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Outline

Introduction to the Problem and Motivation
> Goal: factorize NLP structure functions for SIDIS using SCET

Review of (Ingredients from) Soft-Collinear Effective Theory (SCET)

Deriving Factorization + Results

Comparison with Literature at Tree Level

Anjie Gao (MIT) Subleading SIDIS June 17, 2022 2/27



Tensor Decomposition and 18 Structure Functions in SIDIS

o LM = (UJIHN) (W) Tl = 2[ (PPl + DDk — pe-per §*) + iNe €Y7 Puppirs)
e WH = WL!I“/ =+ SLWfV + St COS(¢h — (ﬁs)W;; + St sin(¢h — gbs)Wq;fg

e Different polarization contributions of lepton/hadron (e = Hi%y?)

do__ _ma’y my 2

dedydzd2B,r Q2 z1—e

+ S, (LW)ur +XSL(L-W) L + St(L-W)ur + MST(L'W)LT]

[(LW)uw + Xe(LW) Ly
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Tensor Decomposition and 18 Structure Functions in SIDIS

=S

@ Projection

7 g ) >/
e T

(L Wyeo = S (P L)o (B WS

1=—1
@ Projectors defined in the hadronic Breit frame
PMY = (3 + §gY), P =1, PM = — ("3 4+ #4),..., P

0 qg-L=qg-W=0=noz(xgq)= 3x3=9 projectors
@ Parity and hermiticity constraints reduce # of structure functions
= In total 18 structure functions [Bacchetta et al '06]

(LW)uv = Wyu,r + Wyu,L + \/26(17+5)COS(¢}L)I/V;05(@)1) + 6cos(2¢h)W5‘;(2¢h) 7
(LW) Ly = v/26(1 — €) sin(¢p) W09
(LW)pLr = MCos@)h — ¢S)W£‘;f(¢h—¢s)

+ \/26(17_6) [COS(¢S)VV23-S(¢S) + cos(2¢p, — ¢S)WZC;(2¢fﬁ¢s)] 7

Anjie Gao (MIT) Subleading SIDIS June 17, 2022 4/27



Power Expansion in A = P,7/Q < 1 and Motivation

e Focus on the unporlarized hadron (different notation for labeling)
do _ o y Iredpr

drdydzd2B,r Q2 z 1—e

+ /2e(1+ €) cos b Wi + Aen/2e(1 — €) sin qshwg] .

[(W_l + €elly) + ecos(2¢n)Ws

® W; = P'"W,, with projectors P! (defined in the hadronic Breit frame)
e PM = (ztz" +g"y"), Py =z'z" —g'y”,
Pl = —(t"z" +@"1"), Py =i(traY —amv), Py =1t

e W_i, W3~ O(\), 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 LP soft function [Bacchetta et al '19]

@ I, ~ O()\"), not considered in this work
= Use SCET to derive all-order factorization at subleading power

Anjie Gao (MIT) Subleading SIDIS June 17, 2022 5/27



Review of (Intro to) SCET

[Bauer, Fleming, Luke, Pirjol, Stewart '00, '01, '02]

@ EFT for collinear/soft d.o.f.s with power counting parameter \ < 1
@ Lightcone coordinate p* = %ﬁ -p+ %n ‘p+pL

e n;-collinear particles: (n; - p, 7 - p, pn, 1) ~ Q(A2,1,A)

e Ultrasoft k* ~ QA? in SCET); Soft k* ~ QX in SCET); (for TMD)
e For SIDIS, take ny =n// Py and ng =n// P,

n-f

&

>

RN

Anjie Gao (MIT) Subleading SIDIS June 17, 2022 6/27



Review of (Intro to) SCET

[Bauer, Fleming, Luke, Pirjol, Stewart '00, '01, '02]

@ SCET Lagrangian
LsceTy; = Lhard + Layn = (Zﬁgm) (Zﬁg;n + »C(GO)) )

i>0 i>0

L 2 _
> Effud ZC,(:)(’),(;) = g—zJulu ZJS)”, Hard scattering operators

<

> Cdyn LO 4 L0 4 2O Collinear and soft dynamics factorize
n S =
”C: n “o, o
> C(O) Glauber: connect different sectors
n T
' G

(a

Factorization = the Glauber contribution vanishes

o Here we assume L(C?) doesn't spoil factorization (left for future work)
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Hard Operators for SIDIS

e Match QCD onto SCET = Leading power current (operator)

Vyry = Ci) (Bibh) 55, % W %) +

{ % “\ %o
facd G
n v
‘g n e;l"kﬂth[; apprex.

S owt offshell ™ St Wilsen Lires S
—> Lolinear Wrisen Linas

e &,(x): n-collinear quark field, which obeys 1#ji&, = &, and
1€ = 0, “good components” of the quark field.

o LP current JO¥ ~ [dwadwy 35 (7)™ C17(Q) X8 0y 1550 Xo o

@ Useful notation: X, =d(w—7-P)Xn, Bniw=0w~+n-P)BnL
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Hard Operators for SIDIS

@ In general, operators are constructed using “building blocks”

(No subleading collinear quark contribution (redundant in SCET)!)

> Collinear quark and gluon x,,, B = éﬁVJ(i) iD,ffLIM,/(:L')} ~ A
> Soft quark and gluon 1)) ~ \3/2 Bg‘(n ~ A

> Momentum operators P, n-0ds, n.- 0s ~ A
o Operators get generated from two offshell scales

> Hard O(\) (tree-level and beyond) £},

e

> Hard-collinear O(v/AQ) (one-loop and beyond for NLP)
DL ), T ER], T 2], TLAE] in SCETy

— hard scattering operators in SCETyr: Ly,

w sefe w sefv
n

A howd - collinasr horol - oollinesr
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Category of NLP for w, = P*w,,

@ Kinematic power corrections: expanding P*” from the hadronic Breit
frame (z# o g*) to the factorization frame (n < Py, 7 &< Py,)
pHY — P-(O)MU + P‘(l);“/ +. ..
eg P = L(Ea" + ) = L(t"a" + a"t") - Tara” + ...
@ Hard scattering power corrections from the hard region through L}(]l)
@ Hard scattering power corrections from the hard-collinear region
(1) (1/2) p(1/2)
through £, * and T[EhC Edyn ]
@ Subleading dynamic Lagrangian insertions (rescattering):

0 1/2 1/2 0 1
T [Eﬁla)rdﬁt(iy/n )E((iy/n )] T [ﬁéa)rdﬁgiy)n]
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Factorization for W#" at Leading Power
LP current 7% ~ 3, (7)™ €7 (@) R 15150 X~ [N G 0]

o Plug it into WO ~ (N[JOT#|n, X) (h, X|JO"|N)
@ Collinear fields yield quark correlators

B} (. br) = (N|R2(b1) 8w — ) x5 (0)]V)
G5 (z.5r) = o= Y (ofsten —Po) i m)\h,X><h,X(>z%/(0)\0>

@ Soft Wilson lines yielld the TMD soft function
= 5 (0] [856.1) $2(6.1)] [84,(0) S(0)]0)

@ Combine into the quark correctors
B ?(x,br) = B} *(a,br) .G (e br) = GF (=, br)
= Factorized leading power hadronic tensor

2 idrb - S
W(O)‘LW = ﬁz Z /deT EWT br chu)(Q) Tr [B‘/'(ZL‘, bT) ’yi g‘/‘(Z, bT) ’}/J_:| .
°f

@ Hard function: H}”)(Q) = \C}U)(Q)}Q

Anjie Gao (MIT) Subleading SIDIS June 17, 2022 11/27



Structure Functions at Leading Power

2 ik . 2,
wOwr _ ﬁz Z /dsz T br H;()) (Q)Tr [Bf (x,br) v Gs(z,b7) ’yJ_] .
c ot

@ In the momentum space, decompose into different Dirac structures

gs 1 . [?L”/L] B'B [Goeke, Metz, Schlegel '05]
By Pz, pr) = Z{fl’/H-llh IMn

L)

G (2, kr) = i {D1¢+1Hf U;;Zi] }

o hi Boer-Mulders function, Hi- Collins function
o Contract W©» with Piol)‘“' = ztz” + y"y", ngo)’w = zlz¥ — yHy”,

w = F [”H(O) lel] ,

27y ke — Pr - K
e

[Collins, SCET, ...]

FloHgD] =2z Z/dQPT d?kp 52<€TT +pr — ET) w(Br, k1) Hys(Q) gf (z,p1) Dy (2, k1)
f
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Kinematic Correction for W;

o Taking
v 2z igp b T “ v
WO — N, > /deT T Q) Tr [B/(l‘a br) v Gr(z,br) M] ;
5
contract with P = J(#&" + #"") = §(t"z" + at") — Fata” 4 ...
= kinematic corrections for W,

Pur (0 2070 ke — Pr -k 11
.7:{ Q HY | fiDa MM, hy Hi SR
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Subleading Current: P, Acting on the Collinear Fields

Unique hard operator to all orders [Feige et al '17]

C(O .
Jg)” 2w o Xnws VP L hxnw, +hc ~ C’;(@\[m * w}a GW” {W'S):]

a

® Reparameterization (n* — n'* = n* + A’ ) relates it with the LP one
= The Wilson coefficient is identical to the leading power one, C{”(Q)

o Plug these currents into g™ v 4 j©@tu (0¥
N v 2z -
W = 25 / 5 H (Q)
7

X {TI" [Bpf(l‘,gT)’)/# C;f(z,gT) ’}/V] + Tr [Bf(x,l_;T) ’y'u pr(z,gT)y”]} .
where Epf and pr are related to the LP corrector as
Bgf (z,bp)
zﬁe(wa){@\xﬁ(bi) [P fon s )7 [N + (V] [xn @) 571 ]” e, \N}}

.1 0
=gy (157 Br(aBr)
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Subleading Current: P, Acting on the Collinear Fields
o Define Bpy, Gps and VV7(>1)W

- 1 9 B'B P L I
By P (x,br) = 50 [Mﬁ, (z bT)] , where B} " (z,br) = B} % (x,br)\/S(br

o (Dpr 2z 27 (0)
Wt = EZ/d br 1y (Q)
;
x { T [Bps(w,br) " G5 (2, br) 7] +Tx [Bf(m br) v Ges (2, 50) 7|}
e Equivalent to W (noticing that (n, — n,)P" = O(Pur/Q))
wLny _ g Qur _ 22 e 1O (22 s s
v —Wp _FZ T iy (Q)a W\AJH v olobr)
c f J_
x {7 = n¥) Tx [+] By(w,br) 2" Gy (2, br)| + (= ) Tr [By(w,br) 7 Gr(2,57) 7] }

@ Same leading power functions appear, in momentum space

Bpy(z,pr) = % [Pﬂia B/’] = %{ﬁpl - hfpgj[\? .7 } ...
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Subleading Current: with B, | Insertion

@ Unique current to all order in a;; (denoting ¢ = w./Q),
JEH ~ (¥ 47 [ dwadwpdwe O (Q,€)
X |:6(wa,+wc_Q) 8(wo—Q) Xin,wp 55,501 B L, —we Xnywa
4 8= Q) 8eo o= @) X B, 1515 |

~ ) x € n g 24 )
Cs5,%) [@G”Wi o - Rg% G- Weleon ou&j
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Subleading Current: with B, | Insertion

Denoting ¢ = w./Q, define the g-g-q correlators as
BE7(0,6.5r) = Q (V] [(s B0 ] 0D X O IN) |

Goo (z,6,br) = % yj (O] [X0 0y BT J(81) [, X) (B, X[ X5 (0)[0)
X

Eg‘&;/‘i’?(m,& gl) = Blpﬁl‘;lﬁ(ing;T)\ S({'/ )

—

G2 (2,€,br) = G5 (2,€,br)/S(br)

Wi = > [aor it acu® @+ )

x Tr [BQ[(LE»ET)% Gy (2, br) i + By (x,br) 7L géﬂ%&ﬁﬂ%] +h.c.

HY(Q,€) = cM(Q,6) P (Q)

o
In momentum space, B} ” can be decomposed as [Boer, Mulders, Pijiman 03]
[Bacchetta, Mulders, Pijiman '04]

. - B'B
{[(fL - igl)?\j—;(gi” — "% 5) +i(h+ié)'yf_} %} +...

_zMy
T2

sp BB —
B%f (I7£7p'1')
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Vanishing Soft Contributions

@ Subleading soft contributions exist in general, and are important in
other processes

@ In subleading SIDIS, we showed that they all vanish:

(1) Operators involving Bg’i")“ get generated from Hard and hard-collinear
> T[JI(I)‘Lﬁ;l)] in SCET: — hard scattering operators in SCET11 in Ly,

) S,fr W S"ff
'-" ’\}Ifb' - waimar ﬁ ,\_wr'al - ocaimar

Soft ME: 82(b.) ~ tr <o([s;(bl)sﬁ(bl)] [S1(0) S,,(0)gB™?(0 )](o>
Vanish due to charge conjugation & parity invariance & Lorentz
invariance & translation invariance of the vacuum

(2) Operators involving a n - Js, n - Bgﬁ), ... give =Z-S(bp,b1b;)

abT '
o bE—0
which scales linear in 7 or n under RPI-l (n — e*n, n — e~ “n) of

SCET , thus vanishes
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Vanishing Soft Contributions

(3) SCET), Subleading Lagrangian insertions
WER o (N|T OB, X) (b, X [ d*edty T[T (0) LY (2)£02 ()] |N)
+ (N[TOT®) R, X) (b, X| [d T[T (0) LM (2)]IN) + ...

Since yu, v are transverse (J % ~ (v4)*° C17(Q) X%, X2 o),

when contracting with P{"" = —(tz" + @1't"), P} =i(tre” — i'tY), ..
such contributions vanish

@) T[], T[], T2 LM] in SCET;

— hard scattering operators in SCET1g
Vanish since p, v in J(©) are (again) transverse
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Results

275 ke — Pr - k1
My M,

Pr1
zQ

%1 :]—'{f H (O {/‘1 Dy —

hi Hj } (Kinematic corrections)
(From the P operators)

2 _
+HW [Q </€Tz ftDy + pTI h Hj > + 3] (kpr D+ hlLH)}}

(From the B operators)

k 2 kro + k2 pra
o H(O) Pre + k1o lel Pt Ta//+ ?"pTa, hJ‘Hf‘
Q QMy My,

FloHgD] = 2ZZ/C12PT dkr 52(¢TT +Er —ﬁT) w(kr,Pr)

/dwf( (€) a5 (2, (€), kr) Dy (2, (€), pr)

@ For example,
FlhraHO fADi) = 223 / @pr &k 6(Gr + kr — Pr) kr.

f
% [A6H (@) F (e, k) Das(eypr)
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Results

Py 2070 kre — Pr - _ : ,
Wy :]—'{7% H) {/} Dy — n1 \[[ ”M ! hi Hy } (Kinematic corrections)
2 M N Mp,
ke 2 k1o + k2 pra
) VTI g Tz ¢ Dy + Pp M T Np PTx (SM MTpl L hi HI*} (From the P, operators)
QM N Mp

2 = )
+HW [Q (k,, frDy + - ”’ =N pre h Hi ) +25 (A:,m/lpL e k,,hLH)”

(From the B operators)

My, )
+ e DT h,l E
FlwHgD] = 222 [@vr a2k 82(ar + Fr — pr) w(Er. )

/dng@ (©) g¢ (@, (€), kr) Dy (2, (€), pr)

My
Wy =F H“)[ ( gt D :
{ 0 prz g D1+ i

Mp

k1o aH%> + =

2 _
kre f1G*
EN

New in our results

@ Vanishing of the subleading soft contributions

@ Soft function, same as leading power (as conjectured in [Bacchetta et al '19])
@ Two hard functions for all NLP structure functions, ") (Q)) and #1)(Q, )
@ Dependence on ¢ in HM(Q, ¢) and the functions f+, D+,
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Structure Functions with Full Spin Dependence

do ma?y Ky

dedydzd2B,r Q2 z1—e¢
F X(LW) 1 + XeSp(L-W)pr, + S7(L-W)yr + AeST(LW)LT] ,

[(L'W)UU +Sp(L-W)ur

(LW)vv = Wour + eWyo,z + /2e(1+ ¢) cos(én) W57 + e cos(2en) Wi -7
(LW)ur = v/2e(1 + € sin(ép) Wi (Pr) 4 esin(2¢y,)WEn@on) |
(LW) v = /2e(1 = ) sin(¢) Wy 1"
(LWt = V1= EWprr + v/2e(1 — €) cos(¢n) Wi,
(LW)yr = sin(ép — ¢s) [ E;%h ®s) 4 €W[S]i;fi;ﬁ¢s)]
+e [sin(¢h + 6s)WERPnTPS) | in(3¢), — ¢S)W§;<3¢h—¢s>]
+V2e(1+¢€) [sm és)Wirip #n(0S) | sin(26y, — ¢S)W;‘]i;<2c>r®‘s>] 7
(LW)pr = V1= e cos(pn, — ps) Wi 0
+V2e(1—¢) [cos (o)W o8 ®S + cos(2¢p — ¢ps)W ’COS(Z‘D’L ¢’S)] .

@ We also have results for spin—dependent O(P,r/Q) structure functions

Anjie Gao (MIT) Subleading SIDIS June 17, 2022 22/27



Structure Function with Full Spin Dependence

@ For example

i kra x . . .
WISJ‘;%:_/T{;](TJH( < T: - firDy — 4; hiHi )(Kmemanc corrections)

k2 4 kr - 2 +kp- P
O ( _Fr TP PT el o PTTRT DT gl
o ( g TP T g M
(From the P operators)

(1) fL]\[N ~ ]:1 i
+H {Q (2fTDl MNMh<hT hT)H1

(Gt + flTDL)ﬂ }
(From the B,/ "dperators)

kr - pr
2h H
( R VS v
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Discussion

Anomalous dimensions

@ Rapidity anomalous dimension is the same as at leading power
BY7? (@, &0, 1,¢) = BES * (2,6, b, 1, v°/C) :
dlogB’“” _1dlogS 1
7”(“7 bT)
dlog¢  4dlogy 4

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

Y C}f, /6,6, Q,)CP (€, Q, 1)

@ Complimentary results from [Viadimirov, Moos, Scimemi "21]:
> also confirmed the rapidity divergence is the same as LP
>> calculated C}(cl) at O(ay), which is useful for improving precision
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Comparison with Literature at Tree Level
@ Literature [Mulders, Tangerman '95, Bacchetta et al '06]:
uses different operator basis (subl. quark + qgq correlator)
> ’ -
&7 (2,br) ~ (N|G7 (b)) W, (b) W} (0)1° (0)| V)

SRS TSN L I

g (@)% (@, k) ~ (PP ()W (D)W (0)iD? (0)3%(0)|P) .
&4 (x, kr) = ) (x, k) — K2®(x, kr) > f~, b (No & dependence),
> Related by EOMs: f; + /- =af*,  ah— ]’\%hf = zh
@ Our approach: purely LP qq correlator, NLP P, and B,,; operators
B s (NI (6105 O)IN) ~ () ©(a, Br) (i) ~ (1 +---)
B (aikr) = S [ By n)] = ket g}

BE”P (2,6 = we/Q.br) = Q (NI [, BL, ., J(01) X2 (0) IN) > fﬂ h,
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Comparison with Literature at Tree Level

@ NLP quark can be expressed in terms of P, and B,,| operators
5 1 . s
bt piPighe

~ 1 ~
(1)

@ At leading order, Cf] is independent on £ from tree level matching.
¢ can be integrated in qgq correlators

/ A¢ BY(x, €, br) — ¥ (2, br), / d - (x, €,pr) = F* (2, pr)

. . ~ ~ 2

= Reproduce literature using EOMs (f, +zf* =af* , zh — JICTE

N
(taking W1 as example)

£W1 — 72MNC{ —kre

Mp

2z Q
- k2 My, , Dt
_ PTe :L‘h,——ghf‘ Hf—+7hf17 .
M, M2 Myt 2
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Summary & Outlook

Wi = ]—'{

2 k1o + k2 pra
uh] Hi (From the P, operators)
QMny My

2 DL+
p,,h[[l +—Q kpz f1D k,,hl H

(From the B operators)

- H

© {Pfr 0 % 11Dy +

+HW { (kl. JfDy+ -

Q ”h

Demonstrated soft contribution at NLP is the same as LP

Derived factorization of W#" at NLP, including contribution from
subleading operators with insertion of P, and B

Showed factorization formulae for NLP structure functions

Future Directions: phenomenology including perturbative and
resummation effects for NLP structure functions
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Summary & Outlook

Wi = ]—'{

2 k1o + k2 pro
Mhl Hi (From the P operators)
QMyMp

2 DL+
p,,h[[l +@ kpz f1D hl H

(From the B operators)

- H

© {piT 0 % 11Dy +

+HW { (kl. JfDy+ -

Q ”h

Demonstrated soft contribution at NLP is the same as LP

Derived factorization of W#" at NLP, including contribution from
subleading operators with insertion of P, and B

Showed factorization formulae for NLP structure functions

Future Directions: phenomenology including perturbative and
resummation effects for NLP structure functions

Thanks for your attention!
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