Scalar Singlets



Radiative Charged-Lepton Decay
er ;L‘r|2

_y aem |vh
B — =Br(p — , 18
r(u — ey) r(p — evd)—— 487G I\/I“ (18)
e T |2
Br(t — ey) = Br(r — evD) 4;5\&2 7 I\)/I/Z | ) (19)
B -B cenm |y yiTl” 20
H(7 = wy) = Br(7 = wvv) go—zs G2 M4 (20)
Normal Ordering Inverted Ordering
1070 1070
PRISN/PRIME Mu2e MEG Il PRISNV/PRIME Mu2e MEG Il
= =
; a
-12| -12
t/ 10 t{ 10
[ [
m m
107

107"
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Tri-Lepton Decays of Charged Leptons

o it (sos 1] 1)

Br(r = 3¢) = ——"—|cq | [4log | —= | — 11
( ) =192t 1K 8 | mz

2

2
5 * 2 * 2 *
m; ( 2 2) €12 623 e? €5 &3 e’ €63
* 307291, ‘ 12" + [€l 327r2m3,+ 28872 m3 28872 m3

emy 2 2\ Re(cff €12&55) | 3¢® Re(cf] £12£355)
T (2
* 3847r3FT< (lgl“" * 16| ) 32m2m? 28872 m ’

Crivellin, Kirk, Manzari, Panizzi, 2020
Normal Ordering

Inverted Ordering

Br(t-3e)

Br(t—3e)

10 10° 10 1072
Br(u—3e)

Br(u—3e)
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Tri-Lepton Decays of Charged Leptons

Normal Ordering Inverted Orderirig
10™ 10™
10710 10710
S X
10712 10712
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S TE
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Tri-Lepton Decays of Charged Leptons

Inverted Ordering

Normal Ordering
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210710 )
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Coupling Magnitudes

Inverted Ordering .

By allvAl

10* 0.001 0.010 0.100 1 10 10* 0.001 0010 0.100 1
m; [meV] m3 [meV]
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Coupling Magnitudes
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Only IO

10

AT
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€ T
el

Figure: Plot of the coupling ratios |y *|/|y} ™| and |yg7|/|yL"| as
obtained in the numerical scan if approximately 95.45 % of the overall
number of 547991 (542 287) sample points generated for NO (IO) are
taken into account. Each square shown to be compatible with NO (10)

contains at least 97 (74) sample points.
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Branching Ratios

ab|2
F(h— L) =T(h— lova) = % (21)
Zz# |y;b|2
Br(h — lv) = b = (22)
2y P+ s P+ s P)
\ < S @
£ 2 £ )
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Branching Ratios

ab|2
F(h— Cwp) = T(h— lyw,) = %Mh (23)
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Br(h — £,v) — 2onza V| (24)
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1 0.3 A e
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