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1. Introduction

The production of hadronic jets in proton-(anti)protonlis@ns is one of the most basic pro-
cesses at hadron colliders. Key processes include thokeawit, Z, or Higgs boson together with
jets. Many models for new short distance physics produceredlparticles, which would exper-
imentally be observed as jets of energetic hadrons. For gheanm supersymmetric models the
squarks or gauginos typically decay through a chain of ¢eolpparticles into the lightest super-
symmetric particle. Another source of jets are the inisi@te quarks and gluons taken out of the
incoming protons, which radiate before entering the hatisgm.

The underlying hard process we are ultimately interestad aways accompanied by QCD
corrections contributing at the various scales that arsgmiein the process: virtual corrections to
the hard process itself, real and virtual corrections fraitial-state and final-state radiation, etc.
The QCD radiative corrections to processes with jets aridilp large. One reason is that jet
selection cuts can be sensitive to additional soft andrasli emissions. In perturbation theory
this sensitivity to lower scales manifests itself via latggarithms of the formalIn™ u/Q with
m < 2n. Here,Q is a large scale of the order of the partonic center-of-massgy andu is a
low scale associated with the definition of the final-state @& the order a few tens of GeV. In
the limit © < Q these large logarithms degrade the fixed-order perturbatgsies, resulting in
large perturbative uncertainties. This can be avoided {deast alleviated) by resumming the
leading (and subleading) towers of logarithms to all ordeiss. In practice, this results in smaller
perturbative uncertainties, and hence more reliable gtieds for the cross section in question.

In inclusive jet measurements, one requires a minimum nuwibleard jets and sums inclu-
sively over additional emissions. In this case, one is lessitive to lower jet scales. On the other
hand, for exclusive jet cross sections, where one requitestain fixed number of jets in the fi-
nal state, one is explicitly sensitive to the jet resolutsmale through the veto on additional jets.
Such exclusive jet measurements play an important role gg$imeasurements and new-physics
searches at the LHC.

An effective-theory framework to disentangle the relevaadles in jet production and resum
the associated logarithms of ratios of these scales viamalzation group evolution (RGE) is
provided by Soft-Collinear Effective Theory (SCET) [L[RHBB.[6]. In SCET the soft-collinear
limit of QCD is manifestly implemented at a Lagrangian anerapor level using a systematic
power expansion. The QCD corrections appearing at theihgthction scale, i.e., away from any
infrared singular limits, which contain the process-sfiedetails, are incorporated via matching
from QCD onto SCET. On the other hand, the infrared-sersifCD dynamics below the hard-
interaction scale that describes the collinear radiatighimvthe jets and soft interactions between
jets is contained in the effective theory.

2. Resummation of Exclusive Jet Cross Sectionsin SCET

Consider a process witl final-state jets and leptons, photons, or other non-strongly inter-
acting particles with underlying hard interaction

Ka(0a) Kb(Ob) — K1(01) -+ KN+L(ON+L) 5 (2.1)



Combining fixed-order helicity amplitudes with resummatising SCET Frank J. Tackmann

where Kk, denote the colliding partons, and denote the outgoing quarks, gluons, and other
particles with momentg;. The incoming partons are along the beam directi(nﬁﬁ,: Xa,bPabs
wherex,, are the momentum fractions afp the (anti)proton momenta. We are interested in
the situation where each of the partons in §qJ](2.1) prodacesparate identified jet and where
we do not allow additional hard jets coming from a hard ISR 8RFemission. In SCET, the
corresponding exclusive jet cross section can be facthriadich leads to an expression of the

form [B, [1.[8]

do = /.andedq3N+L(Qa+Qb;{Qi})F({Qi})Ztl’ [ﬁk(qa,b,{qi})§§]®[BKaBKbUJKJ]. (2.2)

Here, dbyn. L (da+0b, {Gi }) denotes the Lorentz-invariant phase-space for the fiatd-garticles in
Eqg. (2.1), wherd=({q }) denotes the measurement made on the hard momenta Nfdigmal jets
(which in the factorization at leading order in the poweramgion are approximated by the parton
momentag;). Equation [(2)2) does not include possible contributionsfGlauber exchange.

Any dependence probing softer momenta, such as measutintpgses or lovwprs, as well
as the choice of jet algorithm or jet resolution variablell aifect the validity and precise form
of the factorization formula Eq[ (2.2). This dependencenisoeled through the precise definitions
of the N-jet soft function§§I (describing soft radiation), the jet functiodg, (describing energetic
final-state radiation in a single jet) and the beam functigg (describing energetic initial-state
radiation). The parton distributions of the incoming pratpfj, are contained in the beam func-
tions, which can be further factorized Bs= 3 ; .%; ® f;j [}, [L0]. The beam, jet, and soft functions
contain the virtual and integrated real-emission coroadtiin all IR-singular limits and are sepa-
rately IR finite.

A jet-resolution variable with particularly simple facioation properties idN-jettiness [Il1],
which effectively provides an exclusivé-jet algorithm. The explicit form of Eq[(2.2) for tHe-jet
cross section defined usimdrjettiness is known[]8[ 11, 12], and fof = 0 the resummation has
been carried out to NNLL[[13, 14]. The resummation of exsleget cross sections defined using
more traditional jet-clustering algorithms has been stddor example in Refs[ L}, 1LF,]17] 18] 19,
29,21 A

The remaining ingredient in Eg[ (2.2) is the hard functidg(ga, v, {Gi }), where the sum
over K = {Ka,Kb,...Kn+L} in Eq. (2:2) is over all relevant hard-interaction channelfie hard
function encodes the dependence on the underlying hanchatiien Eq. [2]1), including the hard
virtual corrections. It is explicitly independent of theedisjet definition or jet resolution variable
and therefore does not depend on the precise form of therifzaion. Once the resummation for
a given jet observable and a given number of jets to a certdigr és known, it can in principle be
applied to any desired process. In most cases the bottles#oin to extract the required process-
specific information in form of the NLO hard function from sting fixed-order calculations.

3. Matching from QCD onto SCET With Helicity Amplitudes
Schematically, we match onto the effective Lagrangian

Lot = LsceT+ ch Ok, (3.1)
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where Zscet is the SCET Lagrangian for soft and collinear quarks and riguat leading or-
der in the power expansion. The operat@jsare responsible to mediate the hard interaction in
Eq. (2.1) by creating and destroying the appropriate nurabexternal partons. The hard function
in Eq. (2.2) is given by the square of the Wilson coefficietds= |Cx|2. They are determined by
requiring that the UV-renormalized amplitudes in the fultaeffective theories agree,

ocp = FsceT= Z iCk (Ok) et (3.2)

The Wilson coefficients explicitly depend on the UV renonzetion scheme adopted for the SCET
operator€Dy, for which we use the standard dimensional regularizatigether withMS.

As in any effective-theory setup, the IR divergences of tliktfieory are by construction re-
produced in the effective theory and cancel in the matcHimgarticular, the matching coefficients
Cx do not dependent on the specific IR regulator used to perfioersdlculation. A useful choice is
dimensional regularization for both UV and IR divergendhken all loop graphs in SCET are scale-
less and vanish. Thus, the UV and IR divergences in SCETgalyccancel each other, and the
bare matrix elements are given by their tree-level expoessilncluding the counter tertg (euy)
due to operator renormalization in the effective theoryaees the UV divergences and leaves the
IR divergences. Schematically, the SCET amplitude is thus

elscer=IC- ((0)"®€ 4 (0)"°P) = iC[1+ So(&R)] - (3.3)

Since the effective-theory IR divergenc&do(&r), have to match those of the full theory, the
matching coefficients iMS are directly given by the infrared-finite part of the ftileory ampli-
tude computed in pure dimensional regularizations —idggD.

The above simplification provided by pure dimensional ragaétion is well known, and was
used for processes with multiple external partons for exanmpRefs. [ZR[3[24]. Our goal is
to construct a general and convenient-to-use operatos,bakich lets us exploit it as much as
possible. This requires to organize the possible spin alwl structures, which quickly proliferate
when increasing the number of external legs. It should atsedsy to incorporate constraints from
charge conjugation and parity invariance and to remaily ftibssing symmetric. As one might
expect, this can be achieved by constructing the operasis bg employing the same helicity and
color decompositions as used for the QCD amplitudes. Asudtrése SCET Wilson coefficients
will be given directly by the IR-finite parts of the QCD colordered helicity amplitudes.

For each jet direction, we define two types of light-cone oext

niIJ = (1’ ﬁi)? ﬁllJ = (17_ﬁi)7 (3.4)

with n? = n? = 0, n; -y = 2, andr; = G /|G| is a unit three-vector in the direction of tith jet. At
leading order in the power expansion a fixed-order QCD aogsitvithN colored legs is matched
onto operators in SCET witN different collinear fields, where the different collinearegtions
have to be well separated; - nj > A2 for i # j. The SCET operators are constructed out of
composite fields that are invariant under collinear gaugesformations[]2]3]

Xnol0) = [8(0 - TP E00] . By, (00 = 5 B0+ 720 W (91D, Wh(x] . (3.9
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Here, &, and A, aren-collinear quark and gluon fields. Threcollinear covariant derivative and
Wilson lines are defined as

iDH, = 2 +oAl Wh(X) = [ > exp(

perms

<0} (3.6)

The Wilson lineW,(x) sums up arbitrary emissions ofcollinear gluons from an-collinear quark
or gluon, which areZ(1) in the power counting.
Using the polarization vectors defined in the standard spintation (see e.g. Ref [25]),

(PHIyk+) (p—|y*|k—)
el(pk) = ———, el(pk)=—"—F—F, (3.7)
we define a gluon field of definite helicity
L= —eru(ni M) B, L (3.8)

wherea s an adjoint color index. For example, fnﬁ‘ =(1,0,0,1) (and with an appropriate spinor
phase convention) we have

_ 1 _ 1 1 . a2
el (m, i) = 7 (0,1,7i,0), a = ﬁ(%ﬁjm TiB ) - (3.9)
Similarly, we define ayg-current of definite helicity
X _otvlxb ot . on
3P =5ek(p,p)) e Bi=cw— (3.10)

V2(BjF| i)

wherea, B are fundamental color indices, ampddénotes the large label momentum carried by
collinear fields. The corresponding tree-level Feynmaesalre

(G2 (p)|#L.|0) = 5°°3(fi — p) , (3.11)
(o (p) @2 (py)] 307 |0) = 3R 59P 5By — i) B(B; — Py (3.12)

while any other combinations of helicities vanish.
Next, we assemble the helicity fields into operators with finde helicity structure corre-
sponding to each external helicity configuration,
Oiiz(iilfnit)m Lo (p17 P2,..., ﬁi*l» ﬁi?' EE) ﬁNfly ﬁN) S%Ja_li %gi : ((;‘1; 1]_a||i- ' Jéx/h’il—jgNNi .
(3.13)

The symmetry factof takes into account the number of identical particles. Feheamber of
positive and negative helicity gluons and quark curretiterd is only one independent operator.
This is because fields of the same particle type and helicgyrelated by interchanging their
momentum labels and color indices appropriately. For exen@3'®(fi, fi) = O%%(fy, p1) are
not independent operators. To keep track of the minimal rurabindependent operators, we can
simply order the helicity labels.
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For a givenN-parton process, the explicit form of E{. (3.1) reads

Y= Sscert ¥ / []Op e (r BOOT ™ (Brc ) (3.14)
helicity
configurations
Using the above Feynman rules for the helicity fields, thelltes tree-level Feynman rule for

Zeft projects out the single Wilson coefficient that correspotadthe external helicity and color
configuration,
(g% (p1)g®(p2)--- 4™ *(pn-1)™ (Pn L%ﬁ!O SeET= Cf‘rlf?.(““_“) YN (D1, P2, PN_1, PN) -
(3.15)
Using pure dimensional regularization withS and following the same arguments as above, we
thus find that to all orders in perturbation theory

G MM (b .. Pr-, ) = 1738 (0 (POG2(P2) -+ 0™ (- () ) - (3.16)

Next, to organize the color structures, we can decompos@/ilsen coefficients into a com-
plete basis of color-singlet structures,

cm ch TN =T .. (3.17)
Here TT@ o js a row vector of suitable color structures that provide mpiete basis for all

possible allowed color structures (but do not necessaltilyaae to be independent). Up to three
colored partons, there is only a single allowed color stmect

T‘Taﬁ _ (5013) ’ Tab (5ab) -I—TaaB (Taﬁ) -T—’Tabc: (ifabc) ’ (3.18)
while for example foigqqqg or ggoq there are already two or three independent color strucgtures
TIOPY — (81505, 8apdys), 112 = ((T5T®)ap, (ToT%)qp, [TT")80p) . (3.19)

Using Eq. [3.1]7), we can rewrite Eq. (8.1) in its final form

N
Za= [ [ 0L (B By (B B, (3.20)

where the final operators are

Gl ., =0 Traa, (3.21)

If we now use the same basis as in the usual color decompositihhe amplitudes
Haco (G (PG (P2) T (pr) ) =1 FRO A2 N, (322)

the MS Wilson coefficients are equal to the IR-finite parts of téocordered amplitudes to all
orders

—

C (PP, PN) = A (LT, 27, NG (3.23)
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To give a concrete and slightly nontrivial example, consigigggH. There are a total of six
independent helicity operators,

A 1
oPP — %1+952+334iH57

++(£) 2
b
Oi G(B) %1+<%)2 34¢ Hs,
oib_"’f)—éﬁl 28 35P Hs, (3.24)

where the factors of /2 are symmetry factors. Using the above color basigyfip, the color
decomposition of the QCD helicity amplitudes into partiad@itudes reads
W(gligzi 03+ 04— H5) =i é[TaU(l)Tﬁa(zqagmA(U(li) o(2%); 3;745'5"')
gc

HItr[TAT®) 8gyq, B(17, 2535 ,45:5H) - (3.25)

The B amplitudes vanish at tree-level. From Hg. (B.25) we can oéfitie Wilson coefficients,

Afm(l:t 2:t 3;—;,4&, )

Cos(1)(PL, P2i P3. Pai Ps) = | An(25,1:30,45:50) | - (3.26)
Bf.n(li 2%;3¢,45:50)

The Wilson coefficients for the negative helicity quark emtrcan be obtained using charge conju-
gation invariance,

0 -10
Canra() (P1. P25 Pa, Pa; Ps) = VCoyap(+) (P1, P2; Pa, P3; ps) Where V=| -1 0 0 |. (3.27)
0 0 -1

4. Conclusions

The tools to combine generic NLO calculations with a NNLLu@snation are available. The
required matching coefficients from matching QCD onto SC&tain the process-dependent hard
virtual corrections, but do not depend on the choice ofgstlution variable. We have shown how
to explicitly construct an operator basis in SCET such thatlR-finite parts of the color-ordered
partial amplitudes directly determine the hard machtingffidents. This provides a seamless
interface to combine existing NLO calculations with higleeder logarithmic resummation.

It is important to note that in general the different colaustures inO' mix under renormal-
ization. Except in the simplest cases, this already hapaeN$L. Including the RGE running of
the hard coefficients, the resummed cross section has tbestnicture

on~C"-0} - [(BaBo[9) @ - Gu-C, (4.1)
J

where the hard evolution factdds; as well as the soft functioBare matrices in color space, which
depend on the kinematics. In practice, this means that iardalperform the resummation one
requires the NLO calculation to provide access to the iddial color-ordered amplitudes. For this
purpose it would be important to establish a common set oferdions for the helicity and color
bases.
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