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Two Higgs doublet Models are very well motivated

as shown in the previous talk by G. C. Branco

and have very interesting phenomenological implications

Despite several good motivations,
there is the need to suppress potentially dangerous FCNC:

Without HFCNC

NFC Weinberg, Glashow (1977); Paschos (1977)
aligned two Higgs doublet model Pich, Tuzon (2009)
With HFCNC

assume existence of suppression factors, e.g., suppression by small elements
of VCKM: Minimal Flavour Violation

Branco, Grimus, Lavoura (1996)

BGL models, gBGL models



Notice that:

NFC, i.e., natural flavour conservation with MHDM, consists on
Imposing some extra symmetry on the Lagrangian constraining the Yukawa
interactions of the neutral scalars in such a way that there are no FCNC

The only way is to ensure that only one Higgs doublet has Yukawa

interactions with SM quark singlets of a given charge:
Glashow, Weinberg , Phys.Rev. D15 (1977) 1958; E.A. Paschos, Phys.Rev. D15 (1977) 1966

The case of two Higgs doublets with an exact reflection symmetry

Zz . @1 —> @1, @2 —> —sz,

PO | =

- ¢ R ¢ iR 1 KA p K
\/ ((I)1° (1)2) —_ 77)%(1)]'.(:[)1 -+ 77)%(]:)5(:[)2 + 5)\1((:[)'1(:[)1)2 + /\2((:[).'?(]:)2)2

. . + + 1 . .
1 ,\:3((];)'1(1)1)((1)5(;[)2) + /\4((1)‘1(;[)2)((;[)‘2(:[)1) 4+ 5)\5 ((I)'l(I)Z)Z + h.c.

No CP violation in the scalar sector, neither explicit nor spontaneous.

At least three Higgs doublets required for CP violation in the scalar sector in
the context of NFC with exact reflection symmetry



Motivation for three Higgs doublets

Three fermion generations may suggest three doublets

Interesting scenario for dark matter

Possibility of having a discrete symmetry and still having
spontaneous CP violation

Rich phenomenology
Motivation for imposing discrete symmetries

Symmetries reduce the number of free parameters
leading to (testable) predictions

Symmetries help to control HFCNC
Example: NFC, no HFCNC due to Z> symmetry(ies)
Example: MFV suppression of HFCNC, BGL models

Symmetries are needed to stabilise dark matter



Three Higgs Doublets NFC and CP Violation

Early motivation, Weinberg 1976, NFC with explicit CP violation and four quarks

Phys.Rev.Lett. 37 (1976) 657

NFC, at most two Higgs doublets couple to the quarks: one
couples to the up sector only, the other to the down sector only

Lagrangian invariant under separate reflections under which any
one of the doublets changes sign

V = miglgr + madhds + madlos+ar (6161) +ax (¢362) +as (81gs)
+b1 (8162) (856s) + b2 (816s) (6161) +s (616 ) (4302)
ver (#hs) (#h02) +a (#hn) (8l as) + o (¢192) (¢hn)
v [e (o) 4 e (o) |+ e [ () " e (olon) |
)

2

-
=
—
-

+d3 -ei83 (¢J{¢2)2 + e (gb;qbl , (22.45)

Three independent phases in V, two relative phases in the vevs

There is explicit CP violation if the product of the three complex coefficients is not real

CP violation in charged Higgs mediated flavour currents



Three Higgs Doublets NFC and CP Violation

Arbitrary number of quark generations, spontaneous CP breaking
with NFC: a minimal number of three Higgs doublets required

Gustavo C. Branco Phys.Rev. D22 (1980) 2901

VCKM is real and there is no CP violation mediated by charged
gauge bosons

Now we know that VCKM is complex
crucial role piayed by the anglé 7y

F.J. Botella, G.C. Branco, M. Nebot and MNR, Nucl.Phys. B725 (2005) 155-172

This fact rules out SCPV with NFC: whenever only one Higgs doublet
gives mass to each quark sector the phase of its vev can be rotated away



Inert Higgs
Initial proposal: 2 Higgs doublets, Unbroken Z> symmetry ®o — —®5

all other Standard Model particles are invariant under Zo
E.Ma; R. Barbieri, L. J. Hall, and V. S. Rychkov, 2006

L.L. Honorez, E. Nezri, J. F. Oliver, M. H. G. Tytgat , 2006

®2 | the inert Higgs, does not couple to matter and acquires no vev, NFC

Notice that this is different from going to the Higgs basis

The Z> symmetry is left unbroken, as a result the lightest inert particle will be
stable and will contribute to dark matter density

Inert scalars can be produced at colliders through their couplings to the EW
gauge bosons subject to Z> constraints and participate in cubic and quartic
Higgs couplings



Many works on Dark matter with an Inert Higgs doublet

N. Darvishi, Mikael Dhen, I. F. Ginzburg, Thomas Hambye, K.A. Kanishev, M. Krawczyk,
D. Sokolowska, P. Swaczyna, B. Swiezewska, many many more authors

The Inert doublet model has been extended by several
authors to include three Higgs Doublets

Possibility of having CP Violation and a stable DM candidate

B. Grzadkowski, O. M. Ogreid, P. Osland, G.M. Pruna , A. Pukhov, M. Purmohammadi

A. Cordero-Cid, J. Hernandez-Sanchez, V. Keus, S.F. King, S. Moretti, D. Rojas, D.
Sokotowska



How can we test whether or not there is SCPV in multi-
Higgs models?

Important Tool

most general CP transformation

2, 5 U, 00

together with assumption that vacuum is invariant

CP|0) = |0)
leads to the following condition
L(U) = £(0) Ui;(0]@;]0)" = (0]®;]0)

G. C. Branco, G. M. Gerard and W. Grimus (1984)

Very simple and powerful relation
Symmetries, if present, play a crucial role

However, in some cases construction of matrix U may not be obvious



Three Higgs doublet models with Sz Symmetry
(extended to flavour)
Despite

many works aiming at explaining neutrino masses and
leptonic mixing

Ma, Koide, Kubo, Mondragon, Rodriguez-Jauregui, Chen, Wolfenstein, Mohapatra, Nasri,
Yu, Harrison, Scott, Frigerio, Grimus, Lavoura, Branco, Silva-Marcos...

several works addressing masses and mixing in the quark sector

Harari, Haut, Weyers, Meloni, Teshima, Melic, Canales, S Salazar, Velasco-Sevilla ,...

a lot of work already done analysing the Higgs potential

Derman, Tsao, Pakvasa, Sugawra, Wyler, Branco, Gerard, Grimus, Das, Dey, Bhattacharyya, Leser,
Pas, lvanov, Nishi...

inert dark matter candidates from S; 3HDM considered

Fortes, Machado, Montano, Pleitez...

Interesting open questions still remain!



The Scalar potential

S3 is the permutation group involving three objects, @1, ®2, @3
Vo= =AY 610+ 37D 0l6; +he

() 1<J ) 1
Vi=A) (0l¢0)® + ) _{Cl6i6:)(@0)e;) + C(6]¢;)(@)e:) + 5DI(¢]6;)* + hel}

) 1<J

LBV Y @lo0@lo) +hd + Y {5El0]e)(0]6) + bl
1#] £ jFERFLj<k

+%E3[(¢;?¢i)(¢,i¢j) + he] + %E4[(¢I¢j)(¢l¢k) + h]}

Derman, 1979
here all fields appear on equal footing

this representation is not irreducible, for instance, the combination

¢1 + P2 + @3

remains invariant, it splits into two irreducible representations,

h
doublet and singlet: ( h; )  hs



Decomposition into these two irreducible representations

1 1
Iy oo 0\ [
3 I Rl B
hs A OVE VB 3

This definition does not treat equally @1, @2, @3 , they could be interchanged

Notice similarity with tribimaximal mixing: Harrison, Perkins and Scott, 1999
2 1
(7% v 90
(F =) 1 11
VR S
\ V6 Vi 2

The matrix F diagonalizes the democratic matrix , A

(-G -

The democratic mass matrix can be obtained from Ss flavour symmetries
S3L X S3R: My =XNA Mp=XA ; Mg =p (A+a 1)

—_ =
—_ =
o O O
o O O
W O O
—_ =
—_ =

Very interesting alternative, democratic with phases (USY)



The scalar potential in terms of fields from irreducible representations

Vo = pghlshs + pi(hlhy + hihs),
Vi = As(hLhg)? + As(hLhg) (R Ay + hiho) + A (RIRy 4 RIRy)?
+ Aa(hihy — hih1)? + As[(P1hy — B3ha)® + (hihy + hiha)?)
+ As[(hGha) (Rl hs) + (hiho) (hihs))
+ A [(RLRy) (BLhy) + (RLRy) (ALhy) + hic]
+ >‘4:(hfs*h1)(h§h2 + hghl) + (hghQ)(hJ{hl — hghQ) T h-C-] Das and Dey

no symmetry under the interchange of /21 and hy

however there is symmetry for h; — —h;

| _ 1 (i 1
equivalent doublet representation (iﬁ;) NG Ci 1)( Z; )

now there is symmetry for X1 < X2

In the specialcase A\, = 0 the potential has SO(2) symmetry:

hi \ _ [cosf —siné hq .
< h, > = (me cose> ( h ) Danger: massless scalar!



Constraining the potential by the vevs

Possibility of SCPV - real parameters

Let us start with real vacua (no CP violation)

Three minimisation conditions:

can be solved to give p2 and pf in terms of the quartic coefficients:

1
1
0= -5 2(M1 4 A3)(wi + w3) + 6 A waws + (A5 + X + 2A7)wg] | (4.2b)
T
[ = 5 2(\1 + A3)(wi 4 w3) — 3 (w35 — w%)% + (X5 + Xg + 2\ )we | . (4.2¢)
i 2

Egs (4.2b) and (4.2c) obtained dividing by W1 and W9 respectively

: : M=4A—-2(C+C+D)—E, —Ey+ E; =0
Consistency requires: 4 ( ) — £ — B> + Ey

-for w1 =0 the corresponding derivative is zero - no clash

- Or else )\4(3103 — w%)ws =0 | e., A =0 orw = i\/§w2 or ws = 0.

- for ws = 0. special condition: M\w,(3w? —w3) =0, i.e., in addition:
A = 0 or wy = /3wy, or else wy = 0




SSB, real vacua, residual symmetries

Derman, Tsao Phys. Rev. D20 (1979) 1207:

(X, X, X) S (X, X, ) Sa: (X, y, Z) = (X, -X, 0) S2 M # 0
Translation into doublet singlet notation

(X, X, X) —> (0,0, ws) w1 = 0 (also verifies w1 = +v/3w»)

(X, -X, 0) (w1,0,0) Ws = 0 together with wa = 0.

%
(x,0,-x) —> (w1,ws,0) WS = 0 together 1y = +/3w1
(0,x, -Xx) —» (wl, Wa, O) wg = 0 together with wy = —/3w;q

(x,x,y) translates into (0, ws,wg); consistency condition: w; = 0.

(x,y,x) translates into (wq, —\/ngl,ws); consistency condition: wq = —+/3ws

(y,x, x) translates into (wq, \%wl, wg); consistency condition: w; = V3w

For A4 =0 SO(2) symmetry implies (X, y, z) possible solution



Vacuum | pq, ps2, p3 w1, Wy, Wg Comment
R-0 0,0,0 0,0,0 Not interesting
R-1-1 X, T, X 0,0, wg ,u2 = — W%
R-1-2a r,—x,0 w, 0,0 i =— (A1 + A3) w]L
R-1-2b r,0, —x w, V3w, 0 ui=—3 (A + A3) w3
R-1-2c¢ 0,z,—x w, —v/ 3w, 0 pi=—3 (A + X3) wi
R-1I-1a T, T,y 0, w, wg = %)\4w—i — %)\an — \gw3,
1y = — (A + A3) w2 + %)\4w2w5 — 2N W3
R-II-1b T, Y, T w, —w/vV3, wg ,u% = —4\ =2 — 2\ w5 — Agwg,
—4 (A + )\3) w2 — 3\ wotlvg — —)\ JWE
R-1I-1c Y, T, T w,w/vV3, wg ,u% = —4)\4— 2\ W5 — Agw#,
—4 (A + >\3)U}2 — 3)\4w2w5 — 2N W35
R-11-2 T, T, —2% 0,w,0 i =—A+X3)ws, Ay =0
R-1I-3 | z,y,—x —y wy, wy, 0 1= — (A + A3) (w? +w3), \y =0
R-II1 01, 02, P3 Wy, Wa, Wg e = —5 A (Wi + w3) — Agwg,
pi = — (A i Az) (wi +w3) — 5A.w5,
A =0
>\a — )\5 il >\6 -+ 2)\77
Ap = A5 + Ag — 2.




Complex vacua

Table 2: Complex vacua. Notation: ¢ = 1 and —1 for C-I1I-d and C-IlI-e, respectively;
¢ =/—3sin2p;/sin2py, ¥ = /[3+ 3cos(p2 — 2p1)]/(2cos pz). With the constraints of

Table 4 the vacua labelled with an asterisk (*) are in fact real.

IRF (Irreducible Rep.) RRF (Reducible Rep.)
w1, W2, Wg P15 P25 P3
C-I-a wy, 1wy, 0 T, xet 5 ,xet 5
C-IlI-a 0, 19e2, g y,y, xe'”
C-III-b +iwy, 0, g x 4+ z'y, iy,
C-1II-c wy et wye'2, 0 xe'r — 2, :Ue 2y
C-III-d,e +iw1, €Wsy, Wy ze'™, xe 7y
C-IT1-f +iy, 109, Wy re’ + iz, re’ T ix 37“6‘” — sre’
C-11I-g +110, —1Wo, Wy re~" 4 qx, re”" :F 1, 37“6 r— ére W
C-III-h | V/39e™2, H1i9e™2, g Y,y
Y, fce”, Y
C-I11I-1 \/%@em x,ye'™, ye T
:|ZUA)2€_i arctan(3 tan 01)7 W yeiT, T, ye—iT
C-IV-a* W, 0, Wg re” 4+ x, —re’ + x,x
C-IV-b Wy, 1ws, Wy re +x, —re Y +x, —re? +re " +x
C-IV-c V1 + 2 cos? oy, re® 4+ ry/3(1 + 2 cos? p) + x,
Wee'2 g re® —ry/3(1 +2cos? p) + x, —2re" +x
C-IV-d* Wy e, F9e™t Wy re? +x,(ry —r)e” +x, —ree” +x
C-IV-e \/—%wzewl, ref? + re1é + x,ret? — retf1 + 1,
W9e"2  Wg —2re”? + g
C-IV-f \/2 + COS(C(; 0302) Uyei1 rett + retf2) 4 x,
W9e'2 g rett — ref2q) + x, —2re't +x
C-V* W€, Wee'2, Wy el ye'™, 2




Constraints

Vacuum Constraints
C-l-a 12=—2 — o) w Vacuum Constraints
C-III-a p = §Abw2 A%, C-IV-a* M(Q) = 73 ()\5 + )\6) wl AWz,
/L% = — ()\1 + )\3) % ()\b 8COS2 0'2)\7) ’LZJ%, :u (>\1 + )\3> 2 ()\5 + )\6) w57
Ay = “Oju%ws Ay =0, )\7 =0
2 Iy - ~ W2 — . N
C-I11-b p :MO—_(Al 2+A6A3)w )\gwi,bw C-IV-b | pg = (A2 + A3) ( 17@%2) — 5 (A5 + Ag) (03 + 03) — Mg,
1 § AT s = — (A = Ao (@3 + 63) — L (A + Ao) 02,
w2_w2
Tl 2= 00 + ) (@2 + 0D, M= 00 = B ) )
A2 ZA?’w;O At _(B T35 C-IV-c pe = 2 cos? oy (1 + cos? o) ()\2 + A3) —§
C-III-d,e ()\2 + A3) (—wg)” ey, (0 BICHETE ) o2
10y, \ W \ w2w$ — (1 -+ cos 0'2) ()\5 + )\6) )\8105,
, —3 (% + Ae) (@7 +;‘;21>U2 wgst’ . pi = —1[2(1+ cos?oy) )\1 (2 + 3 cos? 02) Ao — cos® og 3] W3
py=— (M — >\2) (wl + wz) — e\ (g 4 Ng) —1 (X5 + Ng) 03,
_wf w ( 5w3) h cos? oo
)\7 _2 i s : <)\2 + )\3) 4u}2ws2 4 )\4 - _2C052)22w2 (>\2 + )\3) 7)‘7 - W o ()\2 + )\3)
C-111-f )\ A ¥ = RN =
g ,ng\ )b( £Uw1++ww§)_ _;Zs, - C-1V-d 2 p2 =1+ 56) (uﬁ + 1;) — A%, )
1 2 bWg, A4 = i = — )\1—1—)\3)(10%—1-10%)—§<>\5+>\6)w57
C-111I-h ,LLO 2/\bw2 )\811}5, >\4 =0 )\7 =0
2 Y
= —4 (X + X3) w3 — 3 ()\b — 8cos? oo A7) W3, pERIT D =1
Fo e : C1v-o = T O 03
W
CITEi | p2 = 16(5&_;3;;?1220(17)12)2 D+ ) )w_g 4 6(1—tan? o1 ) (1-3 tan® o) 52 —% (1 — :E;gf) (A5 + Ng) w3 — Agb%,
2 (1+9tan® 01)2 ’ 2 sin 209 n )
_2(114——’—93‘5;1112 :11 ()\5 + )\6)7«02 - )\81057 Hi=— (1 B Sm%l) (Al >\2) 3 2 (A5 + )\6) v
an? o 1—3tan2 o . _ sin(2(01—02))w3
iy = = Aseta gy 20y g M=0A=—"Nnar Mt hs)
A\ C_IV-f 2 (cos(c1—202)+3cosay)cos(oe—0o1) 71)_3
( _)_( 5 +)‘6)va ( ) Ho _( 209) 43 2cos? oy ) Wg
_ _4 1-3tan? o1 w3 5—3tan2 o1 )a __Coslo1—202 Cos o1 ()\5 + )\G)w _ >\8UA}27
)\7 (1+9 tan? al)w <)\2 ™ )\3) + 24/ 149 tan? 01w5>\4 2 2C(?§SOE}71—202)—|—300501 )\ ? A ~ °
Hi = — cos o1 ( + 3)
__3cos 2014;12C(c)(;?((721(if(172)<7cg())s);—1005 202—|—4>\ 7~U27~US 1 ()\5 + )\6)
)\2 + )\3 - _21cocs(gzzilgf)w2 )\4’ )\7 - _CO;(C(?S 0(1711@):2
C-V* ,u% = 73 ()\5 + )\6) (UJ% + wg) )\8’12)37
= —<)\1 +>\3) (UA}%+UAJ3) (>\5+)\6) ’lUS,
Ao+ A3 =0, s =0, )\7—0




The case of \; = 0

Potential has additional continuous SO(2) symmetry
M=4A—-2(C+C+D)—E, —FE,+E,=0
Derman (1979), “unnatural”

Spontaneous breaking of this SO(2) symmetry leads to massless
particles

Possible solution: break the symmetry softly, the
most general quadratic potential can be written:

1
V = ti2hbhg + p2(Rihy + hing) + p2(hIhy — hiho) + §u2(h;h1 + hihy)

+ i (hkhy + hihs) + pi(hiha + hihs)



Complex vacua, Spontaneous CP Violation

Table 1: Spontaneous CP violation

Vacuum | A4 | SCPV || Vacuum | A\, | SCPV || Vacuum | A\, | SCPV
C-I-a X no C-1II-fg | O no C-IV-¢c | X | yes
C-III-a | X | yes C-III-h | X | yes C-IV-d | 0 no
C-III-b | O no C-III-1 | X no C-IV-e | O no
C-III-¢c | O no C-IV-a | O no C-IV-t | X | yes
C-III-de | X no C-IV-b | 0 no C-V 0 no

Next we present a few illustrative examples. Important tool:

most general CP transformation

2, 95 U0

together with assumption that vacuum is invariant
CP|0) = |0)
leads to the following condition

L(Ug) = £(9) Us;(0[®;]0)" = (0]P4[0)
G. C. Branco, J. M. Gerard and W. Grimus (1984)



Vacuum C-l-a

271 271

ZI;‘7 €TE 3 : T E 3 geometrical phases
G. C. Branco, J. M. Gerard and W. Grimus (1984)

calculable non-trivial phases, fixed by symmetry of V,
no explicit dependence on parameters of the potential

U;;{0|@;10)" = (0]®;|0)

CP is conserved

For new models with geometrical phases and the possibility
of having CP violation with geometrical phases see

Ivo de Medeiros Varzielas, JHEP 1208 (2012) 055



Vacuum C-llI-c
w1t wee?2, () Ay =0
SO(2) rotation

A2 A2
/ _ g w; — W
(h}> _ (CQSH smé’) (hl) tan 20 = — 1A 2
hs sinf) cosf ho 2UW1W9 COS O
(ae®t, ae?, 0)
followed by overall phase rotation
(ae®, ae™®,0)

symmetry for interchange: hi <> hy

0O 1 0 ae \ " ae'
0 0 ae | = [ qge CP is conserved
0 1 0 0

| cosf sinf 0O 01 0 cosf) —sinf 0
U= ¢e01%%2) [ _ginh cosf 0 1 00 sinf cosf 0
0 0 1 0 0 1 0 0 1

Ui;(0|®@;|0)" = (0|®;]0)

o =



U;;0[®;]0)" = (0[®;|0)

Very simple and powerful relation. However, in some
cases construction of matrix U may not be obvious

Simple Alternative Test

- Go to a basis where only one Higgs field acquires a vev different from zer:
and real

- If the coefficients of scalar potential can be made real by rephasing the
fields with zero vev, there is no CP violation

Inspect the potential

C-lll-c vaccum

h} (W Wy W) e~ to1 0 0 hq
h/Q — 2 (?,02 —”Lﬁl O) 0 e~z () hz
n (6 0, X) 0 0 1)\ hg

2|b—‘3|)—\

2|



Example T. D. Lee Model, 2HDM

V(¢) — —>\1¢J{¢1 — )\2¢;¢2

+ A(3]1)% + B(dha)* + C(¢ld1) (d5d2) + C (8] ) (¢h1)

1

+ 5 [(6102) (D62 + Ediér + Foipn) +hocl

CP is violated spontaneously by vevs of the form (p1e?, ps),

in the region of parameters

of the potential where p; and p, are different from zero and e # 1

Change of basis:
¢\ _1(1 0 prop2 N (e 0 ([ & 2> 2, 9
(DDA DG o
bilinear part of the potential is only real if siny =0 or Ay = A

in either case requiring the quartic part of the potential to be real leads to special
conditions on the parameters and therefore does not hold in general



Models with Two Higgs doublets
1 2 e 0 P1
(5 i) (o V)02
"the Higgs basis" (up to a sign ambiguity)
Models with more than two Higgs doublets (n)

h N% (W Wy Wg) e~ lo1 O 0 hq
h/2 — NLQ (”Lﬁg —Tﬁl O) 0 e 92 () hg
n (i by X) 0 0 1 hs

there are infinite bases where only one doublet acquires vev different
from zero, freedom associated to a U matrix (n-1)x(n-1)

each choice is "a" different Higgs basis

- an SMA basis (SMA - standard model aligned)



Final Remarks

Models with three Higgs doublets have rich phenomenology

Aims and challenges

Exploit possible dark matter candidates in this context, beyond cases
where the singlet plays the role of the SM Higgs doublet

Study how to generate realistic fermion masses and mixing with the
fermions transforming non trivially under 5;

Look for viable models in the context of spontaneous CP violation

Look for interesting scenarios with the potential of being tested at the
LHC



