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@ 1970s ~, Exp's of spin and azimuthal asymmetries
@ Transverse-momentum-dependent (TMD) parton distributions

@ A mechanism for generating asymmetries
@ Information of parton kr/spin/OAM
@ However, higher twist effects complicate the situation

e+ N/A—e+h+X

/\)2f4®D1

2¢) ~  hi @ Hi" +<_
(cos 2¢) i ® Hi 0) Fob

Leading twist TMDs  \——
twist—4

o A ~a few hundred MeV, Q ~GeV, 4 ~0.1—0.3 not so small
@ Non-perturbative function f; might be large

Higher twist contributions should not be neglected!
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Collinear expansion

@ Collinear expansion: systematic formalism to calculate higher twist

Collinear Approximation | | Collinear Expansion |

@ Collinear expansion in DIS
Ellis, Furmanski, Petronzio, NPB1982,1983; Qiu, PRD1990

@ Collinear expansion in eA/eN SIDIS and e™ e~ -annihilation.
Liang, Wang, PRD2006; Gao, Liang, Wang, PRC2010; YKS, Gao, Liang, Wang,
PRD2011,2014; Wei, YKS, Liang, PRD2014
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DISe+ N — e+ X

W) = Tr[A (k) @ ¢ (k)]
WY = Te[ AR (ki ko) @ (k17 k2)]
W) = Te[AD (ki, ke, k) © Goa (K, ke, k)]

lﬁlﬁ'l), 's: hard parts

(k) = (K + ) 2ms (k + q)°)
AP (K ko) = BV (K + d)w2mds (ko + 9)?)

#'s: parton correlation matrices
¢A>(°}(k = [ d*ye™ ¥ (p,s|(0)y(y)|p,s) Not gauge invariant!
B, k) = [ d*yelr itk 2 (o S| (0)gA, (2)i(y)|p,s) Not gauge invariant!

Yu-kun Song (University of Jinan) Azimuthal Asymmetries for eA/eN Semi-inclu October 24, 2014



Collinear expansion in DIS e+ N — e+ X

Ellis, Furmanski, Petronzio, NPB1982,1983; Qiu, PRD1990
@ Talyor expansion of I:I(i)(k) near k = xp, and gluon field decomposition

oMY (k)

p P P _ pAt=p p AP
akp w plk , A —A n" 4+ w p/A

k=xp

@ Use Ward Identities to Simplify the results

IR (x) o) )
A °( H( )p _ 2
kP C;R X X Pp (X13X2) X0 — x| — i€

@ Sum up and re-organize all terms
Wy = WO + W+ W@+
W = Tr[A)(x) @ O (x)]

_ / dy= " (plB(0)£(0,y )y )lp). [ Gauge-invariant!
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Collinear expansion in SIDIS e + N/A— e+ g+ X

WO ~ Tr[HD (k) @ 6 (k)]®K(k K)o Kk K) = (27)*6* (k+q - k)
Wi Tr[HW"(khk2)®¢p (ki k2)] ® K(ke, k')
W ~ Tr[HE (ks ke, k) @ 652 (K, ke, )] @ K (e, K)
We expand H » and A” as before, and keep K(k, k') intact.(Liang, Wang, PRD2006)
WD = WSRO L D WD
Wi = Tr[AD(x) © 3 (x, ku)]

O (x, k1) = / dy~ Py, e TRLTLpIB(0)L(0, y)d(y sy )lp)-
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Extracting higher twists

@ After collinear expansion, hadronic tensor reduce to,
WO = Te[AQ)(x) @ O (x, k1)]
Wit = Tr[AR (x) @ 9D (x, ko))
Wi = Te[AZ)(x) @ @) (x, k1)]

@ P(x,ki)'s are 4 X 4 matrices,
O (x, k1) = @Dy — ¢ ygy™
o) = o0 (p, s, k)
=(h — EkfﬂJi')Pa + (fJ' — e Ykia + frMe | ais| + Mt e aikl .

@ QCD equation of motion, [P = 0, is used to simplify final results.
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Hadronic tensors for e + N — e + g + X up to twist-3

do o< LMW,

d*W,,
d2k,

S 1 S
= —du (f — A7) + mkl{u(CH- 2x6p).y (F- — eF)

M i ,-
- ﬂ(q + 2XBP){uELv}iSLIT — ﬂ(q + 2x8P) (€ LuyikL fi-

i k, -s i s
+ iE L (/\gu - g#r) ~ 5 kuiu(at2xsp)y (g +effer)

iM Pa iA i
+ m(q + 2xBP)[uEL1)iSLET + m(q = 2XBP)[;L5J_V]ikILgLL-

fi's: color gauge invariance;
q" W, = "W, = 0: EM gauge invariance.
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Cross section and azimuthal asymmetries at twist-3

do 2mom (Wyy + AW Wt + AWyL + A AW + Ajsy Wir)
—_— = + +s + + + Ass s
dXB dydsz sz uu Vv 1 YWuT uL f LL 1SL VLT
2xg K | )
Wyy =A(y)f — TB(y)chos ¢,
[k | 1 ) 2xgM . KoL ,
Wyt = o A(y)fiTsin (¢ — ¢s) — B(y) [frsm s — W'{T sin(2¢ — qu)],
2xg K | ) 2xg |k | )
Wy = — ———B(y)f;"sin &, Wiy = ————D(y)g""sin ¢,
Q Q
2xg |k | 1
WL =C(v)e1L — TD(Y)gL cos ¢,
1K1 2xg M K3
Wir === C(y)gireos (¢ — bs) = =2 Dly)[grcos ds — - g7 cos (26 — s).

o o HE™ A s D a1/
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Cross section and azimuthal asymmetries at twist-4

do 27ro<§me2 2. N |EL| (1)N
_ = 1+(1— f, sk — 42 — 1—y—xgf , k| )cos
i et {1 4= 7, k) = 42 = Ty (), b Jeon
Ky |2 ()N L(L)N
—41-y) xgle s (xB, k1) — @5 (xB, k1 )]cos2¢

Q2
2x3 M2
+8(1— y)%fq"f_)(x,g, ki)

E 2
-2 [1 4 (1= Y)Z} | 2;2' xB [%’(j’;w(xsa ki) — @S%QL)N(XB, M)} }

Song, Gao, Liang, Wang, PRD2011
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Discussions

22— y)VI—y ki xeft(x ki)

{cos huu = 1+(1—-y)? Q@ f(xky)

o 2(1—y) [k xele ki) — B k)]
feos20luu =~y @2 fx kL)
sin gy = - 2VI=Y kil xagt(x k)

I+(1-y)? Q@ fi(xky)

for g = 0, they reduce to R.Cahn’s parton model results,

22— y)VI—y|ki]
(cos d)yulg=0 = —W TJ_
2(1—y) |kuP?
1+(1-y)? @
0

(cos 2¢) yulg=0

(sin ¢) Lulg=0

But generally they depend on values of non-perturbative TMD functions!

tdy-d2y e o~
(k) = [ B S T R0, Y )()lp)

+ dv— d2 -
Prdy™dy1 ipty— ik, - a
Kigh(x ki) = / et T ROk Y L0, ) Ip).
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Nulcear effects on parton distribution

el SIDIS eA SIDIS

S S

Q0000
00000
00000

000000
00000

000000

(N[(0)L(0; y)u(y)IN) (A[P(0)L(0; y)p(y)IA)

| FSI diffuse the scattered parton |

Fx, k)~ =2 [P0, e Fe—to)/Berf(x q,)

whoF

FAAx k1) = A [ d?ey e—@r@)”AZF%le(x, £,)

where Aor = [d¢™ §(¢7). (Liang, Wang, Zhou, PRD2008)
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Nuclear effects on azimuthal asymmetries
If one takes Gaussian ansatz for TMDs with identical parameters

sy o, ey (K)o
(cs )l ~ (sind)ily T ) +Br T

[~ | kr-distribution broadened |

well described at large A

=== §=0024+0.008 GeV’fm

50

100
A

) | Azimuthal asymmetries suppressedl
50

N
S]

reduce by 40% at A = 200
Hermes, PLB 684:114(2010),

EPJA 47:113(2011).
Yu-kun Song (University of Jinan)

Song, Liang, Wang, PRD2014
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Summary

@ Collinear expansion is essential to calculate higher twists systematically

<] Twis}-3 contributions to azimuthal asymmetries for doublely polarized
€+ N/A — e+ g+ X process.

@ Twist-4 contributions to azimuthal asymmetries for unpolarized
e+ N/A— e+ g+ X process.

@ Numeric estimate of nuclear suppression of azimuthal asymmtries as a function of
A.

Thanks for your attention!
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(k?)

Numeric estimate of f; =

(k%)
@ (k%) ~0.2~0.3 GeV?

e.g., Anselmino, Boglione, D'Alesio, Melis, Murgia and Prokudin, PRD2013
@ Average kr-broadening in DIS

Dor = / déy d*bar (&, b),

Gr(€n, b) = Gopi(€, b)/pN(0,0).

go = 0.024 4+ 0.008 GeVQ/fm (Deng, Wang, PRC2010; Chang, Deng, Wang,
PRC2014), and for pj (&, b) we take hard sphere distribution.
Finally the nuclear suppression factor f; becomes

1

foo ————
1+0.114A1/3
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