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Neutrino masses: who ordered that?
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Neutrino masses and mixing

Mass hierarchies
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de Gouvea, Andre. (2004). 2004 TASI Lectures on Neutrino Physics. mass (eV)

m, Fermion mixing

mg K ms <K my, = 5.02 x 10—2,

ms

my K me K my, T = 1.7 x 10'3,

™me
m * All mixing are large
m: =222x 1072, my = 4.18 GeV; but the 13 element
Me -3 :
— =7.3x10"7, m; =172.9 GeV;
myg

Leptonic PMNS mixing matrix
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Neutrino masses and mixing

Mass hierarchies
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Fermion mixing

M — 5.02x 1072,

mg K ms < myp,

ms

my K me <K my, T = 1.7 x 10'3,
me

* All mixing are large
but the 13 element

M _5
=222x10°, mp, =4.18 GeV,

mp

Me _3

— =73x10"7°, m; =172.9 GeV,

myg

Leptonic PMNS mixing matrix
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Suggested solutions

Smallness of neutrino masses

see-saw mechanism
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Suggested solutions

see also the talk by D. Vatsyayan on
novel Weinberg-like operators

Smallness of neutrino masses

Neutrino Masses from new

Drona Vatsyayan

see-saw mechanism

18th July 2024, ICHEP

Based on:
[Alessio Giarnetti, Juan Herrero-Garcia, Simone Marciano, Davide Meloni, DV]

; zcsic @uumsm IFIC &g Gen—T
Neutrino masses from new seesaw models: Low- Neutrino masses from new Weinberg-like
scale variants and phenomenological implications, operators: phenomenology of TeV scalar
[arXiv:2312.14119 [hep-ph]] multiplets JHEP 05 (2024), 055

A. Giarnetti, J. Herrero-Garcia, S. Marciano, D. Meloni and D. Vatsyayan
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Suggested solutions

Smallness of neutrino masses

see-saw mechanism
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Suggested solutions

Hierarchical pattern and mixing angles
Smallness of neutrino masses

Froggatt-Nielsen non-Abelian discrete
mechanim flavor symmetries

see-saw mechanism

_ ®\"

too many O(1) coefficients

‘complicated scalar sector

Feruglio, 1706.08749
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Modular finite group

The modular group I' = SL(Z,Z)/{i]l} acts on the modulus 7 restricted to
the upper-half complex plan through the transformationy : 7 — y(7)

+b
y(fc)=m , a,b,c,de”Z , ad—bc=1,
cT +
1 2 3
S:71—>—— T:1->7+1 s2=7)° =1
T

A modular form is a holomorphic function of 7 such that:

fy@) = (ct+ d) f(z),

_ a b a b 1 O
o= { (¢ #) esten|(* 2)=(} Ymoam ).

Feruglio ([1]) has shown that it is always possible to find a basis where modular
forms of a given level N transform in unitary representations of the finite groups
which, for N<6, are isomorphic to the non-Abelian discrete groups

[~ 8, [ ~A, [y ~S§, ['s >~ As

[1] F. Feruglio. "Are neutrino masses modular forms?", 1706.08749 [hep-ph]
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Smallest modular finite group

The Model in a nutshell

The modular group I' = SL(Z,Z)/{i]l} acts on the modulus 7 restricted to
the upper-half complex plan through the transformationy : 7 — y(7)

+b
y(fc)=m , a,b,c,de”Z , ad—bc=1,

cT +

1
S:7—>—— T:7->7+1 s2=Ty¥ =1
T

A modular form is a holomorphic function of 7 such that:

fy@) = (ct+ d) f(z),

_ a b a b\_(1 O
o= { (¢ #) esten|(* 2)=(} Ymoam ).

Feruglio ([1]) has shown that it is always possible to find a basis where modular
forms of a given level N transform in unitary representations of the finite groups
which, for N<6, are isomorphic to the non-Abelian discrete groups

[~ 8, [ ~A, [y ~S§, ['s >~ As

[1] F. Feruglio. "Are neutrino masses modular forms?", 1706.08749 [hep-ph]

(7 42 42, 168 , )
—t—qg+—q" +—q  +...
C. o~ S (Yl(r)> _ 100 25 25 25
2 =93 Y 14 ’
20/, _\/§q1/2(1 +4g+6g°+...)
. 25 J
SUSY framework
d(, ) D = (ct+ d)y1pD(y)p?
chiral superfields matter supermultiplets
Superpotential W((I)) — Z (YII...In(T) QU(II) c .. ¢(I”))1 s

e Yy (@) = (et + ) p(n)Y; (7)),

The novelty compared to classic non-Abelian discrete groups model
building is that the invariance
Is achieved by satisfying not only the existence of a singlet contraction
between all the irreps involved, but also that every operator must be
weightless
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Smallest modular finite group

The Model in a nutshell

E¢ ES ES D, A Hy. Ne¢
su@uxuy | (1,41) | (1,+1) | (1,+1) | (2,-1/2) | (2,-1/2) | (2,F1/2) | (1,0)
T, 2 S, 1 1 1 2 1 1 2
ki 4 0 —2 2 2 0 2

Wl = ab{H (D, Y\ V), + PESH/D,Y,)y + YESH 25 + apEfHy£3Y )

c —

W, = HNDYP + g HNYD) ety + 8 HND ) P+

1/9

+A[(NN)Y + ANN), Y]

Parameter

Best-fit value and 1o range

Am?2,/(10-° eV?)

|Ami,,|/ (1072 eVF)

r= Amﬁon/lAmﬁzml

7.41

NO

2.50710:038

+0.21
-0.20

2.4861 0 03

0.0295 £ 0.0008 0.0298 + 0.0008

10

sin2 6y, 0.303+9:912 0.30310 012
sin? 6,4 0.0222570:00056 (0223090058
sin? @5 0.45179012 0.56910:0%¢
me/m, 0.0048 + 0.0002
m,/m., 0.0565 + 0.0045

l. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, and A. Zhou, “The fate of"

hints: updated global analysis of three-flavor neutrino oscillations,” KHEP 09 (2020) 178, 2007.14792 [hep-ph]
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N =

Rer

NIw

Best-fit and 1o range

Ret +0.24410-022
Im T 11323037
B/a 0.92105°
v/ -1.2012.%
logio(ap/a) ~13.4%7573
d/g 2.7610:33
g"/g —2.531063
log1o(|Al) ~12.27597
vg o, [GeV] 1.08%0:09
va g°/A [eV] 3.4677 55
sin2 6, 0.30515:01
sin? 6,3 0.022119-0008
sin? A3 0.448%0 016
r 0.02961 ) 3008
Me /My 0.004819:0002
m,,/m, 0.057413-9032
Ordering NO
Jop —0.0181_8:%
/T 0
az/ +0.11210-332
my [meV 0
my [meV] 8.62010.9%3
m3 [meV) 50.8061 0 095
S im; [eV] 0.059419:0001
mgs| [meV] 3.6150.00
m [meV] 8.9010-09
dpT 3.03
Xrin 0.98




Thermal Leptogenesis

“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986, by Fukugita and Yanagida.

Vebame |74, paanior | MIYSICS LITTERS D 26 Jane 1908 Vahane 104, sumies | PUYSKS LETTINS B 18 June 1988 Volsrss | 4, sumber | MIYSKS LETTIRS & 2% horw 199
. A prmonded leptun mumber exoms avigod defiee mamber ieetams. Tha cae s the cuy
Y ORGRE AT biryem
”,' . '/’ (Prtpge = ¥ 5)N 5 <M, . ) the epoch of the ryghurdumded nostemo mass sode runber percraars werann To achiese thi, howerer,
- J’f Z(* To oMatn memencs! factor fur the cosdition, one shoud have boon wasbied cut 5y e agel o of &1 st e mainy chaments (Maoiats sz}
\—.-‘-.-h — . hes 50 sove the Boltzrmans equstasn. Let us bormow the pxmu).dn-'-upmmdwvutanm showl€ be wnaller than =01 oV If the doubke ets
- G UN rewalts of sef, [9] to obtam » roegh vambey The plang (AT )55 or (AN 3 o bege encugh. The equibb- expenment would olnerve 3 Magorana e gremer
SARVOGENESE WITHOUT GRAND UNIFICATION el Y Wpean marher to enlropy ik 6 gEN 45 """"::“ CoeapC MM LIvad iy (=2 chan ths value. thes scermes fads
M FUKUGITA " b P ol o 5 10 8 onsireet sendar 1o 15) bat wah the In conclusum we hune suggested 3 e charuen of
’Fz‘l mmur-m:-m-:_ Phan man Flalple~ 107k . 18) waguity revorsed. The net by on sumnber desirue- coamolopcal hacyon Sunier goneration withowe o

Rrssn b Mvivar (o Fondanwewsl Myac Kiow Lasarorr, Kioss 8% Apes ton Lactor hohiames as ~oxpd ok ) (o~ 011 |9).

For K 2 20-50. the squudibenim practically oraes
the whole pro-ewstng logion ammber excess. Ths
conditoon wespresed s (m_) > 0.0V for 1he
bapeat eniry of the Mgorasa mas matrix,

In the presence of urmsppressed mssn ton dke
clectruweak eof foctx, the epton mumber cquibbium
srplis that the baryon excess whah existed of Ths
epoch shoul ke be washed ol even of 11 was pro- Neforenies

sitling to grand wiflancs, Ie our scesano the aoe
sologcal haryos sumber can be geseraled, even of
protos decay does soe bappon o ol

with & = | PNade) for K 1. The paaneters in(4) aad
and in the expeesscn of I we oot Grectly constransd by
£on Logg * NG NG + MRUENG + hi low-snergy expernments. One may have an Mea, how.
foh (n ever, o0 the man wake M, follows: With the pa-
'N“Q‘ -t raneter m 3 masorable range, one reay obtae ¢ T
where Lo e the standund Wetrberg - Salum agrangen, 10 %, Thes 1o oblas cur requeed sumber for
and @ the standard Higgs doubler. For smpheity we R(AL s = 10775 (30 below), K < 30 18 secessary,
ausanie thooe penerstants of Mvoers and the mess whech groes M, 2 2.8 X 10 GeVIAT )y, I we s
heerarchy M, < My < My In the decay of Ny, sarne (iygl%, Wy PS5 1y, 12 and ake (W' )y, ~

T YANAGIDA

fersome of Poymcs. Collegy of Gemevn) Flnpm Tihls Dmcpvats Semde W00 Agan
and Dowradws Bdivewn Sonhvowen DESY. DN Masiern, Fod By Goosan

One of 95 INLF.) wusld 1o % thamdh VA, Rebukov
Sor dmaisnn s o0 Daryoe masshor Moo STt o f 18
electromeal proceiscs.

Recervad § March 19%

A wochamie o perted ol 4 prarreke cowsehgeal bavin e s sdbas sdieg o grend st dend dene The
bophns menber sncen crgaatng from Maooos mas s s tramkors e B burson serber ovoos deragh e
smapprowed barvom ramber volatam of clectvrwesh pweves of hgh frmpershee

The current vew sscbes the angn of cosralog-
cal haryan excem o the mecrosops: haryom sumber
viclation procss i3 the sarly gage of cthe Lnnverw
|1.2]. The grand sndd theony (GLT) af partacte m-
toractiom @ regarded 3 the wandard cmdidee w 2
count for thi baryon sumber vmbenn The theory
can gree the currect moder of magatede for haryos 10
entrupy ritio, B the Usrvene andergoes the milstion
epuch aller dhe baryogercas, buwever, generaied
Danyos susbers se dduted by o hage facior. The re-
hootng afer 1he eflanos 6 unlibely 10 sase te
tormperating above the GUT enongy scale. A sove urk
g probbem w that so evidonce are g o far
expenmencally for the baryos rumiber violation,
whach muight cant some doubit an the GUT wea

Some time o t Hooft wiggented that the e,
1o bice eflect vodates baryen sumber 1 the Wenberg -
Sadars thoury chroegh the saoondy somm, although
the effect & sappressad by 3 bage facror (5] 1 ban
been pouned sul, however, Baal tha effect = not wp-
peciied and cin be efficxn| ot Agh tempezstens
above the Wemndeip -Salan encgy scale [4]. Thes b
1y0n ramsher wolong process cosscrves B — L but
7 ocmes napudly She baryon asyramecry wish wosld
bane Deen ganerated o che sty Unmverse with & - L

03N 26938645 03 S0 © Elsrvwr Sewnce Pabhdhars B V

(Noh- HoFand Physcs Publideng Dvassos )

ICHEP 2024 | Prague

cormervmg harvon rumber Wodathon proceses s n
the sandand SLXS) GUT. (Baryen nembess wosld re-
wam, if the harvos peodesiien slces plase at low
tempermenes 7S 00100 GeV), e g, after rehesting
19.8) ) The process nulf can sot produce the harvos
anyrenetry, ance 1 % uslicaly 10 suppese 3 particdda
;o]dmhum 10 dopartures fron aqulnem

In thix Jerser, we port 0w Rt the electroweak
taryon number vk proces, ¥ it (s wpplersern-
od by a keptos sumber peseration 3t an cher epoch,
< pnezaie the commulogica baryon sy mmetey
without seseting to the GUT soonane. The lepton
suniber encess (0 the carlier sage can efacaertly be
transfommeed 1000 the biryom aierier excess. It
rathes easy 10 ind an apent Jeadwg 07 The keptos
smber praeration, A cndldere s the decey provess
wealving Mygorasa mass tenms,

Lat ws possant 3 spocaiic model ahikch gees kpion
rumber penaration. We assarse the presence of a nghe-
banded Maprama neutnne N @ = | — o) in addinen
10 the cosventaisal leptom. We take the Bgrangan to
be

a8

Ng *V te, 12a)
‘I&.‘n 1)

here appears o Aifewace betwoon the branclurg
e for (220 and (2h), f OF s veelated, theeugh the
one-loop eadiative correction by 3 Higgs partacle. The
1 Sepion mumber produchien dee 1o Bie decay of &
lightest night-banded neutrass Ny arses from the -
serference of the two caagrams i Nig. |, and #s mag-
nitede w cakubeed = [7)

o = (97 hre Gy ) 0, Ay AT MO 1 43
with
I xVInseximfpENt e sl .

If we assaree kyy (0 be the lagest enery of the
Yukaws couplieg matrs and Wy = M, (3) soduces

o
o e (B Ly o PO OB (4)

wath § 1he phase cmsng CF vwolation,

We apply The delayed dolay mechonom [§] 1o g2
neeate The baryon asyrumetty 1s the Usiverse. The
ost-ofoguldnem condtios nsainhied, if 1he temp-
ersmare T i smaler thas the reass M, %o that the in-
verse decay = blocked st the tane when the decay
eate I' = (AbT), /16w u ogeal 1o the exparmmnn rate of
the Unirverse ie ~ 1.7y T (my, (g = ssmben of de-
prees of freedom), 1o,

4n

Wiy B =10 2 dhenweare lod 10 M, 22 % 104

GeV. Thes constannt con also De oxpressed » 1eimm
of the len hended Niggosans aestrmo rmass * ' as
AT I S 0.0V I the lghtest beft-
hasded sevtrnno has a Magorana mass smaliec thas
s vidue, the toquensd asy mrmetry can be generated.

N bt us discuns the gereraton of the baryon

anyrereary . In the precence of an wntamondike elec:
troweak effect the Baryon asymmetry changes = |4)

AB( =A@ -Ly+lalBe Lyexpd- v, ()
with 3~ 7. At the terwe of the Wemberg-Salam epoch

the exponemt B mipy Tyie ~ 108 2nd the mcomd
1o pesctxally vannbes. Therefore we obiam

AB« a)2, (%)

which ssrvines sp o the pomest epoch, and should
gne KAN ~ 107 WA

1 e we mn s 0w do sunae of e sl et o
want. Maw peecasly putey, de vann chres! cormrare
by aur comchtion G Ters (roe Lhat whael) appoass 1 Dhe @ baers
e peurwre meam: The ft-banded eauere Dae oax
mpven by 1l * 5 Tahna! (8 (19]. The dosbie
bema decay caporument maraamies 1he matitx chesore
[EHNEIC NCA ‘*!&Ma’ R
e (W15 Wy ey, Wyl » Ay,
weneral (ere ae ook e buin & bive the dhuped
kptar mam matroe » dlagoral ) Therefase, the doable
beon deeny enpemmwel oy md cweniram dumily the
paamsies 1 ag (50 The traam bema decay cxparument
m‘ e cpmrvaine of the rnas wales i ) (we el
(LAY (B

Simone Marciano

duced in the progoss sith 8~ L * 0 Namely, of these
200 natrmos winh the Nigorena mas heasies than
=01 oV both baryon and fepion nembers wbeh
exmted hodore thu epech are waibed oat iiTespedtive
of thaw & - /. peopertim,

In wsmmary, wo have the follosng possh ke scene-
eaon for the commologaal haryon sumber exces’

LE) At ternperature abose the roass sodle M
1= xcale of rghthandad Magocana neutnm ), we staned
with A8 < &L =0 | The mflstonery snverse would
grve this mead condiinn). Then the lepton tumber is
poncraied thrusgh the Magaars mass torm, o &
trensformed tohe the haryos susiber @ue 1o the up
suppeossed iestanton-like dectroweak of foct,

(20 AL the soale >V, baryon and lepion surben
e gonerated by the grand usificainn, or sltemanndy
we dart with 2 AF 7 0, AL 20 Urewerse. The squiib-
marmof Ny 50 ¢ 0, 045, together with the clectro-
weak pracess wathes out both baryos snd kpton
nurhers. Then the lopion senber 5 sewly generated
by the ost-ofaquldnun somane, and il lums indo
e Baryon numder

133 The taryon number with & - £ ¢ 0 o penerated
by the grand ursficathon (e4., the SOX 109 madel
FA200. 00 the scale M 6 300 large 10 extabind the
oquelitram of Ny asd ¢ + » , thea the irstal
A4 - L) wil st e crmed The chectrowedk proses
doea ot alfect 8 - L and heace the imilial baryus

11] AD Sabbaroy, Puwe 26 Fhsp e P 3019732,
VA K Po'ms 20 Bk Tear Fus 1210900 das

|21 M Yostwwass, Phps Ren Lot 4101979 201,
AYw lenstscs er sl Pape Lent 898 (1979 408

3:3.::0-[\'5:!9 Lent STHUVISIA

srwen, VA Rbabar o) M L. Supeshedon,

Pape Loty B15S 1905 I

IS1 0 Aok and U Ense, Nawl Fios 249 1980 M0,
AD Lesde, Phye Late B IGOJI A0S M)

16] N, Fungimand VA Rubwsorr, oy Hev Lot 36
AN e

1717 Yupds sod M Yodwress, Fhype Roa D231 11)
bl

A Muworwnd T Vangpshe, Phes Lett BHIZAGEMN e
D Tosoam:, S8 Trewnaa P Wikoek asd A I, Phye
Ber DIV 10,
S Vasbay, My R Latt 4211970 850,
M Yoshgwata Py Loz BOR(19T90 204
MINFur KA Clnr st M S Torrer, Py Bew Lent

A500500 07

100 1. Yeweoda . Proc. Workahep an the Ureled theary
ond the Burpan rmanber e memore ( Tanbabe, 19T,
ode 0. Sovads wd S Sepuweis, Reporr KEK- Y9158
e,
MGl Ngon P Egnand snd B Slrnby, 0 Saper-
puaey, odi DX, Freodrsm ad P vgs Newsesbaion
INcrth b Rand. Arssserdam, 1979

(H0] L Wadireem, Corrmpse - Victhon U mmerety report OMU .
HEG K20y
W Fubnges and 1. Yormoda Py oo 8 043 (1984
s

(L2 B ™ Pubugra, T Yonsgae and M. Youhewass, Mew
Lorr. I (1981 100

o




Thermal Leptogenesis

“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986, by Fukugita and Yanagida.

M/ Oty /Ephaleron

SakharOV Conditions S

p— p— _ - |a'i" —

if C or CP are conserved,

Baryon Number violation | *
| TX > Y+B) =I'X—> Y+B)

C and CP violation :
No net effect |

Departure from thermal eq.

" Departure from thermal eq. |

AB=AL=3 |

At high temperatures, transitions violating B+L ‘
' (and preserving B-L) occur very often |

In thermal equilibrium,
the production rate of baryons
IS equal to the destruction rate:

Baryon Number violation | ['X—>Y+B)=I'Y+B - X)

I

No net effect . 4

L If baryon asymmetry is conserved, '
| then no baryon number can be
dynamically generated.

xB=0 _ yB=0_ p#0

I’
T > Try % ~ a’(Ina~HT*
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Leptogenesis from modular symmetry

N =Ygkl i=12

" Zfip—> 0 dN "7 )
K = kz = c0) = — ‘Exp | Y | Wiz)dz"| dz’

uZin_>O i <
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Leptogenesis from modular symmetry

k = k(z=00) = —

r'Zfin_>oo d]\ll

¢

Zin_>0

W/i(Z”)dZ”

<

Strong dependence on

52=
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Leptogenesis from modular symmetry

107 —
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N, - dominated scenario? R P
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Leptogenesis from modular symmetry

N, - dominated scenario? 30 points
21 1
5 12 (w) %
. 05l 2 A : : 15
B D
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I~ 2 2
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| | | | | 0| +—
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| 11
=
1.10}
1 0 1
2 2
1050755 0.25 0.28 Ret

Rer

ICHEP 2024 | Prague Simone Marciano



"Mild" N, - dominated |

scenario |




Results

( 1/

—(Y3 - Y12)_|_g_(Y12 + Y2) 2Y,Y, §(2Y1Y2) W= A — (Y5 =YD+ AY]+7Y5) 2Y\Y,
M, =g, s ) y : 2Y,Y, =YD+ +7D) ) o
g g
2Y,Y Y:—YH)+=—(Y?+Y?) —=(Y:-Y?
\ o ot i) =0 =1 - m, = — Mp Mz Mp

Low-energy neutrino mixing and mass splittings will be mainly dictated by 5 parameters:

gzvlf//\, Rer, Imz, g'/g, g"/g, A
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Results

( 1/

—(Yzz—Y%)‘Fg—(le"'Yzz) 20 Y, §(2Y1Y2) Moo= A —(; = YD) + (Y7 + 13) 2N,
o=
M, = gv, s . ; 27,7, =YD+ +7D) ) o
2 _ v\, 8 (v2 2N S v2 2
| 2Y,Y, (Y - YD)+ . (Y7 +Y5) , (Y3 -Y?) n m, = — ML M,
Low-energy neutrino mixing g#&e~qQass splittings will be mainly dictated by 5 parameters:
Rer, Imz, g'/g, g"/g, A

i .
- g2vil(rA) AN,g1: Resonant regime Al ,gl: Flavored regime

- ] )
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Results

e — e — e = = R

l
|
\
!

- g2vil(rA) AN,g1: Resonant regime Al,gl: Flavored regime

A A

_ —— m—

Flavored e Best Fit Resonance

Regime Regime

1079

yJ:;

10~ 10}

Z=M1/

ICHEP 2024 | Prague Simone Marciano



Conclusions and comments

Minimalist approach:

despite a small number of modular parameters and fields, the model provides the charged lepton masses, the neutrino masses as
well the other low energy observables in great agreement with the measured values, without invoking ad hoc assignments

Boltzmann Equations:

a detailed analysis of the leptogenesis scenario is provided. The results are obtained solving numerically the full Boltzmann

Equations, finding a realization for which the BAU is predicted inside the 30 of the observed value. Such a realization, with 7 = 19.9,
preserve the naturalness of the model since it does not imply any further fine-tuning on the other parameters
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Smallest modular finite group

The Model in a nutshell

E¢ ES ES D, A Hy. Ne¢
su@uxuy | (1,41) | (1,+1) | (1,+1) | (2,-1/2) | (2,-1/2) | (2,F1/2) | (1,0)
T, 2 S, 1 1 1 2 1 1 2
ki 4 0 —2 2 2 0 2

Wl = ab{H (D, Y\ V), + PESH/D,Y,)y + YESH 25 + apEfHy£3Y )

c —

W, = HNDYP + g HNYD) ety + 8 HND ) P+

1/9

+A[(NN)Y + ANN), Y]

Parameter

Best-fit value and 1o range
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l. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, and A. Zhou, “The fate of"

hints: updated global analysis of three-flavor neutrino oscillations,” KHEP 09 (2020) 178, 2007.14792 [hep-ph]
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Leptogenesis from modular symmetry

N, - dominated scenario?
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Leptogenesis from modular symmetry
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