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Neutrino masses



Case study: Zee-Babu model

» Canonical 2-loop radiative v mass model

A. Zee, Nucl. Phys. B 264, 99 (1986).
K. S. Babu, Phys. Lett. B 203, 132 (1988).
T.P. Cheng & L. F. Li, Phys. Rev. D, 22(11), 2860 (1980).

Weinberg
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Case study: Zee-Babu model

» Canonical 2-loop radiative v mass model

A. Zee, Nucl. Phys. B 264, 99 (1986).
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T.P. Cheng & L. F. Li, Phys. Rev. D, 22(11), 2860 (1980).

Weinberg « Some features:
_®- - scalars k™~ (1,,1,,2y) and p** ~ (1,,1,,4y)
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Case study: Zee-Babu model

radiative v mass

A. Zee, Nucl. Phys. B 264, 99 (1986).
K. S. Babu, Phys. Lett. B 203, 132 (1988).
T.P. Cheng & L. F. Li, Phys. Rev. D, 22(11), 2860 (1980).

Charged VEVs?
Majorana masses?

o
Lepton and baryon number violation” - Egre PeEiues:

Baryogenesis!!!
yog - scalars k™~ (1,,1,,2y) and p** ~ (1,1, 4y)

| -l _
/ - \ - Ly S LifLikt+15glgp™t + h.c.
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Exotic pheno



Standard picture of cosmological SSB

- ‘—Hr - - ‘ ]
_ i
High T Low T /

V(@ T)=3( T2 + C TS+ 326"

negative  positive

XVI CPAN DAYS Alvaro Lozano Onrubia 5



Standard picture of cosmological SSB

To leading order in temperature T and 1-loop:

T4 2
Rl o G

b
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Standard picture of cosmological SSB

To leading order in temperature T and 1-loop:

= V' 7%¢; T) ~CIT?¢* with CJ=CY()\)
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Standard picture of cosmological SSB

V(@ T)=3( T2 + C TS+ 326"

negative  positive
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Inverse high T symmetry breaking?

1 2

V(g T) = =(

1
2\ 2 |ty .4
> +CT)¢+4)\¢

m
—— N~

positive  negative
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Inverse high T symmetry breaking?

°
15 /i—\\ 2y 2 1y 4
V(gi T) = (- +  C_NT7)o" + A0
positive ‘\negative,’

~ -

— -
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Inverse high T symmetry breaking?

« So far, mostly studied in perturbation theory:

Weinberg, S. (1974). Gauge and global symmetries at high temperature. Physical Review D, 9(12), 3357.
Mohapatra, R. N., & Senjanovi¢, G. (1979). Broken symmetries at high temperature. Physical Review D, 20(12),
3390.

Orloff, J. (1997). The UV price for symmetry non-restoration. Physics Letters B, 403(3-4), 309-315.

Dvali, G., Melfo, A., & Senjanovi¢, G. (1996). Nonrestoration of spontaneously broken P and CP at high
temperature. Physical Review D, 54(12), 7857.

Baldes, I., & Servant, G. (2018). High scale electroweak phase transition: baryogenesis & symmetry non-
restoration. Journal of high energy physics, 2018(10), 1-25.

* Non-perturbative studies (lattice, FRG...) of simple models support viability*:

* Roos, T. G. (1996). Wilson renormalization group study of inverse symmetry breaking. Physical Review D, 54(4),
2944.

Jansen, K., & Laine, M. (1998). Inverse symmetry breaking with 4D lattice simulations. Physics Letters B, 435(1-2),
166-174

*(yet many open guestions remain!)
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Inverse high T symmetry breaking?

Mechanisms of ISB / SNR seem to rest on underlying hierarchy problems.
Orloff, J. (1997). Phys. Lett. B, 403(3-4), 309-315

Yet, thinking in terms of intermediate-scale ISB / SNR is extremely useful!

AT Apparent ISB / SNR dynamics here

XVI CPAN DAYS



Inverse high T symmetry breaking?

+ LO in temperature T and 1-loop: VT ~Y; ;i [(m? + C,TH P2 + A + A, 2]

* For ¢, <0 — (¢,) # 0 at high enough T
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Inverse high T symmetry breaking?

b4

* LOintemperature T and 1-loop: V' ~3; io;i[(m? + G, T?) @2 + 4" + ;077
* For ¢, <0 — (¢,) # 0 at high enough T
 If ¢, carries hypercharge: SSB of U(1),
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Inverse high T symmetry breaking?

b4

» LOintemperature T and 1-loop: V'y~2,; ini[(m* + G, T?) p 2 + 1p* + 492 7]
* For ¢, <0 — (¢,) # 0 at high enough T

« If ¢, carries hypercharge: SSB of U(1),
* Caveat: (, < 0 difficult
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Theoretical parameter constraints

T4 2 2\ 3/2 me(¢)?
VW76 T) D o [Z ny (#1 ' mbT(Z)) — 2 (mbﬁf) ) ) F 2 nets f;Q) |

b f
 Vacuum stability « Hierarchical couplings
Kannlke, K (2012) EP\] C, 72(7), 2093 Dynamics of very decoupled UV completion
Ayy
Aa 2 0 AT Apparent ISB / SNR dynamics here
Agp + VA A, =A, =0

 Divergences and resummations

VAR, + Ayl A, + A VA + A VA, + 32 Ay Ay, = 0

o~ ~COT2 - —
- i " mb(¢) - mb(¢) +C¢T
« Perturbativity QR
— N ~CT? 1
Aa E [O; 4‘77:] f\\’,\\\ ,l\__lj .
\\\ ’,,’ 0 0 0
Aab € [_ v Aa)'b ’ 47-[] _________________ - 00 0 \/st)\
for a,b € {h, k, p} Effective coupling v ~ AL,

Arnold, P., Espinosa, O. (1993). Phys. Rev. D, 47(8), 3546.
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Back to Zee-Babu...

Zee-Babu thermal effective potential to LO:

V(H,k,p; T) = (my + Ch T?) |HI> + (M2 + C T?) |6|* + (M2 + C, T?) |p|?
+ AnlHI* A+ Al + Nolol* + Aepl[2101% + A 62 HI2 + Ay || HI?
+upTTK KT + hc.

g’z _I_ 392 ytz Ah }\hK _I_ }\hp ) /’/_‘:_\\\ ) - scalars Kk~ (15,1,,2,) and p** ~ (1,1,,45)
h = Jr=—=dr=—=F + AC},
32 8 4 24 chy ehe b
g% AN+ 20+ A, 1 2
Ce==—"++ + z x| +AC
T4 12 24 2V “

Jj*k

4N, + 27\, + A 1
2 P hp Kp 2
C,=g"+ - +24Zk:|gjk| + AC,
1
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Back to Zee-Babu...

Zee-Babu thermal effective potential to LO:
V(H,k,p; T) = (my + Ch T?) |HI> + (M2 + C T?) |6|* + (M2 + C, T?) |p|?
+ AnlHI* A+ Al + Nolol* + Aepl[2101% + A 62 HI2 + Ay || HI?

+upTTK KT + hc.

’2 2 2 - scalars k*~ (1;,1;,2y) and p** ~ (1,1;,4y
h - + + + + ACh b % - L LIS Lt + g lept
32 8 4‘ 24‘ * Herrero-Garcia, J., Nebot, M., Rius, N., &

Santamaria, A. (2014). The Zee—Babu model
= revisited in the light of new data. Nuclear
Physics B, 885, 542-570.

2 AN+ 20+ A 1
G R "p+242|]3k|2+AcK

4 12
JEk /

4N, + 27\, + A 1
2 P hp Kp 2
C,=9"%+ 5 +24Zk:|gjk| + AC,
b
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Back to Zee-Babu...

Zee-Babu thermal effective potential to LO:

V(H,k,p; T) = (my + Ch T?) |HI> + (M2 + C T?) |6|* + (M2 + C, T?) |p|?
+ AnlHI* A+ Al + Nolol* + Aepl[2101% + A 62 HI2 + Ay || HI?
+upTTK KT + hc.

+ 3 A A + A e - scalas £~ (11,2 and p** ~ (101, 4)
I s LY 2 T ey
32 8 4 24 cie wbe )
g% AN+ 20+ Ay, 2
Ce="t 12 +24Z|ff’<| A
L’ik
/ 40, + 2hp, + A 1
2 P hp Kp 2
Want at least one negative! Cp=g"+ 12 u 24Z|9ﬂ<| + 4G,
j k
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Back to Zee-Babu...

Zee-Babu thermal effective potential to LO:

V(H,k,p; T) = (my + Ch T?) |HI> + (M2 + C T?) |6|* + (M2 + C, T?) |p|?
+ AnlHI* A+ Al + Nolol* + Aepl[2101% + A 62 HI2 + Ay || HI?
+upTTK KT + hc.

974397 YE M Mt ag P
= + + + + AC / < L LL Lt + Eglept
h 32 8 4 24 n| > 0
g% AN+ 20+ Ay, 2
Co=—+ + Z x| +AC
T4 12 24 ¢ i K
J*k
4)\ + 2)\}1 +}\K 1 2
C = g2y 2P p P Z P LAC
P g 12 24 |g]k| p

Jk
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High T SSB of U(1)y in Zee-Babu?

Pure 1-loop
A
| | Daisies
12 2 2 ‘ l
g“+3g° yi M At Ay
Cp = + -+ —+ +AC e e
h 32 8 4 24 n 3.0! 3 1 6.0
25| - 15.6
2.0! 5.2
1.5} 4.8
12 sl
g dhe + 2Ap +Ap 1 2 S~ 1.0 44 ¢
C = 2 + e +24Z|fjk| + AC 0.5! 4.0
J*k 0.0 3.6
—0.5 3.2
—1.0; 2.8
4N, + 20, , + A 1 1559005 00 05 10 15 20 25 30 35
_ % hp Kp 2
Cp—g + T +24Z|g]k| + AC, 2.
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High T SSB of U(1)y in Zee-Babu?

1-loop + daisies

|
| ]
12 2 2
g°+39° yi A Ape+ A \
_ A
Ch 32 82T 1 P G

g'? AN+ 20+ A

4 12

Kp 12 )2
+24j¢k|f]k| + ACy

4N, + 2\, , + A 1
2 % hp T Mp Z P iA
{J’ 12 T 222 9l + A6,
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High T SSB of U(1)y in Zee-Babu?

10 15 20 25 30 35
Cp

+ AC

Pure 1-loop
A
|
I/ 12 2 2
c. 4f9 + 39 LY A Ane + App \
" 32 8 4 24 : 6.0
: i 5.6
: : 5.2
I I 48
g2 4N+ 20 + 2 1 : 44 4
g K hi Kp 2 I
Ce H—+ + Z x| HAC =
“T 4 12 24 4 i “A : 40
I J=k ! — - 3.6
- | Cil| M32
: | - ) Wes
' l
3 ]
\

O
~

12

4\, + 20, + A 1
; p hp T kp
g'*+ +24 E |gjk|
J.k

4%

with daisy
contributions

- - ..
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High T SSB of U(1)y in Zee-Babu?

XVI CPAN DAYS

THESE!

10 15 20 25 30 35
Cp

2.8

with daisy

contributions
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Baryon asymmetry
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Conditions for baryogenesis

Sakharov conditions

« Baryon number violation

e C & CP violation

 QOut-of-equilibrium conditions
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Conditions for baryogenesis

Sakharov conditions... in the SM?

 Baryon number violation (v)

e C & CP violation v'/x

« Qut-of-equilibrium conditions %
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Promising baryogenesis scenarios

» Electroweak-baryogenesis-like mechanism

» Leptogenesis with heavy would-be charged SM leptons

« Affleck-Dine baryogenesis? Scalars with B and L number!

XVI CPAN DAYS Alvaro Lozano Onrubia
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echanism

. L 4
Yssnnnnnnnnnnns®
Baryon number violation:

AL - AB .

C & CP violation —» AL

* *
llllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllll
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Strong 1st order PhT!

EWBG-like mechanism

An Ap )\hﬁ Ahp )\fip Ch Cﬁl

Cp

BMI1 0.118 5.44 4.70 -0.097 -0.052 0.042 0.048

-0.85

BM2 4.394 0.811 5.134 -0.537 -0.142 0.048 -0.529 0.192

2OF —— 5.0
m, = 140 GeV, m, = 370 GeV 500 4.5
60F ] Ty > Tew
' T, =189.8 GeV 3 4 4.0
: 2 : " %
50} ‘ =20 BB S 3.5
SN E : A~ : g +§ ,/ 7\
> 40} 1S 2. 7 30,
& : ] @ 400 - Cowg 4 b\Q =
< 30f i e Lol e 8 25
>Q i EQ - /)/ Q;\S}Q 2 O;E
>of ; 350 y -
p i 4 v 15
i ] 300" 1.0
0 _ ‘ M YY) _ - JVacuum NOT deepest minimum (T = 0) 05
0 50 100 150 200 250 250 100 150 2(')0 250 —0.0
vy (GeV) m, (GeV)
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EWBG-like mechanism

A

Ap Ahﬁ

Ahp Aﬁ;p

c. C. C,

Strong 1st order PhT!

BMI1 0.118 5.44 4.70 -0.097 -0.052 0.042 0.048

-0.85

BM2 4.394 0.811 5.134 -0.537 -0.142 0.048 -0.529 0.192

2 S
/ \
950 - 5.0
\
900 \ | WP
= 4.0
850/ " : > :
g N 4 S
E : ¢” E
g 800 E E’ ,,r 30 .
o i =
O 750 ; i o 1 253
g 700 * A 7 1207
3 7 6\9
8 o \\)63 15
> (@)
650 = o
$s 11.0
600 b _05
5956 350 400 a5 0
m, (GeV)
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Outlook & takeaways

« /B possesses the ingredients for exotic early Universe phenomenology.
« How generic to radiative models are these features?

« Can we generate the correct baryon asymmetry?
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Bounds on exotic Zee-Babu Yukawas

Taken and adapted from:
Herrero-Garcia, J., Nebot, M., Rius, N., & Santamaria, A. (2014). The Zee-Babu model revisited in the light of new data. Nuclear Physics B, 885, 542-570.

Process  Experiment (90% CL) Bound (90% CL) Experiment Bound (90%CL)
p~—etemem  BR<10Xx1072  [ggt] <23 x 1075 (M) Sac = (12+£10) x 1072 ¢ (| fon? + [fer[?) + 4 ([geel® + |gepl® + [ger ) < 5.5 x 10° (my,/TeV)?
7~ —etemem BR<27x107%  |g.rg%.| < 0.009 (;;z:,)z day, = (21 £10) x 10710 v ([fer® + [ Furl?) + 4 (|gen® + gl + |gur?) < 7.9 (s /TeV)?
T —eter s BR<1I8x107%  |gergl,| < 0.005 (E{})Q BR(p = e) < 5.7 x 1071 w2[ 2 fir|* 4+ 16|95 Gep + 95,90 + GorGur|* < 1.6 x 1076 (my/TeV)*
T etuTpT  BR<LTX 1078 |gergp,| < 0.007 (1) BR(T — ey) < 3.3 x 107% 2| f2, fur |* + 16(9%cger + 98,90 + 929727 < 0.52 (my/TeV)*!
7~ = pteter BR<15x107% gk <0.007 (E{“,)z BR(T = py) < 4451078 r2[f2 for | + 16]97 ger + 05, 9pr + 9irGer]? < 0.7 (my/TeV )
Taten BR< 2.7 x 107 [9ur el < 0-007 (;‘Z%)E Table 3: Constraints from loop-level lepton flavour violating interactions and anomalous
T~ = putp u~  BR<21x1078 |Gpr Gl < 0.008 (}2'\“,)2 magnetic moments [1,3].
pre” = pmet Gy <0.003Gr  [geegs, | < 0.2 (;;’{[)2

Table 1: Constraints from tree-level lepton flavour violation [1].

_ [1] Beringer, J., Arguin, J. F., Barnett, R. M., Copic, K., Dahl, O., Groom, D. E., ... & Shaevitz,
SM Test Experiment Bound (90%CL) M. H. (2012). Review of particle physics. Physical Review D, 86(1).
. erp |2 2 my 2
lept./hadr. univ. Zq:d,s,foqu [ = 0.9999 & 0.0006 | fe” < 0.007 (TeV) [2] Pich, A. (2014). Precision tau physics. Progress in Particle and Nuclear Physics, 75, 41-85.
11/ universality = 1.0010 + 0.0009 [ fur 2 = | fer?| < 0.024 (22)?
) _ GZ“’ 5 . 2 [3] Adam, J., Bai, X., Baldini, A. M., Baracchini, E., Bemporad, C., Boca, G., ... & MEG

7/ universality e = 0.9998 £+ 0.0013 [ fer[? = [fenl?] < 0.035 (f24) Collaboration. (2013). New constraint on the existence of the y+— e+ y decay. Physical review
7/e universality gjz;; = 1.0034 £ 0.0015 Hf,m-|2 — |f8#\2| < 0.04 (.171;{,)2 letters, 110(20), 201801.

Table 2: Constraints from universality of charged currents obtained combining the
experimental results compiled in table 2 of [2].
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Inverse high T symmetry breaking?

Theoretical constraints for three scalars

* Vacuum stability:

Kannike, K. (2012). The European Physical Journal C, 72(7), 2093.

A, =0
Ay + VA, =A, =0

ab =—

VAAR, + LA, + VA + A VA, + 32 Ay, = 0

* Perturbativity:

A, € [0, 4n]

)‘ab E [_2 V Aa}"b ) 4‘77:]
fora,b € {h, K, p}
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Inverse high T symmetry breaking?

4 [ 2
T;éo((b T)> 277; an (#1 . mb_,(_;b) — - (
L b

« Caveat: C¢k< 0 difficult
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Inverse high T symmetry breaking?

Daisy resummation: curse turned blessing?

-------------- Cy — Cg — 1/CIX

Effective coupling v ~ AL ¢

Arnold, P., Espinosa, O. (1993). Phys. Rev. D, 47(8), 3546.
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Back to Zee-Babu...

Zee-Babu thermal effective potential to LO:
V(H,k,p; T) = (my + Ch T?) |HI> + (M2 + C T?) |6|* + (M2 + C, T?) |p|?
+ AnlHI* A+ Al + Nolol* + Aepl[2101% + A 62 HI2 + Ay || HI?

+upTTK KT + hc.

’2 2 2 - scalars k™~ (1,,1,,2y) and p™* ~ (1,1, 4y)
9 + 39 Yt 7\h }\hrc + }\hp P
h= +—=+—+ + ACy,
32 8 4 24 S

g% A+ 20 + A 1
0 < |&e=7F+ - 1;K Kp+24z|ff"|2+AC"

J#k

7y Wy W W
0> [G=9"+— 1;,) Kp+24z|gf’<|2+ACP
ik
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Back to Zee-Babu...

Zee-Babu thermal effective potential to LO:
V(H,k,p; T) = (my + Ch T?) |HI> + (M2 + C T?) |6|* + (M2 + C, T?) |p|?
+ AnlHI* A+ Al + Nolol* + Aepl[2101% + A 62 HI2 + Ay || HI?

+upTTK KT + hc.

’2 2 2 - scalars k™~ (1,,1,,2y) and p™* ~ (1,1, 4y)
9 + 39 Yt 7\h }\hrc + }\hp P
h= +—=+—+ + ACy,
32 8 4 24 S

g% A+ 20 + A 1
0> |&=7+ - 1;K Kp+24z|ff"|2+AC"

J#k

7y Wy W W
0> [G=9"+— 1;,) Kp+24z|gf’<|2+ACP
ik
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High T SSB of U(1)y in Zee-Babu?

12 2 2
g°+3g Vi A )\hK-I_}\hp - —_— — , S
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A la Type-1 seesaw leptogenesis?

Decays out of thermal equilibrium
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radiative v mass

A. Zee, Nucl. Phys. B 264, 99 (1986).
K. S. Babu, Phys. Lett. B 203, 132 (1988).
T.P. Cheng & L. F. Li, Phys. Rev. D, 22(11), 2860 (1980).

+ Some features:

- scalars Kkt~ (1,1,,2y) and p*t ~ (1,1, 4y)
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A la Type-1 seesaw leptogenesis?

Fukugita, M., & Yanagida, T. (1986). Phys. Lett. B, 174(1), 45-47.

Decays out of thermal equilibrium C & CP violation Baryon number violation
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A la Type-1 seesaw leptogenesis?

Fukugita, M., & Yanagida, T. (1986). Phys. Lett. B, 174(1), 45-47.

Decays out of thermal equilibrium C & CP violation Baryon number violation
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