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‘Nevtrinophilic |
models |

Light dark sectors
't0 generate neutrino
masses

M MiniBooNE I ’

see 0. Argiielles’ talk



MiniBooNE

Excess has a spectrum in energy but in angle as well

wF Neutrino
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MinibooNE
Crucial for us:

signal of two collimated electrons = signal of one electron

E=(0.2- 1.3) GeV
Vv | N

o+ defected as one
= (herenkov ring
~._ aslongas
o~ angular separation
is at most 12°

»

we heed N to be heavy to have small boost (my =100 MeV)
and Zp to be much lighter to be boosted (mzp < 60 MeV)




MiniBooNE
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Message: we want a dark sector which can accommodate

(i) a relatively heavy RH nevtrino

(ii) the RH nevtrino wmwust be able to decay into a (light) dark gavge
boson

(iii) the dark gauvge boson should be able to decay into e‘e

et



How do we construct a
model with such a dark
sector?



Irreducible ingredients

(i) there must be a new gauge sector

(ii) we want the new gauge boson to mix with EM to decay into e'e
— we’'ll add a U(1)y

(iii) the RH neutrino must be charged under the new U(1) to allow for
ZVp NtgEN

(iv) we will try to avoid to use the Higgs boson to writea tferm L H N
because N has a dark charge (we want to minimize the Z -Zp wixing
to avoid as much as possible problems with EWPM)
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Point (iv) remembers
Neutrinophilic models ‘523(&2!,"“?33; hep-ph/0610253 |
L = yiqu;&Vj + %]\NN]- + h.c.
¢

forbidden by a new global U(1) or Z;

“Nevtrinophilic scalar doublet”
vev OfeV) postulated

® Pros: (i) hierarchy between vev’s radiatively stable, (ii) Y ~ 1, (iii) NP
may be light

® (Cons: experimentally very constrained (basically excluded)

see 190707950 & 1910.04284
‘wi’rh R. Funchal, Y. Perez & 0. Sumensari




Question: can we ‘save’ neutrinophilic
models introducing the gauge symwmetry we

SU3)xSU(2)xUI1)

o

want?

kinetic mixing

U(1)p
Park Sector

scalar portal

see 1706.10000
with R. Funchal, P Machado and Z. Tabrizi




More details: construeting

the model

1. Dirac mass terwm: allowing Lo N forbidding L H N

SU@2)L |[UQl)y ([UQl)p | UQ), | U(L)
L 2 —1/21 0 1 —1
b 2 1/2 | +1 0 1
N| 1 0 —1 1 0
gauged global

L =YLoN

2. Avoiding anowmalies: add new fermions N’

SUR2)L [ ULy |[U()p | UD)e |UQ)
L 2 | —1i/2] 0 1| -
6| 2 |12 | 41| o | 1
N 1 0 —1 —1 0
N’ 1 0 +1 +1 0

L =YLoN + MNN’



More details: construeting
the model

3. The problem of the massless fermions: when @ takes vet

0
S
™o

(V(p)v + MN') N

L} this combination gets mass, the orthogonal stays massless
= add a new scalar to give a Majorana mass to N & N’

U(1)p

U(1)e

e = DD DN

0
+1
—1
+1
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1
0
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L=YLON + MNN' +ySoNN + 3/ SiN'N’

basically a dynamical INVERSE SEESAW c:>|

o~

oo O =




More details: construeting
the model

4. The problem of the massless NGB: when <H> # 0 the global U(1)’ is still
a symmetry of the scalar potential, hence when <®> # 0 the global
global U(1)’ is spontaneously broken, leaving a massless NGB in the
spectrum

(¢TH)?S>

First possibility: explicit breaking Loreak = ~

We find that the wmodel is phenomenologically viable, although not
trivial fo generate this term

see 1706.10000
)wifh R. Funchal, P Machado & Z. Tabrizi




More details: construeting
the model

4. The problem of the massless NG¢B: when <H> # 0 and <S2> # 0 the global U(1)’
is still a symwetry of the scalar potential = when <®> # 0 the global
global U(1)’ is spontaneously broken, leaving a massless NGB in the spectrum

Second possibility: add a new scalar Si

)L |[U(L)y |U(L)p || U(1) | U(L)
~1/2] 0 1 | -1
/2 | 41 | o0

1

0 —1 —1 0
+1 +1 0
0

7

0
0 +2 +2
0
see 1808.02500
with S. Jana, R. Funchal é P Machado
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More details: construeting
the model

4. The problem of the massless NG¢B: when <H> # 0 and <S2> # 0 the global U(1)’
is still a symwetry of the scalar potential = when <®> # 0 the global
global U(1)’ is spontaneously broken, leaving a massless NGB in the spectrum

Second possibility: add a new scalar Si

_ trr I Q¥ Q2 no consistent U(1)’ charge for S
V = puSi1(¢"H) + 1’5557 hence
+ a(H"$)S153 V1)’ explicitly broken

K M & o are U(1)" spurions — technically natural to have them small =

see also 1903.00006 for a s_imilar model‘




Scales in the model

Backto L =)YLoON + MNN' +ySoNN + ' SsN'N’

To guarantee swmall nu masses we need small <®> & <S2»

ldea: generate small dynamical vev’s via fadpolesl

V =uS1(¢"H) + 1/ 8557 + a(H'¢)S1 S5

<SI>“ R <> ¢St 2 “581) when (L, [’ & a vanish, no
R KR tadpole are generated, hence
- : small vev’s are technically
- - natural
¢ S



Scalar sector

More in detail:

2\ 2 2\ 2 2 9
V= (117 - 2) +3s (1807 - L) 4 os, (127 - 2) (18- £)

+m5|o1 + Ag|o|* + m,|Sa| + As, [ S|

! Q
_ [gsl (81H) + £8255+ 2 (H'9) 5,55 + h.c.]
{H,$,51,52}

+)"H¢ |¢TH|2+ Z Agy! |90|2|99,|2 a

<Y’

, ! 3
Induced vev's o 1 [ _omver | per
8v/2 Ms'DMH-p My,

1 oL viw? ! w?
N AT N RSV A
8\/5 S"D [{.D S"D

We need one state to be aligned to the SM Higgs = in general we need

<S1> « <ib (Clow scale realization”)] or | <S1> > <H> (high scale realization™)



Neutrino sector -1-

Backto L =)YLoON + MNN' +ySoNN + ' SsN'N’

Y <$
,‘“ 1 S 12
(3\70 N * o % o (”)
X 1. i1l
| L N

effectively a dim = 9 operator L,,.ss ~

y2y/ M2 'u/ , A
(LH)"|51]
M2 M M3,



Neutrino sector 2-

( 0 V(o) 0 )
My, = | V(p) y(S2) M
0 My’ (Ss)

Light-heavy mixing ~ Y <>/ MI

Since <®> swmall, sterile N's can be made relatively light without
introducing oo much mixing




Gauge sector

2
T
QZD 73+ gpZp - Jp +eeZp - Jgn - J € Zp-Jz

L= cos(Ow )

where myz, ~ gp(S1)
I 29D @ )
" g/ cos(0w) <<H>>

(irreducible loop contribution)

Usval bounds apply =>



A possible low scale
spectrum

we take <S1> << <H> to have a SM-like Higas

Vacuum Expectation Values

Hom

10 2 GeV , 2 (GV) | wy (MAV) |1y (MV) wa (MeV)

= "' « \ r ~

e = d,Ke d’lm d) 246 136 0176 0.65

Coupling Constants

A |Age=Aya| Aws, A s;

0.129 1071 1078 -1077

Aos. Ass; As, Asg, £,

-2 n—2 .

l Gev 1’.n | .n‘ \ 2 0.01
p(GeV)| p (GeV) 5 gn

N 0.15 0.01 10 @ 0.22

R
Bare Masses
102MeV ¢ == Size S2re Sz2im g (GoV) 2 (GoV)
100 2.21
Masses of the Physical Fields
Mg, (GeV)|muy, (GeV) ms, (MeV)|mg, (MeV)|m s (GeV) may (GeV)|ma, (MeV)|mz, (MeV)|mna, (MeV)
125 100 272 320 100 100 272 30 150
Mixing between the Fields
Birs Bue, @115, Bss, 0:5, 65,5, €€ € U, n|?
13x107° |21 x107° 108 12x107° [B3x1077 34x1072| 2x107% |3.6x 107 O(1079)




A possible low energy
spectrum

Vacuum Expectation Values

The dark sector interacts with the SM | i

* via 2 renorwmalizable portals
(gauge, neutrino & scalar)
but with tiny mixings o
U, - ) U‘.L’L’
mostly secluded from the visible sector |~

Masses of the Physical Fields

[mrsu (GeV)|mns, (GeV) msy, (MeV)|mg, (MeV)|m,,s (GeV) may, (GeV)|may (MeV)|mip (MeV)|may (MeV)

125 100 272 320) 100 100 272 a0

) /
6112 Cue, @, B b5, 65,5, €e g

- " L]
13x107°% | 21%x107° ne 1.2x107° [B3x1077 34x107%| 2x107% |3.6x 10| ©@(107°)




Pheno consequences
(currently under study)

® Low scale realization: many possible signatures in low energy

experiments (APV, rare mesons decays, running weak mixing angle,
NSI, CNSN...)

® High energy realization: interesting at colliders, although maybe too
secluded (but for instance: new rare Higgs decays hsm — Z Zy)

® Dark Matter: always possible to introduce a candidate, it seems hard
to have a PM candidate that actvally does something to the model




Takeaway

® Starting from a model motivated by MiniBooNE, we obtain a
variant of neutrinophilic models with a gauged U(1)

® This model automatically gives a dynamical inverse seesaw,
generating neutrino masses at the dim=9 level

® The associated dark sector is
i. light/heavy depending on <S>
ii. ingeneral very secluded from the SM

® Interesting phenomenology possible for both the low/high
enerqy realizations, currently under study



Additional material



Inverse seesaw: a recap

Mohapatra ‘86
Mohapatra, Valle ‘86

£ = V(LHY + my + Ly




Experimental constraints on
the model with explicit breaking

see 1706.10000
ﬂwi’rh R. Funchal, . Machado & Z. Tabrizi

=
AN
N’
>
~—d
© pum(
>
=
S
=
o
=
N
o
<>
==




Spurion analysis of global
U(1)’ breaking

We know that the parameters p, 1’ & o break explicitly the global
U(1)’ symmetry, so they can be treated as spurions with charges
satisfying the following equations:

V = uS1(¢"H) + 1/S557 + a(H' )51 55

qu+3qs, —1=0, qv+2¢s, =0, go+1+gs, =0

Radiatively we generate Auloc ﬁ%%
B 172
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How to generate nevtrino
masses: common lore

If RH neutrinos exist, we can try to miwmic what happens for charged
fermions:

1

® Pros: “same” mechanism as other SM ferwions

® Cons: (i) need Y ~ 1011 (ii) since M terw is unavoidable, at most we
get pseudo-PRirac v’s (i.e. v masses not entirely coming from <H>)



How to generate nevtrino
masses: common lore

If M is heavier than the EW scale, then we get tiny Majorana neuvtrino
masses N

tohavemy s 1eV L5 = %(LH)2 = = > 10°GeV

Other possible realizations:

‘e OH

¢ ¢
L 4 L 4

N
| ’o[-[ L

H ‘e .‘H L. .
0’ ‘0
“ “ EEEN ?‘ * <’
/.sinaT\ triplet "+, /Tw;\
. L L L L

® Pros: (i) simple, (i) matter-antimatter asymmetry can be generated

® (Cons: scales are too heavy to be probed (unless tiny c)



