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/6/ Two Higgs Doublet Models

Several motivations

- New sources of CP violation

SM cannot account for BAU

- Possibility of having spontaneous CP violation
EW symmetry breaking and CP violation same footing

T. D. Lee 1973, Kobayashi and Maskawa 1973

- Strong CP Problem, Peccei-Quinn

- Supersymmetry

LHC important role



In general two Higgs doublet models have FCNC

Neutral currents have played an important réle in the
construction and experimental tests of unified gauge theories

EPS Prize in 2009 to Gargamelle, CERN

In the Standard Model Flavour changing neutral currents
(FCNC) are forbidden at tree level

in the gauge sector, no ZFCNC Tuo D?J ;
in the Higgs sector, no HFCNC Ak‘& L5
= : (? e(a.al(

Models with two or more Higgs doublets
have potentially large HFCNC

Strict limits on FCNC processes!
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Notation

Yukawa Interactions

EY —- “ég qu)ld% — Q_%- FQ‘I)Qd% — _é-(z Alélu% — a(l)—, A2i>2u23 + h.c.
(i)z' = _Z.TZ(P:;
Quark mass matrices

1 |
My = E(Ull—‘l + ’Uzewrz), M, =

Diagonalised by:

(’UlAl -+ UzemwAz),

1
V2

UJLMdUdR =Dy = dla’g (mdv mg, mb) ’
U,;[LMUU,U,R = D,, = diag (my, me,my) .
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/ Expansion around the vev's

oF
¢j:(eiaff 3 . )J .7=]-72
7 (v + pj + ;)
We perform the following transformation:
H°\ _ P Y. G\ _ ™\ . G*\ _ o1
(5 )=o(n) (T)-v(2) (5)-v(%)
1 [ vie™ @ pyet2
d= v ( voe T g e )  v=y/v} + 18 =(V2Gr)~
U singles out

HO  with couplings to quarks proportional to mass matrices

b=

~ 246GeV

GY  neutral pseudo-Goldstone boson

(;+ charged pseudo-Goldstone boson

Physical neutral fields are combinationsof [0 p T



\0/
Neutral and charged Higgs Interactions for the quark sector

—1
Ly (quark, Higgs) = —d? = [J\/_de0 + NSR +iN21) d%

1
—uL (M, H® + N2R + iN I u%

_WH

v

(N9 d% — uGNOT d0) + hec.

1 : 1
Nc? = —(v2F1 — ’()1629]._‘2), NO =

— (191 — vie P A,).
7 . \/5(’02 1 — V1€ 2)

Flavour structure of quark sector of 2HDM characterised by:

: 0 0
tour matrices My, M, Nj, N,.
Likewise for Leptonic sector, Dirac neutrinos:
My, M,, NE, NO



\\
/ Yukawa Couplings in terms of quark mass eigenstates
for HY H° R I

Ly (quark, Higgs) =
Ve

v

0
U (VNd’)’R — NJ V"}/L) d+ h.c. — —II— (ﬁDuu + dDy d) —

(%

- % [’&(NWR + Nivp)u + d(Nyyr + NC];'YL) d] +
+ie [6(Narn — Njyu - d(Nove - Njz) d]
YL = (1 —5)/2 YR = (1 +75)/2
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ot
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Neutral conplinegs in BGL models

N, = —Ediag(O,O, my) + 2dia,g,‘(m,u,, Me, 0)
Vo M

Explicitely

Ny=2[0 m, 0] -
U1 0 0 my

2
maV3aVa  ms|Vaal® mpV3,Vag

2
mqV33V3 msV33Vas  mp|Vis)

2
’md|V31| msV31 Vi, mpV 3, Va3
Uy V2
e\ VU2 41

It all comes from the symmetry
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[L Answer: Yes!!
gBGL allowing for HFCNC both in up and down sectors

Symmetry: ( VI/O% ﬂmmwt hlind .’D

Qrs — —QLs, - drastic reduction in number of free parameters
dR = dRa (I)l — (I)la -no NFC
Up — UR, Py > — P,

one may say that the principle leading to gBGL constrains the Yukowa couplings so
that each line of I';, A; couples only to one Higgs doublet.

- renormalisable;

T = : z 113 T, — g 8 g - FCNC both in up and down
' 284> T2 ’ sectors;
0 0 0 Y31 Y32 X
X X O3 0 0 0 - no longer of MFV type, four
additional flavour parameters;
Al =1 X X (523 3 Ag = 0 0 0 : ’
0 0 0 031 033 X - both up and down type BGL
appear as special limits;
gBGL verify:

T, =0, TIA; =0,
AlA, =0, Al =0.
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X X X 0 0 0 X X X o o 0
P = X X X P = 0 0] 0 A = X X X A — G o 0)
1 0 o) T2 S o o o) T2 X X X

m Mass matrices

ve'ls i o_ ve i
\/§ (c5F1 + € Sﬁrz) ; Mu = \/§ (Cﬁ[.\} + e 83&2)

» Important: with M9 and M? real

0 _
MO =

10 0Y) 1 0 O )
M=10 1 0 |MS, M=|0 1 0O |M
0 0 e 0 0 e %

MY = [(1—P3)+eP3] MY, MO =[(1-P;)+e P;] M2

L4

Spontaneon=CO R NMialakion and Scoalar FONC



» Bidiagonalisation of M§, M

Uy M3 U, =diag(mg,), Ul MU, = diag(m,,)

IMC?MC?T
10 0\ 1 0 0
MIM"={0 1 o |MINMIT O 1 0O
0 0 e 0 0 %

MIMY?T real and symmetric

04T MIMIT 0 = diag(m3,) with real orthogonal O%

1 0 0
Ul MyMJ\U, = diag(m3), with U, = 3 (1) 0| oL
e’t

m Similarly

Spontancous CGF VMiolation and Scalar FOGONC



FRAL with SCEN and SEENC

m Right-handed transformations

My MG =MTMg, MM = MM

O MY MI0% = diag(m3), OLTMML0OY = diag(m?,)
with real orthogonal O% and 0%
m Finally

M, = diag(myg,) = b{dTLMgO%, M, = diag(m,,) = Z/(JLMSO}Q

m The CKM matrix V = U,:[LZ/{dL is
1 0
v=0¥"{o 1 0 |04
0 0

requires e*?Y #£ +1 for CP violation!

Spontalconn=tGREG Glatiansa ndi8Scalag REGN G
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A 2HDN with SCPV and St

Scalar sector

m 2HDM potential

m CP invariant (all couplings are real)
m 72 symmetry, softly broken by ufs # 0

V(®1, Ba) = uf1 @] @1 + p3, 9180 + i, (B] By + 2] 01)
FAL(BT81)2 4+ Ao (]85)2 +223(D] D1 ) (@ B2) + 2204 (2] B2) (] D7)
| + As[(2]@2)? + (21 @1)7]







Vs We paist ok Hat Hhirt de o dusy



4 Concdurtone
o Tt 4» poible o hare &
realinlic 2 HOM esith Sjortantse






