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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW[26] (red). Capital letters (NLO, NNLO) corre-
spond to the unexpanded definition (2), while small letters
(nlo, nnlo) to the definition (3). The CDF/DØ (naive) av-
erage is from Ref. [27]. Error bands are from scale variation
only. Our final prediction corresponds to scenario 10.

eq. (3), is the expansion of the ratio eq. (2) in powers of
αS . 5

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry, see
fig. 1, is computed with both definitions (2) and (3) in-
cluding EW corrections. 6 The numerator factor NEW is
taken 7 from Table 2 in Ref. [26]. Only for the inclusive
asymmetry we determine the scale variation by keeping
µR = µF

8 (since the scale dependence of NEW is pub-
lished [26] only for µR = µF ). We also note that the scale
variation of AFB is derived from the consistent scale vari-
ation of the ratio, i.e. both numerator and denominator
in eqs. (2) and (3) are computed for each scale value.

DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive

5 Such an expansion is not, strictly speaking, fully consistent since
the αS expansion is performed after convolution with pdf’s. Nev-
ertheless, following the existing literature, we consider it as an
indication of the sensitivity of AFB to missing higher order terms.

6 EW corrections to Di are neglected since EW effects to the total
cross-section are very small O(1%), see Refs. [55–59].

7 We have checked that the different pdf and mt used in Ref. [26]
have negligible impact on the QCD numerator N3 and so we
expect the same to hold for NEW.

8 We have checked that for the pure QCD corrections to the to-
tal asymmetry the difference with respect to scale uncertainty
derived with µR ̸= µF variation is negligible.
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FIG. 2: The |∆y| differential asymmetry in pure QCD at
NLO (blue) and NNLO (orange) versus CDF [2] and DØ [1,
60] data. Error bands are from scale variation only. For
improved readability some bins are plotted slightly narrower.
The highest bin contains overflow events.
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FIG. 3: As in fig. 2 but for the Mtt̄ differential asymmetry.
The highest bin contains overflow events and the lowest bin
includes all events down to the production threshold 2mt.

AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition
eq. (2). Therefore, following the previous literature, we
choose as our final prediction ASM

FB = 0.095± 0.007 (sce-
nario 10 in fig. 1) which is derived with the expanded
definition (3) and includes EW [26] corrections.
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N1(P1) +N2(P2) → t(p3) + t̄(p4) +X ′(PX) (6.3)
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q(p1) + q̄(p2) → t(p3) + t̄(p4), (6.4)

ԕ৺㜦ᆀ-㜦ᆀ㶽ਸ䗷〻ӗ⭏

g(p1) + g(p2) → t(p3) + t̄(p4), (6.5)
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㘳㲁ᕪᆀሩᫎᵪк tt̄+ 0jⲴӗ⭏䗷〻ˈ

N1(P1) +N2(P2) → t(p3) + t̄(p4) +X ′(PX) (6.3)

ަѝX ′ԓ㺘䙊䗷௧⌘ veto䘉њ䘀ࣘᆖᡚᯝⲴᕪᆀᵛᘱǄ൘Born䘁լлˈ亦ཨ
⚝⒞ݻሩ䙊䗷↓৽ཨݻ

q(p1) + q̄(p2) → t(p3) + t̄(p4), (6.4)

ԕ৺㜦ᆀ-㜦ᆀ㶽ਸ䗷〻ӗ⭏

g(p1) + g(p2) → t(p3) + t̄(p4), (6.5)
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Fig. 4 The measured gap fraction as a function of Q0 is compared
with the prediction from the NLO and multi-leg LO MC generators
in the three rapidity regions, (a) |y| < 0.8, (b) 0.8 ≤ |y| < 1.5 and
(c) 1.5 ≤ |y| < 2.1. Also shown, (d), is the gap fraction for the full ra-
pidity range |y| < 2.1. The data is represented as closed (black) circles

with statistical uncertainties. The yellow band is the total experimental
uncertainty on the data (statistical and systematic). The theoretical pre-
dictions are shown as solid and dashed coloured lines. The gap fraction
is shown until Q0 = 300 GeV or until the gap fraction reaches one if
that occurs before Q0 = 300 GeV (Color figure online)

total systematic uncertainty is largest at low Q0 and is domi-
nated by the jet related uncertainties (JES, JER and JVF) and
the uncertainty on the correction factors. The measurement
is most precise in the central region, where the jet energy
scale uncertainty is smallest. The breakdown of uncertain-
ties for the gap fraction as a function of Qsum is similar, but
the uncertainties are slightly larger and fall more slowly as
a function of Qsum. This is due to low transverse momen-

tum jets, which have the largest systematic uncertainties and
therefore affect all values of Qsum.

8 Results and discussion

The gap fraction is measured for multiple values of Q0 and
Qsum in the four rapidity intervals defined in Sect. 1. The
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working group recommendation for the envelop prescription [60]. Tab. 1 and Tab. 2

show that the scale and PDF uncertainties are almost same order. Moreover, with

the increasing of the pvetoT and R, the scale uncertainties decrease, while the PDF

uncertainties almost do not change.

5 Conclusion

We have studied the resummation e↵ects for the HV associated production at the

LHC with a jet veto in SCET using “collinear anomalous” formalism. We calculate

the jet vetoed invariant mass distribution and the cross section for this process at

Next-to-Next-to-Leading-Logarithmic level, which are matched to the QCD Next-to-

Leading Order results, and compare the di↵erences of the resummation e↵ects with

di↵erent jet veto pvetoT and jet radius R. Our results show that both resummation

enhancement e↵ects and the scale uncertainties decrease with the increasing of jet

veto pvetoT and jet radius R, respectively. When pvetoT = 25 GeV and R = 0.4 (0.5),

the resummation e↵ects reduce the scale uncertainties of the Next-to-Leading Order

jet vetoed cross sections to about 7% (6%), which lead to increased confidence on

the theoretical predictions. Besides, after including resummation e↵ects, the PDF

uncertainties of jet vetoed cross section are about 7%. Our results can help to

precisely study the physical property of the SM Higgs boson through Higgs and

vector boson associated production at the LHC in the future.
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A Calculation of beam functions

Figure 9. Feynman diagrams contribution to the NLO beam function Iq q.

In this appendix we show the details of calculating the beam functions. At the

NLO, the beam functions receive the contributions from the diagrams shown in Fig. 9
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d3�

dydMd cos ✓
=

8⇡�t

3sM
Bi/N1

(⇣
1

, pvetoT , µ)B
¯i/N2

(⇣
2

, pvetoT , µ)Tr
⇥Hi¯t(M,mt, cos ✓, µ)Si¯i(p

veto

T ,M,mt, cos ✓, µ)
⇤
.

q q







ㅜޝㄐᕪᆀሩᫎᵪк tt̄+ 0jӗ⭏䗷〻Ⲵഐᆀॆ৺䟽≲઼

n

n̄

v3

v4

I12 I13 I14

I23 I24 I33

I34 I44

മ 6.4 NLO䖟࠭ᮠሩᓄⲴമᖒˈަѝ㋇ⴤ㓯ԓ㺘⋯⵰v3઼v4 ᯩੁⲴWilson㓯ˈ㓶ⴤ㓯ԓ
㺘⋯⵰n઼ n̄ᯩੁⲴWilson㓯Ǆ

ަѝ〟࠶ⲴᖒᔿѪ
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Figure 1. Comparisons of the leading singular and the exact NLO jet veto cross sections for top
quark pair production at the Tevatron (left panel) and LHC (right panel), respectively.
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Figure 2. The NLL (green bands) and NNLL (red bands) resummed invariant mass distributions
for tt̄ production with pvetoT = 30 GeV and R = 0.4 at the Tevatron (left panel) and the LHC (right
panel), where the bands reflect the scale uncertainties.

4.2 Scale uncertainties

In Fig. 2 we present NLL (green bands) and NNLL (red bands) resummed predictions on

the invariant mass distribution for tt̄ production with pvetoT = 30 GeV and R = 0.4 at the

Tevatron and 7 TeV LHC, respectively, where the bands reflect the scale uncertainties.

We use MSTW2008NLO and MSTW2008NNLO PDF sets for the NLL and NNLL results,

respectively. Fig. 2 show that after performing resummation, the theoretical perturbative

convergence is well behaved, and the scale uncertainties are reduced from NLL level to

NNLL level for all the invariant mass region.

In Fig. 3 we present NLL (green bands) and NNLL (red bands) resummed predictions

on jet veto cross section for tt̄ production at the Tevatron and the LHC for three di↵erent

jet radius parameter R = 0.2, 0.4 and 0.8, where the bands reflect the scale uncertainties.

We use MSTW2008NLO and MSTW2008NNLO PDF sets for the NLL and NNLL results,
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Figure 3. The NLL (green bands) and NNLL (red bands) resummed invariant mass distributions
for tt̄+ 0j production with pvetoT = 30 GeV and R = 0.4 at the Tevatron (left panel) and the LHC
(right panel), where the bands reflect the scale uncertainties.
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Figure 4. The NLL (green bands) and NNLL (red bands) resummed cross section for tt̄ + 0j
production at the Tevatron and the LHC for jet radius parameter R = 0.5, where the bands reflect
the scale uncertainties.

In Fig. 4 we present NLL (green bands) and NNLL (red bands) resummed predictions

on jet veto cross section for tt̄ production at the Tevatron and the LHC for three di↵erent

jet radius parameter R = 0.2, 0.4 and 0.8, where the bands reflect the scale uncertainties.

We use MSTW2008NLO and MSTW2008NNLO PDF sets for the NLL and NNLL results,

respectively. Fig. 4 show that after performing resummation, the theoretical perturbative

convergence is well behaved, and the scale uncertainties are reduced from NLL level to

NNLL level for all the invariant mass region.
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and

d

d lnµ
hi(p

veto
T , µ) = 2�i

cusp(↵s) ln
µ

pvetoT

� 2�i(↵s), (A.4)

respectively. Similarly, after solving this RG equation, we can obtain Fqq̄ up to two loop

as

Fīi(p
veto
T , µf ) = as

h
�i
0L? + di,veto1 (R)

i
+ a2s


�i
0�0

L2
?
2

+ �i
1L? + di,veto2 (R)

�
, (A.5)

where the anomaly coe�cient dveto(R) can be extracted from fixed order calculations of

beam function. The function hi(pvetoT , µf ) is given by

hi(p
veto
T , µf ) = as

✓
�i
0

L2
?
4

� �i0L?

◆
, (A.6)

where the normalization condition of hi(pvetoT , pvetoT ) ⌘ 0 is chosen. After calculating com-

plete one loop function Ii a(z, pvetoT , µ) , we have

dq(g),veto1 (R) = 0, (A.7)

Rq q(z) = CF


2(1� z)� ⇡2

6
�(1� z)

�
, (A.8)

Rq g(z) = 4TF z(1� z), (A.9)

Rg g(z) = �CA
⇡2

6
�(1� z), (A.10)

Rg q(z) = 2CF z. (A.11)

The two loop coe�cient dveto2 (R) expanded as small R has been analytically calculated in

Ref. [4], and it has the form

di,veto2 = d i
2 � 8�i

0fi(R), (A.12)

where dq(g)2 is the corresponding coe�cient in the small transverse momentum resummation

for Drell-Yan process and is given by

d i
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0
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202

27
� 7⇣3

◆
CA � 56

27
TFnf

�
, (A.13)

and the function fi(R) can also be numerically extracted from Ref [5], which agrees well

with the analytical expression in Ref [4], which are

fq(R) = �(1.09626CA + 0.1768nfTF ) lnR+ (0.6072CA � 0.0308TFnf )

+(0.2639CA � 0.8225CF + 0.02207TFnf )R
2

�(0.0226CA � 0.0625CF + 0.0004TFnf )R
4 + · · · . (A.14)
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regularized by dimensional regularization. We therefore
introduce a regularization factor ð!=kþÞ" following [14],
where kþ ¼ n % k, ! is an unphysical scale. We find that
although the individual integrals contain poles in ", these
divergences cancel in the final soft function, along with the
dependence on the unphysical scale !. After renormalizing
the remaining divergences in # in theMS scheme, the finite
NLO soft function can be written as

Sð1Þ
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¼ 4L?

!
2w13
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ln
&t1
mtM

þ 2w23
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ln
&u1
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m2
t M

2
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ln
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t M
2

& 2w34
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1þ $2
t
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½L? lnxs þ f34(; (7)

where xs ¼ ð1& $tÞ=ð1þ $tÞ and

f34 ¼ &Li2

!
&xstan

2 %

2

"
þ Li2

!
& 1

xs
tan2

%

2

"

þ 4 lnxs lncos
%

2
: (8)

For a consistency check, one can verify that close to the
production threshold $t ! 0, the NLO corrections to the
soft functions vanish for top-quark pair in the color-singlet

state, i.e., the (1, 1) components of the Sð1Þ
i!i

matrices.

The reason is that near threshold soft gluons can not be
emitted from color-singlet top-quark pairs with overall
vanishing color charge. Given the renormalization group
equations satisfied by the hard functions and the transverse
PDFs, it is straightforward to derive the ones for the soft
functions. We find

d

d ln&
Si!ið&Þ ¼ &'sy

i!i
ð"sÞSi!ið&Þ & Si!ið&Þ's

i!i
ð"sÞ; (9)

with 's
i!i
¼ 'h

i!i
& 2'i1, where 'h

i!i
enter the renormalization

group equations of the hard functions and can be found in
Ref. [1]. Following the approach shown in Ref. [12], we
can get Si!i in Eq. (2) from Eq. (9).
Given the resummed formula (2), it is important to check

whether its fixed-order expansion agrees with the exact
results in the small qT region. To this end we expand
Eq. (2) to Oð"sÞ and plug it into Eq. (1). The results can
be written as

d4(
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where

Ai!i ¼ "i
0S

ð0Þ
i!i
;

Bi!i ¼ 2'i
0S

ð0Þ
i!i

& 4w33
i!i
þ 2ð1þ $2

t Þ lnxs
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& 8 ln
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andHð0Þ
i!i

is the LO hard function, which can be found, e.g.,
in Eqs. (61) and (62) of Ref. [1]. The terms involving the w
matrices originate from the soft function. Equation (10) is
also useful for QT resummation in traditional CSS
formalism.

Equation (10) captures the leading singular terms at
order "s in the limit qT ! 0, which can be compared to
the exact result in the small qT region. We show in Fig. 1
the result from Eq. (10) and the exact result calculated
using MCFM [16]. To illustrate the effect of the new soft
functions, we also show in the plot the result without the
contributions from the soft functions. As can be seen there,
only when including the soft function contributions, the
leading singular terms reproduce the exact result, demon-
strating the validity of our formalism. It is worth pointing

out that our Eq. (11) is in contradiction with corresponding
formulas in Ref. [10].
As a further check of the NLO soft functions, we employ

the QT-subtraction method [17] to compute the NLO
total cross section for this process. We choose the
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FIG. 1 (color online). Comparison of the leading singular and
the exact Oð"sÞ distributions in the small qT region. Leading
singular terms with (dashed-dotted line) and without (dashed
line) the soft function contributions are presented.
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4.2 Scale uncertainties
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Figure 2. The RG invariant hard function H(M,pvetoT ) for three different jet radius pa-

rameter R, where the bands reflect the scale uncertainties, and M = 300 GeV.

In Fig. 2 we show the scale dependence of RG invariant hard functionH(M, pvetoT )
on pvetoT for three different parameters R, where the bands reflect the scale uncertain-

ties by varying the scales in the range pvetoT /2 < µf < 2pvetoT and M2/4 < −µ2
h < 4M2,

respectively. In the resummation predictions these two kinds of uncertainties are

added in quadrature. From Fig. 2 we can see that the NLL predictions are indepen-
dent on the jet radius parameter R, while the NNLL predictions strongly depend on

R. Besides, the NLL and NNLL bands overlap each other, and the scale uncertainties
of NNLL results increase as R decreases. When R = 0.8, the scale uncertainties are
significantly reduced from NLL level to NNLL level. And when R = 0.2, the scale

uncertainties are reduced only for large pvetoT , and the NNLL and NLL bands overlap
only for large pvetoT too. In the small pvetoT region the NNLL bands are broader than

the NLL ones, and they are away from each other with the decreasing of pvetoT .

In addition to the hard and factorization scale, another scale uncertainty coming

from logarithms with collinear anomaly has also been discussed in Ref. [35], and it is
shown that this uncertainty should not be included in “collinear anomalous” formal-
ism, although this type scale variation can be formalized in an RG framework [37, 38].

Therefore, we apply the same scheme in Ref. [35], and also do not consider this kind
of uncertainties in our calculations.

At the NNLL level the dependence of the RG invariant hard function H(M, pvetoT )
on the jet radius parameter R is caused from the two loop anomaly coefficient

dveto2 (R). The R dependence term has the form as

exp

[

0.54
dveto2 (R)

dq2
α2
s(µ) ln

M

pvetoT

]

, (4.3)
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Figure 3. Dependence of the coefficient dveto2 (R) on the jet radius parameter R, normalized

to dq2.
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Figure 4. The NLL (green bands) and NNLL (red bands) resummed invariant mass

distributions forHW± (left panel) andHZ (right panel) associated production with pvetoT =

20 GeV and R = 0.4 at the LHC with
√
S = 14 TeV, where the bands reflect the scale

uncertainties.

where αs(µ) includes the remaining scale dependence. In order to estimate the scale
uncertainties induced by Eq. (4.3) at the NNLL level, we show the dependence for the

ratio between the coefficient dveto2 (R) and dq2 on the jet radius parameter R in Fig. 3.
With the increasing of the jet radius parameter R from 0.2 to 0.8, the coefficient

dveto2 (R)/dq2 rapidly decrease about from 9 to 3 due to the existence of logarithmic
terms lnR in Eq. (3.21). Therefore, as shown in Fig. 2, the remaining scale de-

pendence of RG invariant hard function H(M, pvetoT ) increases as the parameter R
decreases.

In Fig. 4 we present NLL (green bands) and NNLL (red bands) resummed
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