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SCET, an effective theory of QCD

» SCET (soft collinear effective theory) is an
effective theory of QCD

» SCET describes interactions between low
energy , soft” partonic fields and collinear
fields (very energetic in one light-cone
direction)

» SCET and QCD have the same infrared
structure: matching is possible

» SCET helps in the proof of factorization
theorems and identification of relevant scales




SC ET: Ki n e m at i C S Bauer, Fleming, Pirjol, Stewart, ‘00

SCET [A ~m/Q < 1]
n-collinear (£,, AR) ph~Q(N%, 1, )
n-collinear (&7, AL)  ph~Q(1,)2,))

Crosstalk: soft (gs, A5) ph ~Q(A2, A2, 0%) | mp U-soft

Light-cone coordinates

_ pt=(+—,1)
p()=Y ey, (xy  MP~Q
no»pP pl~/1Q
AR An np~4°Q Soft modes (4,4,4)
:(T+Zj"”:§+¢ do not interact with
\ (anti) collinear or u-soft

Integrated out with EOM In covariant gauge



SC ET Bauer, Fleming, Pirjol, Stewart, ‘00
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SCET [A ~ m/Q < 1] A
n-collinear (‘fﬂa Aﬁ) ﬂ;NQ(}‘Eﬂ 1,A) (00009000, 2
n-collinear (‘E'ﬁﬁ Ag) p’;LNQ(]-a /\25 )‘) 00000000, q
Crosstalk: soft (gs, AS) Dk ~Q(MN2,A2,\?)
Light-cone coordinates
nt = (1,7), At = (1, —7) pt=(+,—,1)
(@ =1,n2=0, 7 =0) Leading order Lagrangian (n-collinear)

ﬁc,n — g-n,p" {? - D"_gn"An,q + (IFJ__I_ g‘ﬂtq

o0
W_(x) = Pexp| —ig [ ds @-A (s +X)
0
ID, =10, + gA,
inD =Y'inoY,

Y (x)= I5exp[—igogds nA (Ms+ X)J

0) + ~ The new fields do not
é’:n _Yan S interact anymore with
u-soft fields




Factorization Theorem For DIS

I QE Z/ dycf (I )Qf(yjf-":)*

5= (P[((n) e Jo NANT Y (0)|P) |

*PDF In Full QCD 1 [ d\
/Q?T

‘Factorization In SCET  FY(Q%) = H(Q?/p*)on(Q%/1?)Sn(Q%/1i?) In (Q7 [ 17)

E W0 (J: _ P+) " yyte, p> Manohar]
n-p /) /2
[Stewart et.al]
¢(X y7r ) Ls pauge Lvarlawt because each
butlding block is gauge wvariant

[Neubert et.al,

*PDF In SCET: ¢(z, ji7) = <P




Factorization Theorem For SIDIS in
QCD: Covariant gauge

* In Full QCD And At Low Transverse Momentum: €

F(zg, zn, Pot, Q%) / &k 5
- UEM hadron(P, |

xq (zp, kL, 1’ 28C, p) Gr (:mpm-g: i/zw) S(Ly, %, p)

. s X
xH (Q*, 1%, p) 6*(znky + 9L + 01— Poy) P

Ji, Ma,Yuan ‘04
« “Naive” Transverse Momentum Dependent PDF (TMDPDF):

dé _pt &b -
Qz, k1, p,2¢) = 2/; Bl /(25 ks <P

)% Analogous to the W in SCET

Tol€ 0,50 L] (00 6,0,51)7 " La(00: 0 (0)| P)

Ly(00;§) = exp (—ég [; ddv - A(dv +§)

This vesult is true only n “regular” gauvges:
Here all fields vanish at infinity



Transverse Gauge Link in QCD

(é:_’BJ_) T (OO’bJ_)

(0,0) (x,0,)

* For gauges not vanishing at infinity [Singular Gauges] like
the Light-Cone gauge (LC) one needs to introduce an additional
Gauge Link which connects («,0,) With (c,b,)to make it
Gauge Invariant A**(r.)
* In LC Gauge This Gauge Link Is Built From The Transverse Component
Of The Gluon Field:

— 9 - .
ﬁifh (o k) = % / d&—d -£J_e—ﬂ:+£_—|-t'kJ_£J_ <h|1;'.!t-(£_,£l)[§_,.fl;oc-_:ﬁl]['ﬂ] [-:vc_,ﬁl;oo_jool];rl

]

2w (2mw)?

Xy oo™, 001500 ,00] 7[00 ,01;07, 00 ]mei(07,0L0)|A
1] [n]

007, 0013007, €1 ] = Pexp [’ig/ dr l- A t"(§L + f’r)}
0




Gauge Invariant TMDPDF In SCET?

Are TMDPDTF fundamental matrix elements tn SCET?
Are SCET matrix elements gauge tnvartant?

Where are transverse gauge link tn SCET?

The SCET Lagrangian is formed by gauge wvartant butlding
blocks. qauge Transformations in covariant gawge for W &

c—>Ug

W >WU*

WTf LC gauge )é;




Gauge invariance of SCET
building blocks

\We catcutat8<oy\lvﬁ’f§ﬁ‘q> at one-loop n Feynman gauge and in LC

oauUge
0000, GO0 W
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Gauge invariance of SCET
building blocks

\We caLcuLate<0’WﬁT§ﬁ‘q> at one-loop n Feynman gauge and in LC
oAU

/656_0 GUOE"%
o4 B,
O

n LC qauge e S

+ _ _\W\ T — [Bassetto, Lazzizzera, Soldati]
A =0->W, =W, =1 Canonical quantization
imposes ML prescription
. i nk +nk
D,uv (k) = "B g,uv KV " A Prescription 1/[k™]
K°+10 I:k :| +i0 1/(k* +0)
—i0 1/(k* — i0)
PV |1/2(1/(k* +i0) + 1/(k* — i0))

ML 1/(k* +i0Sgn(k™))




Gauge invariance of SCET
building blocks

\We caLcuLate<0’WﬁT§ﬁ‘q> at one-loop n Feynman gauge and in LC

@ 7 M@ € 000
n LC C,aug\e N © X &3

B (k)= —i nk,+nk,
Hv _k2+i0 g/lV |:k+:|




Gauge invariance of SCET
building blocks

\We caLcuLate<0’WﬁT§ﬁ‘q> at one-loop in Feynman gauge and n LC
@Wxﬁ@@ s "TU FU"’,A

ahy
A

f’

,_"

In LC Gauge N 5 3
- [ , The gauge

Zic ()= Zpay () + 20 () = (1 () + 198 () 2o Livriamce (s
' | p* V2
ensured when

1 i

2 w, AX n,Fey
£
e &

The result of this is independent of -

n and has got only a single pole. Zero-bin

subtraction is nul in ML.

00 oc
K1 kK +ipy k*—upn




Gauge invariance in SCET

The SCET matrix element (0|W'¢ |g) is not gauge
invariant . Using LC gauge we have different
result (moreover the result of the one-loop

correction depends on the used prescription).




Gauge invariance in SCET

In order to restore gauge invariance we have

to introduce a new Wilson line, T, in SCET
matrix elements

TH(X",X,) = pexp[igjooodrlL-AL(oo_, X" Ilr+xi)}

And the new gauge invariant matrix element is <0|Tﬁ1\NﬁT§ﬁ |q>




The T-Wilson Line

In covariant gauges T=T =1, so we recover the
SCET results (Q|W'¢ |q)

IO SO0 T
In LC gauge N 35 . & ©_ % LCgauge
Ly

O|T/ & | a)

S




The T- Wilson Line

+ + (ML) (ML)

(27[) (k* +i0)((p+k)*+i0)| k

~i0 kT +i0
Ci =6(-k)
/_j LC gauge
| 1 | (Pres) n | (Pres)
n Fey 2

AW prescription dependence concels out and gouge
iwawiance iy restored no- matter what br%cnbﬁ,ow s used,

O|WIE | q) OITW&; [a)

Covariant Gauges

In All Gauges



Where does the T-Wilson Line
come from?

[s there a way to understand the T-Wilson lines
from the SCET Lagrangian?

An example, the quark form factor: from QCD to SCET 1in LCG

Pln (i) pin (i)
The T-Wilson line 1s born naturally 1n
One loop matching.




Where does the T-Wilson Line

come from? (AA,NA, A,) ~ QL A%, 1)
AA=0

In the canonical quantization of of the gauge field (Bassetto et al.)

A2 (k) =T2(k)S (k%) +1, 5f<”k) A?(nk, k )+ﬁ5(1<

L L

ﬁ“T:1 (k) =0; k“T:I (k) =0;
def
We define  A™(x",x,) = A(X",07,X,)
def

AXT, X7, %) = A(XT, X7, X,) = AP (X7, x,)

And we can show
def

iD*, =iD", +gA*”

iD“, =TiD".T"

T'=P exp{—igj:drll-Af)(Xﬂ X, —hf)}



The T-Wilson Lines in SCET-I

In SCET-I only collinear and u-soft fields. The first step to obtain the
SCET Lagrangian is integrating out energetic part of spinors

Lz.fn(mDHE Mj E

x ~1/Q(L1/ A%,1/ A)

And then applying multipole expansion,
X, ~1/Q@/A%,1/ A%,11 A?)

£, =, (in, + gnA, (') +iB1, W Wi, ) 2.¢,

N0

Where W' =TW

U-soft field does not give rise to any transverse gauge link!!
There are no transverse u-soft fields and they cannot depend
on transverse coordinates!!




The T-Wilson Lines in SCET-II

Now the degrees of freedom are just collinear and soft

(MA,, nA A )~ QW {n); (Mp,,np,, p,,) ~ Q7% n);
(NA,nA, A ) ~Qin.4);  (Ap,,np,, P, ) ~ Q. 7.m);

No interaction 1s possible for on-shell states

_Z (ing, +ip, W, %W uzm) e

[s this true 1n every gauge?




The T-Wilson Lines in SCET-II

(RA,.PA, A) ~ Q7. n); (Mp,. NP, P,.) ~ Q(
(nA,nA =0,A,)~Q(®,D,n), (Ap,,np, P, )~ Q(

The gauge ghost however acts only on some momentum components

[T400A: (. x) - T4 A ©.x)

Thus the covariant derivative is iD“ =i0" + gA“(X) + gAs(f)“ (07, x,)

The decoupling of soft fields requires

AV (%) =T, (X DA ()T (X,)

T, = I5exp[igjooodrlL-Asi°") (07, x, —|LT)i|




The T-Wilson Lines in SCET-II

The new SCET-II Lagrangian 1s

_ 7 _ 1 |
L =E0 (lan(’) i OWT© %WnT(O)TI /D/n(f)) % £O

AV () =T (X ) AY ()T (X,)
Dr(]o)ﬂ —io* + gAEO)ﬂ
§r$0) =T, (X )&, (X)

T = Isexp[igj:drlL-Agi”) (07,x, —Ilr)}




Applications

TMDPDF

DRELL-YAN AT LOW PT IBECHER,NEUBERT]

HIGGS PRODUCTION AT LOW PT [MANTRY,PETRIELLO]
BEAM FUNCTIONS [JOUTTENUS,STEWART,
TACKMANN,WAALEWIJNI

HEAVY ION PHYSICS — JET BROADENING
[OVANESYAN,VITEV 3¢ ]




TMDPDF

2 () =T Y W (V)& (Y) ‘i -

_ /b5 Py oy N
¢q/P_<Pn|)_(n(y)5[X npjé (p, ﬁ)\/i_ﬁ(o)lpﬁ

Wwe Can Define A Gauge lwvartant TMDPDF (n SCET (And
Factorize SIDIS)




Drell-Yan At Low Pt

dra®  diq

o = S Ty [ 44067 (=0 (N1 (p) Na(p)] 7 () (0) [N () Na()

1 -5

) 1+
S Xhe + 9% X7= S5 AH g, ch)

J# = Cy(—q" —ig,p) D (QE Xz St " 5

q

2

Xie = Wil &

L

Introduce Gauge Invariant Quark Jet:

The TMDPDF Is Indeed Gauge Invariant.



«Application To Heavy-lon Physics
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i dz-"inm o \/§
d2k, L3N,

dytdy L dys e~ i) <Tr [(W; bty — 1) (Wrlyt,ya] — 1)})

m=1.n=1

L-
Wr [y*.ys] = P{ﬂxp [iyf dy‘-fi*[y*ry‘ryl}]}
]

In LC Gauge The Above Quantity Is Meaningless. If We Add To It
The T-Wilson line Then We Get A Gauge Invariant Physical Entity.

D’ Eramo, Liu, Rajagopal




Conclusions

The usual SCET bullding blocks have to be modifiled
Lntroductng a New Gauge Link, the T-wilson Line.

Usting the new formalism we get gauge invariant
definitions of non-perturbative matrix elements. (n
particular the T Ls compulsory for matrix elements of
flelds separated Ln the transverse direction. These matrix
elements are relevant Ln seval-tnclusive cross sectlons or
transverse womentum dependent ones.

It Ls possible that the use of LC gauge helps bn the proofs
of factorization. The bncluston of T s so fundamental.
Work Ln progress Lin this direction.




Conclusions

it s definetely possible to understand the origin of T-
Wilsow lines tn a Lagrangiaon framework for EFT.

Every sector of the SCET can be appropriately written tn
Lo

The LCG has pecuLLarpmpm@ for Loop caleulation and
can avold the tntroduction of new ad-hoc regulators

There s a vich phenomenology to be studied. ..
so a Lot of work Ln progress!!
THANKS!
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Back up

Up back




SCET

Production Current: Q > m

A "; My — (ERI’I’;L)W Fﬁ(szgﬁ)ﬁ i (Enm’fn)w YJFﬁYﬁ(ngﬁ)Q
w7 N——

JE:” f' " f’ i
- > L >
\\ ‘\
QCD SCET ™ QCD SCET

TJH(0) = /dw doClw,w, ,{L)Ji{ﬂ}# (w,w, 1)




The T-Wilson Line in other
prescriptions

Let us consider the pole part of the interesting integral withl/[k']=1/(k" tin)
or the PV prescription. The result is

_ 9\l-¢e ,-¢ 2
Ejldz(l 2) 'z :—g—ZCF£[1+In¢i77]+finite

2 g

+i as /Ll
I ”:—Z—CF( Zj . .
g ZFIn 4 g

" 4 -p

And in PV the result does not have any imaginary part. The gauge
invariance is restored either with the T with a prescription

OR with zero-bin

+10 0 Subtraction!!
~i0 ]
PV 1/2

The values of this constant depend
also on the convention for inner/outer moments



