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Introduction

Tevatron with v/S = 1.96 TeV,

e 0, =7.50+0.48 pb
e qg — tt ~ 85%
o gg — tt ~ 15%
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Introduction
Foward-backward (FB) asymmetry @Tevatron !
— In the laboratory frame:
APP = 0.150 + 0.055 (stat -+ sys)
— In the tt rest frame (parton level):
AL, = 0.158 £ 0.075 (stat + sys) [0.058 + 0.009]
— In the tt rest frame (fully corrected):
A% (|Ay| < 1.0) = 0.026 4 0.118 [0.039 =+ 0.006]
AL (JAy| > 1.0) = 0.611 4 0.256 [0.123 + 0.008]

— In the tt rest frame (parton level):
A?‘B(Mﬁ < 450 GeV) = —0.116 + 0.153 [0.040 + 0.006]
AE (Mg > 450 GeV) = 0.475 + 0.114 [0.088 + 0.013]

1The values in the squared bracket are SM predictions with MCFM
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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
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Systematic study of New Physics (NP), continued

o Spin-0 NP :
LR = g Y Sia |:"7/qu (GPaq)+ iy (TPa t)]
A=LR

8 Y Sia|ny @T7Pag)+ g (ET?Pat)
A=L,R

+og Y [ém i (EPaq) + 534ty (ET?Pagq) + h.c.]
A=L,R

T 8s€apy |:ﬁ3q (q% to 5;) + h.c.]

+ & |:ﬁ6q (q% th Sgﬂ) —|—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.
Coef. [sM| v | v v v
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General Analysis

5z 5 3 5 58
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General Analysis

Effective Field Theory (EFT) approach

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 F 5)/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

Results

e Convoluted with CTEQG6L and K factor 1.3.

e For validity check, we impose three criteria,
O =0sm+ Tint + Onp,
loine] < rxosym (straight)

onp < rX|oine| (two ellipses adjacent at the origin)

onp < r* xosm (ellipses centered at the origin)

with r = 0.3, 0.5 1.0.

o Aoz =04 — U?;M o (G + ),
AAFB = AFB — A}S:‘I\él 0.6 (Cl — Cz).
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General Analysis

Polarization Observables

In order to have nonzero NP contribution to Apg, we
need ¢; — G # 0.

G-G=Clt+cfR-ck-cft
— Parity violation on both sectors, top and light quark.

o+ and Apg depend only on two combinations C; and G,

— Not enough to draw the information on chiral
structure of NP.

More observables are required.



General Analysis

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

by = % a (JAGHH AR+ LA = AR 4 JAG = AR + A+ 2.
;\

1

R o2 (HE+HADE = 1A= a0

_ ! _ _ a3 2

SR S (IAG= AN E = A+ A0

i = 3 X (JAHARE A ANE = JAG AR = LA E)
4>\,5\,.A

D, = % ST fa SmlA(++ AX) AT (== AX)],
AL LA

Ds = _1 ST fa Re[A(++: AX) AT (== AN)],
2/\,Z\,A

Dg = % ST fa SmA(+—; AX) AT (=4 AX) ],
AL LA

D15 = _1 Z fa (?Re[A(-f—-%—;)\/_\).A*(-%——;/\;\)]—?Re[.A(——;/\S\).A*(—-H/\;\)]
4/\,Z\,A

—Re[A(——; AN) A" (+—; AN)] + Re[A(++; AX) A" (—+; AX)]),



General Analysis

¢ Neglecting the transverse polarization,

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

e The longitudinal polarization of top quark,

PL = <St . I_'it>.

e ii; 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.

— HELICITY BASIS



Dy

D,

Ol N

OIN

O N

O N

ENT

General Analysis
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General Analysis

Mearsurment of Spin-correlation

Spin-correlations can be measured through

1 o

o d cos 01d cos 05
1
= 2 (1 + B1A; cos by + ByAscos Oy + CA1 Az cos 0103)
where A; is so-called ’spin-analysing power’, +1 for
leptons (d-type q), 70.41 for bottom quarks and F0.31
for neutrinos (u-type q).

So we can see that

Bi ~ D1+ Dy,
B, ~ Dy—D,,
C ~ D



General Analysis

Parity conserving

Dy leads to the o4 and Apg.

D3 leads to (so-called) spin-correlation variables,

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

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

If we integrate the D; for the forward/backward
directions separately, Cpp defined as

Crg = C(cos@ > 0) — C(cos <0)  ( Just numerator),

CDF C = —0.60 & 0.50(stat) & 0.16(syst) [0.40], helicity
DO C =0.10 £0.45 [0.777 4 0.027 — 0.042], beamline
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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.
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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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Model independent vs. Models

In case of rather light NP particles, we should perform
the analysis with the FULL theory. (in progress)

As an example, motivated by Wjj anomaly, we consider
flavor conserving/violating vector particle with mass 150
GeV.

The relevant Lagrangian is

Lyp= — & Y, 97" (g/PL+8iPr)aVy
q=u,d,t

—  [gsTy" (8fPL+ELPR) t Vi + h.c] .
The allowed range for the couplings are

067< gt <14,
0485 &, <O05L

Other couplings are rather fixed by Wjj and UA2
constraints.
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Summary and Prospect

Summary and Prospect

We performed the model independent analysis of tt
productions at Tevatron using D6 contact interactions
relevant to qg — tt.

We showed the allowed region which fit the cross section
and App altogether.

More observables are proposed and predicted, which are
crucial for revealing the chiral structure of the relevant
new physics.

Implimenation of QCD NLO results must be done for
spin-polarization variables.

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