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Two-loop QCD corrections to the heavy-to-light quark
decay

R. Bonciani and A. Ferroglia

Institut fur Theoretische Physik, Universitat Zirich,
CH-8057 Zurich, Switzerland
E-mail: Roberto.Bonciani@physik.uzh.ch, Andrea.Ferroglia@physik.uzh.ch

ABSTRACT: We present an analytic expression for the two-loop QCD corrections to the
decay process b — uW?™*, where b and u are a massive and massless quark, respectively,
while W* is an off-shell charged weak boson. Since the W-boson can subsequently decay in
a lepton anti-neutrino pair, the results of this paper are a first step towards a fully analytic
computation of differential distributions for the semileptonic decay of a b-quark. The
latter partonic process plays a crucial role in the study of inclusive semileptonic charmless
decays of B-mesons. The three independent form factors characterizing the bW u vertex are
provided in form of a Laurent series in (d — 4), where d is the space-time dimension. The
coefficients in the series are expressed in terms of Harmonic Polylogarithms of maximal
weight 4, and are functions of the invariant mass of the leptonic decay products of the
W -boson.
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1. Introduction

The measurements of inclusive semileptonic B meson decays, such as B — X, 7 and
B — X_.17, allow a precise determination of the CKM matrix elements |V,| and |V|.
The latter are relevant for the study of flavor and CP violation in the quark sector (for a
recent review see [1]).

Total decay rates of the B meson are described by a local Operator Product Expansion
(OPE) in inverse powers of the b-quark mass my. To leading order in 1/my, the total B
meson decay rate is equivalent to the decay rate of an on-shell b quark, which can be
calculated in perturbation theory [2]. Many authors contributed to the calculation of the
radiative corrections to the total decay rate of b — wl7 and b — cl7, at O(ag) [3, 4]
and O(a%) [5-12]. However, experimental collaborations need to impose cuts (also severe)
on the kinematic variables. For instance, in charmless semileptonic decays, the need to
suppress the charm background (which is ~ 50 times larger than the signal) forces one
to restrict the measurements to the “shape-function region”, in which the hadronic final
state has large energy (Ex ~ mjp), but only moderate invariant mass (~ mpAqcp). It
is therefore of great interest to consider differential decay distributions, from which it is
possible to derive predictions for partial decay rates with arbitrary cuts. In this context,
a first important set of results was obtained in [13], where it is possible to find analytic
expressions for the NLO triple-differential distribution of the semileptonic B — X, 17
decay together with several double and single differential distributions for the same process.
The resummation of threshold logarithms to next-to-leading approximation in the b — u



transition was considered in [14]. Higher order contributions to B — X, [7 decays were
considered in [15—18] and, very recently, the full NNLO QCD corrections to the partonic
process b — ¢l 7 were obtained in [19]. Since the OPE applies only to sufficiently inclusive
quantities, different frameworks were developed in order to account for effects due to cuts
on the kinematic space [20—26]. In particular, in the shape-function region, Soft Collinear
Effective Theory (SCET) provides an appropriate framework for the evaluation of the
triple-differential distribution of the inclusive semileptonic decay B — X, {7. The NLO
analysis of the latter process within the SCET approach is presented in [22, 23]. At NNLO,
the situation is more complicated, but the jet and soft functions are known to O(a%) in
perturbation theory [27, 28]. The only missing piece is the hard function, which can be
obtained from the two-loop QCD corrections to the decay of a b-quark into a u-quark and
an off-shell W-boson [29]. On the other hand, these virtual corrections can be considered
as a first step towards an exact evaluation of the NNLO QCD corrections to the heavy-to-
light quark transition. To complete the latter calculation, it is also necessary to take into
account the real emission.

In this work we focus on the calculation of the two-loop QCD corrections to the decay
process b — u W*. We provide an analytic expression for the three independent vertex form
factors characterizing the coupling of the quark current with the charged weak boson. These
form factors are evaluated by employing a set of techniques which are by now standard in
multiloop calculations (see for instance [30]). We generate the relevant Feynman diagrams
with QGRAF [31]. The form factors are extracted directly from the Feynman diagrams
by means of projector operators. The whole calculation is carried out in Dimensional
Regularization (DR); UV and IR (soft and collinear) divergencies appear as poles in (d—4),
where d is the space-time dimension. Since we work in DR, a prescription for handling
the matrix 5 in d-dimensions must be chosen. We employed a ~5 which anticommutes
with v, in d-dimensions. This prescription is appropriate for the case under study, since
it is known that the diagrams that we consider fulfill a canonical (non-anomalous) Ward
identity. After applying the projectors, the contribution of individual Feynman diagrams
to the form factors is given by a combination of dimensionally regularized scalar integrals.
These integrals are related to a small set of master integrals (MIs) by means of the Laporta
algorithm [32]. The MIs are evaluated by employing the Differential Equations method [33]
and they are expressed as Laurent series in (d — 4). The coefficients of the series are
given in terms of Harmonic Polylogarithms (HPLs) [34] of a single dimensionless variable
y=q*/ mg =-M 12 / mg, where ¢? is the squared momentum carried by the W-boson and
M; is the lepton pair invariant mass. Since y is negative in the physical region (—1 < y < 0)
we perform an analytic continuation y — —x — i0™, where now = = Mf/mi, 0<z<1.
The analytic continuation is indeed completely trivial, since all the HPLs appearing in the
result are real for —1 < y < 0. The form factors found with the above procedure still
contain UV and IR divergencies. It is possible to get rid of the UV divergencies by means
of the renormalization procedure. We renormalize the form factors in a mixed scheme:
the heavy- and light-quark wave functions and the heavy-quark mass are renormalized
in the on-shell (OS) scheme, while the strong coupling constant is renormalized in MS
scheme. The results shown in this paper contain IR divergencies. In order to cancel them,



it is necessary to combine these results with the appropriate jet and soft functions [22].
Analogously, one can add the exact real emission and consider physical observables which
are sufficiently inclusive with respect to the hard and soft radiation.

The paper is structured as follows. In section 2, we introduce the Feynman diagrams
involved in the calculation and we discuss their structure in terms of form factors. In
section 3, it is possible to find the details of the UV renormalization procedure. In sections 4
and 5, we collect the analytic expressions of the UV renormalized one- and two-loop QCD
corrections to the form factors, respectively. The expressions of the bare form factors
as well as the contributions of the individual diagrams to the form factors can be found
in [35]. In section 6, we discuss the Ward identity relevant for the b — uW™* decay and we
prove that our form factors satisfy it. We also provide the analytic expression of the one-
and two-loop QCD corrections to the scalar vertex in which the pseudo-Goldstone boson
couples to the quarks, since it enters in the Ward identity fulfilled by the bW u vertex. Our
conclusions can be found in section 7. Finally, in appendix A we collect the set of MIs
employed in the calculation.

2. Feynman diagrams and form factors

We consider the decay process b — uW* — ul ;. The bottom quark of mass my carries a
momentum P and decays in an up-quark (considered as massless) which carries momentum
p and a W-boson of momentum g = P—p. Subsequently, the W-boson decays in the pair (7
of squared invariant mass M12 = —¢?. The mass-shell conditions are such that P? = —m%
and p? = 0. The Feynman diagrams contributing to the two-loop QCD corrections to the
decay process b — u W* are shown in figure 1. The most general vertex correction in the
Standard Model can be described in terms of six form factors F; and G; (i = 1,2,3):

1

1 i
VH(P,p) = Fi(¢*)V + —bFz(qz)a“”qu + —F3(¢*)q" + G1(¢*)V"ys + EGz(qz)%q“

2m, me 2
1
G 2 Sl 2.1
oy G300 (2.1)
where ¢, = P, + p,. The spinors u(p) and u(P), multiplying eq. (2.1) from left and right,
respectively, are not written down explicitly. We define o*” = —i/2[y*,4"]. Since the
u-quark is taken as massless, only three of the above form factors are independent. By
replacing

u(p) [V, 7 Tu(P)qy = 2imyu(p)y*u(P) — 2¢"u(p)u(P), (2.2)

in eq. (2.1), we find the following relations among the form factors in eq. (2.1):

1

F=-Gs, F; = —-Gs, Fy + §F2 =G . (2.3)

Consequently, using the definitions’ Py, = (14 75)/2 and Pr = (1 — v5)/2, we can rewrite
the vertex structure as follows:

2 i 2 i 2 ~
VI(P,p) = 2G (") P — —G2(q”) Pra" — —G3(q”) Prq" - (2.4)
mp mp
!We employ the notation and conventions of [44]. In particular, in our notation vs = —~2d where ~bd

is the matrix commonly employed in the Bjorken-Drell notation.



Figure 1: Feynman Diagrams for the Two-loop QCD corrections to the b — u W™ decay process.

The form factors are expanded in powers of «:

_iGw [ aon (@8 40D, (@) H@) A
GZ—2\/§Vub[Gi +<7T)GZ- +<7T>Gi +0<F3>]. (2.5)

)

CKM matrix element and g,, the weak interaction coupling constant. With the normaliza-

The purpose of the present work is to evaluate GZ(-zl where ¢ = 1,2,3. V,;, represents the
tion chosen in eq. (2.5), one finds

G =1, and &MW=c"=o. (2.6)

The contribution of the virtual two-loop corrections to the hadronic tensor of [13] can be
obtained by means of the following translation rules:

Qvic) 2 () 1)\ 2

R [2G1 +(¢1") ] (2.7)
@lvir) L= ( ) (11)\ 2

Wt = (68" + 6 ) : (2.8)



1 1- ?
W(2z vir) _ - {G(zz)Jr G(2l)Jr G(u) (G(11)+ G(u)) LT [(G(u)) (Ggu)) ” ,(2.9)
; 2
) 2 [ngw — G 4 g (Gal ) ( G Gﬂ”) ] (2.10)
b

Consequently, the hard functions H;;, as defined in [22], can be extracted using the relation
between eqs. (16) and (17) of the same article. Note that the hadronic form factor Wa does
not receive contributions from two-loop virtual corrections.

We write our analytic results in terms of the dimensionless variable

2 M2
p=-L 2L g<a<l. (2.11)
my MYy

In writing or results, we employ the Harmonic Polylogarithms as defined in [34]; on top
of the canonical weights, we introduce the weights —2 and 2, arising from the integrating
factors 1/(x+2) and 1/(2—x), respectively. Actually, only two HPLs containing the weight
2 appear in the final result; they are

H(2z) = —In (1 - f) = —H(-1,1-2)+1In(2),

2
H(2,1,1;x) :/ dt

In? (1 —
2_t n®(1-t) =

=3 ln(l —2)?In(2 — z) — In(1 — 2)Lig(—1 + x) + Liz(—~1 + z) + EC 3),
= —H(-1,0,0,1 —2) + Zg(3). (2.12)

For convenience, all the results of the paper, including the renormalized and bare
form factors, as well as the contributions of individuals diagrams, are collected in the file
SemilepFF.txt [35] included in the arXiv submission of the present work.

3. UV renormalization

The UV renormalization is performed by subtracting the one-loop sub-divergencies and the
two-loop over-all divergencies. We renormalize the heavy- and light-quark wave functions
and heavy-quark mass in the on-shell (OS) scheme, while the coupling constant ag is
renormalized in the MS scheme.

Neglecting for the time being mass renormalization, the bare and renormalized form
factors satisfy the relation

G = Z2 uZ2 biare( bare) ) (3-1)

where in the functions G we dropped the subscript : = 1, 2, 3.
The perturbative expansion of the various quantities in the equation above is

iGw
G = 2f’fv (G(O” +aGW 1026 4+ 0 (a3)> ,

_ igw ol 1) 2@ 3
Ghare = 2\/"/ (G( ) T ao Gbare Gbare +0 (a0)> )



ZQ,u =1+ a0622(7ll) + a05222l +0 (ag) )
Zop = 1+ apdZyy) +a30 25, + O (a3) .

ap = a (1 +adZ +a?523) + 0 as)) (32)
where we defined bare
aozas 7 aE%- (3.3)
e Vs

Therefore, the one-loop renormalized amplitude is given by

G =g 5Z§b>G<°l>, (3.4)

bare

where we already took into account the fact that 67, (”) = 0 in the on-shell scheme. The
two-loop renormalized amplitude reads instead

1 1 1 1 2
o = g™ [5522(?;) T LIV () ] e
s, an (1| A
+ [55227 +oz00\ Gy (3.5)

To account for mass renormalization, it is sufficient to add the contribution of the
counter term diagram in figure 2 to the r. h. s. of the equation above.
The renormalization constants are the following:

(11) B 1 11 1
02.05(0) = ~Cld) g (=g Ca+ 3T+ M) (3.6)
2 2\ (4=d)/2
00 (g, m, 12 2N o @y
smi3Y <d,m, m2) — mC(d) <m2> S T DE=3)’ (3.7)
2 2\ (4=d)/
an(, B\ _ B Cr_ (d-1)
625 (d. £5) = ¢ <m2> R wr (3.8)
@ (, 1 oo (27 Cr 1 5
@, b 2 p C'F 1
0Zyy, <d, W) = C*(d) <m2> [CFf1+CAf2+ —Ni f3+ Nhf4:| ,(3.10)
where 1 is the renormalization scale and the constants fi,---, fy are [36]
9 51 433 3 ) 13
= - 222G — P n(2) - = —4 11
h=Ssa— ma—n "1 2% T @ T HOd-4, (1Y
11 101 803 3 e 5
f2__8(d—4)2+32(d—4)_@+ZC3_?IH(2)+1_67T —|—O(d 4) (3.12)
1 9 59 2
f3—2(d_4)2 (- 4)+3 +E+(’)(d 4), (3.13)
1 19 1139  n?
f4_(d—4)2_24(d—4)+288_?+O(d_4)' (3.14)

(3.15)



(1)
. Imyg

Figure 2: Mass-renormalization counter-term.

The factor C(d) is

C(d) = (4m)4= D2 (3 — g) : (3.16)

After UV renormalization, the vertex form factors still contain poles in 1/(d—4), which
are associated to soft and collinear singularities.

4. One-loop form factors

In this section we collect the analytic expression of the one-loop renormalized form factors
defined in eq. (2.5). In the formulas below, Cr = (N2 — 1)/2N, is the Casimir operator of
the fundamental representation of SU(N,), where N, is the number of colors (in the SM
N, =3).

The form factor Ggll) is given by

= ! ,
A~ o ()7 o Y - v o).

2
m
i=—2

where the first four coefficients in the expansion in (d — 4) are

G2 - _q,
G = Z+H(1;x),
(11,0) 3 1—3x 1
= __ H(l:z)—-H(0,1;z) — H(1, 1;
Gl 2+ Ar ( ,33) 2 (07 7:17) ( ) 7:17)7
(1[71)_§_1—2$ . _1—333‘ . _1—333‘ . l .
Gy = 5 o H(1;x) o H(0,1;z) . H(1,1;z) + 4H(0,0,1,3§)
1 1
+5H(0,1,1:2) + SH(1,0,Li2) + H(1,1, ;). (4.2)
The form factor Ggll) is
1 M2 % L 1, i
i = ¢(d) (W) Cr Y GY(d—4) + 0 ((d-4)), (4.3)
i=0



with

wo _ 1 _2-3x,
G2 - T 972 H(17$)7
(1) 1 1-—3x . 2—3x . 2 -3z .
Gy'l=—ot WH(L%) + TH(Q Lix) + TH(L Lx). (4.4)
Finally, the form factor Géll) is
2\ 5% U
1 Y 1,3 i
G = c(a) (W) CrY GY(d—4) + 0 (([d-4)), (4.5)
i=0
where
(11,0) 1
= ——H(1;
G3 2 ( 7:17)7
ay 1 1 1
= —H(1; —H(1,1; —H(0,1;z). 4.
G3 T ( ax)+2$ ( ’ 71;)—1_4:17 (07 7:17) ( 6)

Note that the IR poles of the form factor Ggll) exponentiate. This means that from
the O(a%) expansion of the form factor

F =exp{G{"}, (4.7)

we can predict exactly the 1/(d — 4)? and 1/(d — 4)® poles of the C% part of the two-loop
form factor ngl) (egs. (5.3), (5.4) below). Moreover, exponentiating also the finite part of

Ggll), the double pole of eq. (5.5) is exactly recovered.

5. Two-loop form factors

In this section we collect the analytic expression of the two-loop renormalized form factors
defined in eq. (2.5). In the expressions below, C4 is the Casimir operator of the adjoint
representation of SU(N.), C4 = N,, Tg is the normalization factor of the color matrices,
Tr = 1/2, N; is the number of massless quarks in the theory, and N} is the number of
quarks of mass my. Therefore, for the decay b — uW* in the SM, N; = 4, and Ny = 1.
In the finite part of the form factors given below, the constant X is a rational number. Its
numerical value is K = 3.32812+0.00002, and its analytical value is likely to be I = 213/64.
We observe that the following formulas involve HPLs of argument x and of maximal weight
4. If desired, the HPLs appearing in the equations below can all be rewritten in terms of
product of Nielsen Polylogarithms of more complicated argument. Because of the chosen
renormalization scheme, our results depend on the renormalization scale u. In the formulas
below, we employ the following notation:

2
M _
The form factor Ggm) can be written as

2\ 4—d 0 ) '
G = c2(a) ( a > Cr Y GPd 1) +O(d-1), (5.2)

2
m
i=—4



where the coefficient of the expansion in (d —4) (up to the finite term) are

G = CF% , (5.3)

- 11 1
GSZL 3) _ Cr [—Z—H(l;x)] —CAg‘f‘TRNli ) (5.4)
49—66L,,+9¢(2)

72

@22 _ o (B 18 1 . .
Gy _CF[32 o H(l,x)+2H(0,1,w)+2H(1,1,x) +Cy
11 —5+6L, 1 1
—|—EH(1;x)]+TRNl[ J{g “—gH(l;;p)} —|—TRNh[§LH], (5.5)

(2-1) 3(T1+8¢(2)—16((3)) 13-552¢ ., . 1-8= .
el _Cp[ - e H (L) + == H (0, 1:2)

—14 1
%H(l, La)= 7 H(0,0,1; x)—gH(O, 1,1;2)—H(1,0,1;2)—4H(1,1,1; x)]

[1549—1— 1980L,, —396Li +972¢(2)—1188((3) N 67-+66L,—18((2)
A

1728 72
~125-180L,,+36L%—108((2) 5+6L
432 18

5L, +L?>—C(2) L
‘|‘TRNh[ S C()——“H(lsﬂf),

12 3
GO _ ¢y [

H(1s2)

EH(1;2)

+I'rN; |:

m(%’%(z— 1)34(80(z—1) (59— 62z +32%) —4801n (2)(10

222+ 52% +42°))((2) —16(261 — 64K +412+ 192Kz +4052% — 192K 2>

L «@

—992° +-64KC23)¢%(2) +40(52 — 72z + 1522 +14a%)¢ (@HW

g (49+ 2512 — 3552
S0 —Tyg i+ Ple =355

H15323 +12¢(2) — 1602 (2) — 14822 ¢ (2) +2423¢ (2) — 162:¢(3) +322%¢(3)

— —2x 2
_16:1:3C(3))H(1;:1:)+3( 290 8(2335(12)); <)

((2) —5a¢(2)+32%¢(2) —2%¢(2)
2(x—1)3

—32¢(2)+22¢(2) +523¢(2)) H (-1 ) +

H(2;x)

H(0,—1;z)+ (15—106x

32(z—1)3z
124812 —1382% — 192* +-722¢(2) + 15222 ((2) +4823¢(2))H (0, 1; z)
|25 —134x+592° 1—-3z422+523

- 16(z—1)z H(L Lo)+ 2(z—1)x HELO L)
1+27w;§(9;2_—12)5;9;3+12964]{(0, 0,1;2)+ 5_59x+88?§:;?3+30x4H(o, 1,1;)
I1_5?;:313;_$BH(0,—1,0,1;:1:)—3+1183E;Eﬁ;3$3H(070,071533)



949241322 —323 182 — Tz 4323
H 1,1; _

H(0,1,0,1;2)+3H(1,0,1,1; x)

1
4—;1&1(0, L1, 1w)~ 5 H(1,0,0,1;0)+2H(1,1,0, 1;2) +8H (1, 1,1, 1;2)

29700L%, —447185—142560L,, —3960L}, N 1
103680 103680(z—1)

A = ((11880L,, (z—1)?

—180(x—1) (51749822 491322) +19440 In (2) (10— 222+ 522 4+423))¢(2)

+648(71— 64K — 6312 +192Kx+1592% — 19222 — 12523 +64K23)¢?(2)

(1—3z+2%+523)((2)
8(x—1)2%x

H180(—698+ 1338z — 82522 +1042°)( (3)) — H(-1;2)

1
4m(8074r 198L,, — 41592 —990L, x+198L v+ 58972> + 1386 L,z

—396 L7 —25452° —594 L, +198 L2 2* — (216 +13682 4 3422% +12062° ) (2)
3(2+22—22)¢(2)

H7562— 15122 +7562%)¢(3)) H (1; 2) + 16(z—1)?

H(2;x)

(1-5x+32%—23)((2)
4(x—1)3

H(0,—1;2)+ (-3342602+66L,z

144(z—1)3z
—3842% —198L, 2> +27323 + 198, — 1162* — 66 L, 2" — 182((2) +4682%¢(2)

+722%¢(2))H(0,1; 2) + ~39+2352+132L,,2—3492% — 132L 2>

144(x—1)w(
1-3z+z2+523

4(x—1)%x
8+36x —33x2 —20a3 2—168x+421922 — 6223

H(0,0,1;
48(z—1)3 (0,0, 1;2)+ A8(z—1)

47— 492+ 442> 11 2421 — 12
H(1,0,1;2)——H(1,1,1; -
sz ) =g Hl 2t o1y
1—5z+3x2—23 1+10x+422
H(0,-1,0,1;2)— ————

2(x_1)3 (7 bl ) 7‘%.) 8(1'_1)3

142z +422 1424422
—— —  __ H 1L,1)+ ————

—722¢(2)+722%¢C(2))H(1,1;2) — H(-1,0,1;2)

H(0,1,1;x)

H(2,1,1;2)

H(0,0,0,1;z)
1
H(0,1,0, 1;w)+§H(1, 0,0,1;x)

1
+TRN, [@ (6629+2592L,, —540L7, +T2L% +3420( (2) — 216 L, ¢ (2) +720¢(3))

57+18L,—2092—54L,x+18L%x—90x((2) H(1:2) 3—192—6L,x
216z ’ 36z
1 1 1
H(1,1; 3:)+6H(0, 0,1; :L')—i—gH(O, 1,1; 3:)+§H(1, 0,1;x)

H(0,1;)
3—192—6L,x
18x
2
—|—3H(1, 1,1; 1’):| +TrNp |:

m(—ml— 1296L,,+270L2 —36L},

+7869x+3888 L, x —810L7x+ 108L ) v —147092> — 3888 L 2> +810L 2>
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—108L3 2 +79512° + 1296 L2 —270L2 2% + 36 L3 * —414( (2) + 108 L,,{ (2)
—56702¢(2) —324L,2¢(2)+912622((2)+324L,2%¢(2) — 7382°((2)
—108L,2¢(2)+504¢(3) +1080x¢ (3) + 151222 ¢ (3) — 50423¢(3))

1
m(—fﬂ— 18L,,—892+90L,,x—18L} x+ 732"

—126L,,2° 4 36L 2% +2652° +-54L,,x° — 18L2 2% +18x((2) — 362>((2)

348z —2423 — 1921 — (62— 1822 +1823 —624) L

+H82°((2))H (L 2)+ 36(z—1)3z

PH(0,1;2)

1+3z+32%—23
6(x—1)3

1
—|—§LHH(1,1;3:)— H(0,0,l;:n)} .

The form factor G;zl) is

2\ 4—d 0 ) '
68 = o) (bg) or 30 6P roa- ).

i=—2
where
68 = co[ 1+ 2 ).
P — cp % T8 1) - E D b0, 150022 1)
G20 _ ¢y :m(—mo(z—l)u(ﬁo In (2)x(-38+582— 4022 +112°)

—20(z—1)(10— 1202 — 7922 +1223))¢(2) + 162(125+103z) ¢ (2)

(2— 92— 5224323 —324)¢(2)

2 3
—52(-304 1102 — 802> +272%)¢ (3)) + 2(z—1)322

H(-1;2)
1
e (-32+ 1952 — 3972 310321 +24¢(2) —122¢(2
16(3:—1)33:2( 3241952 — 39722 +3372° — 10321 4-24¢ (2) —122¢(2)
3(30— 34w 41622 —32°)((2)
4(z—1)*

+8441%¢(2) — 7623 (2)+3621¢(2)) H (1; 7) +

2(2+2)¢(2)
(z—1)4

H(2;x)

H(0,~1;2)+ (26— 692 — 6822 — 582> + 1662

16(x—1)*x2
8—18z+372% +172x3 — 4924
8(x—1)2a3
92_ _ 2 3_ 4 —34 1 2 3
I 9x —dx*+3x° —3x H(—l,O,l;x)+30 34r+16x“ —3x
(x—1)322 4(z—1)4
227z 4412 — 4823 4+ 662* — 152° 7(2—3x)
H(0,0,1;2)+———"=
8(z—1)*a2 (0,0, 1;2)+ 222
10—39242342% —2762° + 862" — 242° 4(2+)
' 4(x—1)42 (x—1)4

+32° — (44822 +3682°)C(2))H (0, 1; ) + H(1,1;x)

H(2,1,1;2)

H(1,1,1;2)

H(0,1,1;2)+

H(0,—1,0,1;x)
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2—13x—222% - 1223+ 32" (4+52)

H(1 1; H 1:
2(33—1)3332 ( 0, 7‘7:)—’_(3:_1)4 (070707 ,.Z')
6(4—1—333) 3(4+3$)
H 1,1;2)—="-""2H(0,1,0, 1;
e (0,0,1,1;2) 1) (0,1,0,1;z)

+Cs (1320L,, (z —1)*+20(x—1)* (-269+242z)

1
1440(z—1)*x
H540(x —1) (445024522 +823) +540 In (2) (38— 58z +40x2 —1123))¢(2)

+362(364+3172+10822)¢%(2) +452(-304+ 1102 — 8022 +272°)¢(3))

(2—9z—52%+32% —321)((2)
4(x—1)322

H(-1;2)+ (406+132L,, —2067x

144(x—1)322
—594L,,x+36032% +990L,,2* —26297° — 726 L ,a° +-687x* + 198 L, — (144 — 864«

3(30— 34w 41622 —323)((2)

—12242% —12422° +542*)¢(2)) H(1; z) — 8(z—1)1
(24+2)¢(2) :
_WH(O,—L x)+

H(2;x)

1
— (2241452 —3002° +1092> 4+ 592"
24(33_1)%2( +145x = +1092° + 59z

26— 151z + 1422 — 4223

4927 — (24022 42102 +7221)¢(2)) H(0, 1; ) — 241222 H(1,1;2)
2_9x2_(ix_2$§§z_3x4f1(—1, 0, 1; )4 2707 _ngi”f;;iixg_gﬁﬂ(o, 0,1;)

: 8+583:—82(ix_21—)32x3+3x4}[(07 1 1;x)+4+24;a(:;_11;c;x+3x3}[(1707 L)
30_3118?;_1?;55 _3”731{(2, 1,1;2)+ —241&715;1%2 H(0,0,0,1; )

_?f:”)”z H(0,-1,0,1;2)+ 871(?_?;62 (2H(0,0,1,1;2)— H(0,1,0, 1; m))}

+TrN, [ 19;;?“ + 26_51”5;(36;22_3”3)L“ H(1;2)+ 26_;;:” (H(0,1;2)+2H(1, 1; g;))]

+TrN), [m (-19—6L,, — 1642 +24L,x+3932° — 36 L, v* —2182°

+24L,2° +82* —6L,.2* + (2522 — 3002% + 8423 — 3624)( (2) — (722 +3622)¢(3))
(26—2230—1242% —512° + (12— 422 +482% —182%) L

M H(1:
36(z—1)222 (L)
2—93:—21:E2—13:E3—3:E4H(0 1'a:)+2(2+$)H(0 0.1:2) (5.10)
6(z—1)322 B (x—1)% B ' ’
The form factor G:(fl) can be written as
(21 Mz i 2 (21,9) ;
Gy = C*(d) (W) Cr Z Gy (d—4) + 0 (d—4) , (5.11)

=2
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with

1

(2l7_2) —_ _ .
G = CF_2$H(1,x) , (5.12)
@) o~ | 13 1 . :
GV = Cp|—2H(1;2)——(H(0,1;2)+6H(1,1;2))| (5.13)
| 8z 4z
!
G0 = cp W((—(SO(JE—l)x(W—i—M)—GOln (2) (224302 — 2622 +92°))((2)

—48(9+49z+1822)¢?(2) —5(22— 90z + 8222 —4123)((3)) — (51—157x

16(z—1)3x
16122 — 5523 — (12— 3642 — 43622 —282%)¢(2)) H (1; )

(1+br+522+2%)C(2) . 31446227 +a)((2)

I 2(x—1)3z AL o)+ A(z—1)* H(2;x)

62¢(2) . ) 5 A
_(x_1)4H(0,—1,x)+m(11—72x+3663: —260z° — 452" +962((2)

14362 +8x2 — 2423 — 324

452822¢(2)+1922°C(2))H (0, 1; ) — 8(z—1)'z

H(0,0,1;2)

25174z —a” 1+5z+452% 423 7

8(:1:_1)2"1: (7 ’x)—i_ (x_l)gx ( 707 ’x)+(2x) (7 9 7‘T)

I5—7833+4962+70x3+8x4H(0’ R 1+122+322° — 327
Az—1)'z 2(x—1)3z

14— 624222 — 23 2+15Z'+4.Z'2)
Az—1)* (x—1)4

243 +422 12z 2+ 15x+422
= = H(0,0,0,1:2)— ——— H(0,—1,0, 1; -
($_1)4 ( bl ) b 7':U) ($_1)4 ( ) ) b 7':U)+ ($_1)4

b 01134 (20(x— 2 .
+Ca 160(96_1)4(60(33 1)% + (-20(z— 1) (56 + 1052+4022) + 60 In (2) (22

H(1,0,1;x)

2

H(0,1,0,1; )

130z — 2622 4-923))¢(2) — 12(184+-13724+10822)¢?(2) — 5(-22+ 90z — 822>

(1452 +52%+23)¢(2)
4(z—1)3z

+412%)¢(3)) — H(-1;2)+ (335+66L,,

144(x—1)3x
~8432 —198L,2+6812%+198L,,2° —1732> — 66 L, 2° — (72+468x + 2466
~ 3(-14¢(2)+62¢(2) —22¢(2) +2°((2))

1262°)C(2))H (1; H(2:
+1262°)¢(2))H (1; x) 8(z—1)1 (2;2)
32¢(2) 2 3 4

HO,~1:2)——————— (114222171 —
—IW (0,—1;z) 24(a:—1)4x( +222—171x" +792°4592" — (362
2 4 _ 2 3
127022 +2162°)C(2)) H (0, 1; 21) — 2 (zxf(i”;l 3 10,0, 1 2)
14+5z+5x2 423 134822+ 582
H(1,0,1:2)— —" 2" """ H(1,1;
2(:1:_1)311: ( 707 ’x) 24(1:_1)21: ( ) )x)
224562 — 6222 — 723 104232 +922
HO,1,1;2) - ———— """ H(1,0,1;
8(1/'_1)4 ( b ) ’x) 8(1/'_1)3 ( ) bl 7':U)
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14—62+422% —a" 2+31x+122°

I H271717 - H s Uy 717
8(z—1)1 ( ¥ g 00,0, L)
6x 2+ 7x+1222
H(0,-1,0,1;2)————(2H(0,0,1,1;2)—H(0,1,0,1;
—W (7 s Uy ,l’) 4(33—1)4 ( (7 5 Ly 7:17) (7 s Uy 733‘)):|
(25+6L,) 1
TrN; | —2H(1; —(H(0,1; 2H(1,1;
11| R (1) (000,15 0) 20101, 15)
(54—91x+2022 + 1723 — (36 + 122 — 5222 +423)((2) +362¢(3))
+I'r Ny,
6(x—1)*
25+322x+2522 + (612 L 2 a8
I 5+322x+252° 4 (6—12x+62°) HH(1;$)_1+2133+2195 +x H0.1: 2)
36(x—1)2x 6(x—1)3x
6x
—H(0,0,1; . 5.14
S H(0,0.10) (5.14)

We checked our results for the form factors Gz@) (x) i =1,2,3 against the calculation
of Martin Beneke, Tobias Huber, and Xin-Quing Li [37] and we found complete analytical
agreement.

6. Ward identities

We explicitly checked that the UV renormalized form factors satisfy the on-shell Ward
identity?

where ¢ is the charged pseudo-Goldstone boson and the gray circles represents the sum of
all two-loop one-particle-irreducible QCD corrections to the vertices. The Lorentz index
associated to the W-boson is saturated by the boson momentum ¢*. In order to satisfy
the relation in eq. (6.1) it is necessary to renormalize also the factor m; appearing in the
tree-level ¢t ub coupling. The relevant NNLO mass counter term can be found in [36].

The two-loop corrections to the scalar coupling of the pseudo-Goldstone boson to quark
can be absorbed in a single form-factor S, defined as follows

2Tt can be proved that the Ward identity is fulfilled already at the level of master integrals, irrespectively
on the analytic expression of the MIs themselves.
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The UV renormalized form factor has the following perturbative expansion in as:

: 3
_ 1w o) (%) gty 4 (%) g s
5= vy 500 4 (2) 500 4 (2) 500 1 0 (%) (63
with SO0 = 1.
The one-loop form factor S is given by
2 (=72 1
1 11,i i 2
S = ¢(a) <W> Cp Y SUI(d—4)y +0((d-4)7). (6.4)

i=—2

After UV renormalization (including the renormalization of the Yukawa ¢t ub coupling),
the coefficients of the expansion in (d — 4) are

Sh=2) — 1 (6.5)
5
S = 2+ H(La), (6.6)
1 1
SULY) — 1 — %H(l;aj) —H(1,1L;z) — §H(0, 1), (6.7)
S — 1 4 P gy L HA e+ (0,15 2) + H(L 1, 1 2)
4'1; ) 2'1; 7 ) 4'1; 7 ) 9 ) )
1 1 1
+§H(1,0, L;x) + gH(O, 1,1;z) + ZH(O’O’ 1;x). (6.8)
The two-loop form factor S@V is given by
M2 4—d 0 ' '
SC) = C2(a) (W) Crp Y SC(d—4)y+0(d-4). (6.9)
i=—4
where the coefficient of the expansion in (d — 4) are
1
§2h—4) — CF§7 (6.10)
11 1
S8 = Cp [—Z—H(l;:p)} ~Cag +TrNi3 (6.11)
_ 57 245z 1 49+4-9¢(2)
(2-2) — — 4+ _""H(®1; ~H(0,1; 2H(1,1; —
S — Cp |2 2B H 1)+ 3 HO. L) -2 (1 i)+ Ca |25
11 11 5 1 1 1
_ 3(47+8¢(2)—16¢(3)) T7+10z 245z
(2l7 1) = — H(1; - H 1;
6+5 1 3
— meH(l’ 1; x)—ZH(O,O, 1; 3:)—§H(0, 1,1;2)—H(1,0,1;2)—4H(1,1,1; 3:)]
1549+1980L, —396 L2 +972¢(2) —1188((3 L,—18((2
1728 72
—125—180L,,+36L% —108((2) 5+6L
TrN a " - LH(1;
R l[ 132 18 (’x)]
5L,+L2—((2
+TRNh[ s 12” « )—%LuH(lw)],
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831 (3(13—7x) 3In(2)(x—4)(Tz—8 9(5—34z+11z>
Sm,m:CF[% (1(6(35—1)) (23((%_1))(2 )><(2) <(80(w_1)2 )
_g) 2(2)_(74—963:—1—13:1:2)C(3) (1+2z+22)C(2)
5 32(x—1)2 2(x—1)x
1748z —2522 — (12— 78z +3022)((2) — (82 —8z2)((3)
16(x—1)x

H(-1;x)

H(1;x)

9(4—4x+22)((2)

114122 — 1522
ST (114+12z—15x

H(2; x)—i;)H(O,—l; :E)er

4—x+522
8234 122((2) +2422C(2))H(0, 1; ) + %
X
1+2x+a2 2— 13242022 — 323
H(-1,0,1;2)—
(x—1)x 1,0,1;7) 16(z—1)%x
14+ 5z 10— 33242022 + 623
+—"H(1,1,1;

4 (1,1, L)+ 8(z—1)%x
245z —4x? 3(4—4x+2?)
A(x—1)z 8(x—1)2
5—2x+4 322 1—10z+ 322
== H(0,0,0,12)F ——
4—4z+322
4(x—1)2

H(1,1;x)

H(0,0,1; 2)

H(0,1,1;z)
7

H(0,0,1,1;2)+ 5 H(0,1,1,1:2)
1

H(0,1,0, L)~ 5 H(1,0,0, L)+ 3H(L,0,1, L; 2)

54589 11L, 55L; 11L3
20736 12 192 288
(11LM 3l (2)(z—4)(Tz-8) 1067+49x><< - <179—25Ow+125w2

12H(1,1,0,1;2)+8H(1,1,1, 1;:@} +C’A[

96 16(z—1)2 576(z—1) 160(x—1)2
2K (896 —1324x+34722)¢(3)  (1+2z+22)¢(2)
_T> ‘@ 576(z—1)2 TTap—me k)

! 2 2 2.2
m(708+ 198LM —466x — 198Lux — 99Lﬂx —242x +99Lﬂx

—216¢(2)+738x((2) — 68422 ((2) —378x¢(3)+3782%¢(3))H (1; x)

; 9(4(1(‘;&*_””12))23(2) H(2 )+ 1CQ)H(0,1;) - T (056

+66L,,x —2112? —132L,,2° +892° +66 L, 2% — (1262 — 1442 +722%)( (2)) H(0, 1; z)
7842231+ 113;395—72:,:«2) H(1ia)— 1;(Ljﬁ)zz H10, 1)

—%H(0,0, 1;35)—1—61H(1, 1, 1;x)—%1{(07 L, 1z)
589(;?15133)]&[(1707 1;w)+3(f6—(;13141‘)"’;2)_}[(2, 1, 1;w)+%H(0,—1,0, 1;2)

_ES(JTFH(O’O’O’1;x)_4(3:7i1)2H(070’1’1;x)+WH(071’0’1;w)
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1 1
+5H(1,0,0,1; x)] +TrN, [—(3893+1728LM —540L7 +T72L% +3420((2)

5184
48+18L,, 4282 —9L2 x+452((2
—216L,((2)+720¢(3))+ a 108 £ <) (1;z)
3+5x+3L,x 3+5x+3L,x 1
. o\t .

s H(0,1;z)+ o H(1,1,a;)+6H(o,o,1,g;)

1 1 2 L, bL% L

H(0,1,1; ~H(1,0,1; “H(1,1,1; TpN, | £ ——L4+_E
3 0.1, ’$>+3 (1,0, ’x)+3 1 ’:U)}r f h[3 BT
(11407176302 +85272* (L, 409—747x+6512> —1852° )
' 2592(z—1)2 24 144(x—1)3

7¢(3) 1

2 2 2
36 T 108(z 1) (O 18Lu 1040 =361,z —9L 011227 +18L 0

2 2 3 23 2 3 )
H8L,x"+562° —9L, 2° +9x((2) — 1827 (2) +92°((2)) H (1; z)

(3+14z+3L,2—9L,a° —63°+9L,2° + 52" —3L,2*)H(0, 1; z)

S 18(z—1)3z
L, 1
—1—?H(1,1;:13)—|—6H(0,0,1;:E) . (6.13)

When written in terms of form factors, the Ward identity in eq. (6.1) reads as follows:
26 () + 26 (2) + GPV (z) — 29D (2) = 0. (6.14)

It can be checked that the form factors presented in this paper fulfill eq. (6.14).

7. Conclusions

In this paper, we presented analytic expressions for the two-loop QCD corrections to the
decay process b — uW™* — wlv. This process is important for the precise determination
of the CKM matrix element V,; and, therefore, for the study of flavor and CP violation
within and beyond the Standard Model of fundamental interactions.

The Lorentz structure of the process is parametrized in terms of three form factors,
whose analytic expression are given in the form of a Laurent series of (d — 4), where d is
the space-time dimension. The coefficients of the series are expressed in the well known
functional basis of harmonic polylogarithms of a single dimensionless variable. The result
can be used in a SCET framework, after combining it with the jet and soft functions
already known in the literature, for a phenomenological determination of |V,p|. The results
presented here are the first step towards a complete determination of the NNLO QCD
corrections to the heavy-to-light quark transition.
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Note added. While this paper was with the editors, the results were independently
confirmed by three different groups [37, 45, 46].

A. The master integrals

In this appendix we collect the analytic expressions of the Master Integrals for the Feynman
diagrams of figure 3. We provide only eight of them, since the other MIs can be found
in [41, 42]. Tt must be pointed out that the MIs (a)—(f) in figure 3 were already calculated
in [43]. We checked the analytic expressions that we obtained against the results in [43]
and we found complete agreement. Moreover, all the MIs were checked by comparing their
numerical value to the results obtained by direct numerical integration with the sector
decomposition method. The numerical integration was carried out by using the package
FIESTA (see [40]). The checks were done for several values of the variable y.
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The explicit expression of the MIs depends on the chosen normalization of the inte-
gration measure. The integration on the loop momenta is normalized as follows

/@dk:ﬁ<g—z>%/%, (A1)

where C'(d) is defined in eq. (3.16). In eq. (A.1) u stands for the 't Hooft mass of dimensional
regularization. The integration measure in eq. (A.1) is chosen in such a way that the one-
loop massive tadpole becomes

1 2
/ M e T A a9 (4.2)

In the expressions below, K is a rational number (its numerical value is K = 3.32812 +
0.00002 ~ 213/64), while ay = Liy(1/2) = 0.51747906. ... {(2) and ¢(3) are the Riemann
¢ function evaluated in 2 and 3 respectively: ((2) = 1.6449341..., ¢(3) = 1.2020569... ..

The expressions of the MIs are the following.

1

=T 2_:4/1 (d—4)"+0(d—4), (A.3)
1
A_4 = E, (A4)
Ay = SH(-1y), (A.5)
7 1
A—2 = _@C( )+ gH(—l,—l;y), (AG)
89 7 2
Ay = 96C(3) - QCQ)H(—l%y) + gH(_l’ —-L-Ly), (A7)
Ay = ~2CO)K + DB H(-Ly) — SCAH(-1,~1i9) + SH(-1,-1,-1,~1y)
—%H(—l,0,0,—l;y). (A.8)
1
By = E@(z) + i¢(2)H(o —1;y) — iH(o ~1,0,—1;y) + H(O 0,—1,—1;y)
* = 160 16 Y TG 8 Y
—1—16H(o 0,0,~1:1). (A.10)
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D_,

Dy =

D,

1

N (] A 2

= 177 :Z Ci(d—4)' +0(d—4), (A11)

Ot = 500 A12
-1 = ﬁg( )7 ( ) )

Co = g7¢0) + ¢ H(=Liy) + 75 H(0, 1, ~Liy) — 72H(0,0,~1;y),  (A.13)

C1 =~ ) + S CBH(-Ly) — S CHO,~1y) + (R H(-1,~1y)

1 1 3

1 9 5
-——H(0,-1,0,-1;y) — —H -1,-1; —H -1;y). Al4
16 (07 707 7?4) 39 (0707 ’ 7?4) + 39 (070707 7y) ( )

zzijpmd_@%+ou—4f, (A.15)
i=
%7 (A.16)
—136 + u;yy)H(—l;y% (A-17)
=0l Dacg ¢ 21 - a1y
+§ [—%H(—l;y) + %H(—la —Liy) — %H(O, —1;y)} + ﬁ [624((3)
D me - LB - a2 1 1) - L0 11
+1—16H(0,0,—1;y)] : (A.18)
65 7

o ()~ 2 C(2) — () (@) + G H(-Ly) + () H(-1i)

61 128 32
3 @ H(=2iy) + 2 H0, ~1iy) — D H(—1,~1iy) — = H(—2,~1,—1:y)

32 ’y 32 bl ’y 32 ) 7y 32 ) ) 7y

5 1 3 1

D H(=1,—1,— 1) — 2H(=1,0,—13y) — — H(0,—1, 13 y) + — H(0,0,—1;
+16 ( M M 7y) 8 ( 707 7y) 32 (07 ) 7y) + 16 (07 07 7y)

1719 3 15 5

LY i)+ 2 c@H(=1iy) — 2 H(=1,— 1) + — H (0, —1;

5 3 3 1
—H(-1,-1,-1;y) — —H(-1,0,—1;y) — —H(0, -1, —1; ZH(0,0,—1;
+16 ( ) ) )y) 16 ( D )y) 16 ( ? Y 7y) + 8 ( ) 7y)
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<1+y>[‘i14<>—@<<> +250(2) () + () MA(R) + o5 3) —

( <3 ——C ())H( Ly) + (372<( )+§C(2))H(—2;y)
;’—2<<> (0.1 >+136<<2>H<—1,—2;y>—332<<2>H<—2,_1;y>

1 1 1
—H(-2,—1,-1; —H(0,-1,—1;y) — —H(0,0, —1;
( ) ) )y) + 32 (07 ) )y) 32 ( ) ) )y)

+32
S H(=2,—1,—1,—1iy) + —H (=2, 1,0, —1;3) + —H(~1,-2,—1, - 1;y)
16 L, ) 'Y 16 ) > s 'Y 16 ) ) ) 'Y
1 1 3
CH(-1,0,—1,~1;y) — —H(—1,0,0,~1;y) — — H(0, -1, -1, —1;

+16 ( 0, ) 7y) 16 ( ;0,0, 7y) 16 ( ) ) ) 7y)
1 1 3

)
W - % Y Ei(d-4)+0(d-4)°, (A.20)
i=—1

By = —%H(—l;y), (A.21)
Eo %[H(—l, )= SH(-1,~1;y) + H(0, 1,y)]
m {3«2) —I—H(—l,—l;y)}, (A.22)
B, ﬂ—%H(—l;w Sty 4 1 1y)
S H(-1, -1, 1)+ H (1,0, )— LH(0, 1, )+ SHO, 1, 13y)
—gH<0,o,—1;y>} T | i)+ @) + fCH(20)
+1—16H(—2,—1,—1;y) + %H(O,—l,—l; y) — 1—6H(O 0,— )] + (2—il-y) [312((3)
2 — (@ (-y) + T H (-1, -1iy) = 1o H(—1,-1,-1iy)
+116H( 1,0,—1;y)] , (A.23)
B = (5 + @a )+ 0(2) + ) n@)) H(-Ly) + (5 + 55¢(2)) H0,~130)
(5 + 55C)) H-1L~19) + S5 CH(-1,~2y) - %H(—LO, ~15y)
%%H(0,0,— JY) — 1—36H(0, -1;9) + 156H( ~1;y)
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1 9 )

i 16 16
+ 2 H(=1,0,~1,—1iy) — —=H(=1,0,0,~1;y) + —H(0, 1,1, ~1;1)
16 ) ) ) 7y 32 ) ) ) 7y 16 ) ) ) 7y
3 3 1
2 H(0,-1,0,—1;y) — —H(0,0,—1,~1;y) + - H 1
[ H (01,0, 1iy) = [ H0.0,~1,~1i9) + GH(0.0.0.-1:3)]
1 33 1

T [% In'(2) + 220(3) — 1) In(2) - L@ W) - S + a
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16 16 16
3 1 1
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1 1 3
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1 1 3
—gH(O, _1707 _1;y) - gH(0,0, _17 _1;y) + 3_2H(070707 _1;y)

1 7 3 15 1 5
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16 W7 \16 T 32 L RIET? Y
3 1 1
+1_6H(_17 _17 _17y) - 1_6H(_1707 _17y) + 1_6H(_17 _27 _17 _17 y)
7 3 5
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1 1
. N LY 2
= Ty izz_:lFZ(d 4)t +O(d — 4)?, (A.25)
1 1
7 3 1 3 1
= —51¢0) = 5C@M2) + (R H (L) — 02 H(=2y) — 5 H(=2,—1,-1;y)
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1 1 227 1 3 7
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1 1 1
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— 3 H(=1,0,0,—13y) + —H(0,—1,—1,~ 1)) — —H(0,~1,0,~1; )
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1 1
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8 8
3 1 1 1
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