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o Cross sections of inelastic processes factorize into different blocks (when Q> A2, and

2 k2
Q> k) Hard TMD/Jet Distributions

do
=(H(Q*)|®(F (x. kr )&IF (x,, k i
dL..Jd0dk ® 4 LP (very well studied)




o Cross sections of inelastic processes factorize into different blocks (when Q> A2, and
Q> k)

dl...1d0dk, = H(Q%) @ F(x;, kp)®F (x,, ky) <4 LP (very well studied)

k
| QTHz(Qz) ® F\(x), kr)QF)(x3, ky) e NLP (our focus)

e Motivations:
» Study sub-leading power observables
» Increase the theoretical precision and the applicability domain

» Restore broken properties (EM gauge invariance)
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o Cross sections of inelastic processes factorize into different blocks (when Q> A2, and
Q> k)

dl...1d0dk, = H(Q%) @ F(x;, kp)®F (x,, ky) <4 LP (very well studied)

k
| QTHz(Qz) ® F\(x), kr)QF)(x3, ky) e NLP (our focus)

e Different methods for sub-leading power contributions

» Soft Collinear Effective Theory (SCET) [2112.07680)| Apparent
. disagreement!?!
» Background Field Method (BFM) [2109.09771]




e Hadronic tensor as a functional integral

JH(b) = q(b) y" q(b)
EM Current

d*b |
Wsinis = J (zﬂ)ﬁl(b'mj[a’q dA] W5 JHT(b) W W JU0) W, e Socold-A



e Hadronic tensor as a functional integral

JHb) = q(b) y" q(b)

d*b |
Wsinis = J el(”'k)J[dq dA] W5 JET(b) W, W JU0) W, e Socold-A

(2m)* EM Current
e Split QCD quark and gluon fields:
qb) = p(b) + q(b) + q(b) + q(b) Socenlg, Al = Spenle, Bl + Sornlq, Al
ocplYs ocplPs ocplYs
—_
A¥(b) = BX(b) + A*(b) + A*(b) + A" (b) + Socpla, Al + Speplg. Al +5;,

™™ VT ) e e

Dynamical Background



e Scaling of derivatives of the fields (1 ~ k;/Q)

(a_l_a a_a aT)qu (/lzalai)q (a_l_a a_a aT)qs (19129 /l)q (a_l_a a_a aT)qs (/19 /19 /l)q
(a_l_a a_a aT)A'u 5 (/12919 A) Aﬂ (a_l_a a_a aT)A’u 5 (19 129 /1) A,M (a_l_a a_a aT) A’M S (/19 /19 /I)A'M
—EEEe—  e— e e ———EEEe—T e

n-Collinear n-Collinear Soft

e EOMs give us the power counting of fields

Yy y Ty 2
¢ >4 S >4 q
AF~ (A%, 2) A*~ (1,42, 1) Af~ (A, A, )

e Hard modes (¢, B) — Integrate out



S (D) = J [d@ do dB1(p(b)+q(b)+q(b)+q(0)) " (@(b)+q(b)+q(b)+q (b)) €' Secol?¢-Bl gt Si




S (D) = J [d@ do dB1(p(b)+q(b)+q(b)+q(0)) " (@(b)+q(b)+q(b)+q (b)) €' Secol?¢-Bl gt Si

Gauge Invariant

e Wilson lines W, W, S and 5. (y = WTg) —




Jgff(b) = J[dqb do dB](qb(b)+é(b)+q'r(b)+5](b))yﬂ(¢(b)+ g(b)+q(b)+ q(b)) o1 Socpl@-0.Bl ,iS;,

Gauge Invariant

e Wilson lines W, W, S and S (y = W'§) m— JZ%LP =XV 5,5, x+h.c.+ 0(g°)

v

All Orders

o Wilson Coefficients me——
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eff e np(0) = J yrdy™ GOy D0 8, S (”l” 8_1)(@_)) e 7 operator structures

17
Jd tdy~ C,(yt,y ) y(y") S S, Ap yp(% y(y~ )) e 5 independent coeflicients
z
1 0, (A = WI[iD?, W)
+ + T AP P ’
dy*dy” Cy(y",y )y S5, 8 (la_ATn)yT(aJ(y )) r
B 7 n*
+ | dyydyy dy” GOy, y7) O M) ( == ) Yo Sn Si x(Y7)
10~ 1

0" 1
dytdztdy” Gyt 2ty ) i) S, S, (—f A(},,-l(f)) Y5 Yo Yo (—)((y ))
g~ 10T

1
de+dz+dy‘ C,0". 25y ) ") S, S, ) rkyy, (la—_xn(z+))

T v (v SIS A (v Ry v ST : + 7
dydy dy™ Cs(y™,z%, y ) y(v,") S, S, Ay ) vk y VpS,-,Sn(ia—_x(yz)) +(nen)+h.c.
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(enuine power correction
) Agree with

nt  n :
+de1+ dyFdy~= Cy(y;, ¥, y7) 7)) M) ( — - )yp S, S, x(y") Pprevious
0~ iot methods :)




]é'}ﬁ NLP(O) =

Also agrees
Contributes Collinear g-g contribution

WH at NNLP *

: |
_5 deffdy;dy_ C5(y+, Z+, y‘))?(yf) S;sz A';(y_) }/g v Yp S;:S” (ia_—)((y;))
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Jé’]ﬁﬁ NLP(O) = Soft fields contributions

nH
_ J'dy"'dy_ Cl()’_l_a Y io™) Sz}; Y A?,ﬁ yﬂ(ia_+%(y_))

1 0
_ + 7= + v p(vH) CF AP pl 2 v
de dy- Ci(y",y )y S, Sﬁ(ia_AT,ﬁ)yT(aJ(y ))

| ) o’ 1 B
- jdy+dz+dy_ C;*, 25y 70 8,8, (a—fA(%,ﬁ(f)) 7o Yo (ia_+% O )>

| 1
2 J dy*dz*dy™ Cy(y* 2ty ) ) S8 MO vy, <—- -%ﬁ(f))
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eff NLP(O) Sott fields contributions

| ay*dy= 0%y 20 55, 0 (— s )) =) Appears in
J 0 2112.07680] with

_J dy*dy™ C,(y*,y") (L ) ( 9 ) different coefficient



]é’]ﬁﬁ NLP(O) = Soft fields contributions

n//i
I AR + - o
de dy- C,(y",y7) Yp(ia+ )

_ de+dy_ C,(y*t,y ) 7(yH S!S (.LA?’% ) r (i)((y_)) Inverse derivatives of
= 0" soft fields are new

(vacuum matrix
elements vanish)

1 B o a’% o : N
—Ejdy+dz+dy C(y*,z",y ))((y+)S,3ZSﬁ(FAT,ﬁ(f))ﬁ’WG (ia_ﬂ(y )>

| 1
2 J dy*dz*dy™ Cy(y* 2ty ) ) S8 MO vy, <—- -%ﬁ(f))
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d*b
W = J o e! AP I(D) | p, X)(p. X |J4(0) | P)

e Unsubtracted leading-power hadronic tensor

d'b
Wins. .1 = J i dedy‘cl(yt ) sz+dz‘Cf<(z+, B (01S1S,(b) | X)(X | S1S;(0) | 0)

X(P|jybr+ b n+y n)| X (X|x(z"n) | P) (0| y(br + b™ii + y™ i) | p, X){p, X | (") | O)+h . c.
e At NLP some matrix elements vanish (fermion number violation, boost invariance,...)

|
(O] 7(br+ 0™ + yl_l_ﬁ)ia__)(j(bT +b™ i+ yIn) | p, X)(p, X| 1 (z") [ 0) =0

1
(P (by+ y W X)X @ m Py =0 (O (=4 (by) )18, () |X)(XIS[S,(0)[0) =0 wvs
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e Overlap of soft and collinear fields — Rapidity divergences

e Split and redefine collinear fields

XSS, x+ 1 X= S8 1+,

n

i i i i
M SIS, MLSIS A M SIS, AR STS, A

e Use transformations to obtain pure-collinear matrix elements
(0| y(br + b™1) | p, X){p, X | ;(0) | 0)
(01S15,(br) | X)(X|S,;S,(0)] 0)

(P|jby+b~n)| X)(X|y(0)|P)
(01S1S,(bp) | X)(X|S,S;(0)]0)

(01 (by + b*72) | p, X)(p, X1 7:(0) | 0),,, =

(Pl xibr+b7n) | X)(X|x(0)|P)g,, =
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e The overlap subtraction gives us the usual structure for the cancellation of rapidity
divergences (we employ 6* regulators and (¢, ) as rapidity scales)

Soft
Factors

(O1578,(br) | X)(X| S1,(0) | 0y=4/ S(br, 6+ 1K) 4/ S, £~ 1K)

e At leading-power

(yé{)l(y%)kl dzb : 41— -+ A — s o—F
Wf}li — ]]V J (2ﬂ)€el(bT'kT)de+dy_e’y k e k Cl(y+,y_)JdZ+dZ_€_lZ k o k CIK(Z_I_,Z_)
y J db~ . (Plibr+bn)| X)(X|x(0)|P) J db* . O0lxy(br+b™)|p, X)(p.X|7,(0)|0)
€ €
27 27

\/ Sr £ kD) \/ S 851K



e The overlap subtraction gives us the usual structure for the cancellation of rapidity
divergences (we employ 6* regulators and (¢, ) as rapidity scales)

Soft
Factors

(01578, (br) | X)X | 5]S:(0)|0)=y/ S(br, C(8* 1K) 4/ S(r, 6 1K)?)

e At leading-power

Hl(Qz) Hard Function

(yé{)l(y%)kl dzb : 41— -+ A — s o—F
Wf}l; — ]]V J (2ﬂ)T2€l(bT.kT de+dy—ely k e k Cl(y+,y_)JdZ+dz_e_’Z k o k CIK(Z_I_,Z_)
y J db= (P | 7dbr+ b n) | X)X | x(0) | P|[f ab* .- Olxi(br + b7R) | p. X)(p, X|};(0)| 0)
€ €
27 27

\/ Sr £ kD) \/ S 851K

[ anll(x, by C)] , Physical TMDs [Dq’ll(z, b @ij
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e The overlap subtraction gives us the usual structure for the cancellation of rapidity
divergences (we employ 6* regulators and (¢, ) as rapidity scales)

Soft
Factors

(O1578,(br) | X)(X| S1,(0) | 0y=4/ S(br, 6+ 1K) 4/ S, £~ 1K)

e At leading-power

y )i i d*b e
Wy = T QY | el > il Dol [FalalPgu

C



e The overlap subtraction gives us the usual structure for the cancellation of rapidity
divergences (we employ 6* regulators and (¢, ) as rapidity scales)

~ Soft
(018718, (by) | X)(X | S,S:0)| 0>=\/ S(br, §(5¥/k%)%) \/ Sbr.E@EE)) Ractors
e At leading-power
5 (yé{)l] (y%)kl dsz i (Do
Wi = N H1(Q2)J' (2;;)26 (br kT)Z { [Fq,ll]li [Dq,n]jk‘l‘ [Fz],n]jk[Dz],n]h}
¢ q

e At NLP we have two types of corrections

(UZ y /7% UL
WNLP WkNLP T WgNLP



e The overlap subtraction also helps define rapidity-free derivatives of the LP TMDs

Same Lorentj <:(6PT;(J)(;Z,{)(S25 )(STSn> (0” )(]><)(k> 1 (Y ><0 (STS ))(STS,)
iii‘&ii?iﬁf“ YT (SIS, AL ) (S1S,) (STS(SiSm) 2 Ak (SES)(S)SH)
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e The overlap subtraction also helps define rapidity-free derivatives of the LP TMDs

Same Lorentz (22t (SES, ) (SS7) o 1 ¢
structure and - '> —|D 11] k= 07 — _(ap In{ = [D 11] k

7 V(STS AP V(ST b T2 R
coefficient Y (SES, 2 )(SiS) 7 6

Collins-Soper kernel
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e The overlap subtraction also helps define rapidity-free derivatives of the LP TMDs

Same Lorentz <apT)(]><)?k><S;_:S ><S?Sn> bP [ 1 4 ]
structure an - —I\D’ .=, ——=(IK)In[ = )| |D -
o : <<)(j><)?k><STS A7 )(SiSi) > q’HLk : 2( I@ n<‘: ) Dol

Collins-Soper kernel

coefficient

e These terms give rise to the kinematic power correction of the NLP hadronic tensor

. P b

1
| = [n'u(}/;)ij (P + 15y (yé’)kz] Z [F é,ll] li [Dq,ll]jk}
99
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e T'wist-3 operator definitions with subtracted rapidity

(AT = )T (AT, S 1S, (S,85)
(S8, ><STSn>

([A7 )(] A
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e T'wist-3 operator definitions with subtracted rapidity

dbi gy J dby ieosi- {(0 [ [&r(br + by )y (br + by'm)]; | p. X)(p. X 7,(0) ] 0)

D21z &, b7 O)| e = iq‘J
g,21 1> 5/]] oy, 27 \/ S(by, E(S6™1k7)%)

(O [y2x(br + b )] | p, X){p, X| 7:(0) | 0)

\/ Sy, ZE /K

(01X, (by+ b5 7)) STS,(bp) | X)(X| 5S,(0) ] 0) }

e Also free of endpoint divergences

?_I)%é[Dq,Zl(Za 59 bT; 5)]]k =0
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e T'wist-3 operator definitions with subtracted rapidity

dbi gy J dby ieosi- {(0 [ [&r(br + by )y (br + by'm)]; | p. X)(p. X 7,(0) ] 0)

D21z &, b7 O)| e = iq‘J
g,21 1> 5/]] oy, 27 \/ S(by, E(S6™1k7)%)

(O [y2x(br + b )] | p, X){p, X| 7:(0) | 0)

\/Sbr, 1K)

(01X, (by+ b5 7)) STS,(bp) | X)(X| 5S,(0) ] 0) }

e Also free of endpoint divergences

?_f)%f[Dq,m(Za S, br; 5)]]k =0

e Matrix element definition for subtraction term in BEFM works: gﬁ‘b =@ — Ry @ ¢y
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e T'wist-3 operator definitions with subtracted rapidity

dbi gy J dby ieosi- {(0 [ [&r(br + by )y (br + by'm)]; | p. X)(p. X 7,(0) ] 0)

D, 21z, & b7 O)| i = iq‘J o .

\/Sbr, 61K

O lyyx(br+ bim)]; | p. X)(p, X | 7,(0)] 0)

\/Sbr, 1K)

e Also free of endpoint divergences

?_f)%f[Dq,m(Za S, br; 5)]jk =0

e Matrix element definition for subtraction term in BFM works: ‘293‘17 —
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e The genuine higher-twist correction

) I d*b . n'  n*- y
W(gNLP — VC Jd(f HZ(QZ, 5)] (271-)2 e (by kT){ [k_ ey (l])l] (}/T)klg < [Fq,ll] /i [Dq,Zl]jk

—|Fa 11 k| Pt | it [Faz1 ]| Py ) o= | Fa21 | 1| Pg i Zz‘)

_’/—ly ny-

= (775 Wi Z ([F o111 Pg 12| = [Fan x| Dol it [Fy ol ul Py i e= [ Faia) [DZ]’HJH) }
q
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e The genuine higher-twist correction

l

WHY =
gNLP Nc
N nt nt-

k— kTt

d*b; At k-
Jdcsz(QZ, «:)J Te“bfkﬂ{ — = |05 Du X ([Fon] a2y
q

(27)? k= kT
—|Fa 11 k| Pt | it [Faz1 ]| Py ) o= | Fa21 | 1| Pg i h)

75 i D ( Fonl il ol = [FanlulPaalit [Fyrol il Pg.] = 1Faaol [ P ”) }
q

e To agree with previous SCET results we found a condition of agreement

H5CFT(Q2, &) = H,(0?) + [H, ®(Q2, 9

Hard-Collinear
Matching Coeflicient
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Azimuthal angles with

e Apply result to an specific process: e ([)+h(P) » e (I')+Jet(p)+X  Jjet and hadron’s spin

r

S
e Kinematics of jet production in SIDIS )

M? = p? k=1-1 0? = — k?
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Azimuthal angles with

e Apply result to an specific process: e ([)+h(P) » e (I')+Jet(p)+X  Jjet and hadron’s spin

r

S
e Kinematics of jet production in SIDIS )

M? = p? k=1-1 0? = — k?

0~ ~k-P
2k P TP

X

e Cross section in the limit Q% > M?

2
do _ o) w "
dxdyde,dpsdk? 804\~
L

/ / / . /G L t 1
w =201+ 0L —(-1g,) +2il€,,'1° 00

€ HVPpO Tensor
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e Fierz transformations of Lorentz structures

e Jet and TMDPDEF definitions with no open

C i |P11(bp)| ik = 2N, J;1(by)
spinor indices

er (0 )i [F 21(%, €, bT)] i =F5,(x, 6, by)
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e Fierz transformations of Lorentz structures

e Jet and TMDPDEF definitions with no open

C i |P11(bp)| ik = 2N, J;1(by)
spinor indices

er (0 )i [F 21(%, €, bT)] i =F5,(x, 6, by)

e Parametrization of twist-3 TMDPDF

b% ieya gT b b 4 Ind d
v o L rl I' “a | Ll va of af a’p | ndependent
By =1 b2f2 +5, h2 Sy teér STaaMsz_l_eT ST ( o h2 )Msz Distributions

e Also 4 independent twist-2 TMDPDFs ( f,,f,7,2,2;7) and 2 independent jets (J,,J/,)
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o After contracting with leptonic tensor we obtain the most general form factors

do a2, {2—2y+y2 22— yn/T—y

| — cos g, Fr 0" "1+ 7,24/T = ysingp, F'" %"
y | y

dxdyde,dpsdk? ~ 802

2(2 — y)\/l -y . sin COS
+5 N sm¢JFUL¢f+leS” (2 —y) FLL+2\/1 —ycosg, F,, ¢f]
2 — 2y +y? - 22 -yn/1-y /. - . (2
+]S, | [ Yy sSin(@; — ¢s) I [S;;(;’ff_%) | v <sm(¢g) F (S;;(¢S)+ SIN(2¢p; — ¢hg) I ZS};(MJ ¢5))]
Yy ’ Yy

+/1€ | 5, | [(2 B y)COS(¢J B ¢S) Fz;s(ébj_%)_'_ 2\/1 —y <COS(¢S) FE;S(¢S)+ COS(2¢J o ¢S) Fz;8(2¢1_¢s)>] }
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o After contracting with leptonic tensor we obtain the most general form factors

do a’

dxdyde,dpsdk? ~ 802

22 —=yn/1-y
y

2|k > J,(|b||k
; _ 2 \Im(zjdwz(x,wz)] 1y B HED

0\~ ; 4z|b | k|
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o After contracting with leptonic tensor we obtain the most general form factors

do a’

dxdyde,dpsdk? ~ 802

22 —=yn/1-y
y

2|k > J,(|b||k
; _ 2 \Im(zjdwz(x,wz)] 1y B HED

0\~ ; 4z|b | k]

x{71(6% ) g (3. £,b% )+, (6,67 ) 81 (x5 ) })

27 sin ( ¢J> 27 0.95 do
0 0.01 xdydeg;desd 2,15, |=0
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o After contracting with leptonic tensor we obtain the most general form factors

do a’

dxdyde,dpsdk? ~ 802

22 —=yn/1-y
y

2|k > J,(|b||k
; _ 2 \Im(zjdwz(x,wz)] 1y B HED

0\~ ; 4z|b | k|

x{71(6% ) g (3. £,b% )+, (6,67 ) 81 (x5 ) })

2 0.95
' em FSIH¢

0.01 y
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o Plot dX \Sin( 5) at leading logarithm accuracy using different TMD models for gzlL’q (only

contribution at this order)

k| =2GeV
_ QO = 10GeV :
1P — Boer-Mulders Model |2407.062[77/
; — Sivers Model [2103.03270] -
3
O
=
o
=)
§ 0.5
ER
e \
0_ ________________________________________________________________________________________________________
107 107 0.01 0.1
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x = 0.05

0.15

0.05

0.1

— Boer-Mulders Model [2407.062_77]
— Sivers Model [2103.03270]

QO =10GeV

| 1.5 |
k| (GeV)



e Construction of an effective current operator at next-to-leading power

» Modified version of the BF'M including a background field for the sott mode
e Hadronic tensor at NLP

» Definitions for physical TMDs (free of rapidity and endpoint divergences)

» Comparison with two previous approaches (further investigation needed)

e Most general form factors for the cross-section of a single jet production in SIDIS at
NLP

» Phenomenological results for purely NLP asymmetry F 18]12 &
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Thank you for your attention!
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