Interference Fragmentation Functions

Marco Radici

Pavia

based also on work of • A. Bianconi - Univ. Brescia • S. Boffi - Univ. Pavia

• D. Boer - VU Amsterdam • R. Jakob - Univ. Wuppertal

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –1–

Hunting for transversity

No DIS, unless δm ∼ o(1/Q)

Double Spin Asymmetries (DSA) A^{DY} = dσ(p^↑p^↑) − dσ(p^↑p^↓) dσ(p^↑p^↑) + dσ(p^↓p^↓) ∝ h1h1 low rates, small h_1 Soffer ineq. → small A^{DY} (Schäfer, Stratmann, Vogelsang...)

ep^↑ −→ e^′Λ^↑X A^Λ ∝ h1H1 low rate, q^↑ ————-−→ pol. transf.

Λ^↑ ?

Single Spin Asymmetries (SSA) ep^↑ −→ e^′π^±X twist-3 −→ o(1/Q)

Collins effect

sin ϕ ∼ ⃗P_h × ⃗k · ⃗S_⊥

A^⊥ = dσ(p^↑) − dσ(p^↓) dσ(p^↑) + dσ(p^↓) ∝ (f_1)h_1H^⊥_1

T −rev. invar. ⇒ ⟨sin ϕ⟩ = 0 FSI ⇒ ⟨sin ϕ⟩ ≠ 0 H^⊥_1 is T −odd

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –2–

Collins effect

SMC: A^⊥(π^+) = 11% ± 6% A^⊥(π^−) = −2% ± 6% HERMES: e⃗p → e^′πX A^‖ ∼ sin ϕ × ( |⃗s⊥| ∼^1_Q ) ∼ twist-3 RHIC: pp^↑ → πX dσOT dΩ_l dx dz d^2 ⃗P_{h⊥} ∼ . . . + sin(ϕS + ϕh)F [^ h · ⃗k⊥ ; h1(x, p^2_⊥) , H^⊥_1 (z, k^2_⊥) ] ∫ dϕS dϕ_h d| ⃗P_{h⊥}| [ | ⃗P_{h⊥}| sin(ϕS + ϕ_h) dσOT ] −→ h1(x) H^{⊥ (1)}_1 (z) (Boer, Mulders) • Need Ωl(= y, ϕS ), ϕh, | ⃗Ph⊥|, x, z • d/d ⃗Ph⊥ ⇒ no collinear factorization ⇒ complicated LO evolution • P^2_{h⊥} ≪ Q^2 ⇒ soft gluon radiation ⇒ A^⊥ suppression by Sudakov ff (Boer) • H^⊥_1 from e^+e^− → π^+π^−X but (Sudakov suppression)^2! • Model H^⊥_1 ⇒ model π − jet FSI ; (see Kundu’s talk)

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –3–

Collins function & FSI Δij (k, P_h, S_h) = ∑ X ∫ d^4ζ (2π)^4 e^{ik·ζ} ⟨0|ψi(ζ)|P_h, S_h; X⟩ ⟨P_h, S_h; X|ψ_j (0)|0⟩ = (unpol. h) = A1Mh + A2 P/_h + A3 k/ + A4 Mh σμν P^μ_h k^ν Δ[^{iσi−γ5}] = . . . + ϵ^{ij}_⊥ k⊥j Mh H^⊥_1 with H^⊥_1 ∝ ∫ dk^+A4 | |_{k−=P −h /z} Toy model (Phys. Rev. D62 (2000) 034008) Δ = −i k/ − m u(Ph)u(Ph) −i k/ − m δ ( (Ph − k)^2 − M^2 )

• No FSI ⇒ A4 = 0 • No factorization breaking • A → A + e^{iϕ}A (uniform damping from ext. pot.)

⇒ Δ = 2(1 + cos ϕ)AA ⇒ A4 = 0 • A → A + e^{iϕ} k/A (dressing propagator or π− jet FSI) ⇒ A4 = 2Mh k^2 − m^2 sin ϕ T-odd

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –4–

Interference Fragmentation Functions

sin ϕ ∼ ⃗P1 × ⃗P2 · ⃗S_⊥

FSI: (P1-P2) ; ∑ X (P1-X) + (P2-X) ∼ 0 ∑ X |(P1-P2)l=0 + (P1-P2)l=1 + ..; X > < X; (P1-P2)_{l=0} + (P1-P2)_{l=1} + ..| ∼ |(P1-P2)l=0 >< (P1-P2)l=1| + |(P1-P2)l=1 >< (P1-P2)l=0| ⇒ SSA A^{hh} ≠ 0

”bowling effect” ; R = P1 − P2 2 d d ⃗R⊥ only ⇒ coll. fact. , no Sudakov ff , easier LO evolution

Collins, Heppelmann, Ladinski (’94): linear σ model ; [continuum] ↔ [σ → π^+π^−]

Jaffe, Jin, Tang (’98): σ, ρ stable!

[σ → π^+π^−]l=0 ↔ [ρ → π^+π^−]l=1 collinear process Bianconi, Boffi, Jakob, Radici • Twist-2 general analysis: P.R. D62 (2000) 034008 • Model calculation q → NπX: P.R. D62 (2000) 034009 • h1 extraction and model calculation of q → π^+π^−X: in preparation

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –5–

Transversity in helicity basis (Jaffe)

quark-N forward scattering u−channel disc. → DF

Constraints twist-2

⇒ |ψ⟩ =

| | | | | | | ψ+ ψ− o(1/Q) o(1/Q)

| | | | | | | collinear process + o(1/Q) ⇒ P + p^′ = P^′ + p

P − and T − invariance

3 independent elements P p^′ P^′ p a + + ⇒ + + f_1 ←→ a+b

b + − ⇒ + − =⇒ g_1 ←→ a−b

c + − ⇒ − + h_1 ←→ c

h_1 ←→ helicity flip ⇐⇒^{twist-2} chirality flip

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –6–

Interference fragmentation functions in helicity basis (Jaffe)

quark-meson forward scatt. u−channel disc. → IFF

Constraints twist-2

⇒ |ψ⟩ =

| | | | | | ψ+ ψ− o(1/Q) o(1/Q)

| | | | | | collinear process + o(1/Q) ⇒ q + σ = ρ + q^′ hermiticity P − and T − invariance

2 independent elements q σ ρ q^′ ± 0 ⇒ 0 ± =⇒ Δq̂_I ± 0 ⇒ ±1 ∓ =⇒ δq̂_I δq̂_I ←→ helicity flip ⇐⇒^{twist-2} chirality flip SSA A^{π+π−} = dσ(p^↑) − dσ(p^↓) dσ(p^↑) + dσ(p^↓) ∼ |⃗S⊥|| ⃗R⊥|F (M^2_h )h1(x)δq̂I (z) with F (M^2_h ) ∝ sin(δ0 − δ1) ; M^2_h = (P1 + P2)^2 z − M^2_h factorized dependence not general

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –7–

q → h_1h_2X h_1, h_2 unpol. 2MW^{μν} = ∫ dp^−dk^+d⃗pT d⃗kT δ(⃗pT + ⃗qT − ⃗kT )Tr[Φγ^μΔγ^ν ] | |_p+_{= xP} + k− = P − h /z Generalization of hadronic matrix elements of nonlocal quark operator

Δ(k; P1, P2) = ∑ X ∫ d^4ξ (2π)^4 d^4PX (2π)^4 e^{ik·ξ} ⟨0|ψ(ξ)|P1, P2, X⟩⟨X, P2, P1|ψ(0)|0⟩

= C1(M1 + M2) + C2 P/_1 + C3 P/_2 + C4 k/+ C5 M1 σμν P^μ_1 k^ν + C6 M2 σμν P^μ_2 k^ν + C7 M1 + M2 σμν P^μ_1 P^ν_2 + C8 M1M2 γ5ϵμνρσγ^μP^ν_1 P^ρ_2 k^σ

Hermiticity =⇒ C^∗_i = C_i ; i = 1 − 4, 5 − 8

T-reversal inv. =⇒ { C^∗_i = Ci i = 1 − 4 C^∗_i = −Ci i = 5 − 8

no FSI =⇒ C_5 = C_6 = C_7 = C8 = 0 !

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –8–

Twist-2 Interference Fragmentation Functions ⃗P_{hT} = 0 P^2_1 = M^2_1 P^2_2 = M^2_2

R^2_T = 1 z ( z_1z_2 z M^2_h − z2M^2_1 − z1M^2_2 )

Δ^{[Γ]} ∝ ∫ dk^+dk^− . . . −7

k, P1, P2 → 12 d.o.f.

Δ^{[Γ]}(z, ξ, k^2_T , R^2_T , ⃗kT · ⃗RT ) with z = P^−_h /k^− ; ξ = z1/z

Δ^{[γ−]} = D1

Δ^{[γ−γ5]} = ϵ^{ij}_T RT ikT j M1M2 G^⊥_1

Δ[^{iσi−γ5}] = ϵ^{ij}_T kT j M1 + M2

H^⊥_1 + ϵ^{ij}_T RT j M1 + M2

H^{<)}_1

”bowling effect” (mislead. notat. ~H^⊥_1 )

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –9–

eH^↑ → e^′(h_1h_2)X cross section at twist 2 dσOT dΩ dx dz dξ d2 ⃗P h⊥ dM2 h dϕR =^{dσOO} dΩ dx dz dξ d2 ⃗P h⊥ dM2 h dϕR + |⃗S_⊥|^{α2emsx} 2(2π)3Q4 {

A(y) sin(ϕ_h−ϕ_S ) F [_{⃗^} h·⃗p_T^f ⊥ 1T D1 M ] + A(y) (_{sin↔cos} )_F[_{⃗ĥ↔⃗ĝ}] +B(y) sin(ϕ_h+ϕ_S ) F [_{⃗^} h·⃗k_T^{h1 H} ⊥ 1 M1+M2 ] + B(y) (_{sin↔cos} )_F[_{⃗ĥ↔⃗ĝ}]

+ | ⃗R_⊥| B(y) sin(ϕ_R+ϕ_S ) F [_{h1 H<)} 1 M1+M2 ]

−| ⃗R_⊥| A(y) cos(ϕ_h−ϕ_S ) ( sin(ϕ_h−ϕ_R) F [_{⃗^} h·⃗k_T ⃗ĥ·⃗p_T^{g1T G} ⊥ 1 MM1M2 ] + cos(ϕ_h−ϕ_R) F [_{⃗^} h·⃗k_T ↔⃗ĝ·⃗k_T ]) +| ⃗R_⊥| A(y) sin(ϕ_h−ϕ_S ) ( sin(ϕ_h−ϕ_R) F [_{⃗^} h·⃗k_T ⃗ĝ·⃗p_T^{g1T G} ⊥ 1 MM1M2 ] + cos(ϕ_h−ϕ_R) F [_{⃗^} h·⃗k_T ↔⃗ĝ·⃗k_T ]) +B(y) ( cos(3ϕ_h−ϕ_S ) F [_{⃗^} h·⃗k_T ⃗ĥ·⃗p_T ⃗ĝ·⃗p_T^h ⊥ 1T H ⊥ 1 M2(M1+M2) ] − sin(3ϕ_h−ϕ_S ) F [_{⃗^} h·⃗k_T ↔⃗ĝ·⃗k_T ]) +B(y) sin(2ϕ_h) ( cos(ϕ_h−ϕ_S ) F [_{⃗^} h·⃗k_T ( ⃗ĥ·⃗p_T )^{2 h} ⊥ 1T H⊥1 M2(M1+M2) ] + sin(ϕ_h−ϕ_S ) F [_{⃗^} h↔⃗ĝ ]) +B(y) cos(2ϕ_h) ( cos(ϕ_h−ϕ_S ) F [_⃗ ĝ·⃗k_T ( ⃗ĥ·⃗p_T )^{2 h} ⊥ 1T H⊥1 M2(M1+M2) ] − sin(ϕ_h−ϕ_S ) F [_{⃗^} h↔⃗ĝ ]) +| ⃗R_⊥| B(y) sin(2ϕ_h+ϕ_R−ϕ_S )F [( (^⃗h·⃗p_T )^2−(^⃗g·⃗p_T )^2+2 ⃗ĥ·⃗p_T ⃗ĝ·⃗p_T )_h⊥_{1T H}<)_1

2M2(M1+M2) ]} DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –10–

Extraction of transversity

• Need Ω_l(= y, ϕS ), ϕR_⊥ , x, z • ∫ d^2 ⃗Ph⊥ → no suppression from Sudakov ff

dσOT dy dϕS dx dz dϕR_⊥ dM^2_h d^2 ⃗P_{h⊥} = . . . . . . + B(y)|⃗S⊥| M1 + M2 sin(ϕS +ϕR_⊥ ) F [ h1(x, p^2_⊥) , ∫ dξ | ⃗R⊥| H^{<)}_1 (z, ξ, M^2_h , k^2_⊥, ⃗k⊥ · ⃗R⊥) ]

< dσOT > dy dx dz dM^2_h = ∫ dϕS dϕR_⊥ d^2 ⃗Ph⊥ sin(ϕS + ϕR_⊥ ) dσOT

= πα^2_{em}sx (2π)^3Q^4 B(y)|⃗S_⊥| 2(M1 + M2) h1(x) H^{<)}_1 (z, M^2_h )

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –11–

Spectator model ∑ X |X > ∼ |q ; (k − P1 − P2)^2 ≡ k^2_h = m^2_q >

Δ = δ(k^2_h − m^2_q ) θ(k^+_h ) (2π)^3 < 0|ψ(0)|π^+, π^−, q >< q, π^+, π^−|ψ(0)|0 > ≡ δ(k^2_h − m^2_q ) ~Δ

Δ^{[Γ]} =

Tr[ ~ΔΓ] 8(1 − z)(P1 + P2)^− | |_{k2= z1−z k2T + m}2_{q1−z +} M2_{hz}

+ + + h.c.

∼ T^{L=0}_{ππ} (s ≤ 1GeV)

+ + + h.c. + . . .

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –12–

”Feynman” rules asymptotic ∼ (1 − z)^{2α−1} = (1 − z)^{−3+2q+2|Δλ|} (Joffe, Khoze, Lipatov) cut off large virtualities → Λ fragmenting quark k^2 =^z_{1−z} k^2_T +^1_{1−z} m^2_q +^1_z M^2_h ≠ m^2_q units from [∫ d^2⃗k_⊥d^2 ⃗R_⊥ D1(z, ξ, k^2_⊥, ⃗k_⊥ · ⃗R_⊥) ] = #

resonance

Υ^{qπq} = Nqπ 1 |κ^2 − Λ^2_π|^32 γ5 ; κ = k, k − Pπ ; Nqπ = 2.564 GeV^2 Λπ = 0.4 GeV ∼^1_3 gπNN (Jakob, Mulders, Rodrigues) (Υ^{ρππ})^ν = fρππ R^ν_h (Joffe, Khoze, Lipatov)

(Sρ)^{μν} =^1 P 2h −m2ρ+imρΓρ ( −g^{μν} +^{P μh P νh}_{P 2h} ) ; Γρ =^{f 2ρππ}_{4π}^{mρ}_{12} ( 1 −^{4m2π}_{m2ρ} ) 3_2 f 2ρππ 4π = 2.84 ± 0.50

(Υ^{qρq})^μ = Nqρ 1 |k^2 − Λ^2_ρ|^32 γ^μ ; Λρ = 0.5 GeV Nqρ = (_1 26 N 4qπ f 2ρππ |m2q −Λ2ρ|3 |m2q −Λ2π |6 ) 1_2

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –13–

Approximated symmetries

H^{<)}_1 (u → π^+π^−) ≡ H^{<)}_1 (d → π^−π^+)

2MW^{μν} = ∫ . . . ∫ dk^+d^2⃗k⊥ . . . Tr[Φγ^μΔγ^ν ] . . . ∼ w^{μν} f(x) R̂⊥H^{<)}_1 (z, M^2_h )

⇒ H^{<)}_1 (d → π^−π^+) = −H^{<)}_1 (d → π^+π^−) |p⟩ = |u, u,d⟩ ⇒ A(p → π^+π^−) ∝ (_8 9 h^u_1 −^1_9 h^d_1 ) H^{<) u}_1 |n⟩ = |d, d,u⟩ ⇒ A(n → π^+π^−) ∝ (_4 9 h^u_1 −^2_9 h^d_1 ) H^{<) u}_1

test of: { twist-2, spectator model, valence quark } approximations

H^⊥_1 ≡ 0 ⇒ analogous of ”Collins” effect higher twist than ”bowling” effect

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –14–

∫ d^2⃗k⊥ H^{<) (u→π+π−)} 1 (z, ξ, M^2_h , ⃗k⊥, ϕR_⊥ = 0)

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –15–

H^{<) (u→π+π−)} 1 (z, Mh = mρ) = ∫ dϕR_⊥ d^2⃗k⊥dξ | ⃗R⊥| H^{<)}_1 ( z, ξ, Mh = mρ, ⃗k^2_⊥, ⃗k⊥ · ⃗R⊥ )

α^2_{em} 8π^2mπ H^{<) (u→π+π−)} 1 (z)

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –16–

D^{(u→π+π−)} 1 (z, Mh = mρ) = ∫ dϕR_⊥ d^2⃗k⊥dξ D1 ( z, ξ, Mh = mρ, ⃗k^2_⊥, ⃗k⊥ · ⃗R⊥ )

α^2_{em} 8π^2 D^{(u→π+π−)} 1 (z)

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –17–

Outlooks

Experiments

• DSA:

low rates • 1-hadron SSA:

require ⃗P_{h⊥}; require ⃗S_⊥; but are doable

(HERMES, RHIC)

• 2-hadrons SSA:

at RHIC (pp^↑ → ππX) at EIC?

at HERMES? at COMPASS?

Theory

• DSA:

small (DY) and uncertain (Λ^↑) • 1-hadron SSA:

not collinear factorization;

suppression from Sudakov form factors; LO evolution complicated; asymmetry diluted; model hadron – jet FSI • 2-hadrons SSA:

Interference Fragmentation Functions filter h_1 at twist-2;

model calculations;

from e^+e^− → (π^+π^−)(π^+π^−)X? from spin=1? (see Bacchetta’s talk)

DESY-Zeuthen — July 2001

Pavia M. Radici - Interference Fragmentation Functions –18–