Summer School and Workshop on the Standard Model and Beyond
Corfu Summer Institute, September 4, 2014

Phys. Rev. D 90, 033011 (2014)

Radiative charged-lepton mass generation in

multi-Higgs doublet models

Joao Penedo
(IST Physics Dep. and CFTP — Lisboa, Portugal)

in collaboration with Filipe R. Joaquim

DF
DEPARTAMENTO
DE FiSICA
TECNICO LISBOA

QUADRD
/V' Gr DE REFERENCIA

e D TeATEGID - Eaas FCT Fundagao paraa Clenaa e a Tecnologia
COMPETE NACIONAL Fando Europes MINISTERIO DA EDUCACAO E CIENCIA

PORTUGAL2007.2013 de Desenvolvimento Regional



The electroweak sector of the Standard Model (SM)

EW gauge symmetry group:
SU(Q)WX U(l)y

Ordinary spacetime derivative
replaced by a covariant one:

D,=0,—igA,I'—ig B,Y

Higgs doublet:

o= (%)~ @i

Yukawa Lagrangian:

—Lyvukawa = (Y)iiGri®ur; + (Y i;qr:®dr; + (Y9)ilri®er; + H.c.
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The electroweak sector of the Standard Model (SM)

EW gauge symmetry group:
SU(Q)WX U(l)y

Ordinary spacetime derivative
replaced by a covariant one:

D,=0,—igA,I'—ig B,Y

Spontaneous symmetry breaking:
=) (3)
d =
((150 TV = (")

Fermion masses in the SM:

Mgy, =vY% M, =0*Y" g
W mz
/92_|_gl2
Xt XT1X _ Qina(nX X X yi >0 _
VATYSUS = diag(yy , v 43 ) My =
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The puzzle of fermion masses
t (top)

up-type quarks (charge +2/3) (charm)
QUARKS < * * -
down-type quarks (charge -1/3) d (down) s (strange) b (bottom)
- a0 M
charged leptons (charge -1) e (electron) [ (muon) T (tau)
LEPTONS < B T . A
neutrinos (charge 0) (e neutr.) (¢ neutr.) (7 neutr.)

] T

0¥ 10! 102 103 1()4 105 106 107 108 10° 10 10! 1012 (eV)

Electron Muon Tau
0.511 MeV 105.7 MeV 1777 MeV

\_/ \_/
~ 1:200 ~ 1:20
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Mechanisms to explain hierarchies

IDEA: U(1)’s broken by the VEVs (S) of scalar fields, giving couplings
proportional to powers of small parameters € ~ (S) /Mg .

Froggatt and Nielsen, 79
S\ -

Y0, @, Me — (Y5 €"7) 9, Dy

IDEA: Hierarchies are generated through quantum corrections.

't Hooft, '71; Weinberg, '72; Georgi and Glashow, ’72; Mohapatra ’74; Barr and Zee '77...
...and many more
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Radiative corrections to Yukawa couplings in the SM

I—» renormalization scale

d_Ye — 1 B t = log (ﬁ)

dt 1672 A
1 loop L reference scale
Beta function for charged-lepton (1) _ Y, 3 O~LT~TY
Yukawas in the SM (at one loop): B = ([QQH_ Ofy)Y + §Y Y'Y
ACheng, Eichten, and Li, ’74 !
Cri ( i >4VL§ \
(Y");
- — = ==0 ; y
eR; \ oy = —99° /4 — 15¢"* /4 )
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Radiative corrections to Yukawa couplings in the SM

I—» renormalization scale

Tt ()

|—> reference scale

1 loop

Beta function for charged-lepton B(l) _ (Ofg _I_)YE 4+ SYEYETYE

Yukawas in the SM (at one loop):

Cheng, Eichten, and Li, ’74

4 fLT- N\ 7 N
qr, (1
(¥
< < -
d D
Ug,dp, €g

€Rj
ay = 3Te(Y'Y" + YY) 4+ Tr(YYY)

-
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Radiative corrections to Yukawa couplings in the SM

I—» renormalization scale

dY* 1 H
_ (1) U
dt 1672 " $=os (A)
1 loop L+ reference scale

Beta function for charged-lepton (1) _ / 3 I~ L~
Yukawas in the SM (at one loop): B — (059 + Cky)Y T 2Y Y'Y

Cheng, Eichten, and Li, ’74

0 0 O

Y~ 10 0 0

Mass eigenvalues are corrected 0 0 x
proportionally to themselves

approximate

texture unchanged
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The matter-antimatter puzzle

Evidence for a Baryon Asymmetry of the Universe (BAU):

 Earth (accelerators, radioactivity)

Solar wind

Local
ocal 3 Planetary probes

Antinuclei (ﬁ, H_e)

Cosmic rays (collisions in the ISM)

Nonlocal
OIotal 3 Y -ray background

ny — Ny,

= (6.19 £0.15) x 10~ *°

fr] -/
Ty PDG, 12 S 7.04

4 \

The Sakharov Conditions

To avoid fine-tuning of initial conditions,
* B symmetry violation the BAU must be dynamically generated

* C and CP violation
Can we solve the puzzle

within the SM?

* Departure from thermal equilibrium

L J

Sakharov, '67
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The Sakharov conditions in the SM

— > EW Sphalerons:
AB = AL = 3 AN¢s

i
4 115

Klinkhamer and Manton, '84; Kuzmin,
Rubakov, and Shaposhnikov, ’85

The Sakharov Conditions

4[ * B symmetry violation ]
* C and CP violation

* Departure from thermal equilibrium

\. J/

Sakharov, '67
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The Sakharov conditions in the SM

EW Sphalerons:
AB = AL = 3 AN¢s

f'é.
i 139 ;

Klinkhamer and Manton, '84; Kuzmin,
Rubakov, and Shaposhnikov, ’85

The Sakharov Conditions

* B symmetry violation

[ * C and CP violation }

* Departure from thermal equilibrium

J

Sakharov, '67

> Not enough CP violation:

Jop/TEy ~ 1071

“The result is many orders of magnitude
below what observation requires (...)”

Gavela, Lozano, Orloff, and Péne, '94
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The Sakharov conditions in the SM

EW Sphalerons: Not enough CP violation:
AB = AI;: BANCS JC’P/T]_l«j'%V ~ 10—19
133

“The result is many orders of magnitude
below what observation requires (...)”

Gavela, Lozano, Orloff, and Péne, '94

» A strong enough (1% order)
phase transition requires

<
Klinkhamer and Manton, '84; Kuzmin, meg S 80 GeV

Rubakov, and Shaposhnikov, ’85 Kajantie, Laine, Rummukainen,
and Shaposhnikov, 96

. . o 10°F ” ,Dm o ;eme T - imina, g 188 : ts:?'a‘v.l_:s.lﬂz'\szs v & 1
The Sakharov Conditions ) Sty AT B SN £
10F -- Combinedexpected s = 8TeV, [Ldt = 13 b Sk - \\V/f/ 3
* B symmetry violation i SUF hY 1
10 s 5
* C and CP violation . '
- REN 1070 —|.ee E;T;E;\AT -
T : Fl=fnan Homedozz "o 3
[ * Departure from thermal equilibrium J— B oL B el i
m, [Ge m, (Ge
) 1 CMS and ATLAS collaborations, 12

Sakharov, '67
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Multi-Higgs doublet models (NHDMs)

4 N\
Extending the SM scalar sector The Sakharov Conditions
by adding Higgs doublets:
Y & 118k * B symmetry violation \/
d, = gb%_ N (2’ 1/2) * C and CP violation (new sources) v
Cba * Departure from thermal equilibrium
extended parameter space: 15t order PT
a=1,...,N C— ( P P )\/
T.D. Lee, 73 \ Turok and Zadrozny, ‘91; Cline and Lemieux, '97... )

Yukawa Lagrangian:

_EYukawa — (Yg)ijQLii)auRj + (Yg)ijQLi(I)a,de + (be)ingiq)aeRj + H.c.

~

) d, E?:O-Q(DZ

Fermion masses: Vg — <¢2>

Mge =3 ,v Y3 My=3, v;Yy

for a recent review on

X
Xt~ X17X . X X X Yia =0 2HDMs, see:
Va TYCL Ua — dlag(yala Ya2; ya3) X c {zuad ﬁ} Branco et al., "12
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Multi-Higgs doublet models (NHDMs)

v

MOTIVATION
Electroweak baryogenesis v

NHDMs BONUS

p parameter still unit at tree level

13\21,.2
_ 2a L1+ 1) zfa) [% B Lee, '72; Langacker, '81
a

25 4 (15)%

v

PROBLEMS

Flavour-changing neutral currents (FCNCs) see, for instance, (2HDMs):
Mahmoudi and Stal, "10

constraints from p — ey and mass differences
Crivellin, Kokulu, and Greub, 13

in meson — anti-meson systems...

Usual solution: discrete symmetries

Unwanted contributions to oblique parameters S, T and U Haber and O’Neil, '11

Solution to both: decoupling limit Haber and Nir, ’90
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Radiative corrections to Yukawa couplings in NHDMs

Beta functions for charged-lepton Yukawas in the NHDM (at one loop)

¢
avl| 1
1672

a 1 di
o) gV +PYE + YOV Y+ DY YY) )

Grimus and Lavoura, 05

A

= —9¢°/4 — 15¢"* /4

€Rj

A

y

-

N
Lri
qr, EL
(Y3)ij
—e < -
(Db q)a
uR, dr, er
€Rj
aff = 3Tr(YUYE + YY) + Tr(YEY,)

J

Corrections mdependent of
the structure of Y’

Joao Penedo
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Radiative corrections to Yukawa couplings in NHDMs

Beta functions for charged-lepton Yukawas in the NHDM (at one loop)

14
day!| 1

1
B = a, Y + oY} +{Y£Y£TY5}+[§Y£Y5TY@

dt | 1672 Ba
(1)

) Grimus and Lavoura, '05
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Radiative corrections to Yukawa couplings in NHDMs

Leading-log approximation:

dY*
Y! 5 YD ~vE 4t dta =Y’ +

log(p/A)

1672 Bél)

Structure of the 1-loop beta function:

13(1) — X Ye with

a E a,k L . vt 1 it
Xaok = (04 + af s

all & s k= (Ga g +a7") L+ Y, Yy, +25kYGYQ

Rank (number of nonzero eigenvalues) of corrected Yukawas:

r(Y:)y =7

r(AB) < min{r(A),r(B)}
r(A+B) <r(A)+rB)

Joao Penedo Radiative charged-lepton mass generation in multi-Higgs doublet models



Radiative corrections to Yukawa couplings in NHDMs

Leading-log approximation:

10 /A
0 (1)~ g(u ¢
YG%YG()_YG—I— = E XakY

Structure of the 1-loop beta function:

E Xa e Yﬁ with T T
’ _ O~ I~ rl
all ®p’s Xag = (Sakog + ¥ ) 1+ Y, Y + = 5akYY

Rank (number of nonzero eigenvalues) of corrected Yukawas:

r(YL) =7

r(AB) < min{r(A),r(B)}
r(A+B) <r(A)+rB)
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Radiative corrections to Yukawa couplings in NHDMs

Leading-log approximation:

log 11/ A
YY)~y [(sakn + °g1(6”/ )X, Yt
k

7'(-2

Structure of the 1-loop beta function:

13(1) — X Ye with

a E a,k L . vt 1 it
Xaok = (04 + af s

all & s k= (Ga g +a7") L+ Y, Yy, +25kYGYQ

Rank (number of nonzero eigenvalues) of corrected Yukawas:

r(Y:)y =7
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Radiative corrections to Yukawa couplings in NHDMs

Leading-log approximation:

log (11/ A
Y. YO =N | 5,1 + elw/A) e
k (. J/

1672

— !/
:Xa’k

Structure of the 1-loop beta function:

(1) — E X v{ | with
Pa’ = ak =k _ ak oot 1 o~
s Xk = (Sar g +):Il+YaY,€ + 5 0ar YO Y,

term which generally confers maximum rank to X, j and X;’ L

Rank (number of nonzero eigenvalues) of corrected Yukawas:
r(Y:!W) = Z X Y¢ ] < min{ 3, Z r(Y?E)
k k

T(AB) < min{r(A), T(B)} Barring tailored cancellations among Yukawa structures
T(A + B) < 'r(A) + ’I“(B) (e.g. trivial case Y Yf), equality generally holds
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Radiative corrections to Yukawa couplings in NHDMs

For all diagonal Yukawas, corrections can typically be of order ( 00 0 ‘
Yi~ (0 0 O
3 - A . ' ( )
0Yai ~ ybglog(— , 1 =1,2,3,b#a 0 0 w
167 mpg - iou
ay ~3Tr(Y.'Y})

Working ansatz: only one nonzero vev (aka Higgs basis)

(v1,v9,...,0n5) = (0,0,...,v) vy = v~ 174 GeV

Charged-lepton masses:

Mg — ’UY‘?\]’ VQY%UE — diag(yea Yus yT)

Working ansatz: rank-1 Yukawas (motivated e.g. by hierarchies)

0 0 0 x 0 0 1 1 1 Expected result (max. rank):
Yinolo 0 0]:x 0 01 1 1 r(Y{) =n,, =3
0 0 X x 0 0 1 1 1 r(Y“M) < min (3,5, r(YL))
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Extreme examples of mass generation

2HDM  Cannot do it with all rank-1 Yukawas
3HDM A look at the most trivial of examples:

(Ula U2, US) — (07 07 ’U) ( (only the tau mass at tree-level) \
= diag(e1,0,0) ; (1) v A
? ~ oY i lo -
Yf = diag(0, €2, 0) Te = Ton? veilog MH
= diag(0, 0, €3) \ t=1,2 )

A = Agur ~ 10'° GeV (€1,€2,€3) >~ (1.6 x 107°,3.2 x 1072, 0.01)
mpg ~ 1 TeV

no much use would be given to loop
ay ~ 0(1) suppression in explaining hierarchies. one
would have resort, e.g., to a FN mechanism...

If all Yukawa couplings are of the same strength, the magnitude of the
corrections could still be as high as 70% of the original value
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Extreme examples of mass and mixing generation

S3HDM A look at a nontrivial Yukawa structure:
(Ula v2, US) — (07 07 U)

€1 0 O 0 €9 € 0 0 0 €3 €
Yi=| —ee 0 0 Yi=| 0 e O Yi=| 0 0 0
—e1¢ 0 O 0O 0 O 0 0 €3

Y, - Y =Y+ oYS -

1
( asrer  ayfege 2636(626 —|—3€3)\

log(mg /A 1
SY§ ~ g(167f?/ ) —ajtere  ajfes 56%6362
—a3lee 0 §e3
\ Tev 23 )
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Extreme examples of mass and mixing generation

S3HDM A look at a nontrivial Yukawa structure:
(Ula v2, US) — (07 07 U)

€1 0 O 0 €9 € 0 0 O €3 €
Y =| —e¢ 0 0 Yo=|0 e 0 Yi=| 0 0 0
—e1¢ 0 O 0O 0 O 0 0 €3
£(1) ¢ ‘¢
Y, =Y, =YL +0YE -
3 3 3 3 Ml(gl) _ UYg(l)
(only the tau mass at tree-level,
enough freedom to fit others)
31
5Y L ~ log(1mp/A) — mil) ~ a4y 621 VvV 1+ 2€2vlog (—A )
16772 167 meyg
32 A
mf}) ~ oaye; V1+etvlog | —
167 my
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Extreme examples of mass and mixing generation

3HDM A look at a nontrivial Yukawa structure: (cont.)

—1+ €2 € €
62
= e 1-5 0 . Y4 Y5 YL =
L _ 2 E E(l) 1’ 2’ *
€2 Y; — Y,
€ —€2  1-—
2
.. . s .
A tree-level tribimaximal Tribimaximal | Squared Neutrino Masses
pattern Would be Corre(jted; Mixing Pattern Normal Ordering Inverted Ordering

UrsMm — V}L;UTBM VJ vio| mif—— ’. '. —

o) | |fee
Urpm = 3 3 ' .
\% \% _% \ ) ~ :; JJ ““““ ’ L ™

Lightest neutrino mass

Harrison, Perkins, and Scott, '02 o, v, HV.
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Extreme examples of mass and mixing generation

3HDM A look at a nontrivial Yukawa structure: (cont.)

—1 + €2 € €
€’ ¢ Nt~
~ € 1 — — 0 < =
Vi~ 5 2 v o0 Y, Y5 Y
0 € 377 X3
€ —€ l1— —
2

A tree-level tribimaximal ( Tuibimaimal | [ 1 4 )
pattern would be corrected: Mixing Pattern sin? 015 ~ 3 ot §€

_I.
Urgm = V UrBMm 'J v 1

< 2 2
sin“ fp3 ~ = (1 — €°)
_./2 1 0 .. V2 2
5 V3 2 2

Urpm = 7 % % ' ; sin“ 013 >~ 2¢

1 1 1 !

V3 V3 V2 q y 0.11

. . : € ™~ —U.
Harrison, Perkins, and Scott, '02 oV, v, WV, )
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Extending the NHDM with right-handed neutrinos (RHNs)

Lyukawa — Lyukawa — [(YZ)ijg_Li(i)aVRj + H.c.}

VRj with Majorana masses M; > v

Beta functions for charged-lepton Yukawas in the NHDM+RHNSs (at one loop), p € [M;, A > M;]

1
B = B0 a4 LYEY Y - 2vy v

- \ 4 \ 4 g
- N N
L
l
(Y})i
- < -
(Db (I)a
VR
b
€Rj o, = Tr(YZTYb”)
\\§ 4

Once again, we need more than one Higgs
doublet so that eigenvalues are not
corrected proportionally to themselves. - J
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Extending the NHDM with right-handed neutrinos (RHNs)

Lyukawa — Lyukawa — [(YZ)ijg_Li(i)aVRj + H.c.}

VRj with Majorana masses M; > v

Beta functions for charged-lepton Yukawas in the NHDM+RHNSs (at one loop), p € [M;, A > M;]

1
B = B0 + Y+ Y TYL - RYYLTY
In the ‘“trivial’ 3HDM: i—=12 [ A
(1) ~ Y 211 A
my. o €; lo
e = Tep2 v 08 (Mi
M; ~ 10" v
Y ~ O(1 ! o ik
O azt ~O(1) B

(€1,€) ~ (107%,0.02)

If all Yukawa couplings are of the same
strength, the magnitude of the
corrections does not exceed ~ 10% \_ ’ Y,
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Final Remarks

The SM offers no explanation of mass hierarchies and is insufficient to generate
the observed baryon asymmetry

NHDMs arise as a natural extension to the SM capable of solving the BAU puzzle

Charged-lepton masses (for instance) can be radiatively induced in NHDMs
through the renormalization group running of Yukawa couplings

Adding right-handed neutrinos provides additional sources for this effect

Thank you / Yag suyapltoTw
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Backup slide

What happens when we impose symmetries? Mplanck —
Topic to explore, for instance, in the context of
flavour models Flavon’s VEVs break
some family symmetry GUT
Model UR dpr eR
Type I d, o, o, MSeesaW o
Type 11 (I)Q (I’l (1)1
Lepton-specific b, P, d,
thped (1)2 (I)l (I)Q

2HDMs leading to natural flavour conservation

Branco et al., 12
Higgs doublets’ VEVs Mpw —

= ag,b(a ;é b) — 0 break EW symmetry
Radiatively generate neutrino masses in NHDMs? "~ L -
Possible with just one RHN! (Ibarra and Simonetto, '11) RN

Loop effects not controlled by the RGE running?
Explored recently for symmetric 2HDMs (Kanemura, Kikuchi, and Yagyu, '14)
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