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Outline

» Motivations - an overview and introduction to SCET formalism

» The Drell-Yan process - review of factorization at leading power within

the position space SCET framework.

The Drell-Yan process - new features at next-to-leading power

» Emergence of collinear functions
» Generalized soft functions

Factorization formula at next-to-leading power - starting point for
resummation

Resummation at next-to-leading power

» Resummation of leading logarithms
» Issues beyond leading logarithmic accuracy

Bonus: Threshold resummation of Higgs production via gluon fusion

» Dealing with divergent convolutions: d-dimensional consistency

relations and refactorization.

Summary and outlook
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:

oo 2n—1 m _
6(z) = Za: cnd(l —z) + Z < Cnm [%] + drm, In™ (1 — 2) >+]
n=0 m=0 +

P Leading power (LP) logarithms
More on NLP:

Threshold Drell-Yan (N°LL) [T. Becher, M. Neubert,
P Violation of the

G. Xu, 0710.0680]

Higgs production with jet veto (NNLL) [T. Becher,
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Thrust distribution in ee™ collisions (N®LL)
[T. Becher, M. Schwartz, 0803.0342]
Next-to-leading power (NLP) logarithms
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SCET formalism
Soft collinear effective theory is contained within QCD. It is an EFT which describes

energetic particles. It is an expansion of QCD.

Qcb
!

SCET
Collinear
ng
Collinear
n
Collinear
ny

P Process specific description, with collinear sectors formed by energetic particles.

These can only interact with each other, and not between different sectors.
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SCET formalism

Soft collinear effective theory is contained within QCD. It is an EFT which describes

energetic particles. It is an expansion of QCD.

Qcb

SCET

Collinear
ng

Collinear P
n

Collinear

ny

P Process specific description, with collinear sectors formed by energetic particles.

These can only interact with each other, and not between different sectors.
P Interactions between sectors are mediated by the soft degrees of freedom.

P Every interaction is well defined in terms of power counting - this allows for
systematic expansion.
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The Drell-Yan process at threshold

A(pa)B(ps) = v ( Q)+ X - 171" + X

Iz Iz

p“:m.p%-Fn—p%“‘Pi Q?
z=——=1 A=+(1-2)
Pe = (N4Pe;N—Pe,Pel) ~ Q(17)\2>)‘) °
pe = (n4pe;n-pe,per) ~ QA% 1,) Q*N = Q*(1 - 2) > Adop
ps = (naps,n_pe,psi) ~ QA% N2 N?)

Pe—PDF ™~ (Q: A2/Q7A)
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The Drell-Yan process at threshold

Apa)Bps) = v (Q)+ X = 171"+ X

u n
P =nap -t nop -+ Q?
z="=— =1 A=+v([1—-2)
Pe = (n4pe;n-pe,per) ~ Q(L,A%N)
pe = (n+p57 n—p&péj.) ~ Q(A27 1> >‘) Q2A2 = Q2(1 - Z) > A2QCD
ps = (M4ps;n—ps,ps1) ~ Q(AQ:)\Qa)\Q)

Pc—PDF ™~ (Qa A2/Q7A)
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The Drell-Yan process at threshold

A(pa)B(ps) = v ( Q)+ X - 171" + X

Iz Iz

n
P =nap -t nop -+ 0>
e 1 A=V(1—-2)
Pe = (n+pC7n—pC7ch_) ~ Q(17)‘2>)‘) 9 2 9 9
pe = (ngpe,m_pe,per) ~ QX% 1,X) QA" =Q (1 -2) > Agep
ps = (nips,nops,psi) ~ QAN N?)

Pc—PDF ™~ (Qa A2/Q7A)
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SCET formalism: Lagrangian

In this talk we employ position-space SCET formalism
[M. Beneke, A. Chapovsky, M. Diehl, Th. Feldmann, hep-ph/0206152]

N
Lscer =) Loy + Lot
i=1
where each of the Lagrangians belonging to a collinear direction is expanded in powers
of the small parameter A = /1 — z:
_ ) (1) (2)
Lci = EC@' + Lci + ch' + ...
N N ~—~—
LP O(/\l) O()\2)
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SCET formalism: Lagrangian

In this talk we employ position-space SCET formalism
[M. Beneke, A. Chapovsky, M. Diehl, Th. Feldmann, hep-ph/0206152]

N
LsceT = ) Loj + Loog,
i=1
where each of the Lagrangians belonging to a collinear direction is expanded in powers
of the small parameter A = /1 — z:

£, =94 O 4 & 4
k2 k2 £ 2
[ ——
LP  o(l) 0(2)
Separate collinear sectors interact only through soft gluon interactions. Focusing in LP
term:

1
£ =¢ (m—Dc +gn-_As(x-) +U.DJ_CT

. hy 0
D, ZEJ.C) Yy £+ tlﬁ,{,M

I
n
with in_D. =in_90+ gn_A.(z), 2" = (n+m)77

The soft interaction with each collinear field at LP is given by the standard eikonal
vertex

3

ol 0
—k i zgsta7n,u O(X\Y)

5
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SCET formalism: Lagrangian

In this talk we employ position-space SCET formalism
[M. Beneke, A. Chapovsky, M. Diehl, Th. Feldmann, hep-ph/0206152]

N
LsceT = ) Loj + Loog,
i=1
where each of the Lagrangians belonging to a collinear direction is expanded in powers
of the small parameter A = /1 — z:

— r0 (1) (2)
Lo, =0+ 0 + 22+ .

N N N~

LP ol O(22)

Separate collinear sectors interact only through soft gluon interactions. Focusing in LP
term:

1
L =¢ (m_DC Fgn_Al(z_) il ——
in4y De

. 7

iD1e) e+ L
nt

with in_D. =in_90+ gn_A.(z), 2" = (n+m)77

(

The decoupling transformation, x,

LP

0= YI(O)XL., separates soft and collinear sectors at

)y 4y (0
Leys — % )7(71,./46 +n_0) X )(oc)
[C. Bauer, D. Pirjol, and I. Stewart, hep-ph/0109045]

where

0
Yy (z) = Pexp [igs / dsnz A (z+ sn;)]
oo
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SCET formalism: Lagrangian

The structure of the SCET Lagrangian beyond LP is more intricate

[M. Beneke, Th. Feldmann, hep-ph/0211358]

_ 14 )

,Cgl) = §(z‘ini WCgFZVWCT) 7+§+£§(1124+ (quleL§+h.c.)

(2) 1z nov s t " v P s T 7L+
Ps 5 € ((n-z)nltn” WegFo, Wi+ at e, We[DE, gFs,1W]) =
1. 1 1 i
; wov s i woAv s T : +
t3 3 <UZ)LC niD. v WegF, ,W! +a! v WegF,, W, iy D. 7/DLC> > 3
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SCET formalism: Lagrangian

The structure of the SCET Lagrangian beyond LP is more intricate

[M. Beneke, Th. Feldmann, hep-ph/0211358]
_ s 7"
£ = (it wegr,wl) She s £+ (awl i, ¢+ he.)
1. #
Léz) ((n a:)n+n chFw/WcT+a:‘iszn'iWc[ 2,9k, ]WT> Ay

1. 1 . 7y
+-£&(i M WegFS W 42ty W, gFS W i )—
2€<IZ)LCZ'TL+DC 1YL Wegl,, We 1YL Weghl,, c ’I’L+Dc DLC 2
» Importantly, there are no purely collinear interactions at subleading powers. In each
vertex there is at least one soft field.
P coordinate space arguments appear in the Lagrangian due to multipole expansion of
the soft modes:
s (2)pe(x) = (¢s(x-) + L - O1ds(z-) + ... )de(T)
N ————
o)
» For Feynman rules see [M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]
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SCET formalism: N-jet operator basis

Generic N-jet operator has the form:

[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1712.07462, 1808.04742, 1907.05463]
N n; N
7= [TLIT dtan, €t D) TT Jiltig tigs ot
i=1k;=1 i=1

where the Js are constructed by multiplying collinear gauge invariant building blocks in
the same direction (up to O(X?))

xi(tiniy) = Wi, AF | (tingy) = WiDH, W3]

by acting on these with derivatives iﬁii ~ X, and insertions of subleading SCET
Lagrangian in a time-ordered product with lower power current.

Generic leading power N-jet operator:
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SCET formalism: N-jet operator basis

Generic N-jet operator has the form:
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1712.07462, 1808.04742, 1907.05463]

N n; N
J=/H IT dtie; Ctin}) TT J6Cirstigs o tin,)

i=1k;=1 i=1

where the Js are constructed by multiplying collinear gauge invariant building blocks in
the same direction (up to O(A?))

xi(tiniy) = Wi, AF | (tingy) = WiDH, W3]

by acting on these with derivatives iﬁii ~ A, and insertions of subleading SCET
Lagrangian in a time-ordered product with lower power current.

We adopt the notation: JiA", JiB", Jf”’, J?” where:
> A, B,C... refers to number of fields in a given collinear direction
P> n is the power of A suppression (relative to A0) in a given sector.

at O()\z) for example we can construct Ji/m, J.BQ, 7(72, jr2

i b2 b2

respectively:

WO 00 xa,  xa(tiy )0 AR (tiy), X (i VALY (tig)AY | (tig), i / d* 2 T [xi (ti, )£ (2)]
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SCET formalism: N-jet operator basis

Generic N-jet operator has the form:
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1712.07462, 1808.04742, 1907.05463]
N n; N
J=/H IT dter; C{tan, ) TT Jiltiystins oo tin,)
i=1k;=1 i=1

where the Js are constructed by multiplying collinear gauge invariant building blocks in
the same direction (up to O(X?))

xi(tiniy) = W] & AY (tinig) = W] [iDY, Wi
by acting on these with derivatives iﬁii ~ X, and insertions of subleading SCET
Lagrangian in a time-ordered product with lower power current
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SCET formalism: N-jet operator basis

Generic N-jet operator has the form:
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1712.07462, 1808.04742, 1907.05463]

N n; N
J=/H IT dtie; Ctin}) TT J6Cirstigs o tin,)

i=1k;=1 i=1
where the Js are constructed by multiplying collinear gauge invariant building blocks in
the same direction (up to O(A?))

xi(tinig) = W/ ¢ A¥ (tiniy) = W] [iDH, Wi

by acting on these with derivatives iﬁii ~ A, and insertions of subleading SCET
Lagrangian in a time-ordered product with lower power current.

We adopt the notation: JiA", JiB", Jf”’, J?” where:
> A, B, C... refers to number of fields in a given collinear direction
P> n is the power of A suppression (relative to A0) in a given sector.

at O()\z) for example we can construct Ji/m, J.Bz, 7(72, jr2

i b2 b2

respectively:
104 10 i xiy  Xi(tig )i0 AL (tig)y  Xa(tiq )ATL (Bip) AL (tig), i /(//1ZT[X,'(1’,,1)£(2>(2)}
And a O(A?) 3-jet operator could be

A2 ;A0 ;AO Al ;A0 ;B1
J{2 g80 g0 JALgpo B
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Drell-Yan process: leading power
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The Drell-Yan process - Leading power amplitude

Pyt = / dt dE G0 (¢, £) T2 (1, )

JROt,F) = Xe(tn— ) yLu xe(tnyg)
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The Drell-Yan process - Leading power amplitude
b= [ dtdeC (6D 0 (1)

Use decoupled fields x'* = Y7/ (0)xe.
Leading power current becomes

T2, 7) = O (#n ) YT (0)7 1, Ve (00X (¢n)
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The Drell-Yan process - Leading power amplitude
Py = /dtdt‘éf‘o(tj)Jfo(t,t‘)

Use decoupled fields Xﬁo) = Yl (0)xe-

Leading power current becomes

T2, 8) = X\ () YT (0)y L, Ve (00X (tn4)

Consider the matrix element:

Kl A BER) = [ A0400) A020) 405y, )

}(XgPEIREPT (nopy) | Bps))y (Xe PF IR P (n4pa)|A(pa))

x(X,|T [Y1(0)v2(0)] 10)
The states factorize: (X| = (XIP¥|(XFPF| (X,|. The threshold collinear mode
does not appear. Only the PDF collinear mode with scaling
Pe—pPDF ~ (@ Adyen/Q: Aqep)
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The Drell-Yan proccess - Lcading power cross-section

dopy

by _ fren > [ dradas pataa) o) 3 2

where [G. P. Korchemsky G. Marchesini, 1993]
[S. Moch, A. Vogt, hep-ph/0508265] [T. Becher, M. Neubert, G. Xu, 0710.0680]

6" (2) = |C(QY)? Q Spv(Q(1 — 2))

HF:—/_ Hard Contribution

Parton
Distribution O

Functions

|
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The Drell-Yan proccess - Leading power cross-section

dopy
o= - Q4 Z / dwaday fo)a(2a) o)1) 35 (2)
where [G. P. Korchemsky G. Marchesini, 1993]
[S. Moch, A. Vogt, hep-ph/0508265] [T. Becher, M. Neubert, G. Xu, 0710.0680]
~ LP 2y12
6 (2) = 1C(@Q)]" Q Spv(Q(1 - 2))
R
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The Drell-Yan proccess - Leading power cross-section

dopy /
= E dzaday fasa(Ta)fo/5(ws) 83 (2)
Q2 3NCQ4 a/ / ab
where [G. P. Korchemsky G. Marchesini, 1993]
[S. Moch, A. Vogt, hep-ph/0508265] [T. Becher, M. Neubert, G. Xu, 0710.0680]

" (2) = 1C(@Q%)* Q Spv(Q(1 — 2))

0
Sov(@) = [ 55 02 1 O] O)Y- () TV Y- (0))[0)
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Drell-Yan process at next-to-leading power
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Factorization formula at NLP

First let us compare leading power and nezt-to-leading power cross-sections
schematically:

dopy 47ra
dQ? ~ 3N.Q*

Z / dadzy fuya(wa)foy 5 (en) (655 (2) + 6P () + ...

‘We have discussed the LP piece
&M (2) = 10(@)? Q Spv(Q)
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Factorization formula at NLP

First let us compare leading power and nezt-to-leading power cross-sections
schematically:

dopy Ao, Z
dQ%  3N.Q* <

1
[ draden fujatea sy o) (1 () + 5T @) + )
b

‘We have discussed the LP piece
&M (2) = 10(@)? Q Spv(Q)

and as will be shown the NLP is given by

GNP =N"[CeJeJP®S

terms

» (' is the hard Wilson matching coefficient
» S is the generalized soft function
» J is the collinear function

Let us now motivate the emergence of this structure at next-to-leading
power.
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Collinear functions at LP and NLP

P The collinear function at LP is unity because of decoupling transformation.
The threshold collinear modes can trivially be identified with ¢-PDF modes,

PDF
Xe = Xe

soft
¢ —PDF

¢ —threshold loops

¢ —threshold

(J,Zg,zg(t))“ = / d*2T [Jgo(t) gg?(z)]
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Collinear functions at LP and NLP

P The collinear function at LP is unity because of decoupling transformation.
The threshold collinear modes can trivially be identified with ¢-PDF modes,

xe = xeF
» This is no longer true at NLP. Consider an example of subleading SCET
. 2 1_ o 7 » .
Lagrangian: Eég) = ixgo)zizi [z(fipm_c?Bff ()] %X(CO)7 BY = Y] [iD!Y]

[M. Beneke and Th. Feldmann, hep-ph/0211358]

soft
¢ —PDF

¢ —threshold loops

¢ —threshold

(J,Zg,%(t))“ = / d*2T [Jgo(t) gg?(z)]
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Collinear functions emergent at NLP

»> PDF collinear modes can be radiated into the final state
Modes: pe ~ Q(1,A%,X) and pe_ppr ~ (Q, Ajcp/Q: Aqep)
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Collinear functions emergent at NLP

»> PDF collinear modes can be radiated into the final state
Modes: pe ~ Q(1,A%,X) and pe_ppr ~ (Q, Ajcp/Q: Aqep)

» Hence we define the matching equation which gives a SCET definition of
what is known as the “radiative jet function”

[V. Del Duca, 1990]
see also[D.Bonocore, E.Laenen, L.Magnea, S.Melville, L.Vernazza, C.D.White,1503.05156]

i/d‘lzT[xcy,yf (tny) £(2)(z)]

dnyiz) - nyz
zgﬂzfdu/%hww (t,u; : )Xf,gg(um)s“,‘,,d(z,)
i

ok
si(z_) € {mjaBL (), ﬁ[sl (z,),le(z,)],‘..}

[M. Beneke, A. Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J. Wang, 1809.10631]
[M. Beneke, A. Broggio, SJ, L. Vernazza, 1912.01585 |

¢ —PDF P

¢ —threshold
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Generalized soft functions

The necessary presence of the time-ordered products at NLP gives rise to the
concept of generalized soft functions with explicit gauge fields. Schematically we
have

4 47
x Tr (0|T [Yj(xo)y,(xo)] [YT(O)Y+(O)><L‘ (o— )] |0)

S(Q,w) :/dz wEOQ/Q /d(n+z) e—iw(n+z)/2

Lg")(z,) contains BT (2_) fields, B = Y:l [iDEY4], not made of Wilson lines
only. More details on generalized soft functions later in the talk.
[M. Beneke , F. Campanario, T. Mannel, B.D. Pecjak, hep-ph/0411395]
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Factorization formula at NLP

Sebastian Jaskiewicz



Factorization formula at NLP
Defining A= &/Z, the final result is [M.Beneke, A.Broggio, SJ, L.Vernazza, 1912.01585 |

ANp() = —2Q [(%) Yip (%) vihw /d(n+p) C A% (nyp,zyn_pp)

5
« C*A0 (Tan4pa, THN—_DB) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.
i=1
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Factorization formula at NLP
Defining A= &/Z, the final result is [M.Beneke, A.Broggio, SJ, L.Vernazza, 1912.01585 |

ANp() = —2Q [(%) Yip (%) vihw /d(n+p) C A% (nyp,zyn_pp)

5
« C*A0 (Tan4pa, THN—_DB) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.
i=1

where the generalised soft functions have the structure:
5, (w: {wi}) = oy emiwie L & ([vi t ({2
§; (@ {w;h) = /{dz,_ peraticx T ([vEva] @) T (Y] @ (D) o)

with

ok
sl € { L st (210)

a1 gy (BT G [in-ol, (0]

1
(in_9)

(B, ;1.8 (z1)],

o Bl (21-)B) (z2-) Lo (512000 (20) |

b b
(in_9) T (in_98)2

For comparison, LP result is:

Arp(z) = |CQH? Q Sov(Q(1 — 2))
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Factorization formula at NLP
Defining A = /2, the final result is [M.Bencke, A.Broggio, SJ, L.Vernazza, 1912.01585 |

ANp() = —2Q [(%) Yip (%) vihw /d(n+p) C A% (nyp,zyn_pp)

5
« C*A0 (Tan4pa, THN—_DB) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.
i=1

where the generalised soft functions have the structure:

Sitai{wg)) = [z} o™ 9% x Nicmoxf([yi Vo] @) T ([YIvi] s (£2-1) 10)

with
ol 1
sillz-h € { mfaBIL(Zl’) " (in_9)2 [Bﬂu(”*)’ [i"*aB:ﬂZl*)H’
1 1 1
gy B 1) B (1)) g B (1B, (a), g e (1) () }

Which terms contribute to the leading logarithms?
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Specializing to leading logarithms:
factorization and resummation
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Leading logarithmic factorization formula

dopy 4Tra2

Z / dzadzy fosa(Ta)fo/p(e) 2 Aap(2)

dQ?  3N.Q*
Where [M. Beneke, A.Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1809.10631]
Q2 d3 g
A(z) = H@B)x = /— /d4a: e(@apatappp—a)e
z (2m)3 2 +q? 27

X{ So () +2/dw Ji(xanspa;w) gzg(a:,w) + E—term}

Only one new soft structure contributes! With a corresponding tree-level collinear
it
function: s1({z;—}) = L@ o (21-)

n#
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Soft functions

The generalised soft function at cross section level is

525 Q w) / / TL+Z 19009/2 iw(ngz)/2

X IO VLY @] T [y 0y,

c

1,(22)10)
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Soft functions

The generalised soft function at cross section level is

Sae (R, w) = % {9(9)5(w) (—% +In %j) + } +0(a?)

n—

n_ 1: T
\ 56}556566
T

b

n—
>mm
e

n_

Ny
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Soft function renormalization
The soft function starts at as order and is divergent. Natural question is how
to renormalize this divergence? It is necessary to introduce a new object,
with the same NLP power counting and a non-vanishing tree-level matrix
element.
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Soft function renormalization
The soft function starts at as order and is divergent. Natural question is how
to renormalize this divergence? It is necessary to introduce a new object,
with the same NLP power counting and a non-vanishing tree-level matrix
element.

Object which satisfies the criteria is:

S.0(Q) = / da® ooz =2 10 iy )] T [vI©)Y )] 0)

s 20 — e N,
S0(2) = 0(Q)+ O(as)
Similar to #-functions appearing in [I. Moult, I. Stewart, G. Vita, H. Zhu,1804.04665]
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Soft function renormalization
The soft function starts at as order and is divergent. Natural question is how
to renormalize this divergence? It is necessary to introduce a new object,
with the same NLP power counting and a tree-level matrix
element.

Object which satisfies the criteria is:

S.0(Q) = / da® ooz =2 10 iy )] T [vI©)Y )] 0)

s 20 — e N,
S0(2) = 0(Q)+ O(as)
Similar to #-functions appearing in [I. Moult, I. Stewart, G. Vita, H. Zhu,1804.04665]

In momentum space, renormalization is a convolution in  and w:
See@hon = [ dY [ ' Zagae(2,0 ) S26(V e

—|—/dQ/ Zgg’wO(Q,UJ,Q/)Swo(Q/Nbarc
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Leading logarithmic RG equation

o
4CpIn— —Cpo
d ( 325 (Q ) _ Qs F Hus F (W) ( 325 (Q )
dlnp Sq (2 ™ 0 4CF1nﬂ S0 (£2)

Hs

where ps denotes a soft scale of order Q(1 — 2) and the initial condition for

S0 () is 0(€2). The LL solution is
[\I Beneke, A.Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1809.10631]
as Cp Hs
Sk (Q w,p) = — In n exp [—4A(ps, p)] 0(2)5(w)

and A(us, i) is given by
_065 CF ].1'12 14

Alps,p) = o i
S
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Leading logarithmic factorization formula

dopy 47ra

~ N 2 / d2aday fuya(wa)fo) 5 (1) = Dap(2)

dQ2Z ~ 3N.Q*
Where [M. Beneke, A.Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1809.10631]
2 3 =
A(z) = H(3) x Qﬁ /Li/d‘lzei(za}’A‘szi’B_Q)‘z
= ) eore/grre o

><{ So(z) +2 /dw’ Jy(anspa;w) Soe(x,w) ‘—i— E—term}

This piece we have just computed.

n#
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Leading logarithmic factorization formula

dopy 47ra

~ N 2 / d2aday fuya(wa)fo) 5 (1) = Dap(2)

dQ2Z ~ 3N.Q*
Where [M. Beneke, A.Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1809.10631]
2 3 =
A(z) = H(3) x Qﬁ /Li/d‘lzei(zal’A"’szB—‘I)‘z
= J eore/grre o

><{ So(z) +2/dw Ji(zangpa;w) §26(x,w) + E—term}

We must also consider kinematic corrections. In other words, LP soft function
with NLP phase space.

n#
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Power corrections to the phase space
We investigate the kinematics, consider the centre of mass frame (zqpa + 2,05 = 0)
where the three-momentum of v* is balanced by soft radiation: ¢+ px_ =0

(mapA+ZbPB—Q) =Vi-V/Q2+ 1—3)—7424‘ Q(l—z) +O(\%)

QQ/ d3" /d4x61(zapA+(EbPB q)ZSO(J:)
z (2m)3 24/Q% + G2 27

wc()c)

2Q

20 . 3 ) 5 ~
- Q o & ina® <1+ + I.l’u(}(l 2)* +(1—z)+(9()\4)> So(x)|z=0
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Power corrections to the phase space

We investigate the kinematics, consider the centre of mass frame (zqpa + 2,05 = 0)
where the three-momentum of v* is balanced by soft radiation: ¢+ px_ =0

(wapa +2ipm —0)° =, =VE- V@ T = L1-2- L+ 20027400

QQ/ d3" /d4x61(zapA+(Epr q)zS()(x)
z (2m)3 24/Q% + G2 27

0 0 3 5 ~
ﬁQ/“%ﬁm<uf” +m@1:r+a—m+a#05wwfo
47 2Q 1

as C 1
Sia@ = 2507 (Laon(h) - 2)0@)
Ska2(2) = % ( ?’ 6 log <(L> } ()) 0(Q2)
O(SC 4 '
Srs(Q) = %F (_E — 8log (’5) ) 0(Q)

No LL due to kinematic correction!
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Leading logarithmic results

Using soft funcion solution solution due to time-ordered product insertion along with a
known hard function and tree level collinear function:

ARLp(2) = —exp[AA(un, p) — 4A(us, 1))
waQ2COF B gy
w "

[M. Beneke, A.Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1809.10631]

LL s
Axrp(z,p) = >

—0(1 — z) {401:7 [111(1 —z) - L“,]

[

2
= ) [1n3(1 —2) = 3L, (1 — 2) + 2L% In(1 — z)}

+8Ch (
3
+8C% <—> {lns(l —z)—5L, In*(1 - 2) + SLZ In®(1—2) — 4L2 In?(1— z)]
™

(%)4 10701 = 2) = 7L, (1 = 2) + 18L2 1n°(1 - 2)
3 * »

™

_QOLfL In*(1 - 2) + SLI‘i In®(1 — z)]

8 5
+5Cr <%> [1n9(17z)79Lu In®(1 - 2) + 3202 In"(1 - z)
s

—56L5 In®(1 — 2) + 48L} In®(1 — 2) — 16L), In*(1 — 2) ] } + 0(a® x (log)')

where we define L, = In(u/Q). Comparison to [R. Hamberg, W. van Neerven,

T. Matsuura, 1991] and [D. de Florian, J. Mazzitelli, S. Moch, A. Vogt, 1408.6277)
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Bonus material:NLP resummation
in Higgs production
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Higgs production in gluon fusion
A related process is Higgs production in gluon fusion. We will highlight similarites
and differences here.

ovs (1) H a4 A
Log = Ci(me, p) — I FHY
127 v
notice it is a dimension 5 operator.

LP SCET current:
Fo P 5 2g,,n 0A npo A

Use adjoint Wilson lines:

0
%@ = Penfo [ a7 Al +ong) |

—o0
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Higgs production in gluon fusion
A related process is Higgs production in gluon fusion. We will highlight similarites
and differences here.

OCS(M)
127

notice it is a dimension 5 operator.

H
Lo = Ce(me, ) — Fi pme

LP SCET current:
F[?VFMVA — 20,0 n_9 AL //,()AZLA

Use adjoint Wilson lines:

0
%@ = Penfo [ a7 Al +ong) |

—o0

Sebastian Jaskiewicz



Important differences to DY

Since L.g is a dimension 5 operator, in contrast to dimension 4 for DY, there is an

2
mH

extra factor of § = in the cross section. Now the kinematic corrections do not

cancel.

However, in Higgs production derivative Lagrangian terms contribute:

B = (o fporin onst, 2],
1 . v
B = —gtr(Ineoas,] [0, in-05}], A ]).
0
IPEC (nipnipw) = —2iTmfPBC glup[z —2(nyp)) m]é(nuz— nyp’)
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Higgs production result

Now leading logarithms can be found in the kinematic correction, and a
different prefactor for the Yang-Mills soft function

SC S
SR Q) =4 % exp [—4A(j1s, 1)] H(Q)5(w)
LL asCa |, s
Sym(Q,w, 1) = i In " exp [—4A(1s, 1)] () (w)

The two effects cancel each other!
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Higgs production result

The end result is a simple replacement of Cr — Ca:

AREp(2)

Can be checked up to N3LO with Higgs Boson Gluon Fusion Production Beyond
Threshold in N3LO QCD [C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann,
F. Herzog, B. Mistlberger, 1411.3584]

sy

—exp [4A(pn, p) — 4A(ps, 1))
SC S
g dsCA  Bs

0(1—z),
u

and to the fourth order in the coupling with

[D. de Florian J. Mazzitelli, S. Moch, A. Vogt, 1408.6277]

2 2 2 2

‘U(Pb) ‘/J'h:mH‘.U'h:_mH
oL 24.12 28.04
oNEP 7.18 12.76

[M. Beneke, M. Garny, SJ, R. Szafron, L. Vernazza, J. Wang, 1910.12685 |.
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Beyond leading logarithimic resummation
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Factorization formula at NLP: ingredients needed beyond LL.

This is the next natural step.

Factorization formula we have written before:

020 (%) () ], it

>

4

5
« C*A0 (Tanipa, THN-_DB) Z / {dw;} Ji (nyp,zangpa;{w;}) Si({w;}) +hec.
i=1
where the generalised soft functions have the structure:

Setaito) = [tas oy emrm x oo ([ v @) 7 (] 0 (-0) 0

with
ot 1
si({zj-}) € { g B 10) s g (BT o) [0, ()]
1 1 1
g (BT 1) B (1)) o B (a0 (e ), gy e (1) () }
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One-loop collinear function calculation

) d ) d )
(9 k1T 7 O)la(pa)e) = /dtdn+P1 etnp /7n2+padueln+pa"/§dz, eTiwE-

Y

dnyp .
X/ﬁe PPt sy (nep npasw) (Oxe g (unt)lg(pa)e) (9(k) i |51, (2-) 0)
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One-loop collinear function result
The collinear function is calculated to be

1 1s]
Ji(neq,nyp; w) = —mé(mrq —n4p) +2 mé(mrq — n4p)

as 1 <n+pw>_e e VET[1+ €[l — ¢]?
dr (nyp) \ w2 (=1+e)(1+eI2 - 2¢]

X (C’F (—% +3+ 8+ 62) —Ca(-5+8+ 62)> d(nyq —nip) + O(a?)

[M.Beneke, A.Broggio, SJ, L.Vernazza, 1912.01585 |

nt

ek
- infaguL(Zi)
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How does the NLL behave?
Focus on one piece of the factorization formula

/ dw Jl(1> (Tanipa;w) §§? (z,w)

Qs 1

ZTaN4PA) w) T eET[1+ €Tl — ¢)?

M (3 mima: o) — (
J1 7 (anipa; w) )( 112 (=14 €)(1 4 )T[2 — 2¢]

4r (xa n{+pA

x (CF <—%+3+Se+52) —Ca (—5—|—86—|—62)>

aCp p*€e’E 1 1
2r T[1—¢ wlte (Q-w)

Soe (Q,w) = —0(w)0(2 — w) + O(a?)

Performing the dw convolution integral in d-dimensions, and only after expanding in
€ gives the following...
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How does the NLL behave?
Focus on one piece of the factorization formula

/ dw J1(1> (zanypa;w) S’é? (z,w)

The factorization formula is valid for unrenormalized objects. Performing the
convolution in d - dimensions reproduces fixed NNLO result:
[M.Beneke, A.Broggio, SJ, L.Vernazza, 1912.01585 ]

A a2 caon (20 _— ol
NLP—coll = (472 ACF ?—600g( —2)+ 8+ 0(eh)

€2 €

—1 2 4
+C?; ( 6_20 + 48 log(1 — z) + 60log(1 — z) — 72log?(1 — z) + O(el)> >
€

after we set the scale to hard. In agreement with equation (4.22) of [D. Bonocore,
E. Laenen, L. Magnea, S. Melville, L. Vernazza, C. White, 1503.05156]

Note that this goes beyond LL, here we have more information but only fixed order
as opposed to resummed result as before. So, can we obtain a resummed result?
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How does the NLL behave?
Focus on one piece of the factorization formula

/ dw Jl(1> (Tanipa;w) §§? (z,w)

For resummation, we treat the two objects independently, and expand in € prior
to performing the final convolution. However, there is a problem! At two loops:
I (@anspaiw) ~ aslog(w)
and
Sog (Qw) ~ asd(w) + O(a?)

Clearly, an issue arises. The convolution dw integral is now divergent. This
prohibits the application of standard RG methods.

For LL resummation, only tree level collinear function is needed, as the soft
function begins at one loop due to the explicit field insertions.
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Endpoint divergences
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Endpoint divergent convolutions

Divergent convolutions are appear already at leading logarithmic accuracy in
the off-diagonal channels. For example gg-channel of the Drell-Yan Process.

Factorization at Subleading Power and Endpoint Divergences in Soft-Collinear Effective

Theory [ Z. L. Liu, B. Mecaj, M.Neubert, X.Wang, 2009.04456]

Factorization at Subleading Power and Endpoint Divergences in h — v+ Decay:
II. Renormalization and Scale Evolution [ Z. L. Liu, B. Mecaj, M.Neubert, X.Wang,
2009.06779]
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Off-diagonal Deep Inelastic Scattering (DIS)

We consider DIS in z = Q%/2p-q — 1
a(p) +¢7(9) = X(px)

as it gives access to

<9 (q) LL 1 asCp o 5
A% g(ps) Py (N) = Bo(a), a=—(Cp—Ca)In* N,
N N =« T
1 (I-2)
/% where
- B
z Bo(z) = Z 'n2 ™
a(p1) = (n)
a(p) with Bernoulli numbers By = 1, By = —1/2, .
[ A. Vogt, 1005.1606 | [ A.A. Almasy, G. Soar A. Vogt, 1012.3352]
[ A. Vogt, C. H. Kom, N. A. Lo Presti, G. Soar, A. A. Almasy,
S. Moch, J. A. M. Vermaseren, K. Yeats, 1212.2932]

Sebastian Jaskiewicz



Off-diagonal Deep Inelastic Scattering (DIS)

We consider DIS in z = Q%/2p-q — 1
a(p) +¢7(9) = X(px)

as it gives access to

*
~9'(q) 1
N asC «
o o) Py (N) = =" Bo(a),  a="(Cp—Ca)’N,
) 1—2z
1/z ( ) where
oo B,
z B x) = .’Itn
o) )= 2 fae
a(p) with Bernoulli numbers Bo =1, B; = —1/2, ....

[ A. Vogt, 1005.1606 | [ A.A. Almasy, G. Soar A. Vogt, 1012.3352]
[ A. Vogt, C. H. Kom, N. A. Lo Presti, G. Soar, A. A. Almasy,

S. Moch, J. A. M. Vermaseren, K. Yeats, 1212.2932]
Some necessary definitions:
1 4 igw ) A A B poB .
Woi = g / dte 61 (i(p)|[GA, G4 (1) [GE, GPB] (0) i(p))
1 2 \€
H n-pi
W, " = dz Pqg(Sqg, 2 2= ——F—
¢,q|q¢ —qg /0 (ngzg) a9(Sa,2) n_p1 +n_p
VECQ? [ Mgy —qq]? asCp 22
Pag(8qg,2) = q a9 Pag(Sqg, 2 = —
29(Sag, 2) 16721 (1 — ¢) |Mol? 49(Sqg )|tree DY
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Momentum distribution function

@WWWW%@

A PO

Pyg(Sqgs 2)]1-100p Pag(Sqgs 2)]tree

menl()- ()
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Momentum distribution function

il ﬁ” é"m’é” mz Lo =k
b zé‘fi

2 2
52/ Jite (elnzfgln z+3!1n3z+...)
. 1 1 1
= -+

R
e e ¢

2 \€ N
= ol M
qu(ng, Z)|1—loop = 'qu(sqg, Z)|tree b T - TO (@) + Ty - TO <2Q2>

mnl(5)- () (2)])
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Momentum distribution function

1

ﬁj"”ﬁwwwg f/) e

/ﬁmj/«@/@{% LIy
€
1,1 1
= Tata-at

We must keep the quantities dimensionally regularized!

o 1 ,Lt2 € M €
Pag(8ag, 2)|1-100p Pag(Sqg; 2)|tree — | T1-To <ZQ2) + T2 - To (EQQ

(5~ () ()
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The EFT perspective

DIS factorization formula involves the scales:
> hard, p* = Q°
> anti-hardcollinear, p? = Q*\? = QQ/N
> collinear, p* = A?
> softcollinear, p> = A*\? = A2/N

where A = V 1—x. [T. Becher, M. Neubert, B. D. Pecjak, hep-ph/0607228]
*
~ 9 (9)
N
S g(pZ)
N
(1-2)

1/z

q(p1)

q(p)

The matching coefficient contains a 1/z divergence.
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The EFT perspective

DIS factorization formula involves the scales:

>
>
>
>

hard, p? = Q*

anti-hardcollinear, p° = Q*\* = Q*/N
collinear, p? = A?

softcollinear, p*> = AZ\? = A2/N

where A = \V4 1—x. [T. Becher, M. Neubert, B. D. Pecjak, hep-ph/0607228]

Similarly to the conjectured Soft Quark Sudakov in [I. Moult, [.W. Stewart,
G. Vita, H.X. Zhu, 1910.14038] we exponentiate

Cr 1 s 1 w2 \* 2
qu(sqgaz):a Fexp{a( CA( > (CA—C'F)(#

21z T €2 Q? 2Q?

Sebastian Jaskiewicz
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Refactorization

The appearance of an endpoint divergence and the breakdown of standard
SCET factorization points to the emergence of a new scale in the problem,
which requires a refactorization of the Bl-type SCET operator.
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Refactorization

The appearance of an endpoint divergence and the breakdown of standard
SCET factorization points to the emergence of a new scale in the problem,
which requires a refactorization of the Bl-type SCET operator.

Introduce a new power counting parameter z: 1> z > A

Name (nyl, 1, n_l) | virtuality [*
hard [h] Q1,1,1) Q7
z-hardcollinear [z — hc] Q(1,Vz, 2) 2Q°
z-anti-hardcollinear [z — hc] Q(z, Vz,1) 2 Q?
z-soft [z — s] Qz, z, z) 2Q°
z-anti-softcollinear [z — 3¢ | Q(\*, Vz A, 2) 2\ Q3
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Refactorization

The appearance of an endpoint divergence and the breakdown of standard
SCET factorization points to the emergence of a new scale in the problem,
which requires a refactorization of the Bl-type SCET operator.

Introduce a new power counting parameter z: 1> z > A

Name (nyl, 1, n_l) | virtuality [*
hard [h] Q1,1,1) Q7
z-hardcollinear [z — hc] Q(1,Vz, 2) 2Q°
z-anti-hardcollinear [z — hc] Q(z, Vz,1) 2 Q?
z-soft [z — s] Qz, z, z) 2Q°
z-anti-softcollinear [z — 3¢ | Q(\*, Vz A, 2) 2\ Q3

Performing a dedicated expansion-by-regions calculation, we find that large
In(z) contributions arise from hard and z-hardcollinear.

/ddm T{JAOVC’(S]&L—W (I)} _ DBl(zQQ,,uQ) B
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Refactorization

The appearance of an endpoint divergence and the breakdown of standard
SCET factorization points to the emergence of a new scale in the problem,
which requires a refactorization of the Bl-type SCET operator.

D7) = 0 0 e [_gﬂ 0= (Z’?;)] |
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Summary

> Significant progress in understanding subleading power factorization
theorems in the last years

» Achieved resummation at leading logarithmic accuracy

» Interesting conceptual challenges ahead. Important to understand from
the point of view of gauge theories, as well as for delivering precise
theoretical predictions.
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Thank you
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Auxiliary slides
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The Drell-Yan process - Decoupling transformation
We define the decoupled field

X (tny) = Y (0)xe(tny)

[C. Bauer, D. Pirjol, and I. Stewart, 0109045]

where
0

dsnzAs (x + snx)
(oo}

Y4 (z) = Pexp [igs/

Sebastian Jaskiewicz



The Drell-Yan process - Decoupling transformation
We define the decoupled field

0
X (i) = Y] (0)xe(tns)
[C. Bauer, D. Pirjol, and I. Stewart, 0109045]

where 0
Y+ (z) = Pexp |:'igS / dsnzAs (x + snI)}
(oo}

The LP quark Lagrangian is

iDJ_c) % X

[M. Beneke and Th. Feldmann, 0211358]

1
Lip =X (m_D +ilD .-
ingDe

where
in_D=1in_0+gn_Ac(z)+gn_As(z_)

and after the decoupling transformation we have

Lots = >z<°>¢7+(n—«4c +n-8) X (x)
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The Drell-Yan process - Decoupling transformation
We define the decoupled field

0
X (i) = Y] (0)xe(tns)
[C. Bauer, D. Pirjol, and I. Stewart, 0109045]

where 0
Y+ (z) = Pexp |:'igS / dsnzAs (x + snI)}
(oo}

The LP quark Lagrangian is

iDJ_c) % X

[M. Beneke and Th. Feldmann, 0211358]

1
Lip =X (m_D +ilD .-
ingDe

where
in_D=1in_0+gn_Ac(z)+gn_As(z_)

and after the decoupling transformation we have

Lovs = >z‘0>¢7+(n—«4c +1-8) xO(@)
From now on we use decoupled fields. Leading power current becomes

T2, 8) = x (En- ) YT (0)71, Y (0)x (1)
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Matching to quark current at NLP

N-jet operators are built out of following relevant building blocks.
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1808.04742.]

(Al-type)

e (fn ) id Txe(tna ), Xe(fn)in (—1) @ Ixe(tns)

(Bl-type)
Xe(tn-) [ Acs (tony)xe(ting), Xe(fino)[nL Acs (f2n-)] xe(tny)

With the the scaling

[n%id ] xe(tny) ~ A
[ Aci (tany )] xe(tnyg) ~ A

relative to LP.
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Definition of PDFs

AL, =YWl iD.W.] Yy

(A(p) Resan (& + ) e | A(pa)) = 22 (%4)5 nepa

1
. o )
% / dea fa/A (ma) 67,(z+u nyp—ung)xapPa
0
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Collinear functions

Threshold collinear fields are matched to collinear-PDF fields
/dt ei("+p)ti/d4z e (n+2)/2 [Xc(t”Jr) X »cgn)(Z)]

= [dtmap) [are e sy P )
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General collinear functions

» The discussed construction is actually general at subleading powers, not only
next-to-leading power

» There can be many Lagrangian insertions at various positions each with its
own w; conjugate to the large component of threshold collinear momentum

We can separate the Lagrangian insertions

£ () =M () @ £ (20)

ﬁ /d42j
=1

¢ —PDF
x T [xc(t1n+)xc(t2n+)... x L0 (1) x ... x L(m)(zn)]

_ZWZ/du H/dzj, i (B, b2 Uy 21—y ooy 20— )

x xEPF (uny) si(z1 )y 2n)

¢ —threshold

Sebastian Jaskiewicz



Soft functions

We introduce the soft operator

Sec (0,2) = T [VI(@V- (@] T [V 0¥ 012

BLV( )

and the Fourier transform of its (colour-traced) vacuum matrix element

1 ~
525 Q w / /d n+Z zzOQ/Q iw(ngz)/2 N r<0|825(x0,27)|0)
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Generalized soft functions

The necessary presence of the time-ordered products at NLP gives rise to the
concept of generalized soft functions with explicit gauge fields. Schematically we
have

S(Q,w):/‘iir iz0Q/2 H/ n+ZJ —zwj('rurz])/

x Tr (0|T [Yj(xo)y_ (10)] T [Y_(O)Y+(O) x L0 (z1_) x .. x c§">(zn,)] |0)

Lg")(z]-,) contains BL,(Z];) fields, B} = Yl [iDEY4], not made of Wilson lines
only. More details on generalized soft functions later in the talk.
[M. Beneke , F. Campanario, T. Mannel, B.D. Pecjak, hep-ph/0411395]

n
Zl—
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Possible contributing structures

First we check whether subleading power contributions start at order .

> Consider Al and Bl type currents: -
Al-type: Xe(tn—)[nfid | ]xc(tny) Bl-type: Ye(in-)[nf Aci (tang)lxe(ting)

Al B1
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Possible contributing structures

First we check whether subleading power contributions start at order .

> Consider Al and Bl type currents: -
Al-type: Xe(tn—)[nfid | ]xc(tny) Bl-type: Ye(in-)[nf Aci (tang)lxe(ting)

Al B1

P Another possibility is a single power suppressed time-ordered product of the
form (JZ&AS,t))M - i/d4a:T [Jﬁo(s,t) cgl)(x)]

Only one possibility L

€
Curs 7

Lél) = )’(Czwi [zru@Bj} %Xc
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Factorization formula at NLP

First step in derivation is to extend the matching equation of the DY to SCET
current up to NLP accuracy:

D1 (0) = /{dtk}{df;;}éml’m({tkh {ted) "0 (L}, {t2})

mi,m2

I ({0} {TRY) = T2 ({TR)) Tp ™ 82 ({1))

Contrast with LP where the current is simply given by:

J;lOAO(t?{) = Xe(tn-)vipxc(tng)

Now must consider possible sources of power suppression. In the presented
formalism, this means including power suppressed currents, A1, B1, A2, B2, C2 and
T1, T2 with all possible Lagrangian insertions for each direction. For example:

PO, E) = Ne(tn )yLpid)i0Luxe(tny)
TP (tr,ta,t) = Ve(tno)yipAY | (tany)iduxe(ting)
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Factorization formula at NLP

First step in derivation is to extend the matching equation of the DY to SCET
current up to NLP accuracy:

D1 (0) = /{dtk}{dﬂz}éml’m?({tkh {ted) "0 (L}, {t2})

mi,m2

I ({0} {TRY) = T2 ({TR)) Tp ™ 82 ({1))

Note that currents without time-ordered product operators with a Lagrangian
insertion can be discarded: lead to scaleless integrals just as at LP!

T2 (4) = i / a2 [720() £ (2)]
Now must consider possible sources of power suppression. In the presented

formalism, this means including power suppressed currents, A5B4HA2B2-62 and
T1, T2 with all possible Lagrangian insertions for each direction. For example:

TP, E) = Ne(tn )yLpi0)i0Luxe(tny)
TP (tr,ta,t) = Ve(tno)yipAY | (tany)iduxe(ting)
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Possible contributing structures

First subleading contributions are found at A? order. This we call
next-to-leading power.
> Bl-type current, Xc(tn_)[nf Acy (t2ny)]xc(t1ny ), with Lagrangian

insertion Eél) = )Zcix’i [m,asj} %Xc

(1) (1)
Lf L
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Possible contributing structures

First subleading contributions are found at A? order. This we call
next-to-leading power.

P> Al-type current with 621) = Xciz!| [zn,F)Bﬁ] %Xe insertion

Feynman rule for emission of a

L(;) soft gluon from B; is

Al

Ein_, « tikez
- {_ “n +gﬂ .

(n_k)
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Considering the Lagrangian insertions
The following contributions start at O(a?)

(Jfg,g(s,t))” zi/d4x1i/d4x2T [Jxo(&t) Lél)(m)ﬁél)(m)]

Eél) = )’(Ciz‘j_ [infaBI} ¢—+Xc

|
|
|
|
|
|
|
|
|
1
|
|
|
L

(V3 v(s0)" = i/d4zT [Tho(s,t) £ ()]

1
Eé? = 5)_@1‘1355]_ [Bp ,in_ dB+] %xc
2 1
’Céf) = §XC (Zai + ACJ.) BVEJ_RYJ.

[B+ B+} 7/L+Xc + h.c.

v

PR |
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Considering the Lagrangian insertions

It is also possible to construct diagrams containing soft quarks

(Jz;agq(s,t))u :i/d4x1i/d4$2T [Jxo(s,t) Egl)(acl)ﬁgl)(xz)]

[©)
qu

R
|
|
|
|
|

ng) = Gg+AciXxe +he Ly !
|
|
|
|
|
L

These contributions also start at O(a?)
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Considering the Lagrangian insertions

Previous arguments allow us also to drop following possible contributions
(JAogst —z/dxlT Ost)ll()(xl)]
(THe.)" = (—z‘)/d4a:2T [Tho(5,5) £ (@)

Eél) = Xz [in,(?BAﬂ e
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Considering the Lagrangian insertions
The following contributions start at O(a?)

(Jfg,g(s,t))” zi/d4x1i/d4x2T [Jxo(&t) Lél)(m)ﬁél)(m)]

Eél) = )’(Ciz‘j_ [infaBI} ¢—+Xc

|
|
|
|
|
|
|
|
|
1
|
|
|
L

(V3 v(s0)" = i/d4zT [Tho(s,t) £ ()]

1
Eé? = 5)_@1‘1355]_ [Bp ,in_ dB+] %xc
2 1
’Céf) = §XC (Zai + ACJ.) BVEJ_RYJ.

[B+ B+} 7/L+Xc + h.c.

v

PR |
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Considering the Lagrangian insertions

It is also possible to construct diagrams containing soft quarks

(Jz;agq(s,t))u :i/d4x1i/d4$2T [Jxo(s,t) Egl)(acl)ﬁgl)(xz)]

[©)
qu

R
|
|
|
|
|

ng) = Gg+AciXxe +he Ly !
|
|
|
|
|
L

These contributions also start at O(a?)
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Considering the Lagrangian insertions

Two more possible contributions with following Lagrangian terms making up the
time-ordered product

|
|
|
|
1 1 I '
Lg? = 2Xcm :cn+ [m dB+] %xc ¢ i
|
|
|
|
|
L.
A
|
2 1 |
L"(l&) = 5)(8 (id . JFACL) Bzzl'yL !
I
/¢/ |
T '
x[i0,, B, —i0u, B, | Zxe +he. |
|
|
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Conclusion

We therefore find that for LL resummation at NLP in the quark-antiquark
channel only the single time-ordered product contribution:

(Fhacs,0)" =1 [ @t 25,00 £ 0)]

To NLP LL accuracy the matching equation is then extended to

By p(0) = / dtdECO(t,T) [T (6,F) + (TR 2¢(6,))" + term]
Again we consider

(X[ ¢(0)|A(pa) B(ps))
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Factorization formula at NLP
Cross section is given by a combination of the lepton and hadronic tensor

_ 47ra%M d*q

d
7 3sq? (2m)4

( —g" qup)
where the hadronic tensor is given by
PWy = [ e A Bpn) T (@), 0 Apa) Brs))

= > {(A(pa)Bps)J(0)|X)(X|J*(0)|A(pa) B(pr))
X

x(2m)*s (PA +PB —q—PX, —PXPDF — pXéDDF>
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Factorization formula at NLP
Cross section is given by a combination of the lepton and hadronic tensor

_ 47ra%M d*q

d
7 3sq? (2m)4

(=" W)
where the hadronic tensor is given by
PWy = [ e A Bpn) T (@), 0 Apa) Brs))

= D (Alpa)B(pg)lJ}(0)[X)(X|J"(0)
X

A(pa)B(pB))
x(2m)*s (PA +PB —q—PX, —PXPDF — pXéDDF>

The recipe for derivation of the factoritation formula
» Consider the matrix element, with only soft radiation allowed due to threhold
kinematics

» Consider all possible insertions of subleading power Lagrangian and perform
the second matching of threshold collinear fields to PDF collinear fileds. Here
we introduce the new objects: collinear functions

. d(nyz) - nyz
1/d4ZT[Xc,»~,f (tny) [,(2)(2)} = QWZ/du/ 2+ Jisn B, fod (Iu,u; ; )XZDBE(“n+)57‘,:u,,d(Zf>

» Usual steps follow: square amplitude, sum over intermediate states —
standard PDF's
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Time-ordered products

(J —z/d 2T J” )L',gl)(x)]

[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1808.04742]

The NLP soft-collinear SCET quark-gluon interaction Lagrangian written in terms
of building blocks BY =Y [iD*Y4] and ¢% (-) = Y] g (&_) is

(1)
Eﬁq

Sebastian

[M. Beneke, F. Campanario, T. Mannel, B.D. Pecjak , hep-ph/0411395]

e 7
)’(sz’i [znde:[ (:c,)] %Xc

1 o 7
i)zcm,xni [m,o’BI(z,)] %xc

1_ R 7
gxczizﬁ_ [zdpm,dBj (x_)] fxc

1_ . #*
gxcm‘ix’i [B;(x_), zn_dBI(x_)] ch

1 1
2Xc (laJ_ + -AcJ_) +87'xL’YJ_ [18 B (z-) — iBMBj(x_)] 717-"_960 +h.c.

L @+ AL -

5 sz_WJ_ [B+(:c )B (z— )] Vi—xc—i-hc

1
inyd

G+ (z-)AcLXe +hec.

Jaskiewicz based on [M. Beneke and Th. Feldmann, hep-ph/0211358]



Factorization formula at NLP

We now take a closer look at the structure of the hadronic tensor

gPWup = /d%e_iq'z(z‘l(pA)B(pB)\JTp(Z)Jp(O)IA(pA)B(pB))

Consider :  JT2(t) :i/d4zT [Jg“(t) L<1>(z)]

TPOANETE) = Xe(tn— ) nap id) xe(tny)

&
-
J;;qO’AO(tv{) = X&(f"f )'Ylp Xe(tny)

Contributions from power suppressed currents can start contributing at NNLP!
Only the LP J A0A40 and insertions of the Lagrangian needed up to NLP.
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Factorization formula at NLP
We now take a closer look at the structure of the hadronic tensor

g Wy = /d4ze_iq'z<A(PA)B(pB)\JTp(z)Jp(O)IA(pA)B(pB))
Consider :  JT2(t) =i / 42T [ng(t) L<2)(z)]

8M_
B+ _
in_0 ( )

0
Saeipn@®w) = /dz, e iwE— Tr(OlT [YTY,} (=>)T ([ijq] (o)m[—“gsjﬂ(zf» |0)
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Factorization formula at NLP

We now take a closer look at the structure of the hadronic tensor

9" Wup = /d416_iq'z<A(pA)B(pB)\JTp(Z)Jp(O)IA(pA)B(pB))

Consider :  JT2(t) = i2 / d*z1 d*z T [J;‘O(t) Eéls)(zl)ﬁg?(@)]

D) = gi(en) Ae (D)xel2) + hec.

Power corrections due to soft quark contributions studied in B-physics [M. Bencke,

F. Campanario, T. Mannel, B. Pecjak, hep-ph/0411395]
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Factorization formula at NLP: leading logarithmic accuracy
Defining A = &/z, we arrive at the final result:

AL (2) = -2 Q [(¢ )Mp (%) ’Yi}ﬂ /d(n+p) C40 (nyp,zpn_pp)
¥
5
x C*A0 (zanypa, Tyn—pp) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.

where the generalised soft functions have the structure:
5, (w: {wi}) = oy emiwie L & ([vi t ({2
§; (@ {w;h) = /{dz,_ peraticx T ([vEva] @) T (Y] @ (D) o)

with

si({z—}) € { 0} Bt (a1l BTHL(z )[m a8t (= )H
z J— 1— 1—)» — o 1— 3

- [
_0 “ (in_0)2
1

(m,a)[ Lz, B,/L(Zl—)}v

q+o(Z17)(7+,\(Zz—>}

1
+ +
BML (zl—)ByL (22-), m

1
(in_9)
Which terms contribute to the leading logarithms?

» NLP LL series is given by the terms o mn2nT (1 — 2).

— asn(l —2) + af ln(lf ) + o 3 In® (1—2)+...

> NLP LL can be generated at one loop only if one-loop soft function contains a

asIn(1 — z) term AND Z [C ®J® J]? starts at tree-level.

terms
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Factorization formula at NLP: leading logarithmic accuracy
Defining A = &/z, we arrive at the final result:

ANp() = —2Q [(%) Yip (%) vi}m /d(n+p) C A% (nyp,zyn_pp)

5
« C*A0 (Tan4pa, THN—_DB) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.
i=1

where the generalised soft functions have the structure:

Sitai{wg)) = [z} o™ 9% x Nicmoxf([yi Vo] @) T ([YIvi] s (£2-1) 10)

with
ol 1 .
it & {50 o | gt 87 ot o).
1 1 1
m [B‘TL (z1-), B'-/Z (Zl—ﬂv thL (7«1—)33—L (z2-), W‘I+a(zl—)‘7+>\(z2—)}

Only one new soft structure contributes! With a corresponding
tree-level collinear function.
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Consider again: Factorization formula at NLP

Following this line of reasoning, we can eliminate most of the possible new
contributions coming from Lagrangian insertions at LL accuracy.

A (2) = [(%) VLp (%) “/ELW /d(n+p) CA%(nyp,xpn—pp)

X C*A0 (ganypa, zyn_pp Z/{dw]} Ji (nyp,xanypa;{w;}) Si(Q;{w;}) + h.c.

where the generalised soft functlons have the structure:

5 (@i {w;}) = /{dzj, }e Witi— x Ni”morr ([yj_ Y,} (:c))T ( [Yj y+] (o)si({zj,})) 10)

with

iaj Bt (1), [BT#L (21, [in-0B]} (21-)]]
— Mo - ’

1

5 q+a(217)¢7+x(22—>}

| 1
+ 5 (in_0)2
B}LL (21*)81’L (z2-), (in_98)?

Bt (e + (s .
(in_ d)[ “'i(‘li)’BVi(‘li)}‘ (in_9)
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Consider again: Factorization formula at NLP

Following this line of reasoning, we can eliminate most of the possible new
contributions coming from Lagrangian insertions at LL accuracy.

st =20 [(%) v (%) ] [ ) ¢4 zin )

x C* A0 (zanypa, zyn_pp Z /{dwy} Ji (n4-p, @a nypai{w;}) Si(Q{w;}) + hee.
where the generalised soft functlons have the structure:
_ ez 1 _
5i (@i {w;}) = /{dzj, pem it ol (Y] vo] @) T ([YIvi] @ s ((z-0) 100

with

oM
L gt (z1-) |s .
in_90 “i (in_9)2

si({z—}) € BT HL (21, [in_oB) (s10)]],
1

1
B (2120 B (1)), BY, (10)BE, (am), o o e (1) (o) |

1 1
(in_9) (in_0) _9)2

Only one new soft structure contributes! With a corresponding
tree-level collinear function.
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A power suppressed amplitude

PyHap(0 / dt dE CA0(t,T) [Jgo(t )+

(XI5 0014 Blon)) = [ 25

/ dr T [ (s,0) £2) ()]

d(n4p) d(n_p)
2

+ (_:—term:|

/dt dEe™ "ere“_"*ﬁC”qO(n.~.p7 n_p)

X(X|T [m&zw*(owﬁ Vo (Oxe (tn4)i [ dbe e (2) 32424

[ i

Sebastian Jaskiewicz

0] BT, (2 )} ”t—*xc,d (2)

Jho(t:E)

2

|A(pa)B(pB))



A power suppressed amplitude

The states factorize as at leading power: (X| = (XFPF| (XPPF| (X,| as they are
eigenstates of the LP Lagrangian

(X" (0)|A(pa) B(pB)) :/%d(%;ﬁ)/dtdfeithrpeiZn*ﬁCAo(ner,n,ﬁ)

X<X§DV|X(:,<yu(fﬂ,,)‘B(pB)),yj:a,\/

) 1 v . B 7‘,
><Z/d4z<XCPDF|§ZiZi(’Ln_Bz)2T {Xc,'yf (t14+) Xese (2) 5 Xe,a (z)} |A(pa))
0",

af ’[:nfaz

x(Xs|T ( [YT(0)v4(0) BY, .q(==))10)
(I
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Amplitude with collinear function

ety A B ) = [ UL [ dn,p)dtn-m)
8 (n-p + (n—ps)) C*"(nsp,n_p)

X [ 22 2 5 e (i) (KPP R ()| B
XV an(Xe T [Rep (n4pa)|A(pa))

dn+z I 1 z@i +
<[ E5Ee T i (VoY) B ) )
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Computation of collinear function

The short-distance coefficient can be extracted by computing the partonic

matrix element (0|7,  (7+4a,w)[q(q)q). Running to collinear scale: only

tree level collinear function is necessary.

Collinear function:

IS¢ 5. pbed (N4+das (N40);w) = —0badredpy0 (N49a) — (n+9)) (
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LP 4+ NLP amplitude

We are considering the matching up to NLP

Dy (0 / dt dEC*°(t, 1) [Jj{o(t 7))+ (J%,Zg(t,f ))” + E—term]
For which we obtained

(X |pv"15(0)| A(pa) B(ps)) :/

dnypa dn—ps

o o CAO(n+pa7 —n-— pb)

X (Xepor|Xeaa (n-Db)|[ B(B)) ¥ 05 (Xe,pDF[Xe.8b (n4Pa)|A(pa))
x { (X,|T [Yj(om(o)]ab 10)

+ = dw J<O)(n+pa,w)/d(n+z) 67iw(71+z)/2

% (X,|T ([Yj(om(o)] ;dg BT, (2 ) \o)} + &term

2

N+Pa

Note that JQ(?) (n4pa;w) = —
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Relevant soft function

The generalized soft function at cross section level here is

S2¢(,w) = / / (1+2) pia®/2-its(n2)/2

XﬁTr OT [v](@ )Y,(xO)]T {YT( )Y (0) Zafaz# (=) | l0)

For details on renormalization of soft functions and resummation see Robert’s talk.
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.

%n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P ?
SPY (k = _ n_X)nn" + (KX )X’nY + X*” L vy L
( ap7p) 2 ( ) + 7 ( L) 1in_ 1 n+p"h‘ ’YJ_ner
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]
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Power suppressed amplitude calculation
Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.

1. o i
£(§2) = 5)’(Cz (n—z) nfy [’m,,dBj(x,)] %Xc + ..

[M. Beneke and Th. Feldmann, 0211358]
XY =~ 277454;07]{ —p
oo {@m)*6%(p — ks —p1)}
7
%n,u o’
7LJr PV
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P /4
SPY (k = _ n_X)nn" + (KX )X’nY + X*” L v v IiL
( ap7p) 2 ( ) + 7 ( L) 1in_ L n+p"h‘ ’YJ_ner
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £@ insertion - power suppression in the
form of a time ordered product.

pe()yt 2 [("H?)("— k)] e Crt

am u? (n4p)(n_k)

{ (ekiney = notins) (2 +0()
U))

+ Lt n_, —ki, 3+é+(9(e
(n_k) e €

+ [“uu , }él] (%2 + % + O(e°)> }Uc(P)

%n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P p
S (k,p,p’) = = _X)nfn" kX )X"7n" e LY v L
(k,p,p) 2 (n )n+n7 + ( )XInZ + s <n+p"yl+’h'n+p

Sebastian Jaskiewicz [M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]



Power suppressed amplitude calculation

Example: Take one of the diagrams with a £@ insertion - power suppression in the

form of a time ordered product.

iga [ (n4p)(n_Fk) ] < Cgt’
am u? (n4p)(n_k)

[ (emney = i) | (2 + o

o)>
+ ( i - kn) (;2 + % + 0(e°)>

(k)"

ve(D]

+ [“uu, }él] (é + % + O(e°)> }Uc(P)

4;n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

/
n” |+ (BX1)X7nY + X% <npip,vi+vi—fip> }
+ +

Sebastian Jaskiewicz [M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]



Power suppressed amplitude calculation

Example: Take one of the diagrams with a £@ insertion - power suppression in the
form of a time ordered product.

pe()yt 2 [("H?)("— k)] e Crt

am u? (n4p)(n_k)

{ (ekiney = notins) (2 +0()
U))

Lk k 2 + 1 + O(
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the
form of a time ordered product.
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.
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Amplitude calculation: 1-real emission

O L+ Oy ot +
A= C ® Jae (X]| z‘n,aB"'L [0)+ C ® Jie &(X]| HBMJ 0)+ C ® Je &(X| B, [0)

1-loop collinear ® 1-real soft emission
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Amplitude calculation: 1-real emission
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1-loop collinear ® 1-real soft emission

Extract 1-loop collinear functions
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Amplitude calculation: 1-real emission

1-loop collinear ® 1-real soft emission 1-loop soft ® 1-real
Extract 1-loop collinear functions soft emission
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Amplitude calculation: 1-real emission

n
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1-loop hard ® 1-real

1-loop collinear ® 1-real soft emission 1-loop soft ® 1-real -
soft emission

Extract 1-loop collinear functions soft emission
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Amplitude calculation: 1-real emission

We find agreement with the method of regions expansion for the 1-real 1-virtual

amplitude. For explicit results see next slides.

n A1

1-loop hard ® 1-real

1-loop collinear ® 1-real soft emission 1-loop soft ® 1-real -
soft emission

Extract 1-loop collinear functions soft emission
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Result for the power suppressed amplitude: Cg
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Result for the power suppressed amplitude: Cy
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Results for power suppressed amplitude: Soft
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Results for power suppressed amplitude: soft x hard
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NLP factorization formula

dopy 471'a

Z / dwady fuya(wa) fo 5 (@0) Gap(2)

dQ? ~ 3N.Q*
The 64p(2) is now
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J1,2 Collinear function

0
J1qg (D, Tanypasw) = dqp {Jl,l (zan4pa;w) m5(n+p — TaM4PA)

+J1,2 (Tanipa;w) 6(nep — xanypa)

AU e () = 4 (HO(@) + e HV (@) / dw S (5 w)
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Factorization formula at NLP
Following such simplifications, and defining A = §/z, we arrive at a final result:

ANp() = —2Q [(%) Yip (%) vi}m /d(n+p) C A% (nyp,zyn_pp)

5
« C*A0 (Tan4pa, THN—_DB) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.
i=1

where the generalised soft functions have the structure:
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At NNLO accuracy there are three contributions:

1
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o v (in_2) vl (in_0)2 d+o (21-)q+ (22 )}

» Collinear: 1-loop collinear and NLO soft functions
» Hard: 1-loop hard and NLO soft functions
» Soft: NNLO soft functions

Only one of the soft building blocks starts with a single gluon emission.
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Factorization formula at NLP
Following such simplifications, and defining A = §/z, we arrive at a final result:

ANp() = —2Q [(%) Yip (%) vi}m /d(n+p) C A% (nyp,zyn_pp)

5
« C*A0 (Tan4pa, THN—_DB) Z /{dwj} Ji (nep,xanipa;{w;j}) Si(Q;{w;}) + h.c.
i=1

AR () = 4Q / dw 1Y) (2anipa;0) SO (@ w)

At NNLO accuracy there are three contributions:
» Collinear: 1-loop collinear and NLO soft functions
» Hard: 1-loop hard and NLO soft functions
» Soft: NNLO soft functions

Only one of the soft building blocks starts with a single gluon emission.
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Leading power resummation
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Resummation in the Drell-Yan proccess

Each of the objects in the factorization formula depends only on one physical scale.
~ LP 2y2
67 (2) = 1C(Q7)I" Q Spv ()

Hard function is the modulus square of the hard matching coefficient. Soft scale

Q=0Q(1-2)
P

= C(@*
%
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Resummation in the Drell-Yan proccess

Each of the objects in the factorization formula depends only on one physical scale.

~ LP 2412 v
67 (2) = [C(Q)" Q Spv(©)
Hard function is the modulus square of the hard matching coefficient. Soft scale

Q=0Q(1-2)
P

= C(@*
%

2 2\ €
(et =1+ =W oy (732 A R o(e)) (—@) +0(a?)

with MS renormalized coupling. Absorb divergences into multiplicative Z factor

Cy (6, Q%) = lim 271 (e,Q%, ) CY"*(e, Q%)

2 2 2
cV(Q2,u):1+a175f)CF (—1n2( 4 )+31“ (‘%) _8+%) +0(ed)
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Resummation in the Drell-Yan proccess
Each of the objects in the factorization formula depends only on one physical scale.
~ LP 2412 v
677 (2) = |C(QY)I” Q Spv(Q)
Hard function is the modulus square of the hard matching coefficient. Soft scale

Q=Q( - 2)

Hard matching coeflicient satisfied renormalization group equation:

s Q? —6CFras
T Cv(@% ) = |Cr 75“) 1“(*7)++(m Ov(@Q%,m)
K ——
"/cusp(as) v (as)

Solution of which is written as

Cv(Q* 1) = U(pn, 1) Cv (Q%, in)
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(e =1+ =W oy (732 A R o(e)) (—@) +0(a?)

with MS renormalized coupling. Absorb divergences into multiplicative Z factor

Cy (6, Q%) = lim 271 (e,Q%, ) CY"*(e, Q%)

2 2 2
cV(Q2,u):1+a175f)CF (—1n2( 4 )+31“ (‘%) _8+%) +0(ed)
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Resummation in the Drell-Yan proccess
Each of the objects in the factorization formula depends only on one physical scale.
~ LP 2412 v
677 (2) = |C(QY)I” Q Spv(Q)
Hard function is the modulus square of the hard matching coefficient. Soft scale

Q=Q( - 2)

Hard matching coeflicient satisfied renormalization group equation:

s Q? —6CFras
T Cv(@% ) = |Cr 75“) 1“(*7)++(m Cv(Q% p)
1 1
"/cusp(as) v (as)

Solution of which is written as

Cv(Q* 1) = U(pn, 1) Cv (Q%, in)

Q2 —Cr Aqcusp (Bhs1)
U(pn, 1) = exp [2CpS(pn, p) — Ayy (in, 1)) <—”2>

h
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Resummation in the Drell-Yan proccess

Each of the objects in the factorization formula depends only on one scale.
G (2) = 1@ Q Spv(Q(1 - 2)

Hard function is the modulus square of the hard matching coefficient.

This is an example of resummation performed using renormalization group
techniques.
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Resummation in the Drell-Yan proccess
Each of the objects in the factorization formula depends only on one scale.
517 (2) = 1C(@M)I* Q Spv(Q(1 = 2))

Hard function is the modulus square of the hard matching coefficient.

This is an example of resummation performed using renormalization group
techniques.

Soft function would be calculated in the same way. In momentum space
renormalization is a convolution with the Z factor. — we will discuss this in the
context of NLP in detail.

0
Sov(@) = [ 55 e/ 1 O] )Y- () TV Y- (0))[0)

© T'[1 — ¢

L s
€2 I'[—2€] ¢

Spy(2) =
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Resummation in the Drell-Yan proccess

Each of the objects in the factorization formula depends only on one scale.

6" (2) = C(Q*))* Q Spy(Q(1 — 2))

Hard function is the modulus square of the hard matching coefficient.
This is an example of resummation performed using renormalization group
techniques.

Soft function would be calculated in the same way. In momentum space
renormalization is a convolution with the Z factor. — we will discuss this in the
context of NLP in detail.

Originally in [G. P. Korchemsky, G. Marchesini, 1993] and for details in SCET can
see [T. Becher, M. Neubert, G.Xu, 0710.0680].

Sebastian Jaskiewicz



One-loop collinear function calculation

) d ) d )
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One-loop collinear function calculation

p k
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Endpoint divergent convolutions

Resummations at next-to-leading power in SCET
Leading logarithms:
Subleading power resummed thrust spectrum for H — gg

[I. Moult, I. Stewart, G. Vita, H. Zhu, 1804.04665]

Drell-Yan production at threshold

[M. Beneke, A.Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1809.10631]

Higgs production via gluon fusion at threshold
[M. Beneke, M. Garny, SJ, R. Szafron, L. Vernazza, J.Wang, 1910.12685]

Subleading power resummation of rapidity logarithms: the energy-energy
correlator in N=4 SYM

[I. Moult, G. Vita, K. Yan, 1912.02188]
Next-to-leading logarithms :

Factorization at Subleading Power and Endpoint Divergences in h — vy
Decay: II. Renormalization and Scale Evolution
[ Z. L. Liu, B. Mecaj, M.Neubert, X.Wang, 2009.06779]
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Consistency relations

» We know that an observable must be a finite quantity.

» Imposing the constraint allows us to infer structure of partonic objects.

Sebastian Jaskiewicz



Consistency relations

» We know that an observable must be a finite quantity.

» Imposing the constraint allows us to infer structure of partonic objects.

The hadronic tensor is given by
W= S Wik,
i
related to their finite counterparts through

fx = Znifi, Ws,i = éq&,kzki ,

such that o
We,ifi = Co.i fr -

The splitting kernels are given by
dZ;x

1 )
dlnp(Z )k] .

Pij = —vij =
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Consistency relations

» We know that an observable must be a finite quantity.

» Imposing the constraint allows us to infer structure of partonic objects.

Focusing on the quark initiated NLP contribution
NLP NLPyrLP LPyrNLP
Z(W‘Wﬂ) = (W%q Usg +WsgUgq )fQ(A)
i
where U;; are the evolution factors
Jilw) = Ui () f5(A)
The general expansion for the cross section is

n Qan ‘
Z(W¢ if)N T = f (A E:: ( ) €2n 1 ZZC( ) (W)

[ =075=0

The scaling of the regions: hard (Q?), anti-hardcollinear (Q2/N), collinear (A2),
softcollinear (A2/N)
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Consistency relations

» We know that an observable must be a finite quantity.
» Imposing the constraint allows us to infer structure of partonic objects.

Invoking pole cancellation, the consistency relations allow us to determine all

)

We then need “initial conditions”:

(n+1)? coefficients CE:' in terms of three unknowns at every order n.

(") =0 ) c(()g) = for all n.

and the third initial condition is taken from the conjectured exponentiation
of the momentum distribution function which gives the series of terms ciﬁ)

N Qan €
Z(Wqﬁzfz)NLP*fq g( ) €2n 1 ZZ ( ) (W)

@ k=0 j=0

The scaling of the regions: hard (Q?), anti-hardcollinear (Q2/N), collinear (A2),
softcollinear (A2/N)
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Consistency relations

» We know that an observable must be a finite quantity.

» Imposing the constraint allows us to infer structure of partonic objects.

Invoking pole cancellation, the consistency relations allow us to determine all
(n+1)? coefficients cgl.) in terms of three unknowns at every order n.
We then need “initial conditions”:

c%) =0 , c(()g) = for all n.
and the third initial condition is taken from the conjectured exponentiation
of the momentum distribution function which gives the series of terms ciﬁ).

These considerations lead us to a solution for quVqLP’LL which is in agreement with

[ A. Vogt, 1005.1606 | and we obtain the same splitting kernels.
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Thank you

Sebastian Jaskiewicz
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