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Importance of Studies of CP Properties of Higgs Boson

® Just the discovery of the Higgs boson is not sufficient to validate the minimal SM.
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® Just the discovery of the Higgs boson is not sufficient to validate the minimal SM.

]PC

® In SM, the only fundamental neutral scalar is a = 0 state arising from an

SU(2); doublet with Y = +1.
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Importance of Studies of CP Properties of Higgs Boson

Just the discovery of the Higgs boson is not sufficient to validate the minimal SM.

L I

In SM, the only fundamental neutral scalar is a J'C = 0 state arising from an
SU(2); doublet with Y = +1.

® Various extensions of the SM can have several Higgs bosons with different CP
properties : e.g. MSSM has two CP-even and one CP-odd states.
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In SM, the only fundamental neutral scalar is a
SU(2); doublet with Y = +1.

= 0 state arising from an

B Various extensions of the SM can have several Higgs bosons with different CP
properties : e.g. MSSM has two CP-even and one CP-odd states.

® Therefore, should a neutral spin-0 particle be detected, a study of its CP-properties
would be essential to establish it as the SM Higgs boson.
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SU(2); doublet with Y = +1.

= 0 state arising from an

B Various extensions of the SM can have several Higgs bosons with different CP
properties : e.g. MSSM has two CP-even and one CP-odd states.

® Therefore, should a neutral spin-0 particle be detected, a study of its CP-properties
would be essential to establish it as the SM Higgs boson.

® To study the New Physics effects beyond SM, we need to establish the CP
eigenvalues for the Higgs states if CP is conserved, and measure the mixing between
CP-even and CP-odd states if it is not.
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Importance of Studies of CP Properties of Higgs Boson

Just the discovery of the Higgs boson is not sufficient to validate the minimal SM.
]PC
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In SM, the only fundamental neutral scalar is a
SU(2); doublet with Y = +1.

= 0 state arising from an

B Various extensions of the SM can have several Higgs bosons with different CP
properties : e.g. MSSM has two CP-even and one CP-odd states.

® Therefore, should a neutral spin-0 particle be detected, a study of its CP-properties
would be essential to establish it as the SM Higgs boson.

® To study the New Physics effects beyond SM, we need to establish the CP
eigenvalues for the Higgs states if CP is conserved, and measure the mixing between
CP-even and CP-odd states if it is not.

® CP violation in the Higgs sector can be an alternative source of CP violation beyond
the SM, required to explain the observed baryon asymmetry in our universe.

[See e.g. Accomando et al., CERN 2006-009 (2006)]
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Importance of Top-quark in Studies of Higgs Boson Properties

® Top-quark is the heaviest fundamental particle detected so far (m; = 172 GeV); hence
the strongest tf¢p Yukawa coupling.
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Importance of Top-quark in Studies of Higgs Boson Properties

® Top-quark is the heaviest fundamental particle detected so far (m; = 172 GeV); hence
the strongest tf¢p Yukawa coupling.

®  Due toits large decay width (I; ~ 1.5 GeV), it decays much before hadronization;
hence its spin information is translated to the decay distribution before being
contaminated by hadronisation effects.
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® Top-quark is the heaviest fundamental particle detected so far (m; = 172 GeV); hence
the strongest tf¢p Yukawa coupling.

® Due toits large decay width (I} ~ 1.5 GeV), it decays much before hadronization;
hence its spin information is translated to the decay distribution before being
contaminated by hadronisation effects.

® The decay lepton angular distribution is independent of any non-standard effects in
the top decay vertex. Thus this distribution is a pure probe of new physics associated
with the t-production [e.g. Godbole, Rindani, and Singh, JHEP 12, 021 (2006)].
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® Top-quark is the heaviest fundamental particle detected so far (m; = 172 GeV); hence
the strongest tf¢p Yukawa coupling.

® Due toits large decay width (I} ~ 1.5 GeV), it decays much before hadronization;
hence its spin information is translated to the decay distribution before being
contaminated by hadronisation effects.

® The decay lepton angular distribution is independent of any non-standard effects in
the top decay vertex. Thus this distribution is a pure probe of new physics associated
with the t-production [e.g. Godbole, Rindani, and Singh, JHEP 12, 021 (2006)].

® Its mass being very close to the electroweak symmetry-breaking (EWSB) scale
(v ~ 246 GeV), the top-quark may provide a probe to understand the dynamics of
EWSB.
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® Top-quark is the heaviest fundamental particle detected so far (m; = 172 GeV); hence
the strongest tf¢p Yukawa coupling.

® Due toits large decay width (I} ~ 1.5 GeV), it decays much before hadronization;
hence its spin information is translated to the decay distribution before being
contaminated by hadronisation effects.

® The decay lepton angular distribution is independent of any non-standard effects in
the top decay vertex. Thus this distribution is a pure probe of new physics associated
with the t-production [e.g. Godbole, Rindani, and Singh, JHEP 12, 021 (2006)].

® Its mass being very close to the electroweak symmetry-breaking (EWSB) scale
(v ~ 246 GeV), the top-quark may provide a probe to understand the dynamics of
EWSB.

® The CKM mechanism of CP violation predicts negligibly small effect for processes
involving the top quark in the SM; hence the top quark may serve as a powerful
probe to CP violation due to NP [Atwood et al., Phys. Rep. 347, 1 (2001)].
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Importance of Top-quark in Studies of Higgs Boson Properties

® Top-quark is the heaviest fundamental particle detected so far (m; = 172 GeV); hence
the strongest tf¢p Yukawa coupling.

® Due toits large decay width (I} ~ 1.5 GeV), it decays much before hadronization;
hence its spin information is translated to the decay distribution before being
contaminated by hadronisation effects.

® The decay lepton angular distribution is independent of any non-standard effects in
the top decay vertex. Thus this distribution is a pure probe of new physics associated
with the t-production [e.g. Godbole, Rindani, and Singh, JHEP 12, 021 (2006)].

® Its mass being very close to the electroweak symmetry-breaking (EWSB) scale
(v ~ 246 GeV), the top-quark may provide a probe to understand the dynamics of
EWSB.

® The CKM mechanism of CP violation predicts negligibly small effect for processes
involving the top quark in the SM; hence the top quark may serve as a powerful
probe to CP violation due to NP [Atwood et al., Phys. Rep. 347, 1 (2001)].

® tf couples ‘democratically” to both the CP-even and CP-odd state as opposed to a
VV(V =W/Z) pair.
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Anomalous tf¢ Couplings

® The most general Lorentz invariant form of the tf¢ coupling is

mi

Sy = —182 (a+ibys),

me

where a, b are the Yukawa coupling strengths relative to that of a SM Higgs boson.
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Anomalous tf¢ Couplings

® The most general Lorentz invariant form of the tf¢ coupling is

mi

Sy = —182 (a+ibys),

ZmW

where a, b are the Yukawa coupling strengths relative to that of a SM Higgs boson.
®  We take the ZZ¢ Coupling to be similar to the SM case:

. meZ
= —1C
(877¢ ) uv cos By S

we will see that the effect of this term will be negligible here. Can be probed using
ete” — Z¢ (eg. Phys. Rev. D 06, Biswal et al)
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® The most general Lorentz invariant form of the tf¢ coupling is

mi

Sy = —182 (a+ibys),

ZmW

where a, b are the Yukawa coupling strengths relative to that of a SM Higgs boson.
® We take the ZZ¢ Coupling to be similar to the SM case:

. meZ
= —1C
(877¢ ) uv cos By S

we will see that the effect of this term will be negligible here. Can be probed using
ete” — Z¢ (eg. Phys. Rev. D 06, Biswal et al)

® IntheSM,a=1=candb = 0. So a model-independent way of parametrization can
be |a|? + |b|> = 1. We have taken ¢ = 4, bue we could have equally well taken ¢ = 1..
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where a, b are the Yukawa coupling strengths relative to that of a SM Higgs boson.
® We take the ZZ¢ Coupling to be similar to the SM case:

. meZ
= —1C
(877¢ ) uv cos By S

we will see that the effect of this term will be negligible here. Can be probed using
ete” — Z¢ (eg. Phys. Rev. D 06, Biswal et al)

® IntheSM,a=1=candb = 0. So a model-independent way of parametrization can
be |a|? + |b|> = 1. We have taken ¢ = 4, bue we could have equally well taken ¢ = 1..

® Moreover, we treat a, b, c to be all real.
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® The most general Lorentz invariant form of the tf¢ coupling is

mi

Sy = —182 (a+ibys),
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where a, b are the Yukawa coupling strengths relative to that of a SM Higgs boson.
® We take the ZZ¢ Coupling to be similar to the SM case:

. meZ
= —1C
(877¢ ) uv cos By S

we will see that the effect of this term will be negligible here. Can be probed using
ete” — Z¢ (eg. Phys. Rev. D 06, Biswal et al)

® IntheSM,a=1=candb = 0. So a model-independent way of parametrization can
be |a|? + |b|> = 1. We have taken ¢ = 4, bue we could have equally well taken ¢ = 1..

Moreover, we treat a, b, c to be all real.

| I

Hence only one CP-violating term ab and only independent parameter b.
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Anomalous tf¢ Couplings

® The most general Lorentz invariant form of the tf¢ coupling is

mi

Sy = —182 (a+ibys),

ZmW

where a, b are the Yukawa coupling strengths relative to that of a SM Higgs boson.
® We take the ZZ¢ Coupling to be similar to the SM case:

. meZ
= —1C
(877¢ ) uv cos By S

we will see that the effect of this term will be negligible here. Can be probed using
ete” — Z¢ (eg. Phys. Rev. D 06, Biswal et al)

® IntheSM,a=1=candb = 0. So a model-independent way of parametrization can
be |a|? + |b|> = 1. We have taken ¢ = 4, bue we could have equally well taken ¢ = 1..

Moreover, we treat a, b, c to be all real.

Hence only one CP-violating term ab and only independent parameter b.

L 0 I

In principle, in a specifc model we may have predictions for a, b, c: e.g. THDM and
CP-violating MSSM.
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The Process e ¢ R tf(]b : Feynman diagrams

() (6)
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Matrix Elements

B At this stage, use only the general tf¢ vertex. The last diagram containing an
effective four-point vertex is excluded from this analysis.
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Matrix Elements

B At this stage, use only the general tf¢ vertex. The last diagram containing an
effective four-point vertex is excluded from this analysis.

® The ffy/Z couplings G, (withn =1,...5) can be written as

Gé, = V"[le, PL +1e,PR] , G = y*[lt, PL + 11, PR]
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Matrix Elements

B At this stage, use only the general tf¢ vertex. The last diagram containing an
effective four-point vertex is excluded from this analysis.

® The ffy/Z couplings G, (withn =1,...5) can be written as
Gé, = V"[le, PL +1e,PR] , G = y*[lt, PL + 11, PR]

® The matrix elements for the process e (p1)e™ (p2) — t(p3)t(ps)P(ps) are

Mu = Cal)gw(), (m=1,..,4)

H a3 k;3k4/ 8%

Ms = CS(]e5)8u068 8pv — 2 (]t5)
Z

with the fermion-current structures

Je, = 0(p2)Geu(pr) (n=1,..5),
Jhw = Bpa)(atibys)(y +m)Gy  v(pa),
It = W(p3)Gi,, (dy+mi)(a+ibys)o(ps)
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Helicity Amplitudes

® The energy scale involved is O(2m;) and higher; so the electron can be treated as
massless.
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Helicity Amplitudes

® The energy scale involved is O(2m;) and higher; so the electron can be treated as
massless.

B Out of the total 16 helicity combinations for the process

e (p1,M)et (p2, A2) — t(p3, A3)E(py, Ad)d(ps)  with 2, = +£1 = k;,

only 8 will contribute to the Feynman amplitudes as the electron-current J., vanishes
unless e~ and e have opposite helicity, or equivalently, unless their spinors have the
same helicity.
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Helicity Amplitudes

® The energy scale involved is O(2m;) and higher; so the electron can be treated as
massless.

B Out of the total 16 helicity combinations for the process

e (p1,M)et (p2, A2) — t(p3, A3)E(py, Ad)d(ps)  with 2, = +£1 = k;,

only 8 will contribute to the Feynman amplitudes as the electron-current J., vanishes
unless e~ and e have opposite helicity, or equivalently, unless their spinors have the
same helicity.

® The helicity amplitudes have been calculated in two completely independent ways,
Viz.
® Helicity method in which the amplitudes are calculated using the explicit forms
for spinors, and

$ Bouchiat-Michel method in which the squared amplitudes | M |? are calculated
using the trace technique.
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Total Production Cross Section

B 1 27rd R y ; +1 J 9 (s—m¢)? 1K bs L2
Otot - 297_[4/0 (PZ_L /_1 (COS 3)/_1 (COS 4) /<mH+mt>2 ( )(?)’ fl| ’
where b, = M \pﬁﬂ is the phase-space volume

We first verify some of the SM results already existing in literature [Gaemers and Gounaris,
Phys. Lett. 77B, 379 (1978); Djouadi, Kalinowski and Zerwas, Z. Phys. C 54, 255 (1992)]:

3 L L L
25
2 -
= 15|
o]
1 -
05 | m,=115 GeV ]
O L L L | L L L | L L L | L L L
400 800 1200 1600 2000

Ecm [GeV]

Justifies choice of the ZZ¢ coupling.
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Total Production Cross Section

o [fb]

o [fb]
tn

my,=115 GeV

400

800 1200 1600

E.m [GeV]

m,,=80 GeV

my=180 GeV - --

my=120 GeV ----
my=150 GeV -----
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Total Production Cross Section

o [fb]

3
25
2 -
= 15}
b
1 -
05 my=115 GeV -
0 L L 1 L L L 1 L L L 1 L L
400 800 1200 1600 2000
E.m [GeV]
T é T 5 T T T T T T T 1
m,=80 GeV Ecr=800 GeV o
my=120 GeV --—----- E.m=1000 GeV --------
4 E.n=1500 GeV ------ -
my=180 GeV B 7
my, (SM)
3+ _
)
b
2 L _
1+ _
O I I I I I I o I ...........
80 120 160 200 240 280
my [GeV]
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Contributions of various Helicity States to oot

o(hy, hyp, h3, hy)

o [fb]

(s—my)>

1 27 ) +1 +1
297T4/0 dqb4/_1 d(C0593)/_1

X ’Wfl (hlr hZ/ h3/ h4) |2

S

2

S

d(cos@ﬁl)/

(mpp+my)?

d(K?) (

4 I I ' | '
[1-111,1-1-1-1] ———
35 [1-11-1] -
[1-1-11] --------
3k [(1111,-11-1-1] _
[-111-1] - -
o5 | [-11-11] -
2 F -
15 ]
1 F -
05
0
400 800 1200 1600 2000
Ecm [GeV]

® The contributions from various states differ in magnitude because of the fact that the

Z boson couples to left- and right-handed fermions with different strengths

(le:_

14 2sin’ 0Oy, 1, =2sin’Oy; I =1 — % sin? Oy, 1 = — = sin” Oy).
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Probe of the Pseudo-scalar t{¢p Coupling

® Recall the generalized tf¢ and ZZ¢ couplings:

nit
me

Sy = —182 (a+ibys),

with our choice of parametrization |a|? + |b|?> = 1; a, b both being real.
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Probe of the Pseudo-scalar t{¢p Coupling

® Recall the generalized tf¢ and ZZ¢ couplings:

nit
ZmW

Sy = —182 (a+ibys),

with our choice of parametrization |a|? + |b|?> = 1; a, b both being real.

® Hence only independent parameter b with a = /1 — b2.
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Probe of the Pseudo-scalar t{¢p Coupling

® Recall the generalized tf¢ and ZZ¢ couplings:

my

Sy = —182 (a+ibys),

me

with our choice of parametrization |a|? + |b|?> = 1; a, b both being real.

Hence only independent parameter b with a = v/1 — b2.

L I

We have studied the sensitivity of b to simple observables such as cross section and
polarization asymmetry.
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Probe of the Pseudo-scalar t{¢p Coupling

® Recall the generalized tf¢ and ZZ¢ couplings:

= Iy
Stip = 822mw

(a+ibys),

with our choice of parametrization |a|? + |b|?> = 1; a, b both being real.

Hence only independent parameter b with a = v/1 — b2.

L I

We have studied the sensitivity of b to simple observables such as cross section and
polarization asymmetry.

® The Polarization Asymmetry for top-quark is given by

o(tL) —o(tr)
o(tL) + o(tr)
of (tL) — o7 (tr)
of (tL) + of (tr)

with oyt (unpolarized) = 1 lorL + OLR],

1+P- 1—P 1-P- 1+4+P
and of (polarized) = +2 ¢ 5 " orp + > ‘ +2 AN

by (with unpolarized initial beams),

Py (with polarized initial beams),

(orr(Lr) corresponds to the completely polarized eR( L)e;f( R) beams)
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Variation with E., forb =0and b =1

Ot [fD]

| Wilth lI):OI ;
With b=+1 --------

400 800

1600 2000

0.12

0.1

0.08

0.06

0.04

0.02

"With be0 — —
With b=£1 ---eeeo-

"

400

800 1200 1600 2000
Ecm [GeV]

® The cases b = 0 and b = 1 are clearly distinguishable from each other in both the

measurements.
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Variation with E., forb =0and b =1

3 T — T 1 T 0.12 — T T 1 — T T
With b=0 —— With b=0 ——
With b=£1 ------- With b=+1 --------
25 F 0.1F =
2 0.08 - -
)
5 15 o 0.06 - -
bH
1F 0.04 -
05 F | e 002 k| -
0 4’ L | L L L | L L L | L L L 0 [ L L L L L L L L | L L L
400 800 1200 1600 2000 400 800 1200 1600 2000
Ecm [GeV] Ecm [GeV]

® Thecases b = 0and b = 1 are clearly distinguishable from each other in both the
measurements.

®» However, in practice, the cross section values receive higher order radiative
corrections from various sectors while the polarization asymmetry may be
insensitive to these corrections, these being universal and would be indep. of
polarisation of the ¢.
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Variation with E., forb =0and b =1

3 T — T 1 T 0.12 — 1 — T T
With b=0 —— With b=0 ——
With b=£1 ------- With b=+1 --------
25 F 0.1F =
2 0.08 - -
)
5 15 o 0.06 - -
bH
1F 0.04 -
05 F | e 002 || -
0 4’ L | L L L | L L | L L L 0 [ L L L L L L L L | L L L
400 800 1200 1600 2000 400 800 1200 1600 2000
Ecm [GeV] Ecm [GeV]

® Thecases b = 0and b = 1 are clearly distinguishable from each other in both the
measurements.

®» However, in practice, the cross section values receive higher order radiative
corrections from various sectors while the polarization asymmetry may be
insensitive to these corrections, these being universal and would be indep. of
polarisation of the ¢.

® Hence, the polarization asymmetry can be a very useful observable to probe b.
(Recall that the top polarization can be measured accurately as it decays before
hadronization can take place.)
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Variation with E.,, forb = 0and b = 1 (contd.)

0.45 T ' T T 0.14 I , I
0.4 0.12
0.35
0.1
0.3
o 025 o 0.08
o o
- 0.2 ~ 0.06
0.15
0.04
01 k{1 e PeEdy Pl :
............. Pe'=+11 Pee+:_1 Trenrent 0.02 Pe—:+1, Pe+=-1 feeneaans
0.05 P.=-5.8, Py+=+0.6 - : =-0.8, P+=+0.6 - -or -
unpolarized - unpolarized -
O B 1 L | 0 : | L L |
400 800 1200 1600 2000 400 800 1200 1600
E.m [GeV] Ecm [GeV]

® Note a total gain due to polarisation of e~ and e™.
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Variation with E.,, forb = 0and b = 1 (contd.)

0.45 - ! - . T 0.14 T . .
04 0.12
0.35 |
0.1
03 |
— 0251 — 0.08
o o
- 02r ~ 0.06
0.15 |
0.04
0L F ] e Py Eedy Pt e :
.............. Pe=tl, Por=-1 oooeoos 0.02 Po=rl, Ppr=r oo
005 F| P.=-5.8, Py+=+0.6 - : =-0.8, P+=+0.6 - -or -
unpolarized - 3 unpolarized -
0= ' | 0L ' —
400 800 1200 1600 2000 400 800 1200 1600 2000
Ecm [GeV] Ecm [GeV]
® Note a total gain due to polarisation of e~ and e™.
® Asexpected, the polarization asymmetry gets enhanced due to initial beam

polarization (again because of different coupling strengths of the Z boson to left- and
right-handed fermions).
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Variation with E.,, forb = 0and b = 1 (contd.)

045 T T T I 014 I I |
04 0.12
0.35
0.1
0.3
— 025 — 008
o o
- 02 ~ 0.06
0.15
0.04
01 """""""""""""""""""""""""" e @ TEmmmTTITEEER el e
----------- Po=t+l, Pyr=-1 «oeeuoe. Po=+1, Pyr=-1 -ooie
0.05 ' P.=-0.8, P =+0.6 - 0.02 i . =0.8, P +=40.6 -
unpolarized -« 3 unpolarized -
0 : ] 1 ] 0 : ] 1 1 ]
400 800 1200 1600 2000 400 800 1200 1600
Ecm [GeV] Ecm [GeV]
® Note a total gain due to polarisation of e~ and e™.
® Asexpected, the polarization asymmetry gets enhanced due to initial beam
polarization (again because of different coupling strengths of the Z boson to left- and
right-handed fermions).
®  We choose the realistic values P,- = —0.8 and P,+ = +0.6 for our sensitivity analysis.
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Variation of 0 and P; with b
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® Quadratic variation of o (integrated over the whole phase space) with b:

Xly — ylrb2
Xt — ytbz

Otot = [Xt — ytbz]fb , andhence, P; =
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Variation of 0 and P; with b
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® Quadratic variation of o (integrated over the whole phase space) with b:

Xly — ylrb2
Xt — ytbz

Otot = [Xt — ytbz]fb , andhence, P; =

® Similar behavior for all helicity states, as expected (because o is a CP-even quantity,
so also P;)!
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Variation of 0 and P; with b
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® Quadratic variation of o (integrated over the whole phase space) with b:

2
Xir — ylrb

=[xt — y:b*}fb, andh P =
oot = [x¢ —y¢b”]fb, andhence, P Xt — b2

B Similar behavior for all helicity states, as expected (because o is a CP-even quantity,
so also P;)!

® So, P is not a good observable for a CP-mixed state though it can very well
distinguish between a pure CP-even state and a pure CP-odd state.
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Variation of 0 and P; with b
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® Quadratic variation of o (integrated over the whole phase space) with b:

2
Xir — ylrb

=[xt — y:b*}fb, andh P =
oot = [x¢ —y¢b”]fb, andhence, P Xt — b2

B Similar behavior for all helicity states, as expected (because o is a CP-even quantity,
so also P;)!

® So, P is not a good observable for a CP-mixed state though it can very well
distinguish between a pure CP-even state and a pure CP-odd state.

®  We have to construct CP-odd observables for which the ab term is non-zero, in order
to probe the CP-mixed state of the Higgs boson.
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Variation of 0 and P; with b
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Quadratic variation of o (integrated over the whole phase space) with b:

Xly — ylrb2
Xt — ytbz

Otot = [Xt — ytbz]fb , andhence, P; =

Similar behavior for all helicity states, as expected (because o is a CP-even quantity,
so also P;)!

So, P is not a good observable for a CP-mixed state though it can very well
distinguish between a pure CP-even state and a pure CP-odd state.

We have to construct CP-odd observables for which the ab term is non-zero, in order
to probe the CP-mixed state of the Higgs boson.

Up-down asymmetry of the t production w.r.t. the e~ - t plane is an example of such
a CP-odd observable.
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Up-Down Asymmetry

® The up-down asymmetry of the f production w.r.t. the e™ - ¢ plane (¢, = 0) is given
by
Upartial(o < (]521 < 7T) - O—partial(ﬂ < (]521 < 27T)

A = ,
b Upartial(o < qb:; < 7T) + O—partial(ﬂ < qb:; < 27T)

Ii' (ﬁixﬁizl) (13
|P| - |P3 x p4]

with sin¢g =

p1— P2)

Py is the f momentum in the f - Higgs rest-frame.
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Up-Down Asymmetry

® The up-down asymmetry of the f production w.r.t. the e™ - ¢ plane (¢, = 0) is given
by
Upartial(o < qb:; < 7T) - O—partial(ﬂ < (]521 < 27T)

A = ,
b Upartial(o < qb:; < 7T) + O—partial(ﬂ < qb:; < 27T)

Ii' (ﬁixﬁ,f) (13
|P| - |P3 x p4]

with sin¢g =

p1— P2)

Py is the f momentum in the f - Higgs rest-frame.

® Interms of 4 and b, this asymmetry has the structure

Ay = Xg ab _x¢ab

Xt — Yt b? Otot
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Up-Down Asymmetry

® The up-down asymmetry of the f production w.r.t. the e™ - ¢ plane (¢, = 0) is given

by

Ap =

with sin¢g =

Upartial(o < qb:; < 7T) - O—partial(ﬂ < (]521 < 27T)

Gpartial(o < Qbﬁl < 7T) + O—partial(ﬂ < Qbil < 27'() ’

li' (ﬁixﬁ,f) (13
|P| - |P3 x p4]

Py is the f momentum in the f - Higgs rest-frame.

® Interms of 4 and b, this asymmetry has the structure
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inear variation for small b .

p1— P2)
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Sensitivity

® Abis the sensitivity at b = by if for an observable O(b),

10(b) — O(by)| = AO(by) for |b— by| < Ab
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Sensitivity

® Abis the sensitivity at b = by if for an observable O(b),
|O(b) — O(bg)| = AO(bg) for |b—bg| < Ab

® Apply to the observables o and P, using the fact that at a luminosity L,

Aa:f\g, APt:\/%\/l—PI?

at a confidence level f (assuming no systematic error).

LCWS’07, DESY Hamburg CP Properties of the Higgs Boson — p.15/1



Sensitivity

® Abis the sensitivity at b = by if for an observable O(b),
|O(b) — O(bg)| = AO(bg) for |b—bg| < Ab

® Apply to the observables o and P, using the fact that at a luminosity L,

Aa:f\g, APt:\/%\/l—PI?

at a confidence level f (assuming no systematic error).

® For cross section and polarization asymmetry measurements respectively,

(Ab)g = —bo+\/b§+cs,

(Ab)p, = —bp+ APy (bo)x(xt — b%yt) + b%(xfylr — X1 Yt)
t (e (yir + AP (bo) yt) — ye(xg, + b§AP(bo) yt))
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Sensitivity

® Abis the sensitivity at b = by if for an observable O(b),
|O(b) — O(bg)| = AO(bg) for |b—bg| < Ab

® Apply to the observables o and P, using the fact that at a luminosity L,

Aa:f\g, APt:\/%\/l—PI?

at a confidence level f (assuming no systematic error).

® For cross section and polarization asymmetry measurements respectively,

(Ab)g = —bo+\/b§+cs,

(Ab)p, = —bp+ APy (bo)x(xt — b%yt) + b%(xfylr — X1 Yt)
t (e (yir + AP (bo) yt) — ye(xg, + b§AP(bo) yt))

B The sensitivity study for the up-down asymmetry is in progress!
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Sensitivity Plots

For cross section measurements
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Sensitivity Plots

For cross section measurements
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For polarization asymmetry measurements

035 T T T T T T T T T
With f=1 --- e ee
With f=2 --------
o2 With f=3 —— |
0.25 |
0.2
o
< -,
0.15 |-
0.1
0.05
0 -l
0O 01 02 03 04 05 06 07 08 09 1
b
unpolarized
o
<

0 | | | | | | | | |

0 01 02 03 04 05 06 07 08 09 1
b

unpolarized

o
<

0.9

0.8

07 |
06 [

0.5
0.4
0.3
0.2
0.1

0

©With =1 e
With f=2 «---e--- i
With f=3 ——

01 02 03 04 05 06 07 08 09 1
b

polarized

LCWS’07, DESY Hamburg

CP Properties of the Higgs Boson — p.16/1



Summary

® Initial beam polarization enhances the sensitivity of b for both cross section and
polarization asymmetry measurements:
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Summary

® Initial beam polarization enhances the sensitivity of b for both cross section and
polarization asymmetry measurements:
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® But neither of them is very sensitive to b except for b very close to 1.
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Summary

® Initial beam polarization enhances the sensitivity of b for both cross section and
polarization asymmetry measurements:
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® But neither of them is very sensitive to b except for b very close to 1.

® Nevertheless, the polarization asymmetry is still a good observable to distinguish a
purely CP-even state from a purely CP-odd one.
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Summary

® Initial beam polarization enhances the sensitivity of b for both cross section and
polarization asymmetry measurements:

0.35 T T T T T

1.1 T T T T T

T T T T
unpolarized -«
polarized

ulnpolallrizedI et
03k polarized

0.25

0.2

Ab

!
g

0.15

0.1

0.05

0 | | | | | | | | |

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
b b
For cross section For polarization asymmetry

But neither of them is very sensitive to b except for b very close to 1.

| I

Nevertheless, the polarization asymmetry is still a good observable to distinguish a
purely CP-even state from a purely CP-odd one.

® Thisis, anyway, useful in certain cases where other conventional ways can not
distinguish a pure CP-odd state from a CP-even state having the same mass.
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Future Prospects

® Construction of other CP-odd observables to probe the CP-mixed term ab.
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Future Prospects

® Construction of other CP-odd observables to probe the CP-mixed term ab.

9 Studying the general case in which a, b, c all are independent parameters
[Gunion, Grzadkowski, and He, Phys. Rev. Lett. 77, 5172 (1996)].
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Future Prospects

Construction of other CP-odd observables to probe the CP-mixed term ab.

L I

Studying the general case in which a, b, c all are independent parameters
[Gunion, Grzadkowski, and He, Phys. Rev. Lett. 77, 5172 (1996)].

® Studying the effect of the higher order anomalous couplings
[Han et al., Phys. Rev. D 61, 015006 (1999)].
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Future Prospects

Construction of other CP-odd observables to probe the CP-mixed term ab.

| J

Studying the general case in which a, b, c all are independent parameters
[Gunion, Grzadkowski, and He, Phys. Rev. Lett. 77, 5172 (1996)].

® Studying the effect of the higher order anomalous couplings
[Han et al., Phys. Rev. D 61, 015006 (1999)].

® Including the top decay part and calculating the angular distributions of the decay
lepton products which are known to be true probes of the non-standard effects in the
t-production.
[Godbole, Rindani, and Singh, JHEP 12, 021 (2006)]
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Thank you !
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