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MOTIVATION

To factorize a process in SCET:

e Construct a complete basis of operators that contribute, including all Lorentz and
color structures

Can also look at factorization beyond leading power in A

* Power suppressed operators and Lagrangians have been used in B-physics

Bauer, Becher, Benzke, Bosch, Hill, Lee, Mantry, Neubert, Paz, Pirjol, Stewart...

T e~ event shapes recently introduced

Freedman, Goerke (1303.1558, 1408.6240)
For high multiplicity processes, constructing complete basis of operators is extremely
laborious

e Subleading factorization for e

Similar issues even for low multiplicity when working beyond leading power in A
(e.g. more fields per sector)

Can helicity formalism help!? :
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HEEICTY FORP A S

Immense progress in calculation of FO perturbative QCD amplitudes

with spinor helicity formalism $ 4%
> >

Bern, Dixon, Dunbar, Kosower, Parke, Taylor, ...

Calculate on shell amplitudes for fixed g
external helicities

Strip color structure from amplitude 0 i o =

Give compact expressions that can be squared and summed at the end

NLO predictions available for high multiplicity final states
(e.g. pp — W + 5jets - BLACKHAT 1304.1253)



HEEICTY FORP A S

Simplified notation for helicity spinors

pE) = 1 2%16(2?) e g R g R D )
e — [p‘/yu |k> 5“ — <p‘/y’u‘k] is a reference vector
€_|_(p7 k) o \/§</€p> ) —(p7 k) \/i[kp] ) k f

Convenient to capture singularity structure
<pQ> o= Spqengpq ; [p ] % Spqe_qupq y Spg = (p T Q)

Nice symmetry properties

2

e Crossing symmetry

s iie aal



HERICHTY ORI ISR

Look at gg — gg at tree level

s e e N OO e OB (e (G
oc€SH /L T

Color structure Color stripped
amplitude

A= 2 SR =
Many relations between amplitudes
eg. A(17,27,37,47) = A(17,27,3%,47) from cyclic
properties of the trace

(12)*

(12)(23)(34)(41)



COMBINING WITH SCET

In SCET, collinear sectors give us natural directions to define
helicities (n2;)

Collinear gauge invariant fields behave like onshell fields

o Bf,fi | corresponds to two physical degrees of freedom

Construct a SCET basis out of fixed helicity operators

* Simplifies basis structure, scalar objects
eliminate tedious tracking of Lorentz indices

Matching facilitated by using known QCD helicity amplitudes



CONSTRUCTING HELICITY BASIS

Standard collinear SCET building blocks @O
O(N\?)
p z
B, Gt @
: @)
* Already collinear gauge invariant
Trivial to project to helicity states 2%
e T V5
Bf(il—: Y —8::,“(71@', nZ)anL,wZJ_i ? XZ“ = ) 707;', Wy
7)-: — _5—:M(ni,n@) PM
e Forn; =(1,0,0,1), 7y = (1,0,0,—1) we simply have
1 a a 1 @ - 10Q,
B?—F:E(Bnle_ T Bn wJ_) Bi—:E(Bniwﬂ_i_zgnfwu_i)

Can simply insert B;+, I°;| into operators 5




COLLINEAR BILINEARS

Combine quarks into bilinears 882
e Always come in quark-antiquark pairs @A)
Two quarks in different sectors O(A7)
Fs il g et i e
— m: e e
Two quarks in same sector
o = X MiXir » Jise = Fel(na, ) X vulbaxin

Have simple Feynman rules 9



CIPERAE U E A

High multiplicity process pp — 3 jets

* For gg9qq channel, traditional operator is St e

Oabcﬁﬁ i B Bbe_Bngj_Xn4F,LLVUXB

ns5

* Writing minimal complete basis for 1}, is difficult

Can immediately write down all operators in helicity basis

? 1 i 1
abcap a5 abcaf =t
O iy = g $BS B ik O L) = 5B B8 B JigL

abcx a a abcox a a a o
O__f(i) — 61_82_83+J s O———ii) = !31—52—83—*]45@



EE AR RLIC FCIRE

Want to use color techniques from the study of amplitudes

* Need to separate color structure from operator

Contract collinear operator with vector of color structures

Loy o o1 Qnp _’Ta e Qi
O_|_..(.._) e O_|_1(_) T : q,no q,ns

« T spans color conserving subspace

* For example, four well separated quarks
4,11 q,74

a B~ Qo a%0) ~ Oc_ 5
O( 5;/7 = J]_ZB:: nglﬂt ] T-‘- B’Y e (6045 5"}/37 50{5 575)




SCEES

Traditional building blocks not soft gauge invariant

e egorD =0 i tigA

e Stops us from treating the color in same fashion as collinear case
Motivates moving to post BPS redefined fields

o THa1Cn _ TT A (YlT 2 .YiT)T’T o ST B S U S e
* Now includes soft Wilson lines

Trade manifest locality for gauge invariance



SOFI GLUON FIELD

(A)
Decompose soft covariant derivative, choosing arbitrary 1; O(\%)
(A%)
(A7

s BRI P B R R AT <

us (1)

Define gauge invariant soft gluon helicity field

38<i):_ — —E':::'u(ni7 ﬁ“&) BZ?(’L) ) ZS(i)O o5 ﬁzMB’?Lg(Z)

* No preferred direction, so we include three projections of two
degrees of freedom

HO S Ot TG ) (EOM remove inwaﬁs(i) )

us

Can now take advantage of color organization techniques!



FOIRPHNC - FIELIC Y OFERA TEIRS

o)
Now have a complete set of building blocks for operators O(\?)
O3)
Q=

ofe :|:
o Quark bilinears, B2 = Pr i BE ol 600 0hs e o

Soft Wilson line structure is determined by BPS

* Example, four separated quarks
apas ap 146 7
O(f)l) ——— J12B:|: J;;l:': q,mn1 q,74
=
TP = (605048 0ap0y5)

%BPS T’;%@fﬁ = ([Yglym}ag [Y?’:rgy’fm]»yg ) [Y?;L1Y”2]a5_ [YJ?’YTL‘J _)



DIJETS —
—— 7 \/ RN ATy

Event shapes in e"e~ — dijets are a good starting point for

using these techniques

C-parameter
Cdo
O-dc' L L L e
WVell studied in the literature “%m N it
035F  Q=m, % ]
A 0.30;_ @ peLpHn 1%: _
Theoretically clean @ %ﬁﬁﬁ\m
02sf & ! o
0-205‘..| S]:D. A B B SR ‘:

Minimum number of collinear sectors Hoang, Kolodrubetz, Mateu, Stewart 1501.041 | |



RS NI R AT

_I_

Analyze e" e — dijets with helicity

 Work in center of mass frame

Leading power operator:

064

= i o
8 N e

Color basis:



SUBLEADING DIJETS

Physical helicity and color final states map one-to-one to operators
* No Lorentz structure complication

Types of operators suppressed by O(\')

* Three gluons




SUBLEADING DIJETS

Types of operators suppressed by O(\?)

* Two quarks, two gluons




SUBLEADING DIJETS

Easily construct operators from these diagrams
Three gluon example

s b+ | it SR P 5 b+ 1
..v-'=';';'='°'°" 225 s .,.'.-.v;';'%':';';'; Hoo a b (&
0000000 ',.':':'. S S 2 J e+ B e B n—+ B n—+ L0000 -;;;;:.: T, T St 5 J e+ B B n+ B n-+

W, o Pa aray,
O .';'Av,' oG R
%o o Vay, UG-
YOR C VUG C

S B0 b _+_

G T ek el A LIk

C ".
VDG
L, el )
G20
U4 C —

1 s ‘:;v;v ;v ;' ;‘ b T 1
b alalalalalalalalatalalala '.‘.'.;.\;'.‘ _____ a/ b C
s T e i e U et S TS

wigPay,
OE2D
>
VOR C

Tv”r abc _ (ifabc 7 dabc)

Complements work of Freedman and Goerke with the
construction of a guaranteed complete basis



SUBLEADING DIJETS

Extend to subleading power
Ogcp = Ol gl SR gt e e b= e e e e s
M= MO L A 4 A2 ...
Cross section will include different types of subleading terms
o ~ (Ogcp M Ogep)
(00 M) 0(0)) < O\)

OA ) —s + (0 A1 0D 1 (OO KO £MOOY 4 (OO (1) OO)
S (s e e 1 O e S YR e IO O L

o )\2)4 1 (0 KO £y 4 (00 A1 OMY 4 (0O FD £y
(00 412 00 1 (0O £1O £0 0O g



REDUCING THE BASIS

Can easily see vanishing of Jet and Soft function at O(\')

Look at insertion of (9()\1) operators against leading operator
<O(O)M(O) O(l)>
Use conservation of fermion number and rotational invariance

e.g. (0|(J°2, (2))t M@

NNA9

because A\ + Xy + A3 #0

(0B, 92, (0)[0) = 0

Subleading Lagrangian insertions at C’)()\l) also disappear for

similar reasons (O(O) O £(1)0(0)>

21



SUBLEADING DIJETS

Similar arguments reduce operators at O(\?) el ey

* Two quarks, two gluons




SUBLEADING FACTORIZATION

Algebraic manipulations for factorization are simpler in this
framework

aaf
= €. g On(:l: )\1))\2 g J 7%)\2

<0n<i;/\1>/\2/\4(0)03f‘f S
Bt I A SIS N TRA D) g

Color structure and soft functions already separated and
organized post-BPS

TS o a0 5)

ﬁ fg%@fyg = ([Y?L Y"’M] [YT YRQ]’YB [Y";rl Yn2] afB [YT?’ Yn4}75_)



CONCLUSION

Spinor helicity formalism pairs naturally with collinear sector labels
of SCET

Helicity fields in SCET provide a powerful tool for treating high
multiplicity and subleading processes

Methods work for any SCET process
Complete subleading operator bases are now painless to write down

Simpler treatment of subleading factorization!

24
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TABEE COPJHE] CIPERAACIRS

Category Operators
Leading Power : O()\?) eeqq O?f;/\) = eijgg/\
Subleading Power : O(\?) e€gqgg O?ic)/\lAz/\?) O SR A
SR O?f;gl)xg = Jex I, Bix,
Og(aﬁAl),\g A= Jgfl [SE2E
Subsubleading Power : O(\*) | eeqqQQ O?S?(&i;kl;h) = Jff/\l J;‘;AQ
Ogoaienn) = Jet Tgbu Jaana
O?S;Y((Si;k;*k) = Jex chgns,\ Jc;gﬁs LEq)
O?S???i;/\u%-) s anﬂﬁh Jgimz
OSSZ(Z;,\UM) 5 Vet J(?nﬁﬁ A1 Jg%,\Q
Ogoaenina) = Jet Tomnn, Tmn,

s, abaf ) ap a b
€eqqg9g 031(52)(i;,\1),\2>\3 = 5Jex J 5, )\1Bn(ﬁ)>\2 Bn(ﬁ)Ag
BL

Oa,b apB Je:l: Jsﬁ B

B3(£:A1)A2xs A A1z Prdg
O%i?£5)(i;xl)xgxg A= JS?MBZ(&)M B’?L)\g
P O%bg)\l(:l:)kgx\gx\z; =S5 Jex+ ng\z B%A3 [Pf B%M]
O%ffl(i;,\g),\g = Jex JSSAQ [PilBZ,\g]
O;I?(Qj)[\jl(j:;Ag)Ag = Jex J,:f?(fpil) o
Ultrasoft O?u&s?(:lz;)\l)k2 ¥ Jgg/\l T

aaf " 3 ap a
O(us)(:l:;A)O SaE=s Jnﬁ A Bus(n)O
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RATORS

Category Operators
Leading Power : O()\?) eeqq O?f;A) —
Subleading Power : O()\°) eeqqgq O?i§A1A2A3 SIS S0 s
eeqqyg CREGE N R
O?L((jf;xl)/\g = Jet Jgfl o
Subsubleading Power : (9()\4) eeqqgqg O‘CBLbl((ng)(:t;)\l))\Q)\:g = SJe+ ‘]S?_f)\llgg(ﬁ))\g Bz(ﬁ)Ag
O%%?f;xl)/\gxg = Jet Jggxl o B%Ag,
Pl O%?fl(i;,\g& = Jext Jgg/\Q [Pil BZAJ
Ultrasoft O?uo_;)ﬁ(i;A)O gl Bsn)o
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COLLINEAR BILINEARS

o o)
P insertions examples O(\
* Insertion into same sector quark bilinears 28

a S s S B o e Y 4+ 3
Ji(pj'_:): 5 [PJ_ Xi::} %iXi__ ) J:(pi:) =5 Xi::%i |:7DJ_ X’L’__j|

* Simply act on gluon within an operator

’\/
) ‘
4’
4’e
a’'e
4’e
4’e
I )
—— B alalalalalalalalalalalalala
o o n WVAVAVAVAVAVAVAVAVAVAVAVAVAVE A
? = k J R
O]
o

nk 29



PO S iSTE Ol el 1O BUIELIING
BLOCKS

Building Blocks S
o\
O\

BY , Pi, Jix, Jos S Tig

Pals Vs

a a ap ap
wsie)==e) us(2)0 8“‘9@): . aus(i)() : Ji(us)ﬂ: ’ Ji(uS)S::

30



MATCHING

Match QCD onto an effective hard SCET Lagrangian

O Expand ig]_l_POWGrS Of )\ : £ha1‘d o ngx)rd 31E £§11a>rd
J

££Ja,)rd: Y Y/HdWZOS‘:.).T(.. n1,n2;w17---7wl)é§j.).(.._)(n1,n2;w1,...,wl)

{ni,no} =2

Wilson Coefficient is a
vector in color space

Match to tree level amplitude to extract Wilson coefficients

* Need to consider subleading Lagrangian insertions
Z-(Atree)()\P) 2 <CB’ O(p)J[‘O tree g Z CC‘ *CSC’ET hard|0>tree

0
SCET ‘C’SC’ET

Color stripped helicity

Easily evaluated using rules : :
amplitude expanded to O(\?) 4 2 Insertions disappear

for helicity operators at leading power 3]




SOFT QUARKS

@O
Ultrasoft gauge invariant ultrasoft quarks O()\?)
Qpus(l)—— R Ynz Qus C’?g)\>?3)

Form mixed collinear-us bilinears

Jio(éﬁs)i = Feb (ng, s X 7u¢5s(i)i ) Jff%)i = Feb (M, 1)Uy (i)« TuXie

af _ =a B
Ji(us)Sj: s Xiilbus(i);

* Appear at leading power for single collinear sector factorization

Can also write down extremely suppressed bilinears with two

ultrasoft quarks
32



TR EVI - PETINMAIN RS

Collinear gluon
(9% (p)|Bi2[0) = 6°6(p; — p)
(01B3x|g%(=p)) = 0*0(p; — p)

Collinear quark bilinears

> (P11 £ |p1F) (N2 F |p2t) saBr 58202 5 <

%1 ~02 B1B2 2 — = ~ o
(g (p1)3F (P2)|)122710) = (1 F [P =) (2 £ |72 TF W p1 — p1)0(p2 — p2)

. 3 ni|[n G e S
(a2 (p1)a (p2)| /1557 [0) = (Rama)(mama) 2 32 ﬂ;;j;%]m 671872525 (p1. — p1)8(P2 — p2)

o —?2 JT B1 B2 e <p1ﬁ1><ﬁ2p2> 5(116_1552@25
(g2 (p1)322 (p2)[(J1)155°(0) = [R1na][n2 2]8\/ﬁ1-p1ﬁ2-p2 (
== |7?z:|:><7__7fz T |p2E) 5a151552@25<
VT - P11 - D2
e B 0 s ke
p1 £ [MF) i £ 1P2F) 50,51 58 26(p1 — p1)0(P2 — p2)
VT - P17 - P2 33

p1 — p1)0(P2 — p2)

S

(a5 (p1)a@32 (p2)]J1217210) = p1 — p1)0(p2 — p2)

BT R NS

(0 (p1)332 (p2)| J222210) =




SUBLEADING LAGRANGIAN

(0) A4(0) (1) ~(0)
Subleading SCET Lagrangian at O(\') O M 05

1
o

’Lw;l) %X,,);j + h.c.

,C(l) =t —A(- +
Xn>\ X’n, ZlDuSJ_Z'r_Z 2

(1) _=A 1 S
LXnQUS)\ e Xn Zﬁ . an anJ_qus _I_ h.C.
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