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Introduction

™ Availability of polarization at the ILC. (see G. Moortgat-Pick et al. hep-ph/050711)

™ Longitudinal polarization effects in 777~ production and ¢t production; CP violation due to
electric dipole moments(see BA, SDR and A. Stahl, Eur. Phys. J C 27 (2003) 33)

W /s =500 GeV,

Pr|(|PH|) = 80(60)%
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Introduction

™ Availability of polarization at the ILC. (see G. Moortgat-Pick et al. hep-ph/050711)

™ Longitudinal polarization effects in 777~ production and ¢t production; CP violation due to
electric dipole moments(see BA, SDR and A. Stahl, Eur. Phys. J C 27 (2003) 33)

W /s =500 GeV,

Pr|(|Px]) = 80(60)7%
™ ¢t production

™ Copious production in the s-channel via v*, Z*
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Introduction

™ Availability of polarization at the ILC. (see G. Moortgat-Pick et al. hep-ph/050711)

Longitudinal polarization effects in 777~ production and ¢t production; CP violation due to
electric dipole moments(see BA, SDR and A. Stahl, Eur. Phys. J C 27 (2003) 33)

/3 = 500 GeV,

Pr|(|PF|) = 80(60)7%
tt production

Copious production in the s-channel via v*, Z*

Light f f production considered earlier (see C.P. Burgess and J.A. Robinson Int. J. Mod. Phys.
A6 (1991), 2707)
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Introduction

Availability of polarization at the ILC. (see G. Moortgat-Pick et al. hep-ph/050711)

Longitudinal polarization effects in 777~ production and ¢t production; CP violation due to
electric dipole moments(see BA, SDR and A. Stahl, Eur. Phys. J C 27 (2003) 33)

/3 = 500 GeV,

Pr|(|Pg|) = 80(60)%
tt production
Copious production in the s-channel via v*, Z*

Light f f production considered earlier (see C.P. Burgess and J.A. Robinson Int. J. Mod. Phys.
A6 (1991), 2707)

Use the work of Dass and Ross as a guide (only v*), for the process ete™ — hX (see G. V.
Dass and G. G. Ross, Phys. Lett. BS7 (1975) 173; Nucl.Phys.B118 (1977) 284)
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Introduction Continued

™ Probing of CP violation due to S, P and T type BSM interactions using 4-fermi interactions
(see BA and SDR, Phys. Rev. D70 (2004) 036005)

™ Transverse and longitudinal polarization in Z~ production (SM part due to t- and u- channel)
(see BA, SDR, Ritesh K. Singh and A. Bartl, Phys. Lett. B593 (2004) 95, E-ibid. B608 (2005)
274); BA and SDR, Phys. Lett. B606 (2005) 107; JHEP 0510 (2005) 077.
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Introduction Continued

™ Probing of CP violation due to S, P and T type BSM interactions using 4-fermi interactions
(see BA and SDR, Phys. Rev. D70 (2004) 036005)

™ Transverse and longitudinal polarization in Z~ production (SM part due to t- and u- channel)
(see BA, SDR, Ritesh K. Singh and A. Bartl, Phys. Lett. B593 (2004) 95, E-ibid. B608 (2005)
274); BA and SDR, Phys. Lett. B606 (2005) 107; JHEP 0510 (2005) 077.

"™ Generalization of Dass and Ross to Z*, and provide discussion for t- and u- channel processes
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Introduction Continued

Probing of CP violation due to S, P and T" type BSM interactions using 4-fermi interactions
(see BA and SDR, Phys. Rev. D70 (2004) 036005)

Transverse and longitudinal polarization in Z-~y production (SM part due to t- and u- channel)
(see BA, SDR, Ritesh K. Singh and A. Bartl, Phys. Lett. B593 (2004) 95, E-ibid. B608 (2005)
274); BA and SDR, Phys. Lett. B606 (2005) 107; JHEP 0510 (2005) 077.

Generalization of Dass and Ross to Z*, and provide discussion for t- and u- channel processes

Discussion of results in popular models, e.g., higher dimensional models, non-commutative
models, MSSM (see BA and SDR, hep-ph/0601199)
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Introduction Continued

Probing of CP violation due to S, P and T" type BSM interactions using 4-fermi interactions
(see BA and SDR, Phys. Rev. D70 (2004) 036005)

Transverse and longitudinal polarization in Z-~y production (SM part due to t- and u- channel)
(see BA, SDR, Ritesh K. Singh and A. Bartl, Phys. Lett. B593 (2004) 95, E-ibid. B608 (2005)
274); BA and SDR, Phys. Lett. B606 (2005) 107; JHEP 0510 (2005) 077.

Generalization of Dass and Ross to Z*, and provide discussion for t- and u- channel processes

Discussion of results in popular models, e.g., higher dimensional models, non-commutative
models, MSSM (see BA and SDR, hep-ph/0601199)

Generalization to processes of the type eTe™ — h(S)X, h1ha X (work in progress)
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Or ¢t production

Lagrangian takes the form

L= 3 [Sij(épie)(fpjt)+mj(éwpie)(prjt)
1,J=L,R

O Ly _oM¥
+T;: (e—LZL Pie)(t— P;t) |,
1(E I Pie)(E = Pyt) |

Srr =S, SLr = SrL =0,V = V3,

Trr=T:;,TL,r =Trr =0




L for tt production

™ The Lagrangian takes the form

L= 3 [Sij(éPie)(ijt)—I—Vij(é’yﬂpie)(f’y“Pjt)
i,j=L,R

oy _oHv
+T;:(e—LZ Pie)(t— P;t) |,

*

Srr = SLr, SLr = SrL = 0,Vi; = V7,

Thr =T17;,TLrr=Trr =0

Pr, r are the left- and right-chirality projection.

" Taking e ~-TP to be 100% and along the positive or negative x axis, e T-TP to be 100%,
parallel or anti-parallel to e ™ polarization. z-axis along the direction of the e —, the
crosssection for e e~ — tt, (superscripts denoting the respective signs of the e~ and e™ TP)
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doT* da?ﬁ 3a3% mi\/s ,
= = (CV c ReS) sin 6 cos o,
df? dS? 4t s — m2Z

do+F dafgt]\q; n 382 my/s
dS2 dS2 At s —m%

(cﬁ/ cQ ImS) sin 6 sin ¢,

where

++
dO'SM

ds2

1s the SM contribution to the cross-section that we do not spell out here, and

2ct, c¢
_ A
S = SRR + == eVTRRa
CyCa

where c%,, ¢’y are the couplings of Z to e~ e™ and t¢.
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The differential cross section corresponding to anti-parallel e~ and e™ polarizations, has the CP-odd
quantity

(ﬁe_ _ﬁe+) X (ge_ — §e+) ’ (ﬁt _ﬁf)

Pe— — P+ |5e— — S+ |1Pt — Pl

sin 0 sin ¢ = :

while the interference term in the case with parallel e~ and e polarizations, has the CP-even quantity

(ﬁt _ﬁf) ’ (ge_ + §e+)
2|pt — Pyl

sin 0 cos ¢ =
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consider the one-particle inclusive process

e (p-)+e(py) — H(p) + X,



consider the one-particle inclusive process
e (p-) +et(py+) — H(p) + X,

process is assumed to occur through an s-channel exchange of v/Z in the SM, and
yugh a new current whose coupling to e e~ can be of the type V, A, or S, P,or T.



™ We consider the one-particle inclusive process

e (p—)+et(py) — H(p) + X,

" The process is assumed to occur through an s-channel exchange of v/Z in the SM, and
through a new current whose coupling to e e~ can be of the type V, A, or S, P, or T.

™ We calculate the relevant factor in

Tr[(1 — vShy + 7541 )P+
Yu (9% — g%7v5)(1 + ¥bh— + 54 _)p—_L;] H**.
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™ We consider the one-particle inclusive process

e (p—)+et(py) — H(p) + X,

" The process is assumed to occur through an s-channel exchange of v/Z in the SM, and
through a new current whose coupling to e e~ can be of the type V, A, or S, P, or T.

™ We calculate the relevant factor in

Tr[(1 — vShy + 7541 )P+
Yu (9% — g%7v5)(1 + ¥bh— + 54 _)p—_L;] H**.

W T; is the corresponding coupling to the new physics current, p+ are the four-momenta of e*,
h+ are the helicities and s+ are respectively their TPs.
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d Pseudoscalar case:

I'=9s +igps.-

[ for this case has only one index, viz., 1. Hence the most general form for H is

HS = F(¢*,p- Q)pu,

function of the Lorentz-invariant quantities g2 and p - q.



d Axial-Vector case:

Iy =vulgy —ga7s).

H for this case has two indices, and can be written as

H,Yu = —guvwl(‘f,}? - q)

+pupeWala?,p - @) + €uvapd®P’ Wi (g%, p - q),

here are three invariant functions, Wy, Wo, Wi,



1Se:
r case, the leptonic coupling is

Upv = grouw.

H for this case can be written in terms of the four invariant functions F'y, Fo, PF7, PF5 as

HT . = (appr — ¢rpp)puFi(d®,p - q)
+(gpupr — 9ruPp)F2(¢?,p - q)
+eprappq’puPF1(q%,p - q)

+€p7uapaPF2(q2,P - q).



Term Correlation P | C
Im (gpF) —2E% (84 —3_)-p — | -
Im (ggF) 2F [K - (34 4+ 5_) x ] + | —
Re(gsF) | 2B2F (hid- —h_5y) | + | -
Re(9pF) | —2B[K - (h45_ +h_54]xp) | — | —
List of S, P correlations for gy,
K= (p— — p+)/2 = EZ, where Z is a unit vector in the z-direction, F is the beam energy, and 5+

lie in the x-y plane.
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Term

Correlation |

Im (gp F)
Im (gs F')
Re (gsF)
Re (gpF)

2E72 (h4S— +h_5y)-p -
2E[K - (h45- —h_3.)xp] | —
2FE2 5 (54 +3_) —

2F [K - (34 — 5_) x ] o

+ + + +| 0

List of S, P correlations for g%
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Term Correlation P C

Re (gy W1) AE2(hy — h_) _ | -
Re (gaWh) —4FE?(hyh_ —1) + | +
Re(gvWa) | 2(K -Kp-p— (@ K)?)(hy —h_) | — | —
Re (gaWa) | —2[-2E?p-5 p -8y + (K -Kp-p—

(F- K)?)(hghe —1+ 584 -5)] + |+
Im (gv W3) —8E2(5- K)(hyh_ —1) N
Im (gAW3) 8E2(5- K)(hy —h_) B
Im (gv W2) —2E(F- 54K - 5— x pl+

p-5_[R -5, x ) -

List of V, A correlations for g
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Term Correlation P | C
Im (g7 F1) —8E%p- K[p- (54 +3-)] — | =
Im (g7 F2) —4E?p- (54 —5-) — | -
Im (g7 PF1) —8Ep- K[K - (34 —5_) x Pl NI
Im (g7 PF>) AE[K - (34 + 5_) x P NI
Re (grF1) | 8Bp-K[K - (h45— —h_34) x5 | — | —
Re (g7 F2) _AB[K - (hys_ +h_ 5 ) xp] | — | —
Re (97 PF1) 8E2p - K[+ (h4-5— + h_5y)] + | -
Re (g7 PF2) AE?p - (hy5_ —h_5y) L] =

List of T" correlations for g§
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e2aa X = H

e2b: X=H ,H+#H
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ificant.



cations

nparison with effective Lagrangian results: Re(gp F') and Re(g1 F»), corresponding
ectively to the four-Fermi couplings Im(Srpr) and Im(TrR)



Applications

" Comparison with effective Lagrangian results: Re(gp F') and Re(g7 F>), corresponding
respectively to the four-Fermi couplings Im(Srg) and Im(TrR)

™ t- and u-channel exchange processes
Matrix element for e~ (p—) + €™ (p+) — Yo (k1) + Zg(k2) can be written as

) 1
M = ev(py) ;75(9?/ — 9%75)

- — K™ + =2 (= — H2)rP (9§ — o) | ulp-),

wheret = (p_ — k1)? andu = (p_ — k2)2.
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itten as

M = et(p+) [w(g% — 9575)TE? +vu(95 — 9% 75)T5 " ] u(p-), (-15)

2p¢
t

2p< 1 1
T = gi? ( — u*) + (—g" K + g*PkY) (; = —) , (-15)

u

1 1
10 = —iam, (14 1),




contribution different form for the “hadronic” vertex; the leptonic vertex remains of the V'
A form.



contribution different form for the “hadronic” vertex; the leptonic vertex remains of the V'
A form.

leptonic tensor concerned, we only have to modify what we use for gy, and g% .



SM contribution different form for the “hadronic" vertex; the leptonic vertex remains of the V'

and A form.
For leptonic tensor concerned, we only have to modify what we use for g, and g% .

The hadronic tensor would now be more complicated; computed using the cross term of 1%
and T2 above with the tensors arising in the BSM interactions.
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SM contribution different form for the “hadronic" vertex; the leptonic vertex remains of the V'

and A form.
For leptonic tensor concerned, we only have to modify what we use for g, and g% .

The hadronic tensor would now be more complicated; computed using the cross term of 1%
and T» above with the tensors arising in the BSM interactions.

There is an apparent problem: the “hadronic” tensor will involve leptonic momenta. On
summing over final state polarizations, the leptonic momenta will be contracted appropriately

to give Lorentz scalars like p_.k1, p— .k2, etc., which can be rewritten in terms of s, £ and u.
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Applications continued

™ The same CP-odd correlation arises in a different context of supersymmetry in the process
efte”™ — XiX j» % # j, where x; are neutralinos in the theory, which are self-conjugate. Here
the CP-odd terms arise in the cross terms between the s-channel and the ¢- and u-channel
production diagrams (see S.Y. Choi, J. Kalinowski, G. Moortgat-Pick and P.M. Zerwas
Eur.Phys.J.C22 (2001) 563, Addendum-ibid.C23 (2002) 769; A. Bartl et al., JHEP 0601 (2006)
170.)
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Applications continued

™ The same CP-odd correlation arises in a different context of supersymmetry in the process
efte”™ — XiX j» % # j, where x; are neutralinos in the theory, which are self-conjugate. Here
the CP-odd terms arise in the cross terms between the s-channel and the ¢- and u-channel
production diagrams (see S.Y. Choi, J. Kalinowski, G. Moortgat-Pick and P.M. Zerwas
Eur.Phys.J.C22 (2001) 563, Addendum-ibid.C23 (2002) 769; A. Bartl et al., JHEP 0601 (2006)
170.)

" Rizzo has considered probing extra-dimensional models using transverse polarization. The key
observation is that an azimuthal angle dependence of the form cos 2¢ and sin 2¢ when the
s-channel exchange of a tower of massive gravitons is introduced.

Upv = vuqv + 7qu,

(see T. G. Rizzo, JHEP 0302 (2003) 008.)
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Applications continued

™ The same CP-odd correlation arises in a different context of supersymmetry in the process
efte”™ — XiX j» % # j, where x; are neutralinos in the theory, which are self-conjugate. Here
the CP-odd terms arise in the cross terms between the s-channel and the ¢- and u-channel
production diagrams (see S.Y. Choi, J. Kalinowski, G. Moortgat-Pick and P.M. Zerwas
Eur.Phys.J.C22 (2001) 563, Addendum-ibid.C23 (2002) 769; A. Bartl et al., JHEP 0601 (2006)
170.)

" Rizzo has considered probing extra-dimensional models using transverse polarization. The key
observation is that an azimuthal angle dependence of the form cos 2¢ and sin 2¢ when the
s-channel exchange of a tower of massive gravitons is introduced.

Upv = vuqv + 7qu,

(see T. G. Rizzo, JHEP 0302 (2003) 008.)

" We then find that it is possible to have a CP-odd correlation given by a product of the
correlation in the last line of either Table 3 or 4 and the factor p - K, where p is the momentum
of a neutralino. This has been discussed and a numerical study of a corresponding CP-odd
asymmetry has been carried out
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other example from MSSM is that of chargino pair production. We find that for the
essete” — )2;" 553_ , Where 52;'3 denote charginos, no CP-odd correlation exists at tree
1 However, it is found in that the corresponding coefficient vanishes at tree level. (see



The other example from MSSM is that of chargino pair production. We find that for the
process eTe” — )Zj)Zj_, where )Zit denote charginos, no CP-odd correlation exists at tree
level However, it is found in that the corresponding coefficient vanishes at tree level. (see

Another example from the MSSM which would fall in the category of case 2b of Sec. 4 is the
neutralino pair-production process mentioned above, but when the energy and momentum that
1s measured is of a lepton arising in the decay chain of a neutralino. In this case, it is possible
to construct a CP-odd correlation using leptons of opposite charges, and the effect is
non-vanishing. See forthcoming. (see A. Bartl, K. Hohenwarter-Sodek, T. Kernreiter and H.

Rud Eur.Phys.J.C36 (2004) 515-522).
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The other example from MSSM is that of chargino pair production. We find that for the
process eTe” — )Zj)Zj_, where )Zit denote charginos, no CP-odd correlation exists at tree
level However, it is found in that the corresponding coefficient vanishes at tree level. (see

Another example from the MSSM which would fall in the category of case 2b of Sec. 4 is the
neutralino pair-production process mentioned above, but when the energy and momentum that
1s measured is of a lepton arising in the decay chain of a neutralino. In this case, it is possible
to construct a CP-odd correlation using leptons of opposite charges, and the effect is
non-vanishing. See forthcoming. (see A. Bartl, K. Hohenwarter-Sodek, T. Kernreiter and H.

Rud Eur.Phys.J.C36 (2004) 515-522).

Non-commutative geometry

Probing space-time structure of new physics with polarized beams at the ILC — p.21/22



— h(p,s)X, eTe” — hiho X

asurement of spin of h through decay products



— h(p,s)X, eTe” — hiho X

asurement of spin of h through decay products

> can construct more correlations as there are more vectors



— h(p,s)X, eTe” — hiho X

asurement of spin of h through decay products
> can construct more correlations as there are more vectors

oer number of structure functions



— h(p,s)X, eTe” — hiho X

asurement of spin of h through decay products
> can construct more correlations as there are more vectors
oer number of structure functions

ger number of momenta: can construct, e.g., (p1 X p2) - K



— h(p,s)X, eTe” — hiho X

asurement of spin of h through decay products
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account for cascade decays of susy particles



e'e |— hi(p,s)X, ete” — hihy X

W Measurement of spin of h through decay products

" One can construct more correlations as there are more vectors
' Larger number of structure functions

™ Larger number of momenta: can construct, e.g., (p1 X p2) - K
" Can account for cascade decays of susy particles

™ BA and SDR, work in progress
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