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Basics

Outgoing Hadron (P),)
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TimeT 0 . Iz
f(p Az) € Target Nucleus (Py)

Only consider one photon exchange and unpolarized proton in this talk

. . 2 . .
Lorentz invariants Q = \/—¢?, == 37—, y=4%L, z=1xlh
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Kinematics and Reference Frames

@ Trento frame: used for experimental analysis [Bacchetta et al '04],
target at rest, & on the lepton plane
@ Hadronic Breit frame: ¢* = (0,0,0,-Q)p, By = (Pnr,0)p
e Factorization frame (not in the figure):
PN =Py, Pl=P%. dr=(-ar0)F

° g1 =4gp +O()
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Tensor Decomposition and Motivation

@ Standard structure function decomposition [Bacchetta et al '06]

do 7w Y Oxngr,

dedydzd2B,y @2 z 1—¢
+ v/2€(1 + €) cos pp W1 + Ay/2€(1 — €) sin q&hVVg] .

|:(W71 —+ ell '(;) —+ 6COS(2¢h)W3

— 1-y
@ = 1-y+3y?
® W,; = P'"W,, with projectors P!”
e Pt =

@z +gty”), Py =ata’ —gtyr,
Pl = —(t"z" +@"1"), Py =i(traY —amv), Py =1t
e W_q, W3~ O(X\), standard factorization theorems (CSS, SCET)
o Wy, Wy~ O(N)
> First treated in parton model (tree level matching) [Mulders, Tangerman '95]

> Mismatch with perturbative results at tree level [Bacchetta et al '08]
> Conjecture: Resolved by adding a soft function [Bacchetta et al '19]

= Use SCET to derive all-order factorization at subleading power
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Factorization: the General Procedure

W (P Pa) = Y [ € (NI B, X) (8 X1 OIN)

Goal: factorize W; = P/""W,, at subleading power
@ Match SCET currents onto QCD: J# = JOr 437 gt 4
v v v v T v
o WOmv o JOtr g 1774/ S J<0)JmJli) +Jé )t 7(0)

e Expand projectors in the factorization frame p** = pO# 4 pw 4

Categories of power corrections

1) Subleading operator contributions, P{”**w})

2) Kinematic correction, PV WY

3) SCET), Subleading Lagrangian (not treated here) pP{¥*wV»
L=LO04£0/2 401 | seee.g. [Moultet al '17]

@ Assumption: Glauber Lagrangian Lg)) doesn’t spoil factorization
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Factorization at leading power

Leading power current J@% ~ 5> (v4)* C1(Q) X5, g

Xn,wa
@ Plug it into W ~ (N|JOT#|h, X) (b, X|J¥|N)
@ Collinear fields yield quark correlators

7 (@, br) = (V][R (1) d(ewe = Pu) ¥ (O)| V)
857" Br) = 5 Yo (o[oten - fﬁ)x%(bL)‘h,X><h7X‘ % 0)[o)

@ Soft Wilson lines yield the TMD soft function
_ NL tr <o] [S5(b1) Sn(b1)] [SL(0) S (0)] ‘0> .

@ Combine into the quark correctors
o/} '*(17_bT) = @?.ﬁ(az,bT) o AT br) = AF (2, br)
= Factorized leading power hadronic tensor

W @mr % 3 /d2bT T 3 (Q) T [qyf(.x, br) 4" As(z,br) 71} .
cf

@ Hard function: ”H;“)(Q) =

Q)
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Structure functions at leading power

@ In the momentum space, decompose into different Dirac structures
[Goeke, Metz, Schlegel '05]

BB = 1 oyt o
qu (77,])'[‘) = 1{f1¢+1h1 2JMN 3

o' T 1 . Ué >7ﬂ o'a
Af (Z.k[):Z{Dl’ﬁ-f—lHlL;Th}

o hi Boer-Mulders function, Hi- Collins function
e Contract W@m with PO* = grav 4 yry”, PO = gha? — gy,

w = F [H(O) lel} ,

W =F [—21’“ Ij\;”” XJPT KT 0 h%H#] ,
N VIp

[Bacchetta et al '06]

FloHgD] =2z Z/dQPT d%kr 52(€TT +pr — ET) w(r, k) "y (Q) g (,p1) Dy (2, k1)
f

e Contract w©@= with P{)*, we get the kinematic corrections for W .
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Subleading Operators: P, acting on the collinear fields

Unique hard operators to all orders [Feige et al '17]
O}U) C(O)

(1) - (1) f - t
Ip 't~ Too X VP L Xnwa s It~ Dy X WP A" Xn.wa

@ RPI relates these two operators with the leading power operator
= The Wilson coefficients is identical to the leading power one ¢'{”(Q)

o Plug these currents into (g1 4+ J0)1) g v 4 gt (¥ 4 0¥
7 " 2z “
W = 225 / 5 H (Q)
7
X {TI‘ [ti)pf(a:, ET) ’y” Af(z, gT) ’yu] —I— Tr [@f(;r, gT) ’}/H Apf(z, ET) ’y”] } .

U —
&7 (z,b7)

= 550 { (VR0 [P wa O V) + (V] [0 171 ] s, 0] )}

1 0 - - 18’8
L o
IZQ E)b’j_ [PYL@JW (Df(lb, bT)] )
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Subleading Operators: P, acting on the collinear fields
@ Define (1)7;.' A,P and I/V;)l)“y

85, - .1 0 - 18’8 g n g - -
o5 ¢ (x,br) = 50 37 [fyii/i, <I>f(;z:,bT)] , where @ (2, br) = &7 % (2,br)\/S(br)

7 g 2 I
W =23 / d*br HY (Q)
o

x { T [@r (@, 5r) 4% As(2,50) 9] + T [ @5 (2,50) 7" Ay (2,50) 7]}

e Equivalent to W (noticing that (n, — n,)P" = O(X))

Wur i Wpr _ 22 / 27 4,(0) i 0 o ~

w. -W = =5 [d% — | =5 VS S(b
P P P T My (Q)Q <8bﬁ_\ (br) ) V/S(br)
x {7 = n¥) Te [7f &1 (w,B1) v Ag(z,br)| + (0 = ) T [ (2, Br) 7] Ag(,br) 7] }

@ Same leading power functions appear, in momentum space

Ppy(z,pr) = % [ Rz (T)./‘] = %{ﬁyh fihf;”i[T%]’Vm}
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Subleading Operators: with B, insertion

o Fields and currents of definite helicity [Moult et al '15]
2 eh(an)

1+ Y5 _ 8
« « «
wawp (N F |At) Xnt TuXnt

_ =\ RAK _
;’lL:t - _EZFM(nv TL) Bni,wc » Xn+ = 2 n,wq

ag
’ Jgni =+

@ The complete set of operators in the helicity basis [Feige et al '17]

laa & laa &
O =gyl O =B IR
oV = e Jah O&)iaﬁ =B Jal. .

o Parity and charge conjugation invariance = ¢\, =c |

= Combination of operators appear as

1

BntJan— + Bn—Jant = \/“wa X,wp, BJ_n —weXn,wq
1

Br—Jan— + BatJant = \/“T% Xﬁ,wblgln,wc Xn,wq

@ Same soft Wilson lines as leading power
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Subleading Operators: with B, insertion

L5 B L B
N n,wp In,—weXn,wa > \/Twaxﬁ’wb 17,we Xn,waq

@ Hermiticity + Kinematics + n <> n: only one CE.U which is real
@ Summing over helicities gives

W(1 1
3= VY By Janaia e ~ I5H Jen
AesA12,A3

where J,_ is the the leptonic current with definite helicity

@ This yields
TOH (4 ﬁ“)/dwadwbdwc C}l)(Q,wc)
X [Be b= Q) 86 Q) X 515 B X
+ §(wa—Q) §(wp+we— Q) Xn,wy B w, Xn,wq
Anlie Gao (MIT) Subleading SIDIS April 23, 2021

11/15



Subleading Operators: with B, insertion

Denoting ¢ = w./Q, define the g-g-g correlators as
77 (@,,50) = Q (N [, B, . J )X (0)IN)
B b = 2 01, B ] 10, ) X )0

X

DL (.6 br) = 857w, bT)\/S< ),
Ag}’( 2,€,br) = AW (2,&,b7)

22 o 1
IV(UMV — E /d2b e“lT‘bT/ d H(l) ,
B Q - T 0 f (Q f)

X T[4 (2, €,57) % Ar (2, 50) VY + @5 (2,5r) v Bf (2,6, 50) %+ he] -

HY(Q,6) =CV(Q,6) " (Q)

In momentum space, og; “ can be decomposed as [Boer, Mulders, Pijiman '03]

[Bacchetta, Mulders, Pijlman '04]

B B'B
8577 (2,6, pr) = ”“MN{[(fL igh) PLe (gn isj"%)+i(h+ié)vﬂ§} ;

2 My
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Results

PPV = —(tHzY + &MY, PYY =i(#tzY — aHtY)
Pnr /(0) 2pre ke — Pr - kr . . .
W, =F . f1D1 Sy hi Hj (Kinematic corrections)
2Q My My,
Pz + kTs kre + k2
740 {pTiJ‘ + Fre fiD1 + M} +H L} (From the P operators)
Q QMpN My,

1D 2 (s 7Dy + Mg bt ) 4 2 (ke
Q A\[h zQ

i)}

(From the B operators)

N porn e HE ) 4 = (kg 1G4 My bl
2 € — | ks 7 = i
M,, R 2 \"Te NG P
/dQPT d?kr 52(¢TT +pr — ET) w(pr, k)

1
x /0 AEH(Q, () g5 (@, (€),7) Dy (2, (€), k)

Wo =I{H<” {—‘ (m-, Gty 42

5
€
X
@
S
I
[\o]

-

New in our results

@ Soft function, same as leading power (as conjectured in [Bacchetta et al '19])
@ Appearance of two hard functions, 7 (Q) and H"(Q, ¢)
@ Dependence on ¢ in H1(Q, €) and the functions f+, Dt
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Further Discussions

Implications from our results

@ Rapidity anomalous dimension is the same as at leading power
&’/l)%fj“/ﬁ (;I?, fa gl',- H, C) = ég[jflﬁ(xa &, gT: K, VQ/C) '

dlog &% ” _ 1dlogS _ L

dlog ¢ 4dlogry 4"

(M7 bT)

Comparison with literature

|

@ At leading order, C’](cl) is independent on £ from tree level matching,
¢ can be integrated in qqg correlators. W 5 then fully agrees with
[Bacchetta et al '06] at leading order (after inclusion of the soft function,
as conjectured in [Bacchetta et al '19])

@ Anomalous dims of C}l) have been calculated to one loop, with single
log dependence on £ [Beneke et al, '17 '18]

4

Confirms the nontrivial £ dependence

4

Disproves the simpler factorization theorem in [Bacchetta et al '19]

V.
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Summary & Outlook

@ Derived factorization of W#” at subleading power, including
contribution from subleading operators with insertion of P, and B

@ Showed the factorization formulae of subleading structure functions
W1 and W, including contributions from the kinematic correction
and the subleading operators

@ Future Directions

> Resummation of 1/ and W,
> Possible contributions from the SCET), subleading Lagrangian
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Summary & Outlook

@ Derived factorization of W#” at subleading power, including
contribution from subleading operators with insertion of P, and B

@ Showed the factorization formulae of subleading structure functions
W1 and W, including contributions from the kinematic correction
and the subleading operators

@ Future Directions

> Resummation of 1/ and W,
> Possible contributions from the SCET), subleading Lagrangian

Thanks for your attention!
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