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Additional scalar doublets

ATLAS and CMS found a Higgs particle at my ~ 125 GeV
Can we have more than one?

New sources of CPV
CP can be spontaneously generated
Dark matter candidates

New mechanisms for neutrino mass
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Additional scalar doublets

ATLAS and CMS found a Higgs particle at my ~ 125 GeV
Can we have more than one?

@ New sources of CPV
@ CP can be spontaneously generated
o Dark matter candidates

New mechanisms for neutrino mass

Drawback: FCNCs are no longer strongly suppressed

These extensions need additional requirements to be compatible with
experiments.

These requirements can also help

@ Solution to the Strong CP problem: The pseudo-Goldstone (Axion)
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Flavor Changing Neutral Currents

The simplest extension is the 2HDM

—Ly = Qig (Alél + AZJDZ) u% +a?(r1¢1 + I'2<I>2) d'g + h.c.

SSB
1 0 1 0
;) = — . (D) = — .
e0=5(0) =7 ()
\/v12—|— v22 = v >~ 246GeV
Higgs Basis

G+
H1 . 1 %1 %) ¢1 Hl - (\%(V + HO + iG0)>
Hy) v \v —vi) \e 7, H*
o = <R - il>
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Flavor Changing Neutral Currents

The Yukawa Lagrangian will contain
~Ly D Fg% (My(v + H°) + NOR — iNQI) u
+ dT‘_% (Ma(v + H°) + NJR + iNJI) dg
+ \f (NG — gNSTd?) HF +hc.

with My = \% (vl1 + vee®T2), M, = % (A1 + voe @A)

and NG = % (v2F1 - Vleiar2)' NS = % (V2A1 - v1e_iaA2)
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Flavor Changing Neutral Currents

. 0 0 .
Flavour basis (u] g, d g) — Mass basis (ur,r, di Rr)

Ul, M, Uur = diag (my, me, me), Ul MyUgg = diag (mq, ms, mp)
Not true, in general, for the other coupling matrices

Ul NOU,g # diag, Ul NSUsr # diag =  Tree-level FCNCs
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Flavor Changing Neutral Currents

. 0 0 .
Flavour basis (u] g, d g) — Mass basis (ur,r, di Rr)

Ul M,Uur = diag (my, me,m;), Ul MyUgr = diag (mg. ms, mp)
Not true, in general, for the other coupling matrices
Ul NOU,g # diag, Ul NSUsr # diag =  Tree-level FCNCs

Therefore:

M and N not simultaneously diagonalizable

-~

A1 (1) and Ay (I'2) not simultaneously diagonalizable
-~

FCNCs at tree level
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Flavour Conserving solutions

@ Natural Flavour Conservation [Weinberg, Glashow (1977); Pachos (1997)]
Idea: Allow just one Yukawa coupling in each sector

Model up down lepton
Type-I (0P (o) [0
Type—l | ¢2 ¢1 ¢’1
Lepton-specific  ®» [02% [oR
Flipped b, (o3 0!

e Pros: No FCNCs at tree level; Easy to implement with a symmetry
e Cons: No spontaneous CPV
e PQ symmetry: invisible DFSZ axion model

[Zhitnitskii (1980); Dine, Fischler, Srednicki (1981)]
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Idea: Allow just one Yukawa coupling in each sector

Model up down lepton
Type-I (0P (o) [0
Type—l | ¢2 ¢1 ¢’1
Lepton-specific  ®» [02% [oR
Flipped b, (o3 0!

e Pros: No FCNCs at tree level; Easy to implement with a symmetry
e Cons: No spontaneous CPV
e PQ symmetry: invisible DFSZ axion model

[Zhitnitskii (1980); Dine, Fischler, Srednicki (1981)]

@ Yukawa alignment [Pich, Tuzon (2009)]
Idea: Request that in each sector all Yukawas are proportional

e Pros: No FCNCs at tree level; General scalar sector; Contains the NFC
cases as particular limits; Allows spontaneous CPV

e Cons: Not implemented by symmetry [Ferreira, Lavoura, Silva (2010)]

e PQ symmetry at the UV level. At low energies effective aligned 2HDM
with DFSZ-like axion [Celis, Fuentes-Martin, Serodio (2014)]

Hugo Serédio (IFIC) September 15, 2014 7/28



Flavor violating solution

@ The BGL model [Branco, Grimus, Lavoura (1996)]
Idea: Allow FCNCs in just one sector, and make then naturally

suppressed
x x 0 0 0O
Up Yukawas: A;=|x x 0|, A,=|0 0 O
0 0 O 0 0 x
X X X 0 0 O
Down Yukawas: {1 =[x x x|, To=10 0 O
0 0 O X X X

e Implemented by abelian symmetry. Unique solution in 2HDM
[Ferreira, Silva (2011); Serodio (2013)]

e No FCNCs in the up sector

e FCNCs in the down sector. Are they dangerous?

Hugo Serédio (IFIC) September 15, 2014 8/28



Flavour violating solution

FCNCs in the down sector

In the mass basis

Ul NS Ugr = %Dd -2 ("1 + Vi) U, T2 Ugr

V2
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Flavour violating solution

FCNCs in the down sector

In the mass basis

UTNOU :ED N UT or U
dLVdYdrR V1d\/§ +1 g€ 12Udr

What is ULLeierg Ugr in BGL model?
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Flavour violating solution

FCNCs in the down sector

In the mass basis

t O _2p 2 (Y2 gt Lo
What is ULLeierg Ugr in BGL model?

Is it large?
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Flavour violating solution

Ul TaUgr o< Ul PMyUgr = Ul PUy Dy

where

0
0] » Zer, = Pmy
1

0
P=1o0
0 V2

o O O

and from the up sector

0
Ui = 0 = V= ULT,L Ua = [Ualsi = Vsi
1

o X X
o X X

Hugo Serédio (IFIC) September 15, 2014 10 / 28



Flavour violating solution

Ul TaUgr o< Ul PMyUgr = Ul PUy Dy

where

0
P=1{o0
0

o O O

0
V2 g
0] - —e I_QZPMC/
1 V2

and from the up sector

x x 0
Ur=[x x 0 = V = UZL U = [UdL]3i = Vj;
0 0 1
Leading to

Vo Vo oW . |AS| =2 transitions
Nglij = —[D4lii—| — + — ) V3;V3[D4lji N
[Nali V1[ alij (Vl + v2> 3iV3i[Dalj = |thVts|2 ~ )\10

[Botella, Branco, Carmona, Nebot, Pedro, Rebelo (2014)]
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The anomalous implementation

@ Up sector block diagonal
S, = diag (1, 1, einL9> , Sgp=diag (eiX“Re, eiX“Re, einR6>
@ Down sector unconstrained
S8 = e ]

Yukawa phase transformation matrix

XuR XuR Xtr

@u =0 XuR XuR XtR
Xur — Xeo Xur — Xeo Xer — Xer

Xdr XdrR Xdr

Og =0 Xdr Xdr Xdr

Xar — Xeo Xar — Xeo Xar — X
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Xdr XdrR Xdr
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The anomalous implementation

@ Up sector block diagonal
S, = diag (1, 1, einL9> , Sgp=diag (eiX“Re, eiX“Re, einR6>
@ Down sector unconstrained

Sg = e |
Yukawa phase transformation matrix

XUR XuR XtR

@u =0 XuR XuR XtR
Xur — X Xur — Xeo Xer — XaL

XdR XdR XdR

©q =0 Xdr Xdr Xdr

Xar — Xer Xar — Xeo Xar — Xur
Anomaly free condition: 2Xy — (2X,r + Xer — 3Xar) =0
BGL 2HDM is anomaly free. We need at least 3 Higgs
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The anomalous implementation

o Case |
e Restrictions: Xggr = —Xur, Xt # —(Xur — XiR)

Texture Matching: { ;”RI;QR’ X
tL tR — XuR

1
Anomaly: X; # ~5 (Xur — XtR)

e Higgs charges: Xo1 = Xur, Xo2 = Xer — Xer, Xoz = Xo + Xur
Yukawa textures

X X X

0 0 O
Mh=x x x|, =0, [3=10 0 0],
0 0 O X X X
x x 0 0 0 0
Ar=(x x 0], Ar=|0 0 0], A3 =0,
0 0 O 0 0 x
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The anomalous implementation

o Case Il
e Restrictions: Xigr = 2Xy — Xar, Xt # —(Xur — XiR)

XL # Xur + Xar,
X # 5 (Xur + Xar)

Anomaly: X, g # —Xur
° Higgs charges: X¢.1 = XL,R, X¢,2 = 7XC/R7 X¢.3 = XtL — XdR

Texture Matching: {

Yukawa textures

X X X 0 0 O

=0, h=x x x|, I3=10 0 0],
0 0 O X X X
x x 0 0 0 O
Ai=(x x 0], A> =0, A3=10 0 0
0 0 O 0 0 x
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The anomalous implementation

o Case lll
e Restrictions: Xip = Xur + Xu

- Xur # —Xdr, XeL # Xur + Xar
Texture Matching: Y ’ )
& { X # — (Xur + Xar) , Xer # 5 (Xur + Xar)
Anomaly: Xe # 3 (XuR + XdR)
e Higgs charges: same as in Case Il

Yukawa textures

X X X 0 0 O
F1:O, F2: X X X R F3: 0 0 O >
0 0 O X X X
x x 0
Ai=|x x 0], A, =0, A3 =0.
0 0 x
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The anomalous implementation

In 3HDM the sources of FCNCs are

1 . .
NG =7 (v2€'®Ty — v1e'2ly)
1 . .
NS = (VQGflalAl — VleflazAg) ,
V2
N2 :i VleiOé1 M+ Vgeia2 M — V—Qeia3l'3
d \/§ V3 )
NE = (e Ay + veo2n, — Vﬁe—fam3
u \ﬁ V3 .

e Up sector: No FCNCs

e Down sector: oc vev ratio x (V1);3(V)3;(Da);
Just like in the BGL 2HDM, but the U(1) is anomalous
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The scalar sector

o Add complex scalar singlet: S — e*s?S, with |(0| S |0)| > |(0] ®;|0)|
@ The scalar potential: V(®,S) = [V(®,S5)],iq + [V(P,5)]

sen

[V(®, 5)lbling :m?d)’T.d),- + i j (cb:[cb,) (cb;[q)j) + )‘;'J'Ji (q)/T(DJ') (cb;[q)i)
+ m2[S]2 + As[S|* + AP (01|52
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The scalar sector

o Add complex scalar singlet: S — e*s?S, with |(0| S |0)| > |(0] ®;|0)|
@ The scalar potential: V(®,S) = [V(®,S5)],iq + [V(P,5)]

[V(®: 5)lbiing :ml?cbchb,- + i jj (q):Tq)i) (cbqu;j) + A (cbqu)j) (cbqu;i)
+ m3|SP + As|S|* + APS (@] 0))|S 2
[V(®, S)piing is U(1)* invariant. We need two phase sensitive terms

Ut — U)pg x U(l)y
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The anomalous implementation

Case Phase sensitive Constraint

(1) (®Idy) (dlds)  Xop + Xoz — 2Xe1 =0
) (Pldr) (dIds)  Xesz+ Xo1 — 2Xe2 =0
) (Pldr) (dldr)  Xep + Xep — 2Xe3 =0

(4)  (old) {5, 5" K Xs = F(Xoz — Xo1)
)
)

®Id3) {5,512 koXs = F(Xo3 — Xo1)
OId3) {5,510 k3Xs = F(Xo3 — Xoo)

Combinations

Ti2:(4)+(5), T34:(4)+(6), Ts6: (5)+(6),
T7:(4)+(5)+ (1), Tsg: (4)+(6) + (2),
Tio: (4) + (5) + (6) + (1), T11 : (4)
Ti2:(4)+(5)+(6) + (3)
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The anomalous implementation

o Case I
Xy = L Xagr = Xer =X 1
tL — Cé ; dR — uR tR — MuR CéC[ .
o Case ll:
1 1-2G,
Xy = = Xyp=-X X=X
tL Cél ) dR uR + CéIC tR uR Cé/ C[[
o Case IlI:
1 1 VI
XtL — @7 XdR uR T Cé”C ) XtR = Xur + Cg”
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Axion properties

Axion mass

1/2 9
.= fre Mz | Cag | [ z ] ~ 6 meV x < 10 GeV>
Veq (1+2)(1+z+w) vea/| Cag|
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Axion properties

Axion mass
o fema| G [ z ]1/2 6 eV < 109 GeV>
’ Veq (1+2)(1+z+w) vea/| Cag|
Coupling to gluons
1+2G Il 2 1 3—Cu
. c/ =— ol =—=—"m: =
® G ClL ® g ® aucll
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Axion properties

Axion mass

= femz| Cag| [ z ]1/2:6meV>< <109Ge\/>
’ Veq (1+2)(1+z+w) vea/| Cag|
Coupling to gluons
1+2 2 —
ool = 220y e 2y =3
G Cs CinCg CnC

Domain wall number Npyw = |Cyg|/|Xs|

|Th T, T3 Tu Ts To Tr Tg To Tio Tu T
Mw[3 3 2 1 2 1 — 2 2 — 1 1
NG 2 4 2 4 6 6 4 4

3 5 7 7 8 2

I?W
Now
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Axion-Photon interaction

«Q eff

1 ~
L3> 28 aFu, F" | gy = Brveg 5o

Effective axion-photon coupling (mixing with neutral mesons)

CefF:
TGy 3l4z4w

axion-photon coupling (from triangular anomaly)

Cor=2 > (Xig—X)Q}

i=charged
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Axion-Photon interaction

«Q eff

1 ~
L3> 28 aFu, F" | gy = Brveg 5o

Effective axion-photon coupling (mixing with neutral mesons)

CefF:
TGy 3l4z4w

axion-photon coupling (from triangular anomaly)
Cor=2 > (Xig—X)Q}
i=charged
Experimental bound (globular-cluster stars)

0710

gy <1x1 = vpg > 10°GeV

Hugo Serédio (IFIC) September 15, 2014 20 / 28



Axion-Photon interaction

«Q eff

1 ~
LD Zg‘” aFu, F" | gy = m & Cor

Effective axion-photon coupling (mixing with neutral mesons)

CefF:
TGy 3l4z4w

axion-photon coupling (from triangular anomaly)
Cor=2 > (Xig—X)Q}
i=charged
Experimental bound (globular-cluster stars)

0710

8oy <1x1 = vpg > 10°GeV

In the DFSZ vpg > 108 GeV
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Axion-Photon interaction

* *
T12 —
T11
T9
T8
T7
T6
T5
T4
T3 ¢ DFSZ, flipped
* DFSZ, type Il
n ey
T = Case Il
‘—‘15‘ H ‘—‘10‘ ‘—‘5‘ s ‘1‘0‘ H ‘1‘5‘ > Cay/Cag
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Axion-Photon interaction

Models with Npyw = 1 *  x & DFSZ, flipped
* DFSZ, type Il
m, 77 e o o (06 o o o
1,T9 e o o o |0 o o
I,T8 [ ] [ ] [ ] [ ] [ ] [ ] [ ]
|,T6 e e o o o o (o o °
I’T4 [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ )
34 _28 _22_16 _10 _4 '2 8 14 20 26 32 38 44 » Cay/Cag
3 3 3 3 3 3 3 3 3 3 3 3 3 3
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Axion-matter interaction

axion-quark couplings

10,a | _
SO iy (Cl 45 Chy) g+ dan (Cly+15 Cly) s
2 VPQ Oéﬂ OZB

— 1 Cag (T 750 + zdyFysd + WS’Y”WS)}
with
VA VA | th|2 ViaVis VgV
Gy =diag, (g7 =Xu | ViiVig [Vis? VicVip | £ (Xar + 2)I
ViVea Vi Vi |Vis)?
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Axion-matter interaction

axion-quark couplings

10,a | _
SO iy (Cl 45 Chy) g+ dan (Cly+15 Cly) s
2 VPQ Oéﬂ OZB

—nCag (U’y“”y5u + zdyHysd + WS’)/M”)/5S):|
with
VA VA |th|2 VigVis VgV
Gt =diag, C)" =Xu | VisVia  |Vis> ViV | £ (Xar + Z)I
VisVed  VipVis | Vil?
axion-lepton couplings
10,a
EL e ( a\z + s CaAﬁ) €s
with VPq af
Vil? VA Vi Vi Vis
CYA=diag, or CYA=X. | V5Vi |Vi? V5V |£(Xr+2)I
ViV ViV Vil
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Axion-matter interaction

e K" - nTa

+ + 1 m?< vI|Z 23 2
NK™ = a):mw Caa 21ﬁ |F1(0)[,
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Axion-matter interaction

e K" - nTa

1 mi 2 3 2
— F1(0)|,
167 4»VPQ2 21ﬁ IF1(0)]

Experimental bound: Br(K+ — n%a) < 0.73 x 10710 (90% C.L.)

MKt - 7rta) = cY

v
Cad

vpQ > ,, < (35 10M GeV)
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Axion-matter interaction

e K" - nTa

1 3
MK* = ata)= Mk

2
Vv 3 2
— K F (0
16m 4»VPQ2 d 21ﬁ RO

Experimental bound: Br(K+ — n%a) < 0.73 x 10710 (90% C.L.)

vpQ > x (3.5 x 10" GeV)

ey —eta

(> 129) = g

CV
167 4vpg2

2
A ) 5
af
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Axion-matter interaction

e K" - nTa

1 3
MK* = ata)= Mk

2
Vv 3 2
— K F (0
16m 4»VPQ2 d 21ﬁ RO,

Experimental bound: Br(K+ — n%a) < 0.73 x 10710 (90% C.L.)

vpQ > x (3.5 x 10" GeV)

ey —eta

(> 129) = g

CV
167 4vpg2

2
A ) 5
af

Experimental bound: Br(u™ — et ya) < 1.3 x 107°(90% C.L.).

vpQ > x (2.1 x 107 GeV)
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Axion-matter interaction

0.974 0.252 0.00351
Quark sector small mixing angles: |Vexm| ~ | 0.225  0.973  0.0412
0.00867 0.040 0.999

|Caylar ~ O(1) x |V Vig| ~ 5 x 1077
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Axion-matter interaction

0.974 0.252 0.00351
Quark sector small mixing angles: |Vexm| ~ | 0.225  0.973  0.0412

0.00867 0.040  0.999
|Cilo1 ~ O(1) X |V V4| ~5 x 107°
0.82 055 0.11
Leptonic sector large mixing angles: |Vpyns| >~ | 0.41 0.58 0.72
0.41 0.58 0.69

|Callor ~ O(1) x |V Vi ~2x 107
Bound on the PQ scale

Both sectors give: vpg > 108 GeVv
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Axion-matter | action

VpqQ [GeV]

Pre-inflationary PQ symmetry breaking (Npw=1)

« Excluded by BICEP2

« CDM axion (Npw=1)

mmut-etay
m Kt>rta

m Globular cluster stars (ga,)

- - White Dwarfs (gae)
-- SN 1987A (gap, 9an)
10°

10?
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Conclusion

@ Besides NFC and alignment in 2HDM, BGL implementation is also an
interesting and viable extension of the SM

@ We extend this implementation to 3 Higgs scenario

@ The symmetry can be made anomalous with the same Yukawa
textures as in the 2 Higgs implementation
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Conclusion

@ Besides NFC and alignment in 2HDM, BGL implementation is also an
interesting and viable extension of the SM

@ We extend this implementation to 3 Higgs scenario

@ The symmetry can be made anomalous with the same Yukawa
textures as in the 2 Higgs implementation

@ The axion is implemented in a DFSZ-like extension by adding a
complex singlet field

e From the 27 model implementations (without counting the lepton
variations), there are 5 with DW=1

@ The axion has flavor changing interactions suppressed by off diagonal
elements of the mixing matrix

@ The flavor violating decays give the strongest bounds
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Conclusion

In summary

Simple minimal flavor violation extension of the SM. Flavor violation is
proportional to CKM and quark masses. No # term. Axion with scalar and
pseudo-scalar couplings and DW one
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