B FEYNMAN RULES WITH A MASS

differential cross section for this process can be written as

1 + kOB lw. (B — 1+ + ot
o0 dqdedB+dB+ Z /dk dk Q [ ( a ka ),$a,M]Bj[Wb(Bb - kb )71.177”]
A \ Ba a
X Sz hemi(k(—z’—> kjlj? :u) 1+0 QCDa b (1240)
Q Q
where wgp, = g pEem andB; is defined as our ”Beam Function.”
A_ O(w dy~ . n _ .
Bl i) = 2 [ U702 50y 30 = P SO pa0) (1241

We recll the definitions of jet function

(O Ko™ )2 0)1 10 (12.42)
and pdf

0 %, (0) (0] 1) (12.43)

We see that the Jet Function is a mix of both. The proton is a collinear field in SCET;; and the jet is
collinear in SCET;. Matching SCET; to SCET;; gives us
A2
140 < QtCD>] (12.44)

Bi(t,z,p) = Z/ t, ,M)fg(§7 #)

b= (€ — &) Eem 2 @ b*"“ - (12.45)

At tree level the Beam Function is simply

Bi(t,z,p) = 6(t) fi(z, p) (12.46)

as in the pdf case we can write the RGE for the beam function
d
H@Bi(ta%ﬂ) = /dt’%(t —t W) Bi(t', x, ) (12.47)

Like the jet function B; is independent of mass evolution. The RGE sums In?(t/u), is independent of x
and has no mixing.

A More on the Zero-Bin

A.1 0-bin subtractions with a 0-bin field Redefinition

A.2 0-bin subtractions for phase space integrations
B Feynman Rules with a mass
If we add a mass the collinear Lagrangian becomes

£ = &0(a) [in-D + (L —m) i+ m)| Beuta) (B.1)

and the modified Feynman rules are shown in Fig. 12.
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D FEYNMAN RULES FOR SUBLEADING LAGRANGIANS
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Figure 12: Order A’ Feynman rules as in Fig. 6, but with a collinear quark mass.

C Feynman Rules for the Wilson line W

Results for the Feynman rules for the expansion of the W Wilson line are also useful

TA_- A
T L ()
n-q
TAf' A
wit— 1 9 o
n~q

I

where here the momentum ¢ is incoming and 6;? is the gluon-polarization vector.

D Feynman Rules for Subleading Lagrangians

(C.1)

In this subsection Feynman rules are given for the subleading quark Lagrangians involving two collinear

quarks
) (Fw) s 1 . - 1 ]
Leg = (&W) il (Wil 56) + (i W) il (W15 60)
_ 1 3 1
Ly = ()il ——i us?(WTSn)Jr(gnupiW)n.PQm
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D FEYNMAN RULES FOR SUBLEADING LAGRANGIANS

and for the mixed usoft-collinear Lagrangians from Eq. (77?),
1 1
L:éq) = fnﬁzgﬁﬁuns + h.c. y
2 1

) = fﬂuza 9B W gue + hc. (D.2)

(in )

involve at least one collinear gluon. From E(

(4)

All Feynman rules for L'£ )

we obtain Feynman rules with
zero or one A gluons and any number of 72-A4,, gluons. The one and two- gluon results are shown in Fig. 15.
For Ega) we have Feynman rules with zero or one {n-A,,, A} gluon and any number of i-A,, gluons. The

(20)

one and two-gluon results are shown in Fig. 16. Finally, for £€ , one finds Feynman rules with zero, one,

or two A:- gluons and any number of 72-A,, gluons. In this case the one and two gluon Feynman rules are
shown in Fig. 17.

Finally, for the subleading terms in the mixed usoft-collinear gluon action we find

Ly = ;tr{[mg,wcﬂ] [z‘Dou,WiD;VWT]}, (D.3)
L2 = ;2 tr{ [iDly, WiDt¥ W] [iDoy, WiDL, W] }

+912 t{W iDL, iDL )W [iD%,, iD%) | + i? tr{ [iD}in- D] [i Doy, Win- Dus W] }

+gl o [WiDLw,iD ] [iDg, Wi, W1},

where iDjj = iDH + gAl,.
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Figure 13: Order A! Feynman rules with two collinear quarks from Eé .
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Figure 14: Order A? Feynman rules with two collinear quarks from Eé?.
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Figure 15: Feynman rules for the subleading usoft-collinear Lagrangian Egz
gluons (springs with lines through them). The solid lines are usoft quarks while dashed lines are collinear
quarks. For the collinear particles we show their (label,residual) momenta. (The fermion spinors are
suppressed.)

with one and two collinear

D.1 Feynman rules for J,

Here we give Feynman rules for the O(\) heavy-to-light currents J1%) and J(®) in Eq. (??) which are valid
in a frame where v; =0 and v-n = 1.

For the subleading currents the zero and one gluon Feynman rules for J1® and J(®) are shown in
Figs. 18 and 19 respectively. (From the results in the previous sections the Feynman rules for the currents

86
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Figure 16: Feynman rules for the O(\?) usoft-collinear Lagrangian Ega) with one and two gluons. The

spring without a line through it is an usoft gluon. For the collinear particles we show their (label residual)

momenta, where label momenta are p, ¢, ¢ ~ A%! and residual momenta are k,t,t; ~ A?. Note that the
result is after the field redefinition made in Ref. [?].

u,a
T 77‘ 1 = Qi
(q, 1) = W-—3 [fh% — M —q]
(p, k)
__)__
w.a v,b TaTb 1=
, L _ _ Y T fl21
ig* z [ﬁﬁ - g_p(ﬁnuﬂinu) R
(4. 4) (4. t)  _ 2 2
(p. k) T gt PLoy i b t
+n,un1/<(n.p)2 + npii-go + [(a,,u, q1, 1) A ( yV, 42, 2)]

Figure 17: Feynman rules for the O(\?) usoft-collinear Lagrangian Eglb) with one and two gluons. For

the collinear particles we show their (label,residual) momenta, where label momenta are p, ¢, ¢; ~ A% and
residual momenta are k,t,t; ~ A\2.

with v; # 0 and v-n # 1 can also be easily derived.) For J (1a) the Wilson coefficients depend only on

the total \Y collinear momentum, while for J(% the coefficients depend on how the momentum is divided
between the quark and gluons. The J(1®) current has non-vanishing Feynman rules with zero or one AL
gluon and any number of fi- A,, gluons. The possible gluons that appear in the J1?) currents are similar,
but the current vanishes unless it has one or more collinear gluons present.
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(la)
J d pLT(d)a
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Figure 18: Feynman rules for the O()\) currents J(1%) in Eq. (??) with zero and one gluon (the fermion
spinors are suppressed). For the collinear particles we show their (label residual) momenta, where label
momenta are p,q ~ A\ and residual momenta are k,t ~ A\?. Momenta with a hat are normalized to my,

p = p/my etc.

w,a

Figure 19: Feynman rules for the O(\) currents J(® in Eq. (??) with zero and one gluon. For the
collinear particles we show their (label,residual) momenta, where label momenta are p,q,q ~ A% and
residual momenta are k,¢ ~ A2, Momenta with a hat are normalized to my, p = p/my, etc.
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E INTEGRAL TRICKS

E Integral Tricks

Feynman parameter tricks:

1
a ol = / dz [a+ (b— a)nv]f2 (E.1)
0
1 n—1 _ m—1
g < ToEm), [y, a0 )
I(n)l(m) Jo — la+ (b—a)z]+m
1 11—z 3
a_lb_lc_1:2/dx/ dy [c+ (a—c)z+ (b—c)y]”
0 0
1 1 3
=2 [ dz [ dy z[a+ (c—a)z+ (b—c)zy]
0 0
1 -n
al_1~--a;1 = (n— 1)!/da:1---dxn 5(23:1 — 1) (inai>
0
- (- ms) /1 -n i—1
a™ .. gmn) Tl = dxy---dxy (5( T — 1) ( wiaz) "
(ay ) T(my)-T(mn) Jo Z Z H i
To get the fourth line from the third we let 2’ =1 — 2z and ' = y/x.
Georgi parameter tricks (when one or more propagators are linear in loop momenta):
(E.2)

a by :/ dX [a+ )]
0
a b :q/ X [a+bA] Y :2q/ dX [a+2bA] M
0 0

o 2?T'(p+4q) /Oo 1 —(p+q)
a9y P =" d\ NP7 |a + 2b)
TOr@ o [o-+202]

a bt = 2/ dNdN [c+aX +b)] 7 = 8/ dXdX' [c+ 2aN + 2bA]”
0 0

3
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F  QCD SUMMARY

F QCD Summary

The SU(N.) QCD Lagrangian without gauge fixing

PP —m) — 4 G, G, G, = 0uAL — 0, A5 — gfAPOAT AT  (F.1)
D, = 0, +igAsT™, [Dy., D,)] = igGih, T4
The equations of motion and Bianchi
(P —myp =0,  "Gh, = gf*PCAPGS, + gy, T4, ¢ (D,Gy)* = 0. (F.2)
Color identites
TATA — O0p1 FACD (BCD _ (v, 5AB. FABOTBIC _ % CuTA.
TATBTA _ (CF C2A>TB JABC JABC _ 4730 ’ JABC JA'BC _ g(sAA/ , (F.3)

where Cp = (N2 —1)/(2N.), Ca = N, Tr = 1/2, and Cp — C4/2 = —1/(2N.). The color reduction

formula and Fierz formula are

548 1 i 1 1
TATB — 1 *dABCTC M ABCTC TA . TA — 5 5 L 55 . F.4
TNC + 5 + 2f 5 ( )zg( )ké 9 ilOk;j 2Nc ij Okl ( )
Feynman gauge rules, fermion, gluon, ghost propagators, and Fermion-gluon vertex
. . HV(SAB .
_prm) sl L g (F.5)
p? —m?2 +1i0 k2 +i0 k2 + 0

Triple gluon and Ghost Feynman rules in covariant gauge for {A,‘:‘(k),Af (p),Ag(q)} all with incoming
momenta, and & (p )AB ¢© with outgoing momenta p:

— g g (k= p)? + g (p — " + 9" (q — k)", gf 4 Pept. (F.6)
Triple gluon Feynman rule in bkgnd Field covariant gauge L,y = — (Dﬁ‘@;‘)2 /(2€) for {Aﬁ(kz), Q5 (p), Qg(q)}
with Aﬁ‘ a bkgnd field:

ABC v q\Pr v DY
— g4 [9“ (k—p—g) +g’)(p—Q)“+9’)"(q—k+g)]- (F.7)
Lorentz gauge:
_ (941 yon i o
L= D (k) = g (9 = (1= 975 ) (F.8)

where Landau gauge is £ — 0. Coulomb gauge:

= 2 —i (7K kH + gHOKOKY — kHEY]
A=0 D* (k) = H — = ,
v ’ (k) k% +10 < k2
; ; R 8]
Dk d D (k L (s - 5. F.9
(k) = B2 0’ (k) = k2+’LO( kz) (F.9)
Running coupling with Sy = 11C4/3 — 4Trns/3 =11 — 2nys/3:
0 110) om L1 By
as(p) = = , = 4+ —In—. F.10
) Basuo £ oln o)~ i) T2 Mg (F-10)
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