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Qutline

® Soft Collinear Effective Theory (SCET)
® N=4 Supersymmetric Yang Mills theory (N=4 SYM)

® SCET for N=4 SYM

® Collinear Wilson line and usoft Wilson line

® Qutlook
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Soft Collinear Effective Theory
for “QCD”

B Physics

Collider Phenomenology
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IR singularities !

On-shell amplitudes in theories with massless particles (such as gauge theo-
ries) have infrared (IR) divergences. They arise from configurations of soft and
collinear loop momenta.

In physical observables, they cancel against real radiation contributions involv-
ing soft or collinear emissions.

To understand the structure of these singularities, we thus need to understand
the theory in the soft or collinear limit.
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Basic idea of SCET

nH

np ~ 0(Q) +0(Qn) + O(Qr)

n* = (1,0,0,—1)

nt nQ:ﬁQ—O,
n-n =2,
Pl
= —_—":.
n-p
> 2
nt* =(1,0,0,1)

Usoft momentum

pﬁs — (ﬁ 'pUS7pﬁSJ_7n 'pus) ~ Q(U27U2>772)-
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N=4 SYM Lagrangian

1 B 1 y
L =Tr(=3GuwG" + X"iDy\; + 5D,y D"

1

—ighilh, 6] — igX IV, 6] + [0, orillo, 6

DA = O\ —ig[A*,N], A= A%, ¢ = ¢p“*, A* = AFHLE

1, 9, k,l=1,2,3,4

4 N 4 h
Fermion Boson
AH
_ (A1, A2, As, Aaj ) {d12, D13, P14, P23, P24, P34}
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Features of N=4 SYM

® All fields are massless.
® (Quantum) superconformal symmetry
® A single parameter g

® |ts [ function vanishes up to three loops by

direct calculations.
dg
= = — ()
udﬂ B(g)

® There exist several arguments for the
vanishing of the f function to all loops.

® AdS/CFT correspondence  '97 Maldacena
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Symmetry of N=4 SYM

® Supersymmetry
® SU(N) gauge symmetry

® S5U(4) global symmetry

field content
{)\17 )\27 >\37 >\4}
AH

{¢127 ¢137 ¢147 ¢237 ¢247 ¢34}
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fundamental rep. <|adjoint rep.

A NxN matrix A (N? -1) column

A*  NxN matrix A (N? -1)x(N? -1) matrix
Ly =Tr(Ae"iD,\) = %XE“’Z’DM)\

DA =0, —iglAu, A, Dy =\ —igA,\

Liw = Tr (gXE“[AM,A]) = ghaT" A AT (t“[tb,tc])
— g TN T - A\, = gXE-AA,

where Tr = 1/2 for SU(N), and A* = AH*T® with the adjoint representation
(Tb)ac — _ifbac.
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Collinear fermion

The termion A in the full theory can be written as

A=Y@, ANV

~

p

where the label momentum pt =7 - pn# /2 + p'| is extracted. The field A\, can
be decomposed into A, = A,, + An, where A,, and Aj are given by

1 1
Ap = =N - 0N - TAg, Aﬁzzﬁ-an-ﬁ)\q.

4
These fields satisty the relation n-coA,, =0, n-o\; = 0.

A= Ag — Ay + An
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Collinear fermion Lagrangian

Ly = T1Ir (XnnTO-n 1 DA, —I—_n5° (pJ_ + iDJ_))\—

fundamental _ N7
+ A7 (pL +iD A, + )\ﬁnTO(ﬁ p+7-iD)As
rep.
_ . m 1 —
A QGﬁp—l—ﬁ 50 - (pL+iDi)A,
1l 7.5 _
Ly = — )\nn “in DX, + X7 - (p1L +iD1)As
adjoint -
rep. + X0 - (pL + D1, +Xﬁ—n20(ﬁ p+7-iD)Ay
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Collinear fermion Lagrangian

Al = A4 AL,

)
S®
|

(7 - AnaAZ,J_an - A) ~ Q(17777772)7
Aﬁs — (ﬁ'AuSaAﬁs,Lvn‘AuS)NQ(U277727772)°

L =

_°DC ))\na
n-P+gn- A, et

where n-D =n-0—1ig(n- A, +n-Ay) includes the usoft gauge field because
n - Ays has the same power counting @Qn? as n - A, and DY, = P/ + gA" | is
the collinear covariant derivative. The operators @ - P and P’ extract the label
momenta 7 - p and p/| respectively.
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Feynman rules

( a b _ s n-o TT-p _ s n-o T-p
a) .5 Ty o k+pr +i0 2 mopn-k+p: +i0
mw-7T
(b) - g - = ign.uT“T
p 4 T ol o-p,\ Tk P\ T - .
(¢) . " =igT"T(n“+ p” DL A e A1 piﬁu)
% 2 T-p m-p T-pT-p

FIG. 1. Feynman rules for EE\O) to order g in SCET. (a) collinear fermion propagator with label
momentum p and residual momentum £k, (b) collinear fermion interaction with a usoft gauge field,
and (c) collinear fermion interaction with a collinear gauge field. Here (T%);,. = —if®€ is the
adjoint SU(N) generators.
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Collinear Wilson Line

The Lagrangian can be expressed in a form showing manifest collinear gauge
invariance by introducing the collinear Wilson line

W, = Z exp [—g#ﬁ-%\n},

perm.

where the bracket implies that the operator m - P is applied only inside the
bracket.

+perms

+perms ) R

a1 a2 dm

FIG. 2. Feynman diagram in which A\; emits collinear gluons in the n direction. The intermediate
states are off shell to be integrated out, and the result produces the collinear Wilson line W,,.
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Collinear Wilson Line

W B S‘ S‘ (_g)m n - A%}Ch s A,,C,thr&m
n W, W, | . _ —
m=0 perm enegn- (1 +q2)--7- (221 Qi)

Tem ..

W, (x) = Pexp (zg/ dsm - AZ(ns)T“).

— OO

T,
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Collinear gauge transformation

A collinear gauge transformation U.(x) = explta®(x)T?| is defined as the subset
of gauge transformations where 0*U, ~ Q(1,n,n?). For a collinear gauge trans-
formation U.(x), we extract the large label momentum as was done for collinear

fields,
Z/[(ZIJ) — Z e_iP.xUPc(x)a

P
where OHUp. ~ Qn?.
(0) 11— n-o , 1 ..
£ = X~ (n-iD+0- Dol Wz Wiz Dei ).

The Lagrangian is manifestly invariant under the collinear gauge transformation

A= UM\ W, — UV,

fundamental rep.

1
Usin a7t — ba 4b Wn _ {_ T = Aata}
g WLt"W) = W't we get Z exp gﬁ.Pn o

perm. -

_ o 1
and ﬁg\o):Tr W,,,TL()\nnTU(n-iD+a-DCLWnﬁw,,IE-DCL))\n)Wn :
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Usoft Factorization

Collinear particles are decoupled form usoft interactions. This can be achieved
by redefining the collinear fields in terms of the usoft Wilson line,

X = A

yab _ 5ab_|_> ‘ >‘ (Zg)m n- Agé e Aﬁ;” famaai‘m—l . fa2=’132$1 falfﬁlb.
m:l per?n m! n - kln ) (kl + k2) R (2 (Z:r;1 kz)

1, at M2, as fn, Qp

P —, . —®

(a)

FIG. 3. Feynman diagrams in which usoft gauge particles are attached to (a) a collinear fermion
and (b) a collinear gauge particle. The color factors both for the fermions, the scalars and the
gauge particles are the same. The diagram with a collinear scalar particle is omitted.
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Usoft Wilson Line

ba b
YtV = ybatb,

1_ |
W, = Z exp [—gﬁn : An} — Z exp [—g:Yn : AgO)YT] = YW,,(LO)YT.

D

perm

Usoft gauge transformations U,s(x) = exp[tBe(z)T?] are the subset where

8“Uus(m) ~ Q(U2> 7727 772)
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Decoupling of usoft interaction

n

O Ty <>\(O)n J[n iD© 4 5. DOWO Ly 0iz D“))}A(O))
A 2 P o

where we use the facts that Pﬁ commutes with Y and Y'n - DY = n -0
since n - D,sY = 0. This is the final collinear Lagrangian in which the collinear
fermion is decoupled from the usoft interaction.
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TABLE 1. Gauge transformations for the collinear, usoft fields and the Wilson lines. The label
momenta are suppressed, which can be inserted with the label momentum conservation. For each
field, the first (second) row corresponds to the fundamental (adjoint) representation.

Fields Collinear transformation Usoft transformation
A UAUL Uns AUl
U A Uns Ar.
A® U AU + lUc[z'[)“Ug] U ALUL,
Al U AU, + —U[iD*U U, AU
g
Aus Aus UsAusUls
Aus Us A s
AL A Us (Al + la“) Ul
g
AL Al Uy (Ass + 0 UL
g
Wilson lines
W U.W U WU
W UW U WU
Y Y UwY
y Yy UpsY
Tuesday, May 10, 2011

21



Outlook

QCD

B physics
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Outlook!?

Understand the behavior and the divergence

structure of high-energy scattering amplitudes

Duality between Wilson loops and gluon
amplitudes

Extension of the symmetry of the full theory
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An application

A back-to-back fermion vector current operator

JH =X = JF=C(Q, W) AaWaEHWIT A,

/’ \\
/7 N\

p P

(a) (b)

FIG. 4. Feynman diagrams for the vertex corrections at one loop in the full theory with the
exchange of (a) a gauge particle, and (b) a scalar particle.

2 2 /12 2 /12 2 2
g°Ca_ —p° . —p —P —P 2m @
167_‘_20"u QIH?IH QQ —I—an@—l—zln QQ —3—|—?—|—1HF,

— /

where ¢° = (p—p)* = =2p-p' = -1 -pn-p' = Q.

Mg = —
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An application

L/

. Vf‘_i_ § . % pl,ﬁ é . \J§+ ,\ N N é L\ g_

p.n
(a) (b) (c)

FIG. 5. Feynman diagrams for the vertex corrections at one loop in SCET with the exchange of
(a) a m-collinear gauge particle, (b) a n-collinear gauge particle and (c) an usoft gauge particle.
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