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Introduction: End-point singularity

;LA-, ks

Figure: H — bb — v at leading order.

* Large logarithms ln(ﬁ): need resummation

m
¢ Traditional light-cone approach leads to end-point divergence
! L when ¢ becomes soft, z — 0 (z is the fraction of collinear

0 z
momentum carried by ¢ )

¢ Generally appears in next-to-leading power corrections
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Introduction: Factorization using SCET

Factorization using SCET (Z. L. Liu and M. Neubert, JHEP 04, 033 (2020)
and series of papers):

3
My(H = yy) = Y Hi(vy|0;|H), 0]
i=1

Soft sector (end-point singularities are involved):
0s = 1O [dPa [aPyr{[(4%, @) + 65 @) Xy @] 20}
X1 { X2 0) [#ay ) (A7, ) + 97, 0)] " }
XT{ [Slz(y+)qs(y+)]” [qs(xqsnl(x,)}“ [sjtl(o)snz(o)]jk } )

Factorize into convolution of jet functions and soft-quark function (w = ¢4¢_):

oo d oo dl_
(vy1O3|H) = QQiV/O jwsl(w) /\/EfJ(me/Z,)J(me[,). (3)
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Key observations for the non-local renormalization

The renormalization/evolution kernel of both soft and radiative jet
functions are needed to resum logarithms of m%; /mj.

It was not known how to compute the renormalization/evolution of the
soft-quark function. We devised a way to do this [G.T Bodwin, J.-H. Ee,
J. Lee, X.-P. Wang, PRD 104 (2021) 1, 016010].

Ze Long Liu and Matthias Neubert JHEP 2020 (2020) 50: “It is an
embarrassment that there is no known method in SCET to derive the
anomalous dimensions of the jet functions directly from their operator
definitions.” We solved this problem [G.T Bodwin, J.-H. Ee, J. Lee, X.-P.
Wang, arXiv:2107.07941].

Key observation 1: We should use the unknown all-orders shifted
soft-quark funcions or jet functions to replaced the LO ones while
extracting the non-local divergences.

Key observation 2: The radiative jet function contains soft contributions
that double-count those in the soft-quark function. One should use in
the factorization theorems a subtracted radiative jet function, from which
soft contributions have been removed.
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Definition of soft function
Soft function:

T [ b_yyp —Lyx_
Sy, b )= — / dx_d ex [zi
(L4, €-) N, Y4 exp 5

x<0|TTr[sn2(o>SLZ<y+,o,omqs<y+,o,omsw,z_,onsm(o,z_,oms;(m |0).

(4)

The momenta flow into the positions x_ and y4 are fixed by ¢4 and /_
respectively, which is required to factorize the two jet functions from the
soft-quark function.

It is much easier to do renormalization before integrating ¢, and extracting
discontinuity, which does not introduce extra divergences. So we define the
un-integrated soft-function:

S(ba, bt _ i D-2 ;
+.0-,2]) =~ dz_dyyd z, exp |i f“l'zl
.
X{O|TTr| Sy (0,0, 21 /2)S], (y4, 0,21 /2)as (4, 0,21 /2)
2

X0u(0,2-, ~21 /D)0y O, —21 /2)S], 0,0, -z /2|10 @)
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Diagrammatic form of S(¢,¢_)

Figure: The solid line is a soft-quark propagator. The double solid lines with
incoming arrows are Wilson lines S5, and the double solid lines with
outgoing arrows are hermitian-conjugate Wilson lines SI”. The dashed lines
indicate a space-time separation (space-time separations of the jet
functions). A jet in the + light-front direction is insensitive to external
momenta in the &+ or L directions, which allows factorization of the Wilson
lines of the soft function from the jet functions.
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Structure functions and discontinuities

Due to reparameterization invariance, we can decompose the un-integrated
soft function into 8 independent structure functions

i)

Sty 0 ,61) = mpSi(w,£2)+ (2 0)Sa(w, £3) + %(nl - £)S3(w, £2)

mpthi 1
2(ny - £)

P2 5,0, 00) 4 £ S5, 0) + So(w, £1)

mthViz
2(ng - £)

St )+ 12 M g0 g2, ©
Decomposition of soft function into structure functions

Sy, L) =mpS1(w) + %(M < £)S2(w) + ?/L?z("l - £)S3(w) + mb%sdw%

Discontinuity of the soft function

1
Si(w) = %[Si(w +ie) — Si(w — ie)]. 8)
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Leading-order soft function and discontinuities

Leading-order soft function

SO e = mysOw) + Blng st + 12

ny - €S0 (w), ©)
where the LO structure functions are (e poles come from ¢, integration)
§5%5w) = (UmT( (-w+mj —ie) .
The discontinuities of the LO soft structure functions are
(4m)°

St9 5w) = oo (w—m3) 6w —mp) = 6w —mp) [1+0(e)], )

from which we can see the discontinuities of the LO soft function has no ¢
pole from the ¢, integration.

Slide 9/33 | Soft-quark and jet function renormalization | Lightcone power expansion | Xiang-Peng Wang



Technische Universitat Miinchen m

Difficulties in renormalization of the soft function

The «a,-order soft function is given by Z. L. Liu and M. Neubert, JHEP 04, 033
(2020), from which one can extract the UV divergences:

c —m2\7¥*[ 2 6 2 —m?
SUV = u{ g My —— + — + —log u g(w,mz)
47 u? €2 € € w

4 mi —w
,;log< = >e(m§7w)}. (12

However, the conjectured renormalization factor Zs given in Z. L. Liu,
B. Mecaj, M. Neubert, X. Wang and S. Fleming, JHEP 07, 104 (2020) is

Crpl([2 2
Zg = 6(w/—w)+a5 Ff{ |:7+210g(“—)—3:| 5w’ — w)
4T € € w

0(w' —w) O(w — )
—4dw . 13
[w/(w’—w)+w(w—w’)]+} (13)

* The unorthodox momentum routing in the soft function leads to
nonlocal contributions in the renormalization

e Explicit fix-order calculation loses the non-local information of
the soft function
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Renormalization formula

Renormalization of the soft operator Os (¢4, £¢-):

OF(t4.0) = 5 [ ALl Zs(testo 2 s)Os(E ), (19

Zs =720 + a2 + 220 + - (15)

In terms of vacuum-to-vacuum matrix element,

S'LR(Z-F?E—) - 1/d£+d€ Z”(€+7€—7€+7 — M )S (£+7 )7 (16)

where S(¢,,¢") is the all-order soft function with shifted arguments.
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One-loop UV divergent diagrams

5,
0= (ly,0-,L1) O=(lp +hp 0 ) U =(l4,0.€)) = (g, 0 +k_,8y)

(a)

(a) (b) @ ()
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Diagram A

0= (U + kg (-, 1)

(b)
The non-local terms come from diagram (b).
2eVE dkydk_dP 2k 1
Seay(by, ) = igcp (b + L
(a) (- £2) 9s F( ) /h/ (2mD (—ky 1 ie) (k2 + i2)

X{ Sy, ) [B2 (0 —ky) + £ — Ko +ma)
(by —ky)(b— —k_) — (&1 —k )2 —m2 +ic

Sty +hy, 0 _,el>¢1<”124++ti—m+mb>} )

Ly —k_)— (L) —k )2 —m? +ic
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k_ contour integration

Assuming ¢4 > 0,¢_- <0 and completing the k_ contour integration by
picking up the pole k_ = —+ — i€

u2eVE aP =2k, ooauc+
setets) = camee (C05) [ [ [0

{ 0ty — k)S(ep, 0 ) BL[%2 (b4 - k+) AL =Ky
J
(4 —ky)b_ — ﬂzﬁ — (0L k1) —m?tic

+ Sy + kg, b ZL)¢1(¢2Z++tL — kL +mb)}
06— +k2 (€L — k)2 —m?2 +ie
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Extract UV divergences
After shifting k.

'E aP—2k dk
Sy, ) = 20:Cp (H ° > / / = /oo hsia
0o kg

(27r)D 2

ty | Ly —ky
X{,9<é+7k+) S(E-%—»Z—)Tl [72 (l+7k+)+ll [ +mb:|

¢ 2 _ kg (2 2 ki p2 ;
+ kL—t a2 —mb—é_k_'_-&-HlL — i€

1 Stk e —vlL)Tl(TQ RS e o +k+ +mb)}
Oy +ky o2 kyey (2-m2)+r3 (epe_—m?)

1 P
+

Cythy)

— i€

i~

(19)
Extract the UV divergences from & integration:
asCp 1

oo dk
Sy - TRl e
27 eyy e

sy O+ ) 72(5+*k+)+tL +++mb:|
x{fs(br,e,,ej_) 5

4

+ S(e4+ +k+7577[L)*

(¢ E++1Le++k++mb)} (20)

Oy 4 kg
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UV divergence of diagram A
The change of variables &k = x¢, leads to

syepey = 2R L[ {s<é+, e’ (@+%)
"

2w eyv Je 2

+/oodl[s(2+(1+z),£_,lL)ﬁ(%2 £ 1 +ﬂ)
0

z(1l+ x) 2 2 Ly 1+ [
0 —2)S(ly, b L1) <@+t¢+@> } @)
z 2 2 Ly Ly

(by,0_,0,) terms

S0a) (€4, 22)
SCp 1
= ZeEF 2 |:S(Z+,Z_,£l)(1—

27 eyy

Hart1 L2 L 7%1@.)
4

w 2

+/ {S(Z+(1+Z) L, L) 1 ot n ny £ ity n my(ng - £) 1
14 z) 4 1+ z)w 2 w 2
Sy, t) [17 ¢24¢1 N ng - Lot +mb("2'f)ﬂ} }]

z(1+ x) (e2)

w 2 w 2
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UV divergence of diagram A’

The non-local terms come from diagram (b).
S?X/)(MJ—)

_ aSCFL/ {(17%+u%)s(l+l_,h}
2L

2w eyv w

+/°°dz{ | F2r mt farke | me(na O e | S, (L4 o)l EL)
0

4 14+ z)w 2 w 2 z(1 4 x)
[, dedy  oma-Lfida | mp(na - f) 2] S(64,€6-,00)
[1 4 + w 2 + w 2 ] z(1 + x) }:| @3)
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Diagram B

C= (0 —hy b~k £y) 0=y —hy b £y) O =(li 0~k £)) 0 =(ly.(_ €0)

(a) (b) () (d)

The non-local terms come from diagram (a, b, ¢).

2e¥E\ € dkydk_dP %k 1
. e —
Spy (s t) = ig’Cr [ = = _ _ _
4w (2m)P (—ky +ie)(k_ + ie)(k2 + ie)
X[S(ly — kg, b —k_) =Sy —ky, L)
—S(ly, b —k_)+ Sy, )] (24)
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k_ contour integration
Completing k_ contour integration gives

2\ 0 dk dP=2k, 1

p-e + 1L
Sipy(b4,0_) = —2a,C / —
() (- £=) @ F( in ) —oo (k) ) GmDP2 K2

k2
x [9(e+ — ki )S(Uy — kg, 0_) +0(ky —£4)S(by — kg, b — ﬁ)
K2
Sty —ky,0_)— Sy, 0_ —ﬁ)+s<z+,5,)] (25)

Making the change of variables k2 = zk, /_ and splitting the k. integration
region [—oo, 0] into [—oo, £+] and [¢+, 0], we obtain

, e
ascp (# eWEL(é )—6/0 do—"

Seey (b ) 2r D(1—¢) (—a)ite

0 dky L B .
x{/e+ W[S(q kg, 0) = Sy — kg, £_ (1 — @)
+S(y, (1 — ) — S(q,z,)}

/‘f+ dk+

- W[S(u,z,(l 71:))73(@,@,)}} (26)

The UV divergences come from x integrations and k. integrations.
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UV divergence of diagram B
Extracting the UV divergences and, for the finite k. integral, after extracting
UV divergences from z integration, we set k4 = xf,:

S(8y(€4,0-)

2 — —
_ ‘“CFL{,[LHOg< 7 '>]S(Z+YL)7/ VSt et —a)

2™ eyy eyv —w — 1€ —oo x

+/1d15(e+<171),e_)75(4+,z_> B /o sz(l_,,,Z_(l793))75(2_*_,2_)}'
0 J—1

x T

(27)
We re-write the negative x integration as
-1 dz 0 dx
7/ Sy, e_(1 - 2)) 7/ B s - (1 — @) — Sy, )]
—co T -1 x
. -3 dx -6 dx
= Jim [7./700 =Sy 01— ) 7./71 ?S(Z+,Z_)} 28)

The contribution of the semicircle at infinity vanishes, and the contribution of
the small semicircle is +im.S(w). Then we split the integration region [0, +oc0]
into [0, 1] and [1, +o0].
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UV divergences of diagram B and C

UV divergence of diagram B

w _ asCp 1 1 u?
st = sz [ () s
+/ Sy (1 — @), 0_) + S(ty, (1 —x)) — 28(¢4,0_)
xT
+/°° d175<£+’87(17w))}. (29)
1 x

UV divergence of the soft quark self-energy diagram (after renormalization of
quark mass):
asCp

uv 1
Sicy4, L) = — — Sy, l-), (30)
47 eyy

which is the soft-quark wave-function renormalization.
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Total UV divergence at «, order

STy (e e + s‘(JX,)(e+,e,) + 8%y (g, £2) + S (04, 02)
sC 1 .
a Fi-/ {S(l_,_,e_,ei)(lf#”h L2 Z#lh.)
2w eyv Je 4 w 2
et ny £ phafL +mb(n2‘2)@
4 1+ z)w 2 w 2

sMeg, 00y

SO N
+/0 d‘”{ 2(1+ )

St [ttty a0 1]

z(1l+ x) 4 w 2 w 2
asC 1 ot ny - LLL

+—F—/£L [(1—%+ ! ﬁ) Sty 0, e1)

2™ eyy w 2
Sy, (A1+x)e_,2,)

z(1+ )

° Hart1 n1 -4 fife | mp(ni - €) o
+/O dx{ |:1 T4 + (1+z)w 2 + w 7:|
B [1 B ¢24¢1 ! AN ) n mp(ny - £) %72] Sy, L_,£1) H

w 2 w 2 z(1+ x)

@ 2 oo —x
4 2eCF i{ - [i +log (“—)] S, 0 ) +/ dn S - —2)
2T eyy eyv w 1 x
A (L—=) — 2S£y, L) }

T

+/1 1 SUL( =), 00) + Sy
0

agsC 1
St Sy, 0, 01). 31)
4m eyy Je
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Zg at o, order

Define several additional structure functions

22
/ Si(w 02 —L, fori =5,6,7,and 8. (32)

Make the following changes of integration variables: w’ = (1 + z)w for S(A)
and S(A, and w’ = (1 — z)w for S(B>, then the renormalized structure
functions can be expressed as

8 o) -
:Z/ d' ZY (w,w's 1) S ('), fori=1,2,8and4,  (33)

where

9Cr L v, ), (34)

Z§ (w5 ) = 6w — )8 + = =M
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ij .
MS (W, w; M)
Mg(w,w'; 1)
d—2a—2b—2 0 0 0 0 0 0 0
B mbb e 0 0 —(a+b) 0 0 0
- mbb 0 e 0 —(a+b) O o ol
2(a + b) —ely  —ely g2 0 a+b a+b 0
(35)
with a, b, ¢, and d defined by
’ o
a = 28(w-w), b=2 M L c=2 M ,
w!(w! — w) i w—w’ i
2 ’ ’
4 = [i+21og<i)*’1]5(w—w’),e=dl—a—oi i (36)
eyv w w w
Here, the plus distribution is defined by
oo / o0 —
/ PRRICON / ,f(w ) = fw) 37)
0 [g(w)]+ g(w’)

Cannot solve the corresponding evolution equation in closed form because
infinitely many new structure functions with different £, weights appear.
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Zs at a, order for H — ~v case

For the case of H — ~+ through b-quark loop, the soft function is
sandwiched between 1, and 7, , which means only the structure function
S1(w) survives and does not involve mixing between structure functions

Z8 = 6w —w)+ %:Cr 1 (d —2a — 2b — 2c)
47 €YV
2
= §(w —w)+ 2sCr L{ [l + 2log ('u—) — 3] S(w' —w)
41 eyy €uv w
Cdw 0w — w) n 0w —w') . (38)
W(w —w)  ww—w)],

Confirms the conjecture in : Z. L. Liu, B. Mecaj, M. Neubert, X. Wang and
S. Fleming, JHEP 07, 104 (2020) at « order.
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Radiative jet function
The radiative jet function:

@ _

i / 4P ¢ (g ()T (W €0) (2) (€ W) (0)]0).
(39)

J(#-p,p?)

wi

n

Wi

Figure: One of the radiative jet function Feynman diagrams at «
order.

* 1, is collinear Wilson line.
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Factor the soft contributions from .J

¢ Use the soft approximation and graphical Ward identities to
factor the soft contributions (zero-bin subtractions) from the
radiative jet function.

e S, is soft Wilson line and W,, gives soft Wilson line S in the soft
limit.

* pis the momentum that enters the radiative jet function along the
quark line.

Jsu b

E

Figure: Diagrammatic representation of the extraction of the soft
contributions from J. S4 connects to Wilson lines only, S connects
to Wilson lines and soft quark.

Slide 27/33 | Soft-quark and jet function renormalization | Lightcone power expansion | Xiang-Peng Wang



Technische Universitat Miinchen m

Soft subtraction and subtracted radiative jet function
Soft subtraction/Zero-bin subtraction:

S(ky) = Salks) + Sc(ky), (40)
where
_ do_  *+o- . )
Salke) = 5o [ ST QTSI S) @-)(S1SH0)]0),
Sa(ky) = Zp+/ /dx_ P+u, N p+)z

X (O[T (ST Pai B o) () (S, Pa) (- ) (ST 57) (0)[0)(41)

Then the radiative jet function can be expressed as convolution over the plus
component of momentum:

T dk aJ 7su o 7 su
J(p,m:/ﬁswy "-(pr — k=S (42)
Consequently,

JP =S5 e J. (43)

* In renormalizing .J 5", we obtain renormalizations from both S !
and J.
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Renormalization formula

Renormalization formula
TR = [ doZpel(0 - 2l T @), @4)

where

Zya|(1 = 2)ps, 0% ) = Z5(p% 1) Z5 (1 — 2)p+; - (45)
Note that the renormalization of the un-subtracted jet function is local and the
soft subtraction renormalization is non-local!

At a, order (one-loop level):

TRY =1+ .z, +0(ad)] @ T, (46)
where
1 1
20, =201 —2) - 28, (47)
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One-loop radiative jet function Feynman diagrams

P = (ps — ksopo —ko,pr — k1)

Vi w. o wi P Waowl k W,
v

P = (p+.p-.p1) P = (pep-.p1) V= (pep-p1)
(a) (b) (c) (d)
w; w.oow) W,  wi W, Wi LA
k k k k
» S v S S

P = (ps.p-p1) P = (ps.p-.p1) P = (p4.p-p1) P = (p+.p-,pL)

(e) () (g) (h)

V= (s —kep- —kopr —ki) P = (psr —keopo — ko pr — ki)

(1) (@)

Figure: Feynman diagrams that may contribute to the renormalization of the
radiative jet function .J in order as.

Diagrams (d), (i), (j) do not contribute to UV divergences.
The renormalization of un-subtracted jet function is local!
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One-loop soft subtraction function Feynman diagrams

| \|| wﬂ?’

P = (ps+.p-.pL) P =(ps+ = ky.p-.po

(c) (d)

P =(ps.p-.pP1) P =(ps —ksep_.pL)

() (h)

Figure: Feynman diagrams that contribute to the renormalization of the soft
subtraction function S in order «,. Diagrams (b,d,f,h) lead to non-local
renormalization!

® Note: The renormalization of radiative jet function and soft subtraction
involve rapidity divergences separately. However, once we combine
them together, the rapidity divergences cancel.
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Results
Up to order as,

2
ZJsub — {1 + asCr (72 — 2 1n“7)} 0(1l—z)+ a;f: (1, =), (48)

47 e € —p?—ie
where
[0 —2)  H(x—1)
I(1l,z) = [ % +x(x—1)}+ (49)

I'(1, z) is the non-local part and comes entirely from the soft
subtraction.

Our result is in agreement with the one-loop result that had been
inferred from the factorization theorem for B — ¢~ v [Bosch,
Hill, Lange, Neubert (2003)].

However, the renormalization kernel inferred from the -
factorization theorem for B — ~£~v was in ascribed to J, rather
than to Jsub.
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Summary

The unorthodox momentum routing of the soft-quark function leads to
non-local contributions in the renormalization, which makes the
renormalization non-trivial.

We have explained how to renormalize the soft-quark function and
confirmed the conjecture given in the literature at o order.

To avoid double counting of soft contributions, the factorization
theorems should be expressed in terms of a subtracted jet function.

We showed that the soft subtractions can be factored from the radiative
jet function and that the resulting soft-subtraction function gives rise to a
nonlocal renormalization of the subtracted radiative jet function.

This is the first known instance of nonlocal renormalization from
zero-bin subtractions.

Our one-loop result agrees with the evolution kernel deduced by using
the factorization theorem for B — ~¢~ v. [Bosch, Hill, Lange,
Neubert(2003). Wrongly attributed to the radiative jet function, rather
than to the subtracted radiative jet function.]
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