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

Notice similarity with tribimaximal mixing: Harrison, Perkins and Scott, 1999
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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)
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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!



Alternative choice of irreducible representations

S3 has three irreducible representations, doublet, singlet and
pseudo singlet, ha

Take Sz doublet and ha
No direct translation into initial fields @1, ®2, @3

New potential (only termin A4 changes):

Vo = pghlyha + 13 (Bihy + hihy), (2.75a)
Vi = M (Al hy + hing)? + Ao(hlhy — RIRy)? + Xs[(hThy — hihg)? + (h1hy + RIRy)?

+ M[(BYho) (i g + hiRy) — (B Ry) (BIhy — Riky) + D] + As (R ha) (BT hy + RiRy)

+ M(h hy)(hiha) + (Rlyho) (h5ha)] + Az[(Blyhy) (Rly o) + (Blyhs) (Rlyho) + hec]

+ (Wl ha)?. (2.75b)

reduces to the same potential we had before with h1 and ho
iInterchanged, no new physics!



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¢)
2

Egs (4.2b) and (4.2c) obtained dividing by W1 and Wy 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 Uij<()\<I>j]O>* — <()\<1>Z.\()>

1 0 0
211 271 B i
x, CEQT’ re 3 geometrica| phases U= ( 8 ? (1) ) CP IS conserved

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

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

Vacuum C-lll-c

Wyer, Wyet?, () Ay = 0 SO(2) rotation (h’1> _ <COSH — sin 9) <h1>

hi, sinf  cosf ho
N2 a2

wy —w .
6 6 — 1 2 followed by overall phase rotation
(CL@Z L ae’ 2. O) tan 20 ST — y 0
(ae®, ae™®,0) symmetry for interchange:  h; < I
0 1 O ac® \ " ae' _
1 0 0 ae=® | = | ge— CP is conserved
0 0 1 0 0

Next: Two possible complex vacua discussed previously in the literature



Two possible complex vacua discussed previously in the literature

we, we Y, wWg  Pakwasa and Sugawara, 1978 (PS)
we'’,  we, g  Ivanov and Nishi, 2014 (IN)

w # 0 and wg # 0
Both solutions require A1 = 0 for consistency

The PS vacuum is requires \; = ()

therefore there is symmetry under the interchange of the components of the
S, doublet. As a result the Branco, Gerard, Grimus condition is verified

For the IN vacuum it is also possible to show that the allowed region of
parameter space where this solution minimises the potential is such that no
spontaneous CP violation occurs



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



