The Sixth Workshop on Hadron Physics in China and Opportunities in US

Nuclear dependence of the TMDs and
azimuthal asymmetries in semi-inclusive deep-inelastic scattering

ZAEH (Liang Zuo-tang)

2R K S ) o e
(School of Physics, Shandong University)

20147 H22H, HE, =M

Nuclear dependence of TMDs Hadron2014, 201447H =M



The Sixth Workshop on Hadron Physics in China and Opportunities in US

Two
important quantities: <

fragmentation

e D
hadron structure

A

he FFs ...
\(te S...)

 function (FFs)

~ parton distribution
functions (PDFs)

\(the PDFs ...)
p NS @aoretical framew
hadronization

1

%

hadron
structure

<——> hadronization

(differential cross section,
azimuthal asymmetries,
polarizations, ... ......)

\

the measurable quantities

/

collinear expansion )

Why do we need it? How do we do it?

Nuclear dependence of TMDs

Hadron2014, 201447H =M



The Sixth Workshop on Hadron Physics in China and Opportunities in US

Qutline
> Introduction: theoretical framework for semi-inclusive DIS

e Collinear expansion in inclusive DIS e+ N — e + X and
the gauge invariant parton distribution functions (PDFs);

o Collinear expansion in semi-inclusive DIS e™+ N = ¢™ + ¢ + X,
the gauge invariant transverse momentum dependent (TMD)
parton distributions and the azimuthal asymmetries.

> Nuclear dependence of the TMDs and the azimuthal asymmetries.

e un-polarized nuclear target;
e polarized nuclear target;
e asimple numerical estimation

> Summary and outlook
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Inclusive DIS and Parton Model |

Inclusive (FE-2%) deep inelastic scattering (DIS) e+ N e +X

The differential cross section: { e (I")
o’ da'l
do=—2=1"I"W,(q,
0 L,IYW,,(q p)ZE,
/ [ R—
leptonic tensor hadronic tensor

#(eN —>eX)=(eX181eNy  §=11" " Z.(0)=J,(0)A" @)

The hadronic tensor: W, (g,p)= Y, (p1J,(0) 1 XXX 1.J,(0)| p)(27)*8*(p+q - py)
|

— %IZ = z.i
|72 I XM
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Inclusive DIS and Parton Distribution Functions

Parton model: V@ : V'@
e e S L
| —=I"=| =t
N ‘ }'\

The hadronic tensor: W, (q,p) = >.(p1J,(0)I XXX 1.1, (0)1 p)(27)*6*(p + g — py)

Weuse:  J,(x)=ey(x)y,p(x), o 1X) is divided into two

| X)=| X") | k'), independent parts 1&') and | X"
l//(X) | X') | k') — u(kV)e—ik'-x | X') o V(x) acts On|y on |k'>
: d'k A .
We obtain: W, (¢,p,S) = I(z v Ir| ,,(kq)¢(k,p.S) |

the hard part A, (k.q) =7 ,(k+q)y,2m)5, ((k+q)*)
the matrix element  ¢(k, p,S) = j'd“ze"’“( .Sy (0w ()| p,S)

information on the partonic structure of nucleon.
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Inclusive DIS and Parton Distribution Functions

W, (q,p) = (;1;1;4 Tr| H,,(k,9)p(k,p)]

Leading twist: neglecting power suppressed terms ~1/Q
this is equivalentto take p=p'n, k=xp

—> ¢, p)= P f(X)+ collinear approximation

> The naive parton model (7> T A7)

1
%9, ), (g +2xp), (g +2xp), |f,(x)
q 2xq-p

W, (q,p)= [(—g,w +

dz” ixptz” = *
Quark distribution function: J,(x)= Jﬁe <P|l/f(0)77t/f(z)lp>

w(z)= Y la(k)ulk)e ™ +b' (k)v(k)e™] ,K o
Co T no local (color) gauge invariance!
[,(x)={pla'(x)a(x)+b'(x)b(x)| p)

number density of quark and anti-quark.
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Inclusive DIS with QCD interaction

To get the gauge invariance, we need the “multiple gluon scattering”

#,(x) =72 (x) + #2P (x)

Wm,(qapas) = W;:,))(qapas) + W;;)(q,p,S) + Wﬂ(j)(q,pas) + ...

W' (q,p,S) = j Tr[ﬁL?(k,q)é“”(k,p,S)]

W) d4k d’k, Tr| HY? (k. k,,q)0" (k. .k,,p.S
@:ps8) = [ o s T AL ek )0 K.
The hard part: ~ Hi (k) =, (k+ @), 2n)8, ((k+9)°)
n invariance!
(1’L)p(k1,k2,q) (k1+q)’}/p(k2+q)y (27[)5 ((k1+q)2) O gauge a a Ce

T (k, +q)" —

,+q)’ it Y *
The parton density matrix: ¢, p) = j d*ze™ (p\y (0w (z)| p) ‘7

0" (K, ok, p,S) = [ d*zd* ye™ ™ (p, S 15 (0)gA, (Y)Y (2) 1 p,S)
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Inclusive DIS with QCD interaction X

Collinear approximation:

@ Approximating the hard part at k =xp:

A A 7O = O (1 —

H) (k,q) = H) (x) Hy ()= H, (k= xp,q)

[’\I(l)p (k1 9k2 ,q) = ﬁ(l)p (x1 9x2) Hl(‘l")p (%;,%,) = H;(tlv)p(kl =X, P>k, = X,p,q)
uv uv

@ Taking only the longitudinal component of the gluon field:

p
A (y)=n-A(y)—*-

x=k"/p*
@ Using the Ward identities such as, k* = %(k0 tk,)
2
1L (O\E(xl) P
pH LY (xp0) = —F n=(0,1,0,)
so that all the hard parts reduce the same H"(x). n=(1,0,0,)

& Adding all the terms together ——)
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Inclusive DIS with QCD interaction X

Wuv (q’p’S) = W;ﬁg)(‘lapas)

only leading twist contribution
can be derived from it.

~ d*k A A
(0) — (0) (0)
W (g,p,8)= | P Tr| & (k, p, $)H ) (x) |

O (k, p, )= [ d'ze"(p,S1¥(0)£(0,2% (2) | p,S)

/ C.f.: ¢k, p,S)=[d'ze"(p,S| W(M
Un-integrated parton distribution/correlation functions: \
Contain QCD interactions, gauge invariant ! gauge link

ig j dy A% (0,y”,2,)
4(_OO,Z) - Pe _oi - ~
b4 - V4 - Yy
=1+ig[dy"A"(0,y",0,)+(ig)* [dy"A"(0,y™,0,) [ dy" A"(0,y'"
0 0 0

=)
|_

| —
+
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Inclusive DIS with QCD interaction ‘

Collinear expansion: Ellis, Furmanski, Petronzio, (1982)

Qiu, Sterman (1990,1991)

& Expanding the hard part at k =xp: H®x)= HY(k = xp,q)
uv - v - ’

HO (kyq) = HY (x) + %wpp'kp. — oM, (x) _ 9H) (kq)
A OH ) (x,,x,) ok ok k=xp
HOP (ky kyq) = HYP (x,,x,) + ”"akla“ A T =K'/ p"
& Decomposition of the gluon field: o, =g —nn’
AW =1 AD) 40, 4,(7) 0,7k, = (k-xp),
& Using the Ward identities such as, k* = %(k0 tk,)
A 7 (0
to replace the derivatives etc. = (1,00,)

& Adding all the terms with the same hard part together ———>
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Inclusive DIS with QCD interaction X

W, (q,p,8)=W(q,p,S)+ W (4, p,S)+ W (g, p,S)+ ..

twist-2, twist-3 and twist-4 contributions

17 (0) —
W' (g,p,8) =

O (k,p, )= [ d'ze"(p,S1¥(0)£(0,2% (2) | p,S)

AN

d'k £ (0) ry(0)
(2”)4Tr[<1> (k, p, A (x) ]

twist-Mwist-4 and even higher twist contributions
W (gp,8) = [LR N T g0 1 )0 "]
v (g,p, )—j )4 l'[ p'( 12K55D; ) v (xl 2)0),)

Ok, k,,p,S) = [ d*2A ye™ ™ p, S 15 (0).£(0,) D) £ (3,2 (2) | p,S)

D, (y)=-id,+gA,(y)

Un-integrated parton distribution/correlation functions:

. . link
Contain QCD interactions, gauge invariant ! gauge

A consistent framework for inclusive DIS e+ N = e+ X
including higher twist contributions.
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Inclusive DIS with QCD interaction X

W, (q,p,8)=W(q,p,S)+WP(q, p,S)+ W (q, p,S)+..

. + . . twist-2, twist-3 and twist-4 contributions
W(q,p.5) = j”—der[d)“”(x;p,S)H”)(x)]

> (x; p,

\(2 ) —xp")®O (k3 p,S) = jdz R <p,SI1//(0).4(0,z Wz ) p,S)

\ twist-3, twist-4 and even higher twist contributions
“d “d A A ,
W (4,p,S) = fp X2 [ ) (x,, 0,59, AL (x,,%,)0,” |

T

OV (x,,x,5p,8) = [ dz Wy €™ " p S 1§7(0).£(0,57)D, (3 )Ly, W (271 p,S)

D, (y)=-id,+gA,(y")

Integrated parton distribution/correlation functions:
Contain QCD interactions, gauge invariant !

gauge link

A consistent framework for inclusive DIS e+ N = e+ X
including higher twist contributions.
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Inclusive DIS with QCD interaction

Lesson I:  Quark distribution is not merely

(c)

l.e., it contains “intrinsic motion” and “multiple gluon scattering”.

Intrinsic transverse momentum and multiple gluon scattering always mix up
with each other to give us the finally observed effects.

Lesson Il: “Multiple gluon scattering” is contained in the gauge link.

Collinear expansion is the necessary procedure to establish the relationship
between the differential cross section and the gauge invariant parton distributions.

Collinear expansion leads to a formalism that can be used to study leading as
well as higher twist contributions order by order in a systematic way.
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From inclusive to semi-inclusive DIS: the TMDs "

oG uﬂ\“("

From inclusive to semi-inclusive DIS: Much more can be studied !
Ininclusive DIS e N > e X only longitudinal distributions such as,
e (" _ ,
e d ixpto _
O, _— 1,0=[ e 1O 20.2w() | p)

v*(q —l]2=Q2

dz” . - _ "
4,(0)= [T (plFO) T~ 20,29() | p)

are studied.

N(p) X

In semi-inclusive DIS ¢ N = e kX  both longitudinal & transverse, i.e. the TMDs such as,

2y’
dz dzzj_ txp z —th_ Z,

Q2r)’

e
e R { fq(x,kl) J‘dz d ZJ_ ixp* 7 - klzJ_<N|w(0)y z(O,Z)V’(Z)IN>

i — Af,(xok,) =[S (NIIF(O)%J(O,Z)W(Z)IN)

and many others can be studied.
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Semi-Inclusive DIS with QCD interaction

The first thing to do:

(the TMDs ... ) (the differential cross section,
the azimuthal asymmetries, ... )

{hadron structure } < > the measurable quantities

collinear expansion in SIDIS? >

YES for etN =» e+ g (jet) + X!  no fragmentation, simple and clear,
_ collinear expansion can be applied!

e
e_ o
ZTL & X.N. Wang, PRD (2007);
J.H. Gao, ZTL, X.N. Wang, PRC (2010);

Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2011);
Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2014).
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Semi-Inclusive DIS with QCD interaction

For semi-inclusive DIS e+ N = e+g+ X
(si) ' 127 (0,s0) ' 77 (1,s0) ' 77 (2,si) '
W, (4, p,S,k")=W,"(q,p,S,k")+W " (q,p,S,k")+ W, (q, p,S, k") + ...

twist-2, twist-3 and twist-4 contributions

4
dk Tr[cp“”(k p,S)H“”(x)] QE,)(27) 83 (k'-k — §)

17 (0,si)
W™ (q,p,S,k") = j

"k, p,5)= | d“ze"‘%p,sIW(O)J(O,ZW@'P’S>

twist-3, twist-4 and even higher twist contributions

d 4
3 k) (‘; k) Y Teld (k, kyop, S) HLP (x,,x,) ©,°1 (2E,)2m) 8 (k'— k, - §)
c=L,R

DYk, ky,p,S) = [ d*zd* ye " p,S 197(0).£(0,)D, () £(y,2)¥ ()| p,S)

Wi (q,p,Sk") = |

mmm) A consistent framework for semi-inclusive DIS e+ N — e+ g+ X
including higher twist contributions.
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Semi-Inclusive DIS with QCD interaction

oG uﬂ\“("

For semi-inclusive DIS e+ N = e+g+ X
(si) ' 127 (0,s0) ' 77 (1,s0) ' 77 (2,si) '
W, (4, p,S,k")=W,"(q,p,S,k")+W " (q,p,S,k")+ W, (q, p,S, k") + ...

twist-2, twist-3 and twist-4 contributions

+ 2
dx (‘; ;‘)l Tr[®© (x, k; p,S)H“”(x)] Qr) 8% (k' —k,)

OV (xk,3p, )= [drd 2, e T (p,S1F(0)£(0,2y ()| p,S)

Wi (gpaSk'y) = [ £

twist-3, twist-4 and even higher twist contributions

*d.d*k,, p*dx,d’k X . | ..
C 2 P 25T T Y, Tre[®Y) (x,,k %,k 3 p,8) Hy P (x,,x,) © P 12m)? 82 (k' —k,,)
(2m) (2m) c=LR

Wﬁi’Si)(q,p,S,k'l) — jp

O (x, k1, %,k 133 p,8) = [ d-d’z, dy”d’y € (p,S 1§ (0)£(0,)D ,(3) £ (3, 2)¥ ()| p,S)

mmm) A consistent framework for semi-inclusive DIS e+ N — e+ g+ X
including higher twist contributions.
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SIDIS e +p =» e + g + X : differential cross-section to 1/Q

A complete twist-3 result for polarized e(4,)+ N(4,S,) > e+q+X
do 2o’
dxdydk, = QZ;”’ Wy + AW, +S Wy + AW, + AAW, + 4,5 W,,)
2x 1k, | .
W, (6K, ,0) = A, (x,ke,) = = le B (xk, )cos
Ik, | N , 2xM KX , ,
Wy (x,k, ,0,0,) = M A(y) fir (x,k, )sin(¢p — @) + TB(y){ZMZ Jr (x,k )sin2¢ — @) + f; (x’kJ_)Sln‘ps}
2x 1k, | . .
W, (x,k, ,0)=— X1k, D(y)g (x,k,)sing A(y)=1+(1- y)2
_ 2xlk| s , B(y)=2Q2-y)/1-y
WUL (xakj_ 9¢) - B(y)fL (xakJ_)Sln¢ C(y) — y(z _ y)
2x 1k, | . D(y)=2y1-
W, (ks o8) = CO)gon ok ) = 250 D () gt (kY cos D=2y
Ik, | s 2xM K
WLT (xSkJ_ 9¢9¢s) = M C(y)ng (x,kl)cos(d) - ¢s) - TD(y)[gT(x,kl)COS(bs - 2M2 8r (xakJ_)COS(Z‘P - ¢s):|
Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2014).
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SIDIS e +p =» e + g + X : differential cross-section to 1/Q2

A complete twist-4 result for un-polarized e+ N - e+q+ X

do Znaem k
dxdyd’k,  Qy
—4(1—- [ O,k )= @0 (x, k,)|cos 24

+8(1— y)('é' Ao (k)= B0 (e k) ZXQQW fq(_)(x,kl))

_2[1"'(1 y) ]l QJ-l x¢lzL)(xak )}

Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2011).
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SIDIS e +p =» ¢ + g + X : the involved TMDs up to twist-3

v,
2, <
0
NG U“\sl“'

There are 12 TMDs involved here up to twist-3, and they are defined via

O (x,k,3p,S) = [dz d’z, ™ (N1 (0)£(0,2)9 (2) | N)

OV = (@Y +y. 7 DY)/ 2 +...

kS

£ 1 1
(Dg)) = Dq (fl - ﬁfé) + kJ_ozfl - MSJ_aSlfT - M(kJ_akf - Esz_daﬂ)EJ_ﬂSJ_le - Mlakal + ..
3 (0) kJ_ 'SJ_ L 1 1 B 1., B 1 1
®, =-p,(Ag,, - gir)tE 8 —MS, 8 + M(klakj_ - Ekj_da )SJ_ﬂgT — Ak, g + .
Twist-2:  fis firs &> &ir (4)
Twist-3: fla fTa fTJ_’ fLJ_; gJ_a 87> gi_a g]J: (8)
Spin independent: fo [ & (3=1+2)
Longitudinal spin independent: i3 &> & 3=1+2)
Transverse spin independent.  fir» frs fi3 &irs &> & (6=2+4)
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At the leading twist (twist-2):

Ik, | fi(x,k,)
2M f,(x,k,)

(sin(gp—9,)),,. =S,

- 2.8 IEL 1 C(y) glJ_T(xakJ_)
T 2M A(y) f,(x,k))

<COS(¢ - ¢s )>LT

Take g=0, i.e., take away the effects of “multiple gluon scattering”, we have,

firCek) =0 (sin(@-9,),,| =0

g=0

g (x,k, )|g=0 =0 (cos(¢ — ¢s)>u~‘ =0

g=0
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SIDIS e +p =» ¢ + g + X' Azimuthal asymmetries

Twist-3: <sin¢>w=2.,”2|g§y; e
Y) J XK,

ki BO) xfy (6:k) e g
MQ A(y) f,(x:k,)

(sin2p-9,)),. =S,

g
2xM B(y) I )7 p S ),

(sing,) =S,

0 A(y) [, (x,k,)
<COS¢> =_II_€>J_|B(y)xfl(x,kl) g=0 \_B(y)l]_gll
vu 0 A(y) fi(x,k)) Aly) O
(cosg) = Ve, | B)xf(x,k) + AAD() gy (x,ky) o |V | B, (x,k) + AAD(p)g,, (x,k,)

Q0 AW fi(x,k )+ AAC(y)g,, (x,k,) ’ 0 AW fi(x,k )+ AAC(y)g,, (x,k,)

ke POy x[@,00k ) =0y (k)] 1K P C(y)

Twist-4: (cos2¢) = 0 Aly) £, (xk,) "0 Ay
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SIDISe + A =»e + g+ X: Nuclear dependence

Replace Nby A, i.e., considere+ A =» e + g + X, we obtain

the same results as long as we replace the TMDs in N by the corresponding TMDs in A.
E.g.

L e k| fi4(x,k,) Ik, 1 C(y) g4 (x,k,)
(S0 =0)r =Sua gy Fie iy (OO = A )

e _ Lk 1 B(y) ¥f;" (x,k,) et _ |k, | D(y) xg" (x,k,)
(cosg) = 0 AY) fi ok, (sing) =4, 0 AL f(xk.)
<sm(2¢ ¢ > k2 B(y) xf (x k )

S MQ A(y) f(x,k,)

- 72
dz d <\ ixptz—ik, %
| %

£k, = P LA W(O)%A’(O,z)l//(z) 1 A)

Only vector polarization part of A is considered: §, = (0,§A) in the rest frame of A.
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SIDIS e+ A=>e + g+ X: Nuclear dependence of the TMDs

Gauge link comes from:

Replace N by A, the gluons can connect to different nucleons in A.

, Nuclear enhancement
Transverse momentum broadening

Transverse momentum broadening should be contained
in the gauge link

ZTL, X.N. Wang & J. Zhou, PRD (2008);

J.H. Gao, ZTL, X.N. Wang, PRC (2010);

Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2011);
Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2014).
Y.K. Song, ZTL, X.N. Wang, PRD (2014).
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SIDIS e+ A=>e + g+ X: Nuclear dependence of the TMDs

Gauge link comes from:

Replace N by A, the gluons can connect to different nucleons in A.

, Nuclear enhancement
Transverse momentum broadening

Transverse momentum broadening should be contained
in the gauge link

ZTL, X.N. Wang & J. Zhou, PRD (2008);

J.H. Gao, ZTL, X.N. Wang, PRC (2010);

Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2011);
Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2014).
Y.K. Song, ZTL, X.N. Wang, PRD (2014).
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Transverse momentum broadening in nucleus

We take the “maximal two gluon approximation™
either zero or two gluons are connected to one spectator nucleon.

ﬂq) v*(z)j: Lﬂ'lq) g Yg‘i;
q(ky) q(k,) q(k,)f % 3 3 3 ﬁq(kz)
:> fA (x9kJ_) = - Jdzlle_(EL_il)Z/AZFfN(xalj_)
q T AZF q
Ay = Idffvép (Sv) transverse momentum broadening squared
2
G (&)= Z’Z’V &, Py EDIXSY ()], quark transport parameter in A

C

gluon distribution function in nucleon N
number density of nucleon in nucleus A

A direct consequences of the “multiple gluon scattering” in the gauge link!
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Nuclear dependence of the TMDs: unpolarized

Un-polarized A:

Under the “maximal two gluon approximation”:

A
qu(xakJ_) = T A

J'd2lle—(la_—il)2/A2quN(x,ll)
2F

A
T A,

k2 (k) = [ @1, e T e e 1) N (2 0,)

A
A,

kgt (x,k,) = [ @1, e T k1) g Y (x40,
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Nuclear dependence of the TMDs: unpolarized

An example: take a Gaussian for the transverse momentum dependence

1 it
qu(xakJ_)=g qu(x) € ! ’

o =L pwvgy o g”(x,kl)=—1~ gV (x) e
A ~ A N _Ei/(a+A2F) . _ " " .
E— [, (x,k,) T+ AL fN(x) e twist-2 distribution

F k)= ( B piey s
R A A :
m(B+A)\ B +~ ZFJ } twist-3 TMDs,

\
A o
gJ_A(x9kJ_) = ~ [ ﬁ gJ'N(x) e_kJ./(ﬁ"'AZF)

. suppression factor!
”(,B + Azp) ﬁ +A2F Y,
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Nuclear dependence of the azimuthal asymmetries: unpolarizded

Under the Gaussian ansatz: forthe casethat a=pB=y

N suppressed!

<COS 2¢>:2] ~( o )2

(cos 2¢>:JIZ7 a+A,,

Another place to study the
effects of “multiple gluon scattering” !
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Nuclear dependence of the TMDs: longitudinally polarized

In the case of a polarized nucleus A:
Take the approximation: each nucleon has an average polarization of 2J,/A.

Under the “maximal two gluon approximation”:

For the longitudinally polarized nuclei:

2]
A x,k ~ A
g (x,k)) T A,

27 —(k -1, */Ayp N
jd le 77" rgl (x,l))

2]
2 LJ_A(x,kJ_) ~ - AA

2F

2]
gt (x,k,) = _— A

J‘dzlJ_e_(iéJ‘_iJ‘)z/AZF (kJ_ . IJ_ )fLJ_N(x,lJ_)

J'dZ —(ky =1, /Azp(k .l )g (x,ll)
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Nuclear dependence of the TMDs: longitudinally polarized

With the Gaussian ansatz
1

N (xk ) =—— gl (x)e o,
g (x,k,) Ta, 811 (X)
. 1 e
LlN(JC,kl)=L LN (x)e K g (x,k))=— gV (x)e P
L B,
o gk = g e twist-2 distribution
1L L E(aL+A2F) 1L

» 2J, ﬁL ) LN —k} I(Br+Asp)
fL (x,kl)""*' ( L (x)e LAPLtAzF
+ A B, +A i
(B, 2\ Pr ZFJ } twist-3

~2JA [ ﬁL ) gi_N (x)e_Ei/(ﬂL+A2F)
(B, +A,)

1A
g (x,k))= -
ﬁL +A2F

Very similar to those in the un-polarized case.
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Nuclear dependence of the TMDs: transversely polarized

For the transversely polarized nuclei:

S ;A(x,kL)z 2], J‘dzl —(k,-1,)? /AZFSj:G I;N(x,ll)
A,
(k .S )g (x k )~ 2JA J‘dzl —(ey -1y ) /AzF(l N )g (xl )
A,

2], ¢ AR

8is(k¢ 'SJ_)fTJ_A(x’kJ_) = A dzlle ) /AZFglLS(IL 'SJ_)fTJ_N(x’lJ_)
A, "

£5(K, -S,)g2" (v,k, ) = —9A— [ @1 e g (1 5, ) gV (x,1,)

A"

2]
gf_s(kj_'SJ_)fTA(xakJ_)z 4
T A

2F

jdzlle_(il_il)Z/Azp {ch_s (kJ_ ) SJ_ )fTN (xalJ_)_

—[(kl-sl)(kl-zl)e ~ (k8L -, 5,) ’S} T (x”l)}

M?

2]
ek, -S)eg(x,k )=—4
Lk -S))gr (x,k)) A

J‘dzlle—(kl-il) IAsp {8J_ (k, 'SJ_)gT (x,l,)—

2F

+[(kl-Sl)(kL-lL)e — (k, S)’l Sl - S)"l IS} TA(;JL)}
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With the Gaussian ansatz ~ f:V(x,k,)= %

T

1N —k2/ 1N
Jir (x)e™=7, gir (x,k

fr (k)= —— ﬁ £ x)e ™0, g (x,k)=—

T

1

_i2 1
fTLN(x)e kl/h, g;_N(x’kJ_) =

T T

leN(xakJ_) =
¥/

2] o _i2
(x k )z A ( T ]fN(x)e kil(ar+A,r)
::> (aT + AZF) O+ AZF v twist-2

2] & eyre
g (k) =~ —==4 ( : )glNT(x)e e

o, +A,:) Lo, +A,,
2] iz —
A x,k ~ A N x)e ki/(Br+AsF)
Jr (x,k,) n(ﬂi;_AZF)fT( )
k) = 2 g (g
n(Br +A,,) 5 _ twist-3
TJ_A (x,kl) ~ 2JA ( YT ) TJ-N (x)e—Ei/(7T+A2F)
”(yT + AZF) },T -l-AZF 2
1A (x,k ) ~ ~21A _ },T g;-N(x)e—Ei/(?T+A2F) B
B(Yr+ 250\ Vi + Ay

Nuclear dependence of TMDs Hadron2014, 201447H %M 33



Under the Gaussian ansatz:  for the case that a=B8=y

(sin(@-9,);, _(cos@-9)) 2J, o

(sin(@—9,)) (cos(@—9)) A a+Ah,

eA

<sin¢>UL 2J, «

~

eN

<sin¢>UL A a+A,,
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A numerical estimation of the transverse momentum broadening A,

The transverse momentum broadening: 4, , = j d&.G. ()

A 2’ 4 N
4r(Sy)= 7]1'Vas pN(fN)[xfg ()0

A rough estimation:

The quark transport parameter:  g,.(&,) = g,(0)py(&y)/ pa(0)

A/(4nR>/3) £ <R _ . A3
Take a hard sphere for  py(&y) =~|: (xR, /3) for r<kK, R,=nA
0 for r>R,

> A, = [dEd. () = 3V24(0),A" /4

Q(()): quark transport parameter at the center of the nucleus
extracted from the analysis of suppression of leading hadrons in SIDIS with nuclei.

W.T. Deng, and X.N. Wang, PRC 81, 024902 (2010);
N.B. Chang, W.T. Deng, and X.N. Wang, PRC 89, 034911 (2014).

Nuclear dependence of TMDs Hadron2014, 201447H =M 35



A numerical estimation of the transverse momentum broadening A,

2 eA—ehX 2 ep—ehX
< o > - < ) >

Comparison with dataon  A{ p7, )

L vt
phJ_ =~ sz_ + pFJ_ 004 Ham HERMES Xe
- o K* Kr

A< pzj_ > = ZzAzF

A (p2) [GeV?]
o
N

o
(o%]

The suppression factor
f=al(a+A,,)

fs
o
(0]

o I L B B

0.4 E— (] = 0.024 + 0.008 GeV/fm
YK. Song, ZTL, X.N. Wang, PRD (2014). 2 50 '120' T is0 200
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Summary and Outlook

> \We show that a direct consequence of the “multiple gluon scattering”
contained in the gauge link is a significant transverse momentum
broadening in nucleus, for leading and higher twist TMDs;

> Such transverse momentum broadening leads in general to
suppression of azimuthal asymmetries in SIDIS with nuclear targets;

> Arough numerical estimation of the broadening is made and
comparison with the data available is given;

> More interesting measurements are expected, which may provide
another place to study the effects of “multiple gluon scattering”.

Thank you for your attention!
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