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Kinematics
e(l,\1) + ha(Pa, An) — e(I') + Q(p1) + X (undetected hadrons)

DIS variables:

Q? = Paa_ Q?
’ pa-l  xgSp

—(I = I')?, Heavy quark Mass : m

Photon is virtual:
Q? >0,
Q ~ m> Nocp(~ 300MeV)




Ranges of DIS variables: bichiasapeta, EPica1(2005)515

V1i+92 -1  2xgM,
72 7’7 Q °

0<y <2

» High energy limit: @ > M, =0<y, <1.

» Threshold condition: (pa + q)2 >4m? = xg < 02371"2_
» DIS range:

2 2 2

5p/202+4m2,gSXB< q <

Sp/ B Q2 + 4-f7727 n= XBSp/.



; . — PAPL — 9p _
Hadron variables : z = ord >0,y paqr X = XB

Azimuthal angle : ¢

~¥*N frame i

Leptonlane

Hadron plane

Light-cone coordinates: a® = \%(ao +2a%), a* = (at, a7, d)),
a’> =2ata” +a}, a3 =33 <0. ¢", pl; are longitudinal.

(v,z) is equivalent to (p?,, Y):

E. % x E2
_ _—YElL _ ARl
£=e Q 1—x 7 XZ+ZQ2’

1 P0+Pz
y:,|n¥, EiL =/ m?+ B2
2 p?_pz V 11

1



Threshold: piz(pA+q—p1)2Zm2é0<x—i—y—|—z§1é

Q /1—x 4x E12L
E < —=4/—- = 1— —1L
1Ls5 » PL 1-x Q2
1-— 1-— 1. 1- 1 1
iSzg pL,orfIn pLSYgflnl
2 2 1+p) 2 1—p)
Range of z is symmetric about z = 1/2.
DIS range:
2 2 Q2

Q
5 > 2 4- 27 — < = < -5 = —
pr 2 QA Am, o S x6(=X) S G YT s



Differential cross section(5 dimension):

do a2
dxgdQ2dYd?p; | 327r3x2 52 Q2

Ly WH.

L =" a(l Nyl A)a(l Ay u(l’, X)

)\/
=1+ VI — 1 gt e ],

W :/d4§e""5 D (PaARL” () p1X) (X il (0)| Parn)
X

JN = Zq eqqp’yuw q = U, d,S, C7 b
Slml|al’ ProCess: Laenen,Riemersma&Smith, NPB392(1993)162, 4—dim, ¢ integrated,
unp0|arized; Hekhorn&Stratmann,2105.13944, Anderle et a/,2110.04489, ¢ integrated,

double polarized;



Twist-2 factorization of hadronic tensor WHY,

q, 1 :

B
- —~—

Collinear region: kb = (ki ky, ka1) ~ Q(1,A%,)), A < 1.

a»an

Twist-2: ki — ki = (kt,0,0) = (xap4,0,0) in hard part.

Wy = [ b h0) [ e S BANITO)HOIPaN)



q; | :

Pl =4
Pa ' '

4
whv :/d4k H (Ka, )/(;jﬂg & (PaAn|5(0)4i(€) | Parn)

4
= [ a1 ) [ s P [ 5 S5e EPAMIT O Pa)

+ (higher twist)
= [ dk ) [ e PANIT )0 (6) P

+ (higher twist)

Only k; is preserved in twist-2(Leading twist).

Q/AaA



Gluon contribution is similar:
v v (7 df_ ikte— «a
Wy = [ ok ) [ e 5 (P GIO)GE @) PN

+ (higher twist)

At leading twist, «, 3 are transverse.
PDFs:

/dzfﬂ—_eik;rf<PA)\h‘1Zj(0)¢i(§)’PA)‘h>

_ ()i
2N,

d _ i - p—
/zé;relka+£ <PA)‘h‘GEL(O) 21 (E7)Parn)
5ab 2 O‘Bf'g 5

— H o g
_2(Ng . 1)X3PX |:2 _ dgL 1 (Xa) + Ah(_l)eL gl (Xa) .

{’f f7(xa) + 57 Angy (Xa)] ;

ki =x,Pf,d=4—¢
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Factorized form of hadronic tensor:

dxs - 2 ;
e R L e U CORD- ()

dx, [ - 1 - —i
Wy = [ Rt 2 g i) + AR e gl
a

11 / AA



Angular distributions: ¢ dependence

HHoB satisfies:
» «, (3 are transverse;

» No 75 or e—tensor;

v

QED gauge invariance: q, W* = q, W* =0 or
guHmeP = g, Hrmed = 0

v

Depends on only one transverse vector Pﬁ!

12 / AA



Angular distributions: ¢ dependence

Tensor structure:

Fliy = Hx, XE"7 + Hy, Y 4 Hz, 217 4y, vie?

HX,.J. etc depend on ph only, in addition to k;-q, ki p1, 9 p1.

Thus, they are ¢ independent!

12 /A4



Angular distributions: ¢ dependence
10 X,'J'Z

. _ g o
Xt 3B,

where

1 1
pwoow T
=& , 2= "7 [PlelL gL plL}
P11 d—2

a3 =py | p" + P11 P, a1 = PP,
as =py B — py P,

- ~ 1 1
by :gfﬁ’ by = E [Pﬂpﬁ d— 2gj_ Pu},
1

pAq

where p* = p/ g*, satisfying g-p = 0.

14 / AA



Angular distributions: ¢ dependence

3Y;:
Yol =glogl? — glPgte,
3 1
Y3 = Kéﬁ PuPiBL gf‘pﬁpﬂ) i CR m}?
A
1
v = [(ghproply - grpt ol ) + (a & B)].
11
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Angular distributions: ¢ dependence

3 Z:
2
Z{””aﬂ :gﬁagi’g + gﬁﬂgju_a - gﬁygiﬁﬁy
y 1
74 = 5| (81 piupl L + gLPLupt + (a0 )
11
g 4
- Pﬁpﬁgf d—_2l

1
Z = (gt pripys +grpf pf, — (e 8)) .

11
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Angular distributions: ¢ dependence

4V

Vil —gh®p'pl| + gt p'py, + (a > B),

Vel =ghpvpl | — gt pip}, — (a + B),

Vel —ghoprpl  — gt phpl | + (a > B),

B

Vel —gheprpl| + gt ptpl, — (a < B).
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Angular distributions: ¢ dependence

v dx, o . o
we :/ ALl ﬁfg( x5) — e ()]

Xa

v an LV, 0 1 CVB a8
w :/Xa[Hg P58 KI(x) + AR emﬁxhgl}

LMVWW ~ HX,jX,if”’aﬁLuu{gLaﬁa Qaﬁ} + ...

After contracted with leptonic tensor L*¥, which contains /ﬁ, Xij
etc give all possible ¢ distributions.
9 of these tensors give nonzero distributions, for unpolarized or

longitudinally polarized proton. They are:

X11>X217X317X41;X517 Y2a Z37 V2a V4-

1% / AA



Angular distributions: ¢ dependence

Ly WH

uu

d - AP -2y +2) . - 21— 2
:Qz/ ;a{au B, Wi=2n+2) o (1-y)Q
a

LMy -1
+ay - bXMM cos2¢
yi

+§U'BX31 My =2)Q V1= osd)}
P1L|P? xBy?

where 3 - BXH is the combination of gluon PDF and quark PDF.
For example,

1 2X1“1”a5 X1 vop

- bx, = (2—e2l e—2 Hfuaﬁf () + 55— > _ ¢ ijagfq(xa)

10 / AA



Angular distributions: ¢ dependence

cosgb},
) d<s (. » 8(1—y) .
v 2
Ly, WH ‘UL =iAQ /Xa{aL-bz3ylsm2¢)

3B Q!P1¢| 4y — 2)\/1 —

A sm (b}
PlLP XB)//
3 /I d a
:41')\/ HQ / X U bx51 sin (;5}

Lu |B1L|P% xBYI

20 / AA



Angular distributions: ¢ dependence

Known semi-inclusive DIS results: bichigsapeta, EPicai(2005)515

do ‘7++ +oiy ++ 4
— 2¢)R
dedQ2d¢dw > +e0gy —ecos(2¢)Rec ("

—Ve(l+¢)cospRe(oly +01g)
— Piy/e(1—¢)singlm(olg +0g)
-5 [Esin(qu ImoT™ + \/e(1+¢)singlm(oly —oig )}

ot — o
+ SLP/[\/ 1-— 52++70++ — /(1 —¢)cos pRe(o 7§ — U;g)]

2
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Angular distributions: ¢ dependence

Comparison With bpichigsapeta, EPICA1(2005)515

1. UU case:

. 1 .
= N ++
ay - bXn ~ E(U-H- + U++)7 ay - bX41 ~ Opo >

= ++ = F ++ -
ay - bx21 ~ Re0+_, ay - b)(31 ~ Re(a+0 + 040 )
2. UL case: 3; - bz, ~ Imafj, a, - by, ~ Im(ajrrar —0.g)
.=z 7 ++ —
3. LU case: ay - bx,, ~ Im(o g +0.g)
4. LL case:

ar - bY12 ~ %(Uii - U;J:)v aL- sz ~ Re(oi(;r - J-T—(;)
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Tree Diagrams

%

(a) (b) (c) (d)

Tree level diagrams in DIS, contributing to heavy quark production.

22 / A4



Virtual corrections




Real corrections

<)

(j)(Noc

(i)



Real corrections

<)

(j)(Noc

(i)



Real corrections




Real corrections

29 / AA



Loop integral reduction

FIRE A.Smirnov&V.Smirnov,1302.5885, by IBP(Integrat|on by part)

0
d"l—f (I, p;i
0= [ d"lf,p).
Virtual loops: Tensor integrals are reduced to linear combination of
standard A,B,C,D functions;

/ d"kg _)/ d"kg /d”kg /d”k /d”k
N{1N£2N§3N£4 NiNaN3Ng™ | NiNoN3” ) NiNp’ '

All A,B,C,D functions are recalculated and then continued to DIS

region, in order to extract the imaginary parts of them. Results are

consistent with Eilse zanderighi, JHEP02(2008)002

20 / AA



Only Abelian diagrams have imaginary parts:

&

= 0 : the cut is unphysical

20 / A4



Loop integral reduction

Real loops:

/d”kgd(N3)6(N4) , i #0, Ny = k2, No = (W — kg)* — m°.

N
Nl N2

Formal Replacement

i1 1
N - _
g 3)_>27r[k§+ie K2 —iel
i 1 1
O(Na) = 27r[(W—kg)2—m2+ie - (W—kg)z—mZ—/J

Then, the integral becomes

1
/dnkgl\lhl\IiWI\I - reduction like virtual integrals.
1 o IN3I1V4

21 / AA



Loop integral reduction

Real loops:

1
N N2

/d"kg5(N3)5(N4)
d"k

—>/. _&

N N2 N3N,
_>/ d"kg / d"kg / d"kg /d”kg
Ny N2 N3 N4 ’ N1 NaNs’ | NoN3Ng™ ) N3Ny

ny ny O(N3)O(Na) [ 1 0(N3)O(Na)

/d /V1/V2 /d N1 /d N ’

/ d" kg6 (N3)5(Na).

If 1/N3 or 1/Ny is absent, the reduced integral is identified as zero.

27 / AA



Calculation of these master integrals are done in the frame W = 0,

W|th W'u = ka + q — p]_ Beenakker et al, PRD40(1989)1;Zhang, EPJC80(2020)345;

/ dkg  O(K2)O((W — kg) / “1=€dQ, 4
(2m)"=2 [(kg + p1)* — m?](kg [Aa k][l — ko kg
Pl = [kl = lkgl = 1, As = p8/|Ba] > 1. KO = (W2 — ) /(2 W2),
Soft divergence: kg — 0;

“1—¢ k q —1—€ “1—¢
(KO) ™! :(m) (r) 1 0<me <1,

= iy (1), ().

Tx

Collinear divergence: 1 — k, - /A<g =0, or lA<a||lA<g N %

So, this integral contains a double pole %
€

22 / AA



Further ingredients:

» UV counter terms in lagrangian:MS+ pole mass scheme,
Y(p) +ct=0if p=m;
» Self-energy corrections;

» Renormalization of PDF,
Ui,tree(xa)fg(xa)

2
: g _
— U tree [f (xa) + (EUV YE + In(47r))27T /

df Xa

¢ gg(z)fg(f)‘

DGLAP evolution:
aflg(x)
Oln p?
gt (x)
Oln p?

a
:i[ng R + Pgg @ ],

As
:%[Ang ®glg + APgq ®g1q]'

20 / AA



Final hard coefficients(finite)

1
dx,
LWy = Y Gl i) [ S UBRE0) + UTRT().
Xty E?,
min = = 1 /1 N0
x 1—z X{ +z(1—z)Q2}

Gluon contribution:

41225 ( ~
g _ Qs .
U,' _2(/\/3 — 1) {Dl,tree5(7x)

+ %[Dia(Tx) + (1)+Ei + (lnTX>+~i + iéi + InTXRi} }

Tx

28 /A4



Final hard coefficients(finite)

Quark contribution:

2 ~HH ~LL
To G/ In7y ~ G! InT
U9 — s[2( i XK_HH) 2( i XKLL)
2N, Q Ty + T t e Tw + T
= HL

G! | ~
[ N Tx K/HL)}
Tx Tx

Anti-Quark contribution:

+ eQeq<

2 HH LL
g T G In Tx = HH 2( G InTy ~ )
Ui _2NS [eQ< Tx Tx Ki ) + eq< —t K )

Tw T
GHL  Int, -
—eQeq(T’ +—XK,-HL)]

X Tx

2/ / AA



Final hard coefficients(finite)

Charge Average: 1(do@ + do @),

GHH

ot = st S (4 g

X [(u—kﬂ)—i—(d—i—d)—i—(s—i—E)}

c";.LL In 7y 1 1
+( L KLL)[ (u+0)+ =(d+d) + =(s +5)].
Tx Tx 9 9
Charge Asymmetry: %(dao - da(_‘)),
2 > HL
. 7‘(’0&5 GI In Tx ~ HL
2 faba)Uf = 2NCEQ{( e T )

7 / AA



Numerical results:

ElcC: 3.5 +20GeV, /Sy ~ 16.7GeV.
charm: m=1.4, n=4.0, Q = 2.0, as(p) = 0.236, as(Mz) = 0.120

x range: [0.014,0.338]; p1, range: [0,6.9]GeV.
PDF sets: MSTWO08,NLO and NNPDFpoll.1,NLO

29 / A4



VSp=167, Q=2 n=4,x=0.02z=0.4 p, €[0,3]

do
o [L1(pb/Gevad)

dxgdQ@2dYd?p; | w
=ff @[Ci + Cacos¢p + C3cos2p]

U, daf1)

dr{Cosi)|(PD/GV ")

20 / A4



VSp=167, Q=2 n=4,x=0.02z=0.4 p, €[0,3]

dor{1](pb/GeVa) dor{Cos(¢)](pb/GeV4)

LL, dofCos(é)]

do

_ 8
dxgdQ2dYdpy g7 ®[C + Cocos ¢

A0 / AA



VSp=167, Q=2 n=4,x=0.02z=0.4 p, €[0,3]

dor;(pb/GeVAd)
-— Cos(¢)
” ke E_ S PL.(GeV)
. 3.0
-10
Quark, UU.
,20 L
_30 L
Pr.(GeV)
0
Quark, LL.

A1 / AA



VSp=167, Q=2 n=4,x=0.02z=0.4 p, €[0,3]

dori pir (Pb/GeV ™)

Charge Difference, UU.
2 1 -

" g(U— o) — g(d— d)
05 \\ 1
T~- . —5(5—5)

T R, )
dorpit [11(pb/Gevrd)

Charge Difference, LL.

Y Y ) . )
Z(Au— AD) — =(Ad — Ad)
3 3
1

AD / AA



VSp=167, Q=2 n=4,x=0.02z=0.4 p, €[0,3]

Single Longitudinal spin asymmetry: imaginary parts of loop

integrals. Higher twist correction is of twist-4, because e(x) and
hi(x) are chiral-odd.

do[i](pb/Gev~4)

\
-0.01
dor[i](pb/GeVv"4)

05
S

~

~ -

10

15~ =20

_ - Tsin@)

— pr.(GeV)
30

p1.(GeV)
0

doly = singCy ® gf +
sin(20) G ® gf

d(T|/_U =sin¢pCy ® flg

A2/ AA



Summary and outlook

v

All possible Azimuthal angle distributions for longitudinally or

unpolarized hadron and lepton beams;

v

Give analytic calculations for one-loop QCD correction;

v

Some numerical results on ElcC;

v

Future work:
1. Positivity check when py is large;
2. Threshold resummation;

3. Possible generalization to transverse spin case: twist-3.

AA
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