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Overview

» Powerful methods for calculating helicity amplitudes analytically and
numerically [BlackHat (Zvi Bern's talk), Rocket, MadLoop, . ..]

» We discuss how to seamlessly incorporate helicity amplitudes in SCET:
Helicity operator basis
» lllustrate ease of use with explicit LO and NLO results for:
» pp = W/Z/~v+0,1,2 jets
» pp — H +0,1,2 jets
» pp — 2,3 jets
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Example: pp — W 4+ 2 jets
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» IR divergences cancel, but costly phase-space integration
» General observables
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Example: pp — W 4+ 2 jets

QCD
» Real and virtual corrections
» IR divergences cancel, but costly phase-space integration
» General observables

SCET
» Match QCD onto SCET:
Partons correspond to energetic well-separated jets
» Only (IR finite part of) virtual QCD corrections
» Real radiation described by collinear and degrees of freedom

» Resummation for exclusive jet cross sections
2/24
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Example: gg — H + 0 jets

» Jet veto needed to remove large ¢t background: use beam thrust T,
» Factorization for Tem <€ m g [Stewart, Tackmann, WW (2009)]

do

ﬁ = HQQ(“’) By(pn) ® By(p) ®

|virtual QCD|2 collinear
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Example: gg — H + 0 jets

» Jet veto needed to remove large ¢t background: use beam thrust T,
» Factorization for Tem <€ m g [Stewart, Tackmann, WW (2009)]

do
a7, = HQQ(“’) Bgy(1) ® Bg(p) ®
cm N— N ———
|virtual QCD|2 collinear
» Factorization separates scales

7::m m Cl’Il1]L
14+ In? 22 — 1420, In? —H 1— o In2 Q
2
mpg 12 4]
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Example: gg — H + 0 jets

E Eqn=T7TeV
E mpy=165GeV

o 10 20 30 0 50
Ten' [GeV]

» Jet veto needed to remove large ¢t background: use beam thrust T,
» Factorization for Tem <€ m g [Stewart, Tackmann, WW (2009)]

do .
dTem

Hgg(n) Bg(p) ® Bg(p) ® S99(1)
—_—— —m— —— ——
|virtual QCD|? collinear soft

» Factorization separates scales — resum to NNLL+NNLO (Berger et. al. (2010)]

m 7_(;mm 2 7:*111\
= (1—|—2a3 In? —H) <1—as In2 7H) <1+2(v5 In“ )
7 p? H

Ton

14+ In?
mu
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Example: gg — H + 0 jets

o 10 20 30 0 50
Ten' [GeV]

» Jet veto needed to remove large ¢t background: use beam thrust T,
» Factorization for Tem <€ m g [Stewart, Tackmann, WW (2009)]

do
cm N— N ———
|virtual QCD|? collinear
» Factorization separates scales — resum to NNLL+NNLO (Berger et. al. (2010)]

7::m m Cl’Il1]L
14+ In? = (14+2a, In? —H 1— o In2 Q
2
mpg 12 4]

» Jet veto logarithms and K-factor accidentally cancel
— proper treatment for Higgs+ N jet uncertainties: [Stewart, Tackmann (2011)]
ON =O0O>N+41 — O>N and A% = A22N+1 + AzZN
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Example: gg — H + 0 jets

0 10 20 30 40 50
Tat [GeV]

» Jet veto needed to remove large ¢t background: use beam thrust T,
» Factorization for Tem <€ m g [Stewart, Tackmann, WW (2009)]

do
cm N— N ———
|virtual QCD|2 collinear
» Factorization separates scales — resum to NNLL+NNLO (Berger et. al. (2010)]

7::m m Cl’Il1]L
14+ In? = (14+2a, In? —H 1— o In2 Q
2
mpg 12 4]

» Jet veto logarithms and K-factor accidentally cancel
— proper treatment for Higgs+ N jet uncertainties: [Stewart, Tackmann (2011)]
ON =O0O>N+41 — O>N and A% = A2ZN+1 + AzZN
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Factorization for IV jets

do’N = /dl’adaib/d‘I)N Z tr[ﬂﬁ]‘g%] ®Blia ® Bnb ®HJ’?7‘

K
~—~— color trace PDF®ISR J
parton types ESR

phase space

W)z Jet |
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Factorization for IV jets

don = /dmadmb/dbe > w[HESY]®Be, @ B, @ || 75,
‘ - \n’/ color trace PDFQISR J
parton types FSR

phase space

» Hard function HY, depends on process (k)
but not observable/factorization theorem
» Summed over spins
» Matrix in color space

Wz Jet
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Factorization for IV jets

don = /dwadmb/dbe > w[HESY]®Be, @ B, @ || 75,
‘ - \n’/ color trace PDFQISR J
parton types FSR

phase space

» Hard function HY, depends on process (k)
but not observable/factorization theorem

» Summed over spins
» Matrix in color space

Wz Jet

For IN-Jettiness eventshape:
» Soft function known at NLO [Jouttenus, Stewart, Tackmann, WW (2011)]
» Beam functions B,;, known to NLO [Fleming, Leibovich, Mehen (2006);
Stewart, Tackmann, WW (2010); Berger et. al. (2010)]
» Jet functions J,., even known at NNLO (Becher, Neubert (2006); Becher, Bell (2010)]

— Need to extract the (NLO) hard function = topic of this talk
4/24
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Matching helicity amplitudes

A(1T2t3F4;5,) =
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Matching helicity amplitudes

A(1T2t3F4;5,) =

» Building blocks of SCET operators: quark field x.,, gluon field B |
» Traditional approach to spin:
O1 = Xns %2 Xna BrniL * Bn,1 Hs
O2 = Xns Boi L Xny Ma-Bn,1 Hs
O3 = Xns %172 Bo, L Xna 14~ By, Hs
[Marcantonini, Stewart (2008)]

» Counting operators is difficult
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Matching helicity amplitudes

A(t2t3t475,) =

» Building blocks of SCET operators: quark field x.,, gluon field B |
» Traditional approach to spin:
O1 = Xns %2 Xna BrniL * Bn,1 Hs
O2 = Xns Byl Xna Ma-Bn,1 Hs
O3 = Xns %172 Bo, L Xna 14~ By, Hs
[Marcantonini, Stewart (2008)]
» Counting operators is difficult
> X and B | only support two spins — introduce x,+ and B, +

€.9. O+++— ~ Bn1+Bn2+ )Zn3+Xn4—H5
5/24
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Spinor review

Helicity amplitudes written in spinors

Definition:
> |pE) = ui(p) = vx(p) (for antiparticles chirality and helicity opposite)
> (pq) = (p—la+), [pa] = (p+lg—)
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Helicity amplitudes written in spinors
Definition:
> |pE) = ui(p) = vx(p) (for antiparticles chirality and helicity opposite)
> (pq) = (p—la+), [pa] = (p+lg—)
Some properties:
> [(pa)| = |[pdll = \/12p-a (phase important too)
> (pa)lap] = 2p-q
> (pq) = —(ap),  [pa] = —[ap]
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Spinor review

Helicity amplitudes written in spinors

Definition:
> |pE) = ui(p) = vx(p) (for antiparticles chirality and helicity opposite)
> (pq) = (p—la+), [pa] = (p+lg—)

Some properties:

> {pa)| = |[pall = VI2p-4q| (phase important too)

> (pq)lgp] = 2p-q

> (pg) = —(qp),  [pa]l = —[qp]

> > . [7i](ik) =0 (momentum conservation)

e.g. [13](32) = —[14](42)
> (p+|vula+) (k+|v"[l+) = 2[pk]|(lq) (Fierz)

6/24
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Goal

Helicity operators seamlessly connect helicity amplitudes to SCET
» Matching is independent of IR regulator
» Matching coefficient = IR finite part of virtual hel. amplitudes in dim. reg.
» Matching is process dependent, observable independent

7124



Introduction Helicity Operators Examples Further Discussion
0000000 00000000 00000000 00000

Goal

Helicity operators seamlessly connect helicity amplitudes to SCET
» Matching is independent of IR regulator
» Matching coefficient = IR finite part of virtual hel. amplitudes in dim. reg.
» Matching is process dependent, observable independent

Challenges:
» Organize spin and color
» Discrete symmetries
» Crossing symmetry

» Renormalization:
2 vs. 2 — 2e gluon polarizations

» Intrinsic phases
(for more than four massless particles)

7124
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SCET basics
Modes:
» Collinear: energetic radiation collimated along a direction i,
decompose using n* = (1,#), n* = (1, —1): Jet y/,
nt nt

plL:ﬁ'p?—Fn'p? +PZJ_

~ 1 + A7 4+ .

> not energetic (~ A?%), no preferred direction v,z Jet |
» Jets match onto collinear fields
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SCET basics

Modes:
» Collinear: energetic radiation collimated along a direction i,
decompose using n* = (1,#), n* = (1, —1): Jet
. n* nt
p" =n'P? —{-n-p? +PZJ_

~ 1 + A7 4+ .

> not energetic (~ A?%), no preferred direction v,z Jet
» Jets match onto collinear fields

Gauge-invariant collinear quark and gluon fields:
Xnw = 0(w —-P) W&,
Byl =0(w+a-P)W(SPrL + AL )Wa

» &, and A¥ are collinear quark and gluon field
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SCET basics

Modes:
» Collinear: energetic radiation collimated along a direction i,
decompose using n* = (1,#), n* = (1, —1):
nt nt
p" z’ﬁ'P? —{-n-p? +PZJ_

~ 1 + A7 4+ .

> not energetic (~ A2), no preferred direction
» Jets match onto collinear fields

Gauge-invariant collinear quark and gluon fields:
Xnw = 0(w —n-P) W' &,

By 1. =0(w+n-P) w) (;IP::J_ + AL )W,
—_ —

covariant derivative

> &, and A¥ are collinear quark and gluon field
» Wilson line W,, sums O(1) emissions of i+ A,, gluons

8/24
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SCET basics

Modes:
» Collinear: energetic radiation collimated along a direction i,
decompose using n* = (1,#), n* = (1, —1):

> not energetic (~ A?%), no preferred direction v,z
» Jets match onto collinear fields

Gauge-invariant collinear quark and gluon fields:
Xnyw = 0(w — - P) W;{ En
Bl =0w+nP)W} (%fpﬁJ_ + AL L) Wa

» £, and A are collinear quark and gluon field
» Wilson line W,, sums O(1) emissions of .- A,, gluons

» §(w 4 n-P) measures large momentum component 804
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Helicity fields for gluons

» Polarization vectors for gluon with momentum p

(p+|v"|k+)
6“ kY= —+—— =e*
+(pa ) \/§<kp> ’ 4
satisfy the usual relations:
p-exr=k-eL =0, et -ex = —1, e -ex =0,

9/24
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Helicity fields for gluons

» Polarization vectors for gluon with momentum p

(p+|v*|k+)
V'2(kp)

Ei (p, k) =

satisfy the usual relations:
p-exr=k-eL =0, et -ex = —1, e -ex =0,

|
L)
+ %

k)

» Gluon helicity field
Biy = —exu(ns, i) BRY L,

» Choice k* = n* gives simple Feynman rules:

Outgoing (p°>0) Incoming (p? <0)

p,+,a b b +
m/\/\/\/\/vv\/v®3,-+ =3%3(p,-p) B,-+®\/V\/\/\/V\/\/\/\ =0
-
’\/\/\/\/V\/\/\/\/@B;+ =0 Bﬁ@\,\,\/\,\,\,\/\,\’} =5 5(p, - p)

9/24
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Helicity fields for quarks

1+vs

2 ni,—w; ?

[0 2

Xit =

» Tree-level Feynman rules
Outgoing antiquark (p°>0)

+—>—®XH =0
pL._®xg =5% 3(p, - p) lp+>

Examples
00000000

_ _ 1575
Xiaj: = Xﬁiawi 2

Incoming quark (p° <0)

Further Discussion
00000

XE, ®—<—"”+’“: 3% 5(p, - p) I(-p)+>

XH»@_‘_ =0

10/24
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Helicity fields for quarks

1t _ _ 1375
2 Xgiy—wi ’ X’iaﬂ: = Xﬁiswi 2

[0 2

Xit =

» Tree-level Feynman rules
Outgoing antiquark (p°>0) Incoming quark (p° <0)

QX =0 X (R 2280 3, ) () >

-
p_>_®xf,i =3% &(p, - p) lp+> x,+®—<— =0

» Since chirality is conserved, we define a quark current
< B
Xi VuX;+

Jh —
V2(p;Flpi£)

it = Fet(pirpj)
such that for example

q,+a,

BB, _ B, 5B, -
Jir=8%F15%F8(p,-q,)

q,-a,
10/24
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Helicity operator basis

» Match onto the Lagrangian

eﬁ' - /H dp’L +( )(pla . ,pn) Cil(a_n) (p]_, ce ,pn) ,

a1a2: ;1 QG Ay 1Oy — SBu,l a Ja-i,—lai Ja'n,—lan

0:|::|: (£---£) 1+ P2+ """ Ygi—1,i+ " " Ygn—1,n+

11/24
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Helicity operator basis

» Match onto the Lagrangian

eﬁ' - /H dp’L +( )(pla . ,pn) Cil(a_n) (p]_, ce ,pn) ,

a1a2: ;1 QG Ay 1Oy — SBG'I a Ja-i,—lai Jan—lan

O:l::l: (£---£) 1+ P2+ """ Ygi—1,i+ " " Ygn—1,n+
» Helicity labels are ordered

O+..(.._)=O+...+_..._(+...+_..._)
—— —— —— — —
ng ng

0271 (PP ,)

11/24
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Helicity operator basis
» Match onto the Lagrangian
n
ceﬁ' = /H dpi il(af) (pla L apn) Cil(a_n) (pla L apn) 9
=1
OL Ty T = S BIL B - I T
» Helicity labels are ordered

02:2:(p P ;)

» Symmetry factor S simplifies matching for identical particles, e.g.

<9°(q,)g°1q ,)IL 10> = 7/5:;{;{2?;%%8@ +1/2 %ﬁ@
o

=1/2[C;1q,,q,) + Cl(a .0, )] =C/1q,.q,) .,



Introduction Helicity Operators Examples Further Discussion
00000000 00000e00 00000000 00000

General matching

» Very simple tree-level matching in our basis:
AGESr (12 nd) = (g9 (p1)g2(P2) - -+ 47" 7" (Pn—1)G7" (Pn) |iLesr [0) | tree

. a1a2 "0y 10
=iC

+e(em) n(p17p27--°apn—17pn)

12/24
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General matching

» Very simple tree-level matching in our basis:
AGESr (12 nd) = (g9 (p1)g2(P2) - -+ 47" 7" (Pn—1)G7" (Pn) |iLesr [0) | tree
— iCalagn-an_la

+e(em) "(P1sP2s++ -y Pn—15Pn)
» In SCET only gluons connect different collinear directions, e.g.

$A / @

D, %%
» Loops are thus scaleless and vanish in pure dim. reg: 1/eyy — 1/er = 0
» Renormalization removes 1/eyy, leaves 1/eRr:

Ascpr = /(<O>tree + <0>100P).iC — <0>tree- [1 + 60(6IR)] 1C

12/24
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General matching
» Very simple tree-level matching in our basis:
ASee, (172 nd) = (g1 (P1)g2(p2) -+ ™" (Pr—1)@T" (Pn)|iLer|0)eree
= iC_T_l..a(?.:(;n_lan (p17P27 cevsPn—1,Pn)
» In SCET only gluons connect different collinear directions, e.g.
@g; 2
» Loops are thus scaleless and vanish in pure dim. reg: 1/eyy — 1/er = 0
» Renormalization removes 1/eyy, leaves 1/eRr:

ASCET — /(<O>tree + <O>loop)_ic — <0>tree_ [1 + 50(€IR)] -i1C
The IR divergences cancel in the matching, leaving

AﬁQlEJD(1+2 crNg ) = lcal..(.._)(Pla v yPn)
12/24
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Color structures

» Use a basis of color-singlet structures. E.g. for ggqq

Ttebel — (Ter® TPT* W[TeT®|1) .
ap
» Decompose operators and Wilson coefficients
Ot = Q1o Prai-an , Corran — Ttai-an

.Ql

» The Lagrangian becomes

Log = /H dp; O% . (P1s+++»Pn)Crocomy (P15 -+ -1 Pn) 5
=1

13/24
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Color structures

» Use a basis of color-singlet structures. E.g. for ggqq

Tt P = (T°T" T°T* w[T°T*1)_, -

» Decompose operators and Wilson coefficients

Ot = 0ran Jaian . Cmren — Taian

» The Lagrangian becomes

Legg = dp; o! (D1 ,pn)C_"+..(..,)(p1,
+ (=)
=1

Example: tree-level matching for n gluons
» QCD color decomposition

ATee(1eem) =gl ™2 Y T - T AL [o(1), .

Uesn/zn

Using the color-basis T """ = tr[T%k® ... T%™], w

Further Discussion
00000

.Ql

-"7pn)a

o(n)],

e find

Ck(pl, vy Pn) = g;‘_ZA;O) [ok(1),...,0k(n)]

13/24
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CandP

» C and P for helicity fields

P
PB} (p;) P = B?:F(pi ), CBj. ng C = —BfiTga
PJgi(pzapJ)P:J;;g:(pfapf)a CJ:;Q:CZ _Jﬁ,?:a
q,,+a, q,,+Ha,
g8, C BB,
Ji2t = @'\127
/
qz!-!az qzr';az

14/24
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CandP
» C and P for helicity fields
P
P B (p:) P = BiL(p; ) s CBL To C = —BiLT5,
P I (pisps) P = I35 (0Y,p5) cJic=-Ji%,
q,+a, q,+a,
g, C 8,8,
Ji2t = @ -5
/
qzy'yaz qzr';a 2

» C and P of operators easily determined

> For example for 09" ) = § By, BS, J3f,
» Parity: C () = C__(_) uptoaphase

since Lorentz invariants si; = (p; + p;)* = (p} +p5)?

14/24
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CandP
» C and P for helicity fields
P B! (p;)P = B;gF(pf) , CB} T2, C = —B} Tg,
PJgi(piapj)P:Jf?j:F(pfap?)a CJ3§E0= _in(;:’
q,,+a, q,+a,
g8, C BB,
J 124 —> @ 'le,
/
qzy'yaz qzr';a 2

» C and P of operators easily determined
aba a
> For example for 09" ) = § By, BS, J3f,
» Parity: C () = C__(_) uptoaphase
since Lorentz invariants si; = (p; + p;)* = (p} +p5)?
» Charge conjugation relates C () and Cy 4 (_y:

b b
COY L (P1yp23ps, pa) C = =052 (p1, P23 Pas P3)
14/24
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ggqq: Basis and matching

» Six helicity operators: » Color structures:
1
abafB __ T qra b ap rtaba
O 4 h = 3 B4 Bay Jaay '

= (TeT® T°T* u[T°T"]1)
0er . — By, By Jf o0
+—(+) — P14+ P2— 34+ .
» CandP:only C, () independent

15/24
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ggqq: Basis and matching

» Six helicity operators: » Color structures:
1
abafB __ T qra b ap rtaba
O 4 h = 3 B4 Bay Jaay '

= (TeT® T°T* u[T°T"]1)
0er . — By, By Jf o0
+—(+) — P14+ P2— 34+ .
» CandP:only C, () independent

» QCD color decomposition:

A(123747) =i ) [T*OT*>]  A(c(1),0(2);3),47)
o€Ss
+ 1u[TT%] §oya, B(1,253],47)

15/24
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ggqq: Basis and matching

» Six helicity operators: » Color structures:
1
abaB  _ ~ pa b af rtabaf
O++(+) 2 Bl+ Bz+ J34+ ’ T: (TaTb TbTa tr[TaTb]].)
0P =B B 5P 7
+—(H) T T4 T2— U844

» CandP:only C, () independent
» QCD color decomposition:
A(123747) =i ) [T*OT*>]  A(c(1),0(2);3),47)
o€Ss
+ 1u[TT%] §oya, B(1,253],47)
» Matching coefficients:
Agn (17,27 33,45)
Ci_(+)(P1,P25P3,P4) = | Aan(27, 1+;3j,43)
Ban (11,273 31743)
and similarly for 5++(+)
15/24
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ggqq: Matching results
» Nonvanishing tree-level helicity amplitudes
A© (127588 47)==20" i ad iy

— . —_ 23)(24)3
A(O)(z ’1+’3;r’4§ )__292 (21)<(14>)(43)(32)

Further Discussion

00000
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ggqq: Matching results

» Nonvanishing tree-level helicity amplitudes

o —. —\_ 2 (238)(24)3 _ o2 VIs13 814l _i®
A©@at,2 ’3:1'_’46 )=—2g 12y (24) (a3y(31y —29 s19 et

0) (o9— . —y— 2 (23)(24)3 _o.2 813Vs13 814l _i®y
A®(27,17587,45)=-20" Gy s e =290 g e T

i@, _ (24) [18]14
sij=(pi+p;)*=2pi'p; , et =<[24]) /—[|51]3E51]4|

» Pull out convention-dependent overall phase

16/24
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ggqq: Matching results

» Nonvanishing tree-level helicity amplitudes

o —. —\_ 2 (238)(24)3 _ o2 VIs13 814l _i®
A©@at,2 ’3:1'_’46 )=—2g 12y (24) (a3y(31y —29 s19 et

0) (o9— . —y— 2 (23)(24)3 _o.2 813Vs13 814l _i®y
A®(27,17587,45)=-20" Gy s e =290 g e T

i@, _ (24) [18]14
sij=(pi+p;)*=2pi'p; , et =<[24]) /—[|51]3E51]4|

» Pull out convention-dependent overall phase
» One-loop helicity amplitudes were calculated in [kunszt, Signer, Trocsanyi (1994)]

A (1t,27335,47)=A@ 22 [~ 2 (Ca+Cr)+21 (2CF L12+2Ca L15—8Cr—fo)) ,

— 2 2
AR (* 27538 47)=A® 52 { Ca (~ L3+ L3a 1 414 T8 ) 1O (~LLa 430128477

s14

+(Ca—Cr)322 (L$2/13+7’2)}

Lz‘jzln(—?zj —i0) Lij/ku=Lij—L

16/24
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ggqq: Matching results

» Nonvanishing tree-level helicity amplitudes
_ 3 +VIs13 s i
AO 2753045 )=—2¢" <12)((2234>><<2fs>><31) =2g% VI slfz 14l g1® -

3 .
(23)(24) 2 s13V/1s13 s14l i®y

A 27,1738 ,45)=—20" 5500 avy ey =29 a1z 14
s =(ps 2=2p;-p; , i®y__ (24)  [13][14]
S=(Pitpy) =P, e 34 lois oval
» Pull out convention-dependent overall phase
» One-loop helicity amplitudes were calculated in [kunszt, Signer, Trocsanyi (1994)]

At ,2758],47)=A@ 22 [~ 3 (Ca+Cr)+1 (2CF L12+2Ca L1s—3Cr—f0)] ,

— — 2 2
AR (* 27538 47)=A® 52 { Ca (~ L3+ L3a 1 414 T8 ) 1O (~LLa 430128477

HCA=Cr) 22 (Lhaaatn™) |

L;j=In(— jj,_z‘ —i0) Lijiu=Lij—Li

» Cross check: IR divergences with anomalous dimension in SCET
A (1t,27538,47)

div
% _elz(CA'i‘CF)'i'%(_,@0—3CF+2Aggq(7(/J'2)):|éi_ol(+)= Ag§3(27a1+§3ja4g)

B (1t,27381,45)

A div

Aggqq = anomalous dim. mixing matrix o
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ggqq: Hard function

don = /dxadxb/d@N > u[HESY]®B, ® Be, | [ I,
. o ~—— ;
~—~ color trace
parton types

r999q _ } : ~ ~t
H4 - CA1A2()‘3)C)\1A2(>\3)
A1,A2,A3

v

Calculate: Cy (1) and Cy ()

v

Identical particles: é—+(+)(p17p27p37 P4) = Vé+—(+)(P2aP1aP3»P4)
Charge conj: C_;++(—)(P1aP2aP3,P4) = —V5++(+)(p1,p2,p4,p3)
Parity gives remaining C__ () = Cy () etc.

v

v

V = (interchanging colors)

o= O
oo
= o o
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gggg H : Basis

» Five helicity operators:

Oabcd _ iBa Bb B< Bd H.
o+t T g T+ T2+ 78444005

1
abed a b c d
0 = o BY. B BS Bi H;
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gggg H : Basis

» Five helicity operators: » Six color structures:
1 —.
abed _ a b c d tabed
OYity = 41 BBz B3 By Hs T
1 = (1(tr[abcd] + tr[dcbal), . . .
abed _ a b c d 2
o = 3 BY, B, B;, By Hs

tr[ab] trfed], . . )
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00000000 00000000 00000e00 00000

gggg H : Basis

» Five helicity operators: » Six color structures:
0 | = % By, B, B;, B] Hs Ttaved
Oibfif _ %Bf+Bg+B§+Bng5 = (%(tr[abcd] + tr[dcbal),
trab] trfed], )
» Parity: Gy, ., =C____andC,,,_ = C,___uptoaphase

» Under charge conjugation

abed Sabed _ abed Hdcba
C 0)\1)\2)\3)\4 T C - 0)\1)\2)\3)\4T

trlabed] — tr[debal] is thus not allowed
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gggg H : Basis

A(11t2T31475y) =

» Five helicity operators: » Six color structures:
0 | = % By, B;, BS, B} Hs Ttaved
Of’ﬁif _ %Bf+Bg+B§+ijH5 = (%(tr[abcd] + tr[dcbal), . ..
tr[ab] trfed], )
» Parity: Gy, ., =C____andC,,,_ = C,___uptoaphase

» Under charge conjugation

abed Sabed _ abed Hdcba
C 0)\1)\2)\3)\4 T C - 0)\1)\2)\3)\4T

trlabed] — tr[deba] is thus not allowed
18/24
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ggggH : Intrinsic phases
» QCD partial amplitudes
A(1280)=i Y, e 5, )z, 000 (1) B0 (2) 80 () Go @] A (0(1),0(2),0(3),0(4))
H Y, es,/28 W00 Ao @0 @) 30@] B (o(1),0(2),0(3),0(4))
» Matching coefficients are 2Aa,(17,21,37,47)

é - = °
++——(P1,P2,P3,P4) Ban(1+,25,37,47)
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ggggH : Intrinsic phases
» QCD partial amplitudes
A28 =15 ¢ 5, /2, W00 (1) Go () B0 (3) G0 ()] A (0(1),0(2),0(3),0(4))
H Y, es,/28 W00 Ao @0 @) 30@] B (o(1),0(2),0(3),0(4))
» Matching coefficients are 2Aan(117,21,37,47)
Cii——(p1,P2:P3,Pa)= :

Bﬁn(1+72+737 747)

» Tree-level helicity amplitudes calculated by [Kauffmann, Desai, Risal (1997)]

(1214 34)4 ]
[121(231(641[41] T {12)(23)(34) (41

A1t 21 37 4= i5)=—2 [
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ggggH : Intrinsic phases
» QCD partial amplitudes
A28 =15 ¢ 5, /2, W00 (1) Go () B0 (3) G0 ()] A (0(1),0(2),0(3),0(4))
H Y, es,/28 W00 Ao @0 @) 30@] B (o(1),0(2),0(3),0(4))
» Matching coefficients are 2Aan(117,21,37,47)
Cii——(p1,P2:P3,Pa)= :

Bﬁn(1+72+737 747)

» Tree-level helicity amplitudes calculated by [Kauffmann, Desai, Risal (1997)]

2 X 2 )
Aw)uﬂ32+3*¢r15H)=2[4444£LL444,+e72@2AAAAjQnggi}aé
Vls12s23s34514l V1512523534514

» Two independent intrinsic phases:

i1 _ (13)(24) /|512834| ida _ (14)(23) \/|s12834| .
(12)(34) \/[s13524] (12)(34) \/|s14523]

» Independent of phase conventions
» e'% = 41 for four massless particles
» ¢; can be written in terms of s;; and €. 0P Py PEPT
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IN-Jettiness

aq

2
TN =3 Z min {Qa'pka b *Pksd1*Ply -y QN'pk}

Q%

[Stewart, Tackmann, WW (2010)]
» g; = q?(1,7n;) are massless reference momenta for beams and jets

20/24
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IN-Jettiness

3F T g
£ i geometric 1
2 Jet 1‘ ! measure (E) 5
£ ' ]
B | El
E i E

i ]
0 b | + 7

i ]

[ S
oF
w
IS

bbb,
i gy - |
n

2
Q%

Tn = —= > min {qa Pk " P> 71 *Phs + + - » AN *Ph }

[Stewart, Tackmann, WW (2010)]
» g; = q?(1,7n;) are massless reference momenta for beams and jets
» “min” associates particles with closest jet: q;-pr x (1 — cos 0;x)

» Large contributions to 7 when Ej and all 6; large
— Tn < TM < Q corresponds to exclusive IN-jet measurement
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IN-Jettiness

3F T g
£ i geometric 1
2 Jet 1‘ ! measure (E) 5
£ ' ]
B | El
E i E

i ]

0 b | + 7
i ]

et % -

[} S
oF
w
IS

bbb,
i gy - |
n

Jet 2 2

2
Q%

Tn = —= > min {qa Pk " P> 71 *Phs + + - » AN *Ph }
[Stewart, Tackmann, WW (2010)]

» g; = q?(1,7n;) are massless reference momenta for beams and jets

“min” associates particles with closest jet: g;-pr o< (1 — cos 0;x)

Large contributions to 7 when Ej and all 6;; large
— Tn < TM < Q corresponds to exclusive IN-jet measurement

» ete™ — 2jets: with ¢!', = Q/2 (1, +{) we have 1 — T3/Q = thrust

v

v
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IN-Jettiness

q

3F T 1
F H e 1

E geometric ]
2F Jet 1 ! measure (E) -
E 1 E|
1F 1 |
E ! E|

! 3

0 b L @ 3
i 3

f 3

—3 PR T FRRE FUTEE FTNT FEET A
-5 -4 -3-2-10 1 2 3
n

2
Q%

Tn = —= > min {qa Pk bo* P> 71 *Phs ++ - » AN Pk }

[Stewart, Tackmann, WW (2010)]
» g; = q?(1,7n;) are massless reference momenta for beams and jets
» “min” associates particles with closest jet: q;-pr x (1 — cos 0;x)

» Large contributions to 7 when Ej and all 8, large
— Tn < TM < Q corresponds to exclusive IN-jet measurement

» ete™ — 2jets: with ¢!', = Q/2 (1, +{) we have 1 — T3/Q = thrust
» pp — 0 jets: for qff,b =Q/2(1,£2) we have Tp =beam thrust
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IN-Jettiness

q

3p T
F : e d
£ geometric ]
2F Jet1 ! measure (E) J
E 1 E
1F 1 |
E 1 E|
! 3
0 b L @ 3
; 3

w/z,/’/

2 n

2 .
—_- Z min {qa'pk’a db*Pksd1°Pky =« qN'pk}

T =
NQk

[Stewart, Tackmann, WW (2010)]
» g; = q?(1,7n;) are massless reference momenta for beams and jets
» “min” associates particles with closest jet: q;-pr x (1 — cos 0;x)

» Large contributions to 7 when Ej and all 8, large
— Tn < TM < Q corresponds to exclusive IN-jet measurement

» ete™ — 2jets: with ¢/, = Q/2(1,+i) we have 1 — 73/Q = thrust
» pp — 0 jets: for q[‘:’b =Q/2(1,£2) we have Tp =beam thrust

» Can use jet algorithm to get jet directions: T2%" = 7292 + O(T2/Q)

» N-jettiness adapted to study substructure [kim (2010), Thaler, Van Tilburg (2010)b( / 24
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Crossing symmetry

Crossing symmetry requires proper branch cuts
» For logarithms:

ln(—ﬁ—iO)— ln‘:’fg—iw 845 >0
I In(—33)  si; <0
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Crossing symmetry

Crossing symmetry requires proper branch cuts
» For logarithms:

Sij

Sii In —imr s;; >0
In (= =% —j0) =< " 7
©? In(— “g) 5 <0

» For spinors:
» We define conjugate spinors as

(p£| = sgn(p°) [px)
» Forp® <0
lpE) = il(—iﬂ

(pt| = —lpx) = = (=) {(=p)£| = {(—p) £
s0 spinors and conjugate spinors have same branch cut
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Crossing symmetry

Crossing symmetry requires proper branch cuts
» For logarithms:

Sij

Sii In —imr s;; >0
In (= =% —j0) =< " 7
©? In(— “g) 5 <0

» For spinors:
» We define conjugate spinors as

(p£| = sgn(p°) |px)
» Forp® <0

lp) = i[(-p)+)

(p£| = —lp£) = —(=){(=p)£| = {(-p)%|

s0 spinors and conjugate spinors have same branch cut
» Spinor identities valid for p® > 0 and p°® < 0
» Additional signs only appear in relations with explicit complex conj.

(p—|g+)* = sgn(p°q®) (g+|p—)
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Renormalization Schemes

Gluon polarizations treated differently:

\ CDR HV FDH
observed d 4 4
unobserved d d 4

unobserved = virtual emissions or real emissions in the collinear/soft limit

» Conversion between schemes well-known at one-100p [kunszt, Signer, Trocsanyi
(1993), Bern, Dixon, Dunbar, Kosower (1994), Catani, Seymour, Trocsanyi (1997)]
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Gluon polarizations treated differently:

\ CDR HV FDH
observed d 4 4
unobserved d d 4

unobserved = virtual emissions or real emissions in the collinear/soft limit

» Conversion between schemes well-known at one-100p [kunszt, Signer, Trocsanyi
(1993), Bern, Dixon, Dunbar, Kosower (1994), Catani, Seymour, Trocsanyi (1997)]

» Helicity operators require observed pol. in 4 dim. — use HV
» Partons are energetic and well-separated in matching, so HV = CDR:

22/24



Introduction Helicity Operators Examples
00000000 00000000

Renormalization Schemes
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00000000 00@00

Gluon polarizations treated differently:

\ CDR HV FDH
observed d 4 4
unobserved d d 4

unobserved = virtual emissions or real emissions in the collinear/soft limit

» Conversion between schemes well-known at one-100p [kunszt, Signer, Trocsanyi
(1993), Bern, Dixon, Dunbar, Kosower (1994), Catani, Seymour, Trocsanyi (1997)]

» Helicity operators require observed pol. in 4 dim. — use HV
» Partons are energetic and well-separated in matching, so HV = CDR:

» Evanescent operators do not mix under renormalization
» Jet function JHY = JPR/(1 — €) — essentially unchanged
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Soft Function

don = / dz.dzs / ddn Z t[HY 55 ] ®B,., ® B, ® H Jr;
. o P

~— color trace J
parton types
» Soft function is matrix in color space
» At tree-level, soft function has no emissions,
by---BNai-an o1 = 6b1a1 . 6BNQN — Z fl_w’al...aNfTal...aN

A1y sy XN
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Soft Function

Examples
00000000

Further Discussion
00000

don = /d:cad:cb/dCPN > u[HK S ®Be, ® B, @ || .,
. ~— P

K

~—~ color trace

parton types

» Soft function is matrix in color space
» At tree-level, soft function has no emissions,

bi--Bnai-an x 1= 5b1a1

s gPNeN —

A1y sy XN

J

Z lai--an itaran

» We work out the tree-level soft functions up to 5 partons. E.g. for ggqq

lggqq =

CaCF

2CF
2Cr — Cg4
1

2Cr — Cg4g
2CFr
1

1
1
Ca
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Soft Function

don = /d:cad:cb/dCPN > u[HK S ®Be, ® B, @ || .,
. o —— P
~—~ color trace
parton types

» Soft function is matrix in color space
» At tree-level, soft function has no emissions,
biBNaian o 1 — ghiar,,, sBNaN Z T’al...aNT’Tal...aN
A1y sy XN

v

We work out the tree-level soft functions up to 5 partons. E.g. for ggqq

2C 2Cr — C 1

CaiC F F A
AZE [ 9Ce — Ca 2CF 1
1 1 Ca

lggqq =

v

The N-jet soft function at NLO:
» Jet angularities of cone-jets [Eliis, Hornig, Lee, Vermilion, Walsh (2010)]
» IN-Jettiness [Jouttenus, Stewart, Tackmann, WW (2011)]
» Subtraction method for IN-jet soft functions [Bauer, Dunn, Hornig (2011)]
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Conclusions

We introduce a helicity operator basis such that

AZep(112- - nf) = iCE ) (p1, .

'apn)

v

C and P are easy

Helicity operators require HV
but HV and CDR essentially the same here

Proper branch cuts ensure crossing symmetry

v

v

v

Virtual helicity amplitudes can directly be used
for resummation of IN-jet cross sections in SCET

Further Discussion
0000e

Easy to use: we give explicit matching for V +jets, H+jets, pp — 2, 3 jets
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Conclusions

We introduce a helicity operator basis such that

AZep(112- - nf) = iCE ) (p1, .

Further Discussion
0000e

'apn)

v

C and P are easy

Helicity operators require HV
but HV and CDR essentially the same here

Proper branch cuts ensure crossing symmetry

v

v

v

Easy to use: we give explicit matching for V +jets, H+jets, pp — 2, 3 jets

Virtual helicity amplitudes can directly be used
for resummation of IN-jet cross sections in SCET

...it would be great if BlackHat, Rocket etc. would make this publicly available!

Thank you
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