
3.1 Kinematics and Formalism
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ντ/ν̄τ(k) +N(p) −→ τ−/τ+(k′) +X(p′)

ντ

τ

W

N X

k
k′

p p′
q

define 4-momenta in the Lab. frame and Lorentz invariant variables
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kµ = (Eν, 0, 0, Eν)
pµ = (M, 0, 0, 0)
k′µ = (Eτ , pτ sin θ, 0, pτ cos θ)

(pτ=
√

E2
τ −m2

τ )
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Q2 = −q2, qµ = kµ − k′µ

W2 = (p+ q)2 = p′2

x =
Q2

2p · q =
Q2

2M(Eν − Eτ)

y =
p · q
p · k

= 1 − Eτ

Eν
� The kinematical region

We divide the kinematical region into three parts depending on the

hadronic invariant mass W .

W =











M · · · QE (Quasi − Elastic Scattering)
M +Mπ ∼ 1.4GeV · · · RES (Resonance Production)

⇓ · · · DIS (Deep Inelastic Scattering)



� The total cross seciton
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� The kinematical regions

(Eν = 10GeV)
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� The spin polarization of τ

x

y

z

τ

θp

ϕp

s

define the spin polarization vector of τ

~s =
P

2
(sin θP cosϕP , sin θP sinϕP , cos θP )

[

P : the degree of polarization

{

P = 1 fully polarized
P = 0 fully unpolarized

]

The spin polarization vector is related with the spin density matrix

Rλλ′ (λ : τ helicity in the Lab. frame):

dRλλ′

dEτ d cos θ
=

1

2

(

1 + P cos θP P sin θP e
−iϕP

P sin θP e
iϕP 1 − P cos θP

)

dσsum

dEτ d cos θ

The density matrix could be calculated as

Rλλ′ ∝
∑

MλM
∗
λ′ = L

µν
λλ′Wµν (dσsum = Tr[Rλλ′] = dR++ + dR−−).



� The spin density matrix in the Lab. frame

dRλλ′

dEτ d cos θ
=

G2
F

4πM

pτ

Eν
L
µν
λλ′W

(QE,RES,DIS)

µν (GF : Fermi constant)

� The leptonic tensor

• for τ− production, L
µν
λλ′ = j

µ
λ j

∗ν
λ′

(the leptonic weak current)

j
µ
λ = ūτ(k

′, λ) γµ
1 − γ5

2
uν(k)

=







√

2Eν(Eτ − pτ)
(

sinθ2, − cosθ2, i cos
θ
2, sin

θ
2

)

(λ = +)
√

2Eν(Eτ + pτ)
(

cosθ2, sin
θ
2, −i sin

θ
2, cos

θ
2

)

(λ = −)

• for τ+ production, L
µν
λλ′ = j̄

µ
λ j̄

∗ ν
λ′

j̄
µ
λ = v̄ν(k) γ

µ1 − γ5
2

vτ(k
′, λ)

=


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√

2Eν(Eτ + pτ)
(

cosθ2, sin
θ
2, i sin

θ
2, cos

θ
2

)

(λ = +)
√

2Eν(Eτ − pτ)
(

− sinθ2, cos
θ
2, i cos

θ
2, − sinθ2

)

(λ = −)



3.2 QE (Quasi-Elastic Scattering)
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ντ + n→ τ− + p, ν̄τ + p→ τ+ + n

� The hadronic tensor (QE)

W
(QE)

µν =
cos2 θc

4

∑

spins

J
(±)

µ J
(±)

ν

∗
δ(W2 −M2) (θc : the Cabibbo angle)

(the p↔ n transition current)

n p J
(+)

µ = 〈p(p′)|Ĵ(+)

µ |n(p)〉 = ūp(p′)Γµ un(p)

p n J
(−)

µ = 〈n(p′)|Ĵ(−)

µ |p(p)〉 = 〈p(p)|Ĵ(+)

µ |n(p′)〉∗

Γµ = γµ F
V
1 (q2) +

iσµαqαξ

2M
F V

2 (q2) +
qµ

M
F V

3 (q2)

+

[

γµ FA(q
2) +

(p+ p′)µ
M

FA
3 (q2) +

qµ

M
Fp(q

2)

]

γ5

(F V
1,2,3, FA, F

A
3 and Fp : form factors, ξ = µp − µn)

These form factors are determined theoretically and experimentally.



3.3 RES (Resonance Production)
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ντ + n/p→ τ− + ∆

+
/∆

++
, ν̄τ + p/n→ τ+ + ∆

0
/∆

−

� The hadronic tensor (RES)

W
(RES)

µν =
cos2 θc

4

∑

spins

JµJ
∗
ν
1

π

M∆Γ∆

(W2 −M2
∆)2 +M2

∆Γ2
∆

(the current in ντ + n→ τ− + ∆
+
)

Jµ = 〈∆+|Ĵµ|n〉 = ψ̄αΓµα un (ψα : the spin 3/2 particle wave function)

( 〈∆++|Ĵµ|p〉 =
√

3〈∆+|Ĵµ|n〉 =
√

3〈∆0|Ĵµ|p〉 = 〈∆−|Ĵµ|n〉 )

Γµα=

[

gµα 6q − γµqα

M
CV

3 (q2) +
gµα p′ · q − p′µqα

M2
CV

4 (q2) +
gµα p · q − pµqα

M2
CV

5 (q2) +
qµqα

M2
CV

6 (q2)

]

γ5

+
gµα 6q − γµqα

M
CA

3 (q2) +
gµα p′ · q − p′µqα

M2
CA

4 (q2) + gµαC
A
5 (q2) +

qµqα

M2
CA

6 (q2)



3.4 DIS (Deep Inelastic Scattering)
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ντ + q → τ− + q′, ν̄τ + q → τ+ + q′

� The hadronic tensor (DIS) using the quark-parton model

W
(DIS)

µν =
∑

q,q̄

∫

dξ

ξ
fq,q̄(ξ,Q

2)K
(q,q̄)
µν (pq, q)

ν
τ

N
X

ξ : the momentum fraction of quark

and nucleon (pq = ξp)

fq,q̄(ξ,Q
2) : the parton distribution

functions (PDFs) for each flavor

(the quark tensor)

K
(q,q̄)
µν = δ(2 pq · q −Q2)

×2
[

−gµν(pq · q) + 2pqµpqν ∓ iεµναβp
α
q q
β + (pqµqν + qµpqν)

]



3.5 Polarization of Produced τ�
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ντ +N → τ− +X Eν = 10GeV
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� Polarization of the produced τ±
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