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From quarks to hadrons
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Hard kernel: QCD-SCET matching

[Bauer, Schwartz'06]

e Consider the QCD current J = ¢l%. In SCET:
J =207 4 €303+ C4Os + - - -

2get: &

3jet : K050~

4-jet : ®<
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e Matching equation (between operators):
J=00,4+¢303+C404+ -
e Matching can be done iteratively:
(2T ) =c2 (2] 02 |)

B T |v)=c2 (3| Oz |v) + ¢35 (3] O3 |7)
(4] T vy =c2 (4] Oz |7) + 3 (4] O3 |7) +Ca (4| O4 |v)

FRuA
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ete~ — Hadrons. 2-jet matching

Tree level “/\/\/\ =

Oneloop ...+ \/\/ g = Cc2| 4 @'l% +
3

asCF
47

Co(p) =1— 8- % +log® (—Q?/u?) — 3log (—Qz/uz)}

02 = x1Mx2

e Operators specified by tree level matching, demanding ¢; = 1.
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ete~ — Hadronsto O(a?)

e Up to 4-jet events are needed.

2
o(ete” = H)odl ~ [ca(w)OF (n) (2 — loop)
3) OIG
+ |eam)OP (1) + ca()OP (w)|” (1 - loop)
2
+ ‘cz(’)g“) +c;00 + c4(94‘ (tree level)

e Declaration of intent:

e Determine c3(u) at 1 loop analytically (c2(x) to 2 loops known);
e We want to show explicitly IR cancellations (need for IR regulators)
in order to understand the 2-jet to 3-jet transition in SCET.

FlauA
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SCET operator basis

In QCD, _
7/Jr¢: r = 1a’Y57’Yu7’Yu'757UW

In SCET, the absence of the soft spinor reduces the basis to
- - - L
Xnlxn XnY5 XA XnVu XA
Operators for 3 and 4 collinear directions more complicated, involving

gauge-invariant operators xn, 3.

It would be useful to compute the diagrams directly in terms of
gauge-invariant fields.

FlauA
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QCD diagrammatics

B e



MOTIVATION DIFFERENT FORMULATIONS OF SCET YET ANOTHER ONE SUMMARY AND OUTLOOK

CET diagrammatics
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A one-loop computational example

%

Collinear diagrams not computationally-friendly...
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A one-loop computational example

%

Collinear diagrams not computationally-friendly...

“/ (gjrl;d {ﬁ-pm?w *]
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A one-loop computational example

%

Collinear diagrams not computationally-friendly...

Ny o
(2m)* [0 p(p +k)?k?
e Modified Feynman parameters (inhomogeneous denominators):

1 _/wdAzmr[ner] =i
anbm — J/, F[n]r[m] (a+ 2bX)m+n
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A one-loop computational example

%

Collinear diagrams not computationally-friendly...

Ny o
(2m)* [0 p(p +k)?k?
e Modified Feynman parameters (inhomogeneous denominators):

1 _/wdAzmr[ner] =i
anbm — J/, F[n]r[m] (a+ 2bX)m+n

e SCET (light-cone) diracology:

iyt =d -2
e FravA
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diagram matching

%
P
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diagram matching

Bl
o

e |s there a way to compute directly in terms of xn, B5?
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diagram matching

Bl
o

e |s there a way to compute directly in terms of xn, B5?
e Can the diagrammatics be simplified?



DIFFERENT FORMULATIONS OF SCET

Quantization of SCET

e Original formulation of the theory:

L7 (&n, An) = &n I:in'Dn + iwnl 1 IanL:| %fn = %TI’ FSVF#V

in-Dn
where the soft spinor can be either eliminated through EOM, or
integrated out.

e However, in order to build gauge-invariant operators, the following
collinear quark operators are preferable:

xn = Wi, Wn = Pexp {—igs/ ds n-An(Ns +x)] .
JO

e The gluon field can also be made gauge-invariant through:
DY = WJIDEW,
= 0y +9sBy
where
Bi = | L [if-Dy,iDE]| = = [WTiD“Wn} FRiA
n ﬁa ) n g n n )

S
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Quantization of SCET

e Therefore, in principle 4 possible (naive) formulations, only 3 used:

1
in-Dy

£1(6nAn) = & [in-Da -+ 0 1 | Do STrELL R

: 1 1 .
L3 (xn; An) = Xn W, [mDn + iR iﬁ'Dnmﬂ anXn - STrFLFY

. . 1 . 1 v
Lii(xn, Bn) = Xn {'n'pn + '%iﬁ@'%ﬂ an - ETr]::VF#

e We want to proof that indeed

['In(fnvAﬂ) = Eﬂ(XnvAn) = EHI(XmBn)

FRuA
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Quantization of SCET

WA
1 e i _
vy N éwﬁ— igT* [n“ +4b A —J—fpi*pnﬂ] z
P o
. WA v,B .
Vlgz) - A%éﬁ* ig® [ﬁ (p—q) YLV + = (q+p )VLVL] % +(
[ P
™
(1) _ _ A P N\ =
Vi) = ﬁé*ﬁ_ v 4 igT [ﬁ_(p_p,) (;;7 - ;;p,) nu]g
P o
WA v.B
2 2
Ve = NS =VE )
P o
u.A
1 _ _ ”]f ﬁl 1]
VL(IL = B é,a_ igT4 [n“ + 7; ; + ;_;,i] %
p P
WA v,B
(2) _ _ ;2| rATE v
Vﬁnt - H%éi_ Zg) [ﬁT(pqiq) 7i7l + n- (q+P )’YL’YL] %
P o
ALIII = St = —1 k(;:-ie (gHy _ n#k‘;;-—/?yk”)

SUMMARY AND OUTLOOK



Quantization of SCET

e Equivalence not obvious. Consider for instance,

(O[T xn(X)Xn(¥)10) = (O]TWy (x)én(x)&n(y)Wn(y)|0)

e To actually check that

L7 (&, An) = Lii(xn, An)

is relatively easy. One can show that

Dia+Dip+Dic+Dig =Dia+ Dup =D

jasCenip (WY [4,3,,
D|_|47r 2 p? (—p2 €2+€+7 3

e However, a naive computation with £} (xn, Ba) seems to bring a puzzle.

MOTIVATION DIFFERENT FORMULATIONS OF SCET YET ANOTHER ONE SUMMARY AND OUTLOOK
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Quantization of SCET

e In order to proof the equivalence rigorously, one should go to the path
integrals for the actions.

z[3] = /Dg‘npgnmﬁ xp {i /d“x Si(Ens A, 30)

S o= 3 [L]+ 360+ EdS + TXIW €n + EWaIX + IAA + I BE (An)

n

+ Z Jk Ok <W,T§n, B#(An))
k

where we enlarge the action with general external sources and

£1(6n An) = & [mDn + 1B -0k | Do - LR

in-Dy

FlavA
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Quantization of SCET

e Sy can be trivially worked out. Since the Wilson lines are unitary
W, W, = 1, the Jacobian is trivial D& DEDAE = DxnDin DA and

Z[J] = /'D)Zn'DXn'DA# exp |:I/d4X S||(Xn,A#,Jn)

Sioo= ) [0+ IeWaxn + Xa Wi I5 + Ixn + XndX + In. AR + In.BE (An)]
n
+ IOk(xn, Ba(An))

k
where
| N . 1. i 1o n
L (xn, An) = XaW,l [in-Dn + iPh =——iDy | ZWnxn — = TrF,, F
in-Dp 2 2

FlauA



DIFFERENT FORMULATIONS OF SCET

Quantization of SCET

e Subtleties arise however when moving from Sy (&, AR) — Su(x, BE). A
has initially 4 degrees of freedom, so gauge-fixing is necessary.
However, BY is gauge-invariant. The right degrees of freedom are
ensured by n-B, = 0, which follows from

By = & {WJiﬁ-Dan] =0

s N e’
0

e \We can reduce the gauge redundancy of the A field through the

Faddeev-Popov procedure:
Zym = /Da /DA#(S[G(An)] Ec[An],

where N
EG[An] = det (%)[An] eiSYM[An] .
(0%

FlavA
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Quantization of SCET

Then formally,

DAY 5[G(An)] = Jo[Ba] DB 8] Bo]

Zow = / DB 5[i-Ba] Jo[Ba] Es[An(B)]

In a general gauge the result is highly non-trivial. However, the
generating functional is gauge-invariant. A smart choice is Light-Cone
gauge, G(An) = n-An, which implies

B =Al,  JoclBal=1,  Eic[Ba] = det(ii-9)e™mI)

The gauge-invariant gluon propagator is therefore

ab gy 10 Ak, + Ak,
(AB)u (k) = P il (gw TRk

Note: LC gauge is unitary and therefore ghost-free.

FlavA



YET ANOTHER ONE

CET ina QCD disguise

The goal is to describe SCET in terms of QCD interactions. Start with

Z[J] = /Dd;n'Dd)n'DAnHeXp {i /d4X Sqco (¢n, An, J)

with
Seeo = D [LRP + Ts Mithn + InMEIT + IXMXen
n
FPnMEIX + I AL + I, BE(An)]
+ZJka(¢mAn)
k
and

L3P = pn iDyhn
We need to determine M, and Qx such that the previous action is the

SCET action. We project the spinor field into &, and ¢, and integrate
out the soft components using:

/mm‘s exp [i /'d4x(<5M¢+3¢+<EJ) = det(—iM) exp {—i /d“xjﬁJJﬁuA
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CET ina QCD disguise

e The determinant is trivial:

o (§30)  fon oot (1)
/DnnDﬁ; exp{ /d X 7] ( WALP DWn> n]
:det(%ﬁ-&),

e Alternatively, before integrating out the soft field,

= Z Z Gl |:>Zn,p’ iw'n . DW % Xnp + Gnpr (WTPLW) xnp
nopp’

£ Gop (7-0) B G0+ Ko (W'BLW) 60,

FlavA



MOTIVATION DIFFERENT FORMULATIONS OF SCET YET ANOTHER ONE SUMMARY AND OUTLOOK

CET ina QCD disguise

e The resultis

Z= / DéEDEDAY exp {i / d*x SSCEF]

with
S¥T(A=0) = Y L]+ IEMERén + ERaMEIS + IXMXRatn
n
- 1 _ _
+ERAMEIY — (IEME + M) ﬁ% (M85 + A3%)
with

Rn [l—i— mllmlﬂ

FlavA
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CET ina QCD disguise

e Fulfilled if
MiRnén =&y MYRoxn = Wi
Two solutions:
M§ =Ryt o M§=Pn,
ME=WIR? or X =W,\P,

e We want to avoid proliferation of contact terms —> Projector solution
Mﬁ — Fn.

FlavA
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CET ina QCD disguise

e For the external currents, use

Qi (¥n, An) = Ok (Wil Pntbn, Ba(An))

The final answer then reads

Saco = Y [£RP + TiPatn + PnPads + IXWPath

n

Jr'l/_)n PaWnJX + Jr'lAMA# + ‘Jr?,uB#(An)]
+ Z Ji Ok (WJinn, Bn(An))
k

The collinear sector of SCET is a sum of multiple copies of QCD-like
Lagrangians, whose interactions are mediated by Ox.

e usoft degrees of freedom treated conventionally.

FlavA



SUMMARY AND OUTLOOK

Summary

e We provided the rules for directly computing SCET correlators with
gauge-invariant fields (xn, BS) from a path integral approach to SCET. It
turns out that the full theory in terms of gauge-invariant fields is
equivalent to a light-cone gauge-fixed SCET in the Landau gauge

(€=0).

FlavA



SUMMARY AND OUTLOOK

Summary

e We provided the rules for directly computing SCET correlators with
gauge-invariant fields (xn, BS) from a path integral approach to SCET. It
turns out that the full theory in terms of gauge-invariant fields is
equivalent to a light-cone gauge-fixed SCET in the Landau gauge
€=0).

e Matching can in principle be greatly simplified if one computes in the
QCD-like interaction representation of SCET.

FlavA
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Things (1) still do not understand

e Prescriptions for the spurious poles in LC gauge troublesome... One
possibility is the Mandelstam-Leibbrandt prescription,

(As)u (k) = k2 +ie <gW K Eknk +ie

e There should be a compact expression like
AC?natching = QCDn(wa AM) — SCET (1/), AH)

to compute the QCD-SCET matching.

e Applications?

FRuA
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