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New physics in ¢ — bW decay at next-to-leading order in QCD
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We consider contributions of nonstandard tbW effective operators to the decay of an unpolarized top
quark into a bottom quark and a W gauge boson at next-to-leading order in QCD. We find that O, =
BLO'#,,IRW’U’V contribution to the transverse-plus W helicity fraction () is significantly enhanced
compared to the leading order result at nonvanishing bottom quark mass. Nonetheless, presently the most
sensitive observable to direct O,y contributions is the longitudinal W helicity fraction F; . In particular,
the most recent CDF measurement of F; already provides the most stringent upper bound on Oy
contributions, even when compared with indirect bounds from the rare decay B — X y.
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L. INTRODUCTION

There has been a continuing interest in the measurement
of helicity fractions of the W boson from top quark decays
by the CDF and DO collaborations at the Tevatron.
Presently, the most precise values are provided by the
CDF Collaboration [1],

Fo=TL/T =0.88 £0.11(stat.) = 0.06(sys.), (1a)
Fo=T*/T = —0.15 = 0.07(stat.) = 0.06(sys.),  (Ib)

where I'* and I'* denote the rates into the longitudinal and
transverse-plus polarization state of the W boson, while I
is the total rate. Note that the central CDF value of ‘F . lies
outside of the physical region. In the near future, the large
1t production cross section at the LHC is expected to
provide an opportunity to study tbW interactions at the
percent level accuracy [2]. It is therefore important to
carefully evaluate and understand the implications of
such measurements within the standard model (SM) and
beyond.

In the SM, simple helicity considerations show that F .
vanishes at the Born term level in the mj; = 0 limit.
A nonvanishing transverse-plus rate could arise from
(i) my, # 0 effects, (ii)) O(a,) radiative corrections due to
gluon emission,' or (iii) non-SM bW interactions. The
O(ay) and the m;, # 0 corrections to the transverse-plus
rate have been shown to occur only at the per-mille level in
the SM [4]. Specifically, one obtains

FM =0.687(5), (2a)
M = 0.0017(1). (2b)
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"Electroweak corrections also contribute, but turn out to be
much smaller [3].
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One could therefore conclude that measured values of F
exceeding the 0.2% level would signal the presence of new
physics (NP) beyond the SM.

When studying nonstandard tbW interactions, con-
straints from flavor changing neutral current processes
involving virtual top quarks within loops play a crucial
role. In particular, the inclusive decay B — X,y provides
stringent bounds on the structure of tbW vertices [5]. One
needs to take these constraints into account when evaluat-
ing the sensitivity of top decay rate measurements to
potential NP contributions.

In the present paper, we study contributions of the non-
SM bW interactions to the W gauge boson helicity frac-
tions in unpolarized top quark decays at next-to-leading
order in QCD. We study the impact of QCD radiative
corrections on NP constraints as extracted from top quark
decay rate measurements and compare those with indirect
bounds from inclusive radiative B meson decays.

II. FRAMEWORK

Following [6] we work with a general effective
Lagrangian for the tbW interaction, which appears in the
presence of NP heavy degrees of freedom, integrated out at
a scale above the top quark mass (see also [7]). It can be
written as

V2 v
A? A?

with the operators defined as

£eff = CL(OL + CLR@LR + (L «— R) + H.C., (3)

8 N 8 N v
0, = ﬁw,u[bL'yﬂtL]’ O = \TEWWU?LU” tr],

“)

where gg = (1% v5)q/2, 0, = ily, v,1/2 and g is
the weak coupling constant. Furthermore W, = 9, W, —
d,W, and v = 246 GeV is the electroweak condensate.
Finally, A is the effective scale of NP. We adopt a more
convenient parametrization
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FIG. 1. Feynman rule for the effective tbW vertex.
v2
ayp = FCL = aEM + 561L = th + 6CZL,
2
v vm
ag = PCRr brrrL = A—gl CLRrRL> 5)

resulting in the Feynman rule for the effective tbW vertex
as shown in Fig. 1. We write the complete decay width for
t — bW as a sum of decay widths distinguished by differ-
ent helicities of the W boson,

2
m; g_ Zri’ (6)

Fwy = E D

where i = L, +, — stands for longitudinal, transverse-plus
and transverse-minus.

The I'' decay rates have already been studied to quite
some extent in the existing literature. The tree-level analy-
sis of the effective interactions in (3) has been conducted in
Ref. [8]. QCD corrections, however, have been studied
only for the chirality conserving operators. Results for a
general parametrization can be found in Ref. [9], while SM
analysis is given in [10,11], where O(«;) results including
my, # 0 effects and O(a?), m;, = 0 corrections have been
computed. The hard gluon emission corrections are espe-
cially important for the observable F since they allow the
lifting of the helicity suppression present at the leading
order (LO) in the SM. Helicity suppression in this observ-
able is also exhibited in the presence of the NP operator
O; r, which is especially interesting since it is least con-
strained by indirect bounds coming from the B — X,y
decay rate [5] and thus has the potential to modify the
t — bW decay properties in an observable way.

II1. RESULTS

We compute the O(«a,) corrections to the polarized rates
I'" in the m;, = 0 limit including both operators given in
Eq. (4) (and their chirality flipped counterparts). The ap-
propriate Feynman diagrams are presented in Fig. 2. We
regulate UV and IR divergences by working ind =4 + €
dimensions. The renormalization procedure closely resem-

g

w

FIG. 2 (color online). Diagrams for next-to-leading order QCD
contributions. The cross marks the additional points from which
the gluon can be emitted.
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bles the one described in [12]. To avoid conceivable prob-
lems regarding y° in d dimensions, we use the prescription
of Ref. [13]. To project out the desired helicities of the W
boson we use the technique of covariant projectors as
described by Fischer et al. in Ref. [4].

A. The decay rates

In the m;, = 0 limit there is no mixing between chirality
flipped operators and the decay rates can be written as

T = a, P74 by PR
+2Refa by TET T (LR + = =) (7)

Analytical formulas for FZ’ bap fUnctions are given in the
appendix. We have cross-checked I'/, with the correspond-
ing expressions given in [4] and found agreement between
the results. The LO [O(a?)] contributions to decay rates
Fg};ﬁlb are obtained with a tree-level calculation and are
given in Table I. Our results coincide with those given in
[8], if the mass m,, is set to zero. The change of T, ,
going from LO to next-to-leading order (NLO) in «; is
presented in Table II. Since in the m; = 0 limit F;’blfb
vanish, we use the full m, dependence of the LO rate when
dealing with W transverse-plus helicity. Effectively we
neglect the O(a,m,;) contributions. In Ref. [10] it has
been shown that these subleading contributions can scale
as a,(my,/my)?log(my,/m,)? leading to a relative effect
of a couple of percent compared to the size of O(ay)
corrections in the m;, = 0 limit.

B. Effects on F .

We have analyzed the effects on F, when going
from LO to NLO in QCD. Assuming the NP coupling

TABLE I. Tree-level decay widths for different W helicities
and their sum, which gives the unpolarized width. All results are
in the m;, = 0 limit and we have defined x = my,/m,.

L + - Unpolarized
FZLO (1 ;;22)2 0 (1 _ x2)2 (1 fxz)zz)le +2x2)
0RO 221 =522 0 4(1—x2)?  2(1 - 222 +x?)
oo (1—x2)? 0 2(1—x?7 3(1—x2)?
TABLE II.  Numerical values for N0 /TO with the following

input parameters: m, = 173 GeV, my, = 80.4 GeV, a,(m,) =
0.108. Scale w appearing in NLO expressions is set to u = m,.
In addition m;, = 4.8 GeV. These values are used throughout the
paper for all numerical analysis.

L + ~
[iNLO /L0 0.90 3.50 0.93
[iNLO /iLO 0.96 4.71 0.91
I'iNLO /piLlo 0.93 3.75 0.92
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FIG. 3 (color online). Value of F, as a function of b, ; (other
NP coefficients being set to zero). The red band shows the
allowed interval for b;p as given in Ref. [5]. The dashed line
corresponds to LO results at m;, # 0, while the solid line
represents the O(a,) results. We also present the SM O(a?)
next-to-next-to-leading order (NNLO) value given in Eq. (2b).

parameters to be real, we consider contributions of a single
NP operator at a time. Present 95% C.L. constraints on
éay, ag, by g, br; come from the weak radiative B meson
decays (b — s7) analyzed in Ref. [5]. Translated to our
definition of parameters these bounds read

—0.0007 =< aj < 0.0025,
—0.0004 =< by, =0.0016.  (8)

—0.13 = 8a; =0.03,
_061 = bLR = 016,

Compared with others, constraints on b, ; are considerably
looser. We present the effect of b, on F in Fig. 3. We
see that the increase is substantial when going to NLO in
QCD, but still leaves F . at the 1-2 per-mille level. We
summarize the effects of the other NP operators on F; in
Table III. The nonstandard value of a; does not affect the
different W helicity branching fractions which are the same
as in the SM. The dependence of F. on nonzero values of
agp and bg; in the b — s7 allowed region is mild, reaching
a maximum at the lowest allowed values of ap and by, . We
observe that for these NP contributions, b — sy already
constrains the value of F, to be within 2% of the SM
prediction.

C. Effects on F

Analyzing a single real NP operator contribution at the
time, we find leading QCD corrections decrease F; by
approximately 1% in all cases. Possible effects of ap and

TABLE III. Maximum allowed effects on F, due to nonzero
values of ag and by, at O(ay).

SM (6ay) ag brr
FNLO / FLO 3.49 3.40 3.38
FNO /1073 1.32 1.34 1.34
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FIG. 4 (color online). Value of F; as a function of b, (other
NP coefficients being set to zero). The vertical (red) band shows
the allowed interval for b; p as given in Ref. [5]. We also present
the CDF values given in Eq. (1a).

by are again severely constrained by b — sy. On the
other hand, we find that the most recent CDF measurement
of F; in Eq. (la) already allows putting competitive
bounds on b, compared to the indirect constraints given
in Eq. (8). We plot the dependence of F; on b,y in Fig. 4.
A new 95% C.L. upper bound is found to be

byr <0.09,  95% C.L. 9)

IV. CONCLUSIONS

We have analyzed the decay of an unpolarized top quark
to a bottom quark and a polarized W boson as mediated by
the most general effective thW vertex at O(«,). We have
shown that within this approach the helicity fraction F .
can reach maximum values of the order of 2 per mille in the
presence of a non-SM effective operator O . Leading
QCD effects increase the contributions of O,y substan-
tially owing to the helicity suppression of the LO result,
while other considered NP effective operator contributions
are much less affected. Indirect constraints coming from
the B — X,y decay rate already severely restrict the con-
tributions of these NP operators. In particular, considering
only real contributions of a single NP operator at a time, all
considered operators except O,y are constrained to yield
JF . within 2% of the SM prediction. Even in the presence
of the much less constrained O; ; contributions, a potential
determination of F significantly deviating from the SM
prediction, at the projected sensitivity of the LHC experi-
ments [2], could not be explained within such a framework.
Based on the existing SM calculations of higher order
QCD and electroweak corrections [3,11], we do not expect
such corrections to significantly affect our conclusions.

Finally, we have set a new 95% C.L. upper bound on the
by g contributions given in Eq. (9), lowering the previous
indirect bound coming from B — X,y decay by 44%.
With increased precision of the F; measurements at the
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Tevatron and the LHC, this bound (as well as the lower
bound on the same coupling) is expected to be further
significantly improved in the near future.
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APPENDIX: ANALYTICAL FORMULAS

In this appendix we present analytical formulae for all
nine F(I;”; ., appearing in Eq. (7) to O(«;) order and in the
my;, = 0 limit. Here w is the arbitrary scale, remnant of
operator renormalization, x = my/m, and Cr = 4/3. For
the computation of F;, we have also used the I',; .,
summed over the three W helicity states. We omit these
expressions here, as they coincide with the analoge for-
mulae given in [12,14] obtained in the context of 1t — c¢Z
decays.

|
1. Longitudinal polarization

L (1 — x?)? L% [(1 —x2)(5 +47x* — 4xt) 27772 1+5x2 +2x*  3(1 — x?)?
“ 2x? 47 F 2x? 3 x? x?

2(1 — x)2(2 — x + 6x%2 + x3) 2(1 + x)2(2 + x + 6x2 — x3)
- 5 log(x) log(1 — x) — 5
X X
2(1 — x)2(4 +3x + 8x2 + x3) _ . 2(1 + x)2(4 — 3x + 8x2 — x3)
— 2 Li,(x) — 2

log(1 — x?)

log(x) log(1 + x)

Liy(—x) + 16(1 + 2x2)1og(x)], (A1)

L 2 2\2 4 Y 2 2 2 2 2 2 2 2 2\2 m;
Iy =2x*(1 — x%) ~I—4—CF —2x (1—x)(21—x)+T4x (1 +x)(3 — x%) +4x*(1 — x*)* log| —
T ©

—16x2(3 + 3x% — x*) log(x) — 4(1 — x?)%(2 + x?) log(1 — x?) — 8x(1 — x)?(3 + 3x* + 2x3) log(x) log(1 — x)
+ 8x(1 + x)2(3 + 3x% — 2x%) log(x) log(1 + x) — 8x(1 — x)?(3 + 2x + 7x? + 4x>)Li,(x)

+ 8x(1 + x)2(3 — 2x + 722 — 4x3)Li2(—x)], (A2)
a 27 m?
L= —x*)?%+ 4—“CF[—(1 — x4+ 11x%) — (1 — 72> + 2x*) + (1 — x?)? 10g<—2>
T 3 7
2(1 — x2)2(1 + 22
Ao )xz( ) oa(l — %) — 4x2(7 — ) log(x) — 4(1 — 02(1 + 5x + 262 log(x) log(1 — x)
—4(1 + x)2(1 — 5x + 2x?)log(x) log(1 + x) — 4(1 — x)*(3 + 9x + 4x?)Li,(x)
— 41+ 223 - 9x + 4x2)Li2(—x)]. (A3)
2. Transverse-plus polarization
1 2
Iy = j—SCFI:— 5 (1= 025 + 5x + 9x2 + x3) + %(7 + 6x? — 2x*) = 2(5 — 7% + 2x*) log(1 + x)
v
5 . (1 =225 + 722 + 4x3) (1 —x)2(5 + 7x2 +4x3) .
—2(5 + 7x* — 2x*) log(x) — log(x) log(1 — x) — Li,(x)
X
1+ x)2(5 + 7x% — 4x3 54 10x + 12x2 + 30x3 — x4 — 1245
LUEDCHTE =4 ) log(l + x) + A e Liz(—x)], (Ad)
X X

4
Iy = %;Cp[gx(l — x)(30 + 3x + 7x? — 2x3 — 2x*) — 47x* — 8(5 — 9x? + 4x*) log(1 + x) + 8x*(1 + 5x?) log(x)
—4(1 — x)%(4 + 5x + 6x% + x*) log(x) log(1 — x) — 4(1 + x)>(4 — 5x + 6x* — x*) log(x) log(1 + x)

—4(1 — x)%(4 + 5x + 6x% + x3)Liy(x) — 4(4 + 3x — 16x% + 6x3 + 16x* — x5)Li2(—x)], (AS)
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Xs 27 2 2 4 2 2

4—CF 2x(1 — x)(15 — 11x) + B (5 —2x%) — 2(13 — 16x* + 3x%) log(1 + x) + 2x*(1 + 3x%) log(x)
T

—2(1 — x)*(5 + 7x + 4x?) log(x) log(1 — x) — 2(1 + x)*>(5 — 7x + 4x?) log(x) log(1 + x)

+
rab_

—2(1 — x)%(5 + 7x + 4x*)Liy(x) — 2(3 + 3x — 31x> + x> + 12x4)Li2(—x)]. (A6)
3. Transverse-minus polarization

' 1 2
r; =00-x*)?+ Z—“CF[— 5(1 —x)(13 +33x — 72> + x3) + 7%(3 + 4x2 — 2x*) — 2(5 + 7x* — 2x*) log(x)
T

(1 — x)%2(5 + 7x% + 4x%)

_ 201 - x2)%(1 + 2x?) o _ 201 - x2)(1 — 4x?)
2

5 g(1 — x) log(1 + x) — log(x) log(1 — x)
X X

1+ x)2(5 + 7x% — 453 1= x)2(5 + 300 +x + 4x2

U O T 24 ) ) log(1 + ) — LD CFINAHx+ ) |y
X

+2x + 1227 + 6x° — x* — 4x°

n 5 X X 6x° — x X Liz(—x)], (A7)
X

4 2
L, =401 —x*)*+ j—SCF[g(l —x)(16 — 14x + 22x% 4+ 18x3 — 3x* — 3x%) — 77.?4(4 + x%) + 8x2(1 + 5x?) log(x)
T
—24(1 — x?)?1og(1 — x) + 8(1 — x2)(2 — x*) log(1 + x) — 4(1 — x)>(4 + 5x + 6x* + x*) log(x) log(1 — x)
—4(1 + x)%(4 — 5x + 6x2 — x*) log(x) log(1 + x) — 4(1 — x)>(12 + 21x + 14x> + x*)Liy(x)

2
—4(12 + 3x + 6x° — x°)Lip(—x) + 8(1 — x?)? 10g<’:zt2):|, (A8)

2 2
To, = 2(1— 22 + :—SCF[Z(I — )9 — 6x + 62 — 5x%) — %(5 +2x%) + 22%(1 + 3:2) log(x)
ao

— 22(1 + 552 V(1 — 042 — 9y
_2a x)2(1 Sx)log(l —x)—2(1 x*)(1 29)c 2)c)10g(1 )
X X

—2(1 — x)%(5 + 7x + 4x?) log(x) log(1 — x) — 2(1 + x)*>(5 — 7x + 4x?) log(x) log(1 + x)

2
—2(1 — 2(13 + 23x + 12x3)Lis(x) — 2(15 + 3x + 522 + 3 + 4x*)Liy(—x) + 2(1 — x2)? 10g<m—;>]. (A9)
M
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