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The THDM
[ 1]

» In the SM we have one Higgs doublet

o= (%)

Gauge invariant and renormalizable Higgs potential

v

Vam = — (') + Mplp)?

v

In the THDM the Higgs sector is extended

+ +
Y1 = , P2 =
(90? o9

THDM has five physical Higgs bosons: o/, i', b, H*.
Prominent example: Susy models like the MSSM

v

>
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» THDM Higgs potential

H. E. Haber and R. Hempfling, PRD 48 (1993)

V=l (elor) + mi (phen) — [/ﬂ%z(ﬂ@z) + hf}
Al Ay

7(9@{@1)2 + 7(@9@2)2

+ 5(l o) (@he2) + (@l 2) (pher)

As
+ 7(@%2)2 + (o) (@l92) + M(phoa) (pla) + h-c} ,

_l’_

with m?7,, m3,, A1 2.4 real and m7,, \s 7 complex.
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Bilinears in the THDM
©000000000

Bilinears

J. Velhinho, R. Santos and A. Barroso, PLB 322 (1994),
O. Nachtmann, A. Manteuffel, MM EPJC 48 (2006),
Nishi PRD 74 (2006)

» General SU(2), x U(1)y gauge invariant terms of the
potential for doublets:

szr(pja (ivj = 172)'

» Arrange invariant scalar products into Hermitian

2 x 2 matrix

i T
K = P1P1 PrPI

SOI<P2 CP;Pz
» Decomposition by completeness of Pauli matrices and 1,

1
K = 5 (Ko dj + Kuof) -
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Bilinears in the THDM
0@00000000

» 4 real coefficients - bilinears - defined by this
decomposition
Ko=o¢lei,  Ki=(plg)ol, (a=1,2,3).

» Inversion reads

90];901 = (Ko + K3)/2, @I@z = (K| + iK»)/2,
ol = (Ko — K3)/2, ohor = (K — iKy) /2.
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Bilinears in the THDM
00@0000000
» In terms of

K(), K= KZ

the most general potential can now be written
V = &Ko+ £TK + 7/00[(02 + 2K, nTK + KTEK7

» with real parameters
&)7 7100, 57 n, E:ET
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Bilinears in the THDM
000@000000

» Translation from conventional notation to bilinear space

| | —2Re(m7,)
fo==(mt +md), &== ZIm(mp) ,
2 2 ’
mi, —m3,
Re /\(1 + )\7
Moo = 8(/\1 + X)) + —Im (Mo +27) ],
/\1 - \2)
1 A4+ Re(/\5) *Il’n()\s> RC /\()
E = Z —Im()\s) )\4 — Re()\s) —Im()\(, )\7)

Re(As — A7) —Im(Ae — A7) 3(A1 +X2) = A3
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Bilinears in the THDM
0000®00000

» We can even go ahead and write in an abstract
Minkowski space

Ko

K

K>

K3

K =

» The potential can thus be written in a very symmetric form
with real parameters, (" = 7).

V = (oK + nagKaKs,  o,B€{0,...,4} J

M. Maniatis University of Bielefeld

Studies of the THDM



Bilinears in the THDM
00000e0000

Example: maximally CP symmetric model

» We consider the THDM with the Higgs potential

Vel ¢2) = m%l (SOJ{SOI + @m)

- A] ((wm) + (@902)2)
+ M(solsm )(phea) + Aa(plpa) (pleon)
+ As ((901@2) + (@3@1)2) ,

» Parameters m%l, A1, A3, A4, A5 are real.

» Potential invariant under ¢; — —¢.
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Bilinears in the THDM
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» Translation to bilinears.

0
i()zln%lv SZ 0 )
0
1 0
Moo = Z(/\I + A3), n={0],
0
1 A+ s 0 0
0 0 Al — A3
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Bilinears in the THDM
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» Translation to bilinears.

0
o = mi,, E=10],
0
1 0
700 = Z()\l + A3), n=10],
0
1 A+ s 0 0
E = Z O /\4—/\5 O
0 0 A=)

» THDM potential

V = &Ko + ETK + nooKo? + 2Ko 'K + KTEK,
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Bilinears in the THDM
0000008000

» Translation to bilinears.

0
& = miy, £E=10],
0
1 0
700 = Z()\I + A\3), n=10],
0
1 A+ s 0 0
=gl 0 n-x 0
0 0 Al — A3

» THDM potential

V = &Ko +§<+ nooKo® + 2K K + K'EK,
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Bilinears in the THDM
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Change of basis

» Consider the following mixing of the doublets

()-+(2),
©h )
with unitary 2 x 2 matrix U.
» The bilinears transform as
K( = Ko, K, = Rup(U)Kp,
» where R is defined by
Ule®U = Ry, o”.

with matrix R € SO(3), that is proper rotations in K-space.
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Bilinears in the THDM
0000000080

» Under a change of basis K — K’ = RK the THDM potential
remains invariant if we transform the parameters

& =0, Mo = 100
¢ =R¢ n' =Rn, E=RER".

V =Ko + €K + nooKo® + 2Kon"K + KEK
=£0'Ko' + €' TRRYK 4 1)), K)? + 2K, " RRTK’ + K'"RRTE'RRTK’
=Ko + &K'+ 10Ky* + 2Ky "K' + KTEK,

» That is we may diagonalize E by a change of basis and
have 11 parameters of the THDM.
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Bilinears in the THDM
000000000e

Symmetries

I. P. lvanov PRD 77 (2008), E. Ma, MM PLB 683 (2010),
P. M. Ferreira, O. Nachtmann, J. P. Silva, MM JHEP 1008 (2010),
P. M. Ferreira, H. E. Haber, O. Nachtmann, J. P. Silva, MM IJMP A26 (2011)

» A transformation K — RK, is a symmetry of the potential if
and only if

£ =R¢, n=Rn, E=RER". J
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CP transformations

CP transformations
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CP transformations
000

Standard CP transformation

J.F. Gunion, H.E.Haber Phys.Rev.D72 (2005), |.F.Ginzburg, M.Krawczyk Phys.Rev.D72 (2005),
C.C. Nishi PRD 74 (2006), O. Nachtmann, A. Manteuffel, MM EPJ C57 (2008)

o) D pi(), =12 ¥ = () J

—X

» In terms of bilinears

CP; Kix) CP Ki(¥)
K ( )—S>K()( ) Kz(x) —s> —Kz(xl)
K3(x) K3(x/)
» This is a reflection on the 1-3 plane
1 0 O
K(x) <5 RE(x'), withR:= [0 —1 0
0 0 1
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CP transformations
0e0

» With view on THDM Higgs potential
V = &Ko + 7K + nooKo? + 2Kon"K + KTEK

» Potential is invariant under standard CP transformation
if and only if there is a basis

=RU)E=(0], n'=RUn=|[0],
0
E'=RWU)ER"(U)= {0 - 0
0
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CP transformations
ooe

C. C. Nishi PRD 74 (2006),
O. Nachtmann, A. Manteuffel, MM EPJ C57 (2008)

» CP invariance conditions - basis invariant.
¢'E(Exn) =0, (E§)'E (£ x (E€)) =0,
n'E(&xmn)=0, (En)'E (nx (En))=0.

Potential is explicitly CP conserving if and only if these
conditions are fulfilled.

» These conditions agree with former set of conditions, but
are much simpler.
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CP transformations
°

Generalized CP transformations

G.Ecker, W.Grimus, W.Konetschny, NPB 191 (1981)

CP ..
30()—g)Ulj(p]() Lji=1,2

» The bilinears transform as

O. Nachtmann, A. Manteuffel, MM EPJC 57 (2007), O. Nachtmann, MM JHEP 0905 (2009),
P. Ferreira, J. Silva, PR D83 (2011)

CP, CP, -
Ko(x) —5 Ko(x), K(x) — RK(x')

with improper rotation R.
» Requiring R> = 15 there are two types

(i) R=—13,  point reflection
(ii) R=

RT R, R, orthogonal equivalent to R, reflection
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MCPM

Maximally CP-invariant model (MCPM)
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» Potential invariant under point reflections

cpf)

K(x) —— —K(x)

V = &Ko + €K + nooKo® + 2Kon"K + K'EK,

» that is we have to have

§=n=0 J

» Note that this potential is automatically invariant under
reflections on planes.
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0000
» Potential invariant under point reflections

cpf)

K(x) —— —K(x)

V = &Ko +§<I§+ nooKo® + 2Kk + K'EK,

» that is we have to have

§=n=0 J

» Note that this potential is automatically invariant under
reflections on planes.
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Yukawa couplings in the MCPM

» At least two families for non-vanishing couplings.
» Absence of FCNC fixes couplings.
» Yukawa couplings

St =~ Tyl (2165) ool (110 e

» Via EWSB ¢;; fixed, my, = C/}%, vV =~ 246 GeV.
» Yukawa coupling of 2nd family prop. to 3rd family mass!
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MCPM
[oTe] Yo}

» Drell-Yan Higgs production dominant o, nachtmann, Mu, JHEP 0905
P

D

» Very large cross section at LHC.

AN 1 s
H*h ‘I_}L h" — ce e
1000 i 01 f ) i
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Oblique parameters

» Check agreement with electroweak measurements.
» Oblique parameters restrict viable parameter space.

O. Nachtmann, MM, arxiv:1106.1436 [hep-ph]

myy [GeV]

myy [GeV]

oy [GeV]

myy [GeV]

my [GeV]
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Conclusion
[ ]

Conclusion

» Bilinears are quite powerful tool in general THDM potential.
» Basis-, CP transformations have simple geometric picture.

» Generalized CP transformations are point or plane
reflections.

» Point-reflection invariance leads to a new
maximally CP-invariant model (MCPM).

» Family replication in the MCPM.
» Phenomenology of the MCPM appealing.

M. Maniatis University of Bielefeld

Studies of the THDM



» Tevatron luminosity 5 fb—!,
LHC luminosity 100 fo~! /year.

» Assuming Higgs boson masses #/, ", H* of 250 GeV

OTevatron = 2 Pb (10,000 events),
oLuc ~ 1000 pb (100,000,000 events/year)

» Decay proceeds mainly hadronically into ¢- and s-quarks.
» c-tagging maybe experimentally to difficult?

» Branching ratio F(ﬁ(;ii_aﬁ;) ~3-107 (H="W,h", H*).

» At Tevatron less than 1 event,
at LHC we expect about 3000 events/year.
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SU(2)L x U(1)y breaking

» SU(2). x U(1)y breaking behavior in terms of Ky, K, K>, K3

+ T T
o = <w K= [F191 929
¢ P2 Phen

» We have

—_o
N———
)
[\

I
o5
1:)60'\’—&-
N———

ﬂK:ﬂw+@m:m20
detK = (¢! T00) — () To))=K2— K> —K:—K2>0
et K = (0101)(p202) — (pr01)(p1902) = Ky — Ki — K5 — K5 >

» Ky, K restricted to lie in forward light cone.
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» Different domains with respect to EWSB.
Consider minimum (vacuum) with

K0:K1:K2:K3:0 991:992:0
SU(2). x U(1)y unbroken

K} > K} + K3+ K3 ©1, 2 linear independent
Not possible to arrange ¢ = ¢5 =0
SU(2). x U(1)y fully broken

K=K} + K3+ K3 ©1, 2 linear dependent
Possible to arrange ¢ = o5 =0
SU(2). x U(1)y partially broken.
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» Minkowski space structure of o Nachtmann, A. Manteuttel, MM EPJC 48 (2006)
bilinears

A Ko

Ko =Ky = Ko = Ks = 0 K1
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Spontaneous CP violation

>

Potential invariant under CP transf. but vacuum not.
Assume we have found a basis

¢ —R(U)E = (o) o = R(U)n = (o)

.0 -
E'=R(U)ER"(U) = (0 . 0) :
.0 -

Spontaneous CP violation is absent in this basis
if and only if (K>) =0.
Basis independent formulation:
(& xn)'(K)=0,  (&x(EE))"(K)
(n x (En))"(K)

v

v

v

0,
0.
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Hypercharge
[ ]

Translation of Higgs hypercharges

» In SUSY models the Higgs doublets (H, and H,) carry
hypercharges y=+1/2and y= —1/2.
» This can be translated to the convention used here by

SOIIX = —€a/3(H5)*,
¢y =Hy

with doublets
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Maximmally CP
©00000000000(

THDM invariant under point reflections

» In conventional notation we end up with

Al
V(pt1,02) = mii? (ﬂwl - wﬁcm) += ((‘P}L‘Pl)z + (wlsﬂz)z)

+Xs(elen)(@he2) + M) (wheon)
As
+5 (o2 + (eher)?)
invariant under the four generalised CP, transformations

CP, .
pi(x) — Wi i ()
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Maximmally CP
0@0000000000(

Unitary gauge

» In the unitary gauge we have
_ (0 _ H*(x)
o10) = V2 <vo + p'(x)) )= <12(h'(x) + ih”(x)))

real fields: p(x), H'(x) and h"(x)
charged fields: H' (x), H™ (x) = (H" (x))"
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Maximmally CP
00®000000000(

Yukawa coupling to one family

» Suppose, we couple one family of fermions to the Higgs
doublets

Lrak(x) = ~lir(¥) c1i ] (v) <21LL((;>)> Fhe

with ¢;; arbitrary complex numbers
» General ansatz for the CPg,’) transformations of the fermions

v L(x) i€1 DTL(x/)
(i) = <<asco (347))
lir(x) = €9 S(O)I p(¥')
(7° and S(C) := iv*4 as usual)

» The Yukawa coupling is invariant under the CPg)
transformations only for
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Maximmally CP
000800000000

Yukawa coupling to two families

» Suppose, we couple two families of fermions to the Higgs
doublets

Lrak(x) = ~lar(x) €5 0l () (’jgffj;) . 0,f=23

with Cl(l) and Cl(z) complex matrices.
» By field redefinitions one can always arrange that

m_ (a7 0 <o MDso.
¢ = 0 m ] G2 =Y, Gz =Y
€3

» Also the CP, transformations may mix the families in this
case

(tests)) = vt o5(0) (B Bt
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Maximmally CP
0000®0000000(

» The Yukawa coupling is now invariant only if
T ) * (1) % i
v D yw, = (1)J
» Now we must find Uél) and U,(;) for all different W.

We call a Lagrangian fullfilling (1) maximal CP invariant )
» Consider the case Cz(lz) >0, cfé) >0, cf;) c,(13)
» This corresponds to non-zero but different masses for /,
and /5.
» The only possibility for C](2> is

M. Maniatis University of Bielefeld
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[e]e]e]ele] lelelelelefel:
» This would lead to large FCNC’s

l2 * I3
|

B

|
Iy + I3

» Example of muon—nucleon scattering process revealing
FCNCs

— }x

» Consider the case 61(12) = cg) >0

» This gives equal lepton masses, which is
phenomenologically not acceptable.

M. Maniatis
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Maximmally CP
000000®00000!

» Consider the remaining case cl(é) =0, cl(;) >0

» [; acquires a mass and [, is massless.
> The only possibility for C\* is now

C(z): —c,(;) 0
! 0 0

» We identify the two families with the Il. and lll. of the SM.
The I. family is uncoupled.
» This seems to be justified to a certain extend.

| 1 11

2.4 MeV|ec 127 GeV |t 172 GeV
4.8 MeV | s 105 MeV | b 4.2 GeV
e 0511 MeV |pu 1057 MeV |+ 1777 GeV

[o T =

University of Bielefeld
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Maximmally CP
0000000 @000

Yukawa coupling Lagrangian

» We end up with the Yukawa coupling
) = e {1 ol (710)) ~ B el (720 ) o
» After EWSB we get finally

Lk 1(x) = —my3 (1 + pi}(;c)) I3(x) I3(x)

mp3

+ O B lz(x)—l—imv—: W' (x) b (x)7ysl (x)

2m
+ \f 13 [H+(
Vo

x) 1 (x)wrla (x) +H ™ (x) b(x)wrva(x)]

» Higgs—fermion couplings for II. family is prop. to m;3
» The quark couplings are derived analogously.
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» Study of Higgs decay

Hy(k) = f'(p1) +f(p2) J

v

Decay rates can easily calculated from Lagrangian
For the dominant contributions

v

W—ce, h —ce, H" —cs, H —sc
we find rates of I" ~ 12 GeV for my, = 200 GeV.
Study of Higgs decays

H, (k) — Hz(p1) a4F V(pz) J

v

v

We find that this decay rates become relevant only for a
very heavy Higgs boson.
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Maximmally CP
000000000 @00

» Decay of neutral Higgs bosons into a gluon pair

Hl(k) = G(pl) I G(pz)
» Calculation yields, i.e. for A’

2m;m, 4m% 2mymy 4mf,
I —~ ) + I{ —
vomy:  \ m3, vomy — \ m3,
1

- fatiton(1245)

2 2
Qimy

3273

' = G+G)=

Z—v—ie€ 1—V1I—v
0
2
_1 I+v1—z | _
=2+ (1—-2) 2{1‘1(1@) ”T} for0 <z <1

2[ arcsin( l/z)]2 forz > 1

» This gives again tiny decay rates.
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Maximmally CP
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Higgs boson production in Drell-Yan

» Higgs production proceeds via

p(p1)

1000 £ NN
100 £\

0E

cross section [pb|

SN\ IEV

S ILHCT

LHC14 A

p(p2)

» Explicit calculation gives

a(p(p1) +p(p2) — Hi(k) JrX)|qq—fusion =
1 1
T

3v(2)s
0 0

o. L R, L L L L e-
100 200 300 400 500 600 700 800 900 1000

Miiggs [GeV]

(|a|* + |b|2)-/dxle;(xl)/dszg(xz)J(xlxz - :‘)

m2

» Cross section exceeding 100 pb for not to heavy Higgs my, .

M. Maniatis
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Maximmally CP
000000000008

Neutral Higgs boson production via gluon fusion

» Higgs production H, = p', ', "’ proceeds via

p(p1)
— T
100 vitu Tev
. Vs = 1.96 TV
e 10 |
2
= B
g X ’
g 0.1 T3
%
2
A
S oof .
1] S . Y
\ o W, h
NS
0.001 ; L . ; ;
100 200 300 400 500 600 700 800 900 1000
p(p2)

Migigys [GeV]

» Explicit calculation gives

a(p(p1) +p(p2) — H JrX)|GG—fusion =

] l

*T'(H, — GG ;
%/dxlNg(xl)/dszg(xz)(S(XIXZ - mHl)
S my, s

0
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Maximmally CP
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Estimates of experimental detection of Higgs bosons

» At Tevatron we have data of 5 fb~!,
at LHC we expect 100 fo~! /year.

» Assuming a Higgs boson mass /#/, 1", H* of 250 GeV we
find production cross sections of

OTevatron = 2 Pb, that is 10, 000 events,
oLgc =~ 1000 pb, that is 100,000, 000 events/year

» Decay proceeds mainly hadronically into ¢- and s-quarks.
» c-tagging maybe experimentally to difficult?
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Maximmally CP
000000000000

Experimental Detection of Higgs bosons

» On the other hand we find branching ratios of

L —pp*) DO —pp) TH" = pfv)

L(W—al) = TH' —al) ~ TH+—al) ~
F(H_ — ,LL_IZM) m% _5
I'(H- — all) 3(m? + m?) + m2

» Number of Higgs-bonsons with subsequent decay into u:

» At Tevatron less than 1 event.
» At LHC we expect about 3000 events/year.
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Maximmally CP
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» Renormalization group equations for A\j 234567

dx
8#2711 =622 + 222 + 22304 + A2 + |As]? + 12]x6)?
3, 3., 9,
- + >+—K+—“+—,
1( 8'1 gz 8%’1 48’[5’2 8K2
2dX 2 2 2 2 2
8772 =633 + 203 + 200 + 2]+ sl + 121
3,9 2) 34,322, 94
X (g8 ) + e+ Cete + -85,
2 (281 282 Sgl 45’182 3 82
dX; * *
877 =0+ A) (A3 +20) + 203 A5+ sl 20067 + 2000 +406AT + 4NN
3,,9 2) 34 395,
Mg+ -8 ) + el - + -,
3 (231 282 8%’1 4)»’1132 gz
d
87\-27’4 =1+ MDA F 4030 + 20 + 410517 450617 4 51017 4 A6AT 4 Ag N
3 329
— A ( el + g2> + Zglgz,
L dXs N )
B2 2 =25 (A 20 4%+ 6M) £ 5AT + 5N + 26N

3, 9,
s (et - )
5(281 26’2
2 d\

812 =0 =621 A6 + 303 (As + A7) + Aa(dXg +2X7) + As(5Ag + A7)
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Maximmally CP
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case | mo 02 03 n12 3 3 11 M2 | m33 | invariant terms

1) 0 0 Vv Vv 0 0 Vv Vv Vv K3, KKy, K2 K2, K2
Ky + Ky, K1 K, (K — Kp)K3

2) Vv 01 0 Vv Vv —n13 v | m v K+ KK
Ky — K7, K1K>,

2
3) v —no1 0 v v 3 v | M VAR +1§2)K3,K3,
N

Ky + K3
Ky + Ky — K3,

4) v 701 o1 Vol e | e Vol m | o | KKy — (K + Ko)K,
K} + K3 + K3
K + Ky + K3,

5) v o1 01 v 12 M2 v mi | nu | KiKa + KiK3 + KyK3,
K} + K3 + K3

6) 0 0 0 0 0 0 Vv Vv Vv | KKK

7) 0 0 0 v 0 0 Vol mi | V| KiK. K} + KL K3
KKy — (K| + K2)K3,

8) 0 0 0 Vv M2 | —M2 v LT T K42t ie
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