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Neutrinos have masses!!!
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Neutrinos have masses!!! Neutrinos oscillate!!!
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Neutrino masses

* Perhaps not too much a surprise, all the known fermions have mass...

 Also their lightness might not be an issue...
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Neutrino oscillation
* Neutrino flavor mix, but again this is not new...

* Quark flavor mixes too, even though quark oscillations are not visible
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Neutrino oscillation
* Neutrino flavor mix, but again this is not new...

* Quark flavor mixes too, even though guark oscillations are not visible
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« CKM comes from the Yukawa sector, from which we believe fermions get mass

« We do not know if neutrinos get mass from the Higgs VEV, but we do not have
direct evidence for e, u, d, s, c either...

S0... what’s the big deal?
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* Neutrino oscillations only require two out of three neutrino to have a mass

Am?

atm

~ 2.5 x 1073 eV? Am2 | ~ 7.5 x107°eV?
normal hierarchy (NH) inverted hierarchy (IH)
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can still be massless!
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Still do not know what nature has chosen

* Neutrino masses can arise in a completely different way...
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* Neutrino can get Dirac masses in the usual way via Yukawa interactions

—L=Y,LHN + h.c. A my ~ Y0

« A fermion singlet under the SM group can also have a Majorana mass

M
L =Y,LHN A 2N N2 4 he

* Neutrinos acquire Majorana masses too

Daniele Barducci
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* Neutrino can get Dirac masses in the usual way via Yukawa interactions

—L=Y,LHN + h.c. A my ~ Y0

» Works also for SU(2)y, triplets, since they are real irreps

M
L =Y, LHY - 22 2 4 he

* Neutrinos acquire Majorana masses too

Daniele Barducci
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 [n both cases lepton number is violated by two units

AL =2

« Accidental symmetry of the SM, no need to be a symmetry of a final theory

* Most striking evidence could be neutrinoless double beta decay

Daniele Barducci
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 [n both cases lepton number is violated by two units

AL =2

« Accidental symmetry of the SM, no need to be a symmetry of a final theory

* Most striking evidence could be neutrinoless double hat~ decay
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 [n both cases lepton number is violated by two units

AL =2

« Accidental symmetry of the SM, no need to be a symmetry of a final theory

* Also interesting signatures at colliders
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* In both cases lepton number is violated by two units

AL =2

« Accidental symmetry of the SM, no need to be a symmetry of a final theory
* Also interesting signatures at colliders
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A >0
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Beyond naive see-saw

Heavy d.o.f.

SM + N
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Beyond naive see-saw

Heavy d.o.f.
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Beyond naive see-saw

Heavy d.o.f.

SM+ N +| ), =

SMEFT

NSMEFT

See Ayseniis talk
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» Non redundant basis has been worked out up to d = 7  [Liao, Ma 1612.04527]

o At d — 5 Oﬂ|y two new Opel’atorS ex|st [Graesser 0704.0438, Aparici+ 0904.3244]

é ) ( )

Ong = |H|*N~? Onp = No"NB,,

J .

Adds extra contributions to the neutrino mass matrix

Vanishes with a single right-handed neutrino

Pheno consequences?
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Higgs operator

L = ESM-l-NaN—ELYVﬁN— %MNNCN-F CMNH(NCN)(HTH) + h.c.

E—

EWSB

—————

-

1 1
—§_CM7L—I—h.C. = —5

ﬁc

YIv My —2an

-

n + h.c.

n = (I/L,Nc)

~

_/

e Standard see-saw mass relation

1

m, ~ v’Y,—Y! =

My *
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k» neglect it, see later...
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* For single RH neutrino 1-to-1 correspondence between heavy mass and mixing

1/2
LAY AN PSR (1 Gev)
MN MN mn

« With additional RH states extra freedom, best seen in the Casas-lbarra formalism

1
Y, ~ ;U*\/ﬁ\/MN
Vi =mib

1
m, =~ szV—YVT =U *ml(,d) U f solved with
My

matrix containing physical neutrino masses

vVm
« Write V2 = vVmR with o

complex orthogonal matrix

e For example, with 2 RH neutrinos

0 0 :
cCosz =Tsinz :
MNH = 0 /mo2 RZ( . ) 2= +1y
—Sinz +=Ccosz
vm3z O

Daniele Barducci

a2



« Complex angle in R gives an exponential enhancement of the mixing

1 GeV ) /2

mny

O~ T72x10 8

e My and f can be taken almost as independent parameters - back here
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« Complex angle in R gives an exponential enhancement of the mixing

mn

1/2
O~ T72x10 8 (1 GeV)

e My and f can be taken almost as independent parameters - back here
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» After EWSB the \H\ZNQ operator triggers new decay mode for light N

%|H|2N2 EWSE,  _AN?

A
4 N )
h 2 4 2 3/2
........ I — iv_mH L TnQN
21 A2 Mm%

N
. 1K

Pheno predictions

« Untagged / invisible Higgs decay it N is detector stable

« Distinctive signatures, either prompt or displaced from N decay

Daniele Barducci 25



Sterile neutrino decay modes

Final state Channel Mediator
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Normal Hierarchy
Inverted Hierarchy
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Semi-leptonic

« Total width, hence lifetime, free-parameter - depends on 6 <

31 29 Er
2T 4q
27 2q Fr
T 2q ET
T 4q ET

LNV highest rate channel

( Prompt
Displaced
Stable
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Future Higgs / Z factories

| |

4/7
ings R & detectors

Damping R
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Future Higgs / Z factories

* Heavy neutral leptons ideal target for future Higgs factories

e+ bunch ,
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Future Higgs / Z factories

* Heavy neutral leptons ideal target for future Higgs factories

—
~Euture
e-b - ¥ il e
*comp == . “Circular :
- _“Collider -
‘ .

Higgs run
Collider || v/s [GeV] | [ L [ab™'] | ozp [fb]
i W FCC-ee 240 5) 193
e ILC 250 2 (pol) 297
4..-” CLIC-380 380 1 (pol) 133
CEPC 240 5.6 193
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Prompt

decay

* Need largish mixing, constrained by direct searches

« Can Higgs decay be the dominant production channel? Yes

Normal Hierarchy

T ] T T T T l T T T T l T

L~ » ~ prompt

/ ~ displaced
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» Consider final state with the largest BR, LNV ¢* (%4

« Ask for a pair of SS leptons, Higgs-strahlung topology and leptonic Z

~

L

ph > 2.5GeV P > 5GeV

‘mﬁrg— — mz‘ < 10 GeV

< 2.44 AR(LL,05) > 0.15

U
’8 — 2\/§Eg+g— + miw_ — mH\ < 10 GeV

~

J
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» Consider final state with the largest BR, LNV ¢* (%4

« Ask for a pair of SS leptons, Higgs-strahlung topology and leptonic Z

@ ) )

pr > 2.5GeV p. > 5GeV nti| < 2.44 AR(40,05) > 0.15

Imyrs- —mz| < 10 GeV s —2v/sEpy- +mpy,m —mpg| < 10GeV

L J

Irreducible background - any process giving (Z — £543)(h — €565 +...)

L & Qem are conserved, need 2uv4q... (Z — £565)(h — tivgtiv,udud) negligible

« Assume backgrounds from e.g. mis-ID to be negligible and work with zero bkg

[Strong assumption, but probably not too bad given the signal characteristics, potential
accuracy of particle-flow reconstruction and improved analysis techniques...]

Daniele Barducci 33



Too large mixing
if prompt, excluded

\

1072

BR(h—NN)

1073

ct>1 mm

Daniele Barducci
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Untagged Higgs decay

A isocontours [TeV]

A

10””
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* What can we learn if we observe a signal? Can we determine the flavor structure?

* Build p(nobs|nin) = 7ye ™0™ injecting a signal
. . 10F — T _ T o T T T T T
e Determine normalized . FCC—ee 240 GeV ee—Zh
. I 214q Same Sign — BR(h-NN)=1%
mixing up to 10% ~

BR(h — NN) = 1%

3.69 < ¢ < 5.57

BP1
NH 11 078 <6< 1.85 U 447 <6 < 5.55

Daniele Barducci

0.8+

0.6+

0.4

0.2+ -

¢4 range < BRI
| d range Q N
0.0 T T S S S S S S S S S N
0.0 0.2 0.4 0.6 0.8 1.0

my = 30 GeV r2,
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* What can we learn if we observe a signal? Can we determine the flavor structure?

* Build p(nobs|nth) =

Nobs-

L e~Mhnllobs iniecting a signal

101 FCC—ee 240 GeV ee—Zh ]

e Determine normalized | |
. - 2l4q Same Sign — BR(h—->NN)=0.3%
mixing up to 30% -
0.8 |
BR(h — NN) = 0.3% 0.6 |
0.037 < ¢ < 5.95 -
BPInNg || 0 5 <053 U 380<6<2n |
0.4 |
0.2}
¢, range
0 range . _
0.0 1 ) T R T S S S S S T ) ) ) | . . ) 1
0.0 0.2 0.4 0.6 0.8 1.0
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Ny =0z, x BR(Z = £147) x BR(h — NN) x BR(NN — 204q) X €z, X €

16?

1074F

1077

10—10 L

10—13 |

Displaced decay

« Consider displaced a decay within 1 cm < Lgec < 1 m and spherical detector
» Consider again the 2¢44 final state, with the higher rate. Both SS and OS

2 2
Par X €disp. X L

Probability for both neutrino to decay within [1cm, 1m] 4)

i

Tf

P(zi,z5) =€ Byt —e Brer on event by event basis

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

FCC—ee 240 GeV ee—Zh
2l4q Same Sign BP1yy |

-~ BR(h=>NN)=0.3%

" 6,bound

Daniele Barducci
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1072F
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Z
T
£
e
om
103
ee—>Zh
2l4g Same Sign BP1y\y
10—4.'.. e ]
0.01 0.10 1 10 100 1000 10%
m
"ot [cm]
my

[c.f.x. 1E-2/1E-3 @ LHC, Caputo+ 1704.08721 ]
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Displaced decay

« Consider displaced a decay within 1 cm < Lgec < 1 m and spherical detector
» Consider again the 2¢44 final state, with the higher rate. Both SS and OS

Ny, =0z, x BR(Z = £707) x BR(h = NN) X BR(NN — 204q) X ez X €5, . X €

2 %L

disn

Detector stable

10—7\ neglecting phase space

Z
o
= $
=) o
foa)
10-101 1073 ¢
. ee—Zh
10-131
10_4:. e
0.01 0.10

« Bounds from invisible Higgs decay, mappable in A

e/

- 2l4q Same Sign BP1yy

o0 A > 360 TeV (FCC — ee), 320 TeV (CEPC)
330 TeV (ILC), 210 TeV (CLIC)

11l !

Hl%b | ]H{bOI

mp

c 7 [cm]
my

1000

10*

[c.f.r. 1E-2/1E-3 @ LHC, Caputo+ 1704.08721 ]
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Dipole operator

N

A

OnB =

“No""NB,,

« Antisymmetry of """, need two flavors of RH neutrino

» After EWSB generate a dipole with the Z boson and 7Y

.

I'zon N, =

w \1/2(, 2
3)\/(mZ,m

3r A2 my,

N17 mN2

)C(mZ7 mn;, mNz)

Ny
/
Ny
4 N
2 |O‘]1\?B|2 sz 2 2

J

2
C(mz, mn,,mn,) = mz(my +ma, +ma, —6my,my, cos2p12) — 2(ma, —mai
1 2 1 2

$12 = arglapp)

Daniele Barducci
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» Future colliders can produce huge numbers of Z bosons

Z pole run

Collider || v/s [GeV] f L [ab_l] Ny

FCC-ee my 150 6.5 x 1012
CEPC myz 16 6.9 x 101!
What about the N decay?

« Differently from On g this operator can trigger N decay via the photon dipole

~

Ny

—
Ty,

Ns N

3
2 2 m3
F(N2_>N17):;C?U|QNB| m?\/é (1_ Nl)

.

» Whether N2 decays via mixing or via Oy p also depends on My, — My,
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* Above the lines the decay via mixing dominates for the given BR(Z — N1 N,)
which fixes A

myn, — TN,
T =
/ le
10_4 I B B B B S R N T R 10_4 """" B e L B B . L
BSM__ sToex ormal Hierarchy r8sMssr9® .o-3  Normal Hierarchy
rz >§F§p r=0-1% | _ V4 z 10 r=1%

6, bound

1077} 108 1077 w
. BR(Z- MM)#

10710 w 1070} 10-° 1
- 1077 : w
w* I 10~ M 1

13| 107° 1 13| l
10 See—saw limit = 10 See—saw limit

~ @,bound "

166

66|

my, [GeV] my, [GeV]

* Region exists where decay is induced by the mixing and production via Z decay
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Prompt decay

« Still use the dominant LNV 2/47 final state

e Basic selections on PT, |77‘ and isolations

» Consider the reducible €+€_4j background with flat charge mis-ID of 105

Opte-4q X 2 X €pigrp(1 — €qian) = 130 foxefin (1 — epigp) = 0.26 fb,

Daniele Barducci
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'FCCee eeozZ 7 i " FCCee _eesZ
g width  <+— e .
04 2l4q Same Sign BP1yy r—* 4\2|4q Same Sign BP1yy " -
acaroune GlzfCCee s { 10| emisip background TzFCCee "5
- 10—6—_ ————————————— 100- _ _ \\\\\\\ lr ~~ 10-6__ """""""""""""" \“\\\‘\ \‘-
E T = ~ | AN 1‘00—~__‘\ \\\ \
;— £ | < |
0 7 - 3 N
N & ‘ \
T O - N FCCee \
m 108 t000------——____ P L I —— — o)
o = N 5
FCCee ! S |
—10| \ v \
10 10—10_@ A
10 20 [GV;O 40 10 20 30 40
m
N [2€ mN[GeV]

+ In the mis-ID bkg scenario can probe 10° TeV

Caveat

* Dipole operator can only be generated at loop level in a weakly coupled UV
completion with only spin 0,1/2, 1 states [Craig+ 2001.00017]

W

1000 TeV —— 10TeV... (=X
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» Similar strategy than the Oy g operator

Displaced decay

1074F T 7

166

10—10 L

10—13 L

Seesaw limit
| 1 1 L 1 1

~ ,bound

\\
-
~

—
——
—
—
—

FCCee ee-Z |
214q Same Sign BP1y |

-
-
—

—— .

—

10
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BR(Z—)N-I N2)

1075+

1078+

10—11 )

. FCC—ee ee—>Z
2l4q Same Sign BP1yy

0.61 | | 110 | | 164 | | 167
mzct/(2my) [cm]
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» Similar strategy than the Oy g operator

1074f

66|

10—10 L

10—13 L

Displaced decay

@, bound

Seesaw limit

1 | 1 1 L 1 1 1 1 1 1 1 L 1 L 1

214q Same Sign BP1y -

FCCee ee—Z

~ -
\§
~

\_
——
_
- |
——

S -
-“-
)

L)

10 20 30

BR(Z—)N~| N2)

1075}

1078

107"

. FCC—ee ee—Z
2l4q Same Sign BP1yy

0.61 | | 16 | | 164 | 167
mzct/(2my) [cm]

Detector stable

» FCC-ee will measure R, =Tz _inv/T 200

corressponding to oI'z ~ 100 KeV

A 2 20TeV

0.3 x 1073

Daniele Barducci
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Photon dipole

« |f the mixing is negligible small, the heaviest /N can decay via the photon dipole

/N1
Ty,

- Depending on the masses and suppression scale one can have An, > Lgec

N

* Many experiment can be sensitive to RHN with macroscopic decay lengths...

Daniele Barducci
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Photon dipole

« |f the mixing is negligible small, the heaviest /N can decay via the photon dipole

- Depending on the masses and suppression scale one can have An, > Lgec

SHiP

opic decay lengths...

Daniele Barducci



Photon dipole

« |f the mixing is negligible small, the heaviest /N can decay via the photon dipole

* Depending on the masse

SHiP

Daniele Barducci
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Photon dipole

« |f the mixing is negligible small, the heaviest /N can decay via the photon dipole

* Depending on the masse

SHiP

Daniele Barducci
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( )
Decay volume
Interaction point N v
=>#: Ny
Ny

\_ .

* The signal in the decay volume is a single photon

* In the Ny rest frame

* Boosting in the laboratory frame

b 2+90
lab _ 2 2 ~
By = (Pr o+ y/mR, + P, ) 2 (182 = 20
Smaller ) implies longer lifetime but softer photons...
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* The dipole mediates /N /Ny production via meson decay, either in fixed target
experiments [SHiP, NA62-dump] or in pp collisions [FASER]

a )
Beam-dump experiment LHC collisions
Nprod = ¥ Neor Ny BR(M — N1Ny), Nprod = Y Oine £ Ny BR(M — N1No)
M M
aine — 79.5 mb
\ _J
/ fdec — e_Lentry/LNQ _ e_Lexit/LNz
N, signal — N, prod < f dec €det >
Daniele Barducci 51



* Meson multiplicities estimated with PYTHIA, FORESEE and SENSCalc

NA62 dump - NPOT p— 1018 N7r0 NT] Nn’ Np
4.3 | 0.049 | 0.055 | 0.58
. 5y 1019
HIK. Npor =9 0 50 N, Ny Nj/w Ny
SHiP - NpoT = 6 X 10 057 | 0.021 | 4.7x10°° | 2.2 x 109

- Cuton E, > 1GeV -isocontours of N = 3 signal events

10_3 - | L llllll] 1 Il l] | llllll] | il 10_3 E ™ llllﬂ] T ™ lll”?

1074 1074 & )

T 10-5L T -5 [ b

O 10-6 L O, 10-6 L d

T ?_ SHilP T — i ;

<107 E—— NAG2 5— 0.1 <107 b— SNljxgz 5 E

C e HIKE — = HIKE p— =

o [ e FASER?2 1 1 e FASER 2 01005 1 N

10— [ | | | 1 Ll | 1 Lluiy | 1 Ll uluy — | I | L Ll | L Ll | L L1l
1073 1072 1071 10Y 101 103 1072 1071 109 10!

M1 [GeV] M1 [GeV]
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* Meson multiplicities estimated with PYTHIA, FORESEE and SENSCalc

NA62 dump - Npor = 108
HIKE - NpoT = 5 x 10
SHiP - NpoT = 6 X 1049

Ny | N, N, | N,
4.3 | 0.049 | 0.055 | 0.58

Nw N¢ NJ/\I/ N’r

0.57 | 0.021 | 4.7x107% | 2.2 x 10~°

- Cuton E, > 1GeV -isocontours of N = 3 signal events

10_3 | llllll] L “‘ | IIIIII[ | llll'?
| 1074k \ =
TR -
107° E E
> i =
O10-6 L _
<1077 E— s E
F— e §=0.1 -
—8 —_..FI?S.E.I?.Z L rauud Ll [ |11||T

103 10% 107! 10° 10!

M1 [GeV]

10—3 E -.J_...l TTTTITT] 11 T 1 IH”?
1074 E -
T 10-5L h
> 10 2 :
L . N
*L—D' 0-°E =
T : ]
<1107 e —— SHiP =
F— a2 9 = (0.005 =
—8 _—..FA.&S.E.I?.Z L1l L1l I IIllIlT

103 1072 100!  10°

Ml [GeV]

Modifying the photon energy threshold: 0.5 GeV, 2 GeV

10!

Daniele Barducci
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« Similar strategy applicable to active-sterile dipole

D = d,i/NO"uVVZ'FIuV

10 T T LR IR

1 L ]
w— NAG62

10—3 LA R LILLBLRAALL La—— | HIKE
—— A62§ 10—4 » .
=~ HIKE - e, %)

..‘{?.“8177\’ 2k
S ECe

Ll HMMII

DUNI

=1l

L uuld L1 1111l

10—9 I I O ) T I O O 0 T Y 10—9 _3""“”_2""“m_1 0
10 10 10 10

103 1072 107! 100 10!

RT R HlillilMM
sl
3
0o}

ek
o
Pk
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Benchmark point choices

2

BP].NH . 7"64 . 7’#4 . 7"7.4

= (0.10: 0.68 : 0.22

~

BP2ng : 7oy :Thy T2y =0.01:0.16:0.83
BR Channel SS BR | Channel | SS BR Channel SS BR | Channel | SS
0.16 20 4q v | 001] 307 Er 0.13 21 4q 0.01 | 2r 29 By | vV
0.09 | £4q Fr 0.01 | 2227 Frp 0.09 | 74q Fr 0.01 | 204q
0.05 4q Er 0.01 | 2¢Fp 0.06 4q Er 0.01 | £2q Er
0.05 | 2¢ 7 2q Er 0.01 | 274q 0.06 | £ 27 2q Bt 0.01 Er
004 | 3¢2qFr |V 001 | ¢7 Fr 0.04 | £72q Erp 0.01 | 2¢2q Fr
0.03 L4q T 0.01 | 72¢ Er 0.03 LT 4q 0.01 | £37 Ep
0.03 | £2q Ep 0.01 Er 0.03 | 72 Fp 0. RT
0.02 | 202q Frp 0. |27 2q Frp 0.02 | 24q Frp 0. 2r
0.02 | £72q Fr 0. | £3r Ep 0.02 | 2¢27 Fr 0. |302qF; |V
0.02 | 74q Fr 0. |3r2q Er 0.02 | 2¢ 7 29 Fr 0. 2 Fr
0.02 2q Er 0. 2r Br 0.02 2q Er 0. 4t Er
0.01 | £27 2q By 0. 4t Er 0.01 | 37 2q Fr 0. MEr |V
001 4y |V 001 | £71Fr
\
€ .
BPlg: 72%: 'rﬁ4 :r2, =0.93:0.06 : 0.01
BP2iy: 712, :75:754=0.05:0.37:0.58
BR Channel SS BR Channel SS BR Channel SS BR | Channel | SS
0.24 20 4q VI o0o01]| ¢7F; 0.06 21 4q 0.01 | 2¢2q Fr
0.11 | £4q Fr 0.01 | 2021 By 0.06 | 74q Fr 001|302 Fr | V
007 | 3¢2qFr |V 0. L7 4q 0.06 4q By 001 | £7 Erp
0.05 4q Er 0. T 4q Fr 0.05 01 4q 0.01 | 3¢7 Er
0.04 | ¢2q Ep 0. | £272q Ep 0.05 | £4q Er 0.01 Er
0.04 | 207 29 Fr 0. 729 Br 0.05 20 4q v | 001|372 Er
0.03 | 202q Er 0. | 2r2q Er 0.04 | 20 27 2q By 0.01 | 27 2¢ Ep
0.02 40 By v 0. 2r Py 0.04 | £272q By 001 | 20Fp
0.02 2q Fr 0. 31 By 003 | £72¢ Erp 0 MEr |V
0.02 | £72q Ep 0. 27 4q 0.02 2q 7 Erp 0 £31 Erp
0.01 20 By 0. | 3729 Ep 0.02 2q Br 0 21 Er
0.01 | 307 Ep 0. ar Er 0.02| £2q Er 0 4t Er
0.01 Er 002 | 2027 Erp

1.0

Normal Hierarchy
Inverted Hierarchy
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Interaction point

Decay volume

#g

Interaction point

##:
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