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Motivations for NLP

e Next-to-leading power (NLP, 7 — 0) at NNLO
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» Drell-Yan process near threshold
[Del Duca, Laenen, Magnea, Vernazza, White, 1706.04018; Bonocore, Laenen, Magnea, Vernazza, White,
1706.04018, 1610.06842 and earlier papers]

» Improving N-jettiness subtraction
[Moult, Rothen, Stewart, Tackmann, Zhu, 1612.00450; Boughezal, Liu, Petriello, 1612.02911; NLP leading log]

e All-order resummation of NLP logs

e Generality of Low’s sub-leading soft theorem

» Relation to an infinite-dimensional symmetry group of “large” (non-vanishing at
infinity) gauge transformations
[Strominger, 2013-]

» But: LBKD theorem beyond tree-level not so simple.
[SCET analysis: Larkowski, Neill, Stewart, 1412.3108]
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N-jet amplitudes, leading power

Source of the hard process. N non-collinear directions defined by momenta
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Log structure determined by IR singularities of the amplitude

N-jet operator in SCET
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» Log structure determined by the UV divergences of
S collinear and soft loops in SCET [Becher, Neubert, 2009]
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SCET, leading power

Employ the position-space SCET formalism [MB, Chapovsky. Diehl, Feldmann, 2002]
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e Separate fields for every collinear direction, and one soft

e Different collinear sectors interact only via soft gluon, since hard virtualities are integrated

out
e Soft interactions with collinear amounts P n; piv ik M
to standard eikonal vertex By

e Note multipole expansion of the soft field around x_.
Guarantees eikonal propagator and soft-gluon decoupling via Wilson line field redefinition
E — Y(x, )E(O) [Bauer, Pirjol, Stewart, 2001]
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N-jet amplitudes, leading power anomalous dimension

N
<O|O(O)|M({”"})>m§‘é’m = sUp) [[7:0D)

i=1

_ Qs T-T[2 2 42 2 Ci 0
=1- ZT{ferfln— fZ:T,erO(e)

= € € —sj
infy i Y

SCET matrix element is scaleless without IR regulator,
since all invariants are hard. Use small off-shellness pl-z.

Colour conservation Z T, =0.
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Note cancellation of IR regulator in pole parts. Required by
consistency. UV anomalous dimension must not depend on
IR reg
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N-jet amplitudes, sub-leading power

NLP N-jet operators are the basic objects to match onto for NLP calculations
If p ~ AQ and jet mass scale p3 ~ A2Q?, need O(A\?) in SCET expansion.

» Matrix elements of LP N-jet operators with sub-leading
soft and collinear interactions from £ s £®

» N-jet operators with 1) more than one collinear field of
the same type in one direction, or 2) with additional soft
fields, or 3) with derivatives.

M. Beneke (TU Miinchen) St. Gilger ptember 2017



Building blocks and basis of N-jet operators

Putx = 0, i.e. O(0).
Building blocks

collinear quark collinear gluon soft fields
(Wini)(tik”Jri) (W,-Tl'DgL Wi)(tun+i)  q5(0), F),,,(0)
o) o) O, 2
» Collinear gluon operator always transverse. n-; - Dg can be eliminated by Wilson line
identities and equation of motion

» Sub-leading N-jet basis operators are constructed in the following way

e operate with iBii on collinear building block
e take products of several collinear building blocks in the same collinear sector, e.g.

(W) () (W &) (tom-4.) (W] D2 | W) (tan)
> AtO(N\?) up to two 9, or up to three fields in one sector.
Notation: JA7, JB7, j¢i, .

—A,B,C, .. .refersto 1,2,3, ... fields in a given collinear direction
—imeans O (') in a given collinear sector,

eg J? 2 means two fields and one &, on a given sector.
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O(A1?) NLP N-jet operator do not contain soft fields

(&W;) (ting;)iDH (0)(W;r§,-) (tin4i) does not exist

LsceT, including power-suppressed interactions
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is invariant under the soft (and a separate collinear) gauge transformation
i
Ao = Usx) AU (x0), €= Usem) e A = Usa U + LU [0, v]]

liny] =0 = (Wl&)(tng) = U0)(W] &) (tiny)
but DI (0) (W] &) (tinyi) -4 Us(0)iDH (0) (W] &) (tin )

since (0% Us(0) = 0.
Also would not have homogeneous power counting since i9; ~ A while A;(0) ~ 2.

M. Beneke (TU Miinchen) St. Gilgen, eptember 2017



1 Does not generate a soft op-
[ erator. Graph is reproduced in
seft > Soft SCET by time-ordered products

T4, £P), 704D, )

e NOTE: There are not subleading purely collinear interactions. Any term in £™ with n > 1
contains at least one soft field.

e Previous work on NLP operator bases

» [MB, Campanario, Mannel, Pecjak, hep-ph/0411395]
Operator with soft heavy quark fields as source of large energy. Different, there are
O(A?) operators with soft gluon fields.

»  [Kolodrubetz, Moult, Stewart, 1601.02607; Feige, Kolodrubetz, Moult, Stewart, 1703.03411]

Helicity basis in label SCET - rather different: subleading purely collinear
interactions, two-point insertions, soft building blocks.
Position space SCET looks simpler in this respect.
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One-loop anomalous dimension of NLP N-jet operators

General form of the operator

n;
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e Loop is either collinear OR soft. Mixed only from two loops

e Collinear renormalization only within one direction. Treat each sector separately, then sum
overi=1,...,N

e Soft loops still connect exactly two directions. Treat each pair separately, then sum over
pairs.

o LP:J@O) for collinear, J (40,40) for soft. Omit labels for other sectors.
NLP - O())

Not by itself of interest, relevant as part of (’)()\2) renormalization and is observable is the square
of an amplitude (for O(\) x O())). Relevant operators:

collinear J(A]),J(Bl) ~» 2 X 2 matrix

soft  JAOAL - jA0BL) " j(40,40) "£(Dy s 3 x 3 matrix
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Soft part

(M
)
3
4

(&)

No mixing. Anomalous dimension matrix diagonal.
No time-ordered product contributions.

Soft loops vanish, if gluon is attached to two collinear lines in the same direction.
(AO,A]),(A(),AI)]’ ZS[(AO,BI),(AO,BI)]

Non-zero renormalization constants ZY[
in terms of LP soft anomalous dimension.

can be expressed

Requires consideration of 2 — 3 mixing. Soft IR singularities cancel with collinear
contributions (O(A%)) or vanish (O(A!)).




Collinear part

(1) No mixing between Al and B1. Al can be expressed in terms of LP AO anomalous
dimension.

(2) Cases for B1: €€, €A, and £€ & AA

For two quarks in one direction
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(3) Previous results and checks

> £A agrees with calculation of £.Ah, anomalous dimension [Hill, Becher, Lee, Neubert,
hep-ph/0404217; MB, Yang hep-ph/0508250] after subtracting soft terms related to A, field.

» Some results on fiA,-Ej in the context of thrust in eTe ™ [Freedman, Goerke, 1408.6240]
— different formalism, difficult to compare to.
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One-loop anomalous dimension of NLP N-jet operators, O(\?)

Operators
p = JUA0A2) JALAD) (ALBY) | j(40,82) © j(40,C2)  j(BIBI)

TAAD) £ £(D) T(A040) £(2)) 740D (1)) 7(g(A0B1) L)y

Still generic. Can have several operators of one category.
No T-product operators for collinear part.
Non-trivial mixing matrix only for J into J and T-products into J.

Operator mixing now also occurs in the soft sector through time-ordered products.

vV V.V Vv Y

Soft quark exchange could produce gg — gg mixing, but vanishes.
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General structure of the result

Zpo(x,y) = Zpy(x,¥) + Zpp(x,y)

>

—Sil,jk 1 ¢
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iy
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PQ X }) /yl/ ,soft
T2 T = D D T bl =) =
ij,i#j Lk sym

Off-shell IR regulator piZk cancels upon summing soft+collinear

—Sil ,jk

Note similarity of 1/ € and 1 /€ In to LP. Only total colour charge in every

collinear sector matters as should be for terms related to soft.
Complications hidden in collinear and soft single-pole terms

Operator mixing, collinear anomalous dimension 'y;;g)n (x,y) a matrix in the spin, colour
and momentum labels within a collinear sector.

. ni N . .- N .
§D g —y) = [[ 66 —vu) 66— =[16w—-» Wa—n= T[] 690 -n

k=1 i=1 j=1,j#i

M. Beneke (TU Miinchen) St. , 26 Septembe;



O(\?) anomalous dimension of i-collinear fermion number-two N-jet operator

e No A-operators in fermion number-two sector.
e Two-particle B2 mixing into three-particle C2.

e Three-particle collinear C2 anomalous dimension.

/€2 Jotee) |/aee
B2
o= S0 wvmeee] o
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e In addition O(\) B1 operator mixing in fermion-number-two sector times O(\) Bl

mixing in any other sector j # i.
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Two-particle B2 mixing into three-particle C2
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Three-particle collinear C2 anomalous dimension

Zneaes avee! g (N152:31,32) =
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e At one-loop only two of the three lines can be connected.

e Anomalous dimension is a sum of O(\) B1 anomalous dimensions for all pairs of lines
with rescaled momentum fractions, since now x| +x +x3 = 1,y +y2 +y3 = 1.
First line removes graphs counted twice in the sum over pairs.
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Summary & outlook

I Categorization of general basis of sub-leading power N-jet operators
II Computed (so far: most of) the one-loop anomalous dimension matrices

TIT Observables at NLP

do = E ci) @) g i) g gk Witk <2
i1,k
Log summation Subleading jet and
with ADM of NLP  soft functions from
N-jet operators. time-ordered products.

IV Solving the RGE is complicated.
For a given process project on a spin and colour basis.
Even within a given collinear sector multi-variable integro-differential equations.
Numerical solution should be possible.
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