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Basics

£ (pps i)

TimeT
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Tensor Decomposition for (Unporlarized) Inclusive DIS

@ Summing over final states

(2m)*

[ d%
/) (@m)?

4
we(q. P = Y [ e NI IX) (X1 )IN)
X

eV (N|IT (B)J¥ (0)|N)

° ¢, WH =0, W =TW"H, dependence on only two vectors ¢* and PZ’(,

= Two structure functions

AV P -
WH(q, PN) = W1 (fg“" + qq;; ) + W (Pj\‘, - ];’2 qq“) (P}\’, -

Py
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Kinematics and Tensor Decomposition for SIDIS

Extra dependence on P!, and S* for polarized target hadron
SH = (O, St cos ¢s , St sin ¢g , fSL)
T
WH = WL‘I“/ =+ SLWEV + St COS(¢h — (ﬁs)W;; + St sin(¢h — gbs)Wj;fg
Different polarization contributions of lepton/hadron (e = ﬁ)
d 2 P
z =i [(L'W)UU + Ae(L-W)Lu

drdydzd2B,p Q2 z1—e
+ SL(LW)uL + ASLLW) 1L + ST(LW)ur + AeST(L-W) L1 ]
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Kinematics and Tensor Decomposition for SIDIS

@ Projection
7

(L-W)oo=> (P L)o (P W)o

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

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

(L'W)yu = Wou.r + eWuo,L + /2€e(1 + €) cos(én) ,cos(oh) + ecos(26,)W coh(%h) 7
(LW)Lu \/msm(dm) ml(om
(LW)pr = V1 — € cos(dn, — ds)W. COS(¢h ¢9)

+V2(1-¢) [COS(¢S VVE}B(%) + cos(2¢p — ¢S)WZC;(2¢fr¢s)] 7
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Power Expansion in A = P,7/Q < 1

@ Standard structure function decomposition [Bacchetta et al '06]
do 7w y Oxngr,

W T2 21—« [(W,l + €l10) + e cos(2¢n) W:
hT

+ v/2e(1+ €) cos b Wi + A/2¢(1 — €) sin qshwz] +

@ W; = P*'W,, with projectors P"" (defined in the hadronic Breit frame)
e P =(@"z" +y"y"), P =3"z"-g"y",

Plp,ll _ 7(7;#3:‘1/ + j;tf}z)7 PQ;H/ — (E
@ \=Pr/Qk1

o W_i, W3~ O((%)O), standard factorization theorems (CSS, SCET)

o Wi, Wy~ O(h)
> 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]
@ 1V, ~ O((*5)%), not considered in this talk
= Use SCE T to derive all-order factorization at subleading power

@ €=

—zht), P =11
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Factorization for Structure Functions: General Procedure

Wl P Pa) = Y [ € (NI B, X) (b X1 OIN)

Goal: factorize W; = P/**W,, at next-to-leading power

@ Match SCET currents (operators) with QCD: J# = J©@# 457, JMr 4

(in the factorization frame: Py = Py, P = PP gl = gt + O(Par/Q))

o WO J(O)THJ(O)V’ 774 Zk J(O)T#Jlgl)lf + Jlgl)TuJ(o)u
@ Expand projectors in the factorization frame: P = pO# L pMm 4

pf =§(t“m —&—x”t)—%x“x +..., P} zi(t“m -ty + ...
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Factorization for Structure Functions: General Procedure

W""(q, Pn, Pr) = i/éﬂ; e (N|JM*(b)|h, X) (h, X|J”(0)|N)

Goal: factorize W; = P/**W,, at next-to-leading power
@ Match SCET currents (operators) with QCD: J# = J©@# 457, g 4
o WOk J(O)TMJ(O)V, WwHer P J(O)Tujlil)'/ + Jlil)’wj(o)u

e Expand projectors in the factorization frame: pr = pO# L pMm 4

Categories of power corrections

1) Subleading current contributions, P” . w®

2) Kinematic correction, P\" . w©®

3) Subleading soft contributions including SCET); subleading Lagrangians
L=L04 202104

@ Assumption: Glauber Lagrangian ,C(C?) doesn’t spoil factorization
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Factorization at Leading Power
LP current J©r ~ 3= (v4)* C17(Q) X8, Xowa ~E@ E%AE% Gr Wetio Wsj

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
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Structure Functions at Leading Power

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

P

al . 1 .
37 B (ZL’-,])T) = Z{flﬂﬂ-lhf +...,

e hi Boer-Mulders function, Hi- Collins function
e Contract W@ with PO# = gra? 4 yryr PO = gha? — yry”

W =F[H nDi]

2 T :c__’ '_’
W?EO)ZI[_ P H Y ] ,
N VIp

[Bacchetta et al '06]

FlwHgD] =2z Z/dQPT d®kr 52(¢TT +Pr — ET) w(Pr, kr) 1 (Q) gf (@, pr) Dy (2, k)
f
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Kinematic Correction for W;

o Taking
v 2z iqp b 7 ﬂ v
wor == / d%br T 1 (Q) T [Bf(177 br) v Gf(z,bﬂn] 7
f
contract with P{V" = — 4z g
= kinematic corrections for W,

_ Par 0 _QPTszz—ﬁT'ET R .
]:{ T’Q H lel M My, hi Hi e Wy
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Subleading Current: P, Acting on the Collinear Fields

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

o g X VP L X, e~ df)(6>[<u/}}> Gy G ’“*3]

@ Reparameterization of SCET relates it with the LP one
= The Wilson coefficient is identical to the leading power one, C|”(Q)

o Plug these currents into J)T v 4 j©@tu (0¥

) .
i = 25 [ @
‘s

X {Tr [épf(x,gT)v“ gf(Z,gT)’YU} +Tr [Bf(%gT)’Y” gAPf(ngT)’Y”}} ‘
Bgﬁ(x,ng)
E%@(wa {<N’Xn [?LﬁXﬂ wa (0 ) ‘ > <N‘ [Xn(b '?“PT] Xn wa )N>}
1 0 A - 18’8

:i@@ [’Yiﬁv Bf(l':bT)] P
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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 Operators: with B, Insertion

@ Fields and currents of definite helicity [Moult et al '15]

_ 1475 58 2 eb(n,n)
B, =— JR) By = o o Jgeh = T
nt 5¥M(n TL) nl,we? Xnk 2 Xn,wa nnt + Wa Wb (n:F |ﬁ:|:>
+vHr+) (p—|y*|r—)
E#(p77‘):(p77 8ﬁ(p7r):_77
* V2(rp) V2[rp]
@ The complete set of operators in the helicity basis [Feige et al '17]
O%?iaﬁ = ;17.+ Jgff ) O%?iaﬁ - B?L* JST?J" )
0502 =B Jal . 0L =Br IR

e Parity and charge conjugation invariance =", =c |

= Combination of helicity operators appear as

1

Bt Jan— + Bn—Jint+ = Jawh Xi,wp $Ln,—ngn,wa
1

Br—Jan— + Ba+Jant+ = \/Twa Xiwp B L. Xn,wq

@ Same soft Wilson lines as LP since fields always appears as
SnXn: SnBn S},
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Subleading Current: with B, Insertion

1 _ < 1
N X7 ,wp ’,, Snl $J_n —we Xn,wa \/Twa

@ Hermiticity + n <> i symmetry: only one Wilson coefficient O}l)

Xﬁ,wbng_ﬁ,wc hu ] Xn,wa

@ Summing over helicities gives
Z C_;l) B>\3 JanaiaIre ~ Jg)# Jep
AesA12,A3
where J,,, = ey,e and (denoting ¢ = w./Q),
TH ~ (n# 4 k) [dwadwpdwe V(@

x [6<wa+wc—c2) 5w Q) Xy (ST 50 B Lo X

+ (5(&1(1_@) 6(wb+wc_Q) Xn wz,BJ_ﬁ we hfi Sy }Xn,wu:|

~ Cita, g)[ W[5 NE G ot wj

L Ferd
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Subleading Current: with B, Insertion

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

. 1
W =257 [atr i [ acu (@ + )
Q2 0

X Tt [ B (2,6, 51) 7 Gy (2, br) 4 + By (2, 5r) 4L G 4 (5 €,5r) 3] +hec..

1 0
HD(Q.6) =@, ¢ (@)
In momentum space, 547 can be decomposed as [Boer, Mulders, Pijiman ‘03]
[Bacchetta, Mulders, Pijlman '04]

a7 M ~ ~ B'B
;7 N {[(]”‘—iél)%(gi"—iei"'ys)ﬂ-i(h—&—ié)’yi}%} o

f (I1£7ﬁT) =

B
B 2 2
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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 B"9* yield

S0(b2) ~ tr (0| [S56.) S7(6.1)] [S50) 5..(0)9BLD* (0)]|0)
Vanish due to charge conjugation & parity invariance & Lorentz
invariance & translation invariance of the vacuum

(2) Operators involving a n.- 95, n - B, . . give a3 —9_S(br, bb7)

b5
which scales linear in 7 or n under RPI-l (n — ¢*n, n — e~ “n) of
SCET , thus vanishes
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Vanishing Soft Contributions
(3) SCET), Subleading Lagrangian insertions
W o (N[JOT# () |h, X) (b, X| [d*2dy T[T (0) £ (2) £ (y)]|N)
+ (N|TOE By, X) <h,X|/d4xT[J<°>”(0)c<”(x)} N+ ..

Since 1, v are transverse (JO% ~ (%) C1(Q) X5y 1551 X, )s

when contracting with P} = —(¢t#@” + @1t7), Py =i(the” — #'), ...
such contributions vanish

@) T[], T[T, T[O"2DLM] in SCET;

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

gnft
W n
R W' oellinear
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Results

Ph1 2pre ke — Pr - k . . .
W, =F ZhT {1 1Dy PTx ¥T: pT - Fr hi Hj (Kinematic corrections)
;(2 My \//

Prz + kTs kre + k2
7.[(0) {m‘fll) I)TTI—TPTI} LHL} (From the ’PL Qperators)

QM My,
(1) 2x 2
=y o . h Hf +~Q ke f1D- + pTrhl
Wy =F d 1D Lp, 4 2N
Q PTz g 1+

(From the BB operators)

- M,
= N kpy LG " pra hi E
+ 1 (ko6 + Sorani 8|}

FlomgD] =23 [dpr ks 62(5T +Pr — kr) w(Fr, kr)
f

1
x /O AEHF(Q, (€)) ¢ (. (€),p7) Dy (2, (€), )

New in our results

@ Vanishing of the subleading soft contributions

@ Soft function, same as leading power (as conjectured in [Bacchetta et al '19])
@ Appearance of two hard functions, (") (Q) and # " (Q, €)

@ Dependence on ¢ in HM(Q, ¢) and the functions f+, D+,
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Structure Functions with Full Spin Dependence

do . a? Y Ky
dedydzdyd2B,; 2Q%z1—c¢
F X(LW) 1 + XeSL(L-W)pr + S7(L-W)yr + AgST(LW)LT] ,

[(L’W)UU +Sp(L-W)ur

(LW)vv = Wour + eWyo,z + v/2e(1+ ¢) cos(én) Wi 57 + e cos(2en) Wi oo
(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
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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
By} (@, € br,u,¢) = BEG P (w, €, br, 1, v%/() :
dlog B577 1dlogS 1 (1, b2)
dlog¢ ~ 4dlogv g O

@ Anomalous dimension of C}l) have been calculated to one loop, with

single log dependence on £ [Beneke et al, '17 '18]

pi ol @en = [ F & D (6,¢,QmCPE, @ p)
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Discussion

@ At leading order, C( Vs independent on £ from tree level matching,

@ & can be mtegrated in g-g-q correlators. Wy, Ws, --- then fully agree
with [Bacchetta et al '06] at leading order (after inclusion of the soft
function, as conjectured in [Bacchetta et al '19])

@ Anomalous dimension results for C’ (Q &, 1) confirms the nontrivial
¢ dependence

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

@ Our results includes radiative corrections: fixed order + resumed logs
Fact.

o LO = NLO + LL + NLL + .

@ Recent overlapping work on operator basis, perturbative corrections
and anomalous dimensions [Viadimirov, Moos, Scimemi '21]

> Calculated CV) at O(ay)
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Summary & Outlook

2pre ke — Pr - ka
My M,

%
2Q

Wi :]—‘{, 14(0) {/VI Dy — hi Hj } (Kinematic corrections)
_ 40 Pre + krs £1D; P% kra + k‘ZT PTz i gL
Q QMyMj, :

2 DL+
« hHi ) + G \koe 1D kl,hl

(From the B operators)

(From the P operators)

Hw[Q (kf,/ Dy

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

@ Obtained factorization formulae for subleading structure functions
wféczj(m)’ WZ,“] ®n) M/sm(m ‘/Vzc]:s(éh), I/I/’Z,i;(d)‘g), Wi};(%;rd}s), VVonS(O‘s>v
W (2en=0s) mcludmg contributions from the kinematic correction
and the subleading operators

o Future Directions: phenomenology including perturbative and
resummation effects for W), winn),
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Summary & Outlook

_ 2pra kre — D1 <k
My M,

I)/r
2Q

Wi :]—‘{, 14(0) {/ D hi Hj } (Kinematic corrections)
- H(Q) Pra + kT f1D; p% kre + k% PTz i HL
Q QMy M, ‘

2 DL+
« hHi ) + G \koe 1D kl,hl

(From the B operators)

(From the P operators)

MU[Q (kf,/ Dy

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

@ Obtained factorization formulae for subleading structure functions
Wféobfj(m)’ M/;iz(rfm)7 szitr}(dn.)7 w/zc]:sw‘n)’ Wrzj;(és), Wi};(%;rd}s), VVonS(O‘s>v
wiosen=2s) including contributions from the kinematic correction
and the subleading operators

o Future Directions: phenomenology including perturbative and

resummation effects for W), winn),

Thanks for your attention!
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