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Introduction J
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Neutrino oscillations: v are massive and mix

We don’t know the absolute v mass scale, only upper bounds:
e Cosmology: Y, m; < 0.23.

o Tritium 3 decay: m,, = />, m?|Uqi|? < 2 €V.

o 0vB3f3: mee =|Y; mU%| < 0.2eV.

!

nor the spectrum:
e NH: m; 5 my < ms - Zi m; 2 0.06 eV.
o IHimz<m Smp-3% ,mi201eV.

o QD: my = my = m;3.
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Fits to neutrino oscillations

NUFIT 1.2 (2013)

Free Fluxes + RSBL Huber Fluxes, no RSBL
bfp £1o 30 range bfp £1o 30 range

sin? 012 0.30619-012 0.271 — 0.346 0.3137951% 0.277 — 0.355
012/° 33.575077 31.37 — 36.01 34027070 31.78 — 36.55
sin? 0oy 0.446+39% ©0.59339%7  0.366 — 0.663 | 0.44473937 ©0.592+39%  0.361 — 0.665
B23/° 41.9705 @ 50.31 58 37.2 = 54.5 41.8%1; @©50.375% 36.9 — 54.6
sin? 013 0.0231159015 0.0173 — 0.0288 0.024415-9019 0.0187 — 0.0303
013/° 8.7310:%% 7.56 — 9.77 9.00190:33 7.85 — 10.02
scp/° 266755 0 — 360 270157 0 — 360

Am%l 40.19 +0.18 .
0o o7 7.4570:19 6.98 — 8.05 7.50191% 7.03 — 8.08

Am? .

ﬁ (N) +2.41710:014 +2.247 — 42.623 +2.42910:9%° +2.249 — +2.639
Am? N . . ; i
ﬁ (1) —2.41175:0%2 —2.602 — —2.226 —2.42275:00% —2.614 — —2.235
Figure: Global fit from Gonzalez-Garcia et al.
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Unsolved questions in the neutrino sector

@ The nature Dirac or Majorana (0v3[3), i.e., whether LN is a
conserved symmetry or not.

The existence of leptonic CP violation and its value.
LFV in the charged sector, like ;1 — e7.

The absolute mass scale of neutrinos.

The spectrum.

The octant of #»3 and more precise mixings/masses.

If sterile neutrinos exist.

By which mechanism their masses are generated...
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Neutrino masses J
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Dirac neutrino masses

Add vr to the SM
mp R v, + H.c.
Pros:

@ Dirac masses exist for all other fermions.
Cons:

@ Impose by hand B-L, which in the SM (without vg) is accidental.

o fine-tuned Yukawas, 12 orders of magnitude smaller than the top one!

J. Herrero Garcia (UV-IFIC)

The ZB model revisited Stockholm, 11tP April 2014 8 /57



Majorana neutrino masses

mp, € vy, + H.c.

@ violates LN.
@ It can explain why m,, is so smaller than other fermion masses.

@ not gauge-invariant in the SM: higher order operator.
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The Weinberg operator

The SM is a very good EFT, with NP at higher scales A:

Lg=Lsm+ D > (/\f—4 or +H.c.> :

n=5 |

where n is the operator dimension, i labels the different operators of a
given n, and (" are dimensionless coefficients.
The only D=5 op. with the SM fields happens to violate LN:

1
L5 = 532 (120) (6175) + Hee.

where c,p are model-dependent coefficients and 7= iool°. Upon EWSB it
gives Majorana masses to neutrinos:

m, =c

v
=
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Opening the Weinberg operator at tree level: seesaws

@ Rewriting the Weinberg operator:

(126) (603) = - (=a8) (6'o7s) = 5 (B0 F3) (6'75).

where v and /3 are family indices and & = (o1, 02, 03).

I
I
I
|
I
I
oA

o 3 different particles can generate Weinberg op. at tree level:
e a Y =0 heavy fermion singlet (triplet), type | (Ill) seesaw.
e a Y =1 heavy scalar triplet, type Il seesaw.

@ Explains why v's are light: they couple to high scale fields.

@ Drawbacks: typically difficult to test, problem of hierarchies.
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Opening the Weinberg Operator at loop level

@ at loop level: radiative models. v's are light because they are
massless at tree level, with their masses generated at / loops

1

o Typically there are additional suppressions due to couplings (so LN is
violated) and/or ratios of masses.

m,

@ More than three loops typically yield too light m,, so i < 4.

@ So the scale can be not too far away from EWS and can be tested.
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The Zee-Babu model J
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The Zee-Babu model [Cheng and Li, Zee, Babu,

Aristizabal, Nebot, Ohlsson, Schmidt...]

Consider the D=9 AL = 2 eff. operator (/{le“e. It generates the
Weinberg op. at some loop level (and therefore m,). By NDA:
1 y2v?

my, ~ ————

(4m)* A

One can open this op. by adding a singly- and a doubly-charged scalar
h*, k™* with Y, = £1 and Yy = £2 resp.

J. Herrero Garcia (UV-IFIC)
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The interactions in the Zee-Babu model

Ly =0 Yep+ Iftht +ecgektt + He.
Due to Fermi statistics, fip is AS while g,p is S.
V= mZotie+ mih? + mZ k> + As(670)? + Anlh|* + Ail k[*
+ Akl PP + Aol h20T + Mg | k20T + (uh?k T + Hec.)
LNV requires simultaneous presence of Y, f, g, u. We choose:
@ Y to be diag. with > 0 elements, the charged lepton masses.

@ We use fermion field rephasings to remove 3 phases from g.

@ By scalar rephasings we set iz > 0 and remove one phase from f.
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Generating the Weinberg Operator at two loops

(M,)F® = (UD,UT); = 16ufiamagiplasmpfy, = (M,)5P

ij if

1 1 72.

(167r )2 w23 I(r), r= mi/m,%, M = max(mp, my).

I(r)=1 for r—0, 1+ 32(Iog2 r—1) for r>1
™

v2p
Mo = 4gx 2M2
fis AS — detf =0 — det M, = 0, so one massless v (no QD).

TfYghyTfT
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I v

one expects f, g < 4.
@ Also from perturbativity, Ah,k,kd),hqﬁ,hk < 4r.
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Naturality

@ 1 induces radiative corrections to the masses of the scalars

Sma, om? ~ ———
my., omy (47‘()2

so pu < 4w min(mp, mg). We take:
< kmin(mp, mg) ,

and discuss our results for different values of kK = 1,5, 4.
@ Also Higgs receives corrections; we will assume my, x < 2 TeV.
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Charge breaking

@ A large value of i could lead to a deeper minimum of the scalar
potential for non-vanishing values of the charged fields, therefore
breaking charge conservation.

e Looking at |H| = |h| = |k| = r, and requiring V(r # 0) > 0:
1% < (A4 An + A+ Ank 4+ M + M) (MG + miE + mi) .
@ Assuming no cancellations and using conservatively \; < 47

S V20w max(my, mp) ~ 8 max(my, my).
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Stability of the potential

)\H>0, )\h>0, A > 0.

For negative mixed couplings, Ay, Ak (X = h, k), whenever one of the
scalar fields H, h, k is zero stability implies

a, B,y > —1,
where we have defined
a = Mt/ (2V/AAn) s B = Mt/ (VAN 2 ¥ = Ani/ (2 An i) -
If > 2 mixed couplings are < 0, there is an extra constraint:

1-a?— B2 —~4*42aBy>0 Y a+B+vy>-1.
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Running of Ay (shown at one-loop)

AnH, Ak always contribute positively to the running of Ay, compensating
for the top. Therefore, vacuum stability is alleviated and Ay > 0 up to Mp
for the present central values of m; and my.

15
1.0
< Running of the Higgs coupling
in the ZB versus SM
05
A(ZB) o
\ ........................ ( ....... ) -------------
oof  A(SM)
5 10 15 20 25 30 35 40
t="Log )
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MNH —
R, = (H =)z _ |1+ SR(mp, Anrr) + 4 5R(mie, M)

- T(H—=Y)sm

2
where (with 7; = am ):
my

Ay V2 Ao(7x)
2mZ Ai(tw) + 3A1)2(7e)

(5R(mx, )\xH)

. 0.33
ATLAS: Ry, =155733;,
CMS: Ry, = 0.78J_r8:§§, MVA analysis
CMS: Ry, = 1.11f8:§% , cut based analysis
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H — vy (H — Z~ is anti-correlated)

1.8
R,, with a doubly charged singlet k**
1.6 ATLAS
14 Ak =3 (-3): dotted (solid)
N Apk = 2 (-2): dotted (solid)
%* 1.2] Apik = 1 (-1): dotted (solid)
CMS CBA
1.0
0.8},
CMS MVA
0 300 400 500 600 700 800

my, (GeV)

e For Ry, ~ 1.5, my < 250 GeV and/or my < 350 GeV.

@ From stability 2/ AgAx + Axy > 0, for x = h, k, and Ay ~ 0.13, so
large and negative —3 < Ay push Ay —~ 4.

@ For such values RGEs lead to vacuum instability (2¢/AgAx + Axy < 0,
x = h, k) and/or non-perturbativity (A > 47) at O(1-100 TeV).
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¢, — (v bounds the f,, couplings

G, \° V2 ) 1 ) ) , ,
~1+—=5|f —— | |fe for £ £,
(GHSM> +Gpmﬁ| ul +2G,?_mﬁ(| ul” + | I)(I ul +|u|)

Since the extraction of CKM \/;Xp assumes the SM:
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¢, — (v bounds the f,, couplings

2 2
VPP Va4 IVEPP = o = g ~ 1 cﬁg foul?
Univ. Experiment Bound (90%CL)
I/h 3, [Vugl? = 0.9999 + 0.0006 |feu|? < 0.007 (L2 )
w/e % = 1.0010 =+ 0.0009 | Fur 2 — |fer 2] < 0.024 (22)
/1 g— = 0.9998 + 0.0013 [|for|? = |fon]?| < 0.035 (22,)°
/e Sbp = 1.0034 +0.0015 e = |fopl?] < 0.04 (222)°
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(7 — 07007 bounds the g,p couplings

Process

Exp. (90% CL)

Bound (90% CL)

p- —ete e
7T —eteTe”
T —ete Ty
T = etuTuT
T > puteTe
T = pteTuT
T = ptuTu
pte™ — pet

BR< 1.0 x 10712
BR< 2.7 x 1078
BR< 1.8 x 1078
BR< 1.7 x 1078
BR< 1.5 x 1078
BR< 2.7 x 108
BR< 2.1 x 1078
Gy < 0.003Gg

|8epgla] < 2.3 x 1075 (ZT";kV)2
|Gerge| < 0.009 (2
’geTgeu’ < 0.005 ( )
|gerg),| < 0.007 (/%)
|gurgzel < 0.007 (75%)
|gurgs,| < 0.007 (%
|gyrg)i,] < 0.008 (7
|8ee)i,| < 0.2 (1er)

(UV-IFIC)
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¢, — £, bounds the f,; and the g, couplings

// N
! \
i

§a, = (21 £10) x 1010
r (|fe,u|2 + |f,u1-|2) +4 (|ge,u|2 + |g,uu|2 + |g;n'|2) <79 (mk/TeV)2

BR(i — ey) < 5.7 x 10713
rzyf:—rfurlz + 16|g2c8en + Bepn8up + g:—rg/.w‘z < 1.6 X 107% (my /TeV)*

BR(t — ey) < 3.3 x 1078
r2‘fezfm"2 + 16|g:ege7' + g:uglﬂ' + g:TgTT‘Q < 0.52 (mk/TeV)4

BR(7T — py) < 4.4 x 1078
r2‘fe*;¢fe7"2 + 16|g:uge’r + g;,ug;u' + g;:TgT’T|2 <0.7 (mk/TeV)4
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Just the light neutrino contribution, with myjgpes; ~ 0:

@ In the NH case,

/\/lNH ee = VA c13512e ?+ /A 513

0.001 < eV|(MNM)e| < 0.004€V, outside reach...

@ In the IH case,

(MM ee = V/Da+ Dscissire’® +\/Dactscty .

0.01eV < [(MNH)e| <0.05eV, observable in planned exps.
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Non-standard interactions [Ohlsson et al.]

By integrating out h* (where £ here refer to the charged leptons):

fCTB 9P pa

EQEIG = zﬁGFEZ%(%VNPLVﬁ)(E’V#PLeG): aﬁ = \fG/:m :
h

In matter only €, e, €7 # 0, with €5 = €25,
NSI affect also 1 — evzv, (v factory). Source effects in v, — v,
(ve — ;) produced respectively by:

fuef, hurf

HT e
S B — €5 — M — _ KT ep

= = R =€ .
uT Te \/EGFm% eTr nuT \TGF mh

As BR(u — ey) ~ |fZ-f,-|? limit is now ~ 0.05 smaller, NSI reduced by ~
1/4,s0in IH €2, and €, ~ 3 x (107> — 10*), difficult to probe (maybe
in a v factory with a v, near detector?).
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Analytical estimates |
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f completely fixed by mixing angles and o

Since detf =0, fa =0 for a = (f,7, —fer, fey) and:
D,UTa =0,

which leads to 3 egs., one trivially satisfied because one element of D, is
zero: Mijghtest ~ 0. The other 2 allow one to write, for NH:

f. cos >3 ) —
=T = tanbp + tan 613 sin fp3e "
fur cos 613
f, in 6> _
S — tanfq, 3 _tan 013 cos frze ™0
fur cos 013
and for IH: ]
fer _sin O3 _is @ _ cos 023 it
fl/ff tan 013 ’ f;rr tan 613

Stockholm, 11*" April 2014 31/
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o As s?, ~ 0.3, s33 ~ 0.4 and s2; ~ 0.02:
W

- NH: the first term dominates: feﬂ f2 ~ for.
- IH: %= = —tanfh; ~ —Land [ | ~ |f=| ~ 4.
ep

@ we leave f,, free and real, and obtain (complex) fe,, and fe .

o Regarding g, we keep:
- Bee, 8eu» Ber as free complex parameters.

- 8ups 8ur» &rr fixed by:
mU = (UDVUT)U - Cf;'awabfbv

where wap = magiymp, and ( = W!(r).
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Estimation and cancellation for

If we approximate we; = 0:
~ (2 ~ _(f? ~ (2
Moz > (f o Wrr, M3 =~ —Cfrwur, M3z~ Cfrwp,.
From the large atmospheric angle we expect

2
m m
. . [ [
~ ~ — : : — . —
|w7’7'| |W;M| |wuu‘ 8rr - Bur - up ™ m72_ m,

From oscillation parameters, when e® ~ e ~ 1:
Cf/fT\wab] ~ 0.025 eV, a,b=pu,T,
however for IH if ¢ ~ § ~ 7 a cancellation occurs:
CF2 wpup| ~ 0.003 eV,

which allows for smaller g, and so lighter m.
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The lowest scalar masses

m33 o b TeV- WMy [ mp\2 -~
~ 500| g, || Fur 2L ~20T(r) < 0.26 Mh g
0.05eV 18unl[fur |57 771 (1) 5 0-26 = (Tev> (r)

where we used:
o € = |fer/fur| ~ 1/2 (4) in NH (IH)
® [guul S 0.4(my/TeV) (1 — 3p)
o €|fyr|? $1.3-1073(mp/TeV)? (1 — ev)
For m33 ~ 0.025 eV:
1(3) TeV
NG

e mp > my NH (IH)

o m>my 2 [ e s1(3)TeV  NH(IH)

In IH if ¢ >~ ¢ ~ 7 (m33 ~ 0.003 eV), much lower masses allowed.
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Numerical analysis |
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Parameters of the numerical scan

@ 9 moduli: 3 from f (2 fixed), and 6 from g (3 fixed).
@ 5 phases: 3 from g and 2 from f (fixed).
@ the real and positive parameter u, and my,, my.

H Parameter \ Allowed range
As (7.50 £ 0.19) x 10> eV?
Ap (2.45 4 0.07) x 10~ 3eV?
sin® 01 0.30 £0.13
sin® 03 (0.42 4 0.04) U (0.60 & 0.04)
sinZ 013 0.023 + 0.002
0, ¢ [0, 27]
arg(gee), arg(geu), arg(ger) [0, 2]
fuT: |geel ’geu|7 |ger| [10_7’ 5]

mh, [100,2 x 10%] GeV
my [200,2 x 10%] GeV
L [1,2K x 103] GeV
J. Herrero Garcia (UV-IFIC) The ZB model revisited Stockholm, 11*" April 2014
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Implementation of bounds in the numerical analysis

@ With a constant and a Gaussian part. It avoids imposing stepwise
bounds or half-Gaussian with best value at zero that penalize
deviating from null when this might not be supported.

e For B[(gO%CL] at 90% CL (1.640), the x? contribution of Oy, is

07 Oth < B[(gO%CL]/1647
X2(Oth) = 1640, 2 a2 5
B — 1) ($5)°, Om = Bpycp/1-64

[90%CL]

1 /
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my vs. my for

2000

1000
2 2
S 500 S
< <
] g

200

100 -

200 500 1000 2000 200 500 1000 2000
my (GeV) my (GeV)
=} = E =]
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Correlation between § and my in

/2

-7 /2

200 500 1000 2000
my (Gev) my (Gev)

e InIH my <1 TeV only allowed if § # 0 (k = 5).
@ The correlation of § with my, is entirely analogous.

@ A similar correlation with the phase ¢ for IH is present.
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NH

K 1 5 4r
my, (GeV) | 700 (1000) | 300 (400) | 200 (250)
my (GeV) | 700(1100) | 300 (450) | 200 (250)
| IH |
K 1 5 ar
m;, (GeV) | 220 (> 2000) | 100(1000) | 100 (650)
my (GeV) | 200 (> 2000) | 200 (1000) | 200 (550)
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log |geu| Vs log|gee| for

logyo | eyl
1ogyo | ey |

-5 -4 -3 -2 -1 0
logyo | &el

1 -5 -4 -3 -2 -1 0
logy | el

LFV strongly constrain ger and ge;, to be < O0(0.01), while gee can be
larger, O(1). From u — 3e, |geegep| < 2.3 x 107> (my/TeV)>?.
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|Og ‘gﬂll‘/glﬁ‘ and |Og ‘gTT/g/,LT‘ VS 5 for

o Always grr < gur-.
® guu/8ur ~ m:/my is only fulfilled for NH.

@ The horizontal red lines are the naive approximation.

2.0

|
e
>

|
4
@

I
—
=)

I
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logo | &/ ur
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-

|
=
>

I
Iy
®

-7 —-n/2 0 /2 n -7 —-7/2 0 /2 n
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|Og ‘gﬂ‘ﬂ‘/g/rlf‘ and |Og ‘grr/g/,m" VS 5 for

logio | g/ 8ur |

. Herrero Garcia

0.0

-05

logio | grr / Gur |

UV-IFIC)

-
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: gy 1s smaller for 6 ~ 7 and g, for 6 ~ 0

2
ms3 fl”gwmu

2
moy X f;m’g‘r‘rmT

0.020 IH ¢=n

0.015

m; (eV)

0.010]

0.005
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Largest couplings vs my (

0.0
-0.5
e &
o5 o5
= -10 S
) 50
i<} )
-15
-2.0
| | I |
200 500 1000 2000 200 500 1000 2000
my (GeV) my. (GeV)

They tend to dominate the decays of the k™ .
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Production and decays of the k

Jtr

o NH: for my < 400 GeV, BR(k — ee) + BR(k — pp) ~ 1, since

k — hh is closed, so my, > 310 GeV.

IH: BR(k — u7) can also be significant and k — hh is open unless

k =1 (for my > 440 GeV), so bound is my > 200 GeV.

@ k — hh is open for my = 400 GeV, and can be dominant, so in
general LHC-14 limits will not apply.

o If k is detected, BR(k — ey, e, 77) negligible, while large
BR(k — p7) implies IH.
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BR(h — ev, uv, 7v) fixed by the f's [Aristizabal, this work]

NH & IH, sin®(6,3) <0.5 NH & IH, sin®(f3) = 0.5
0.5 0.5
NH h - 1v
NH h - 1v
04 04 NH h - pv
NH h - pv
= =
= =
= 0.3 T (3= i m 03 IH h—tv
IH h>71v IH h—- uv
0.2 0.2
I I I I I I
- - /2 0 /2 n - - /2 0 /2 T
0 o

Difficult to test, SM background like W — ev.

Or3 < 45° left, O3 > 45° (right).

ev is the best option to discriminate between hierarchies.
NH: dependence on ¢ in the uv and 7v channels.

IH: uv and 7v are interchanged.
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Distinguishing from model [Garayoa, Schmidt]

@ at a like-sign electron linear collider k is produced at tree level:
e~ e~ — a b, with cross section (S - beams polarization):

S‘geegab‘z S
47r(1 + 531,) (S — mk)2 + mil’ﬁ

o(ee — ab) =

® gee can be zero (can also be ~ (1)), so no lower bound exists.

@ in the case of the triplet, the flavour structure is g., o< (m,).p, while
in the ZB the relation is more complicated.

o Triplet: migpiest crucial for o (in mee), specially for NH. If
degenerate, ZB is ruled-out.

@ ZB: my lower bounds are stronger, specially in IH § # 7.
o Triplet my — my < v, while in the ZB they are unrelated.

@ the polarization of the beams can be used.

J. Herrero Garcia (UV-IFIC) The ZB model revisited Stockholm, 11*" April 2014 48 / 57



Conclusions )
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Conclusions

o /B updated: 6013, i — ey, my and LHC results.

@ Neutrino data and low energy constraints are still compatible with
masses accessible to LHC in both hierarchies.

o If any of the singlets is discovered, the ZB can be falsified using their
decay modes and neutrino data.

Also hierarchy (and even CP) could in principle be tested.

NH: my < 600 GeV, kK =5, no kK — hh, k — ee, uu, mg > 310 GeV.
IH: for  ~ ¢ ~ 7 k — hh is open, so bound is ~ 200 GeV.

If IH and ¢ is quite different from ~ 7, k, h will be outside LHC reach.

Enhancement in H — ~~ possible in small region of parameter space
with light k and/or h, but possible instabilities of the potential.

J. Herrero Garcia (UV-IFIC) The ZB model revisited Stockholm, 11*" April 2014 50 / 57



Jag tackar for er uppmarksamhet!
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RGEs in the ZB model
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Contours of R,, = 1.55 (0.78)
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The Zee model [Zee]

;
s

0
o
1

Figure: The Zee model diagram contributing to neutrino masses.

@ New charged singlet, so the term f?ﬁ)ﬁ exists, with f AS.
@ Two Higgs doublets (can take that ¢ does not couple to leptons), so

the LNV term ,u¢~2¢1 X~ exists.
@ Masses at one loop, with my the charged leptons masses:

I p
(mu)ij ~ W m fij(m%i - m%j)
X
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Adding right-handed neutrinos: seesaw type |

_ o~ 1
Ly, = iVRY*Ouvr — <€¢) Y vr + §V§{mRVR + H.c.) ,
where mp is a n X n symmetric matrix. After SSB:

) P — 0 m 2
Ly mass = ) (VL VIC{) (mg D> < L> +H.c.,

mgr VR
where mp = Y %.

V2
ly, 0,
VR, Xf,

Y Y

’ M \

7/ N

7/ N
4 0N
S0 N
4 N

If mg > mp, one gets n mg leptons (mainly singlets) and

m, >~ —mp mgl mg.
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