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We define z-axis as the flight direction of ¢ in ¢G rest frame (ZMF), and the z-z plane as the
plane where q7 — tf occures

Suppose 6 as the production angle of top quark w.r.t. z-axis.
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qq — tt via vector current
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At g7 — tt production, spin related part can be
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Suppose the case that p= (0,0, p), and m =0,
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If we consider eigen states along z-axis for u, and vg, i.e.
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These results are consistent to helicity conservation. Remind that the polarization vectors for a
spin-1 particle are

et A==%)=(0; F1,-i,0)/v2, e*(A=0)=(0;0,0,1) .
This means there is no longitudinal component for J;‘q and spin sum for the initial state
becomes ZAqu:TTyll .
Next, we consider Jy7. In ZMF, i.e. p,=—py,
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6 is the production angle of top quark w.r.t. z-axis. Then,
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Now we consider a new frame (top quantization frame) which is given by rotating the original
frame by the angle ¢ counterclockwise around y-axis.
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2-component spinors for top and anti-top in a frame with the angle 1 w.r.t. z-axis i.e. eigen
spinors along z’-axis are
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sin — cos -
2 2
—sin % —cos % .
Xit = £ xe = . for anti-top quark.
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In this case, the 4 eigen-states of J/; for the quantization basis will become
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In the top quantization frame, using the lepton flight directions described by (6., ¢ ) for £ and
(0_, p_) for £ in a basis, the spinor of the top (anti-top) quark can be described as
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In this case,
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tf spin correlations can be seen as angular correlations of decay products.
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For Joug(11)Jis — J4q(11)Je, we just set Jo — J¢ and Jo— —Jo.
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Here, if we choose 1) (offdiagonal basis) which satisfies
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In this frame,
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=sin?¢ + 2k? + k'sin?(20 — ) — 2k3costpcos(20 — 1)
=2k?sintpsin(20 — ) + 2k? — 2k3costpcos(20 — 1)
=2k? — 2k2cos26 = 4k>sin0

Ji+J2 1 2 2)2 20i12 4 2.2
T:§(J++J_) — JyJ_x2(1 4 k?)? — 4k?sin*0 = 2(1 + k*) + 4k4cos0
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Top production angle distribution is corresponding to % If top quark is ultra-relastivistic
k—1, then
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gq — tt via axial-vector current
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Assume

p=p,=—-p;=(0,0,p) , mg=mz=0,and E=E,=E;=p,
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If we consider eigen states along z-axis for uq and vg, i.e.
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The axial vector current gives helicity conservation as well.
Next, we consider A;7. In ZMF, i.e. p;=—ps, m¢=myz, and E;= Ef
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then, the axial vector currents on the 4 eigen-states of A;7 will be
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Therefore
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x2k{(1 4 costp)cosb + sintsing } = 2k {cosf + cos (v — 0)}
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o<2 ? 1 — costp)cost — sintpsind } = 2k {cosh — cos (p — 0)}

Ao =Aqq(1T) A (T]) = Aga(1T) Ase (1) = —Agq (L) A (T]) = = Agq(1 1) A (1 T)
x2k(costpsing — sintpcosh) = 2k sin (¢ — 0)

Using the lepton flight directions described by (64, ¢+) for £* and (A, ¢_) for £~ in a basis,
and the same calculation as the vector case can be applied.
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If we choose 1) =0 (helicity basis),
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Intuitive understanding for this result: For non-relastivistic approximation
(v#)~ (L;v) (Y#9°) ~ (0 - v;0)

qq — tt via V-A current
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Assume p=p,=—p;=(0,0,p), my=mgz=0, and E,= E;=p, then
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If we consider eigen states along z-axis for uq and vg, i.e.
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Next, we consider My;. In ZMF, i.e. p;=—ps, mi=my, and E;= Ef
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=| *; §XI (1+k?)o2 — | 26 kossin — 2i koicosf | pxr
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cos% fsm%
Xt1 = e Xt = v for top quark, and
sin cos 5
—sin ¥ —cos% )
Xi1 y XEL= 4 | for anti-top quark,
cos 5 —sin

then

/ (1+ k%cos20)costp + k?sin20sint) — 2k cos@ \
ME(TT) o 5\*; { —i(1+ k?) + 2i k sinsing + 2i k Coswcose )

—_
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1 —(1 + k%cos26)sint) + k?sin20costp
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My = Mgg(11)Mei(1])
x %{(1 + k%cos26)costp + k?sin260sinty + 2k cosf
+ (1 + k%) + 2k sinpsind + 2k costpcosd }
M_ = Mgg(L1)Mi(17)
o %{—(1 + k2cos20)cost) — k?sin20sint) + 2k cosf
+ (1 + k?) — 2k sintpsind — 2k costpcosd }
My = Mag(L1)Myz(T]) = Myq(11) Mz (11)
% %{(1 + k2cos260)sint) — k?sin20costp — 2k costpsind + 2k sintpcosd }

Using the lepton flight directions described by (64, ¢4) for £* and (0_, p_) for £~ in a basis,
and the same calculation as the vector case can be applied.
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—20089—+sin9—+sin9—_cose—_Re(ei(“”“L )M M* )
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—sinfsind_Re(e(P+T2-)N M*)

— Do

—=sinf,sinf_cos(p 4 — @_)|Mo|?

Ll \V)

—=(1+ cosf )sinf_Re(e"?~ M M)

— DN
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In case of real My, M_, and My

4o l(1Jrcost%r)(l7c059,)M_%_+%(1fcos&r)(lJrcost?,)ME

W~

—l—%(l + cosf,.cosf_) M§
—%Sin9+sin9_cos(<p+ + oYM M_
f%sin&rsin@,cos(gmr — @ YM§
,%(1 + cosfy)sinf_cosp_My M
+%Sin9+(1 —cosf_)cosp M M
—1(1 — cosf4)sind_cosp_M_ M,

2

+%sin9+(1 + cosf_)cosp+ M_ My

If we choose 1 which satisfies My=0, i.e.
(1+ k2cos20)sint) — k2sin20costp — 2k costpsing + 2k sintpcosd = 0
sint) (1 + k%cos26 + 2k cosfl) = cost)(k?sin26 + 2k sind)
tant){(1 + k cosf)? — k%sin0 } = 2k sinf(1 + k cos0)

2k sinf(1 + k cosf)

tany = (14 k cost)? — k2sin?0

For ultra-relativistic t# production (k— 1)

2sinf(1 +cosf)  2sinf(1+ cosh)

(14 cosf)? —sin20  2cosf + 2cos20 tand

tany =

For threshold ¢ production (k=0)

tany =0
4o %(1 +cosf1) (1 — cosf_ ) M2 + %(1 —cosf4) (1 +cosf_)M2
f%sin&rsin@,cos(gmr + o )M M_

qq — tt via V4 A current

_ (1478 _ (14455
mVAO({’UqJ)“u’< 27 >uq}{ut'}/#< 27 )Ut}qu()\q)\q)Ltt(/\é/\z)

o
% _TPg .,
where ug(pg) =Ng o’»p(? and vg(pg) = Ng B +mgXQ
EQ+mQX XQ

Assume p=py=—p;=(0,0,p), mg=mz=0, and E;=FE;=p, then

5

_ 1+ 1
L :v,ﬂ“( 5 )uq:§(Jéﬁ]+qu)
1 . .
O<§[(0; 2X2;01Xq, 2)(:%02 Xqs O) + {0; 2xj;(—wg)xq, 2x2;(wl) Xqs OH
={0; X:%(Ul —1i02) Xq, ixg(al —i02)Xq,0}

If we consider eigen states along z-axis for u, and vg, i.e.
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and

(1) (0 7)(00)
then

Ly (11) o< (031,17, 0)

Ll (1) <(0:0,0,0)

Ll (11) 5<(0:0,0,0)

Lty (1) 5<(0:0,0,0)

Next, we consider L;;. In ZMF, i.e. p;=—ps, mi=myg, and E;= Ef

1+’y5

_ 1
Lf{ :U,t’yu< )Utzi(JtﬁtL—i—Ag)

)

@%[(1 —a?)xixi: xHoi - (0 @)oo a) + (0 a)o; — 0 (- @)} xi]

sin9 2 _1
where a = —Pt 0 7I<:2:( i )—% then

Ey+my cos f Ei+mi) v+
1
Liz *g(Jtuf + Ajp)
1 (1+ k2cos20)o1 — k?sin20 - o3 24 koocost
=\ *; 5)(2 (1+ k%) o2 +| 2i kagsine — 21'. koicost | pxi
(1 — k2cos20)o3 — k?sin26 - oy —24 koosingd
Suppose
cos L —sin¥
Xt1= 3) Xt = wQ for top quark, and
sin 5 cos o
—sin¥ —cos ¥ .
Xi1= w2 . XiL= 1/2} for anti-top quark,
cos 3 —sin 5
then

(1 + k2cos20)cos + k?sin20sint) + 2k cosf -‘
Liz(11) o o % { —i(1+ k?) — 2i k sinysind — 2i k costpcost J

ES

1 —(1 4 k2c0s26)siny + k?sin20cos) |
Li(T1)=Li(11) 35| * —2i k cospsind + 2i k sint)cost)

*

1 —(1 + k%cos26)cosy) — k2sin26sing) + 2k cosf |
LE(]]) 5| *; —i(1+ k?) + 2i k sintpsind + 2i k costpcost
*

Ly Lqé(TT)LtE(TT)
x %{(1 + k%cos26)costp + k?sin20sinty + 2k cosf

+ (14 k?) + 2k sineysind + 2k costpcosf }
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qa(TT)Lez (L)
{—(1 + k%cos20)cosy) — k?sin20sint) + 2k cosf
+ (1 + k?) — 2k sinysind — 2k cosypcost }
Lo = Log(11)Lez(T1) = Leg(1 1) Lei(11)
o %{—(1 + k%cos26)sinty + k?sin20cost) + 2k cosipsing — 2k sintpcosd }

N~

These results are almost same as V-A except for Ly sign, i.e.
Li=M4 Lo=—Mo.

If we choose v which satisfies Ly=0, i.e.
(1+ k2cos20)sint) — k2sin20cosp — 2k costbsin + 2k sintpcosd = 0

2k sinf(1 + k cosf)

tany = (14 k cost)? — k2sin?0

4o x i(l +COS€+)(1—COSG_)L1+%

—%Sin9+sin9_cos(<p+ +o )L L_

(1 —cosfy)(1+cosf_) L~

[EOF]
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