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Motivation

Recent Results @Tevatron !

— CDF, I+jets:

Afly = 0.162 £ 0.042 [0.058 + 0.009]
— CDF, dileptons:

Al =0.42+0.16

— Combined: )
Ally =0.201 £0.067 cf. Al =0.196+0.065 @ DO
— CDF, I+jets:

AL (|Ay| < 1.0) = 0.088 = 0.042 == 0.022 [0.043]
AL (|Ay| > 1.0) = 0.433 = 0.097 = 0.050 [0.139)]

— CDF, I+jets:
AEB(Mt? < 450 GeV) = —0.078 + 0.048 £ 0.024 [0.047]
Alls(Mz > 450 GeV) = 0.296 + 0.059 £ 0.031 [0.100]

1The values in the squared bracket are SM predictions.
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Systematic study of New Physics (NP)

With g = u,d,s,c, b,

e Spin-1 NP :
Lo = e Y Via ety (@aaa) + gt (Eauta)
A=L,R
T & Z Vaa [gzﬁ; (347, T?qa) + ght (EA’yuTatA)}
A=L,R

+ & ) [‘7{2 gl (Favuga) + Vi &6y (247, T?qn) +h_c'}
A=L,R



General Analysis

e Spin-0 NP :
LEP0 = & Y. Sia[nty (GPaq)+ oty (EPat)]
A=L,R

g Y Sialny (@T?Pag)+ g (ET*Pat)
A=L,R

+ & > [Suify (EPaq)+ Siatigy (ET*Pag) + bl
A=L,R

+ & €aBy |:ﬁ3q (q% t}ﬂ? ;;) + hC]

+ & [ﬁeq (q% t §§5> +h.c.]



General Analysis

e Most generally, the amplitude for the process qg — tt
can be cast into the form

M(qg — tt)

(n>|(,,w

> {C.élB [vg(k2) Pa ug(ki)] [ut(p1) Pr ve(p2)]

AB=L,R
+C&5 [vq(ka) Pa T? ug(ka)] [ue(p1) Ps T2 vi(p2)]
+COT [va(ka) vy Pa ug(k1)] [ue(p1) v Ps ve(p2)]

+C08 [va(ka) v Pa T2 uq(k1)] [ue(p1) 7" P T2 vi(p2)]

+C7 [vg(k2) oy Pa ug(ka)] [ue(p1) o Pave(p2)]

+CTg [vg(k2) 0y Pa T uq(k)] [ue(p1) o™ Pa T2 vi(p2)] }

where Py = (1+ ays)/2 with a = — (+) for A= L (R).



General Analysis

Table: % =5/(% — M? + iMT) with x = s, t, u.
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General Analysis
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General Analysis

e The amplitude can be decomposed into the
colour-singlet and colour-octet parts as

LN N

M(qgq — tt) =

(n>|Oq

6561 S(0, 3\ X) + TETZ O(0,; A\, N))]

e In the tf rest frame,
S(o. 5 AN = > [C8P (0,5 M Nig + COF (0,5 M, N kg + CF41 (0,5: M, N) 4]
AB=L,R

O(0,5:MA) = > [C8 (0,5: X Niag + Cvg (0,5 M Nk + CPg (0,5 A, X) 4
A,B=L,R



General Analysis

e The reduced amplitudes

-y 3 5 =
(0,5} A, )‘>f\B Z(A"_)‘)(B —ﬂU) 5)\,5\ 00,5 5
(0,5 \, % = — mt\/— (1+AN) o550, 5005

A

-2 [(1 + AN(1+ BBo) c; + (A+ \)(BB + a)} Or_5 00,5+
(0,5 MM =8 (A+N)(BA—0) ;055005 — 2i meV3(A+ N) 550, 5 00,5,
with 8 = \/1— 4m2/s.
e The squared amplitude

_ 1 1 4 - _
M(qg = P =2-5-5 S [918(0.5: A NP +2]0(0,5; A, )]
A \,0,5

usmg Zcolour% |5’J5k/| - 9 Zcoloum ij U 0 Zcolour% |TaT l|2 =2.



General Analysis

e The matrix element takes the form
e (A0 (= AN
A7 A) ( (= AN (== AN)
with A =§5,0.

e The top polarization-weighted squared matrix elements
are given by

e — 4 - —
M(qg — D)2 = & 3 T [Al0,50, ) 57T Al(0,5;A,3) 9]
s A | A=S,0

with fs — 1 and f» = 2/9 and
i 1 1+ P PTe_iO‘ - 1_—|— :E)L _’E)Tgi&
P=3\ Preée 1-pP )0 F7

1
5 —PTe_ia_‘ 1-P;

)



General Analysis

/

1

I =
[
/
7

The tt production plane in its rest frame.

The longitudinal-polarization vector P;(P;) and the
transverse-polarization vector Pr(P7) with the azimuthal
angle a(a@) of t(t) are shown.



General Analysis

e The amplitude squared can be spanned as

g

|./Vl|2 §2{Do—l—Dl(PL—l-:‘_DL)-i-DQ(PL— /_DL)+D3PL/5L

+[Dy sin(a — @) 4 Ds cos(a — @) + Dgsin(a + &) + Dy cos(a 4 &)|P1 Pt

+Dg(Pr sina + Py sin@) + Do(Pr sina — Prsin@)
+D10(Pr cos o + P cos &) + D11 (P cos o — P+ cos a)
+D1o(PL Pt sina + P Prsina)) + Diz(PLPrsina — P Prsina)

+D14(PL Pt cos@ + Py Pt cos a)) + Dys(P Pt cosa — PP cos a)}



Outline Motivation General Analysis Model independent vs. Models Summary and Prospect

e The coefficients D;’s are expressed by helicity amplitudes

D=1 (\A(-H—;)\X)\z A== AR 4 A= AR + \A(—+:>\X)\2>,
AL LA
1 2 2
Dy = Z ST fa (\A(++;>\/\)\ — [A(=—; AN)| ) ,
AL LA

D=7 3 fa (JAG-ANE - AR,

ALAA

D; = % Z fa (\A(++;>\:\)\2 + A== AN 2 = JA+— AN — JA(=+ /\5\)\2>,

ALAGA

Dy = % Z fa SmIA(++ AX) A" (——; AN)],

A /\ JA
Ds = —% ST fa Re[A(++; AX) A" (——; AX)],
LA
Dg == D faSmA(+—;AX) A" (—+AX)"],
AL A
1 - -
Dr=—= > faRe[A(+—iAN) A" (= AN)],
2 AL LA

D=t S fa (Sm[A(——;A/_\)A*(+—;>\/_\)] — SmA(; AR) AT (—+ AN)]
4 AL LA

—SmA(++; AX) A" (+—; AN)] + SmA(——; AX) A" (—+; /\5\)]> s



Summary and Prospect

Outline 1Motivation General A_nalysj(s _ Model independent_vs. Modcls
(Sm[.A(ff; AX) AT (= AN)] — Sm[A(++; AX) AT (—+; AN)]

DQZZ Z fA

AL LA

+SmA(++H AN) A% (= AN)] — Sm[A(——; AXN) A* (—+ >\/\)]> ,

1 o - . -
Dio = > fa <§Re[A(77;>\/\)A (= AN)] + Re[A(++; AX) A* (—+; AX)]

ALALA
—Re[A(++; AN) A* (+—; AN)] — Re[A(——; AX) A* (—+; A:\)]),
Dy = % Z fa <§Re[A(77;>\:\)A*(+7;>\:\)] + Re[A(++; AX) A" (—+; AN)]

ALALA

+Re[A(++; AN) A™ (+—; AX)] + Re[A(——; AX) A* (—+; >\/\)]>,
Dip = _t S ofa (sm[A(++; AN) A* (= AN)] + SmA(——; AX) A% (—4; AN)]
4 AL LA
+SmA(——; AX) A™ (+—; AN)] + Sm[A(++; AX) A* (—+ AX)]) ,
1 - - - -
Diz=—-- > fu (sm[A(++; AX) A* (= AN)] + Sm[A(——; AX) A* (—+; AN)]
4 AL LA
—Sm[A(——; AX) A* (+—; AN)] — Sm[A(++; AX) A (—+; AX)]),
1 - 5 ) A* X
Dyy=-- > fa <§Re[A(++; AX) A* (= AN)] — Re[A(——; AX) A™ (—+; AN)]
4 AL A
+Re[A(——; AX) A" (+—; AN)] — Re[A(++; AN) A" (—+; AX)]),

Dis = _! ST fa (ERe[.A(++; AX) A* (= AN)] — Re[A(——; AX) A™ (—+; AN)]
4 ALNLA



General Analysis

Table: The CP and CPT parities of the polarization coefficients.

| Observables | [CP,CPT] |
Dy +,+
Dy
D
D
Dy
Ds
Ds
Dy

|+

|
+| [+

"

||+
|




General Analysis

Example : EFT analysis

If the NP particles are heavy enough, we can adopt the
veiwpoint of effective Lagragian.

Assuming SU(2), x U(1)y and the custodial symmetry
SU(2)g for the light quark sector,

2
g _ -
:/\_52 {Cﬂ,B(QA%LQA)(fBV"fB)

A,B

+ G4 (GaT7,qa) (T T27"tg)

L

where T2 =)?/2, {A,B} ={L,R}, and L,R = (1 F5)/2
with g = (u,d)7,(s,c)".

Cross section up to O(1/A?) is calculated, keeping only
the INTERFERENCE between the SM and NP.
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Amplitude

o The amplitude for q(p1) + G(p2) — t(ps) + (pa)

P ~ 28 [oms 14 5 (G + G)| s2
R T VA CR IR

+%K1 2;\2(C1+C2)>( )+5t< (G- C2)>C9H

where (G = C8LqL + CéQR and (; = CgLf + CEQL

o 5= (p1+m)? f2=1-4m?/3 and s; = sin{ and
Cy = cos 4, with § being the polar angle between the
incoming quark and the outgoing top quark in the tt
rest frame.



General Analysis

¢ Neglecting the transverse polarization,

4 -— - -
(M|? = %{Do + Di(PL+ Pr) + Dao(PL — Pr) +D3PLPL} :

The longitudinal polarization of top quark, P; = <§t - i)

ri; is any unit vector defining the spin quantization axis
of the top quark.

e If we choose 7i; (z) = P;(7)/|P: (5)| with p;(z) being the
momentum vector of t (t), P, (P.) becomes the usual
helicity of (anti)top quark.
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General Analysis

>
>1

)

<|<++v )\;\>oct|2 + |<__; )\;\>oct|2

+|<+_; )\5\>oct|2 + |<_+; )\5\>oct|2> ,

“Z(

7

“Z(

7

"Z(

7

[{(++; )\)\ oct‘ — (== )\)\>oct‘ >
+ )\)\ 0ct‘2 - ‘( +; )\5\>oct‘2>7
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General Analysis

Parity conserving
Dy leads to the o4 and Arp.
D3 leads to the spin-correlation variables,

_ U(tLEL + tRER) — O‘(tLER + tREL)
U(tLEL + tRER) + O‘(tLER + tREL) '

It depends only on the C; + C;, so is NOT related to the
AFB.

If we integrate the D; for the forward/backward
directions separately, Cgp defined as
Crg = C(cosf > 0) — C(cos b < 0),

where C(cosf > 0(< 0)) implies the cross sections in the
numerator of C are obtained for the forward (backward)
region: cosf > 0(< 0).
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General Analysis

Parity Violating

e D; is the coefficient of P, + P/, so it is also CP odd.

¢ No such terms in EFT analysis, since the heavy particles
are integrated out.

e It can arise from the interference between the
CP-violating complex couplings together with their
decay width etc., if explicit NP form is considered.



General Analysis

Parity violating, continued

e D, is the coefficient of P, — P;, parity odd but CP-even.
o Explicitly,

Dy = o5 (G + G)B(L+ )+ (¢ - ) - 38)g;

©
>|w

with
G=CGF-Ct. G=Gr-ar

e As 04,Ars and C, Cgg, new two polarization observables
can be drawn.

D o(trt) —o(tL f)
( tr

It
O
—
[e)
o
@
>
vV
8 Q
/\
O
[}
@
Cb>
O
N

Drg >
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Model independent vs. Models

e We can draw some information on each models from
model-independent study.
¢ Integrating out heavy fields, the Wilson coefficients are,

Gog' _ goqgs ARG’ 1 &P
- )

N2 m%/SR m%/lR Nc m%/sR
Cog e 2E," 1 1&,l°
N2 m%/SL m%/u NC m%/& ’
CLLC;? . _gSnggf . |ﬁ%q|2 |778q|2
A2 m%/s m%u 2N, m§ ’
CLI?;L o _giﬁ;gSLt B ‘n1q|2 ‘n8q|2
A2 m%/s m%lR 2NC m§8R ’



Model independent vs. Models

e Another interesting possibility is
e color-triplet S, with mass ms, and

e color-sextet ngﬂ with mass mgs, with the SM quarks .

e With the following interactions

L= 8s %eab"yeuk RSV + 776U,R ﬂ S ap + hC]
the u—channel exchange of new scalars can contribute
to uu — tt, resulting in

G s | 2[nel?

= — + .
2 m2 2
A S3 Se




Model independent vs. Models

‘ Resonance

‘ cRR ‘ cLL ‘ CLR ‘ cRL H G -G

’ /

’ ’
aG+6 | -6 AFB
Vir - 0 0 0 - - - X
Vir 0 — 0 0 - + + X
Var + 0 0 0 + + + Vv
Ve 0 + 0 0 + - - Vv
Sir 0 0 0 - + + - Vv
S 0 0 — 0 + + Vv
Ssr 0 0 0 + - - + X
Sa1 0 0 + 0 - + - X
S5 - 0 0 0 - - X
5P + 0 + + + v
Var + 0 0 0 + + + V(+) or x(—)
Var 0 + 0 0 + F F V(+) or x(—)
Ver» VaL indef. indef. indef. indef. indef. indef. indef. indef.
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Model independent vs. Models

Simple cases

¢ Following four cases are simple :

gRLght
Vergr © ——L 28~ 0.649 +0.024, ,
Ver,L
1 (1Tev )
Versr = — V) 18R ~ 0.649 +0.024,
N \mg, q
8R,8L

2
. 1TeV
SiraL ) R ~ 0.799 +0.174,
m q

Sir,1L

1TeV >
s 2( © > In6|? ~ 0.649 + 0.024 .

m56

¢ New spin-correlation observables D and Drg values are
predicted for each case.
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Model independent vs. Models

More general case

¢ In general, V5, and Vgr can coexist. In that case the
new observables are not so definite compared to the
previous cases.

e We introduce new parameterizations

(C+ Q)N = —ggugsi(rg +1)(re +1)/mig
(G — Q)N = —ggga:(rg —1)(re — 1)/mig
(G + Q)N = —ggo8a:(rg + 1(re — 1)/mig
(G -GN = —ggo88:(rg — D(re +1)/mig

with r; = gf /g5, and r; = gi} /gg,. Any deviation of r,
(r:) from 1 characterizes P violation in the light (top)
quark sector.
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Model independent vs. Models

Important observations are

e By observing the relation
(G + O)(C — &) = (¢ + C)(C — Cb) which leads to

Aoz AAr < D Drg .

Let us note that Aoz x (Cl + C2), AArp x (C1 + Cz),
D o (C} + C}), and Dy o (C} — C).

e Furthermore, we observe

A 2
L _L
88488t (m—\/s>

[(G+G) - (G+ON(G+G) - (G- G)
AG+G)

(G+G)—(G+G)-(G-Q)+ (G -G)],

=
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Summary and Prospect
Summary and Prospect

LHC is a kind of top factory.

NP is highly probable to appear in the top pair
production channel.

Polarization observables are very useful for
discriminating many forms of the NP models.

Discrete symmetries such as P,CP etc., can be analysed
also in this helcity amplitude setup.

Complete and general analysis with FULL theory is in
progress, including above 16 observables (D; and more)
in relation with the Tevatron/LHC signals.
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