2 THE CP-VIOLATING TWO-HIGGS DOUBLET MODEL
2.1 Theory review

Howard E. Haber and Maria Krawczyk

The Standard Model (SM) of electroweak physics is an SU(2);, xU(1) gauge theory coupled to quarks,
leptons and one complex hypercharge-one, SU(2);, doublet of scalar fields. Due to the form of the
scalar potential, one component of the complex scalar field acquires a vacuum expectation value, and
the SU(2);, xU(1) electroweak symmetry is spontaneously broken down to the U(1)gm gauge symme-
try of electromagnetism. Hermiticity requires that the parameters of the SM scalar potential are real.
Consequently, the resulting bosonic sector of the electroweak theory is CP-conserving.

The SM, with its minimal Higgs structure, provides an extremely successful description of ob-
served electroweak phenomena. Nevertheless, there are a number of motivations to extend the Higgs
sector of this model by adding a second complex doublet of scalar fields [1-10]. Perhaps the best
motivated of these extended models is the minimal supersymmetric extension of the Standard Model
(MSSM) [11-13], which requires a second Higgs doublet (and its supersymmetric fermionic partners)
in order to preserve the cancellation of gauge anomalies. The Higgs sector of the MSSM is a two-Higgs-
doublet model (2HDM), which contains two chiral Higgs supermultiplets that are distinguished by the
sign of their hypercharge. The theoretical structure of the MSSM Higgs sector is constrained by the
supersymmetry, leading to numerous relations among Higgs masses and couplings. In particular, as in
the case of the SM, the tree-level MSSM Higgs sector is CP-conserving. However, the supersymmetric
relations among Higgs parameters are modified by loop-corrections due to the effects of supersymmetry-
breaking that enter via the loops. Thus, the Higgs-sector of the (radiatively-corrected) MSSM can be
described by an effective field theory consisting of the most general CP-violating two-Higgs-doublet
model.

The 2HDM Lagrangian contains eight real scalar fields. After electroweak symmetry breaking,
three Goldstone bosons (G* and G?) are removed from the spectrum and provide the longitudinal modes
of the massive W and Z. Five physical Higgs particles remain: a charged Higgs pair (2 *) and three
neutral Higgs bosons. If experimental data reveals the existence of a Higgs sector beyond that of the
SM, it will be crucial to test whether the observed scalar spectrum is consistent with a 2HDM interpre-
tation. In order to be completely general within this framework, one should allow for the most general
CP-violating 2HDM when confronting the data. Any observed relations among the general 2HDM pa-
rameters would surely contribute to the search for a deeper theoretical understanding of the origin of
electroweak symmetry breaking.

2.1.1 The general Two-Higgs-Doublet Model (2HDM)

The 2HDM is governed by the choice of the Higgs potential and the Yukawa couplings of the two
scalar-doublets to the three generations of quarks and leptons. Let ®; and ®» denote two complex
hypercharge-one, SU(2); doublet scalar fields. The most general gauge-invariant renormalizable Higgs
scalar potential is given by

Vo= m0ld, + m3el®, — [m3® 0y + huc)
I (@]D1)° + DA (@502)” + Ag(@]D1) (®102) + Ny (@] 0y (BL 1)

+{32s(@]02)% + [Ns(@]@1) + Ar(@] )] B0, + h.c.} , @.1)

where m?;, m3,, and Ay, - - - , A4 are real parameters. In general, m?,, A5, g and A7 are complex.
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2.1.1.1 Covariant notation with respect to scalar field redefinitions

In writing Eq. (2.1), we have implicitly chosen a basis in the two-dimensional “flavor” space of scalar
fields. To allow for other basis choices, it will be convenient to rewrite Eq. (2.1) in a covariant form with
respect to global U(2) transformations, ®, — U_;®; (and <I>£ — @%Ulja), where the 2 X 2 unitary matrix

U satisfies UJ@UaE = Jpz. In our index conventions, replacing an unbarred index with a barred index is
equivalent to complex conjugation (for further details see section 2.3). Thus, Eq. (2.1) can be expressed
in U(2)-covariant form as [10, 14]:

V=Y,0l0, + 12,540l ) (0l0,), (2.2)

where the indices a, b, ¢ and d run over the two-dimensional Higgs “flavor” space and Z ;.7 = Z.q.5-
Hermiticity of V implies that Y,; = (Y33)" and Z;.7 = (Zpade)*. Explicitly, the coefficients of the
quadratic terms are

Yii = miy, Vig = —mi,,
Yo = —(miy)*, Yoo = m3,, (2.3)

and the coefficients of the quartic terms are

Z1111 = A1, Z9a = Ao,

Z1122 = Z2211 = A3, Z1221 = Zo112 = M\

Z1212 = A5, Za121 = Ay,

Z1112 = Z1211 = e, Z1121 = Za111 = Ag

Zoote = Z1222 = A7, Zoo1 = Za122 = A7 . 2.4

Under the global U(2) transformation, the tensors Y and Z transform covariantly: Y ; — U@YCJU;B and
Zal_mtf - UaéU}BUC?]U}TLJ

The advantage of introducing the U(2)-covariant notation is that one can immediately identify
U(2)-invariant quantities as basis-independent; such quantities do not depend on the original choice of
the ®;—P, basis. In particular, any physical observable must be independent of the basis choice and
hence can be identified as some U(2)-invariant quantity. For example, the well-known tan § parameter
of the general 2HDM is not a physical quantity [14-16].

Z,fgh- Indices can only be summed over using the U(2)-invariant tensor ¢ .

2.1.1.2  Counting the degrees of freedom

The 2HDM scalar potential depends on six real parameters and four complex parameters, for a total
of fourteen degrees of freedom. However, these parameters depend on the choice of the ®;—®5 ba-
sis. In order to determine the number of physical degrees of freedom, one must take into account the
possibility that unphysical degrees of freedom can be removed by redefining the scalar fields via the
global U(2) “flavor” transformations. However, note that the global U(2) group can be decomposed
as U(2) = SU(2)xU(1), where the global hypercharge U(1) transformation has no effect on the scalar
potential parameters. In contrast, the scalar potential parameters will be modified by a general SU(2)-
“flavor” transformation. Since an SU(2) transformation is specified by three parameters, three degrees of
freedom can be removed by a redefinition of the scalar fields. Thus, the scalar potential provides eleven
physical degrees of freedom that govern the properties of the 2HDM scalar sector [14,15,17].

2.1.1.3 Discrete symmetries and the 2HDM potential

The general 2HDM is not phenomenologically viable over most of its parameter space. In particular,
if we allow for the most general Higgs-fermion Yukawa couplings, the model exhibits tree-level Higgs-
mediated flavor-changing neutral currents (FCNCs), which may contradict the experimental bounds on
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FCNCs. This can be ameliorated by either avoiding the untenable regions of parameter space or by
introducing additional structure into the model. For example, in the Higgs sector of the MSSM, tree-level
Higgs-mediated FCNCs are absent due to the supersymmetric structure of the Higgs-fermion Yukawa
couplings. Tree-level Higgs-mediated FCNCs can also be eliminated by invoking appropriate discrete
symmetries [18]. Here, we focus on discrete symmetries imposed on the scalar fields. Consider a discrete
Z5 symmetry realized for some choice of basis: ®; — &1, P9 — —P5. This discrete symmetry implies
that m2, = A\g = A7 = 0. A basis-independent characterization of this discrete symmetry has been given
in [14,19]. In practice, the discrete symmetry must also be extended to the fermion sector. By specifying
the transformation properties of the fermions with respect to the discrete symmetry, one can constrain the
form of the Higgs-fermion Yukawa interactions. In fact, removing the possibility of dangerous FCNC
effects can also be achieved if the symmetry of the Z5 discrete transformation of the Higgs potential is
softly broken; i.e., there exists a basis in which A\¢ = A7 = 0 but m%z # 0 [15,17]. A basis-independent
characterization of the softly-broken discrete symmetry can also be given [14]. Finally, hard-breaking
of the discrete Z symmetry corresponds to the case in which no basis exists in which A\g = A7 = 0.
Additional implications of the broken Z5 symmetry can be found in section 2.4.

2.1.1.4 The scalar field vacuum expectation values

Electroweak symmetry breaking arises if the minimum of the scalar potential occurs for nonzero expec-
tation values of the scalar fields. The condition for extrema of the scalar potential

oV oV
—o, X — 0 25)
0P | #1=(a1), 0Dy | &1=(1),
Po=(®3) Po=(®3)
yields the vacuum expectation values (vevs) (® o). The scalar fields will develop non-zero vevs if the
mass matrix constructed from the quadratic squared-mass parameters of the Higgs potential (m fj) has at
least one negative eigenvalue. By employing an appropriate weak isospin and U(1)y transformation, it
is always possible to write the scalar field vevs in the following form

1 0 1 u
By) = — , Do) = — , 2.6
@) <”1 > (®2) V2 Vg€t 20

where v and v9 are real and positive, and 0 < £ < 27. Depending on the parameters of Higgs potential,
the extremum for u # 0 describes either saddle point or a minimum of the potential, called the charged
vacuum, where the U(1)gy symmetry is spontaneously broken [15,20-22]. The vacuum solution with
u = 0 preserves the U(1)gy symmetry; it corresponds to a local minimum of potential if its parameters
are such that the physical Higgs squared-masses are non-negative. In this case, one can show that the
energy of the charged vacuum is larger than energy of the U(1)gn\ preserving vacuum [20, 22].

Henceforth, we assume that the global minimum of the scalar potential respects the U(1),; gauge
symmetry. In this case u = 0 and it is convenient to write:

v1 =vcosf, v9g =wsin 3, 2.7

where v2 = v} + v3 = (V2GFr) /2 = (246 GeV)? and 0 < 3 < 7/2.
One is always free to rephase ®5 in order to set £ = 0. In the following, we shall always work in

a basis in which the two neutral Higgs field vevs are real and positive (corresponding to a real vacuum).
The scalar minimum conditions (2.5) then yield:

mi; = mists — 307 M+ (A3 + M+ Assh + (206 +A5)spcs + Arshts) (2.8)

miy = (miy)*ty" — 10v? [Agsg + (A3 4+ Aa+ A3k + Aoty + (e + 2>\;e—if)3gcﬂ} , (2.9)



WORKSHOP ONCP SrublES AND NON-STANDARD HIGGSPHYSICS

where sg = sin 3, cg = cos f and t3 = tan 3. Since m2, and m3, are both real, the imaginary part of
either Eq. (2.8) or Eq. (2.9) yields one independent equation:

Im (m2,) = %1)2 [Im (X5)sgcs + Im ()\G)c% + Im ()\7)8%] . (2.10)
The quantities
I 2 2
v7sgcg v283Cs

will be useful in our discussion of the Higgs mass eigenstates and the mixing of CP-even and CP-odd
states. Note that Re (m?,) is not determined by the scalar potential minimum conditions.

2.1.1.5 Theoretical constraints on the Higgs potential parameters

The parameters of Higgs potential are constrained by various conditions. To have a stable vacuum, the
potential must be positive at large quasi—classical values of the magnitudes of the scalar fields for an
arbitrary direction in the (®1,®2) plane. These are the positivity constraints [23-26]. The minimum
constraints are the conditions ensuring that the extremum is a minimum for all directions in (® 1, P3)
space, except for the direction of the Goldstone modes. It is realized when the squared-masses of the five
physical Higgs bosons are all positive.

The tree-level amplitudes for the scattering of longitudinal gauge bosons at high energy can be
related via the equivalence theorem [27] to the corresponding amplitudes in which the longitudinal gauge
bosons are replaced by Goldstone bosons. The latter can be computed in terms of quartic couplings A;
that appear in the Higgs potential. By imposing tree-level unitarity constraints on these amplitudes, one
can derive upper bounds on the values of certain combinations of Higgs quartic couplings [28—34].

The perturbativity condition for a validity of a tree approximation in the description of interactions
of the lightest Higgs boson may be somewhat less restrictive than the unitarity constraints. For example,
by requiring that one-loop corrections to Higgs self-couplings are small compared to tree-level couplings,
one expects that |\;|/167% < 1.

Unitarity constraints for the 2HDM were first derived for the potential without a hard violation of
the discrete Z» symmetry and for the CP conserving case (e.g., see [32]). Extension to the CP-violating
case can be found in [33], and for the case of hard discrete Zo symmetry violation in [34].

2.1.2  Conditions for Higgs sector CP-violation

Higgs sector CP-violation may be either explicit or spontaneous. Explicit CP conservation! or violation
refers respectively to the consistent or inconsistent CP transformation properties of the various terms that
appear in the Lagrangian. If the scalar Lagrangian is explicitly CP-conserving, but the vacuum state of
the theory violates CP, then one says that CP is spontaneously broken [1, 10, 35]. The observable conse-
quences of Higgs sector CP-violation (either explicit or spontaneous) include the mixing of neutral Higgs
states of opposite CP quantum numbers and/or the existence of (direct) CP-violating Higgs interactions.

The CP state mixing and the direct CP-violation in the gauge/Higgs interactions are determined
by the properties of the scalar Lagrangian (and the corresponding vacuum state). These CP-violating
effects are absent if and only if there exists a basis in which the two neutral Higgs vacuum expectation
values and the scalar potential parameters are simultaneously real [36,37]. Given an arbitrary potential,
the existence or non-existence of such a basis may be difficult to determine directly. For this problem,
the basis-independent methods are invaluable. In particular, a set of basis-independent conditions can be

!Since CP is violated in the SM via the CKM mixing of the quarks, it is generally unnatural to demand that the Higgs sector
of the 2HDM explicitly conserve CP. Nevertheless, one can naturally impose a CP-conserving Higgs sector by employing an
appropriate discrete symmetry. In the MSSM, the Higgs sector is CP-conserving at tree-level (due to the supersymmetry),
although one finds CP-violation arising at one-loop due to supersymmetry-breaking effects.
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found to test for the CP-invariance of the scalar sector. Following [38], we introduce three U(2)-invariant
quantities [37]:

Lt = Y20, (2.12)
0t = UYeY. 5 20 pilaVd » (2.13)
Jy = G020 2 2.0 piaba, (2.14)

where (®Y) = v9,/v/2, and 7, is a unit vector in the complex two-dimensional Higgs flavor space.
Then, the scalar sector is CP-conserving (i.e., no explicit nor spontaneous CP-violation is present) if J1,
Jo and J3 defined in Eqgs. (2.12)—(2.14) are real.? If the scalar potential is CP-violating, then the CP state
mixing depends only on Im Jy [16,39], whereas CP-violation in the gauge/Higgs boson interactions is
governed by all three quantities Im J, k = 1,2, 3.

2.1.2.1 Explicit CP-conservation

The general 2HDM scalar potential explicitly violates the CP symmetry. An explicitly CP-conserving
scalar potential requires the existence of a $;—®P basis in which all the Higgs potential parameters are
real. Such a basis will henceforth be called a real basis. However, given an arbitrary potential, the
existence or non-existence of a real basis may be difficult to discern, as already noted. In Ref. [37], the
necessary and sufficient basis-independent conditions for an explicitly CP-conserving scalar potential
have been established, in terms of the following four potentially complex invariants:

Iysz = (Z(1 D Zyeed¥ia) 2.15)
Lysz = Im(Y, deade(l)) ) (2.16)

Isz = Im( abchbf Z;z)zfajlézkjmﬁznmha), 2.17)
Isysz = Im(ZgqZcedgZensqYga¥nsYqf) » (2.18)

where Z((Mli-) = e gped-

The conditions for a CP-conserving scalar potential depend on the invariant quantity [14, 19]:
Z=2Tr [ZW]? —(Tr ZM)2 = (A; — A2)? 4+ 4|Xg + 7|2, (2.19)

Note that if Z vanishes, then Eq. (2.19) implies that A; = A9 and Ay = — )¢ for all basis choices. Two
distinct cases are possible. If Z # 0, then the necessary and sufficient conditions for an explicitly CP-
conserving 2HDM scalar potential are given by Iys3z = Iayaz = Igz = 0. (A similar result has also
been obtained in [40].) In this case I3y3z = 0 is automatically satisfied. If Z = 0, then the aforemen-
tioned first three invariants automatically vanish, in which case the necessary and sufficient condition for
an explicitly CP-conserving 2HDM scalar potential is given by I3y3z = 0. Explicit expressions for the
imaginary parts of the four CP-odd invariants above can be found in [37]. The significance of the four
conditions above from a group-theoretical perspective has been recently discussed in [19,41].

Finally, we note that the imposition of the discrete Zo symmetry ®; — &1, &3 — —Po implies
that the scalar potential is CP-conserving. Since \j is the only nonzero complex parameter in the basis
where the discrete symmetry is manifest, it is a simple matter to rephase one of the scalar doublets to
render A5 real. Explicit CP-violation can arise if the &1 — &1, &3 — —P5 discrete Zo symmetry
breaking is either hard or soft. In the latter case, e.g., CP violation is a consequence of a nontrivial
relative phase in the complex parameters m?2, and As.

2One can show that the reality of the .Jj, is equivalent to the invariant conditions given in Eq. (2.75) of section 2.3 [14,38].
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2.1.2.2  Spontaneous CP-violation

If the scalar Lagrangian is explicitly CP-conserving but the Higgs vacuum is CP-violating, then CP is
spontaneously broken. However, both spontaneous and explicit CP-violation yield similar CP-violating
phenomenology. To distinguish between the two, one would need to discover CP-violation in the Higgs
sector and prove that the fundamental scalar Lagrangian is CP-conserving. In principle, such a distinction
is possible. For example, suppose one could verify that Iysz = Isyaz = Igz = Isysz = 0, whereas
at least one of three invariants .JJ;, J5 and J3 possesses a non-zero imaginary part. In this case, the CP-
symmetry in the Higgs sector is spontaneously broken.? In practice, distinguishing between explicit and
spontaneous CP-violation by experimental observations and analysis seems extremely difficult.

Spontaneous CP-violation cannot arise in the presence of the &1 — &, o — — P4 discrete 25
symmetry. In particular, in this case the scalar potential minimum condition implies that it is possible to
transform to a real basis in which the two neutral vacuum expectation values are real.

2.1.3 The Higgs mass spectrum
2.1.3.1 CP violation and mixing of states
We introduce the following field decomposition
o o
Q1= vi+p1+ix1 | Qo= | vo+pa+ixe |- (2.20)
V2 V2
Then the corresponding scalar squared-mass matrix can be transformed to the block diagonal form by

a separation of the massless charged and neutral Goldstone boson fields, G* and G°, and the charged
Higgs boson fields H*:

Gt = cosﬁgoiE + sin g <p2i ) (2.21)
G = cosf x1+sing xs. (2.22)

The physical charged Higgs boson is orthogonal to G*:
HT = —sinﬂg&iE + cosﬁnpéc. (2.23)

The mass of the charged Higgs boson is easily obtained:
2 1 2
MHi = |n— 5()\4 + Re)Xs + Re )\67) v, (2.24)

where \g7 = Ag cot 0 + A7 tan 8 and 7 is defined in Eq. (2.11). The physical neutral Higgs bosons are
mixtures of the two CP-even fields ¢, @2 and a CP-odd field

A= —sin( x1 +cos (3 xa, (2.25)

that is orthogonal to G°. Consequently, in the general 2HDM, the physical neutral Higgs bosons are
states of indefinite CP.

In the {1, 2, A} basis, the real symmetric squared-mass matrix M? for neutral sector is ob-
tained: ) ) )
My, Mi, Mg

M= | ME, M M3 |. (2.26)
Mty My Mg,

30ne would also have to prove the absence of explicit CP-violation in the Higgs-fermion couplings. The relevant basis-
independent conditions have been given in [10, 38].

10
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Diagonalizing the matrix M? by using an orthogonal transformation R we obtain the physical neutral
states h1 o 3, with corresponding squared-masses M? that are the eigenvalues of the matrix M?:

hq 1
ho | =R | 2|, with RM2RT = diag(M?, M3, M3). (2.27)
hs A

The diagonalizing matrix R can be written as a product of three rotation matrices R;, corresponding to
rotations by three angles «; € (0, 7) about the z, y and x axes, respectively:

Cc1Co C2 81 52
R=R3RoR; = [—18283—C381 C1¢3—S1S8283 (253 | . (2.28)
—C1 C3 So+S1 S§3 —CC183—C3S81S82 C2C3
Here, we define ¢; = cos ¢;, s; = sin «; and adopt the convention for masses that M; < My < Ms.

One can first diagonalize the upper left 2 x 2 block of the matrix M 2. This partial diagonalization
[15] results in the neutral, CP-even Higgs fields which we denote as i and (—H),

H =cosay; +sina pa, h = —sinap; + cosa s, (2.29)

where o = a; — 7/2 is the mixing angle that renders the 2 x 2 CP-even submatrix diagonal.* At this
stage the CP—odd field A remains unmixed:

h ©1 M 0 M2
~H| =Ry [p2|, with RIMRIF=Mi=| 0 M% M|, (2.30)
A A MEE M M3
where
M3 = [n— Re(s — iher)] v?, 2.31)
Mpg = % [Mll + Mooy F \/(Mn — Mx)? + 4M122} : (2.32)

The off-diagonal squared-masses M3 and M}2 are given by
M{3 = ey My + s1My; = —3 [25 cos(3 + o) — Tm Agy cos(f — a)} v?, (2.33)
Mj3 = —s1Mis + e My = & [25 sin(3 + &) + Im Ag7 sin(8 — a)] v?, (2.34)

where \g7 = \g cot 5 — A7 tan 3 and 4 is defined in Eq. (2.11).

In the general CP-violating 2HDM, the states h, H and A are useful intermediaries, which do not
directly correspond to physical objects. In the case of CP conservation (realized for M{2 = M}2 = 0),
the fields h, H and A represent physical Higgs bosons: h1 = h, ho = —H, hg = A. If at least one of the
off diagonal terms differs from zero, an additional diagonalization is necessary, and the mass eigenstates,
which are now admixtures of CP-even and CP-odd states, violate the CP symmetry. In this case we
express the physical Higgs boson states h 2 3 as linear combinations of h, H, A:

h1 h MZ 0 0
hy | = RsRy | —H with  RM2RT = RsRoM3RIRT = | 0 M3 0 |. (235)
hs A 0 0 M3

*The appearance of the minus sign in —H and the shift by 7/2 in the definition of « is needed in order to match
the standard convention used for CP-conserving case [8].

11
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The following mass sum rule holds:
M? + M3+ M3 = M} + M3 + M3 = M3, + M3, + M2, . (2.36)

In general, the Higgs mass-eigenstates h; [Eq. (2.27)] are not states of definite CP parity since they
are mixtures of fields ¢ 2 and A, which possess opposite CP parities. Such CP-state mixing is absent if
and only if M% = M2, = 0. In particular, for sin 23 # 0, the absence of CP-state mixing implies that
Im A\g7 = 0 and §  Im (m2,) = 0. In this latter case, h, H and A are the physical Higgs bosons, with
masses given by egs. (2.31) and (2.32), and ag = a3 = 0.

2.1.3.2  Various cases of CP mixing
We consider a number of possible interesting patterns of CP-even/CP-odd scalar state mixing [15]:

elfeyg = |Mj2/(M3—M}?)| < 1,then ay ~ 0 and the Higgs boson hy practically coincides
with the lighter CP-even state, h. In addition, the CP-violating couplings of h are very small, typically
of O(e13). The diagonalization of the residual (23) corner of the squared-mass matrix (2.30) using the
rotation matrix R3 yields the mass eigenstates ho and hgz. These are superpositions of H and A with a
potentially large mixing angle a3:
—2M33

— . 2.37
NZ A2 (2.37)

tan 2a3 ~

If M4 ~ My, then the CP-violating state mixing can be strong even at small but nonzero |M43|/v?. For
large values of My ~ M4 the proper widths of H and A become large and the H and A mass peaks
strongly overlap. Here, one should include a (complex) matrix of Higgs polarization operators [42,43].

o If ea5 = |M,2/(M2% — M3)| < 1, then a3 ~ 0 and the Higgs boson hy practically
coincides with the heavier CP-even state, —H . Similarly to the previous case, the diagonalization of the
(13) part of squared-mass matrix (2.30), using the rotation matrix Ry yields the mass eigenstates h; and
hs. These are superpositions of h and A states, which can strongly mix with large mixing angle as:

—2M;3

— 2.38
M M (2:39)

tan 2ao =~

As in the previous case, if M 4 a~ M), the CP-violating state mixing can be strong even at small M{3 /v?.

e The case of weak CP-violating state mixing combines both cases above. That is €13, 03 < 1,
which imply that aa, ag = 0, in which case the CP—even states h, H are weakly mixed with the CP—odd
state A. The corresponding physical Higgs masses are given by

M3 ~ MP — s3(M% — M?), M3 ~ M¥% — s3(M3 — M%), (2.39)

with M. g given by the sum rule (2.36) . In the particular case of soft-violation of the discrete Zo symmetry

we also have
cos(B+ ) o

v sin(8+ a)
MZM2

4
o M=

s3>~ —0 (2.40)

e The case of the intense coupling regime with M4 ~ M), =~ Mp [44] may also yield strong
CP-violating state mixing even when both § and Im g7 are small.

2.1.4 Higgs boson couplings

In the investigation of phenomenological aspects of 2HDM it is useful to introduce relative couplings,
defined as the couplings of each neutral Higgs boson h; (i = 1,2, 3) to gauge bosons W*W ™ or ZZ,

12
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Higgs bosons H™H~ and hjhy, quarks gq (¢ = u,d) and charged leptons £*¢~, normalized to the
corresponding couplings of the SM Higgs boson:

XD = gD = WE 2 wd (241)

where g](-i)
of neutral Higgs boson (h;) couplings to fermions pairs f f, the Yukawa couplings take the form

denotes the jjh; coupling. Note that for bosonic j, the relative couplings are real. In the case

—Ly = f(9p; +19;,75) f hi = fL(9p; + i95;) frhi + hec., (2.42)

where the right and left-handed fermion fields are defined as usual: frp = Pgrf and fr, = Prf, with
Pr = %(1 + 75). Hence, we shall compute the Higgs—fermion relative coupling in Eq. (2.41) by
employing the complex couplings g; = gp,; + 19y;.

One can also make use of basis-independent techniques to obtain expressions for Higgs couplings
to gauge bosons, Higgs bosons and fermions that are invariant under U(2) field redefinitions of the two
complex scalar doublet fields [16]. Further details of this procedure and a complete collection of 2HDM
couplings can be found in section 2.3.

2.1.4.1 Bosonic sector

The gauge bosons V' (W and Z) couple only to the CP—even fields ¢, ¢2. In terms of the relative
couplings defined in Eq. (2.41), the couplings of gauge bosons to the physical Higgs bosons h; are:

X%j) =cos B Rj1+sin 8 R;a, V=Wor Z (243)

In particular, in the case of weak CP-violating state mixing considered above, we obtain

Xg) ~ sin(f — «), Xg) ~ —cos(f — a), XS'S) ~ —sgsin(f — a) + sgcos(f— ). (2.44)

The cubic and quartic Higgs self-couplings as functions of the Higgs potential parameters and the
elements of mixing matrix were obtained in [15,16,45-47]. In the case of soft Z5 symmetry violation in
the CP-conserving case, these latter results simplify. The Higgs self-couplings can be expressed in terms
of the Higgs masses and the mixing angles « and (3. Moreover, if the Higgs-fermion Yukawa interactions
are of type-II [as defined below Eq. (2.46)], the trilinear couplings can be given in terms of the Higgs
masses, the relative couplings to gauge bosons and quarks, and the parameter  [15]. As an important
example, in the case of weak CP-violating state mixing and soft Z2 symmetry-violation, the coupling of
the neutral scalar h; to a charged Higgs boson pair (normalized to 2M IQ{i /v) can be expressed in terms
of the relative neutral Higgs couplings to the gauge bosons and fermions as follows:

2 2 2
0 MP N o) MP - M), 00
= (1- @4 0 Re (D 4+ (). .

Deviations of the cubic Higgs boson self-couplings from the corresponding Standard Model value would
also provide insight into the dynamics of the 2HDM. In particular, as emphasized in section 2.6, there is
a strong correlation between the loop-corrected hhh coupling and successful electroweak baryogenesis
(that makes critical use of the CP-violation from the Higgs sector).

2.1.4.2 Fermion-Higgs boson Yukawa couplings

The Higgs couplings to fermions are model dependent. The most general structure for the Higgs-fermion
Yukawa couplings, often referred to as the type-III model [48,49], is given in the generic basis by:

—Ly = QV® T, UY + Q&A1 DY, + QU Dol U, + Q) P2 A5 DY, + hic. (2.46)

13



WORKSHOP ONCP SrublES AND NON-STANDARD HIGGSPHYSICS

where ®; = ioy o, OL is the weak isospin quark doublet, and U ,%, D% are weak isospin quark singlets.
Here, QY, U%, D% denote the interaction basis states, which are vectors in the quark flavor space, and
I'1,T5, A1, Ay are Yukawa coupling matrices in quark flavor space.” We have omitted the leptonic
couplings in Eq. (2.46); these follow the same pattern as the down-type quark couplings.

In some models, not all the terms in Eq. (2.46) are present at tree-level [50]. For example, in a
type-1 model (2HDM-I) [51], there exists a basis where 'y = Ay = 0. Similarly, in a type-II model
(2HDM-II) [52], there exists a basis where ['y = Ay = 0. The vanishing of certain Higgs-fermion
couplings at tree-level can be enforced by imposing a discrete Z5 symmetry under which &; — &,
®y — —Py, and the fermion fields are either invariant or change sign according to whether one wishes
to preserve either the type-I or type-II Higgs-fermion couplings while eliminating the other possible
terms in Eq. (2.46). Another well-known example is the MSSM Higgs sector, which exhibits a type-II
Higgs-fermion coupling pattern that is enforced by supersymmetry.

The fermion—Higgs boson Yukawa couplings can be derived from Eq. (2.46) (see, e.g., chapter 22
of [10]). Without loss of generality, we choose a basis corresponding to a real vacuum (i.e., £ = 0). The
fermion mass eigenstates are related to the interaction eigenstates by bi-unitary transformations:

PLU=VYPU°, PrU = VY PrU°, PLD=VPP D", PrD =VEPPrD", (2.47)

and the Cabibbo-Kobayashi-Maskawa matrix is defined as K = VLU VLD T Tt is also convenient to define
“rotated” linear combinations of the Yukawa coupling matrices:

U=V (Dres + Tasp) VY T, pV = VY (~Tyiss + Dacp)VE T, (2.48)
o VLD(Alcg + AQSﬂ)VRDT , ,OD = VLD(—A185 + AQCﬂ)VRDT . (2.49)
The quark mass terms are identified by replacing the scalar fields with their vacuum expectation values.

The unitary matrices VLU , VLD , Vg and V}? are chosen so that x” and xU are diagonal with real non-
negative entries. These quantities are proportional to the diagonal quark mass matrices:

v v
Mp = —«kP, My = —kY. (2.50)
In a general model, the matrices p” and pY are independent complex non-diagonal matrices.

It is convenient to rewrite Eq. (2.46) in terms of the CP-even Higgs fields H and & and the CP-odd
fields A (and the Goldstone boson G°). The end result is:

1T ) —
~Ly = =D |Mpss—a+—=(o"Pr+ ,ODTPL)Cg_a] Dh+=DMpy; DG

V2
1p _MDCﬁ—a — (" Pr + PDTPL)Sﬁ—a:| DH LE( PPr—pP'PL)DA
Tl vz 7
o _MUsﬁ_a + 2 (PR + U Py | U — LT MprysU GO
v | V2 v >
20 Myey o — (0 Py + pU*PL)sB_a] UH — T (" Pp— oV P04
v | V2 V2

_r 9 __
+{U K,ODPR—,OUTKPL} DH++ %U[KMDPR—MUKPL] DG+ +h.C.} ,(2.51)

>We have reversed the lettering conventions for these coupling matrices as compared to [10] since A is more naturally
associated with the coupling to down-type quarks.

6A type-I model can also be defined as a model in which T'; = A; = 0 in some basis. Clearly, the two definitions are
equivalent, since the difference in the two conditions is simply an interchange of ®; and ®> which can be viewed as a change
of basis.
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where sg_, = sin(f—a) and cg_ = cos(8—a). In the most general CP-violating 2HDM, the physical
Higgs fields are linear combinations of h, H and A. As advertised, since p” and pU are non-diagonal,
Eq. (2.51) exhibits tree-level Higgs-mediated FCNCs.” See section 2.5 for a study of the implications of
flavor-changing fermion—Higgs boson couplings for a variety of neutral current processes.

The fermion-Higgs boson Yukawa couplings simplify considerably in type-I and type-II models.
In particular, p” and pY are no longer independent parameters. For example, in a one-generation type-II
model, I'y = Ay = 0, which implies that [14]
D U
These two equations are consistent, since the type-II condition is equivalent to kY s + pUpP = 0.
Moreover, using Egs. (2.50) and (2.52), it follows that:
2 2
pD:—fmdtanﬂ7 pU:\/_mu
v v

cot 3. (2.53)

Inserting this result into Eq. (2.51) yields the well-known Feynman rules for the type-1I Higgs-quark
interactions. For example, in the case of weak CP-violating state mixing, one finds the expected form for
the relative couplings of the neutral Higgs bosons to the up and down-type quarks:

sin o COSs &
X((il) = _cosﬁ =53_q — tanﬂcﬂ_a ) Xq(}) = sin 3 = 83_q + COt ﬂCg_a , (2.54)
cos av sin o
_ng) = cos = Cg—q +tanfBsg_q, —ng) = @ = Cg—q — cOt B53_q, (2.55)
X((is) = —itan[, Xf’) = —icot 3. (2.56)

2)

Note the extra minus sign in X, which arises due to the identification of 5 ~ —H in this limiting case.

A similar analysis can be given for models of type-I. In the same CP-conserving limiting case

considered above, Xz(f ) is identical to the corresponding type-II values given above, but ij) = Xq(f ),

2.1.4.3 The decoupling limit and implications for a SM-like Higgs boson

Suppose that all the coefficients of the quartic terms are held fixed [with values that are not allowed to
exceed O(1)]. Then, in the limit that Mpy+ > v = 246 GeV, we find that one neutral Higgs boson
has mass of O(v), while the other two neutral Higgs bosons have mass of O(M+). In this decoupling
limit, one can formally integrate out the heavy Higgs states from the theory [53-58]. The resulting Higgs
effective theory yields precisely the SM Higgs sector up to corrections of of O(UQ/MIQ#). Thus, the
properties of the light neutral Higgs boson of the model, %, are nearly identical to those of the CP-
even SM Higgs boson. Note that the CP-violating couplings of the lightest neutral Higgs boson to the
fermions, gauge bosons and to itself are suppressed by a factor of O(v? /M?{i) In contrast, the two
heavy neutral Higgs bosons will generally be significant admixtures of the CP-even and CP-odd states
H and A.

In the approach to the decoupling limit, cs_q ~ O(v? /M%) [58]. Then, Eqgs. (2.44) and (2.54)
yields XS )~ Xgll) ~ X&I) ~ 1, as expected. The flavor structure of the Higgs-quark interactions in the
decoupling limit is also noteworthy. Eq. (2.51) yields approximately flavor-diagonal QQh couplings,
since the contribution of the non-diagonal p< is suppressed by ¢g—q- The heavier neutral Higgs bosons
possess unsuppressed flavor non-diagonal Yukawa interactions, and thus can mediate FCNCs at tree-
level. Of course, such FCNC effects would be suppressed by a factor of O(v?/M?%.) due to the heavy

"Note that even in the case of a CP-conserving Higgs potential, where h, H and A are physical mass eigenstates, Eq. (2.51)
exhibits CP-violating Yukawa couplings proportional to the complex matrices p” and pU.
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masses of the exchanged Higgs bosons. The existence of a decoupling limit depends on the possibility of
taking MI%[i arbitrarily large while holding the parameters \; fixed. Using Eq. (2.24), it follows that the
approach to the decoupling limit corresponds to the region of 2HDM parameter space where 7 > |\;|.
This implies that no decoupling limit exists in a 2HDM with an exact discrete Z5 symmetry.

The presence of a SM-like Higgs boson (which is defined as a neutral scalar that possesses tree-
level couplings which are nearly identical to those of the SM Higgs boson) is consistent with a 2HDM
with parameters near the decoupling limit. However, a SM-Higgs boson can arise in non-decoupling
regions of the 2HDM parameter space. As an example, in the CP-conserving limit with cg_, ~ 1 and
cot 3 s3_q < 1, it follows that the heavier CP-even state H strongly resembles a SM-like Higgs boson.
Other examples of a SM-like Higgs boson in a non-decoupling regime can be found in [58, 59].

The decoupling limit is also a regime in which all but the lightest Higgs boson are very heavy
and nearly mass-degenerate. However, large Higgs masses (often with significant mass splittings) can
also arise in a non-decoupling parameter regime in which the A; are large. In this case, the heavy Higgs
boson masses are bounded from above by imposing unitarity constraints on the ;. These unitarity
constraints, which have been obtained for the CP-conserving case in [32], can be more severe in the
CP-violating case [33,34]. For example, the unitarity limit constrains the parameter | \5| while the Higgs
mass formulae depend on Re \5. In general, reasonably large H,H* and A masses (up to about 600
GeV), consistent with the unitarity constraints, can be obtained for very large or very small tan G and
reasonably small values of n = (M, /v)?, as well as for tan 3 ~ 1 with =~ 0 [15].

Finally, we note that in a non-decoupling parameter regime, the loop effects due to virtual ex-
change of heavy Higgs boson states do not decouple. Thus, in this parameter regime, one can also
deduce upper bounds for heavy Higgs masses (or equivalently a bound on the departure from the decou-
pling limit). As an example, the non-decoupling effects of charged and neutral Higgs boson one-loop
contributions to leptonic 7-decays can yield an upper limit on the charged Higgs boson mass [60].

2.1.4.4 Pattern relations and sum rules

The orthogonality of the mixing matrix R allows one to obtain a number of relations [15,61-63] among
the relative couplings of neutral Higgs particles to the gauge bosons and fermions. For simplicity, we re-
strict the following analysis to the case of one generation of quarks (and leptons). Consider the following
ratio of tree-level relative neutral Higgs couplings in the general CP-violating 2HDM:
N =

RoRG

R

(2.57)

where ¢ labels the Higgs mass eigenstates. One can easily verify that Eq. (2.57) holds separately for
each value of ¢ = 1,2, 3. Moreover, if the denominator of Eq. (2.57) vanishes, then the numerator must
vanish as well and vice versa. The neutral Higgs boson relative couplings  ; also satisfy a vertical sum

rule [46,64,65]:
3

Sl =1 (=Vidu). (2.58)
i=1
Note that Egs. (2.57) and (2.58) also holds for the corresponding relative couplings of the definite CP
scalar states h, H and A.

In models with type-I and type-II Higgs—fermion Yukawa couplings, additional tree-level pattern
relations and sum rules are respected. This is not surprising, given that the type-I and type-II conditions
impose extra relations among the Higgs-fermion couplings. For example, Eq. (2.57) can be extended to
the following result [15]:

oW 1P Iy 550
NG ERENO IR O (2.59)
Xu —Xy ‘Xu |2—1 Im o
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where R is independent of the index ¢ that labels the neutral Higgs state. A brief computation shows
that in type-I models, R = —1, whereas in type-II models, R = tan? 3. In writing Eq. (2.59), we
implicitly assumed that the denominators do not vanish. For example, Eq. (2.59) can also be applied to
the couplings of the neutral Higgs states of definite CP: h, H and A. However, in the CP-conserving
limit, ng ) and xg) are real for ¢« = h and H, so for these states the ratio of imaginary parts in Eq. (2.59)
should be removed.

From Eq. (2.59), one can derive a horizontal sum rule for the neutral Higgs boson couplings [65]:
RO+ PP =1+R. (2.60)

Taken together, the vertical and horizontal sum rules guarantee that the cross section to produce each
neutral Higgs boson h; (or h, H, A) of the 2HDM-I or 2HDM-II, in the processes involving the Yukawa
interaction, cannot be lower than the corresponding cross section for the production of the SM Higgs
boson with the same mass [65].

The following linear relation among neutral Higgs boson relative couplings [15] is also a conse-
quence of Eq. (2.59)

1+ R = W m ) 2.61)

Models with type I and II Higgs-fermion Yukawa couplings can be distinguished by the following
pattern relation, which only holds in the 2HDM-II: [62, 63]:

() (@)

(D 4 x DD — @y — (2.62)

Of course, Egs. (2.60)—(2.62) can also be applied to the neutral Higgs states of definite CP: h, H and A.

2.2 Overview of phenomenology

Gérald Grenier, Howard E. Haber and Maria Krawczyk

We present a brief tour of the phenomenological and experimental investigations of the Higgs of the
general 2HDM sector [9, 66, 67] at existing colliders (LEP® and TEVATRON), and at colliders now
under construction (LHC) and under development (the ILC and the associated Photon Linear Collider
(PLC) [68]). Results from the LHC and the ILC/PLC can provide useful synergies for CP studies of the
general 2HDM, as discussed in [69, 70] and illustrated in section 2.14. The possibility of higher energy
lepton colliders such as CLIC [71] and pp~ collider [72, 73] have also been considered, and these
facilities provide additional opportunities for CP studies of the Higgs sector.

2.2.1 Present limits on Higgs boson masses and couplings

Due to the complexity of the general 2HDM parameter space, there are no completely model-independent
limits on Higgs boson masses and couplings. However, the absence of a Higgs boson discovery at LEP
and the Tevatron places numerous constraints on the 2HDM parameters.

In the decoupling limit of the 2HDM (see section 2.1.4.3), where the properties of the lightest
neutral Higgs boson approach those of the SM Higgs boson, the mass limits of the SM Higgs apply:
My, > 114.4 GeV [74]. Less definitive results exist away from the decoupling limit, where significant
deviations of the properties of the lightest neutral Higgs boson from those of the SM Higgs boson can be
realized [58, 63]. Within the context of the MSSM, numerous mass limits have been quoted depending
on a number of underlying theoretical assumptions. Many of these limits are described in Section 3.2.
Here, we briefly focus on some of the more model-independent limits that have been obtained at LEP.

8 Although the LEP collider shut down in 2000, there are still ongoing analyses of data.
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Fig. 2.1: Model independent upper limits for the CP-even and CP-odd Higgs boson masses as a function of their
couplings to vector bosons and down-type fermions. The allowed parameter regimes (at 95% CL) lie below the
solid lines. In the left panel, the squared relative coupling X%/ is shown as function of M}, [75]. In the right panel,
the relative coupling x4 is shown as function of M 4 [76]. The relative couplings are defined in section 2.1.4 (note
that the vertical axes employ different symbols for these relative couplings).
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Fig. 2.2: In the left panel, constraints on the parameter C? = cos?(3 — «) are exhibited as a function of the
Higgs masses M}, and M 4, based on the non-observation of ete~ — hA (assuming purely hadronic final states).
Similar results are reinterpreted in the right panel in the CP conserving type-II 2HDM. The shaded area denotes the
excluded regions of the (M,, M 4 ) plane, independently of the CP-even neutral Higgs boson mixing angle [77,78].

If the neutral Higgs boson coupling to gauge bosons is suppressed, then (y%)? = sin?(8—a) < 1,
and the upper bound on the Higgs mass (derived from the non-observation of eTe™ — Zh) is signifi-
cantly reduced from the corresponding SM Higgs boson mass limit [75, 79], as shown in the left panel
of Fig. 2.1. In the CP-conserving 2HDM, the cross section for e Te™ — hA is proportional cos?(3 — )
and depends on the corresponding masses M}, and M 4. The constraints on cos?(3 — a) deduced from
the non-observation of hA production at LEP yields an exclusion limit in the M,—M 4 plane shown
in Fig. 2.2 [77,78]. Note that these exclusion plots cannot exclude the possible existence of one very
light neutral Higgs boson. For a CP-odd Higgs boson (which does not couple to gauge bosons at tree-
level), important constraints on the Yukawa coupling 4 as a function of the Higgs mass are derived from
searches for e*e~ — bbA (where A — 7F77). The absence of an observed bbr 7~ signal above the
SM background yields the exclusion plot shown in the right panel of Fig. 2.1 [76]. These limits depend
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on the enhancement of the bbA coupling (which for type-II Yukawa couplings is proportional to tan /3).
A similar search was also performed for four b final states resulting from bbA(— bb) production and for
four tau final states resulting from 777~ A(— 77 77). The same four-fermion signatures can also result
from the production of the CP-even state h [76].

The phenomenology of the charged Higgs boson of the 2HDM depends on fewer model parameters
compared to that of the neutral Higgs bosons. Mass limits (at 95% CL) exist for the CP-conserving
2HDM-I and 2HDM-II and are given by 78.6 GeV [80] and 76.7 GeV [81], respectively. These limits
are independent of tan 3. All other limits involving the charged Higgs boson mass depend on tan 3. For
example, the CDF Collaboration reports [82] no charged Higgs bosons have been observed in top quark
decays at the Tevatron. This data excludes certain regions of the M j;+—tan (3 plane.

Virtual charged Higgs exchange can affect low-energy processes and place constraints on the
2HDM parameters. The most powerful constraint of this type can be obtained from the observed rate
for b — s7, which is consistent with the predictions of the Standard Model. Thus, the contributions
via loops due to new physics must be rather small. In the 2HDM, there is an extra contribution due
to a charged Higgs boson loop. The significance of this contribution depends on the structure of the
Higgs-fermion couplings. For example, there is almost no constraint in the CP-conserving 2HDM-I.
In contrast, in the 2HDM-II, the experimental observation of b — sy implies a 95% CL lower limit of
My+ 2 320 GeV [83,84]. However, such a limit must be interpreted with care, since virtual effects orig-
inating from other new physics sources can cancel the charged Higgs contribution, thereby significantly
relaxing (or removing entirely) the charged Higgs mass limit.

A number of other observables can also provide useful constraints on 2HDM parameters. For
example, a lower bound on Mj,+ /tan 3 can be obtained in precision measurements of semi-leptonic b
decays [85] and leptonic 7-decays [60] by constraining the size of the tree-level charged Higgs boson
exchange contributions. Constraints on Higgs masses and couplings have been obtained for type-II
[60, 86] and for type III Higgs-fermion couplings [87-89]. Additional examples of this type can be
found in section 2.5. Global fits using different electroweak observables such as p, R and b — sy [90]
(and (g—2), in [91]), have been made for the 2HDM-II, and these can significantly constrain the allowed
regions of the parameter space.

2.2.2  Probing the CP nature of the neutral Higgs bosons

If phenomena consistent with the 2HDM are discovered, it will be important to discover the form of
the 2HDM that is realized in nature. One critical step in this program is the determination of the CP-
properties of the three neutral Higgs bosons. If CP is conserved, then one can associate definite CP-
quantum numbers with the three states (i.e, the CP-even h and H and the CP-odd A). If CP is violated,
there is mixing among these states of definite CP, the corresponding mass-eigenstates k1, ho and hs
are states of indefinite CP. In this latter case, one of the main tasks of the experimental Higgs studies
is to confirm this mixing and determine the corresponding mixing angles. If the 2HDM parameters lie
in the vicinity of the decoupling regime, then to a very good approximation hy, =~ h is a SM-like CP-
even Higgs boson. However, even in this case, there may be significant CP-violating effects involving
the heavy neutral Higgs bosons, manifested by large mixing between the H and A. In the decoupling
regime, the mass splitting between the heavy neutral Higgs states tends to be small (of order M % / MIQ# ).
Consequently, the mixing between H and A in the CP-violating case and the overlapping of the H and
A resonances in the CP-conserving case can lead to similar phenomenological effects. Moreover, in
the case of nearly mass-degenerate scalar states, one should include the effects of the non-zero width in
scalar mass matrix [42,43], leading to the phenomena of resonant Higgs bosons production. A study of
this type is presented in Section 3.12.

In order to determine the CP-properties of the neutral scalar states, one must study the various
Higgs couplings to gauge bosons and fermions that govern the Higgs production and decay processes.
In general, the CP-indefinite neutral states h; exhibit both scalar and pseudoscalar couplings to fermion
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pairs. In contrast, W W~ and ZZ couple dominantly to the CP-even component of the neutral Higgs
bosons. This latter coupling enters at tree-level, whereas the coupling to the CP-odd component is a
one-loop generated effect [92]. Nevertheless, in a completely model-independent study of Higgs decay
to massive vector boson pairs, one may wish to allow for the possibility of a non-negligible CP-odd
component that couples to vector bosons, as in [93]. For example, Lorentz invariance dictates that the
most general interaction vertex for the coupling of a neutral Higgs boson h; to ZZ is given by [94-96]:

g

Ly (e, ) = my cos Oy

[ajm%gwj + bj(k:2uk:1y — k- k‘ng,) + Cjew,aﬁklakg , (2.63)

where the incoming momenta k1 and k3 correspond to the fields Z,, and Z,, respectively, a; and b; are
CP-even form factors and c; is a CP-odd form factor. (We assume a convention where €p123 = 1.) The
form factors depend on Lorentz invariant combinations of the external momenta. For the CP-violating
2HDM at tree level, b; = ¢; = 0 and a; = R;i cos 3 + Rjs sin 3, where R is the mixing matrix defined
in Eq. (2.27). The form factors b; and c¢; (and modifications of a;) are generated by radiative loop cor-
rections. These corrections can generate both dispersive (real) and absorptive (imaginary) contributions
to the form factors (the latter corresponds to the possibility of on-shell intermediate states). Contribu-
tions to b; and c; can also be generated due to new physics at the TeV-scale. After integrating out the
effects of the high-scale physics, effective local (dimension-five) operators of the form 7, Z#"h; and
€uwap Lt Z aB h; can be generated in the low-energy effective Lagrangian that result in contributions to
b; and c;, respectively [97,98], where Z,,, = 0,2, — 0, Z,,+ig cos GW(WJW; — WJW;;) is the field
strength tensor of the Z boson. The hermiticity of these two operators implies that the contributions of
high-scale physics to the form factors must be real.

The discovery of a CP-violating signal in the ZZh; interaction requires a detection of an inter-
ference effect between the CP-even and CP-odd form factors of Eq. (2.63). If the tree-level term a
dominates, the direct observation of CP-violation will be difficult. In contrast, there are no tree-level
couplings of the neutral Higgs bosons to gluon pairs or photon pairs, so that the loop coupling to the
CP-even and CP-odd components of the neutral Higgs bosons can be competitive. One can also infer
the existence of CP-violation indirectly (in the context of the 2HDM) if there is significant CP-mixing
among the three neutral states. In this case, the observation of ZZh; couplings for all three states h;
would provide strong evidence for the CP-mixing of the scalar states.

For a neutral Higgs boson with a mass below 140 GeV the most detailed information of its CP
properties can be obtained from its decay into 777~ [99-101] (a tool is provided in [102]). For larger
Higgs masses, one must employ the decays into W W ~ and/or Z Z [93], if the corresponding branching
ratios are suitably large (in the decoupling regime only k1 can have significant couplings to W W~ and
Z 7). Finally, for Higgs masses above 350 GeV, one can employ the ¢t decay mode [103]. In each case,
the CP properties can be determined by studying the angular distributions of the various final state decay
products. Additional CP-odd observables can be constructed by considering the properties of the Higgs
production process. The production of a neutral Higgs boson in association with hadronic jets (e.g, as
in gauge boson fusion at the LHC [104]) or in association with ¢¢ [105, 106] have been investigated.
We note that if Higgs production via diffractive processes is observable at the LHC, then the azimuthal
angular distribution of the tagged protons can be used to study the CP-properties of the produced Higgs
boson. For further details, see [107,108] and Section 3.8.

At the ILC and CLIC, the Higgs bosons are produced in pairs or in association with other particles.
At the PLC and at a u™p~ collider, one can produce a single neutral Higgs boson through a resonant
s-channel process via vy fusion and p+ .~ annihilation, respectively. For example, in -y fusion to a
neutral Higgs boson, one can make use of the polarization of the photon beams to study in detail the
CP-properties of the resonant neutral Higgs states [109]. The interference between a Higgs signal and
the SM background can also provide information that enables one to determine the CP property of the
Higgs boson. Specific examples will be cited below in the discussion of CP studies at the ILC and PLC.
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2.2.3 SM-like Higgs boson scenario

The Higgs boson direct search limits and the global electroweak fits to the precision electroweak data
from LEP, SLC and the Tevatron provides a strong hint for the existence of a SM-like Higgs boson with
a mass in the range of 115 GeV—207 GeV [110]. Precision measurements of Higgs couplings and quan-
tum numbers (spin and CP) at future colliders are needed to confirm the nature of such a particle. A
SM-like Higgs boson can appear in both the CP-conserving and the CP-violating 2HDM in the decou-
pling regime as previously noted [58, 63]. In this case, the other Higgs boson masses of the model must
be significantly larger than M .

For special choices of the 2HDM parameters, a SM-like Higgs boson can also appear in a non-
decoupling regime [58, 59, 90] of the model parameter space. In this latter case, a SM-like Higgs boson
would possess tree-level couplings that approximately match those of the SM Higgs boson (although
opposite to the SM signs of couplings are possible). However in contrast to the decoupling regime, the
masses of the non-SM-like neutral and charged Higgs bosons in the non-decoupling regime need not be
particularly heavy. It may be possible to distinguish a SM-like Higgs boson from the Higgs boson of
the Standard Model due to the effects of one-loop induced couplings. For example, the couplings of a
SM-like Higgs boson to two gluons and to two photons can deviate from those of the corresponding SM
Higgs couplings, due to the contribution of a charged Higgs boson loop [59, 62].

In the non-decoupling scenario just considered, a very light h; may exist with suppressed cou-
plings to gauge bosons, whereas the heavier H (in the CP-conserving model) or k2 in the CP-violating
model corresponds to a SM-like Higgs boson. In such a case, even a very light h or A (with the mass of
the SM-like H above 114 GeV) is not excluded by LEP data in the CP conserving 2HDM-II as shown in
section 2.2.1. In the MSSM with large loop-induced CP-violating Higgs Yukawa interactions, a bench-
mark scenario named CPX [111] has been provided for further studies of this scenario. The OPAL
collaboration has reanalyzed its data in the light of the CPX scenario [112]. Combined LEP results and
ATLAS prospects for this benchmark are provided in Sections 3.2 and 3.3.

In [113] very large non-decoupling effects were found in the CP conserving 2ZHDM due to loop
corrections in Higgs self-couplings (for small n). These can yield deviations as large as 100% from
the Standard Model prediction, even when all the other couplings of the lightest Higgs boson to gauge
bosons and fermions are in good agreement with the Standard Model.

2.2.4  Tri-mixing scenarios

In some portion of the 2HDM parameter space, the three neutral Higgs bosons can be close in mass
and have similar coupling strengths to the Z. This has been called the three-way mixing regime (in the
CP-conserving case sometimes referred to as the intense coupling regime [44]).

A good experimental Higgs mass resolution is important to probe this scenario at the LHC. Here
the mass resolution expected for the SM Higgs searches, which is between ~ 300 MeV and 2 GeV
[114, 115], should be sufficient. The total cross-section for Higgs production is divided up (roughly
equally) among the three neutral Higgs bosons. One must check that the three h;Z Z couplings satisfy
the vertical sum rule Eq. (2.58). This parameter regime seems very challenging at the Tevatron but might
be easier to probe at the LHC. Detailed analyses of such scenarios were also performed for the ILC [116]
and PLC [117]. A similar two-mixing scenario was considered in [43], for the PLC.

2.2.5 CP studies of the Higgs sector at the LHC

After the initial discovery of a (candidate) neutral Higgs boson at the LHC, it will be important to verify
whether the properties of this state are consistent with those of the SM Higgs boson, or whether an
extension of the SM Higgs sector is required. The CP properties can be determined at the LHC by
studying angular distributions of the Higgs decay products. The gg — h; — ff process has been
considered for the t# final state in [103, 118] and analyses for 77~ and ¢t final states are presented in
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sections 2.7 and 2.8. The decay h; — V'V with V = W= or Z, followed by leptonic decays of the vector
boson V' has been considered in [93, 119]. The sensitivity of the four-lepton channel (for h; — ZZ) to
CP-violating observables is examined in sections 2.12 and 2.11 and in section 2.13 for the e e~ u™ ™
final states.

The CP properties can also be determined by studying angular distributions of particles produced
in association with the h;. The distribution of azimuthal angles of two light accompanying jets in h;jj
production via gluon-gluon and vector boson fusion are studied in section 2.10 as a probe for the CP
properties of h;. In the case of gluon fusion, this distribution might be diluted by higher order corrections
[120]. In the gg — h;tt production, CP-sensitive variables can be build as studied in section 2.9. In this
same production, certain weighted cross section integrals described in [121] can provide a determination
of the CP nature of a light h;. A similar study was performed in [122] for partonic processes involving
gluons and light quarks accompanying by two jets, for neutral Higgs bosons lighter than 200 GeV.

Charged Higgs boson production and decays can also be useful for probing CP properties of the
Higgs sector at LHC. The associated production of H +hy with H* — W=*h; and h; — bb yields events
with four b-quarks, a charged lepton and missing transverse energy. There is virtually no Standard Model
background, and the corresponding signal can be as large as 45 events for an integrated luminosity of 30
fb~! at the LHC [123]. For my+ < my, the ¢f pair production, with one top quark decaying into bH *
and H* — W*h; — W*bb (and the other top quark decays into bW T), yields a signal of four b quarks
and two W bosons. It is relatively free of Standard Model background and can result in roughly 5000
events for a luminosity of 30 fb—! at the LHC [124]. In some regions of the 2HDM parameter space,
the study of H*W T production might allow one to distinguish between Higgs sector of the MSSM and
a general 2HDM [125]. Evidence for CP violation can be revealed in asymmetries in the associated
production of a charged Higgs boson and the top quark [126]. Asymmetries in charged Higgs boson
decay into tb, tb can also be used to probe CP violation [127], whereas measuring the same asymmetries
in H¥ — 7% v, decay is more challenging [128].

In a general 2HDM, one expects (at some level) the existence of FCNC processes and lepton-
flavor-violating (LFV) processes in the leptonic sector, mediated by tree-level neutral Higgs boson ex-
change. For example, h; can decay into 2 charged leptons of different flavors. Typical branching ratios
compatible with current experimental data for LFV h; decay can be found in [129]. The most promising
decay is hy — T+ uF. Measurements of the muon anomalous magnetic moment [130] favor regions of
the parameter space where the h; — 77 1T decay can be seen at both the LHC and Tevatron [131].

2.2.6  CP studies of the Higgs sector at the ILC

We briefly survey some of the main aspects of the CP study at a high energy linear e "e™ collider (ILC)
with /s = 500—1000 GeV, assuming an integrated luminosity of 100 fb~! and a longitudinally polar-
ized electron beam (up to 90%). The main neutral Higgs production mechanisms at the ILC [132,133] are
governed by the Higgs interaction with gauge bosons: ete™ — Zh; via Higgs-strahlung, e e~ — vih;
via WTW ™ fusion and ete™ — ete™h; via ZZ-fusion. The gauge boson fusion processes become
the dominant Higgs production processes at large /s. Neutral and charged Higgs bosons can also be
produced in pairs: eTe™ — h;h; (i # j) via s-channel Z-exchange and ete™ — HTH ™ via s-channel
~ and Z-exchange. Note that in the decoupling limit, the two heaviest neutral Higgs bosons (ho and hs)
and H* are heavy and roughly mass degenerate. Thus, the pair (or associated) production of a pair of
heavy states is kinematically possible only if /s is larger than twice the mass of the heavy Higgs states.

The Higgs-strahlung cross section e™e~ — Zh; depends on whether the h; is CP-even, CP-
odd, or a mixture [94, 95,97, 134, 135]. For a CP-even (CP-odd) Higgs boson, the Z is longitudinally
(transversally) polarized. The spin, parity and charge conjugation quantum numbers, .J ¢, of the Higgs
boson can potentially be determined independently of the model by studying the threshold dependence
and angular distribution of the Higgs and Z boson [136]. The angular distribution of the fermions in the
Z — f f reflects the CP nature of the state h; [95,97,134,135]. A full simulation was performed in [137]
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for the TESLA design, with promising results. It should be noted that in the analyses cited above, generic
CP-odd couplings of the Higgs boson to gauge boson pairs were assumed. In practice, such couplings
are expected to be quite suppressed, as they are necessarily absent at tree-level and thus can only appear
at one loop (in contrast to the tree-level CP-even couplings), as discussed in section 2.2.2.

The Yukawa couplings of the neutral Higgs bosons can be studied in the associated production
processes ete~ — ffh;, where (f = b,t,7, ). The Yukawa process and the Higgs production pro-
cesses eTe” — Zh; andeTe” — h;h; (i # j) are complementary in the search for at least one Higgs
boson of the CP-violating 2HDM [65, 138]. In all these processes, correlations between the production
and decay (with polarized initial beams) yield numerous observables that are sensitive to the spin and
CP properties of the produced Higgs bosons. For example, the sensitivity to CP violation in the Yukawa
coupling to b quarks, was studied in [139]. In this analysis the process e e~ — bbv was considered for
a Higgs boson with a mass of 120 GeV that decays primarily into bb, and the interference between the
Higgs signal and SM background was exploited to determine the CP properties of the Higgs boson. The
process eTe™ — tth; alone may be sufficient to provide a reasonable determination of the ¢t and ZZ
couplings and the CP-properties of the produced /; [140]. The Yukawa interaction is also responsible for
singly-produced charged Higgs bosons via e "e™ — beH ™, 7 H . These production processes provide
a test of the chirality of the charged Higgs boson Yukawa couplings [141].

The Higgs self-couplings are very difficult to ascertain at the LHC. At the ILC, these couplings
can be measured with limited accuracy in the processes ete™ — Zh;hj and ete™ — vih;h; [113,142,
143]. These processes depend both on the Higgs self couplings and the V'V h; and V'V h;h; couplings.

2.2.7 CP studies of the Higgs sector at the PLC

By shining intense laser light on the electron (and positron) beam, one can convert the initial beam of
the ILC into a photon beam via Compton backscattering. This provides a mechanism for using the ILC
as an electron-photon or photon-photon collider. In the photon linear collider (PLC) mode of the ILC,
the photon beams are produced with energies up to 80% of the electron-positron center-of-mass energy
and with a luminosity similar to that of the original colliding e*e™ beams. Moreover, it is possible to
produce highly polarized photon beams (the degree of polarization depends on the polarization of the
laser light employed in the Compton backscattering that produces the photon beam, and polarization of
the electron beam). At the PLC, the neutral Higgs boson can be produced resonantly in the s-channel,
leading to a higher mass reach than the parent e*e™ collider. Moreover, the polarization of the photon
beams can be selected to form an (approximately pure) CP-odd or CP-even initial state. This provides
an ideal laboratory for studying the CP properties of the neutral Higgs boson. For example, CP-violating
asymmetries in neutral Higgs boson processes can be constructed even without information on the final
states.

The spin and parity of the Higgs boson can be measured in a model-independent way at the PLC
using the h; — ZZ (ZZ*) decay channel [93], and the angular distributions of the fermions from the
decays Z — ff. The detection of Higgs sector CP-violating effects can be ascertained by studying a
variety of final states. By taking into account interference effects of the Higgs signal and background, one
can extract both the Higgs partial width I'., and the phase of the Higgs amplitude, ¢.,, for the W+ W~
final state [144] and for the ¢ final state [145]. Other analyses of CP violation in vy — h; — WTW~
have been given in [146]; realistic simulations for the 2HDM with a SM-like Higgs boson and in a model
independent approach were performed in [144, 147] and are discussed in section 2.14. In particular, the
simultaneous simulation of ZZ and W+ W ™ final states is crucial in determining the CP properties of
the neutral Higgs bosons with masses in the range of 200—300 GeV. Various analyses related to heavy
neutral Higgs boson production in vy — ZZ, Z H, which also make use of the interference effects with
the SM background, are given in [148]. The process vy — h; — tt also provides an ideal setting for
studying the CP properties of the neutral Higgs boson. Model independent studies of this channel are
given in [145, 149-151].
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Both linearly and circularly polarized photon beams are necessary in order to measure polarization
asymmetries and to establish the CP property of the heavy h;. Experimental signatures of CP-violating
mixing of the heavy CP-even and CP-odd neutral Higgs states (H/A) at the PL.C with (linear and circular)
polarized beams were studied in [43] in the decoupling regime including effect of non-zero Higgs widths.
Resonant loop-induced CP violation in Higgs-strahlung, in tri-mixing and two-mixing scenarios, was
studied in [117]. The CP asymmetries in the production and decays of pairs of muons, taus, b and ¢
quarks were used in this analysis. Although both analyses cited above were carried out for the case of
the MSSM Higgs sector, the main results should hold for the more general (CP-violating) 2HDM.

The Yukawa couplings of the Higgs boson can be explored at the PLC by making use of another
mechanism. The fermionic fusion, from the splitting of two photons into pairs of fermions, may lead
to the production of neutral or charged Higgs bosons without strong suppression at high energies. This
splitting leads to a collinear enhancement log(M},/my) (where M), is the mass of the produced Higgs
boson), which can be interpreted as the generation of “partonic densities” in the photon. The 77 fusion
was used e.g. in [152] as a method to determine the Yukawa coupling of neutral Higgs boson. Likewise,
single charged Higgs boson production in vy — beH ™+, 70H™, via v — c¢ and v — bb, may be useful
to discriminate models [141]. It is possible to determine the chirality of Yukawa couplings H Tbc, H T 1v
by choosing the polarization of the colliding photon beams.

Finally, vy — h;h; (via box and triangle loops with gauge bosons and fermions) can be used to
determine Higgs self-couplings [143], with larger sensitivity than in the “parent” e e~ collider.

2.2.8 CP studies of the Higgs sector at a multi-TeV lepton collider

In the decoupling limit, A; is nearly indistinguishable from the SM-Higgs boson. The heavier Higgs
bosons hs, hs and H* (which are degenerate in mass up to corrections of order m2Z /mr+) may be
too heavy to be studied directly at the LHC and ILC. In this case, a multi-TeV lepton collider will be
required to fully explore the Higgs sector and provide a comprehensive study of the heavy Higgs states,
in particular of the Higgs sector CP-violation. Thus, we briefly survey the potential for CP studies at a
high luminosity multi-TeV e*e™ collider such as CLIC [71] and a "~ collider [72,73].

At CLIC, the heavy Higgs states are produced in pairs via ete™ — h;h; (j = 2,3) and ete™ —
H™H~ (note that single production of a heavy Higgs state: eTe™ — hih; (j = 2,3) is suppressed
in the decoupling limit [53, 58]). The dominant decay of the charged Higgs boson is H+ — tb. An
asymmetry between the H+ and H ~ partial decay rates into tb and b would be a signal of CP-violation.
A simulation performed in [153] suggests that a 10% asymmetry could be detected as a 3o effect with
5 ab~! of data at CLIC with v/s = 3 TeV. No analogous study has yet been performed for the h;h; final
state (see [154] for an analysis of the discovery potential for ete™ — H A at CLIC).

At a ptp~ collider, the s-channel single production of a heavy neutral Higgs boson [155, 156]
provides a new discovery mode as compared to the e e~ colliders. This production mechanism is feasi-
ble at a ;1 1~ collider due to the mass enhancement in the Higgs coupling to p ™ p ™~ relative to eTe ™. In
addition, the charged Higgs boson can also be singly produced via p*p~ — h; — H +WTF. The superb
energy resolution of the u*p~ would permit the separation of the heavy neutral Higgs boson s-channel
resonances, even though these states are nearly degenerate in mass. It is demonstrated in [157] that the s-
channel production rates for the heavy neutral Higgs states and the transverse-polarization asymmetries
are complementary in diagnosing Higgs sector CP-violation. Additional CP-violating observables can
be studied by examining the heavy Higgs decays into a pair of third generation quarks or leptons [158].
The importance of the muon beam polarization for Higgs CP studies in p*p~ — hj (j = 2,3) is em-
phasized in [159]. In singly produced charged Higgs bosons in association with the W, an asymmetry in
the production rates for H*W T also provides a signal of CP violation [160].
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2.3 Basis-independent treatment of Higgs couplings in the CP-violating 2HDM
Howard E. Haber

In the most general two-Higgs-doublet model (2HDM), there is no distinction between the two complex
hypercharge-one SU(2) doublet scalar fields, ®, (a = 1,2). Thus, any two orthonormal linear combina-
tions of these two fields can serve as a basis for the Lagrangian. All physical observables of the model
must be basis-independent. For example, tan 5 = wvq/v; [see Eq. (2.7)] is basis-dependent and thus
cannot be a physical parameter of the model [14-16]. Basis independent techniques have been exploited
to great advantage in [14, 19, 37,40, 41] in the study of the CP-violating structure of the 2HDM (and
extend the results originally obtained in [38,39].) In addition, the importance of the scalar-doublet field
redefinitions (and rephasing transformations) have been emphasized, and some of their implications for
2HDM phenomenology have been explored in [15]. In this paper, we employ the basis-independent
formalism to obtain an invariant description of all 2HDM couplings.

2.3.1 Basis-independent formalism for the 2HDM

The fields of the 2HDM consist of two identical complex hypercharge-one, SU(2) doublet scalar fields
®,(x) = (®f(z), ®Y(x)), where a = 1,2 can be considered a Higgs “flavor” index. The most general
redefinition of the scalar fields (which leaves the form of the canonical kinetic energy terms invariant)
corresponds to a global U(2) transformation, ®, — U ;®; [and <I>£ — @%Ugd]. Here, it is convenient
to introduce unbarred and barred indices with a summation convention in which only barred—unbarred
index pairs of the same letter are summed. The basis-independent formalism consists of writing all
equations involving the Higgs sector fields in a U(2)-covariant fashion. Basis-independent quantities can
then be identified as invariant scalars under U(2). The U(2)-invariants are easily identified as products of
tensor quantities with all barred and unbarred index pairs summed with no flavor indices left over.

The scalar potential can be written in U(2)-covariant form [10, 14] in terms of the tensors Y ; and
Z peq s shown in Eq. (2.2). The vacuum of the theory is assumed to respect the electromagnetic U(1) gv

gauge symmetry. The U(1)gp-conserving vacuum expectation value can be written as:

(<I>a>:i<9>, (a=1,2), with aaze“?< 6. > (2.64)

Vg s3 et

where v = 2my /g = 246 GeV, c3 = cos 3, sg = sin [ and v,, is a vector of unit norm. The overall
phase 7 is arbitrary. By convention, we take 0 < # < 7/2and 0 < £ < 27.

Under a U(2)-flavor transformation, v, — U_;0p. The unit vector v, can also be considered to
be an eigenvector of unit norm of the Hermitian matrix V,; = v,07. Since V' is Hermitian, it possesses
a second eigenvector of unit norm that is orthogonal to v,. We denote this eigenvector by w,, which
satisfies v;*w, = 0. The most general solution for w,, up to an overall multiplicative phase factor, is:

b
) _ —ig
Dy =D eqy = 1 < K > . (2.65)
]

The inverse relation to Eq. (2.65) is easily obtained: v = €,; Wp. Above, we have introduced two Levi-
Civita tensors with €j2 = —¢€1 = 1 and €11 = €22 = 0. However, ¢, and €5 are not proper tensors
with respect to the full flavor-U(2) group (although these are invariant SU(2)- tensors) That i is, W, does
not transform covariantly with respect to the full flavor-U(2) group. If U = ewU with det U = 1 (and
consequently det U = e?™), it is simple to check that under a U(2) transformation

U, — Ugly  impliesthat @, — (det U) "1 Uz, . (2.66)

a

Henceforth, we shall define a pseudotensor as a tensor that transform covariantly with respect to
the flavor-SU(2) subgroup but whose transformation law with respect to the full flavor-U(2) group is
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only covariant modulo an overall nontrivial phase equal to some integer power of det U. Thus, W, is a
pseudovector. However, we can use w, to construct proper tensors. For example, the Hermitian matrix
W = Waw§ = .5 — Vi is a proper second-ranked tensor.

One can write a set of independent scalar quantities constructed out of Y ;, Z ;.7 Vs and wy.

There are six independent invariant quantities:

Y = Te(YV), Yo=Tr (YW),
Zy = ZyegVeaVies Z2 = Zpea WeaWae »
Z3 = ZuyeqgVeaWae, 24y = Zopeqg VeeWaa (2.67)

and four independent pseudo-invariant quantities:

— ~k AN _ Ak AN A~k S
Y = Y, wy, 25 = Zypeq Vg Wp Uz Wy,

_ o _ o~k
Z6 = Zypeq Uy U Ug Wy, 27 = Zypeq Vg Wy W Wq (2.68)

that depend linearly on Y and Z. Note that the invariants are manifestly real, whereas the pseudo-
invariants are potentially complex. Using Eq. (2.66), it follows that under a flavor-U(2) transformation
specified by U, the pseudo-invariants Y3, Z5, Zg and Z; transform as:

Y3, Zg, Z7) — (detU)1[Y3, Zs, Z7]  and  Zs — (detU)2Zs. (2.69)

Thus, Egs. (2.67) and (2.68) correspond to thirteen invariant real degrees of freedom (ten magnitudes
and three relative phases) prior to imposing the scalar potential minimum conditions:

This leaves eleven independent real degrees of freedom (one of which is the vacuum expectation value v)
that specify the 2HDM parameter space.

2.3.2  (Pseudo)-invariants and the Higgs bases

Once the scalar potential minimum is determined, which defines U, one class of basis choices is uniquely
selected. Suppose we begin in a generic ®;—P9 basis. We define new Higgs doublet fields:

H, = (H, H)) =90, Hy = (H) , HY) = wi®, = 5,05, - (2.71)

With respect to U(2) transformations, H ; is an invariant field and H, is a pseudo-invariant field that
transforms as H9 — (det U)H . The latter phase freedom defines a class of Higgs bases. The defini-
tions of H 1 and H 5 imply that

(HY) =0/V2, (H3) =0. (2.72)

Hence, all Higgs bases are characterized by: v = (1,0) and w = (0, 1). Using Egs. (2.67) and (2.68),
one identifies Y7, Yo, Y3 and 73, Zs,...,Z7 as the coefficients of the 2HDM scalar potential in any Higgs
basis.

Explicitly, the scalar field doublets in the Higgs basis can be parameterized as follows:

H, = @ Hy = i 2.73
T Lol +ic0) | 2= (63 +ia®) | 273)

where G are the charged Goldstone bosons, GY is the CP-odd neutral Goldstone boson, and H* are
the charged Higgs bosons with mass: M 12# =Yy + %ng2. Since v is a vector and w is a pseudovector,
it follows that G* is an invariant field and H* is a pseudo-invariant field that transforms as:

H* — (detU)* H* (2.74)
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with respect to flavor-U(2) transformations. The neutral Higgs mass-eigenstates are linear combinations
of Y, ¢9 and a®. CP-violation due to the mixing of neutral scalar CP-eigenstates and/or direct CP-
violation in the bosonic interactions of the gauge/Higgs bosons are absent if and only if [14,38,39]:

Im [Z: 73] = Im[ZsZ%) = Im [Z2(Zs + Z7)*] = 0. (2.75)

2.3.3 The physical Higgs mass-eigenstates

It is simplest to perform the diagonalization of the neutral scalar squared-mass matrix in the Higgs basis.
As in Section 2.1, we denote the neutral mass-eigenstate Higgs fields by h1, hy and h3. The angles 0;;
parameterize the rotation matrix that converts the neutral Higgs basis fields ¢, #3 and a” into the mass-
eigenstate fields hy. Details of the diagonalization procedure can be found in [16].° The end result
is:

1 0 1 —if
h1 q11 ﬁ‘ﬁz e’ A2 1023 V2 Re H? —v
1 0 1 —if
he | = | e 5%ee™ 5ame ™ HY : (2.76)
hs 1 eRe” same"® HYT
where
g1 = c13¢12, g21 = 13512, 431 = S13, qa1 =1,
Q12 = —S12 —iC12813, q22 = C12 — 1512513 q32 = 1ic13 , qa2 =0, (2.77)

with ¢;; = cos 0;; and s;; = sin 0;;. We have also defined g4¢ (¢ = 1, 2) for later use. In particular,
Qke — Qke s and €% — (det U) tel2s (2.78)

under a U(2) transformation. That is, the gy, are invariants, which implies that 615 and 6,3 are U(2)-
invariant angles, whereas 23 ig a pseudo-invariant. Note that since H; and 923 [T, are U(2)-invariant
fields, it follows that the hj are invariant fields, as expected. We shall also define Z5 = |Z5|62“95 and
Zer = |Z6,7\ei9677, in which case the ¢,, = 0,, — 023 (n = 5,6, 7) are U(2)-invariant angles.

If Im (Z:Z2) = 0, then the neutral scalar squared-mass matrix can be transformed into block
diagonal form, which contains the squared-mass of a CP-odd neutral mass-eigenstate Higgs field A and
a 2 x 2 sub-matrix that yields the squared-masses of two CP-even neutral mass-eigenstate Higgs fields h
and H. The analytic form of this diagonalization is simple and yields the well-known results of the CP-
conserving 2HDM . If Im (ZZZ2) # 0, then the neutral scalar mass-eigenstates do not possess definite
CP quantum numbers, and the three invariant mixing angles 619, 613 and ¢g = 0g — 023 are non-trivial.

The angles 613 and ¢g are determined modulo 7 from [16]:

Im (Z5 e‘2i923)
2 Re (Zg e 1023)’

2 Im (Zg e~"023)
Zy — A% Jv?

tan 613 = tan 2013 =

(2.79)
where A% = Ys+3[Z5+ Zs— Re (Zse~%%23)]v2. These equations exhibit multiple solutions (modulo 7)
corresponding to different orderings of the hj masses. Likewise, the angle 61 is determined from:

2cos 2013 Re (Zg e023)
c13 [35(A2/v2 — Z1) + cos 2013 Re (Z5 e=2%02)]

tan 2(912 = (280)

For a given solution of A3 and ¢g, Eq. (2.80) yields two solutions for 815 modulo 7, corresponding to
the two possible relative mass orderings of h; and hs.

This procedure differs somewhat from the one presented in section 2.1.3.1. In the latter, the diagonalization of the scalar
squared-mass matrix is carried out in a generic basis. The advantage of performing this computation in the Higgs basis is that
it allows one to easily identify the (pseudo)-invariant quantities that relate the neutral scalar interaction- and mass-eigenstates.
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The neutral Higgs boson masses M}, = Mj, can be expressed in terms of Z1, Zg and the 0;;:

M2 o= |z, - B2 Re(Zﬁe—i923)+Sﬁlm(zﬁe—w%)] 2, (2.81)
L C12€C13 €13
M} = Zl+ Re(zﬁe—“’%)+Sﬁlm(zﬁe—“’%)} v?, (2.82)
512C13 €13
M2 = 21— S8 o (Zg %) | o2 (2.83)
513

Egs. (2.79) and (2.81)—(2.83) can be used to obtain [16]:

2. (Z0? = MP)(Z1v? — M3) + | Z[*0" 22 _ (L = MP) (M3 — Z10?) — | Z*v?
v (M3 — M?)(M§ — M3) Lo (M3 — MP)(M3 — M3) ’
(2.84)
and ) )
2|, Im (72,
sin 20y, = 2126V 089 tan 2¢ = m(Z5 %) (2.85)
013(M2 _Ml) Re (Z*ZQ) + |ZG| %
PN M2 — Zy2

These results uniquely determine the invariant angles (modulo ) for a given h; mass ordering.

Using Egs. (2.73) and (2.76), one obtains the following U(2)-covariant expression for the scalar
fields in a generic basis in terms of mass-eigenstate fields:

Gto, + Htw,

o, = : (2.86)

4
Vo 1 - i ~
—0y+ — ( Vo + qroe” B W )h
\/§ a \/§ kZ:; gk1Va T gK2 a | Nk
where hy = G° and the g, have been given in Eq. (2.77).

2.3.4 Higgs boson couplings

The gauge boson—Higgs boson interactions are governed by the following interaction Lagrangians:

Lyvn = <ngW:W“_ + LmZZMZ“> Re (qx1)hu
2cw
+emw AHW,FG™ + W, GF) — gmysiy ZH (WG~ + W, GY), (2.87)
2

Lyvin = [igzwfwu_ + %ZMZ“] Re (¢j1qk1 + @j2aqk2) hjhi
w

2
[ 24,40+ L (L) 2,20+ 2 (L) AMZ“} (GYG + HYH")
cw

W
+{ (%egAﬂW,j - %Z“Wj> (@G~ + quo e~ 02 H™ )by, + h.c.} . (288)
<~ <
A = 4— Im (g1 + @j2q50) 2" D au hi + j/ (% — s%,v) ZM(G+au G+ H+8# H™)

—%g{iW: [qkle— 91 hy + qroe” 02 H— g hk} + h.c.},

+ieAMGT Y, G+ H g, H™) (2.89)
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where sy = sin Oy, ciy = cos Oy and there is an implicit sum over the repeated indices j, k = 1,...,4
(with hy = GY). Since e~"%23 H~ is an invariant field, Egs. (2.87)—(2.89) are indeed U(2)-invariant.

Likewise, one can work out the cubic and quartic Higgs boson self-couplings [16]:
Lon = =50 hihihe |:qj1qZI Re (401)Z1 + dj2aia Re (401)(Zs + Za) + Re (¢51qk2002Z5 €272
+Re ([2%‘1 + ¢j1)dx1902Z6 6_i923> + Re (qj2ar2qe227 64923)]
—vh,GTG™ [Re (qr1)Z1 + Re (qx2 e_w??’Z@)] —vhyH H™ [Re (qr1)Z3 + Re (qpo e 02 Z7)}

—%v hk{G_H+ 023 {qZQZAL + qroe 2938 7. 4+ 2Re (qr1)Zs e_w%} + h.c.} , (2.90)
and

L, = —2hjhehihu, [QjIleqzlqulzl + @j20120029m2 22 + 24511 90280m2(Z3 + Z4)
+2Re (¢} Q2Gm2Z5 € 2%%) + ARe (qj1051 051 am2Zs € 7%*) + 4Re (¢ @r2e2Gna Z7 64023)}
—3h;h,GTG™ [qj1QZ121 + qj2q52Z3 + 2 Re (q1q12Z6 64023)}
—sh;h,HYH™ [%’2(1}2222 + ¢j1951 23 + 2 Re (gj1q1227 €_i623)]
_lhh G—H—‘r 1623 % 7 * VA —2i023 Lk VA —1623 L% VA —1623 h
il e 4j19k244 + qj1qK245 € + qj1qx146 € + Qj2qa 4t € + h.c.

—IGYGGYG™ =12, HYH HTH — (Z3+ Z))GTG H"H — 3ZsH H G~ G~
—1ZXH H G'GY - GYG (ZeH'G~ + Z{H G*)—H'H (Z;H*G™ + Z;H G™),(291)

where there is an implicit sum over the repeated indices j, k, £, m = 1,2,3,4 (with hy = GY). Us-
ing Eq. (2.74) and noting that the combinations Zse 202 7071923 and Z.e~023 are U(2)-invariant
quantities, it follows that the cubic and quartic Higgs boson self-couplings are also U(2)-invariant.
Expressions for the cubic and quartic Higgs self-couplings in the CP-violating 2HDM have also
been obtained in terms of generic basis parameters in [15,47, 161], and an application of these results
to the CPX scenario [111] of the minimal supersymmetric extension of the Standard Model (MSSM)
is given in Section 3.6. Indeed, the effective Lagrangian of the MSSM Higgs sector is a general CP-
violating 2HDM when one-loop radiative corrections (which are sensitive to supersymmetry-breaking
effects and new CP-violating phases) are taken into account. The relative simplicity of the Higgs self-
couplings given in Egs. (2.90) and (2.91) illustrates the power of the basis-independent techniques.

The Higgs couplings to quarks are governed by the Yukawa Lagrangian given in Eq. (2.46) In

terms of the quark mass-eigenstate fields, Eq. (2.46) can be expressed in U(2)-covariant form:. 10
~ A = QO Ur + Qp®any "D+ hec., (2.92)
where ®; = igo®f, and U = (VLUflng, VLUFQVI{{T) and nP = (V}?AleDT, Vé)AgVLDT). We
employ the standard notation: ¢ 1, = Pr ¢ with Pr = %(1 + v;). The unitary matrices VLU7 r and
VL[? , Telate the quark interaction-eigenstate and quark mass-eigenstate fields via the bi-unitary transfor-

mations of Eq. (2.47). One can rewrite Eq. (2.92) in terms of Higgs basis scalar fields:
— A = Qu(H kY + Hop"\Ug + Q(H 15”1 + HopPT)Dg + hoc. (2.93)

'9To obtain the Higgs couplings to leptons, let @ — L and D — E, and omit U (right-handed neutrinos are not included).
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where
K@ = 0208 = V2Mg /v, p? =wing. (2.94)
Under a U(2) transformation, € is invariant, whereas p© is a pseudo-invariant that transforms as:
p% — (det U)p@ . (2.95)

By construction, xV and x” are proportional to the (real non-negative) diagonal quark mass matrices, as
indicated in Eq. (2.50). That is, we have chosen the unitary matrices V', VY, V; and V}? such that Mp
and My are diagonal matrices with real non-negative entries. In the general 2HDM, the p® are arbitrary
complex 3 x 3 matrices.

In order to determine the interactions of the Higgs (and Goldstone) bosons with the quark mass
eigenstates, one can bypass the intermediate step involving the Higgs basis by inserting Eq. (2.86) into
Eq. (2.92) to obtain:

o ;D{MD (gi1Pr+ 11 PL) + [qm e 023pD]TPR +qiqe 923pDPL} }th

v
V2
v

1— 0. . 0.
+;U{MU((]I@1PL + ¢ Pr) + 70 €92 pU Pr 4 qio [€ZGQSPU]TPL} }Uhk:

V2 L
+{U [K[pD]TPR —[pY] KPL} DH' + g U[KMpPr — MyKP;] DG + h.c.} ,(2.96)

where k = 1,... 4. Since ¢?23 pQ and [,oQ]TH T are U(2)-invariant, it follows that Eq. (2.96) is a basis-
independent expression of the Higgs-quark interactions.

The Higgs-quark couplings are generically CP-violating as a result of the complexity of the g2 and
the fact that the matrices 723 p< are not generally Hermitian or anti-Hermitian. Consequently, the neutral
Higgs bosons (h1, he and h3) are typically states of indefinite CP quantum number (whereas hy = GO
is always a pure CP-odd state). Basis-independent conditions for the CP-invariance of the neutral Higgs
boson couplings to quark pairs are obtained by requiring that Eq. (2.75) is satisfied and [16]:

Zs [pQ]2 ., Zep®, and Z7p? are Hermitian matrices (Q=U,D). 2.97)

In this case, the only remaining source of CP-violation in the 2HDM is the unremovable phase in the
CKM matrix K that enters via the charged current interactions mediated by either W * or H* exchange.

The Higgs-quark couplings also generate Higgs-boson-mediated flavor-changing neutral currents
at tree-level by virtue of the fact that the p@ are not diagonal (in the quark mass basis). Thus, for a
phenomenologically acceptable theory, the off-diagonal elements of p© must be small.

2.3.5 Conclusions

In the most general (CP-violating) 2HDM, physical observables do not depend on the choice of scalar
field definitions (or basis). Employing the U(2) freedom of field redefinitions, one can write down
the Higgs couplings of the 2HDM in a form that is manifestly basis independent. The U(2)-invariant
forms for the Higgs boson couplings have been explicitly presented in this paper. In particular, the
parameter tan (3, which depends on the choice of basis, does not appear in any of the Higgs boson (or
Goldstone boson) couplings. In specialized versions of the 2HDM, additional theoretical assumptions
are introduced that may implicitly select a preferred basis. For example, one can impose a discrete
symmetry on the Lagrangian that takes a simple form in some particular basis. The type-I and type-IL
models discussed in Section 2.1.4.2 provide examples of such a scenario. In this case, tan § is promoted
to a physical parameter, and one can express tan (§ directly in terms of U(2)-invariant quantities [14—16].

The basis-independent formalism provides a powerful approach for connecting physical observ-
ables that can be measured in the laboratory with fundamental invariant parameters of the 2HDM. This
will permit the development of two-Higgs doublet model-independent analyses of data in Higgs studies
at the LHC, ILC and beyond.
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2.4 Symmetries of 2HDM and CP violation
Ilya F. Ginzburg and Maria Krawczyk

This contribution is based on the results published in [15] and some new results that have recently been
obtained. The main aspects of the results of [15] are included in Section 2.1. Here we present alternative
treatments of some problems and add new results, some of which were reported in [162].

The spontaneous electroweak symmetry breaking (EWSB) via the Higgs mechanism is described
by the Lagrangian
L=LY+Ly+Ly with Ly=T-V. (2.98)

Here E? J{” describes the SU(2) x U(1) Standard Model interaction of gauge bosons and fermions, Ly
describes the Yukawa interactions of fermions with Higgs scalars and £ j; is the Higgs scalar Lagrangian.
Higgs potential. In our calculations we use the 2HDM Higgs potential as specified in Eq. (2.1); however,
we insert explicit negative signs in the terms proportional to m?%; and m3, terms. In this latter convention,
if m2, = 0 then EWSB is generated for positive values of m?; and m3,. The most general renormalizable
kinetic term is

T = (D,¢1) (D 1) + (Do) (D" o) + | 5¢(Dyupr) T (DH o) + h.c.} . (2.99)

2.4.1 Reparametrization group

The “flavor” basis transformations discussed in Section 2.1 are described by a unitary group give by the
direct product of the 3-parameter SU(2) reparametrization (RPa) group and a U(1) group, describing
an overall phase freedom of the Lagrangian. This entire group operates on the space of fields while the
RPa group operates also in the space of Lagrangians (with coordinates given by its parameters). The
parameters of the Lagrangian can be determined in principle from measurements only with an accuracy
up to the RPa freedom. All observable quantities (at least in principle) are invariants of the RPa group
(IRPa). These are, for example, masses of observable Higgs bosons, i.e. eigenvalues of the mass matrix,
and eigenvalues of the Higgs-Higgs scattering matrices. The transformations ¢;, — e~ k¢, form a
rephasing transformation (RPh) group, which is a subgroup of the RPa group with a single parameter
p=p2—p1

The method described in Section 2.1 allows one to obtain a large series of (generally not indepen-
dent) IRPa’s [37]. An alternate method is based on the irreducible representations of SU(2) RPa group as
discussed [19]. In this paper some basic objects, related to these irreducible representations, were deter-
mined: 3 scalars A¥, 2 vectors L; and M; and tensor a;j (i, j = x, y, z). After a simple reorganization
of scalars A*, we get

Al =N+ a4+ 203, AT =23 — Ny, AT =m3, +m3,, (2.100a)
1
(Lg, Ly, L, = ﬁ (—=Re(Xg + A7), Im(Xg+ A7), —(A1 — A2)/2), (2.100b)
1
(Mg, My, M) = 7 (Re m3y, —Immiy, (miy —m3,)/2) , (2.100c)
Re )\5 —b —Im )\5 Re ()\6 — /\7)
Q5 = 3 —Im )\5 —Re )\5 —b Im ()\7 - )\6) s (2100d)
Re ()\6 — /\7) Im ()\7 — >\6) 2b

with b = (A1 + A2 — 2A3 — 2)4)/6. Introducing the vectors LiI = a;;L; and LZ-H = aijL]I- , a complete
set of 11 independent invariants of RPa transformations can be naturally chosen as follows
L =A! IL,=A" 6 [3=L;L,
Iy =Tr(a®) = Tr(agap), Ir=Tr(a*) =Tr(aijarak) ,
Is = aLilj = LiL], I7 = ey L LIL{T,
IS = AIII, Ig = MiMi y IlO = LiMZ' y Ill = EijkLiL]I-Mk .

(2.101)
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2.4.2  Zy symmetry

The CP violation and the flavour changing neutral currents (FCNC) are absent for a 2HDM Lagrangian
with a Z> symmetry, which inhibits the ¢; <> ¢ transitions [18]. The Lagrangian is invariant under the
interchange ¢1 < @1, 2 < —d2 Or @1 > —¢1, P2 — Po.

o The case of exact Z5 symmetry is described by the Lagrangian Eq. (2.98) with potential Eq. (2.1),
where A\g = A7 = m%Q = 0, and a kinetic term Eq. (2.99) with » = 0.

e In the case of soft violation of Z5 symmetry, one adds to the Z5 symmetric Lagrangian a term
of operator dimension two, m%(gb} ¢2) + h.c., with a generally complex m?, (and \5) parameter. This
type of violation respects the Z symmetry at short distances (much shorter than a cut-off 1/M) to all
orders in the perturbative series, i.e. the amplitudes for ¢; <> ¢ transitions disappear at virtuality
k? ~ M? — oco. That is why we call this a “soft” violation.

Let our physical system be described by the Lagrangian £, with an exact or softly violated Z5
symmetry. The general RPa transformation converts £ to a hidden soft Z5 violating form L, with
Ag, A7 # 0, 2z = 0. The 14 parameters of this type of Lagrangian are constrained since they can be
obtained from 9 independent parameters of an initial Lagrangian £ (+ 3 RPa group parameters); the
nondiagonal ¢ kinetic term does not arise from the loop corrections. For such a physical system the
preferable RPa representation is given by L.

The criteria whether the soft Z5 symmetry of the potential is hidden can be easily obtained from
Eq. (2.101) (the invariant condition is provided in [14]). If this case is realized, one can consider the
RPa representation with an explicit soft Zo symmetry (A¢ = A7 = 0) and with a real A5 (this can be
achieved by a suitable RPh transformation). In this representation, a;; is a diagonal matrix, and the
vector L; = (0, 0, L) has only a z-component. Therefore the vectors LZ.I and LZ.I I also have only z-
components. Hence, the invariant I; = 0. A straightforward calculation gives in addition: I3 = L2,
Iy = (A2 4 3b%)/2, I = 3b(b? — \2)/4, I = bL?. Therefore, these four invariants obey the relation
IsI3/Is + 314/2 = 3(Is/13)%. These relations are written for invariants. Hence, the necessary and
sufficient conditions for soft Z5 symmetry violation are

I; =0, 3Ll + (2/3)315s — 215 = 0. (2.102)

o In the general case, the terms of an operator of dimension four, with generally complex parame-
ters Ag, A7 and sz, are added to the Lagrangian with a softly violated Z symmetry. This case covers both
the opportunity of a hidden soft Z> symmetry violation and of a true hard violation of the Z5 symmetry
of the Lagrangian, which cannot be transformed to an exact or softly violated Z5 symmetry form by any
RPa transformation. For the true hard violation case, the Z5 symmetry is broken at both large and short
distances in any scalar (“flavor”) basis.

The mixed kinetic terms Eq. (2.99) can be eliminated by the nonunitary transformation (rotation
+ renormalization), e.g.

(2.103)

2/ (Lt [5])  2/]el(1=[])

However, in the presence of the Ag and A7 terms in the potential Eq. (2.1), the renormalization of the
quadratically divergent, non-diagonal two-point functions leads anyway to mixed kinetic terms (e.g. from
loops with AgA1 35 and A7 A\o_5). This means that 2 becomes nonzero at higher orders in perturbative
theory (and vice versa a mixed kinetic term generates counterterms with Ag 7). Therefore all of these
terms should be included in Lagrangian on the same footing, i.e. the treatment of the hard violation
of Z, symmetry without »¢ terms is inconsistent. (This term does not appear if the parameters \; are
constrained by the relations given in Eq. (2.102).) In the case of true hard violation of the Z5 symmetry,
the parameter s« is running like the A parameters. Therefore, the diagonalization of Eq. (2.103) is scale

(gb{,¢é)—><\/ﬁ¢l+ﬁ¢2imgbl_ﬁ%).
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dependent, and the Lagrangian remains off—diagonal in the fields ¢ 2 even at very short distances in any
RPa representation. Such a theory seems to be unnatural.

Although we present in [15] and here the relations for the case of hard violation of the Z9 symmetry
at ¢ = 0, the loop corrections create a s terms and can change the results significantly. Such a treatment
of the case with true hard violation of the Z5 symmetry is as incomplete as in other papers that consider
the “most general 2HDM potential”. Note, however that there is no consensus whether the parameters s«
are independent parameters.

2.4.3 Ground state after EWSB. Criterium for CP conservation

The extrema of the potential define the vacuum expectation values (v.e.v.’s) (¢12) of the fields ¢ o via
equations Eq. (2.5), 0V/ 8¢i‘¢i:<¢i> = 0. The physical reality can be described only by a potential with

a ground state obeying the condition for U (1) symmetry of electromagnetism'!:

0= () 0= 5 (). (2.104)

The rephasing transformation of fields allows one to eliminate the phase difference ¢ and leads to the
corresponding changes of the coefficients of Lagrangian. This real vacuum Lagrangian is used in [15]
and in Section 2.1.

A standard decomposition of the fields ¢1 2 in the component fields Eq. (2.20) at ¢ = 0 retains a
diagonal form of the kinetic terms for the fields goj, Xi, ®i. The mass-squared matrix for the component
fields has a block diagonal form with separate blocks, corresponding to massless Goldstone boson fields,
charged Higgs boson fields H* and a 3 x 3 matrix for the neutral fields Eq. (2.26), for two scalars 71, 72
and a pseudoscalar A = —ysinf + yocosp.

The possible mixing of the scalar and pseudoscalar states, which yields physical Higgs states h;
having no definite CP parity, generates CP violation in Higgs sector. Therefore, a signature for CP
conservation in the Higgs sector is given by the zero values of squared-mass matrix elements Eq. (2.26)
responsible for this mixing (i.e. M13 = M3 = 0 in the real vacuum basis). The vanishing of M3 and
M3 can be realized if in such a basis mfg and 'U%)\G —U%)w (and also A5 — see Eq. (2.10)) are real. The set
of arbitrary bases can be obtained from the set of real vacuum bases by the rephasing of fields. Therefore
the sufficient condition for CP conservation in the Higgs sector can be written in a basis independent
form as

ImAE(m3)? =0, Im(\s+X5)m3y =0, ImAih; = 0. (2.105)

Each of these quantities is not RPa invariant but these forms are very simple. (For the soft Z5 violat-
ing potential, this condition becomes both necessary and sufficient; it is simply: Im A%(m?,)? = 0,
cf. [163]).

The imaginary part of the quantity v?\g — v3\7 can be equal to O (which is necessary for CP
conservation) even for complex Ag and A;7. The RPa transformation from one real vacuum basis to
another depends on two independent parameters (3 parameters of a general RPa transformation with one
parameter restoring the real basis). One can use these parameters to eliminate the imaginary parts of \g
and A7 separately. Using in addition Eq. (2.10) one can conclude that in the case of CP violation in the
Higgs sector there exists a Higgs basis in which all the coefficients of the potential are real (which is
necessary condition for CP conservation).

Generally, these v.e.v.’s can be complex even in the case of a Lagrangian with real parameters.
Therefore, the coefficients of the real vacuum Lagrangian can be complex even in the case where all
coefficients of the incident Higgs potential are real. Hence, the existence of an RPa representation of the
potential with all real coefficients forms a necessary but not a sufficient condition for CP conservation.

"Detail analysis of two possible vacuum solutions, including charged vacuum [20], is presented in [162], [15].
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The RPa invariant form of this necessary condition is presented in Section 2.1 [38,40, 164], [14,
37], and with invariants (2.101) in [19].

2.4.4  Tree level unitarity constraints

The quartic terms in the Higgs potential (with \;) lead, in the tree approximation, to the s—wave Higgs-
Higgs and W W, and W H, etc. scattering amplitudes for different elastic channels. These amplitudes
should not overcome the unitary limit for this partial wave — that is the tree-level unitarity constraint.
Such a constraint was obtained first in [18] for the minimal SM, with one Higgs field. For the 2HDM
with soft Z5 violation and CP conservation, they were derived in [32]. In the general CP nonconserving
case, the corresponding constraints were obtained in [34].

Since in the Higgs—Higgs scattering the total hypercharge Y and weak isospin o are conserved,
one can consider separate S matrices, Sy, for the different quantum numbers of the initial state. The
unitarity constraint means that the eigenvalues of these Sy, are less than 1 [34], where

A1 As V2X6

16mSy 2 pm1=| AE A2 V2AE |, 167Sy—2,—0= A3— A4, (2.106a)
V22X V2 A3\
D I, VIR, VA
I BYEPYED YT
167 Sy —0,0=1= XA ag M| (2.106b)
X A7 s N3
3\ 23 + M4 3Xg 3G
. 2A3 + M4 39 37 3)\?
16mSy=0.0=0 = | 34 3N: A3+2h 3 (2.106¢)
3¢ 37 35 A3+ 2y

The eigenvalues of these matrices can be found as roots of equations of the 3-rd or 4-th degree. It is
useful to start the diagonalization from the corners of the above matrices, corresponding to the fixed
values of the Z5 parity. This particular diagonalization transforms Sy, to a form with diagonal elements
that are coincident with the eigenvalues found in [32] (for soft Z5 violation without CP violation) with
the sole change of A5 — |A5].

Next, one can use the following observation: For an Hermitian matrix M = ||M;;|| with maximal
and minimal eigenvalues A, and A_, all diagonal matrix elements M;; lie between them, A, > M;; >
A_ . By virtue of this fact, the mentioned corrected constraints from [32] form necessary conditions for
unitarity. These constraints are enhanced due to the Ag, A7 terms that govern the hard violation of the Z5
symmetry.

2.4.5 Couplings to fermions

The general form of Yukawa interaction couples a 3-family vector of the left-handed quark isodoublets
@1, with 3-family vectors of the right-handed field singlets d zp and ur and Higgs fields ¢; Eq. (2.46).

If some fermion field singlet is coupled to both scalar fields ¢ and ¢o, the counterterms corre-
sponding to the one-loop propagator corrections to the Higgs Lagrangian contain operators of dimension
4, which violate the Z5 symmetry in a hard way. They contribute to the renormalization of the parameters
», A\¢ and \7. Therefore, to have only a soft violation of Z5 symmetry (to prevent ¢ < ¢o transitions at
short distances), one demands that [18, 165] each right-handed fermion couples to only one scalar field,
either ¢1 or ¢3. The case I's = A; = 0 with diagonal I'y, Ay corresponds to the well known Model
IT, while T's = As = 0 corresponds to Model I. Note that a general RPa transformation makes these
properties of the Lagrangian hidden. The widespread Model II, with many useful relations for it partially
obtained in [15] and first collected together there, is described in Section 2.1.
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In this analysis we use in principle measurable relative couplings—that is, ratios of the couplings
of each neutral Higgs boson h; to the corresponding SM couplings Eq. (2.41). We present here, for
completeness, only the case of model I Yukawa interactions. In this model, all right handed fermions
are coupled to one Higgs field, say ¢;. The general RPa transformation makes this property hidden,
changing simultaneously tan 3. The parameter 3 corresponding to the Model I form of the Lagrangian
will be labeled with a subscript I. For this form of the Lagrangian we have ( = 1,2, 3):

Model T: Y = Xg) — X(fi) _ [Ria — Lcos Br Rz3]'
sin 1

(2.107)

In this case, among the methods presented for Model II, only one method succeeds in determining 37 via
observable quantities, namely [see Eq. (2.58)]

3

1 .
= Re y(V)2, 2.108
sin? 3; ;( exi’) ( )

2.4.6 A natural set of parameters of 2HDM

It is natural to assume that the 2HDM that describes physical reality allows for the existence among the
reparametrization equivalent Lagrangians the one in which the fields ¢ do not mix at small distances
(mixed kinetic term does not appear). This would correspond to the 2HDM with an exact or softly
violated Z2 symmetry. We assume such choice in this section. Besides, it is natural to assume that
the CP symmetry in the Higgs sector is violated only weakly at least for the lightest Higgs boson h.
This assumption together with rephasing invariance offers the basis for the selection of the natural set of
parameters of 2HDM.

The Eq. (2.30) shows that the CP symmetry for the lightest Higgs boson is violated weakly if and
only if |[M{4] < |[M% — M?|. In view of Eq. (2.34), for the real vacuum Lagrangian at 8 + « # /2
this condition can be rewritten in the form

v?| Tmm3,| < vive| M3 — M. (2.109)

For all other rephasing equivalent Lagrangians, this condition Eq. (2.109) contains both Imm?%,

and Rem?,. Therefore, for the natural set of parameters of 2HDM we require that both | Im m?3,|(v? /vy v

and | Re m?2,|(v?/v1vs) are small for all rephasing equivalent Lagrangians. In the case of soft violation

of Z5 symmetry, the same requirements is transmitted to Im A5 and Re A5. Therefore, we define a
natural set of parameters as follows

Il [As] < [Aa-al - (2.110)

For the natural set of parameters of the 2HDM, the breaking of the Z9 symmetry is governed by a small
parameter 1. Due to the existence of a limit where the Z5 symmetry holds, a small soft Z5 violation
in the Higgs Lagrangian and the Yukawa interactions also remains small beyond the tree level. In this
respect, we use term natural in the same sense as in [166]. (Note also that the non-diagonal Yukawa
coupling matrices I'; and A, (leading to FCNCs) are unnatural in this very sense).

In accordance with Eq. (2.26), for the natural set of parameters M 4 cannot be too large. This
parameter regime is not ruled out by the data; in the CP conserving case see e.g. Section 2.2.1.
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2.5 Textures and the Higgs boson-fermion couplings

Justiniano L. Diaz-Cruz, Roberto Noriega-Papaqui and Alfonso Rosado-Sdnchez

The 2HDM [8, 167] has a potential problem with flavour changing neutral currents (FCNC) mediated
by the Higgs bosons, which arise when one quark of type u or d is allowed to couple to both Higgs
doublets. The possible solutions to this problem of the 2HDM involve an assumption about the Yukawa
Lagrangian of the model. The specific choices for the Yukawa matrices I'1 2 and A o define the ver-
sions of the 2HDM known as I, II or III, which involve certain mechanism to eliminate the otherwise
unbearable FCNC problem or at least to keep it under control. In this paper we are interested in studying
the 2HDM-III, where the FCNC problem is ameliorated by assuming a certain texture for the Yukawa
couplings. However, the original six-texture ansatz that leads to the popular Cheng-Sher ansatz [168]
seems disfavored by current data on the CKM mixing angles. More recently, mass matrices with four-
texture ansatz have been considered, and are found in better agreement with the observed data [169,170].
In this paper we investigate how the form of the ff’¢° couplings, get modified when one replaces the
six-texture matrices by the four-texture one. We also discuss some implications for rare quark and lepton
decays, as well as the phenomenology of the Higgs bosons [129].

2.5.1 The fermion sector of the 2HDM-III with four-texture mass matrices

We will assume that both Yukawa matrices I'1 » and A; 5 have the four-texture form and are Hermitian;
following the conventions of [169], the quark mass matrix is written as:

0 C; 0
M,=| ¢ B, B, |. @.111)
0 B A,

when Bq — 0 one recovers the six-texture form. We also consider the hierarchy:

| Ay |>1| By |,| By |,| Cy |, which is supported by the observed fermion masses in the SM.

Because of the hermicity condition, both B and A, are real parameters, while the phases of C; and
By, ®B,,c,, can be removed from the mass matrix M, by defining: M, = P M, ¢Fy, where P, =
diag[1,e"®C " ®B+%¢0)] and the mass matrix M includes only the real parts of M,. The diago-
nalization of M is then obtained by an orthogonal matrix Oy, such that the diagonal mass matrix is:
M, = O:{Mqu. Expanding in powers of zy = mg / mg , where m£73 denote the masses for 2"? and
37 generations, the Yukawa Lagrangian can then be expressed in terms of the mass-eigenstates for the
neutral (h?, H%, A%) and charged Higgs bosons (H +). The interactions of the neutral Higgs bosons with
the d-type and u-type quarks (u,u’ = u,c,t and d,d’ = d, s, b) are expressed as follows.

¢ _ 95[(ma)cosa sin(a — ) A\ -0
Ly = 2D[<mw> cosﬁddd—i— V2 cos 3 < my >de]DH
g - mg \ sina cos(a — 3) MaMmgq \ _ 13,0
+§D[_ <—> cosﬂ5ddl+ V2 cos 3 < mw >Xd,}D "
19 = 1 A/ Mgmgr 51/ A0
+§D[ < )tanﬁédd/ fCOSﬁ< ) ] D
95 [( > sina o sin(a — 3) <\/ ]
2 sin 3 du V2 smﬁ mwy
e [( ) cosa o cos(a — <\/mumu’> - } U'RO
2 sin 3 Ou V2 sin 8 my Xt
zg _ 1 A My MMy! 577/ 40
+§ U [— <mw> cot B 0y + 73 s < o > uu/] U'A”. (2.112)
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The corresponding Lagrangian for the charged lepton sector is obtained following a similar procedure,
and can be read from [171]. Unlike the Cheng-Sher ansatz, the parameters X s (f # f') are now
complex. While the diagonal elements X ¢ are real, the phases in the off-diagonal elements are essen-
tially unconstrained by present low-energy data. These phases modify the pattern of flavour violation
(FV) in the Higgs sector. However, because of the Hermiticity of the Yukawa matrices, the three-level
CP-properties of h°/H" and A° remain valid i.e. the couplings h°(H)f f are pure scalar, while the
coupling A°f f is proportional to 5. Further, in our prescription the FV couplings satisfy some rela-
tions, such as: |X,r| = |Xer| and [Xsb| = [Xds|, Which simplifies the parameter analysis. Henceforth,
we denote |\ /| as X . On the other hand, by considering the effective Lagrangian for the couplings
of the charged leptons to the neutral Higgs fields one can also relate our results with the SUS Y-induced
2HDM-III. Thus, our result will cover (for specific choices of parameters) the general expectations for
the corrections arising in the MSSM.

2.5.2 Bounds on the FV Higgs parameters

Constraints on the lepton flavour violation (LFV)-Higgs interaction will be obtained by studying LFV
transitions, which include the 3-body modes (I; — [ jlk[k), radiative decays ([; — [; + ), as well as the
 — e conversion in nuclei. On the other side, constraints on the Higgs boson-quark interaction can be
obtained by studying FCNC transitions. In particular, we consider the radiative decay b — sy and the
decay B — 1~ pT, which together with LFV bounds derived in [171] constrain the parameter space of
2HDM-III, and determine possible Higgs boson signals that may be detected at future colliders.

2.5.2.1 LFV three-body decays

To evaluate the LFV leptonic couplings, we calculate the decays {; — { jlkfk, including the contribution
from the three Higgs bosons (h?, H? and A°). In particular, for the decay 7~ — p~ 1~ we obtain the
following expression for the branching ratio:

_ _ _ 5 T m3 m? cosZ (o — sin2a sin?(a — cos?

3212743 gt mfbo m‘}{o
cos(a — f3) sin(a — 3) cosa sina  sin? 3 XZT
cost 3

9 2.113)

2 2 4

here 7, corresponds to the life time of the 7 lepton (we have also assumed x,,, < 1). Using Br(7~ —

) < 1.9 x 1077 [172], we get an upper bound on X, ((Xm)zz_s”) (see Table 2.1).

2.5.2.2 Radiative decay p — ey
The B.R. of u — ety at one loop level is given by [173]

4
p!Mr
2127494 cos? B

cos?(a — B3) sin?(a — 3) |1n m3 3‘ |1 m3 3‘

aemmmem‘l

Br(ut —ety) = Xpr Xor

9 {0084(a—ﬁ) ‘ln mi 3

+2

s o 2| [, T2
4 9 2 2 2
s (o — m 3 1 3
N (4 p) ‘m R T T P R I S R ST
mHO mHO 2 on mAO 2

We make use of Br(u™ — etv) < 1.2 x 107! [174] to constrain - (= Xer) (see Table 2.1).
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2.5.2.3 Radiative decay 7 — puy
The B.R. of 7 — iy at one loop level (assuming x,, < 1) is given by [173]

. 2
3 aemmum3 5 | sin?a cos?(a— 3) m2 3
B = = L In — + =
r(r = p) 5 16 cos? 3 Xur m;‘bo . mio + 2
cos? o cos?(a — 62) + Szinzoz sin?(a — 3) In mﬁ N §| ‘ln nﬂf N §|
M0 Mo Mo 2 M0 2
2 ain2 2 2 ‘2 2 2
= 3 3
SRLCE L S e
Mo Mo 2 M0 Mmoo 2

We constrain x,,; by using Br(r — p + ) < 3.1 x 1077 [175,176] (see Table 2.1).

2.5.2.4 pu — e conversion

The formulas of the conversion branching ratios for the LFV muon electron process in nuclei at large
tan g, in the aluminum and lead targets, are approximately given by

6
"

1
2 vt M0 Weapt

Me M mf, tan® 3 cos? 3 9

X2 (2.116)

Br(u~ Al(Pb) — e~ Al(Pb)) ~ 0.18(2.5) x 1073

where wq 18 the rate for muon capture in the nuclei [177]. weqpe = 0.7054 X 10% s~ ! and Weapt =
13.45 x 10%s~! in the Al and the Pb nuclei, respectively [178]. We get an upper bound on Xep
(xen)™Y N for Al and Pb (see Table 2.1), by using Br(u~N — e N) < 6.1 x 1073 [179],

2.5.2.5 Radiative decay b — s~y

We will make an estimation of the contribution due to the FV ff’¢° couplings to the standard model
branching ratio of b — sy as follows

ABr(b—s7) =AT(b—sy) x (Y T(b—cly)) (2.117)

l=e,p,7

Such contribution to the branching ratio of b — sy at one loop level is then given by [173]

cos(a— f3) _
\/5 Xbb
(2.118)

We make use of the good agreement between the experimental value for Br(b — sv) = (3.3 £ 0.4) x
10~* and the theoretical value obtained for Br(b — sv) = (3.29 4 0.33) x 10~* in the context of the
SM [174] to constrain any new contribution to Br(b — s+), namely ABr(b — sv) < 107°, and hence
to bound x4, (= xap) (see Table 2.1).

2 2

Qon Mg mg’ cos?(a — f3) mg N 3
16 T mi, [Vep|? cost 3 2

ABr(b— svy) = —sina + In 5

2
Xsb

2526 BY— p~ut decay
The width of the decay B? — p~ u™ at the tree level is given as [180]
G2, m¥ f5msmp mi cos?(a — f3)

128w my, cos? 3

cos(a — ) _ |
\/§ Xpp|
(2.119)
where G = 1.16639 x 107° GeV 2, Nocp = 1.5, mp ~5GeV, and fp = 180 MeV. We make use
of I'(BY — p~pt) < 8.7 x 10712 GeV [180, 181] to constrain (= xap) (see Table 2.1).

2
nQCD

D(B) — pu pt) = Xap |- sina +

38



THE CP-VIOLATING TWO-HIGGS DOUBLET MODEL

Table 2.1: Upper bounds on X .-, Xeu and x g as functions of tan 3, fora = 8, = B — /4, « = 3 —7/3, taking
mpo = 120 GeV, m o = 300 GeV and m 40 = 300 GeV and x,,,, = 0 x-- = 0. Upper bound (XCM)Z{\IC?CN as a
function of tan 3 for Al, Pb and assuming m go = 300 GeV.

‘ upper bound ‘ 0—« ‘ tan 8 = 10 ‘ tan 3 = 20 ‘ tan 8 = 30 ‘ tan 8 = 40 ‘ tan G = 50 ‘
0 8.1 2.1 9.0x 107! [ 5.1 x 107! | 3.3 x 107!
(Xpr )L 32" | /4 | 1.6 x 10! 3.8 1.7 9.2x 107" | 5.9 x 107!
7/3 | 2.5x 10! 5.9 2.6 1.5 9.2 x 107!
0 |[15x107t|74%x1072[50x1072 |3.7x10"%|3.0x 1072
(Xpr )i | w/4 | 1.9%x1071 [ 94%x1072 | 6.3 x 1072 | 4.7x 1072 | 3.8 x 1072
/3 | 22x1071 [ 1.1x107 | 74 x 1072 | 5.6 x 1072 | 4.5 x 102
0 1.6 40x1071 | 1.8 x 1071 [99x 1072 | 6.4 x 1072
Xur)y 7| w/4 2.7 6.6x1071 | 29x 107" | 1.7 x 107! | 1.1 x 107"
/3 3.8 93x 1071 | 41 x107! | 23x107t | 1.5 x 107!
(Xep ) 1.2x 107" | 31 x1072 [ 1.4x 1072 | 7.6 x 1073 | 4.9 x 1073
(Xep)Hoel? 14x 107" [ 36%x1072 | 1.6 x 1072 | 89 x 1073 | 5.7 x 1073
0 [81x1072]21x102[91x1073|51x1073|33x1073
(xsp)o 327 /4 | 1.8x1071 | 43x107? | 1.9x 1072 | 1.1 x 1072 | 6.7 x 1073
/3 | 3.9x1071 [89x1072 | 39x1072|22x1072 | 1.4 x 102
0 1.1 27x1071 [ 1.2x 107! [ 6.6 x 1072 | 4.2 x 1072
(xsp) 2571 | /4 2.4 56x 1071 | 25x 1071 | 1.4 x 107! | 8.6 x 1072
/3 5.1 1.2 50x 1071 | 28 x 107 | 1.8 x 1071

2.5.3 Higgs boson decays in the 2HDM-III

One of the distinctive characteristic of the SM Higgs boson is the fact that its coupling to other particles
is proportional to the mass of that particle, which in turn determines the search strategies proposed so
far to detect it at future colliders. In particular, the decay pattern of the Higgs boson is dominated by
the heaviest particle allowed to appear in its decay products. When one considers extensions of the
SM it is important to study possible deviations from the SM decay pattern as it could provide a method
to discriminate among the different models [182, 183]. Within the context of the 2HDM-III, not only
modification of the Higgs boson couplings are predicted, but also the appearance of new channels with
FV, both in the quark and leptonic sectors [129, 184, 185].

To explore the characteristics of Higgs boson decays in the 2HDM-III, we will focus on the lightest
CP-even state (h"), which could be detected first at LHC. The light Higgs boson-fermion couplings are
given by Eq. (2.112), where we have separated the SM from the corrections that appear in a 2HDM-III.
In fact, we have also separated the factors that arise in the 2HDM-III too. We notice that the correction
to the SM result, depends on tan 3, « (the mixing angle in the neutral CP-even Higgs sector) and the
factors x s that induce FCNC transitions (for f # f') and further corrections to the SM vertex. In our
analysis, we will include the decay widths for all the modes that are allowed kinematically for a Higgs
boson with a mass in the range 80 GeV < mjo0 < 160 GeV. Namely, we study the branching ratios for
the decays h® — bb, c¢, 77, ufi and the FV b0 — b5(sb), Tfi(u7), as well as the decays into pairs of
gauge bosons with one real an the other one virtual, i.e. hY — WW*, ZZ* [8,167]. Overall, our results
show that the usual search strategies to look for the SM Higgs boson in this mass range, may need to be
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Fig. 2.3: B.R. for all the relevant decay modes that are allowed kinematically for 80 GeV < mpo < 160 GeV;
taking o = § — 37/8 and assuming X s = 0.1 for f = f"and f # f’. For: (a) tan 3 = 2; (b) tan § = 2.61; (c)
tan 0 = 5; (d) tan 3 = 15.

modified in order to cover the full parameter space of the 2HDM-III (see Fig. 2.3).

2.5.4 Conclusions

We have studied in this paper the ff’¢° couplings that arise in the 2HDM-III, using a Hermitian four-
texture form for the fermionic Yukawa matrix. Because of this, although the ff’¢° couplings are com-
plex, the three-level CP-properties of h°, H? (even) and A° (odd) remain valid.

We have derived bounds on the parameters of the model, using current experimental bounds on LFV and
FCNC transitions. One can say that the present bounds on the couplings x 7 ’s still allow the possibility
to study interesting direct FV Higgs boson signals at future colliders.

In particular, the LFV couplings of the neutral Higgs bosons, can lead to new discovery signatures of
the Higgs boson itself. For instance, the branching fraction for h® — 7i(71) can be as large as 1075,
while Br(h — b3(bs)) is also about 10~*. These LFV Higgs modes complement the modes B° — ju,
T — 3u, T — py and p — e, as probes of FV in the 2HDM-III, which could provide key insights into
the form of the Yukawa mass matrix sector.
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2.6 Electroweak baryogenesis and quantum corrections to the Higgs potential

Shinya Kanemura, Yasuhiro Okada and Eibun Senaha

The connection between cosmology and particle physics is important to understand what the Universe
is made of. The baryon asymmetric Universe observed today is one of the outstanding problems in
cosmology. The asymmetry is characterized by the ratio of the baryon number density to the entropy
density, ng/s ~ 10710 [186], which remains constant during the expansion of the Universe if there is
neither baryon number violation nor entropy production.

In order to construct such baryon asymmetry from the initially baryon symmetric Universe, three
ingredients are required [187]: (a) baryon number violation, (b) C' and C P violation, and (c) depar-
ture from thermal equilibrium. In the electroweak theories, these conditions can in principle be satisfied
(electroweak baryogenesis). The condition (a) is fulfilled by the sphaleron process in Standard Model
at high temperature. The sphaleron is an unstable classical solution of the SU(2) gauge-Higgs system
which corresponds to a saddle point connecting different topological vacua. Frequent baryon number vi-
olation processes occur near and above the critical temperature by the transition associated with a change
of the topological number, which is called the sphaleron process, although it is completely negligible at
zero temperature. On the other hand the Standard Model cannot satisfy the other two conditions under
the current experimental data. One is that the electroweak phase transition is not first order for exper-
imental lower bounds of the Higgs boson mass, mp > 114 GeV [74], so that the condition (c) cannot
be fulfilled. The other difficulty is that the magnitude of the C'P violation which is originated from the
Kobayashi-Maskawa matrix is too small to generate the sufficient baryon asymmetry during the phase
transition. Therefore, the extension of the Standard Model Higgs sector and the additional sources of the
C'P violation are required. There are many attempts to explain the baryon asymmetry in the extension
of the Standard Model. For reviews on electroweak baryogenesis, see Refs. [188—193].

Here, we study electroweak baryogenesis in the two Higgs doublet model [194-203] and the
minimal supersymmetric standard model [204—-221] focusing on its connections to collider phenomenol-
ogy. In particular, we discuss relationship between the strength of the first-order electroweak phase
transition and the quantum corrections to the trilinear coupling of the lightest Higgs boson [222]. Sim-
ilar discussions on the Higgs self-coupling in the electroweak baryogenesis scenario can be found in
Refs. [223,224].

First we consider the two Higgs doublet model with the softly-broken discrete symmetry. The
Higgs potential at the tree-level is given by Eq. (2.1) with A\¢ = A; = 0. Though m?, and A5 can
be complex, one of the two becomes real by the redefinition of the either Higgs field. As mentioned
above, the C' P violation plays a crucial role in the generation of the baryon asymmetry. In particular, the
difference between the C' P violating phase in the symmetric phase and that in the broken phase at finite
temperature gives a significant effect on the total amount of the baryon asymmetry. In order to calculate
the magnitude of such C'P violating phases, the equation of motion for the Higgs bubble wall has to be
solved at the critical temperature. In the previous studies, it was found that there is a solution in which the
C'P violation can enhance only during the phase transition while it can become small at zero temperature
enough to escape the experimental constraints of the electric dipole moment [201-203]. Here, we assume
such a scenario so that we neglect the C'P violating phase as the first approximation. Furthermore, to
simplify our analysis we consider the phase transition in the direction of (®1) = (®5) = (0 )7 /2,
which corresponds to m; = mg, A1 = Mg, in other words, sin(a — 3) = —1 and tan § = 1 [199-201].

The one-loop contributions to the effective potentials at zero and finite temperatures [225] are
respectively given by

4 2 3 T4
Vi(p) = nzngzlgz) <log mé;f) - §>, Vi(e, T) = W[ Z nﬂg(a?) + nelp(a?)|, (2.120)

j=bosons
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with

Ipp(a?) = / dw a?log (1 eV, m(cp)zmiT“”), @.121)
0

where Vi (¢) is regularized by using the DR-scheme, @ is a renormalization scale, m;(¢) is the field
dependent mass of the particle ¢, and n; is the degree of the freedom of ¢; i.e., nyy = 6, nz = 3 for
gauge bosons (W=, 2), ny = —12 for the top quark (t) and np, = ng = na = 1, ng+ = 2 for the five
physical Higgs bosons (h, H, A, HY).

Qualitative features of the phase transition can be understood from the effective potential (2.120)
by the following high temperature expansion. When mé > m,%, M? (® = H A H*, M? = v%),
the field dependent masses of the heavy Higgs bosons can be written as m?p(cp) o~ m?pgpQ /v2. At high
temperatures, the Higgs potential can be expanded in powers of ¢ [226,227].

A
Ve (0, T) = D(T* = T§)* = ET|pf* + Zog" + -+, (2.122)
with
- L lm2 — 2Bv? (2.123)
0 D 4 h ’ '
1
B = P <6m§§v + 3mYy — 12mj +my +m + ZmZ}{i), (2.124)
D = o 2(6mW—|—3mZ+6mt+mH+mA+2mHi) (2.125)
1
m% 1 m2 m2 2
>\T = m 1— m 6mW log BT2 + 3mZ log — 12mt log T2

miy 4 my 2
+mHlog$ + my log —=5 apl? —I—ZmHi log —= T2 H, (2.127)
where log ap = 2log 47 — 2, ~ 3.91, logarp = 2logm — 2, ~ 1.14, and 7y, is the Euler constant.
The first order phase transition is possible due to the appearance of the cubic term which originates from
the bosonic loops at finite temperature. From Eq. (2.122), the critical temperature 7T is expressed by

2 T3
T = — . 2.128
¢ 1-FE?/(\,D) ( )
At T, the effective potential Vg has two degenerate minima at
2FET,
=0, Y= (2.129)
AT,

In order not to wash out the created baryon number density after the electroweak phase transition, we
have to require that the sphaleron process should be sufficiently suppressed. The most reliable condition
has been obtained from the lattice simulation study [228,229]. It is expressed as

Ve 2F
—=—>1. 2.130
.~ ar ( )

c

Due to the contributions of the heavy Higgs bosons in the loop, the first order phase transition can be
strong enough to satisfy Eq. (2.130). The high temperature expansion makes it easy to see the phase
transition analytically. However, it breaks down when the masses of the particles in loops become larger
than 7. In the following, we therefore calculate 7. and ¢, numerically.

42



THE CP-VIOLATING TWO-HIGGS DOUBLET MODEL

M =50 GeV

200} 200}
_ 150} 150}
> >
[0 [0
©) 0

100} 100}

50 | . 50 |

oL oL . . . . . . . .

160 180 200 220 240 260 280 300 320 340 160 180 200 220 240 260 280 300 320 340
My (GeV) My (GeV)
M =100 GeV M =150 GeV

200} . 200}
150} __150E Te
> >
[0) [0
©) )

100} 100}

50 | 1 S0 F

oL . . . . . . . . o b . . . . .

160 180 200 220 240 260 280 300 320 340 160 180 200 220 240 260 280 300 320 340
My (GeV) Mgy (GeV)

Fig. 2.4: The Higgs vacuum expectation value ¢, at the critical temperature 7. as a function of the heavy Higgs
boson mass mg (Mo = my = mag = myg+) for M = 0, 50, 100 and 150 GeV. Other parameters are fixed as

sin(a — ) = —1, tan 8 = 1 and mj, = 120 GeV.

In order to see phenomenological consequences of our scenario for successful electroweak baryo-
genesis, we study the trilinear coupling of the lightest Higgs boson (the Ahh coupling) at the zero temper-
ature in the parameter region where the phase transition is strongly first order. The leading contribution
of the heavy Higgs bosons and the top quark to the hhh coupling can be extracted from the one-loop
calculation by [113,230]

A (2HDM) BNy (M 3+ ma [y M 3
hhh - 2,U2 2 1271‘2771}21?./2 m2

v 1272m; B myy A
3
4 2 4
m M m
e — . 213D
6m2mzv mis w2miv

It is easily seen that the effects of the heavy Higgs boson loops are enhanced by mé (® = H,A,HY)
when M? is zero. These effects do not decouple even in the large mass limit m ¢ — oo and yield the large
deviation of the hhh coupling from the Standard Model prediction. In this case, m¢ is bounded from
above by perturbative unitarity (me < 550 GeV) [31,32,34,231]. We note that when such nondecoupling
loop effects due to the extra heavy Higgs bosons are large on the hhh coupling, the coefficient F of the
cubic term in Eq. (2.122) becomes correspondingly large. Therefore there is a strong correlation between
the large quantum correction to the hhh coupling and successful electroweak baryogenesis.

We calculate the effective potential (2.120) varying the temperature 7" and determine the critical
temperature 7, of the first order phase transition and the expectation value . at T.. In the plots of
Fig. 2.4, T, and ¢, are shown as a function of the mass of the heavy Higgs boson m g for M = 0, 50, 100

43



WORKSHOP ONCP SrublES AND NON-STANDARD HIGGSPHYSICS

Contour plot of AApp/Appy @and @ /T, in the mg,-M plane Contour plot of AApn/Any, @and @¢/T,, in the mg,-M plane
450 T T T T T T T
400 - B
350
% 300 %
© 250 - [0
] &
£ 200 - £ ] --
150 150 |- T Qc/Te=1 |
. Annn/Annh = 5%
sin(o-B) =-1,tanB=1 | : 4
007 QoTe=1 Snoch) = o an 100 sin(op) = -1, tanp = 1
mh =120 GeV
50 Mo =MH=Ma=Mn* = 50 4
Me=MH=Ma=MH*
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
M (GeV) M (GeV)
450 Contour plot of AApn/Anyy @and @¢/T in the my,-M plane 450 Contour plot of AApp/Apy, and @¢/T,, in the mg-M plane
T T T T T T T
100 %\ T T T T T s
g I L S ]
350 — T
% % 300
o} S 250
& 200 Adstn/Annh=10% | £ 200 A/ Annh = 10 %
Qc/Te=1 Qc/Te=1
150 - B 150 B
L sin(o-B) =-1,tanf =1 _| sin(a-p) =-1,tanp =1 _|
100 mh = 140 GeV 100 mh = 160 GeV
50 - Me=MH=Ma=Mut 50 Me=MH=Ma=Mut
0 | L | | | L 1 0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
M (GeV) M (GeV)

Fig. 2.5: Contours of the radiative correction of the triple Higgs boson coupling constant overlaid with the line
we/T. = 1in the mg-M plane for m;=100, 120, 140 and 160 GeV. Other parameters are the same as those in
Fig. 2.4. The above the critical line, the phase transition is strong enough for the successful electroweak baryoge-
nesis scenario.

and 150 GeV. We take mj, = 120 GeV. For the heavy Higgs boson mass, we assume m; = my =
m . (= mg) to avoid the constraint on the p parameter from the LEP precision data [232]. We also
take into account the ring summation for the contribution of the Higgs bosons to the effective potential
at finite temperature to improve our calculation [225,233-238]. In the case of M = 0, it is found that
pe =T, ~ 120 GeV at mg ~ 185 GeV, and the condition (2.130) is satisfied for m¢ > 185 GeV. One
can also find that the condition (2.130) can still be satisfied for M = 150 GeV, if the masses of the heavy
Higgs bosons are greater than about 300 GeV.

In Fig. 2.5, we show the parameter region where the necessary condition of electroweak baryogen-
esis in Eq. (2.130) is satisfied in the m 4-M plane for mj;, = 100, 120, 140 and 160 GeV. For m;, = 120
GeV, we can see that the phase transition becomes strong enough for successful baryogenesis when the
masses of the heavy Higgs bosons are larger than about 200 GeV. For the larger values of M or m, the
greater m, are required to satisfy the condition (2.130). In this figure we also plot the contour of the
magnitude of the deviation in the ~hh coupling from the Standard Model value. We define the deviation
ANAIDM /5l (SM) by ANAIDM = \eff, (9HDM) — A, (SM). We calculated the deviation from the
full one-loop results, which give a better approximation than the formula given in Eq. (2.131) [113,230].
We can easily see that the magnitude of the deviation is significant (> 10%) in the parameter region
where electroweak baryogenesis is possible. Such magnitude of the deviation can be detected at future
collider experiments [142,239-241].

Next we discuss a scenario of electroweak baryogenesis in the minimal supersymmetric standard
model. The strong first order phase transition can be induced by the loop effect of the light stop in the
finite temperature effective potential [204]. We examine the loop effect of the light stop on the hhh
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coupling in this scenario. In the following, we only consider the finite and zero temperature effective
potentials using high temperature expansion to understand the qualitative feature. As we have done in
the case of the two Higgs doublet model, we consider the relationship between the magnitude of the
phase transition and the deviation of the hhh coupling from the Standard Model value. The combined
result is approximately expressed as

A)\hhh(MSSM) N 2’04
)\hhh(SM) B m%m%

(AE;)?, (2.132)

where my, is the one-loop renormalized mass of the lightest Higgs boson and AE7, is the contribution
of the light stop loop to the cubic term in the finite temperature effective potential. From the condition
(2.130), the deviation in the hhh coupling from the Standard Model value is estimated to be ~ 6%
for m;, = 120 GeV. In the minimal supersymmetric standard model, the condition of the sphaleron
decoupling also leads to the large deviation of the hhh coupling from the Standard Model prediction at
Zero temperature.

In summary, we have discussed electroweak baryogenesis with special emphasis on its connec-
tions to the collider phenomenology. If the electroweak phase transition is strong enough for electroweak
baryogenesis, the triple Higgs boson coupling can deviate from the Standard Model value. The magni-
tude of the deviation can be larger than 10% level in the two Higgs doublet model. Such magnitude of
the deviation can be detected at future colliders.

2.7 Neutral Higgs bosons with (in)definite CP: decay distributions for 717~ and t{ final states
Werner Bernreuther, Arnd Brandenburg and Jorg Ziethe

This contribution deals with the question of how to determine the parity, respectively the CP property of
a neutral Higgs boson. While the Standard Model Higgs boson is parity-even, SM extensions predict also
parity-odd state(s) or, if the (effective) Higgs potential violates CP, states of undefined CP parity with
Yukawa couplings both to scalar and pseudoscalar quark and lepton currents. Higgs sector CP violation
(CPV) is, especially in view of its potentially enormous impact on the physics of the early universe,
a fascinating speculation which can be investigated at the upcoming generation of colliders in several
ways. The decays h — 7~ 7" and/or h — tt are particularly suited, provided that sufficiently large
event numbers are available. The analysis presented here is based on the proposals and investigations
of [99, 103] for the tau and of [99, 103, 242-245] for the top channel. Other investigations include
[101,246-250].

The following applies to any neutral Higgs boson h; with flavor-diagonal couplings to quarks and
leptons f (with mass m )

Ly = —(V2Gp)'* > mp(ajeff+bisfisf) hy (2.133)
3f

where a; ¢ and b; s are the reduced scalar and pseudoscalar Yukawa couplings, respectively, which depend
on the parameters of the scalar potential and on the type of model. In the SM ay = 1 and by = 0. In
models with two Higgs doublets there are three physical neutral Higgs fields & ; in the mass basis. In
the type II models the Yukawa couplings to top quarks and 7 leptons are (see sections 2.1 and 3.1):
ajy = Ryj/sin B3, bjy = —Rgjcot 3, ajr = Ryj/cos B, bjr = —Rsjtan 3, where tan § = vy /vy, and
(Rij;) is a 3 x 3 orthogonal matrix that describes the mixing of the neutral spin-zero states. At the Born
level only the CP = +1 component of h; couples to W W™ and to ZZ. If Higgs sector CP violation
(CPV) is negligibly small then the fields h; describe two scalar states h, H and a pseudoscalar A. In the
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following ¢ denotes, as in section 2.1 above, any of these Higgs bosons. We assume that the differences
between the mass of the Higgs particle ¢ under consideration and the masses of the other neutral Higgs
states are larger than the experimental resolution.

2.7.1 7 and top spin observables

The observables discussed below for determining the CP quantum number of a neutral Higgs boson in
the decay channels ¢ — 771 and/or ¢ — t may be applied to any Higgs production process. At the
LHC this includes the gluon and gauge boson fusion processes gg — ¢ and g;q; — gbng;-, respectively,
and associated production of a light Higgs boson, t£¢ or bb¢ with ¢ — 7~ 7. Likewise they can be used
in future Higgs search at an ILC, or in Higgs production with envisaged high energetic muon or photon
collisions, = put, vy — ¢ — ff. In the following we consider the semi-inclusive reactions

i— ¢+ X — flke,a) + flkg, 8) + X, (2.134)

where 4 is some initial state, f = 77, ¢, k¢ and k; = —k¢ are the 3-momenta of f and f in the f f zero-
momentum frame (ZMF), and «, 3 are spin labels. We make use of the fact that, at colliders, polarization
and spin correlation effects are both measurable and reliably predictable for tau leptons and top quarks.

Let’s assume that experiments at the LHC will discover a neutral boson resonance in the channel
g9 — ¢ — 77 X. The spin of ¢ may be inferred from the polar angle distribution of the tau leptons.
Suppose the outcome of this is that ¢ is a spin-zero (Higgs) particle. One would next like to determine
its Yukawa coupling(s), and specifically like to know whether ¢ is a scalar, a pseudoscalar, or a mixture
of both, i.e., a state of undefined CP quantum number. For answering this question several CP-even and
-odd observables involving the spins of f, f apply, and we emphasize that all of them should be used. It
was shown in [99] that the correlation resulting from projecting the spin of f onto the spin of f,

O = sy 55, (2.135)

is the best choice for discriminating between a C P = +1 state. Here s, s 7 denote the f, f spin opera-
tors. This is easy to understand in simple quantum mechanical terms. Consider a reaction i — ¢ — f f
where ¢ production and decay factorizes. If ¢ is a scalar (JF¢ = 07%) then ff is in a 3Py state,
and an elementary calculation yields (sy - s f> = 1/4. If ¢ is a pseudoscalar (J PC — 0=*) then ff
is in a 1.5 state and (s FSp) = —3/4, which is strikingly different from the scalar case. These val-
ues do not depend on the mass of ¢, provided mg > 2m;. For general couplings (2.133) one gets
(01) = (a?ﬁ? - 3b?) / (4a?ﬁj2z + 4b?) [99]. In Fig. 2.6 (left) the expectation value (1) is shown for
¢ — 7~ 77X as a function of the ratio r, = b, /(a,+b, ), taking a,, b, > 0 for definiteness, for arbitrary
Higgs mass m 2 100 GeV. The figure applies also to ¢ — t¢X (with 7 — 1) if m,, is markedly above
the t¢ threshold. For small ¢ quark velocities (3; the resulting plot is distorted, as compared with Fig. 2.6,
between the fixed points 1/4 and -3/4. The QED corrections to this observable, respectively the order g
QCD corrections in the case of f = t are very small [99].

We note in passing that the CP-even spin-spin correlation in the helicity basis, (kg - s ) (ks -s 7))
is insensitive to the CP quantum number of ¢ [99].

If 'y(’; p = —ayby # 0 the Yukawa interactions of ¢ break CP. This leads to CP-violating effects
in the reactions (2.134). For an unpolarized initial state ¢ a general kinematic analysis of (2.134) yields
the following [103,243,245]. If C-violating interactions do not matter in (2.134) then Ly (which is C-
invariant, but P- and CP-violating) induces two types of CPV effects in the f f state: a CP-odd spin-spin
correlation and a CP-odd polarization asymmetry which correspond to the observables

Oy = ke« (sp xs5), Oz = ke (sp—sp). (2.136)

Here k¢ = ke /|ke| in the ff ZMF. (A priori two more terms can appear in the squared matrix element
of (2.134). They are obtained by replacing ky — P in (2.136), where p is the direction of one of the
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Fig. 2.6: Expectation value of (O1) (left) and (Os) (right) for ¢ — 7~ 77 X as a function of r, [99].

colliding beams in i. However, for resonant ¢ production only the observables (2.136) are of interest.)
The CP-odd and T-odd!? variable Oy measures a correlation of the spins of the f and f transverse
to their directions of flight. A non-zero expectation value is generated already at tree level, (O5) =
fyépﬂf/(afcﬂj% + b?) [103], which can be as large as 0.5 in magnitude! In Fig. 2.6 (right) (O2) is shown
for ¢ — 77 77X as a function of r,, for Higgs masses mg = 100 GeV. The figure applies also to
¢ — ttX (with r. — ry) for sufficiently heavy ¢. The QED corrections to this observable, respectively
the order o,y QCD corrections in the case of f = t, are also very small [99]. The variable O3 measures an
asymmetry in the longitudinal polarization of the f and f. As it is CP-odd but T-even, a non-zero (O3)
requires ’y(]; p 7 0 and a non-zero absorptive part of the respective scattering amplitude. This variable is
relevant for heavy Higgs — f f, e.g., for gg — ¢ — tt (see below), but not for light Higgs — 77.

If besides (2.133) and QCD also C-violating interactions (e.g. the standard weak interactions)
matter for the reactions (2.134) then there can be, in principle, another CPV effect, namely (@1 - (s —
s f-)> # 0 [245]. Here fl denotes the normal to the i — f f scattering plane. Below we consider the
reactions gg — ¢ — f f within QCD. In this case this CPV polarization effect is absent. This holds true
also for reactions (2.134) where the production and decay of ¢ factorizes.

2.7.2  Distributions for the decay products of T~ and tt

The polarization and spin-correlation effects (2.135), (2.136) induced in the f f sample lead, through
the parity-violating weak decays of the 7 leptons and top quarks, to specific angular distributions and
correlations in the respective final state. We consider here

i — ¢+ X = flke) + f(kg) + X — a(ar) + blaz2) + X, (2.137)

where a, b denotes a charged particle or a jet from the decays f — a+---, f — b+---. The 3-momenta
of f and f in (2.137) refer as above to the f f ZMF, while the momenta q; and qo refer to the f and f
rest frames, respectively. For f = 7, ¢ these frames and momenta can be reconstructed using kinematic
constraints (c.f., e.g. [115,251,252]).

For the tau lepton one may take into account the decay channels 7= — 7~ v;, p~vr, a] vr, £ vy,
which comprise about 81 % of all tau decays. That is, B(7~ 7+ — abX) ~ 66 % for a,b = , p, a1, L.
Here we need to recall only the 7-spin analyzing power of these particles, that is, the coefficient ¢, in the
distribution T'; 1dl', /dcos @ = (1 + ¢4 cosf)/2 of the decay 7~ — a + - - -, where cos @ is the angle
between the 7 spin vector and the direction of a in the 7 rest frame (c.f., e.g., [252]). They are collected
in Table 2.2.

According to the SM the top quark decays into Wb almost 100 % of the time, which leads to the
CKM allowed semi- and nonleptonic final states, t — blvy, bqq’, q7' = ud, c5. Again we need here only

"2Here T-even/odd refers to a naive T transformation, i.e., reversal of momenta and spins only.
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Table 2.2: Spin-analyzing power for tau decays and top quark decays in the SM.

T — T p- ay 0~
Cq: 1.0 046 0.12 —-0.33
t— A b J< J>

cq (LO): 1 —0.41 0.51 0.2

cg NLO): 0999 —-0.39 047

Table 2.3: Coefficient D, in (2.138) for some final states in ¢ — 77.

TT — T pp o TP ol pl
¢ (0TT): 033 0.07 0.04 0.15 —-0.11 —-0.05
(0~ *t): -1 -021 -0.11 -046 0.33 0.15

the ¢-spin analyzing power c, of particle/jet a in the decay ¢ — a + ---. Table 2.2 contains the values
of the ¢, at tree level (c.f., for instance, [253]) and to order a s, which were computed for the semi-and
non-leptonic decays in [254] and in [255], respectively. For the non-leptonic channels, j - and j~ denote
the least energetic and most energetic non-b jet defined by the Durham clustering algorithm.

Within 2HDMs the decays of the top quark will be mediated also by charged Higgs exchange.
However the branching ratio B(b — sv) implies that H T is much heavier than the top quarks, see
section 2.2. Thus for the important channel ¢ — £ + --- |, ¢ = e, ju the impact of H* exchange on the
cg can be neglected. In any case, the results below can be straightforwardly extended if new top decay
modes and/or decay mechanisms should be discovered.

The cos 6 distributions for the antiparticle decays f — b+ - - - are proportional to (1 — ¢ cos ),
assuming CP invariance. Violation of this relation requires that the respective decay amplitude has a
CP-violating absorptive part [256]. In 2HMDs the one-loop corrections to the tWb vertex generate such
a term [257], but its effect on the ¢, of the top quark is negligible in the context of this report.

Let’s now come to the analogue of the O; at the level of the final states a, b. The spin correlation
(O7) leads to a non-isotropic distribution in cos @5, Where ., = Z(q1,qz2). If no phase space cuts are
applied — modulo cuts on the invariant mass M ; 7 of the fermion pair — this opening angle distribution is
of the form [99, 244]:
1 do ab 1

4
Cf_abdcos Dab = ) (1 = Dap cos @ap) »  Dap = 3 CaCp <Sf . sf>. (2.138)

2.7.3 T decay channels

For ¢ — 77 we have listed in Table 2.3 the coefficients D, for some of the final states mentioned above.
As the charged pion in 7 — 7, is the best 7-spin analyzer, this channel discriminates most strikingly
between a scalar and a pseudoscalar Higgs boson. In the case of a pseudoscalar ¢ the pion momenta q1,
g2 are predominantly parallel, while for a scalar ¢ they tend to be antiparallel. As this channel has a
small branching ratio, B(77 — mm) ~ 0.01, the other channels also matter.

The analogue of the CP-odd spin observables O3 3 are [99,245]:
Q= (kf—kp)- (@ xa@)/2, Qs=kr @ —kp-a, (2.139)

where k ¢ and k 7= —k ¢ are defined as above in the ff ZMF. Measurement of (2.139) requires the
determination of the signs of the charges of a and b while this is not necessary for (2.138). The average
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1.5

Fig. 2.7: Production of ¢ with m 4= 200 GeV at the LHC via gluon fusion and decay ¢ — 77 — 7. Left: opening
angle distribution for a scalar (dashed) and a pseudoscalar (solid). Right: distribution of () for a Higgs boson with

ar = —b,.

of @5 should be computed for events (2.137) plus the charge conjugated events ab, while the average

of (Q3) is to be computed for diagonal channels aa. Concerning O3 one may take advantage of larger

event samples, as exemplified in the case of top quarks in (2.142) below. Asymmetries corresponding to

(2.139) are:

Nab(Q > 0) - Nab(Q < 0)
N, ab 7

where N, is the number of events in the reaction (2.137). They should be experimentally more robust
because only the signs of ); have to be measured. If no phase-space cuts, besides cuts on M7, are
imposed then [245]

AQ) = (2.140)

0(21 <O3> )

Wl N

(@) = 5car(02) , (@s)aa =

AQ2) = Qs A@s) = (Qshaa @.141)

Let’s apply Q2 to ¢ — 77. (As already mentioned above (Q)3) is in general small in this channel.) The
observable ()2 measures the distribution of the signed normal vector of the plane spanned by q1, q2 with
respect to the 77 direction of flight. If v/, # 0 then this distribution is asymmetric. If ¢ were an ideal
mixture of a CP-even and -odd state, |a,| = |b,|, the asymmetry corresponding to ()2 would take the
value |A(Q2)| = 0.4 in the 77 and | A(Q2)| = 0.06 in the p¢ channel, etc. Notice that the sign of (Q2)ap
resp. of A(Q2) measures the relative sign of the Yukawa couplings a, and b,.

How are these results modified by cuts? We have analyzed this for the production of a Higgs boson ¢ via
gluon fusion at the LHC, and we report here only on the w7 channel: gg — ¢ — 7 77X — 7 7t X.
Backgrounds are due to the irreducible Z — 77 and the ¢, bband W + jet processes (c.f., for instance,
[115,258]). We apply the cuts E%’b > 40 GeV, |n| <2.5. We take my = 200 GeV and require 120 GeV
< M., < 280 GeV. Figure 2.7 (left) shows the opening angle distribution for a scalar (b, = 0) and
a pseudoscalar (a, = 0) state. Because of the applied cuts the shapes of the distributions differ from
(2.138), but the two cases are, nevertheless, clearly distinguishable. One can use D, = —3(cos pgp) as
an unbiased estimator. We get D, = —0.32 (scalar) and —1.37 (pseudoscalar), which is to be compared
with the respective values of Table 2.3. Thus only a few 77 events are required to decide whether ¢ is
essentially a parity-even or -odd state. With (2.139) one can further check whether or not ¢ is a CPV
mixture. In Fig. 2.7 (right) the distribution of () is plotted for the case of a Higgs boson with “maximal”
CPV in its couplings to tau leptons, a, = —b,. This gives (Q2)rr = 0.19, which is a bit below the
“no-cut” value 2/9, obtained from (2.141). We estimate that about 45 w7 events would establish this as
a5 o effect. The opening angle distribution and ()5 can be evaluated in analogous fashion for the other
tau decay channels which should, of course, also be taken into account to accumulate statistics.
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2.7.4  Top decay channels

Finally we discuss heavy Higgs bosons ¢ with mass m, > 2m; that strongly couple to top quarks. Of
particular interest here is the case of a pseudoscalar, as AAW W™, ZZ in lowest order, or a heavy
scalar with strongly suppressed couplings to the weak gauge bosons. If tan 3 is of order 1, the top-quark
Yukawa coupling(s) will be large and ¢ — tt is the dominant decay mode. For the investigation of the
CP nature of ¢ with the observables (2.138) and (2.139), (2.140) in this mode the dilepton and the lepton
+ jets channels are suitable which, for / = e, i, comprise about 4/81 and 8/27, respectively, of all ¢t
decays in the SM. In order to search for a longitudinal polarization asymmetry O3 it is useful to divide
the lepton + jets sample into two classes: A : ¢t — ¢* +---,and A : tf — £~ + ---. For these events
one can use [245]

£ = (ky-a)a— (kp-qo)4 (2.142)
and a further asymmetry involving the above triple correlation.

For reactions (2.137) where ¢ production and decay factorizes to good approximation we get the
following [99]: If no phase space cuts are applied — modulo cuts on M7 — the opening angle distribution
is of the form (2.138) with Dyy = 1.33(s; - s) in the dilepton channel and Dy;_ = 0.66(s; - s;) in
the lepton + jets channel if j. is used as top-spin analyzer in the non-leptonic top decay modes. The
expectation value of O; was given above and takes the values 0.25 and —0.75 for a P-even and -odd
Higgs boson ¢, respectively. In addition the formulae (2.141) apply. For a CPV Higgs boson a non-zero
(Q3) and & are generated by the one-loop QCD corrections. With about 4000 ¢ — tt events the CP
nature of ¢ could be established, in this ideal situation, for a large range of the coupling ratio r; with 5 o
sensitivity when (2.138), (2.141), and (2.142) are used in combination [99].

At the LHC the main production reaction is expected to be gluon fusion, for which these results
do not apply. The amplitude of g g — ¢ — tt — final state interferes with the amplitude of the QCD-
induced non-resonant ¢t background, g g — tt — final state, and this interference is not negligible,
even in the vicinity of /s ~ mgy, because the resonance is not narrow. The interference generates a
peak-dip structure in the ¢f invariant mass distribution M,y [244, 259]. Statistically significant signals
are possible in the mass range 350 GeV < my < 500 GeV, depending on the strength of the Yukawa
couplings and on the width of ¢ [115,244,251,259]. Needless to say, this is a difficult channel which
requires very good M,; resolution and a precise knowledge of the background contributions to the M,;

distribution?3.

If experiments will find a signal of a heavy neutral spin-zero boson ¢ in the ¢¢ channel, the above
observables can of course be used in this case, too, to investigate its CP properties. The opening angle
distribution (2.138) was investigated in [244] in the dilepton channel with the irreducible ¢¢ background
included. This background dilutes the striking difference between the shapes of the distributions for
a scalar and a pseudoscalar ¢ exhibited above. It depends critically on the Yukawa couplings, mass,
and width of ¢ whether or not a statistically significant effect is obtained. In order to preserve the
discriminating power of this distribution it should be determined only for events with Mz = mg — A,
where A is of the order of 40 GeV [244]. For the ¢t background the distribution (2.138) was computed
to NLO QCD in [261].

CPV (resonant and non-resonant) ¢ exchange at one loop was computed for ¢q, gg — tt within
2HDM in [103,243] and confirmed by [118,262]. The expectation values of the observables (2.139),
(2.140), and (2.142) were analyzed in [245] for the dilepton and the lepton + jets channels. When
evaluated for events with Mz = mg — A it was found that CP effects of a few percent are possible.
Observables composed of final state momenta in the laboratory frame yield smaller CP effects [243].
In [263] the CP asymmetry App = [N(t1tr) — N(trtr)]/(all tt), which corresponds to (O3), was
computed within 2HDM for light ¢ exchange in qg, gg — tt production, and found to be Apr ~ 0.1 %.

Heavy Higgs production by weak gauge boson fusion at the LHC or at an ILC should also be an

B The matrix elements of [244] are contained in the MC generator TOPREX [260].
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Table 2.4: ¢ — 77 event numbers N1 and N, required to determine the CP-even and -odd correlation D, and
(Q2)ap With 3 o significance, as a function of r, = b, /(a, + b;).

. 0 0.1 0.2 0.5 0.6 0.7-1.0
N 9x103 10% 1.2 x10% 1.2x10* 3x103 103
T 0.15 0.2 0.3 0.4-0.6 0.7 0.8 0.85

No: 12x10* 6x103% 3x10% 1.5x10° 3x10® 6x10° 1.2x10*

option to explore the ¢t decay channel. If high-energetic left- and right-circularly polarized photon beams
will be available in the future then the respective production cross sections vy — ¢ can be measured, and
a difference would constitute a clean signal of Higgs sector CPV [109]. For unpolarized «+y collisions, the
reactions 7y — ¢ — 77, tt may be employed to investigate the CP nature of ¢. In [149] CP observables
were analyzed and computed within 2HDM for the ¢ + jets final states of the ¢ — t¢ channel.

2.7.5 Conclusions

In conclusion we have discussed, for ¢ — 77 and ¢ — tt, a set of observables for determining the CP
parity of a neutral Higgs boson ¢ and, in particular, for investigating whether or not there is CPV in the
Higgs sector. The 7 decay channel is clearly most suited to explore the nature of a light or heavy ¢, and
the above correlations and asymmetries, applied in combination to the various charged final states, should
provide powerful tools already at the LHC. Table 2.4 summarizes our results for the 7 decay mode: N;
and N> are the ¢ — 77 event numbers required to measure the CP-even and -odd correlation D ., and
(Q2)qp With 3 o significance as a function of . = b;/(a, + b;), using the 7 decay channels discussed
above. The numbers apply to light and heavy ¢. The opening angle distribution (2.138) is sensitive in
the ranges 0 < r, < 0.2 (scalar-like ¢) and 0.7 < 7, < 1.0 (pseudoscalar-like ¢). Assuming that at least

10* ¢ — 77 events will be recorded at the LHC, Higgs sector CP violation can be established if the ratio
of the Yukawa couplings lies in the range 0.2 < . < 0.8.

At the LHC a heavy ¢ is expected to be observable in the t¢ channel only under favorable cir-
cumstances, i.e., for a restricted parameter range of various SM extensions. We found that the CP-odd
correlations and asymmetries (2.141), (2.142), applied to the dilepton and lepton + jets channels and
evaluated in appropriate mass bins, deviate from zero with 2> 3 o for a Higgs boson with mass in the
range 300 GeV S my < 500 GeV and reduced Yukawa couplings |a;b;| 2 0.1. In any case the above ob-
servables may be applied to dileptonic and single-lepton ¢ events, irrespective of a significant resonance
signal. Moreover, if ¢ — tt should be seen at a future high luminosity e e~ and/or photon collider the
variables above will also show their discriminating power.

2.8 CP-violating top Yukawa couplings in the 2HDM
Wafaa Khater and Per Osland

The Two-Higgs-Doublet Model is a simple extension of the Standard Model that can provide additional
CP violation [1,36,264-266]. However, the model is rather constrained, it is not a priori obvious that the
allowed parameter regions provide CP violation that could be of experimental interest at the LHC. The
top Yukawa coupling is of particular interest, since it will become accessible at the LHC. It is interesting
to establish how the Higgs sector can be explored via this coupling.

The process
pp—tt+ X (2.143)

has been studied in considerable detail [263, 267], in particular by Bernreuther and Brandenburg [243,
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245] who identified the different kinematical structures appearing in the CP-violating part of the interac-
tion, and evaluated them in a generic Two-Higgs-Doublet Model.

At very high energies, the dominant contribution to the process (2.143) is from the gluon-gluon
initial state,
gg — tt (2.144)

as indicated in Fig. 2.8. Also, among various observables proposed by Bernreuther and Brandenburg, we
focus [118] on one that requires the decay to electrons (or muons):

t —1Tyb, t— 1" b. (2.145)

In the process of producing tt via gluon fusion, the CP violation can arise at the one-loop level, via
neutral Higgs exchange involving the ¢ and ¢ lines, provided the top Yukawa coupling exhibits both
scalar and pseudo-scalar terms as given in Eq. (2.146). Such a coupling induces correlations among the
t and ¢ momenta and their spins. The most interesting of these correlations are the CP-odd ones which
are transferred to the ¢ and ¢ decay products, e.g., to the energies and momenta of the electron and the
positron.

g

8 f

Fig. 2.8: The underlying g + g — t + t reaction.

A necessary condition for having CP-violating Yukawa couplings, is that the mass matrix corre-
sponding to the three neutral Higgs bosons not be block diagonal in the weak basis, i.e., in terms of the
real and imaginary parts of the doublet fields ®; and ®,. In the notation of [118] (see also section 2.1),
this requires one or more among A5, Ag and A7 to be complex. The simplest case is to take A5 to be com-
plex. Actually, the model considered in [118] takes A¢ = A7 = 0. The Z5 symmetry is thus respected by
the quartic terms, and Flavour-Changing Neutral Couplings are naturally suppressed [18].

The resulting model can be parameterized in different ways. Let the top Yukawa coupling for a
particular Higgs boson H; be written as

Hitt:  [a+iwa  (j=1,2,3) (2.146)
or as 1 1
UL P e S i3 (2.147)
v 2 2

Then, a crucial quantity is the asymmetry between the left- and right-handed parts of the coupling

2
.y

_Z _—
492

Yop = —aa = (g% — g%). (2.148)

In the Model II for Yukawa couplings, where only ®5 couples to up-type quarks, and only ®; to
down-type quarks, the couplings a and a are simply given in terms of elements of the rotation matrix that
diagonalizes the mass-squared matrix M? of the neutral Higgs bosons. This rotation matrix R is defined
in (2.27) and (2.28). Relative to the SM coupling, the Yukawa couplings can then be written as

Hjtf : [RjQ - i’75 COS ﬁRjg], (2.149)

1
in 3
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with R the rotation matrix as defined in (2.28)

Unless the couplings are suppressed, the dominant contribution to the CP violation will come from
diagrams involving exchange of the lightest Higgs boson, H. According to the above discussion, this
contribution will be proportional to R15R13 cos 3/ sin? (G. Thus, in order to maximize the CP violation
in t¢ production, we are interested in low values of tan (3, and large values of |Ri2Ry3|. The latter
requirement means large | sin a1 | and large | sin 2aes|.

2.8.1 A CP-violating observable

Among various CP-violating observables proposed by Bernreuther and Brandenburg, the quantity
Al=E, - E_ (2.150)
was found to be rather promising [118]. Here, E/; and E/_ are the energies of the positron and electron

of Eq. (2.145), defined in the laboratory frame.

In order to have a significant observation, the expectation value (A;) must compare favourably
with the statistical fluctuations, which behave like v/ N, where NN is the number of events. In order to
assess this, it is convenient to consider the “signal to noise” ratio [243],

S__ )
N (A - (A2
The analytical expression for (A;) is entirely determined by the coefficients of the CP-odd correlations

between the momenta and the spins of the ¢¢ pair [268]. This explicitly shows that the CP-violation
originating at the production level of the top pair manifests itself in the kinematics of their decay products.

(2.151)

2.8.2 Results

One can specify the Two-Higgs-Doublet Model in terms of the potential, plus additional parameters. We
found it convenient to follow a different approach. In order to more easily identify regions of large CP
violation, we take as input parameters those which are more directly related to the observables. Thus, we
take the angles of the rotation matrix and the lowest masses as part of the input:

Input: tanpg, a1, a9, a3, My, My, Mpgx, Rem%Q. (2.152)

With this input, the mass of the heaviest Higgs boson, M3, is determined, as well as the coefficients of
the potential, A1, Ag, A3, Ay, and As.

CP violation requires the mass-squared matrix not to be block diagonal. This, in turn, requires
sin ap # 0, and/or sin a3 # 0. However, only a small part of the 8-dimensional parameter space (2.152)
yields viable models, when various physical constraints are taken into account. The constraints are of
different kinds, the most important of which are: (i) the potential must satisfy positivity and unitarity
(constraints most easily expressed in terms of the As), (ii) the spectrum must be compatible with the
LEP searches (which essentially constrains a function of the lightest Higgs mass and its coupling to
the Z boson), and (iii) the charged Higgs must be compatible with constraints from direct searches at
LEP [232] and b — s7 [83].

For arange of parameters, with the lightest Higgs mass of the order of 100 to 150 GeV, tan 3 = 0.5
and the charged Higgs mass at 300 GeV, the “signal-to-noise” ratio was found to be of the order of 10 3.
Thus, a number of semileptonically decaying tf events in excess of 10° will be required in order to
measure a significant CP-violating signal, for “optimal” parameters. This should be possible, after a few
years of running at high luminosity [269, 270].

We note from Egs. (2.148) and (2.149) that in the limit of three degenerate Higgs masses, the CP
violation in the top Yukawa coupling vanishes, due to the orthogonality of the rotation matrix K. Also,

53



WORKSHOP ONCP SrublES AND NON-STANDARD HIGGSPHYSICS

2HDM M,=300 GeV

1.5
—A,; S/N [per mille]
i o=7/2
tom5:0.5 0(2:1\'/3
1= a=7n/3
o.sk/
0 | | |
100 150 200 250 300

M, [GeV]

Fig. 2.9: Sensitivity of A; vs. lightest Higgs mass, M1, for My = 300 GeV, M3 = 500 GeV, Mg+ = 500 GeV
(from [271]).

due to the constraints inherent in the model (with A¢ = A7 = 0), if two of the Higgs boson masses
approach each other (M7 — Ms or My — Ms3) then also the third one will approach this value, and the
CP violation will again vanish. Thus, “large” CP violation is only possible if one Higgs boson is fairly
light, and the other two are heavy and non-degenerate.

In a recent update of this study [271], more constraints have been imposed on the model. As a
result, the allowed regions of the parameter space shrink, and the detection of CP violation within the
2HDM thus becomes more challenging than found earlier, see Fig. 2.9.

2.9 Higgs CP measurement via tt¢ partial reconstruction at the LHC
Justin Albert, Mikhail Dubinin, Vladimir Litvin, and Harvey Newman

In the Standard Model, if the Higgs mass is below 140 GeV, the “golden” channels ¢ — ZZ* — 4f
and ¢ — WW* — 2£2v have small branching fraction, thus the mode ¢ — -y begins to become more
favorable for discovery. However, the latter does not, in general, encode information on Higgs properties
such as CP and spin. In order for information on Higgs CP and spin to be obtained from such decays,
the Higgs must be produced in association with two or more particles, such as bb or ¢t. From an angular
analysis of such processes, one can obtain information, in a model-independent way, on the Higgs spin
and CP [272].

We consider here the process gg — tt¢. This process has a relatively small cross-section in
the SM (see the left plot of Fig. 2.10), however it has comparatively quite low background. In order
to increase the size of the sample of tt¢ events, we reconstruct just one of the t or t, but not both,
i.e. a partial reconstruction of ¢(t)¢, as compared with a full reconstruction of borh the t and t, as
well as the Higgs. For an efficiency for top reconstruction of 20%, partial reconstruction increases the
efficiency, relative to full reconstruction, from (20%)2 = 4% to 2 * 20% — (20%)? = 36%, nearly an
order of magnitude. This could potentially introduce backgrounds of the form t¢ + X, however events
that contain both top and Higgs are dominated by ¢ + X, so this technique does not add significant
irreducible background.

One may use both ¢ — v and ¢ — bb channels for this process. We consider here the gg —
t(_f) ¢, » — v channel, which has less background, although a far lower branching fraction, than ¢ —
bb. We select the ¢ — ~y in a similar manner as for the CMS inclusive ¢ — -~y analysis [273], and then
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Fig. 2.10: Standard Model cross-sections (left) of processes containing a Higgs at the LHC as a function of Higgs
mass, and branching fractions (right) of the Higgs, again as a function of Higgs mass.

add to that a top, reconstructed as a b-tagged jet and a high-p7 (> 40 GeV) lepton. The events themselves,
and thus the background channels, are a subset of the inclusive ¢ — ~~ analysis. Backgrounds are
dominated in this case by tfyy, bby~, and Z~~y processes. As Higgs discovery and mass measurement
would likely be performed by the inclusive Higgs analysis prior to this analysis to determine Higgs spin
and CP, a selection on the Higgs mass can dramatically reduce these main “irreducible” backgrounds.

In order to consider the gg — t(t)¢ process, the Yukawa Lagrangian can be divided into CP-even
and CP-odd components:
L = t(c+idys)to, (2.153)

where 0 < ¢ < 1 parametrizes the CP-even contribution and d = 1 — ¢ parametrizes the CP-odd
fraction [272]. In the existing approaches to the MSSM with explicit CP violaton in the Higgs sector
[47,274,275] the parameters c and d are expressed by means of the matrix elements R;; of the Higgs
boson mixing matrix (see Eq. 2.27). For the lightest mass eigenstate h; we have ¢ = k (R sina +
Ry cosa)and d = —k (Rs; cos 3) where k = —my,,/(sin 3v?) and 3 are the standard mixing angles
of the CP-even/odd states. However, in the following we are not going to use any particular model of
explicit CP-violation but simply consider ¢ and d as the model-independent weights parametrizing the
CP-even and the CP-odd components in the Yukawa Lagrangian [272].

Gunion and He define 6 CP-sensitive variables, as follows [272]:

(P x 1) - (P x 1) PEPE
ay = = ~ — YR ag = T T
[P x 1) - (P x 1) Ip¥ p¥|
> A - (5 X > B - (5 X
b Py Pt |||
Pip§ Pip;
b3: T T b4: S =
P D; Pt || D]

where 7 is a unit vector in the +z direction along the collision axis. Using the partial reconstruction
technique, the information from the second top momentum must be replaced with the momentum of the
reconstructed Higgs (or potentially with the unreconstructed [missing] momentum, or some combina-
tion. Here we simply use the momentum of the reconstructed Higgs for the replacement.) As shown
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Fig. 2.11: Distributions of (as rows from top) the a1, as, b1, bs, b3, and by variables. Within each row, the
leftmost plot shows the distribution for CP-even Higgs full reconstruction, left middle shows CP-odd with full re-
construction, right middle shows CP-even Higgs partial reconstruction, and rightmost shows CP-odd Higgs partial
reconstruction.
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Fig. 2.12: Projection of Higgs CP fit onto the 34 variable. Monte Carlo data are points with error bars (statis-
tical only). The line shows the projection of the fit to a sum of CP-even and CP-odd components (as well as
misreconstructed background).

in Fig. 2.11, the partial reconstruction has a similar overall per-event CP sensitivity to the full recon-
struction, along with the much higher efficiencies. We denote the partial-reconstruction versions of the
original Gunion-He variables with Greek letters: (a;,b;) — (o, 5;).

In order to extract the CP-even and CP-odd fractions of the Higgs from reconstructed ¢ ()¢ events,
we have implemented an unbinned maximum-likelihood fit, combining the information from each of the
CP-sensitive variables. For each event ¢ and hypothesis 7 (CP-even signal, CP-odd signal, background)
we define the probability density function (PDF) as

Pi =P ()P (as) P (B1)P;(55) P (85)Ps(64), (2.155)

accounting for correlations between the 6 variables. The likelihood function is

e_zyj N .
[ — i HZYJ’PJ’ (2.156)
i=1 j

where Y is the yield of events of hypothesis j and N is the number of events in the sample.

We fit sets of 50, 100, 500, and 1000 partially-reconstructed ¢(¢)¢ events (corresponding to ap-
proximately 40, 80, 400, and 800 fb—! of integrated luminosity respectively), in each case with the ¢
generated as being 50% CP-odd and 50% CP-even. The resulting uncertainties on the CP (i.e. parame-
ters c and d of Eq. 2.153) are £0.5 for the 50-event case, £0.3 for 100 events, £0.2 for 500 events, and
+0.1 for 1000 events. Fig. 2.12 shows a projection of the maximum-likelihood fit onto the (34 variable,
as compared with the data (the points with error bars). The CP-even component has a gentler exponential
slope, and smaller central Gaussian fraction, than the CP-odd component for this variable.

To improve measured uncertainties on the Higgs CP and spin, performing a combined analysis
of this gg — t(t)¢, ¢ — 77 channel together with related channels such as gg — ()¢, ¢ — bb;

g9 — b(b)p, ¢ — ~7; and vector boson fusion Higgs production (for a light Higgs) and ¢ — ZZ* — 44
and ¢ — WW™* — 202v (for a heavier Higgs) is the most promising direction.
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2.10 Higgs + 2 jets as a probe for CP properties
Vera Hankele, Gunnar Kldmke, and Dieter Zeppenfeld

At the LHC, one would like to experimentally determine the CP nature of any previously discovered
(pseudo)scalar resonance. Such measurements require a complex event structure in order to provide
the distributions and correlations which can distinguish between CP-even and CP-odd couplings. This
can either be done by considering decays, e.g. H — ZZ — [T171"]~ and the correlations of the
decay leptons [93, 119], (see sections 2.12, 2.11 and 2.13), or one can study correlations arising in the
production process. Here the azimuthal angle correlations between the two additional jets in H jj events
have emerged as a promising tool [98]. In the following we consider the prospects for using ®;; events
at the LHC, where ® stands for a CP even boson, H, a CP odd state, A, or a mixture of the two. Two
production processes are considered. The first is vector boson fusion (VBF), i.e. the electroweak process
qQ — qQP (and crossing related ones) where & is radiated off a ¢-channel electroweak boson. The
second is gluon fusion where ® is produced in QCD dijet events, via the insertion of a heavy quark loop
which mediates gg — ® + 0, 1, 2 gluons.

The CP properties of a scalar field are defined by its couplings and here we consider interactions
with fermions as well as gauge bosons. Within renormalizable models the former are given by the
Yukawa couplings

Ly = ypoHY + G Aiysy (2.157)

where H (and A) denote (pseudo)scalar fields which couple to fermions f = ¢, b, 7 etc. In our numerical
analysis we consider couplings of SM strength, ys = 3y = my/v = ysur. Via these Yukawa couplings,
quark loops induce effective couplings of the (pseudo)scalar to gluons which, for (pseudo)scalar masses

well below quark pair production threshold, can be described by the effective Lagrangian
Qg g f Qg

Yf
Lo — . .
off ysyp  16mov

N ysym 12w

-HG), G*"™ + cAG, Gp et (2.158)
Similar to the ®gg coupling, Higgs couplings to W and Z bosons will also receive contributions from
heavy particle loops which can be parameterized by the effective Lagrangian

_ Je fo

. o1
=2 H W, WH + 22 AW, W,y "7 2.15
Ls T W, WH 4 » Wi Woo 5 (2.159)

For most models, one expects a coupling strength of order f; /A5 ~ «/(4mwv) for these dimension 5
couplings and, hence, cross section contributions to vector boson fusion processes which are suppressed
by factors o/ (for interference effects with SM contributions) or (c/7)? compared to those mediated
by the tree level HVV (V. = W, Z) couplings of the SM. However, together with the tree level
couplings, the effective Lagrangian of Eq. (2.159) has the virtue that it parameterizes the most general
V'V coupling which can contribute in the vector boson fusion process g@Q — QP and, thus, it is a
convenient tool for phenomenological discussions and for quantifying, to what extent certain couplings
can be excluded experimentally. Neglecting terms which vanish upon contraction with the conserved
quark currents, the most general tensor structure for the fusion vertex V*#(q;)V"(q2) — ® is given by

T (q1,q2) = a1(q1, q2) 9" + as(q1, @2) [q1 - 29" — @b d¥) + as(q1, @2) €""*Pqrages . (2.160)

Here the a;(q1,q2) are scalar form factors, which, in the low energy limit, are given by the effective
Lagrangian of Eq. (2.159). One obtains, e.g. for the W W ~® coupling, ay = —2f./As and a3 =
2f,/As, while a; = 2m3;, /v is the SM vertex.

The CP-even and CP-odd couplings of Egs. (2.158,2.159) lead to characteristic azimuthal angle
correlations of the two jets in ®;j production processes. Normalized distributions of the azimuthal angle
between the two jets, A¢;;, are shown in Fig. 2.13 for vector boson fusion (left panel) and for gluon

58



THE CP-VIOLATING TWO-HIGGS DOUBLET MODEL

3

— 12><10'
" 16, do/dAD, (H-WW) % - m,=120 GeV
| my=160 GeV / AGRUS CP odd
i CPodd : o I
0.01 - /! T
- /’ AN /l b 8?
L - ’ N - |
L . /// \\‘/I 6?
S M i
0.005 | ——— o
I . CP even//' 2}
07,‘" I R R T R T R R TR T R
0 50 100 150 A Aq)ii

i
Fig. 2.13: Left: Normalized distributions of the azimuthal angle between the two tagging jets, forthe ® — WIW —
euyr signal in vector boson fusion at mge = 160 GeV, from Ref. [98]. Curves, after cuts as in Ref. [276], are for
the SM and for single D5 operators as given in Eq. (2.159), i.e. they each assume a single nonzero coupling a; of

Eq. (2.160). Right: The same for Higgs production in gluon fusion at mg = 120 GeV. Curves are for CP-even (i.e.
SM) and CP-odd ®tt couplings.

fusion processes (right panel) leading to ®;5 events: A CP-odd coupling suppresses the cross section for
planar events because the epsilon tensor contracted with the four linearly dependent momentum vectors
of the incoming and outgoing partons disappears. For a CP-even coupling the dip, instead, appears at 90
degrees [98,277]. Unfortunately, when both CP-even and CP-odd couplings are present simultaneously,
the two A¢;; distributions simply add, i.e. one does not observe interference effects. The dip-structure
which is present for pure couplings is, thus, washed out.

This behavior is demonstrated in Fig. 2.14. For CP-even and CP-odd couplings of the same
strength, i.e. f. = f,, the azimuthal angle distribution is very similar to the SM case. However, in
order to test the presence of anomalous couplings in such cases, other jet distributions can be used, e.g.
transverse momentum distributions. The A¢;; distribution is quite insensitive to variations of form fac-
tors, NLO corrections and the like [278]. On the other hand, p7 distributions depend strongly on form
factor effects. We study these effects for a particular parameterization of the momentum dependence:

az2(q1,q2) = az(q1,q2) ~ M? Cy (q1,q2, M ), (2.161)

where Cj is the familiar Passarino-Veltman scalar three-point function [279]. This ansatz is motivated by
the fact that the Cj function naturally appears in the calculation of one-loop triangle diagrams, where the
mass scale M is given by the mass of the heavy particle in the loop. As can be seen in the right panel of
Fig. 2.14, even for a mass scale M of the order of 50 GeV the anomalous couplings produce a harder p
distribution of the tagging jets than is expected for SM couplings. Thus it is possible to experimentally
distinguish EW vector boson fusion as predicted in the SM from loop induced WW ® or Z Z® couplings
by the shape analysis of distributions alone.

Let us now consider the gluon fusion processes where, for ®tt couplings of SM strength, one
does expect observable event rates from the loop induced effective ®gg couplings [277]. In order to
assess the visibility of the CP-even vs. CP-odd signatures of the azimuthal jet correlations at the LHC,
we consider Higgs + 2 jet production with the Higgs decaying into a pair of W-bosons which further
decay leptonically, ® — WHW~— — ¢T¢~v. We only consider electrons and muons (¢/ = e*, ;) in
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Fig. 2.14: Normalized distributions of the tagging jets in EW vector boson fusion with anomalous couplings and
for a Higgs mass of me = 120 GeV. Typical VBF cuts of pr; > 30 GeV, |n;| < 4.5, |nj, —nj,| > 4.0, m;; >
600 GeV are applied. Left: Azimuthal angle distribution between the two tagging jets, for different strengths of
the operators of Eq. (2.159). Right: Transverse momentum distribution of the hardest tagging jet for f. = f, =1
and a form factor as in Eq. (2.161). The “no formfactor” curve corresponds to the limit A/ — oo, i.e. a constant

;.

the final state. The Higgs-mass is set to mg = 160 GeV. From previous studies on Higgs production
in vector boson fusion [276] the main backgrounds are known to be top-pair production i.e. pp —
tt, ttj, ttjj [280]. The three cases distinguish the number of b quarks which emerge as tagging jets. The
tt case corresponds to both bottom-quarks from the top-decays being identified as forward tagging jets,
for ttj production only one tagging jet arises from a b quark, while the ¢#;; cross section corresponds to
both tagging jets arising from massless partons. Further backgrounds arise from QCD induced W T ~
+ 2 jet production and electroweak W W ™35 production. These backgrounds are calculated as in
Refs. [281] and [282], respectively. In the EW W W~ jj background, Higgs production in VBF is
included, i.e. the VBF Higgs signal is considered as a background to the observation of ®;5 production
in gluon fusion. We do not consider backgrounds from Zjj, Z — 7 and from bbj;j production because
they have been shown to be small in the analyses of Refs. [276,283].

The inclusive cuts in Eq. (2.162) reflect the requirement that the two tagging jets and two charged
leptons are observed inside the detector, and are well-separated from each other.

pr; > 30GeV, nj| < 4.5, nj, = mjz| > 1.0

pre > 10 GeV, Ine| < 2.5, ARjg > 0.7 (2.162)

The resulting cross sections for these cuts are shown in Table 2.5. The signal cross section of 121 fb
(which includes the branching ratios into leptons) is quite sizeable. The QCD W W jj cross section
is about 3 times higher whereas the VBF process reaches 2/3 of the signal rate. The worst source of
background arises from the ¢¢ processes, with a total cross section of more than 17 pb.

In order to improve the signal to background ratio the following selection cuts are applied:

pre > 30GeV, myp < 75 GeV, ARy < 1.1

mfW <170GeV,  my <0.5-m¥W . (2.163)
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Table 2.5: Signal rates and background cross sections for mg = 160 GeV. Results are given for the inclusive cuts
of Eq. (2.162), the additional selection cuts of Eq. (2.163) and b-quark identification as discussed in the text, and
with the additional An;; cut of Eq. (2.166) which improves the sensitivity to the CP nature of the ®t¢ coupling.
The events columns give the expected number of events for £;,; = 30 b1

inclusive cuts selection cuts selection cuts + Eq. (2.166)

process o [fb] o [fb] ‘ events /30fb~—1 | o [fb] ‘ events / 30fb !
GFpp — ® + jj 121.2 39.2 1176 13.1 393
VBF pp — WTW ™ + jj 75.2 20.8 624 17.4 521
pp — tt 6832 29.6 888 2.0 60
pp — tt+ 7 9712 56.4 1692 15.6 468
pp — tt+ 77 1200 8.8 264 3.2 97
QCDpp — WTW ™ + jj 364 15.2 456 3.9 116

Here, the transverse mass of the dilepton-g system is defined as [276]

myp W = \/(ET + Er0)? — (Pree +757)? (2.164)

in terms of the invariant mass of the two charged lepton and the transverse energies

Erp= (P%w +miy) "2, Er = W +mi)> (2.165)

In addition to these cuts we make use of a b-veto to reduce the large top-background. We reject all events
where at least one jet is identified as a b-jet. Using numbers from Ref. [284], we assume b-tagging
efficiencies in the range of 60% — 75% (depending on b-rapidity and transverse momentum) and an
overall mistagging probability of 10% for light partons.

With the selection cuts (2.163) and the b-veto the backgrounds can be strongly suppressed. Table 2.5
shows the resulting cross sections and the expected number of events for an integrated luminosity of
Lin: = 30fb~L. The signal rate is reduced by a factor of 3 but the backgrounds now have cross sections
of the same order as the signal. The largest background still comes from the ¢ processes, especially
tt+15. For 30 fb~! we get about 1000 signal events on top of 4000 background events. This corresponds
to a purely statistical significance of the gluon fusion signal of S/v/B ~ 18 and a sufficient number of
events to analyze the azimuthal jet correlations.

Figure 2.15 shows the expected Ag;; distribution for 30 fb!. Plotted are signal events on top of
the various backgrounds. An additional cut on the rapidity gap between the jets

1771 — njz| > 3.0 (2.166)

has been applied. It enhances the shape of the distribution that is sensitive to the nature of the Ptt
coupling. Clearly visible, the distribution for the CP-even coupling has a slight minimum at A¢ ;; = 90°
whereas for the CP-odd case there is a pronounced maximum. In order to quantify this, we define the
fit-function

f(hp)=C-(14+A-cos2/¢+ B -cos Ag) (2.167)

with free parameters A, B, C. The fit is shown as black curves in Fig. 2.15. The parameter A is now
a measure for the A¢;; asymmetry, i.e. whether there is a CP-even or CP-odd ®t¢ coupling. The fitted
values are A = 0.064 %+ 0.035 for the CP-even and A = —0.157 & 0.034 for the CP-odd case, while
Ap = —0.039 + 0.040 for the sum of all backgrounds. Defining a significance s as

(As+p — Ap)

s = Ls+B 7 AB) 2.168
Ads:p (2168
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Fig. 2.15: Distribution of the azimuthal angle between the tagging jets in ®;j events for a CP-even (left) and a CP-
odd (right) ®tt coupling. Shown are expected signal and background events per 10 degree bin for ® — W+TW = —
¢t0~ v and L, = 30fb~" for the cuts of Egs. (2.162, 2.163, 2.166) and an applied b-veto. Processes from top
to bottom: gluon fusion (signal), VBF, tZ, ttj, ttjj, QCD WW jj. me = 160 GeV is assumed.

we get s = 3.0 and s = —3.4 for the CP-even and CP-odd case, respectively. Thus, a distinction of
a CP-odd and CP-even ®tt coupling is possible at a 60 level for the considered process and a Higgs
mass of 160 GeV. This implies that, at least for favorable values of the Higgs boson mass, (i) an effective
separation of VBF and gluon fusion sources of ®j; events is possible and (ii) the CP nature of the ®tt
coupling of Eq. (2.157) can be determined at the LHC.

2.11 CP-violating Higgs bosons decaying via H — ZZ — 4leptons at the LHC
Rohini M. Godbole, David J. Miller, Stefano Moretti and Margarete M. Miihlleitner

In this contribution, we study the decay of a Higgs boson to a pair of real and/or virtual Z bosons
which subsequently decay into pairs of fermions, H — ZZ — (f1f1)(f2f2), where f; and f are
distinguishable. This channel is particularly important at the LHC for Higgs masses M 7 > 2M 7, where
the Z bosons are produced on-shell, but is also of use for smaller Higgs boson masses where one of the
Z bosons must be virtual [285].

To do a model-independent analysis we examine the most general vertex for a spin-0 boson cou-
pling to two Z bosons, including possible CP violation, which can be written as
ig

m[agw + b (kauk1, — ki kagu) + ¢ €uaghki k"], (2.169)

with k1 and ko the four-momenta of the two Z bosons, and fyy the weak-mixing angle, c.f. Eq. (2.63)
in the introduction. The form factors b and ¢ may be complex, but since an overall phase will not effect
the observables studied here, we are free to adopt a convention where « is real. These form factors can
arise from radiative loop corrections or from new physics at the TeV scale, i.e. from higher dimensional
operators [98], and may themselves be functions of the momenta. The terms associated with a and b
are CP-even, while that associated with ¢ is CP-odd. €4 is totally antisymmetric with €103 = 1. CP
violation will be realized if at least one of the CP-even terms is present (i.e. either a # 0 and/or b # 0)
and c is non-zero. In the following, for the sake of simplicity, we will always assume b = 0.
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Fig. 2.16: The definition of the polar angles 6; (¢ = 1,2) and the azimuthal angle ¢ for the sequential decay
H — ZMZ — (f1f1)(f2f2) in the rest frame of the Higgs boson.

For b = 0 this differs from the vertex of Refs. [93,136] in the CP-odd term by a factor of 2, and
differs from that of Refs [119, 286, 287] and section 2.12 in the choice of m 7 as a normalization factor
instead of m . For further related studies relevant to the LHC also see Refs. [98,288,289] and section
2.13; for those relevant to e e~ colliders see Refs. [94-97,134,151]; for a study at a photon collider see
Ref. [147] and section 2.14.

The Standard Model at tree-level is recovered for ¢ = 1 and b = ¢ = 0, which is obviously CP
conserving. Nevertheless, it is interesting to ask if the LHC will be sensitive to any exotic new physics
which might provide a CP violating H Z Z vertex of this form.

2.11.1 The distributions sensitive to CP violation

In order to fully test for the occurance of CP violation in the H Z Z vertex it is helpful to find asymmetries
which probe the real and imaginary parts of c. The real part of c is probed by any observable which is
CP odd and T odd (where T denotes pseudo-time-reversal, which reverses particle momenta and spin
but does not interchange initial and final states), while the imaginary part is probed by any observable
which is CP odd and T even. The nonvanishing of the CP'T odd coefficients is related to the presence of
absorptive parts in the amplitude [290].

An observable sensitive to Im (c) can be found by looking at the polar angular distributions of the
process. We denote the polar angles of the fermions f1, f5 in the rest frames of the Z bosons by #; and
05 and define,

(07, —Pp) - (0F, +05)

O1 =cosbt) = —4 — =
‘pfl _plepr +pf2|

(2.170)

where p; are the three-vectors of the corresponding fermions with py, and p’ 7, in their parent Z’s rest
frame but ps, and p, in the Higgs rest frame, see Fig. 2.16. The angular distribution in 6; (z = 1,2) fora
CP-odd state is ~ (1 + cos? 6;), corresponding to transversely polarized Z bosons, which is very distinct
from the purely CP-even distribution proportional to sin? ; for longitudinally polarized Z bosons in the
large Higgs mass limit [97, 134]. Im (¢) # 0 will introduce a term linear in cos 6; leading to a forward-
backward asymmetry. The distribution for cos 6 is shown in Fig. 2.17 for a Higgs mass of 200 GeV and
a purely scalar, purely pseudoscalar and CP-mixed scenario. The asymmetry is absent if CP is conserved
(for both CP-odd and CP-even states) but is non-zero if Im (¢) # 0 while simultaneously a # 0. This
may then act as a definitive signal of CP violation in this vertex. However, note that this observable
requires one to distinguish between f; and f;.
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Fig. 2.17: The normalized differential width for H — ZZ — (f1f1)(f2f2) with respect to the cosine of the
fermion’s polar angle. The solid (black) curve shows the SM (¢ = 1, b = ¢ = 0) while the dashed (blue)
curve is a pure CP-odd state (a = b = 0, ¢ = 7). The dot-dashed (red) curve is for a state with a CP violating
coupling (a = 1, b = 0, ¢ = 7). One can clearly see an asymmetry about cos #; = 0 for the CP violating case.

To quantify this we define an asymmetry by

I'(cos 01 > 0) —I'(cos 61 < 0)
I'(cos 6 > 0) +T'(cosb; < 0)

A = (2.171)
In the case of no CP violation A; = 0, whereas any significant deviation from zero will be a sign that
CP is violated. Fig. 2.18 (left) shows the value of .4 for a Higgs mass of 200 GeV as a function of the
ratio Im (c¢)/a. The value Im (c)/a = 0 corresponds to the purely scalar state whereas Im (¢)/a — oo
to the purely CP-odd case. It is clear from Eq. (2.171) that A; is sentitive only to the relative size
of the couplings since any factor will cancel in the ratio. We find that the asymmetry is maximal for
Im (¢)/a ~ 1.4 with a value of about 0.077.

In order to get a first rough estimate whether this asymmetry can be measured at the LHC we
calculate the significance with which a particular CP violating coupling would manifest at the LHC. In
the purely SM case, we assumed that 100 fb~! provide 180 signal events containing H — ZZ — 4
leptons after cuts to remove background [285] (all production channels). We then divide this number by
two to provide an estimate for H — ZZ — eTe~ u™p~ (since we need to distinguish the leptons) and
scaled this number up to 300 fb~! (i.e. giving 270 events). The number of events for the CP violating
case has been obtained by multiplying the number of SM events by the ratio of CP violating to SM cross
sections. We are therefore assuming the SM value for the CP even coefficient, i.e. a = 1. For simplicity
we assume the charge of the particles is unambiguously determined.

Fig. 2.18 (right) shows the significance as a function of Im (c), calculated according to AV/N
where N is the number of expected events. The maximum of the curve is slighlty shifted to higher values
of Im (c¢)/a compared to Fig. 2.18 (left) due to the increasing Higgs decay rate with rising pseudoscalar
coupling. The curve shows that, even in a best case scenario, the signficance is always less than 3o, so
evidence for CP violation cannot be obtained in this channel without more luminosity. However, since
one does not need to distinguish f5 and f» one could also consider using jets instead of muons, i.e.
H — ZZ — 11~ jj, to increase the statistics. This process deserves further study.

To probe Re (c) we require an observable which is CP odd and T odd, so we choose to define,
S 5V (5 X
0, = P = Pr) - U, X Pp), (2.172)
D7, — Prllpg, < Pl
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Fig. 2.18: Left: The asymmetry given by Eq. (2.171) as a function of the ratio Im (¢)/a, for a Higgs boson of mass
200 GeV. Right: The number of standard deviations the asymmetry deviates from zero as a function of Im (¢). The
inserts show the same quantities for a larger range of Im (¢).
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Fig. 2.19: The normalized differential width for H — ZZ — (f1 f1)(fa.f2) with respect to the observable Oy (see
text). The solid (black) curve shows the SM (a = 1, b = ¢ = 0) while the dashed (blue) curve is a pure CP-odd
state (¢ = b = 0, ¢ = 1). The dot-dashed (red) curve is for a state with a CP violating coupling (¢ = 1, b = 0,
c = 1). Again one sees an asymmetry about zero for the CP violating case.

The dependence of the differential width on this observable is plotted in Fig. 2.19 but while an asymmetry
is indeed present, it is very small and will be difficult to see in practice. The corresponding asymmetry is

o F(Og > 0) — F(OQ < 0)
N F(Og > 0) +F(OQ < 0)7

As (2.173)
which is plotted in Fig. 2.20 (left) as a function of Re (¢)/a. The significance (as calculated for .4
above) is shown in Fig. 2.20 (right). The significance is always very small, and it is difficult to see how
this could provide useful information. In this case one cannot exploit the decay of Higgs bosons to jets
since one must also distinguish fo and fs.

Another distribution sensitive to CP violation is the azimuthal angular distribution dI"/dy where
¢ denotes the angle between the planes of the fermion pairs stemming from the Z boson decays, cf.
Fig. 2.16. Whereas the purely SM case shows a distribution

ar
5"~ 14 Acosy + Bcos2p, (2.174)

2
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Fig. 2.20: Left: The asymmetry given by Eq. (2.173) as a function of the ratio Re (¢)/a, for a Higgs boson of mass
200 GeV. Right: The number of standard deviations the asymmetry deviates from zero as a function of Re (¢). The
inserts show the same quantities for a larger range of Re (c).

where the coefficients A and B are functions of the Higgs and Z boson mass (see Ref. [93]), in the purely
pseudoscalar case

dI’ 1
— ~1- 1 cos 2¢. (2.175)

dp

In the CP violating case we must include contributions from both the scalar and pseudoscalar cou-
plings which will alter this behaviour. Knowing the Higgs mass from previous measurements, any de-
viation from the predicted distribution in the scalar/pseudoscalar case will be indicative of CP violation.
This can be inferred from Fig.2.21 which shows the azimuthal angular distribution for M = 200 GeV
in the SM case, for a CP-odd Higgs boson and two CP violating cases. The purely CP-odd curve will
always show the same behaviour independently of the value of ¢ since the curves are normalized to unit
area. Therefore a special value of ¢ could not fake the flattening of the curve appearing in the CP vio-
lating examples. This flattening even leads to an almost constant distribution in ¢ for the case c¢/a = 1.
It should be kept in mind, though, that this method cannot be applied for large Higgs masses where
the ¢ dependence disappears in the SM. One must also beware of degenerate Higgs bosons of opposite
CP; since one cannot distinguish which Higgs boson is in which event, one must add their contributions
together, possibly mimicking the effect seen above.

This procedure is similar to that of Sections 2.12 and 2.13 where log-likelihood functions were
constructed and minimised to extract the coefficients in the vertex or yield exclusion contours.

The next step will be to study in a more realistic simulation how well the ¢ distribution can be fitted
at the LHC and hence to which extent CP violation can be probed in the azimuthal angular distribution.

2.11.2  Summary and Outlook

We have studied the decays of Higgs bosons into a pair of Z bosons, which subsequently decay into
leptons, for a general HZ Z coupling at the LHC. We examined CP violating asymmetries which probe
the real and imaginary couplings of the CP-odd term. We found that the asymmetries produced are small
and will not provide evidence of CP violation at the LHC without higher luminosity. However, it may
be possible to exploit other channels, such as Higgs decays to leptons and jets, to increase significances.
We also examined the dependence on the azimuthal angle between the lepton planes, which is similarly
indicative of CP violation. Further studies of this azimuthal angle and the extension to arbitrary higher
“Higgs” spin will be the subject of future work.
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Fig. 2.21: The normalized differential width for H — Z(*)Z — (f1 f1)(faf2) with respect to the azimuthal angle
w. The solid (black) curve shows the SM (a = 1, b = ¢ = 0) while the dashed (blue) curve is a pure CP-odd
state (a = b = 0, ¢ = 1). The dot-dashed (red) curve and the dotted (green) curve are for states with CP violating
couplings a = 1, b = 0 with ¢ = 2 and ¢ = 1, respectively.

2.12 Testing the spin and CP properties of a SM-like Higgs boson at the LHC
Claus P. Buszello and Peter Marquard

To confirm the properties of a Higgs-like particle found at the LHC, we study the angular distributions of
the final state particles in the decay H — ZZ — 4/. To this end we consider hypothetical couplings of
the Higgs with momentum £ to Z bosons with momenta p, q reflecting the different spin/CP states. We
use a parametrisation of the couplings as follows

Lscatar = X + Ykuky /m¥ + iPeupep’q /miy (2.176)
for the spin 0 Higgs and

Loector = X(gpupu + gpl/qu) + P(ie;wpapg - ieuupaqg) (2.177)

for the spin 1 case where €1234 = ¢. This parametrisation is discussed in detail in [119]. The scalar
couplings in Section 2.11 differ slightly from these by the choice of the masses used to normalize the
non-SM contributions. We choose m j over mz as this is more convenient if one wants to use the same
parameterisation for HZZ and HW W vertices. We then study the distributions of the final state leptons
performing a one and a multi-dimensional analysis.

The analysis presented here is divided in two parts. First, we only consider pure states (i.e all
but one of the parameters X,Y and P are zero). The analysis of the feasibility of the exclusion of the
pure states is based on a the fast parameterised ATLAS detector simulation [291] . Next, we consider
the exclusion of admixtures of the CP-even and CP-odd non-SM contributions. This analysis - detailed
in [292] - is the first one that takes all interference terms into account and is based on the same cuts,
efficiencies and momentum resolutions as the first part. The event samples for these studies were gener-
ated using a new matrix element generator written by the authors implementing the complete couplings
including mixtures given above. It generates the decay H — ZZ(*) — 4/ with two on-shell Z bosons
in the narrow width approximation above the Z Z-threshold and one on-shell and one off-shell Z below.
In the following we give the main results of these analyses. The full results and details can be found
in [119,292]. Another one dimensional analysis of the pure states has also been performed in [93] and a
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PYTHIA based study of CP properties at CMS can be found in Section 2.13. A similar analysis can be
carried out in other cases, where the Higgs vector boson vertex is present. In fact, in the ZZ — 4¢ decay
the angular correlations are suppressed compared to W decays or ZZ — 2¢2q. This makes exploiting
WBF and the Higgs decay to W pairs so interesting. In that case, one can use the forward jets and the
leptons from the W decay to determine the spin-parity of the Higgs (see e.g. [287] and Section 2.10).

2.12.1 Analysis and results

We study essentially two distributions. One is the distribution of the cosine of the polar angle, cos 6, of
the decay leptons relative to the Z boson. Because the heavy Higgs decays mainly into longitudinally
polarised vector bosons the cross-section do/d cos 6 should show a maximum around cos# =0. The
other is the distribution of the angle ¢ between the decay planes of the two Z bosons in the rest frame
of the Higgs boson. This distribution depends on the details of the Higgs decay mechanism. Within the
Standard Model, a behaviour roughly like 1 + 3 cos 2¢ is expected. This last distribution is flattened in
the decay chain H — ZZ — 4/, because of the small vector coupling of the leptons, in contrast to the
decay of the Higgs Boson into W pairs or decay of the Z into quarks. The angles under investigation are
shown in Fig. 2.16.

I Pure states

The plane-correlation can be parametrised as
F(¢) =1+ a-cos¢+ 3 -cos2¢p (2.178)

In all four cases discussed here, there is no sin ¢ or sin 2¢ contribution. For the Standard Model Higgs,
« and /3 depend on the Higgs mass while they are constant over the whole mass range in the other cases.
The polar angle distribution can be described by

G)=T-(1+4cos’0) + L-sin’0 (2.179)
reflecting the longitudinal or transverse polarisations of the Z boson. We define the ratio

L-T
R:=—— 2.180
L+T ( )

of transversal and longitudinal polarisation.

Figure 2.22 (left) shows the expected values and errors for the parameter R, using an integrated
luminosity of 100 fb—!. It is clearly visible that for masses above 250 GeV the measurement of this
parameter allows the various non-SM hypotheses for the spin and CP-state of the “Higgs Boson” con-
sidered here to be unambiguously excluded. For a Higgs mass of 200 GeV only the pseudoscalar is
excluded. Fig. 2.22 (right) shows the expected values and errors for « and (3 for a 200 GeV Higgs and
an integrated luminosity of 100 fb—1.

The parameter o can be used to distinguish between a spin 1 and the SM Higgs particle, but its
use is statistically limited. The same applies to the parameter 5. Measuring 3, which is zero for spin
1 and > 0 in the SM case, can contribute only very little to the spin measurement even if m z7 is in the
range where (3, in the SM case, is close to its maximum value. Nevertheless, § can be useful to rule out
a CP-odd spin 0 particle.

The significance of the parameter o can be improved by exploiting the correlation between the sign
of cos 6 for the two Z Bosons and ¢. In Fig. 2.23, we plot the parameters separately for sign(cos ;) =
sign(cos f3) and sign(cos f1) = —sign(cos f2). As can be seen, the difference in o becomes bigger for
J = 1 and CP-even. For higher masses « and (3 of the SM Higgs approach 0; thus only « can be used to
measure the spin. This is fortunately compensated by the measurement of R.
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Fig. 2.22: The parameter R for different Higgs massses (left) and « and 3 (right) for m gz = 200 GeV using 100
fb~L. The error scales with the integrated luminosity as expected.

Fig. 2.25 shows the significance, i. e. the difference of the expected non-SM value and SM value
divided by the expected error of the SM Higgs. We add up the significance for a and S for the like-signed
und unlike-signed cos(#) combinations and plot the resulting significance together with the one from the
polar angle measurement in Fig. 2.25 (left). For higher Higgs masses the decay plane angle correlation
contributes almost nothing, but the polarisation leads to a good measurement of the parameters spin and
CP-eigenvalue. For full luminosity (300 fb~!) the significance can simply be multiplied by v/3 assuming
stable detector performance. This is especially interesting for a Higgs mass of 200 GeV. The spin 1, CP-
even hypothesis can then be ruled out with a significance of 6.4, while for the spin 1, CP-odd case the
significance is still only 3.90.

In principle, the same analysis can be done for Higgs masses below the Z Z threshold. In practice this is
complicated by the fact, that the cross-section for H — ZZ* is a lot smaller and is further reduced by
additional combined impact parameter and isolation cuts needed to suppress the ¢£ and Zbb backgrounds.
Due to this reduction in statistics, the decay plane correlation doesn’t yield any useful results, and we
limit the discussion to the polar angle and the spin O case. Furthermore we will always use an integrated
luminosity of 300 fb~!, the maximum foreseen for each of the LHC experiments. We use the number of
signal and background events published in the ATLAS TDR [115].

The distortion of the polar angle distribution is sizeable, and we have to introduce a statistical correction.
The correction reproducing the SM values properly will not necesarily correct the non-SM values back to
the theoretical values. In Fig. 2.24 (left) we present the expected values of R after applying the correction
to the distributions. The exclusion significance is shown in Fig. 2.25 (top right).

An additional distribution that is only available below the threshold, is the distribution of the off-shell
Z mass. Fig. 2.24 (right) shows this distribution for a Higgs of 150 GeV and the three different spin
0 couplings. The distributions are more robust against the cuts than the polar angle distribution. We
generate 300 data samples of the expected number of signal and background events including all cuts
for the three different hypothesis, and calculate the y2 to the SM-distribution (again after all cuts are
applied) for each one of them. The means of these values along with the corresponding confidence levels
are plotted against the various Higgs masses in Fig. 2.25.

II Mixed states

In order to measure possible CP-violation in the Higgs to vector boson coupling, we consider the full
matrix element including the mixed terms (PX, PY and YX). As in the one dimensional case, we assume
the discovery of a signal in the H — ZZ channel. Since a significant deviation from the expected
number of events would rule out a SM Higgs in a trivial way, we further assume, that the number of
events seen is compatible with a SM Higgs. A deviation in the number of events would not allow to
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Fig. 2.23: The parameter o depends on the signs of the cos(f) of the two Z bosons. The events where the signs
are equal are used for the left plot, those where the signs are different are used for the right plot.
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Fig. 2.24: Left: The expected values for the parameter R after reconstruction and signal selection and with a
correction for detector effects applied, so that the SM Higgs values are recovered. The errorbars reflect the expected
statistical error for the SM case using 300 fb~!. Right: The off-shell Z mass distribution for a 150 GeV Higgs.
NSM even refers to states with Y=1, P=0, X=0. NSM odd refers to Y=0, P=1, X=0.

pinpoint the coupling structure anyway, as it would be a possible combination of effects in production
and branching ratios. Instead, we use the angular correlations of the decay products to test for small non-
SM contributions to the SM coupling. To give a better physical interpretation to the notion of a small
coupling, we rescaled Y and P to Y’ and P’ such that now for the widths of the pure states I'pr = 'y =
I"x. The exact scaling factors can be found in Table 2.6. In this study we demonstrate how CP violation
inthe H — ZZ coupling could be ruled out. Figure 2.26 and 2.27 show the exclusion significance for
Y’ and P’ admixtures to an SM Higgs. By turning this around we can interpret a measurement of P’ and
Y’ outside these boundaries as proof of a non-SM Higgs coupling to vector bosons.

We use the full information from the three fold differential cross-section by constructing the fol-
lowing likelihood function:

IM[2(oF, 0k, 05 P Y, X = 1)
Z log

L(Y,P) =
C5F) [ IM|2(¢, 01,05, P, Y, X = 1)ded cos 01d cos Oy

(2.181)

keevents

where | M|? is the squared matrix element evaluated at leading order. The value of X is always fixed
to the SM value of 1, since we want to measure small contributions from non-standard couplings. By
maximising the likelihood we expect to find a value of zero for P and Y. In order to demonstrate the
potential of measuring these parameters with ATLAS we show contour plots of the expected exclusion
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Fig. 2.25: Left: The overall significance for the exclusion of the non standard spin and CP-eigenvalue. The
significance from the polar angle measurement and the decay-plane-correlation are plotted separately. Right: The
exclusion significance for the non-SM cases for various Higgs masses. The top figure shows the exclusion using
the polarisation of the Z. The middle and bottom ones show the exclusion from the distribution of the off-shell Z
mass distribution for the pseudoscalar and the scalar non-SM couplings. NSM even refers to states with Y=1, P=0,
X=0. NSM odd refers to Y=0, P=1, X=0.

limits (see Fig. 2.26 and 2.27). The full luminosity of 300 fb~! has been used for all plots. The back-
ground has been statistically subtracted where the distribution of the background considered in this study
was computed with PYTHIA [293]. The distortion of the signal is not negligible, but since the contri-
butions of the non standard model couplings are small the distortions don’t vary much. Therefore the
expected likelihood distributions are affected only slightly by the detector effects. We do not include
any corrections for this effect, which is visible as a small shift of the maximum in positive Y’ direction.
The plots were achieved by fitting to the whole dataset and as a check to many small samples with the
expected number of events (pseudo-experiments). The results from the two methods agree perfectly. A
remarkable feature of the contour-plots is the V-form in the Y — P plane. This form is understandable,
because some combinations of Y and P couplings behave very similar to the standard model coupling
X. Therefore, neglecting the Y term in the determination of CP violating contributions could lead to

Table 2.6: Ratio of the roots of the total widths of the pure states for various Higgs masses m g. These ratios can
be used to scale the constants P and Y such, that the non standard model couplings are of the same strength as the
standard model coupling.

my [GeV] 130 140 150 160 170 180 200 250 300

\/FPS‘;/I 0.093 0.106 0.116 0.092 0.106 0.066 0.102 0.284 0.368
\/FFSFI’\A 0.106 0.117 0.125 0.123 0.126 0.102 0.146 0.156 0.121
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Measurement of P’/X and Y’/X - m, = 140 GeV Measurement of P’/X and Y’/X - m, = 150 GeV
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Fig. 2.26: Expected exclusion significance of P’/X and Y’/X for masses of the Higgs of 140 GeV and 150 GeV.
The quality of the measurement is mainly limited by statistics.
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Fig. 2.27: Expected exclusion significance of P’/X and Y’/X for masses of the Higgs of 200 GeV and 250 GeV.
The much higher number of events allows for a much better measurement of the coupling structure above the ZZ
threshold.

wrong results.

2.12.2 Conclusions

We have shown with our analyses that the angular correlations of the decay products of the Z bosons can
be used to distiguish the SM Higgs-boson from hypothetical particles with different spin and CP quantum
numbers. Furthermore, we have demonstrated how and to what extent CP violation in the scalar Higgs
decay to Z-pairs can be studied and excluded. The methods discussed work well for a Higgs-boson with
a mass above the Z boson pair production threshold. Even small contributions of CP-even and CP-odd
non SM couplings can be excluded in this case. Below, the analysis is statistically limited.
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2.13 Study of the CP properties of the Higgs boson in the ® — ZZ — 2e2u process in CMS
Michat Bluj

We study a possible measurement of the CP-parity of the Higgs boson ® at the LHC, using the CMS
detector. We consider a ,,golden channel” ® — Z Z — 2e2u and angular correlations of leptons. The most
general ®V'V coupling (V = W=*.29) for a spin-0 Higgs boson looks as follows [93,119,288,294]:

¢ n
Cary =R g™ + PP — - Ry, (2.182)
Vv Vv

where k1, ko are four-momenta of vector bosons V" and p= k1+k» is four-momentum of the Higgs boson.
In this analysis a simplified version of above ® V'V coupling (Eq. 2.182) is considered with a scalar and a
pseudoscalar contributions only (i.e. k,7 # 0 and ¢ = 0). To study deviations from the Standard Model
®Z Z coupling we take x = 1'4. The differential cross-section for the ® — Z1 Zo — (£141)(¢203) process
consists now of three terms: a scalar one (denoted by H), a pseudoscalar one ~ 12 (denoted by A) and
the interference term violating CP ~ 7 (denoted by I):

do(n) ~ H+nI+n%A. (2.183)

This way the Standard-Model scalar (n = 0) and the pseudoscalar (in the limit || — co) contributions
could be recovered. It is convenient to introduce a new parameter £, defined by tan & = 7, with values
between —7/2 and 7 /2. Expressions for H, A and I can be found in article [288].

To study the CP-parity of the Higgs boson we use two angular distributions. The first one is a
distribution of the angle ¢ (called a plane or an azimuthal angle) between the planes of two decaying Zs,
in the Higgs boson rest frame'. The second one is a distribution of the polar angle 6, in the Z rest frame,
between the momentum of the negatively charged lepton and the direction of motion of the Z boson in
the Higgs boson rest frame (Fig. 2.16).

2.13.1 MC samples

The Higgs-boson signal samples were generated using PYTHIA [295] for three masses of the Higgs boson
(me =200, 300, 400 GeV). Generated events were required to contain e e~ and p ™y~ pairs within the
detector acceptance region (p¢ > 5 GeV, |n¢| < 2.7 and p}’ > 3 GeV, |n*| < 2.5). The analysis was per-
formed for the scalar, pseudoscalar and CP-violating states (the latter for tan £=+0.1, +0.4, +1, £+4).
Samples for the scalar, pseudoscalar and tan £ ==£1 states contain 10 000 events, while each of remain-
ing samples contains 5 000 events. The predicted production cross-sections: o ¢, 0¢ - BR(® — 4¢) and
0 -€ - BR(®— 4(), where ¢ is the preselection efficiency for a the signal, are summarized in Table 2.7.
We assume the Standard Model cross-section [296] and the Standard Model branching ratio [297] for
each value of the £ parameter (independently on the CP-parity of the Higgs boson). A dependence of the
analysis’ results on the assumed cross-section is discussed in Section 2.13.4. The following background

Table 2.7: Production cross-sections of the signal. Errors are statistical only.

mass (GeV) | o (f)) 09 -BR(®—4() (fb) o - ¢ - BR(® — 4¢) (ib)

200 17.86 - 103 38.75 7.65 + 0.09
300 9.41 - 103 24.03 5.08 + 0.06
400 8.71-103 20.15 4.45 + 0.05

processes were considered:
“The ®V'V coupling with x=1 and arbitrary 7 is implemented in the PYTHIA generator.
5The negatively charged leptons were used to fix planes’ orientations.
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Table 2.8: Production cross-sections and number of used events for background processes. Errors are statistical
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only.
process ‘ Oprg (fb)  oppg -BR (fb)  oppy - € - BR (fb) ‘ # events
ZZ[v* | 28.9- 10° 730.27 39.75 +0.34 20k
tt | 840-10° 87.2 -103 775.08 + 4.84 48k
Zbb 525 - 103 9.49 -103 116.38 + 3.22 ok

Table 2.9: Selected cross-section for signal and background at chosen stages of the selection. All values in fb;

errors are statistical only.

level of signal background
selection ZZ[~* tt Zbb
selection for me =200 GeV
trigger 6.454+0.09 | 30.30+£0.30 305.04+3.11 81.17+2.69
reco. eTe” putpu~ || 5.46£0.08 | 22.57+£0.26 164.044+2.29 32.77+£1.73
Z's’ mass 3.894+0.07 | 12.57+£0.19  0.0940.06 <0.03
®s mass 3.434+0.06 | 1.84+0.07 <0.02 <0.03
selection for me =300 GeV
trigger 4.34+0.06 | 30.304+0.30 305.04+3.11 81.1742.69
reco. eTe” putpu~ || 3.74£0.05 | 22.57+£0.26 164.044+2.29 32.77+£1.73
Z's’ mass 2.6940.05 | 7.3240.15 0.134+0.07 0.05+0.07
®s mass 2.104+0.04 | 0.82£0.05 <0.02 <0.03
selection for mg =400 GeV
trigger 3.844+0.06 | 30.30+0.30 305.04+3.11 81.174+2.69
reco. ete™ uTp~ || 3.354£0.06 | 22.57+£0.26 164.0442.29 32.77+1.73
Z's’ mass 2.46+0.05 | 5.35+0.13 0.09+0.06 <0.03
$s mass 2.024+0.04 | 0.66+0.05 <0.02 <0.03

1. ZZ/v* — 2e2p (irreducible background). The leading order cross-section for the qg— ZZ/v*
process calculated using MCFM program [298] is equal to 18.7 pb. The next-to-leading order con-
tribution as well as the contribution from the gg— ZZ/~* process, with estimated cross-section
of about 20% of the qq— Z Z/~* cross-section at the leading order, was included as a four-lepton-
mass dependent K-factor. The K-factor is in average equal to 1.55 in four-lepton-mass range be-
tween 30 and 750 GeV, for example K=1.46, 1.66, 1.90 for m 4,=200, 300, 400 GeV, respectively.

2. tt—WTW~bb—2e2uX. The tf cross-section is equal to 840 pb [299].

3. Zbb— 2e2uX. The Zbb cross-section at the next-to-leading order, determined using MCFM pro-
gram [300-302] for p? >1 GeV, |n°| < 2.5 and 81 <mz- < 101 GeV, is equal to 525 pb.

The information about the generated background samples are summarized in Table 2.8.
The minimum-bias pile-up events for the low LHC luminosity were added to each signal and background
sample.

2.13.2 Selection

We use selection criteria (for four isolated leptons) developed in the Standard-Model Higgs boson
searches at CMS for the H — ZZ — 2e2p process [303]. Values of the selection cuts depend on the
Higgs boson mass. The selected cross-section, at chosen stages of the selection, for the signal and
the background for three masses of the Higgs boson mg =200, 300, 400 GeV are shown in Table 2.9.
Fig. 2.28 shows the invariant mass of four reconstructed leptons before and after the off-line selection
(i.e. after lepton reconstruction and after cut on two Zs’ masses, respectively) for the Higgs boson sig-
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Fig. 2.28: Invariant mass distributions of four leptons before (left) and after (right) the off-line selection (normal-
ized to 60 fb~!). The signal of the Higgs boson with mg=300 GeV (empty histogram) and the background (filled
histograms).
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Fig. 2.29: The y-distributions (left) and the #-distributions (right) for various values of the parameter £ after final
selection (normalized to 60 fb~1). The signal for m3=300 GeV and & = 0 (scalar), £ = —7/4, £ = +7/4 and
|€]=m/2 (pseudoscalar), respectively (empty histograms). The ZZ background - filled histogram.

nal, with m=300 GeV, and for the background. The reconstructed angular distributions after the final
selection for the signal (with mass m =300 GeV) for various values of the parameter £, and for the back-
ground are shown in Fig. 2.29. Shape of the angular distributions for the background slightly depends
on the Higgs-mass-dependent selection. This effect is taken into account in our analysis.

2.13.3 Determination of the parameter &

The parameter £ was determined by maximization of the likelihood function £(£,R), which was con-
structed, for both the signal and the background, from the angular distributions and invariant mass dis-
tribution of four leptons. The function depends on two parameters: ¢ describing CP of the Higgs boson,
and R describing a fraction of the signal in the data sample. The function has the following form:

LER)=2 ) log Q(§,R; x;), where Q(&,R; ;) = R- PDFs(&; x) + (1 — R) - PDF p(s).

r;Edata

(2.184)
PDFp(x;) and PDFs(&; x;) are Probability Density Functions for the background and the signal
respectively; {x;} are values of the measured quantities (angles and invariant mass) in the data event i.
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They are products of probability densities PM, P¥, Ps01.2 of four leptons invariant mass and angles
¢ and cos 0y 5 i.e. PDF = pMpepeostipeostz  pM pe peosfiz are obtained by the Monte Carlo
technique, using the normalized histograms of given quantities after the final selection.

A part of the function Q, which describes angular distributions of the signal depends on the parameter €.
From Eq. (2.183) we obtain:

P&) = (PL - P psta)(¢) = (H +tan€ - T + tan® € - a2 A) /(1 + a* tan?€), (2.185)

where: H = P§, - Pes0. prost> and A = PE - P P2 are probability densities obtained
by the Monte Carlo technique for the scalar (H) and the pseudoscalar (A), respectively. The parame-
ter @ is a (mass dependent) relative strength of the pseudoscalar and scalar couplings. For example
a®=0.51, 1.65, 1.79 for m4=200, 300, 400 GeV, respectively. Z is a normalized product of angular dis-
tributions for the CP-violating term. Since Z is not positive, and its integral is equal to zero, it is not
possible to simulate it separately. The Z contribution can be obtained indirectly from the combined
probability density for the signal with a non-zero value of the parameter £. For example by introduc-
ing P, =P(n/4) = (H+Z+a%A)/(14+a?) and P_ = P(—7/4) = (H—-T+a>A)/(1+a?) we have
I= % (P4 —"P-). Finally we obtain:

1+ a®

P(&) = [H + tan¢ - (P —P_) +tan*€ - a® Al /(1 + a* tan®€). (2.186)

2.13.4 Results

After selection all background contributions but ZZ/~v* —2e2p are negligible, therefore only such
events were used to construct the probability density function for the background. We use the ZZ/~*
sample containing 15 000 events at the generator level. Signal probability density functions were con-
structed using samples of scalar Higgs boson (H), pseudoscalar (A) and P, P_ samples, each contain-
ing 8 000 events at the generator level. Likelihood functions were constructed independently for three
masses of the Higgs boson (m¢=200, 300, 400 GeV).

For each value of parameter £ and for each Higgs-boson mass we made 200 pseudoexperiments for
the integrated luminosity £=60 fb—! (3 years of LHC at low luminosity). For each pseudoexperiment we
randomly selected events from the signal and background samples to form a test sample '°. The number
of selected events was given by a Poisson probability distribution with mean defined by the process
cross-section and the examined luminosity. Then to obtain a value of the parameter £, we performed
a maximization of the likelihood function £(£,R) for the test sample. The expected and reconstructed
values of the parameter £ (with its uncertainty), obtained for three masses of the Higgs boson are shown
in Fig. 2.30.

In our analysis the Standard-Model signal cross-section and branching ratio were used as a refer-
ence. However, both of them may change for other Higgs models. An influence of a possible suppression
(enhancement) factor C? of the Standard Model signal on the reconstructed ¢ were studied and we found
that its value slightly depends on size of suppression (enhancement). On the other hand, the uncertainty
of £ is approximately ~ 1/C (i.e. it depends on square-root of number of events, what one can expect),
namely:

AE(E,C?) “jg

A value of 0g(€) (a precision factor) can be determined from the fit. Taking this into account we
parametrize a relative error of the difference between & and & as follows:

ol-6/(C?) _ AL, C?)
1€ — &ol 1€ =&l

5 Samples used to select events, contain 2 000 and 5 000 events for the signal and the background, respectively. The samples
do not contain events used to construct probability densities for the likelihood function.

(2.187)

(2.188)
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Fig. 2.30: Reconstructed value of the parameter £ as function of the generated value of the parameter £, for
£=60 tb~1, for Higgs boson mass m=200, 300, 400 GeV. Uncertainties correspond to one standard deviation.
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Fig. 2.31: Exclusion contours for scalar Higgs boson as a function of the enhancement factor C'? for the Higgs
boson masses me=200, 300, 400 GeV (from left to right). Results were obtained for 60 fb—L.

The requirement of exclusion of £ # & at the level of “IN sigmas” could be written as o j¢_¢,(C?) = £ — &

2
c2(N) = N2 _ (2.189)

(€ —¢60)?

The exclusion contours for N=1, 3 and for £y =0 (scalar) are shown in Fig. 2.31.

2.13.5 Summary

A possibility of a measurement of the CP-properties of the Higgs boson ® in the ® — ZZ — 2e2p process
at LHC with CMS detector was studied. It was shown that using angular correlations of the Higgs boson
decay products (leptons) the measurement of the parameter £, describing a general ®Z 7 coupling, will
be feasible. Precision of this measurement is sufficient for determination of the CP-parity of the Higgs
boson, particularly it is sufficient to distinguish scalar from pseudoscalar.
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2.14 Higgs-boson CP properties from decays to WW and ZZ at the Photon Linear Collider

Piotr Niezurawski, Aleksander Filip Zarnecki and Maria Krawczyk

The process of resonant Higgs boson production at the Photon Linear Collider (PLC), due to hvy~y cou-
pling, is in the Standard Model sensitive to the Higgs boson couplings to both, the gauge-bosons and
up-type fermions. Moreover, as the phases of the two dominant contributions to the vy — h amplitude,
from W and top loops, differ, the process turns out to be very sensitive to the possible effects of the CP
violation.

In Ref. [304] we performed a realistic simulation of the Standard Model Higgs-boson production
at the PLC for WTW ™~ and ZZ decay channels, for Higgs-boson masses above 150 GeV. From the
combined analysis of WTW ™ and ZZ invariant mass distributions the ~~y partial width of the Higgs
boson, I'y., can be measured with an accuracy of 3 to 8% and the phase of 7y — h amplitude, ¢,
with an accuracy between 30 and 100 mrad. In Ref. [144] we extended this analysis to the generalized
Standard Model-like scenario By, of the Two Higgs Doublet Model II, 2HDM(II), with and without CP-
violation. We also considered a general 2HDM (II) with CP violation, and found that only the combined
analysis of LHC, ILC and PLC measurements allows for a precise determination of the Higgs-boson
couplings and of CP-violating H—A mixing angle [305, 306]. Finally, we considered model with a
generic, CP-violating Higgs-boson couplings to vector bosons [93, 136, 307], which leads to different
angular distributions for a scalar- and pseudoscalar-type of couplings. From a combined analysis of the
invariant mass distributions and angular distributions of the W W~ and ZZ decay-products the CP-
parity of the observed Higgs state can be determined independently on a production mechanism [147].

In this contribution we summarize selected results of [144, 147,305, 306], related to the determi-
nation of the Higgs-boson CP properties at the PLC.

2.14.1 Event simulation

In analyses we use the CompAZ parametrization [308] of the realistic luminosity spectra for a Photon
Linear Collider at TESLA [309, 310] and assume that the centre-of-mass energy of colliding electron
beams, /5., is optimized for the production of a Higgs boson with given mass. We consider the mass
range between 200 and 350 GeV, where W+ W ~ and Z Z decays are expected to dominate. All results
presented in this paper were obtained for an integrated luminosity corresponding to one year of the PLC
running, as given by [309,310], i.e. from 600 fb~! for \/Sce = 305 GeV (optimal beam energy choice
for M = 200 GeV) to about 1000 fb~! for V/See = 500 GeV (for M = 350 GeV).

Analyses described in this work were performed in two steps. In the first step we use samples
of events generated with PYTHIA 6.152 [295] to estimate selection efficiency, as well as resolutions
of the angular variable and of the invariant-mass reconstruction for vy — WTW ™~ /ZZ events, as a
function of the 7y centre-of-mass energy, W, . We consider the direct vector-bosons production in -y
interactions (background) as well as the signal vy — h — W W™ /ZZ and the interference between
the signal and the background. To take into account effects which are not implemented in PYTHIA
(photon beam polarization, interference term contribution, direct vy — ZZ production) we exploit
the standard method used in various experimental analyses called a reweighting procedure. To each
generated event a weight is attributed given by the ratio of the differential cross-section for a vector-
boson production in the polarized photon interactions [311-314] to the PYTHIA differential cross section
for given event. The fast simulation program SIMDET version 3.01 [315] is used to model the TESLA
detector performance.

For the W W™ events only qqGq decay channel is considered, as without knowing the exact
beam-photon energies, which is a case for the Photon Linear Collider, the semileptonic W * decays
can not be fully reconstructed. For the ZZ events, only Ilqg decay channel is considered, with one
Z decaying into eTe™ or utpu~. Selection of the leptonic channel is crucial for a suppression of the
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background from the direct vy — W W ™~ events.

The invariant-mass resolutions obtained from a full simulation of W W ™ and Z Z events (based
on the PYTHIA and SIMDET programs), have been parametrized as a function of the ~~y centre-of-mass
energy, W, . This parametrization can then be used to obtain the parametric description of the expected
invariant mass distributions, for vy — W*W ™ and 4y — ZZ events, avoiding the time consum-
ing event generation procedure. Resolutions expected in the reconstruction of angular variables are
very good and the measurement errors can be safely neglected. The measured angular distributions are
mainly affected by the detector acceptance and the corresponding selection cuts used in the analysis. The
corresponding acceptance corrections have also been parametrized as a function of the relevant angular
variables. For arbitrary model, and for arbitrary model parameters, we calculate the expected angular and
invariant mass distributions for ZZ and W W ~ events by convoluting the corresponding cross-section
formula with the analytic photon-energy spectra CompAZ [308]. To take into account detector effects, we
convolute these distributions further with the function parameterising the invariant-mass resolution and
the acceptance function, which takes into account the angular- and jet-selection cuts. This approach has
been developed in [304].

2.14.2 Generic model

Following the analysis described in [93,136,307] we consider a generic model with a direct CP violation,
i.e. with tensor couplings of a Higgs boson, ®, to ZZ and W W ~ given by:

. My (p1+p2)y (P1 — P2)or
- Nor- gV L N4 . elvPO p
9ozz chosGW < H-9" + Aa-€ M% )
goww = igMw </\H'9'W + Ap-etP? (P +p2)]\p42p1 —p2)0> ; (2.190)
w

where p; and p» are the 4-momenta of the vector bosons. The A 7-terms have a structure of the CP-even
SM Higgs boson coupling,'” whereas the one with A 4 corresponds to a general CP-odd coupling for the
spin-0 boson. Coefficients A\r; and A 4 can be parametrized by:

A = A-cosPop,
A4 = A-sin®cp. (2.191)

The couplings of the Standard Model Higgs boson are reproduced for A = 1 and $cp =0 (.e. Ay =1
and A4 = 0). Below we will limit ourselves to A ~ 1 and |®cp| < 1 region, corresponding to a small
deviation from the respective Standard Model coupling. However, we do not make any assumptions
concerning Higgs-boson couplings to the fermions and we allow for deviations from SM predictions in
I'y+ and ¢.. Therefore our results do not depend on the Higgs-boson production mechanism and our
approach can be considered as a model-independent one.

The angular distributions of the secondary W W~ and ZZ decay products turn out to be very
sensitive to the CP properties of the Higgs-boson [93, 136,307]. Angular variables which can be used in
the analysis are defined in Fig. 2.32 (see also Fig. 2.16). To test CP-properties of the Higgs-bosons the
distributions of the polar angles © and © as well as the A¢ distribution, where A¢ is the angle between
two Z- or two W-decay planes, are used. Here we propose to consider, instead of the two-dimensional
distribution in (cos ©1, cos ©5), the distribution in a new variable, defined as

sin? @ - sin? O

¢ = (14 c0os?201) - (1+cos?20y) (2.192)

""Other possible CP-even tensor structure, ~ (p1 + p2)*(p1 + p2)”, give the angular distributions similar to that of the SM
Higgs boson and therefore we will not consider this case separately. See also Section 2.12.
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Fig. 2.32: The definition of the polar angles O g, ©1 and B4, and the azimuthal angles ¢; and ¢4 for the process
v — & — ZZ — 4 f. A¢ is the angle between two Z decay planes, A¢p = ¢o — ¢1. All polar angles are
calculated in the rest frame of the decaying particle.
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Fig. 2.33: Normalised angular distributions in A¢ (left plot) and ¢ (right plot), expected for scalar (solid line) and
pseudoscalar (dashed line) Higgs boson decays H, A — ZZ — 171~ jj, for the Higgs boson mass of 300 GeV.

The (-variable corresponds to the ratio of the angular distributions expected for the decay of a scalar and
a pseudoscalar (in a limit Mg >> Myz) [93,136,307]. It proves to be very useful and complementary to
the A¢ variable.

The angular distributions in A¢ and (, expected for decays of a scalar H (Pcp = 0) and a
pseudoscalar A (Pcp = ) Higgs boson with mass of 300 GeV, ® — ZZ — [ "1~ jj, are compared in
Fig. 2.33. Both distributions clearly distinguish between decays of scalar and pseudoscalar Higgs boson;
s0 it’s possible to distinguish the CP-even and CP-odd states without taking into account the production
mechanism. We point out the usefulness of the ¢ distribution.

For the measurement of the A¢ and ( distributions we introduce an additional cut on the recon-
structed ZZ or W~ invariant mass and, for W W~ events only, the cut on the Higgs-boson decay
angle O, to suppress large background from the nonresonant W T~ production. The cuts were opti-
mised for the smallest relative error in the signal cross-section measurement.

The expected precision in the measurements of the A¢- and of the (-distributions, for vy —
Z7Z — 171~ jj events is illustrated in Fig. 2.34. The reconstructed A¢ values range from 0 to 7, since
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Fig. 2.34: Measurement of the angle A¢z, between two Z-decay planes (left plot) and of the variable (7~
calculated from the polar angles of the Z — [*]~ and Z — jj decays (right plot) for ZZ — [+~ jj events. Error
bars indicate the statistical precision of the measurement after one year of PLC running at nominal luminosity,
for the scalar Higgs boson with mass of 300 GeV. The solid and dashed lines correspond to the predictions of
the model with pure scalar (Pcp = 0) and pseudoscalar (Pcp = 7) Higgs-boson couplings, whereas dotted
and dash-dotted lines correspond to CP violating couplings with ®-p = £0.2. The gray line represents the SM
background of non-resonant ZZ production.

we are not able to distinguish between quark and antiquark jet. Calculations were performed for the
primary electron-beam energy of 152.5 GeV and the Higgs-boson mass of 200 GeV. The results are
compared with the expectation for ®cp = 0 (as in SM) and ®cp = 5. We see, that even after taking
into account the beam spectra, detector effects, selection cuts and background influence, the differences
between shapes of the angular distributions for the scalar and pseudoscalar couplings are still significant.
Therefore we should be able to constrain Higgs-boson couplings from the shape of the distributions, even
if the overall normalisation related to the Higgs-boson production mechanism is not known.

Each of the considered angular distributions discussed above can be fitted with the model expec-
tations, given in terms of the parameters A and ® - p describing Higgs-boson couplings to gauge bosons,
the parameters I',, and ¢, describing the production mechanism, and an overall normalisation. We
calculate the expected statistical errors on the parameters A and ® o p, from the combined fit to angular
distributions measured for the ZZ and W W ~ decays, and to the invariant mass distributions. Results
are shown in Fig. 2.35. The two photon width of the Higgs boson I, the phase ¢.. and normalisations
of both samples are allowed to vary in the fit, so the results are independent on the production mecha-
nism. One observes that for Higgs-boson masses below 250 GeV, better constrains are obtained from
the measurement of W TV~ events, whereas for masses above 300 GeV smaller errors are obtained
from the ZZ events. The error on ® - p expected from the combined fit is below 50 mrad in the whole
considered mass range. The corresponding error on A is about 0.05.

2.14.3 SM-like Two Higgs Doublet Model

Here we consider the CP violation in the Standard-Model scenario of the 2HDM. This is a generalization
of a CP conserving scenario By, introduced in [15,63,144]. In the following we consider the CP-violating
solution By, with a weak CP violation through a small mixing between H and A states.

In this scenario the Yukawa couplings of h (h ~ h) are equal (up to a sign) to the corresponding
SM Higgs-boson couplings. Then, it follows from Egs. (2.43) and (2.54)—(2.56) that the coupling of A
to gauge bosons as well as the corresponding Yukawa and gauge boson couplings of H and A bosons
are uniquely determined by tan /3, as shown in Table 2.10 (for relative couplings). Note that the tensor
structure of all couplings is the same as in the Standard Model.
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Fig. 2.35: Statistical error in the determination of ®cp (left plot) and A (right plot), expected after one year of
Photon Linear Collider running, as a function of the Higgs-boson mass M g. Combined fits were performed to the
considered angular distributions and invariant mass distributions for ZZ events and W W ™ events. Results were
obtained assuming small deviations from Standard Model predictions, i.e. A =~ 1 and ®cp ~ 0. The two photon
width of the Higgs boson I'.,,, the phase ¢~ and normalisations of both samples are allowed to vary in the fit.

The couplings of the lightest mass-eigenstate /1 (with mass 120 GeV) are expected to correspond
to the couplings of the SM-like i boson, whereas couplings of ho and hj states can be described as the
superposition of H and A couplings. For the relative basic couplings we have:

o~ Xk

he H A .

Xx ~ Xx-cos®Pmga + xx-sin®pyy, (2.193)
Xf}? XI)L‘('COS@HA - X?-Sin@HA,

where X denotes a fermion or a vector boson, X = u, d, V and ®p4 is the H — A mixing angle
characterizing a weak CP violation.

We study the feasibility of ® ;4 determination from the combined measurement of the invariant-
mass distributions'® in the ZZ and W W~ decay-channels for the Higgs-boson mass-eigenstate .
From such measurement the ~ partial width, I', x BR(h — WTW~/ZZ), and the phase of the yyh
amplitude, ¢.~, can be extracted. Results obtained for iy with mass M}, = 300 GeV are presented in
Fig. 2.36, for Mp, = 120 GeV and My+ = 800 GeV. Error contours (1) on the measured deviation
from the Standard Model predictions are shown for ® ;4 = 0, i.e. when CP is conserved, and for the
CP violation with ® ;4 = £0.3 rad. Even a small CP-violation can significantly influence the measured

181t should be stressed that in the considered case of CP violation via H — A mixing, contrary to the generic model studied
in Section 2.14.2, only the invariant mass distributions are sensitive to the mixing angle ® 4.

Table 2.10: Couplings of the neutral Higgs-bosons to up- and down-type fermions, and to vector bosons, relative
to the Standard Model couplings, for the considered solution By, of the SM-like 2HDM (II).

h H A

-1 __1 e L
Xu tan 3 5 tan 8
Xd +1 —tanf3 | —i s tan g
xv | cos(28) | —sin(20) 0
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Fig. 2.36: The deviation from the SM predictions for the SM-like 2HDM 1I (sol. Bj,) with CP-violation, for the
heavy Higgs-boson ho with mass 300 GeV. A light Higgs-boson has mass M}, = 120 GeV. Three values of H — A
mixing angle ® g4 = —0.3,0, 0.3 are considered.

two-photon width and two-photon phase allowing to determine precisely both the CP-violating mixing
angle @ 4 and the parameter tan .

As a large sample of events is expected at PLC, especially in the vy — W T~ channel, system-
atic uncertainties have to be taken into account, as they can significantly influence the final precision. In
case of scenario By, with CP violation, a possible correlations between ® 74 and tan 3 has to be con-
sidered if both parameters are to be constrained from the fit to the data. In this analysis the systematic
uncertainties from following sources were considered: the total integrated v+ luminosity, shape of the
luminosity spectra, energy and mass scale of the detector, reconstructed mass resolution, and in addition
the Higgs-boson mass and width from other measurements. In order to take these uncertainties into ac-
count we include additional parameters in the fit. Variations of these parameters allow us to account for
possible deviations of the invariant-mass distributions, from the nominal model expectation due to the
systematic uncertainties.

The total error in the determination of the H — A mixing angle ® j; 4, as a function of tan (3 value,
is presented in Fig. 2.37, for four values of heavy Higgs-boson mass Mj},,, between 200 and 350 GeV.
The simultaneous fit of tan 3 and ® 5 4 to the observed W W ™~ and ZZ mass spectra is considered
assuming light Higgs-boson mass of 120 GeV, charged Higgs-boson mass of 800 GeV, and no H — A
mixing (® 4 = 0). The error on @ 7 4 is below ~100 mrad for tan # < 1 and increases rapidly for high
tan (3 values.

2.14.4 Two Higgs Doublet Model

In the CP violating 2HDM (II), couplings of the neutral Higgs-bosons to up- and down-type quarks (and
leptons), and to vector bosons can be expressed in terms of two mixing angles, o and 3, as discussed
in Section 2.1.4. In the following we will consider production and decays of the heavy Higgs-boson H.
Instead of parameters of the model, angles « and (3, we will use its basic relative couplings X{f and XUH , to
parametrize cross sections and branching ratios. Moreover, couplings of the other neutral Higgs-bosons
h and A are also uniquely defined by X{f and XuH . As in Section 2.14.3 we consider a scenario with a
weak CP violation, where the couplings of the lightest mass-eigenstate h correspond to the couplings of
h boson, whereas relative couplings of mass-eigenstates ho and hg can be described as the superposition
of H and A couplings (see Eq. 2.193). We study the feasibility of constraining the value of the mixing
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Fig. 2.37: The total error in the determination of the H — A mixing angle ® 7 4, as a function of tan 3 value, for
four values of heavy Higgs-boson mass Mj,. The simultaneous fit of tan 3 and ® 4 to the observed W+ W=
and Z Z mass spectra is considered for the SM-like 2HDM II (sol. B},), with light Higgs-boson mass of 120 GeV,
charged Higgs-boson mass of 800 GeV, and no H — A mixing (P4 = 0), Eq. 2.193. Systematic uncertainties
related to the luminosity spectra, Higgs boson mass and total width, energy scale and mass resolution are taken
into account.

angle @74 from the measurements of the heavy Higgs-boson H (i.e. Higgs-boson mass-eigenstate ho
for ® 4 = 0) production.

The Photon Linear Collider by itself can not uniquely determine the Higgs-boson couplings in
case of 2HDM (II) with CP-violation. Therefore, we consider determination of the heavy scalar Higgs-
boson properties from the combined analysis of LHC, ILC and Photon Linear Collider data. Fig. 2.38
shows the expected Higgs-boson production rates times the W W ™~ /Z Z branching ratios, at the LHC,
ILC and PLC, as a function of yy and y,. Cross section measurements at these machines are comple-
mentary, as they are sensitive to different combinations of the Higgs boson couplings. LHC, ILC and
PLC measurements are also complementary in providing an evidence for a weak CP violation, as shown
in Fig. 2.39.

An expected ho production rates for ho — WTW ™ /ZZ at LHC, ILC and PLC, are shown as
a function of y, (LHC) or xy (ILC and PLC) and the CP-violating H — A mixing angle ® 4. For
P4 ~ 0 LHC and ILC measurements weakly depend on the mixing angle ® g7 4, as the cross section is
dominated by one of the basic couplings, and there is no direct dependence on the coupling phase. At the
Photon Linear Collider both couplings as well as their relative phase are important and the cross section
is sensitive to the H — A mixing angle (and its sign) even for small ® 7 4.

In the simulation of LHC and ILC measurements we use approach similar to the method used for
PLC, described in Section 2.14.1. We use results of [316] for the expected invariant mass distribution of
the Higgs-boson signal (pp — H — ZZ — 4l) and Standard Model background events at LHC, scaled
to integrated luminosity of 300 fb~!. For the Higgs-boson production via Higgs-strahlung and W W -
fusion at ILC, for /s = 500 GeV and the integrated luminosity of 500 fb~!, we use results of [317].
In both cases the signal distributions are obtained from a simple convolution of the Breit-Wigner mass
distribution for the Higgs-boson with a detector resolution function. With such an assumption we can
scale the SM signal expectations presented in [316,317] to any scenario of the 2HDM (II).

For each simulated set of the LHC, ILC and PLC data, the Higgs-boson couplings and CP-violating
H-A mixing angle were used as the free parameters in the simultaneous fit of the expected distributions
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Fig. 2.38: Expected Higgs-boson H production rates times W W ™ /Z Z branching ratios, relative to SM predic-
tions, as a function of basic relative couplings to vector bosons () and up fermions (x,,). Higgs-boson production
at LHC, ILC and PLC is studied for Mg = 250 GeV. For ILC the plotted ratio is multiplied by factor 10.
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Fig. 2.39: Expected Higgs-boson hy production rates times W+ W = /Z Z branching ratios, relative to SM predic-
tions, as a function of basic relative coupling to vector bosons () or up fermions (x,,), and the H — A mixing
angle & 4. Higgs-boson production at LHC, ILC and PLC is studied for M}, = 250 GeV. For ILC the plotted
ratio is multiplied by factor 10.

to all observed W+ W ~ and ZZ mass spectra. To take into account systematic uncertainties additional
parameters are added to the fit, as in Section 2.14.3. For LHC we assume 10% systematic uncertainty
in the normalization of the background and 20% total systematic uncertainty in the expected signal
rate [318]. For ILC the uncertainties in both signal and background normalization are assumed to be 5%.
For PLC we take into account 5% uncertainty in the signal and 10% uncertainty in the background nor-
malization, as well as 10% uncertainty in the parameters describing the shape of the luminosity spectra.
The Higgs-boson mass is also used as a free parameter in the combined fit, since there will be no other
measurements to constrain its value.

In Fig. 2.40 the expected total error on the H — A mixing angle ® f; 4, calculated assuming weak
CP violation (® 74 ~ 0), is shown as a function of the couplings xy and x,, for different heavy Higgs
boson masses from 200 to 350 GeV. An average error on P 7 4 is about 150 mrad, although in most of the
considered parameter space it can be measured with accuracy better than 100 mrad. The corresponding
errors on the couplings xy and x,, averaged over the same parameter range are equal to 0.03 and 0.13,
respectively. No significant variations with the Higgs boson mass are observed.

The final step in verifying the coupling structure of the model is the comparison of the direct
heavy neutral Higgs boson measurements with constraints on the model parameters resulting from other
measurements in the Higgs sector. Assuming no CP violation, constraints on the couplings X‘If and
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Fig. 2.40: Expected total errors on the H — A mixing angle ® 7 4, from combined fit to the invariant mass distri-
butions measured at LHC, ILC and PLC, for ® ;4 = 0 and different heavy Higgs boson hy masses, as indicated
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Fig. 2.41: A complementarity of LHC, ILC and PLC measurements in the determination of the 2HDM (II) param-
eters. Bands show values of the basic heavy Higgs-boson couplings to vector bosons (X‘F,I ) and up-type fermions
(x) consistent (on 1o statistical error level) with heavy Higgs-boson (left plot) and light Higgs-boson (right plot)
measurements at LHC, ILC and PLC, assuming CP conservation. Model with X‘F,I = 0.6, xf = —1 (star) and H
mass of 300 GeV is considered, while the mass of A is set to 120 GeV.

xH, used to parametrize the model obtained from heavy Higgs-boson (with mass of 250 GeV) and light
Higgs-boson (with mass of 120 GeV) measurements at LHC, ILC and PLC, are compared in Fig. 2.41.
Measurements of the light Higgs-boson production result in constraints on the H couplings, comparable
with the precision of the direct measurements (indicated by the ellipse).
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2.14.5 Summary

An opportunity of measuring Higgs-boson CP properties at the Photon Linear Collider has been studied
in detail for Higgs boson masses between 200 and 350 GeV, using realistic luminosity spectra and detec-
tor simulation. We considered three different models with CP violation. For a generic model with the CP
violating Higgs tensor couplings to gauge bosons, the angle describing CP violation can be determined
with accuracy of about 50 mrad in a model independent way. In the so called solution By, of the Standard
Model-like 2HDM (II), the H — A mixing angle describing the weak CP violation can be determined
to about 100 mrad, for low tan 3. For the Two Higgs Doublet Model, only the combined analysis of
LHC, ILC and PLC measurements allows for the determination of the CP-violating mixing angle ® f7 4.
In most of the considered parameter space, ¢ ;4 can be measured to better than 100 mrad. Our results
demonstrate that the Photon Linear Collider will be an unique place for a precise determination of the
CP properties of the neutral Higgs boson.
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