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e The Standard Theory of Electroweak Symmetry Breaking

Higgs Mechanism in the SM: SU(3).o10u:® SU(2)®U(1)y
[P. W. Higgs '64; F. Englert, R. Brout '64.]

Higgs potential V(®)

V(D) V(@) = —-m2oto + A(oTD)?.
Ground state: <(I)> B m_Q 0
(2) Ve

: P
\éy carries weak charge, but no electric
charge and colour.
After Spontaneous Symmetry Breaking:

= W™, Z bosons and matter feel the presence of <<I>> and become massive,
but not v and ¢%, e.g. My, = gw<<1>>

— Quantum excitations of ® = <<I>> + H ( ¥ ); H is the Higgs boson.
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Light SM Higgs boson experimentally favourable
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e The 2ZHDM Potential

[T. D. Lee '73]

V = —H%(ﬂ%) — u%(qﬁ;%) — m%z(ﬂﬂ%) — mf%(ﬁ%%)
FAL(D]61)% + Na(dhd2)? + As(dld1)(d5d2) + Aa(d]d2)(d5p1)

A A5
+ 5 (0102)" + TH0ho) + Ao(@161)(0]62) + Ai(@161)(dhen)
+ Ar(0hd2) (B1¢2) + A5 (B5a)(85en) .

V has 4 real mass parameters and 10 real quartic couplings.
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e The 2ZHDM Potential

[T. D. Lee '73]

Vo= —12(oln) — pd(dhda) — miy(dlde) — mis(phen)
FA(0161)% + Na(dha)? + Na(dl 1) (dhda) + Na(pld)(hen)

A A%
+75(¢1¢2)2 + ?5(@%)2 + Xo(B]01)(P1d2) + N (plo1)(d5n)
+ A7(B5d2) (B]d2) + Ai(dhoa)(dhen) -

V has 4 real mass parameters and 10 real quartic couplings.

Remark on the tree-level MSSM Higgs potential:

1 1
mi, = —Bp, M = A = —g(gfﬁg@), A3 = —1(93—9’2),
1
Ay = 59120, As = A¢ = A7 = 0.

. 2 . . .. .
Oy — e'38M12 ) — Tree-level Higgs potential is invariant under CP
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Beyond the tree level, sizeable CP violation is induced in the Higgs

sector through loop effects.

Radiative Higgs-sector CP Violation:

(bz ht,u (b;rC ht,u ~ ht,LL
N ~ ®----- | —-—=-=-- ®o--------- o
ot | :

hiel i+ 7
A e

¢] htAt ZF ]’LtAt t htAt

[A.P. '98; A.P., C.E.M. Wagner '99;
S. Y. Choi, M. Drees, J. S. Lee '00;
M. Carena et al, '00 . . . ]

CP-violating terms are proportional to the rephasing invariant:

Im(mizpAp) # 0

SCALARS, 28 August 2011

A. PILAFTSIS



CP Violation in Higgs Production — Mixing — Decay at the LHC

[A.P., NPB504 (1997) 61;
J. Ellis, J.S. Lee, A.P., PRD70 (2004) 075010]
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CP Violation in Higgs Production — Mixing — Decay at the LHC
[A.P., NPB504 (1997) 61;

. J. Ellis, J.S. Lee, A.P., PRD70 (2004) 075010]

g1
by, 1o
k2, €3+

g5

CP Violation in Diffractive Higgs Production at the LHC

[J. Ellis, J.S. Lee and A.P., PRD71 (2005) 075007.]
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Resonant CP Violation at the LHC
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e SO(1,3) Bilinear Scalar-Field Formalism
[C. C. Nishi '06; M. Maniatis et al '06; I. P. lvanov '06]

Introduce the 4-vector:
[ dlor+ bl \

¢I¢2 T qbggbl ¢
= gloteg = ., with = ( 1 )
e —1 [ﬂﬁbz - qb;qm} o

\ olor—oles

and o* :

1 0 0 1 —1
oV = : ol = : o2 = 0 ' : o3 = !
0 1 1 0 1 0 0

Under a SL(2,C) reparameterization ¢ = M ¢:
r* ' = A* Y

with A# € SO(1, 3).
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e The 2HDM Potential in the SO(1,3) Formalism

with

1

1
V= —-Mg" + —L,, "1 + Vg,

2

4

M, = (pf+u3, 2Re(miy), —2Im(mi,), pi—p3 ),

\

Re(Ag + A7)
—Im()\f; + )\7)
A1 — Ao

[ M4+ As Re(de+Ar) —Im(Ag+A7)  Ar—Xo )

)\4 + Re()\5) —Im()\5) Re()\6 — )\7)
—Im()\5) )\4 — Re()\5) —Im()\G — )\7)
Re()\(; — )\7) —Im()\g — )\7) /\1 + )\2 — )\3 )
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e The 2HDM Potential in the SO(1,3) Formalism

1 1
V = — iMMI"u —|— ZL/M/I‘MIV —|— VO,

with

M, = (pf+u3, 2Re(miy), —2Im(mi,), pi—p3 ),

[ M4+ As Re(de+Ar) —Im(Ag+A7)  Ar—Xo )
Re(A¢ + A7) M +Re(xs)  —Im(\s) Re(Ag — A7)
—Im(A+ A7) —Im(A5)  A—Re(Xs) —Im(\g— A7)

\ Mi—X Re(ds—A7) —Im(As—A7) Ai+d—Xs )

Strengths: (i) Reduction of algebraic complexity of the 2HDM vacuum egs.
(i) Geometric understanding of conditions for CP invariance.
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e The 2HDM Potential in the SO(1,3) Formalism

1 1
V = — §Mur“ — ZLWI‘“I"/ + Vo,

with

M, = ( ,u%%—,u%? 2Re(m%2), _QIm(m%Q)a /i% —H% ) 7

[ A+X+ds Re(Ag+ A7) —Im(As+ M)
Re()\6 + )\7) A4+ Re()\g)) —Im()\5)
e —Im(Xg+ A7) —Im(As) Ay —Re(Xs)

A1 — A2
Re(Ag — A7)
—Im()\(; — )\7)

\ Mi—X Re(ds—XAr) —Im(As—A7) Ai+d—Xs )

)

Strengths: (i) Reduction of algebraic complexity of the 2HDM vacuum egs.
(ii)) Geometric understanding of conditions for CP invariance.

Weaknesses: (i) Not all symmetries of the 2HDM potential are accounted for.
(ii) No covariant extension beyond the tree-level potential.
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e Sufficient Conditions of Convexity for a General 2HDM Potential

V should be bounded from below for all possible ¢, » directions at oo,
or equivalently for all %1% — 0o = L, should be positive definite.

4 constraints derived from Sylvester’s criterion for positivity of L,
)\1 + )\2 + )\3 > 0 ,

(A1 + A2+ X3)( Ay + Rs) — (R + R7)* > 0,

(A1 4+ Ao+ )\3)(>\?l — |)\5\2) — M\ [(Rg + R7)2 + (Ig + I7)2]
—2I5 (R¢+ R7) (Ie + I7) + R5 [(Re + R7)* — (Is + I7)*] > 0,

det (L,,) > 0,

with R, = Re A\ and I, = Im \..
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e The Majorana Formalism for the 2HDM Potential

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]
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e The Majorana Formalism for the 2HDM Potential

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

Introduce the SU(2)y-covariant 8D complex field multiplet

[ o
b

0?6}
\ i0%03

satisfying the Majorana constraint

d = Cd*,

where C is the charge conjugation 8D matrix

02 02 —109
C— 205202 = | 02 02 0
’iO‘Q 02 02
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e The SO(1,5) Bilinear Formalism
Introduce the 6-Vector
( Pld1 + P \
bl g + Dl
—i |¢gs — olo ]
d1o1 — Dl
1i0% s ¢2w2¢1
\ i [oTio60 + olic%i]

RY = /x4 =

with A = u, 4, 5 and

1{ o 0O
YHh o= = 2 oY |
2( 02 (O"LL)T >
1 02 7:0'2 1 02 —0'2
24 — . 07 25 = - ® 0 .
2 ( —iO'2 02 ) wo 2 < —O‘2 02 ) ’
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e GL(4,C) Reparameterization of ® — &' = M ® (with M* = C~!MC)
RA N RIA _ e0/8 AAB RB 7

where ¢° = det[MTM] > 0 and A%, € SO(1,5).

SCALARS, 28 August 2011 A. PILAFTSIS



e GL(4,C) Reparameterization of ® — &' = M ® (with M* = C~!MC)
RA N RIA _ e0/8 AAB RB 7

where ¢° = det[MTM] > 0 and A%, € SO(1,5).

Majorana condition on R%:  R* = R8 <« C71¥4C = (3T
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e GL(4,C) Reparameterization of ® — &' = M ® (with M* = C~!MC)
RA N RIA _ e0/8 AAB RB 7

where ¢° = det[MTM] > 0 and A%, € SO(1,5).
Majorana condition on R%:  R* = R8 <« C71¥4C = (3T
Clifford-like algebra:

_ _ 1
YATY 4 eBYY = P I

with 57 = (20, —%12345) and 7B = diag (1, -1, —1, 1, —1, —1).
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e GL(4,C) Reparameterization of ® — &' = M ® (with M* = C~!MC)
RA R RIA _ 60/8AAB RB 7

where €7 = det[MTM] > 0 and A%, € SO(1,5).
Majorana condition on R*: R* = R8 < C1¥4C = (M.

Clifford-like algebra:

_ _ 1
YATY 4 eBYY = P I,

with 57 = (50, -21:2345) and pAB — diag (1, -1, -1, -1, —1, —1).
Majorana-constrained U(4) rotations ® — & = U®, with U* = C 1 UC,
induce SO(5) rotations on R! (with I, J=1,2,3,4,5):

R' — R' = O3R!, with O0ecSO(5).
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e Symmetries of the 2HDM Potential

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

1 1
V = —§MARA+ZLABRARB'

Classification of all possible proper, improper and semi-simple subgroups

of SO(5):

. SO(5);

1. O(4) ® Zy; SO(4);

1. O(3) ® 0(2); SO(3) ® (Z2)%; O(3) ® Za; SO(3);

IV. 0(2)® 0(2) ® Za; O(2) @ 0(2); O(2) ® (Z2)?; SO(2) @ (Zs)%;
0(2) ® Za; SO(2);

V. (Z2)4; (Z2)2 .

15 distinct symmetries, but not all are invariant under U(1)y ~ SO(2).
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e Symmetries of the U(1)y-Invariant 2HDM Potential
SO(5)-diagonally reduced basis: Im A5 = 0 and Ag = A7.

The 2HDM potential exhibits a total of 13 = 6 + 7 accidental
Higgs-Family (HF) and CP symmetries:

Symmetry ,u% ,ug m%2 A1 A9 A3 A4 Re X5 A = A7
(Z2)* x SO(2) || - - 0 - - E E - 0
O(2) x O(2) - - 0 - - - -~ 0 0
O(3) x O(2) - u; 0 - A = 2] — A3 0 0

Zo X O(2) - —  Real - - - - - Real
(Z2)” x O(2) - pu; 0 - A - E E 0
Zo X [0(2)]2 - ,LL? 0 - )\1 - - 2)\1 — )\34 0

SO(5) - u 0 - A 2\ 0 0 0

Zo X O(4) - u; 0 - A - 0 0 0

SO(4) - - 0 - - - 0 0 0

O(2) x O(3) - u; 0 - A 2\ - 0 0

(Z2)? x SO(3) | = wuy 0 - AL - - A4 0
Zy X O(3) - p} Real - X\ - - W Real
SO(3) — -~ Real - - - - Ay Real
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e Focus on the 6 generic HF /CP symmetries of the 2HDM Potential

Symmetry Frequent HF transormation CP transformation
Name in (¢1, ¢2) Basis in (¢1, ¢2) Basis
(Z2)? x SO(2) Z bO LoD
X , -
’ ’ 0 1 0 —1
e ' 0
O(2) x O(2) U(1)pq i —
0 e
a € [0, )
e " cosh e P sinb
O(3) x O(2) SO(3)ur i3 . i —
—e”sinf e“cosf
0,a,3 € [0,m)
1 0 1 0
0O 1 0 1
(Z2)? x O(2) CP2 bo oo
’ 0 1 —1 0
5 cos 0 sin 6 cos 6 sin 0
Zs X [O(2)] CP3 . .
—sinf cos6 —sinf® cos6
0 € [0, ) 0 € [0, )
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e Topological Defects in the 2HDM

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

Symmetry Gar/cp Hyr/cp /\/lgF/CP Topological Defect
Zo 7o I Zo Domain Wall
U(l)PQ U(l)pQ ~ G1 I St Vortex
SO(3)HF SO(3)HF SO(Q)HF S2 Global I\/Ionopole
CP1 CP1 ~ 75 I 2o Domain Wall
CP2 Zo ® 115 I, Zo Domain Wall
CP3 CP1 ® SO(2) CP1 St Vortex

e Energy density of the topological defect ¢; o(r):

E(p1,pa) = (VO!)- (V1) + (Vh) - (Vo) + V(g1 d2) + Vo .

e Gradient flow numerical approach to find ¢; »(r)

_ OE|pio]  _ 0¢us(r,T)
5¢1,2(I',7') (9’7'

— 0, forT>1.
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e Z5, Domain Walls

1.0
0.5 mm 0.0
0 e 0.2
—104
Uy 00 mmm 06
e 0.8
05 —1.0
-1.0

-1.0 -05 00 05 1.0

0
Uq

SCALARS, 28 August 2011 A. PILAFTSIS



Spatial profile of the Z, domain wall

Introduce dimensionless quantities:

T

_ /\O A
= H2Z, /U1,2(x

1.0

1.0

0.51
0.0-
-0.5;

()
*
o®
OOOOOOOOOOOOOOOOOO
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--0.5

-1.0
-1

510 -5 0 5

T = o

10 1

-1.0
5

(%)

A

-------

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]
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Energy dependence of the Z; domain wall

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

Energy per unit area:

1.0
E 05
0.0 | .
0.5 1.0 1.5 2.0

n? = 13/
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Comparison of spatial profiles of Z, domain walls
[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

Introduce the dimensionless ratio:

pt o= i
15
*=0.75
.............. uzz 1.00
1.5 1.5 2-125/ 1.0 1.0
4 1?=1.50
------------- ———— =175 05 0.5
97(2) 1.0. 1.0 99(%) 0.0 0.0
.................--"' ""-.............----- _0 5 : __0.5
0.5' I __/I | \_I I | 05 -10 ........I.-...... I.' | | | -10
-15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15
T = [ T = [lo®
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e CP1 Domain Walls [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

m T b4 pd
2 2 2 )
it A m — T L T
A P 0y (&) Lo ]
O e oo eo e mmes e e L amecames O f(i@) O O
. | mmE@)| T .
4 4 4 4
_ T ] ; i . | | _n _n i ! . | | . _ Tt
4510 -5 0 5 10 15 > 24510 -5 0 5 10 15 2
T = Lok T = loX
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e U(1)py Vortices

1.00 +

0.95 - i
#%(7) 0.90 41}
0.85 -

0.80 - : :
0 10 20 30 40 &0

T = [loT

[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]
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Energy dependence of the U(1)pqy Vortex
[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

Energy per unit length:

E — 27T/C;“Od7“ g(¢1,§b2) ,
0

3
2 .
E
1.
0 | |
0.5 1.0 1.5 2.0
12
with
2
w2 =1
13
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e CP3 Vortices [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

0
—v(r) sin(ny) '
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Sl
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° 50(3)HF Global Monopole [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

1 0 ! ’
P1(r,x) = NG ( v(r) sin x ) ’ PalriXo¥) = V2 ( v(r)e™ cos x > |

1.0 1.0

0.5 1 L 0.5 .

0.0
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e Conclusions

e 8D Majorana scalar-field formalism —>- SO(1,5) bilinear formalism.

e The 2HDM potential may exhibit up to 13 different discrete and
global symmetries in the SO(1,5) bilinear formalism.

e The U(1)y-violating 2HDM potential can possess up to 15 distinct
symmetries in the SO(1,5) bilinear formalism.

e Topological defects resulting from the spontaneous breaking of 6
generic HF /CP symmetries in the 2HDM:

Domain Walls: Z,; CP1; CP2,
Vortices:  U(1)pq; CP3,
Monopoles:  SO(3)ur.

e Study of the spatial profile of topological defects.
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e Future Directions

e Study of the breaking pattern of the additional 7 symmetries.
e Domain wall constraints on masses and couplings in the 2HDM.
e Cosmological implications of strings and global monopoles.

e Phenomenological implications of (un)stable topological defects
for the LHC.

e Study of the 15 symmetries in the U(1)-Violating 2HDM.
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