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Introduction
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Standard Model

e A gauge theory of Electroweak interactions

e Very well consistent with experiment

matter, dark energy,...

e There are aspects that SM doesn’t explain: neutrino oscillations, dark

e The last key ingredient of SM, the Higgs boson(s) is not discovered yet.
e Beyond Standard Model theories
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e Some BSM require families of Higgs = Higgs doublets

Abelian symmetries

IFPA Seminar, 31/05/2011

D¢

3/28



Introduction
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e Several groups have studied 2HDM and their symmetries. Very few
people have done this for 3HDM. And the task gets very complicated for
NHDM.

e Here we introduce a strategy and a graphical understanding for 3HDM
and 4HDM and intuitively derive results for NHDM. We focus on Abelian
subgroups.

e We explore; 1) which Abelian symmetries are realizable. 2) How to write
a potential with the symmetry. 3) How does the symmetry spontaneously
breaks.
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General potential

e Higgs doublets: ¢;

e The general potential has the form:

1

V == Yi(6]6)) + 5 Ziua(86) (9 1)
2( N2

e N2 parameters in Yj; and VAN T 1)

parameters in Zjjy
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Field bilinears

e We introduce the field bilinears

n =/ Y. ¢,T-¢>i

fa = Zu ¢,T)‘ij¢j

e The potential could be rewritten as: V = —M,r* + %/\Wr“r”

e Geometrical properties make it easier to see the symmetries
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NHDM

e Symmetries in a NHDM: Subgroups of SU(N)

e There is a reparametrization freedom by change of doublets

e One could also devise symmetries (subgroups of SU(N) which are
realizable by the potential). The bigger the subgroup the less freedom
there is.

e Largest group; V = —Mp(®T®) + LA(T9)? where ¢Td =3 ¢}L¢,-

e General classification of SU(N) subgroups (which are realizable) is still
too difficult. We focus on the Abelian subgroups here.
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Abelian Groups
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Abelian subgroups of SU(3)

e The largest Abelian subgroup of SU(3) is U(1) x U(1)
e All such subgroups are conjugates inside SU(3)

e Any Abelian subgroup must lie inside a U(1) x U(1) therefore we won't
miss any symmetry

e One specific realization; Doublets transform according to ¢; — Rj;¢;,
with ' . o
R = diag(e'®, e, e=1a=1)
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Abelian Groups
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e A group has studied this:" Discrete and continuous symmetries in
multi-Higgs-doublet models” by: P. M. Ferreira, Joao P. Silva
Phys.Rev.D78:116007,2008:
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Abelian Groups

U(1) x U(1)

e Transformation matrix

R = diag(e'®, e, e7ia=iF)
e Products transform as

Pl — el ploy — e (C2Bple, |

e Angles at which the doublets transform:

Phps — e @Ayl
Yio=a—F, Y31 =-20—-0,

o3 = a+ 203
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Abelian Groups
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_ (¢l¢1) — (#1e0)
2

)

e In the case of a 3HDM the explicit expression for the field bilinears are:
r3

(¢161) + (9392) — 2(¢53)
2V3

n=Re(¢l¢n), rn=Im(¢l¢n), = Re(d|¢s),

rs =Tm(¢]¢3), r6 = Re(¢hes), r7 = Im(ghes).

e The generic U(1) x U(1) potential contains only terms

)

any r3, rg, ritri, 4, 24+r

Venus Ebrahimi-Keus (IFPA, ULg)
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rl2 + r22 — Re(e_”mgbiqﬁg) + Im(e"‘bl?gbkbz) = rl2 + r22

Abelian symmetries

Dae
IFPA Seminar, 31/05/2011  11/28



Abelian Groups
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U(1) and U(1)

U(1) x U(1) — R= diag(e'®, e/8, e~/a=F)

B=0— R=diag(e™ 1 e ')
a=0— R= dlag(l e’ e7ih)
a=p— R=diag(e'” ’a, e 2i)

e We define the U(1) and U(1)" groups by their transformation matrices:
U(l): R =diag(e®, e, 1) ; [0,2n]
U(1): R = diag(e, e"a, ey 0]
S UL s R=diag(e?, e, e73) ; [0,27]
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Abelian Groups
000008000

U(1) symmetric potential

U(1)s come from such conditions:
o 31 — 1Pz = (=20 — B) — (a +2B) = —3(a + B) = 27n;

rate — sty ,  tal7 + Is5he .

rare — Isl7

= Re(¢]¢3)Re(php3) — Im(e] b3 )Im(dheps)

— Re(e ¢ ¢3)Re(e ™" plp3) — Im(e™* ¢] ¢3)Im (e~ V2 9] 3)
= cos(t31 — V23)[rare — rsrs] + sin(31 — Vo3)[rars + rsre)

= rare — Isly
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Abelian Groups
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U(1)" symmetric potential

U(1)’s come from the such conditions:

o Y31 + 123 = (—2a0 — B) + (o + 23)

—a+ B8 =2mn;
rate + rsr7,  rar7 — st
r2—r2, 2nrs
r62 — r72 ,  2rgly

and any dependence on rq,

less restrictive.
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e U(1)" appears in a wider class of potentials than U(1), because it's much
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Abelian Groups
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Discrete subgroups

Consider first U(1) in the form R = (e/® e ' 1) (i.e. B = —a). Then,

Yo =2a, P31 =—a, Y =-—a

* * *
Y1, =20, Yy =, Yp=a
Now we use discrete conditions.

® Z, group from « + o = 2m. Transformation is (—1, —1,1). Extra terms are

ratg + rsry; and rar; — rsrg, and rf — r52, Iars, r62 — r-,2, ez

@ Z3 group from 2a + o = 2. Transformation is (e°™//3 e 27//3 1), Extra
terms:

nry+ rrs, nrs—rty, rnte— iy, o+ nk.

® Z, group from 2« + 2cc = 27. Transformation is (/, —/,1). Extra terms:
i — r22, rirp, which implies any bilinear product of r1, r.

[m] [ = =
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Abelian Groups
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Discrete subgroups

i io —2ic

Now consider U(1)’, for example, in the realization o = 3,

R = (es,es,e = ). Transformation angles for 7's are
Y12 =0,

Y31 = —a,
intersect)

o3 =«
® 3 — P31 = 2m = 2a = 2mn. But we can get from here only o =,

which is again a Z» group as before. (This is where U(1) and U(1)’
e So, we do not generate any new discrete group from here.
Venus Ebrahimi-Keus (IFPA, ULg)
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3HDM

Graphical perspective
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e We identified two cases of U(1) subgroups:
UQl): R =diag(e '@, '@, 1);

uiy: R= diag(e%,eiﬁ
U(l): R =diag(—a, a, 0); U(l): R =diag <

Te5)

BB _25>
3’37 3
L1 _2>
33 3)7
e 3D vectors lie in a plane ortogonal to (1,1,1). Also orthogonal to each
in 3HDM.

other. Therefore form a basis to represent any U(1) x U(1) transformation

ui): (-1,1,0) u@) : (1 !
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Graphical perspective
0®000000000

Ul): (-1,1,0)  UQ) : (1 L

112
' 3’3 3/
?1

[)]
3

@2 3 3
(a)
e Space of graphs

(o2}

(b)

Venus Ebrahimi-Keus (IFPA, ULg)

e Scalar product — Orthogonality: 1-(—1)+(-2)-0+1-1=0
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Graphical perspective
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e Invariant terms (qﬁ;qﬁg)(qﬁ;qﬁl) under U(1), and (¢£¢2)(¢J{¢3) under U(1)’

e Discrete symetries: Z, Z3, Z4 for U(1) and Z, for U(1)’
o (¥102)° = Zs x U(1)’

e Polycyclic groups Za x Zo: (¢163)2 + (ph2)?
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Graphical perspective
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e Example Z3 :

(¢17¢3) (11 62)
— [0 (g Tog)] [T (61 g5)]
= &3 (p17¢3) (17 2)

3a=2mn = 73 group
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Graphical perspective
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e Maximal abelian subgroup of SU(4): U(1) x U(1) x U(1) with
R = diag(e®, e'#, e/, e~ia—iB=im)

e The same type of graphs could be used for 4HDM. The basis
transfromations in this case are:
U(l): R =diag(e '™, e, 1,1),
U@y :  R=diag(e”, e’ e 1),
U(1)’: R=diag(e®,e7, e e*%)

) )

e All angles change from 0 to 27

u]
]
I

Il
it

D¢

Venus Ebrahimi-Keus (IFPA, ULg) Abelian symmetries IFPA Seminar, 31/05/2011  21/28



Graphical perspective
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e Orthogonal to each other and to (1,1,1,1)
u@@):(-1,1,0,0),

U1y : (1,1, —2,0),

po(L 113
oy (G333

™

(c)
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Graphical perspective
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e If sum/difference of two edges is zero in some graph, the term is
symmetric under the full corresponding U(1).

e If sum/difference of two edges is k in some graph, the term is symmetric
under the Zj subgroup of the corresponding U(1).

e The discrete subgroups in this case are;
U(1): 2(2), Z(3), Z(4)

U) - Z2(2), Z(3), Z(4), Z(5), Z(6)
U : Z(2)
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Graphical perspective
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e Maximal discrete group Zs =Zg x U(1)” which is continuous

e Next candidate Zs from U(1) : (¢I¢3)(¢Z¢3) + (¢;¢3)(¢Z¢3)

Venus Ebrahimi-Keus (IFPA, ULg)

U(1)" : R = diag(e™®, e, e721% 1)

(=8 —2B)+(0—-28) =58
58 =2wn = Zs

group
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Graphical perspective
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These terms are additionally invariant under Z3 coming from a permuted version
of U(1): o
(1,1,e7'*, ") with a=27/3.

Also symmetric under Z, subgroup coming from a permuted version of U(1)":
(ef%,ef%, e*¥, e%) with v =,
Therefore (¢]¢3)(dhds) + (he3)(dhes) is symmetric under the discrete group
Is X Z3 X Zr = Z3g.

A generator of this group can be constructed as the product of the above
transformations and is characterized by phases:

39 39 13 55
60760 60 760" )"
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NHDM

Graphical perspective
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The basis U(1) transformations in NHDM are:

u(l):
u@):
u)”:

U(l)(N_Z) :
U@)N-1

(-1,1, ..., 0,0),
(1,1, -2, ...,0,0),
(1,1,1, -3, .., 0,0),

(1,1, ...1, = (N = 2), 0),

11 1 (N-1)
NN N N )

e N-1 graphs each an N-vertex tetrahedron

Venus Ebrahimi-Keus (IFPA, ULg)
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Graphical perspective
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e Discrete subgroups: 2>, Zn_2, Zn_1, Zn, Zon—a, Zon—3, Zon—2

e Largest candidate for a cyclic group: Zoy_» = Zoy—2 x U(1)

e Next candidate Zoy_3 :Z,{V:f(ﬂv_l(ﬁ/v)((bj\,_l@)
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Conclusions

Conclusions and outlook
.

e We have developed a strategy to find Abelian subgroups in
continuous subgroups.

multi-Higgs-doublet models; where one can find discrete, polycyclic and

e This is a clear method to find invariant terms under certain symmetries
and construct a potential accordingly

e What remains to study is how these symmetries spontaneously break
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