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Perturba)ve	
  convergence	
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Concurrent	
  uncertain)es:	
  
	
  
Scales 	
   	
   	
  ~	
  3%	
  
pdf	
  (at	
  68%cl) 	
   	
  ~	
  2-­‐3%	
  
αS	
  (parametric) 	
  ~	
  1.5%	
  
mtop	
  (parametric) 	
  ~	
  3%	
  
	
  
So`	
  gluon	
  resumma)on	
  makes	
  a	
  difference:	
  
	
  

	
   	
  5% 	
   	
  -­‐> 	
   	
  3%	
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What	
  we	
  can	
  do	
  now	
  
•  Fully	
  differen)al	
  top	
  pair	
  produc)on	
  at	
  NNLO	
  
	
  
•  Everything	
  is	
  included	
  –	
  no	
  approxima)ons!	
  

•  Stable	
  top	
  quarks	
  only.	
  Down	
  the	
  road	
  include	
  decay	
  but	
  not	
  a	
  priority	
  now.	
  

•  For	
  the	
  moment	
  we	
  compute	
  only	
  pre-­‐decided	
  binned	
  distribu)ons.	
  
	
  
•  For	
  the	
  moment	
  we	
  compute	
  simultaneously	
  with	
  several	
  fixed	
  scales	
  	
  

	
  muR,	
  muF	
  =(1/2,1,2)*Mtop.	
  Dynamical	
  scales	
  in	
  the	
  future.	
  

•  Use	
  mostly	
  MSTW2008,	
  but	
  we	
  also	
  have	
  almost	
  everything	
  computed	
  also	
  with	
  	
  
	
  NNPDF,	
  CT10	
  and	
  HERA.	
  Different	
  PDF	
  sets	
  evaluated	
  simultaneously.	
  

	
  
•  Calcula)ons	
  for	
  now	
  only	
  for	
  LHC7	
  and	
  LHC8	
  

	
  Tevatron	
  computed,	
  too.	
  
	
  
•  Mtop=173.3	
  GeV	
  only	
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Defini)on	
  of	
  the	
  asymmetry	
  
Defini)on	
  of	
  the	
  asymmetry:	
  

…	
  and	
  the	
  CDF	
  measurement	
  versus	
  (known)	
  SM:	
  

Discrepancy	
  ≤	
  3σ	
  

New	
  D0	
  measurement	
  (2014):	
  it	
  is	
  much	
  lower	
  than	
  CDF	
  and	
  in	
  good	
  agreement	
  with	
  SM	
  



What	
  is	
  known	
  
ü 	
  The	
  largest	
  known	
  contribu)on	
  to	
  AFB	
  is	
  due	
  to	
  NLO	
  QCD,	
  i.e.	
  ~(αS)3.	
  `	
  

Almeida,	
  Sterman,	
  Wogelsang	
  ’08	
  
Ahrens,	
  Ferroglia,	
  Neubert,	
  Pecjak,	
  Yang	
  `11	
  
Manohar,	
  Trou	
  ’12	
  
Skands,	
  Webber,	
  Winter	
  ‘12	
  

Kuhn,	
  Rodrigo	
  ‘98	
  

ü 	
  Higher	
  order	
  so`	
  effects	
  probed.	
  No	
  new	
  effects	
  appear	
  (beyond	
  Kuhn	
  &	
  Rodrigo).	
  

ü 	
  F.O.	
  EW	
  effects	
  checked.	
  ~25%	
  effect:	
  not	
  as	
  small	
  as	
  one	
  might	
  naively	
  expect!	
  

ü 	
  BLM/PMC	
  scales	
  sexng	
  does	
  the	
  job?	
  Claimed	
  near	
  agreement	
  with	
  the	
  measurements.	
  

ü 	
  Higher	
  order	
  hard	
  QCD	
  correc)ons?	
  Next	
  slide.	
  

	
  
ü 	
  Final	
  state	
  non-­‐factorizable	
  interac)ons?	
  Unlikely.	
  

Hollik,	
  Pagani	
  ’11	
  
Bernreuther,	
  Si	
  ‘12	
  

Brodsky,	
  Wu	
  ‘12	
  

Mitov,	
  Sterman	
  ‘12	
  
Rosner	
  ‘12	
  	
  



Our	
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Czakon,	
  Fiedler,	
  Mitov,	
  to	
  appear	
  

ü  Computed	
  AFB	
  following	
  the	
  defini)on	
  and	
  binning	
  of	
  CDF	
  ‘12	
  

•  Inclusive	
  
•  |Δy|	
  
•  Mu	
  
•  PT,u	
  

ü  The	
  EW	
  correc)ons	
  to	
  inclusive	
  AFB	
  included	
  (from	
  Bernreuther,	
  Si	
  ‘12)	
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gluon emission - even when matched to LO QCD (which,
we recall, has zero A

FB

) - generates essentially the same
A

FB

as the full set of NLO QCD corrections. The natural
interpretation of this result, especially when augmented
with the conclusions of Ref. [31], was that the missing
NLO QCD corrections to A

FB

in tt̄ are small and will
not significantly a↵ect the SM prediction. Contrary to
the above results, however, we find in this work that the
NLO QCD corrections to A

FB

are in fact large, around
30% for the case of inclusive A

FB

, and originate from
hard emissions that are not controlled by soft-gluon re-
summation. Thus this observable clearly shows the limits
on using soft-gluon arguments in estimating higher-order
QCD corrections.

An alternative approach to computing A
FB

, based on
the BLM (or PMC) scale setting, was used in Ref. [24].
The authors derive a value for A

FB

which is significantly
higher than the usual LO QCD correction, in agreement
with the CDF measurement. While the BLM scale set-
ting procedure is known [33] to work well even beyond
fully inclusive observables, its applicability in top pro-
duction at hadron colliders may need to be tuned. For
example, by inspecting the known results [34–37], one
can easy check that the the terms ⇠ N

2

F

predicted by
this approach are incorrect for both the qq̄ and gg reac-
tions. 1

Finally, we mentioned the possible e↵ect on A
FB

from
asymmetries in the subtracted tt̄ backgrounds [38], as
well as the possibility [39], see also Ref. [13], that final
state interactions could contribute to A

FB

. This prob-
lem has been addressed in Ref. [40] where it was shown
that such interactions are strongly suppressed for single
top (or t̄) inclusive observables. In presence of strong jet
vetoes, however, final state tt̄ – beam remnants interac-
tions could potentially have an e↵ect in double-inclusive
observables (like the ones we study in this paper). In this
regard we note that the good agreement between past
measurements of A

FB

based on single and double inclu-
sive measurements [2] might be an indication that such
a mechanism for generating A

FB

in inclusive tt̄ produc-
tion may not be playing a significant role in the existing
measurements.

RESULTS

Following [4], the inclusive asymmetry is defined in
terms of the rapidity di↵erence �y ⌘ y

t

� y

¯

t

A
FB

=
�

+ � �

�

�

+ + �

� , where �

± ⌘
Z

✓(±�y) d� . (1)

1
Since the term ⇠ N2

F is known analytically for qq̄ ! t¯t+X [37]

we see that the discrepancy is ⇠ ⇡2
that can be thought of as

due to an analytical continuation to space-like kinematics.

The di↵erential asymmetry is defined as

A
FB

(x) =
�

+,x � �

�,x

�

+,x + �

�,x

, (2)

where x � 0 labels any one of the following three kine-
matic variables x 2 (|�y|,M

t

¯

t

, P

T,t

¯

t

), and

�

±,x̄ =

Z
✓(±�y) Bin(x, x̄) d� . (3)

The binning function Bin(x, x̄) is defined through

Bin(x, x̄) =

⇢
1 if x 2 b(x̄) ,
0 otherwise ,

(4)

where b(x̄) represents one of the x � 0 bins for each of
the three kinematic distributions. Specifically, we use

• four bins for |�y|:
[0, 0.5) ; [0.5, 1) ; [1, 1.5) and |�y| � 1.5 .

• four bins for M
t

¯

t

:
[0, 450); [450, 550); [550, 650) and M

t

¯

t

� 650GeV .

• eight bins for P

T,t

¯

t

, starting from zero in steps of
10GeV, with the last bin being P

T,t

¯

t

� 70GeV.

The di↵erential cross-section d� appearing in
Eqns. (1,2) is the fully di↵erential cross-section for
the process pp̄ ! tt̄ + X computed through NNLO in
the strong coupling ↵

S

. We use MSTW2008. We do
not compute pdf variation. We compute with scales
µ

R

6= µ

F

.

Describe briefly the computation and used literature.
Mention that there are cuts at the level of leptons and
jets, but the tt̄-level results are extrapolated with no cuts.
Thus in our calculation we do not impose any cuts besides
the explicit binning.

Checks: we reproduce �

tot

= �

+ + �

� from [34–37]
for each value of µ

R

, µ

F

. Very good cancellation of IR
singularities.

Following the earlier literature, one might define the
asymmetry through the ratios (1,2), i.e. keeping the ex-
act result in the numerators and denominators through
↵

3

S

for the LO QCD correction to A
FB

and through ↵

4

S

for
the NLO correction. Alternatively, the ratios (1,2) can
be expanded in ↵

S

. 2 Allowing also for EW corrections,

2
Such an expansion is not, strictly speaking, fully consistent since

the ↵S expansion is performed after convolution with pdf’s. Nev-

ertheless, we consider it as an indication of the sensitivity of AFB

to missing higher order terms, as has also been done in the ex-

isting literature.

3
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW (red). Computed at NLO and NNLO. Capital let-
ters (NLO, NNLO) correspond to the unexpanded definition
(5), while small letters (nlo, nnlo) to the definition (6,7). The
scenario 11 is derived with  = 0 in (7). The CDF/D0 (naive)
average is from Ref. [27].

Eq. (1) can schematically be written as

A
FB

⌘ N

ew

+ ↵

3

S

N

3

+ ↵

4

S

N

4

↵

2

S

D

2

+ ↵

3

S

D

3

+ ↵

4

S

D

4

(5)

= ↵

S

N

3

D

2

+ ↵

2

S

✓
N

4

D

2

� N

3

D

2

D

3

D

2

◆
+O(↵3

S

) (6)

+
N

ew

↵

2

S

D

2

✓
1� 

↵

S

D

3

D

2

◆
. (7)

Explain what’s the di↵erence between the two ways of
defining it and that the unexpanded definition (5) is
closer to the experimental situation and likely better.

The inclusion of the EW correction presents another
challenge. Since EW e↵ects to the total cross-section are
O(1%) and thus very small we do not include them in the
denominators D

i

. The numerator N

ew

to the inclusive
asymmetry (1), including its µ

R

= µ

F

scale dependence,
is taken from Ref. [26]. We have checked that the e↵ect
of the di↵erent pdf and m

t

value used in Ref. [26] have
negligible e↵ect on the QCD numerator N

3

and so we
expect the same to hold for N

ew

. Thus we take N

ew

from Table 2 in Ref. [26] without any modifications. We
do not include non-QCD corrections to the di↵erential
distributions or di↵erential asymmetries.

When working in NLO QCD (in order to derive the
LO correction to A

FB

) we set  = 0 and use NLO pdf.
To include the NNLO QCD corrections (i.e. to derive the
NLO corrections to A

FB

) we set  = 1 and use NNLO
pdf. The EW corrections are, however, always included
with NLO pdf set. We also note that when we compute
the scale variation of A

FB

, both inclusive and di↵erential,
we compute both the numerator and denominator for
each scale choice, take their ratio, an then consider the
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FIG. 2: The |�y| di↵erential distribution (top) and asymme-
try in pure QCD.

variation of this ratio to determine the scale variation of
the asymmetry.
The results for the inclusive asymmetry are given in

fig. 1. The rapidity dependence of A
FB

and of the corre-
sponding di↵erential distribution, are given in fig. 2. The
M

t

¯

t

and P

T,t

¯

t

dependence is, respectively, in fig. 3 and
fig. 4.

DISCUSSION AND CONCLUSIONS

- The corrections to the P

T,t

¯

t

asymmetry, fig. 4, are
almost P

T,t

¯

t

independent - in line with what was already
observed by CDF and with the likeliest colour structure
of the expected contributions [32].
- Should we present tables with results?
- Say something about statistical errors.
- explain the accidentally small scale error for the ex-

panded definition (6,7) of A
FB

.
- At the end it is not clear what A

FB

has to do with
BSM since it is really a non-perturbative physics and
measures the asymmetry in the proton valence pdf’s. In

Two	
  alterna)ve	
  	
  
expansions	
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u  	
  NLO,	
  NNLO	
  :	
  exact	
  numerator	
  and	
  denominator	
  (see	
  previous	
  slide)	
  
u  	
  nlo,	
  nnlo	
  :	
  expanded	
  in	
  powers	
  of	
  aS	
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  Mitov,	
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3

or alternatively, by expanding the ratio eq. (1) in pow-
ers of ↵S . 2 Provisionally allowing for EW corrections,
Eq. (1) can schematically be written 3 as

A
FB

⌘ New + ↵3

SN3

+ ↵4

SN4

↵2

SD2

+ ↵3

SD3

+ ↵4

SD4

(4)

= ↵S
N

3

D
2

+ ↵2

S

✓
N

4

D
2

� N
3

D
2

D
3

D
2

◆
+O(↵3

S)

+
New

↵2

SD2

✓
1� 

↵SD3

D
2

◆
. (5)

The parameter  above controls the perturbative accu-
racy of A

FB

, i.e. it switches between NLO ( = 0 with
NLO pdf set) and NNLO ( = 1 with NNLO pdf set)
QCD corrections (i.e. LO and NLO corrections to A

FB

).
In this work we compute the di↵erential asymmetries

based on the unexpended definition (4) and without in-
cluding EW corrections. For the inclusive asymmetry,
however, we utilise both definitions (4,5) and also include
EW corrections. We do not include EW corrections to
the denominators Di since EW e↵ects to the total cross-
section are very small O(1%), see e.g. Ref. [52]. The nu-
merator New for the inclusive asymmetry A

FB

is taken
from Table 2 in Ref. [26]. We have checked that the e↵ect
of the di↵erent pdf and mt value used in Ref. [26] have
negligible e↵ect on the QCD numerator N

3

and so we
expect the same to hold for New. The factor New is com-
puted in Ref. [26] only for µR = µF . Therefore, only for
the inclusive asymmetry, we compute the scale variation
by always keeping µR = µF . We also note that the scale
variation of A

FB

is derived from the consistent scale vari-
ation of the ratio, i.e. both numerator and denominator
in eqs. (4,5) are computed for each scale value.

The results for the inclusive asymmetry are given in
fig. 1. The rapidity dependence of A

FB

and of the corre-
sponding di↵erential distribution, are given in fig. 2. The
Mt¯t and PT,t¯t dependence is shown, respectively, in fig. 3
and fig. 4.

DISCUSSION AND CONCLUSIONS

- The corrections to the PT,t¯t asymmetry, fig. 4, are
almost PT,t¯t independent - in line with what was already
observed by CDF and with the likeliest colour structure
of the expected contributions [31].

-A
FB

(P
T,t¯t) indicates that the large corrections to the

inclusive A
FB

are from events with emissions with PT >

2

Such an expansion is not, strictly speaking, fully consistent since

the ↵S expansion is performed after convolution with pdf’s. Nev-

ertheless, following the existing literature, we consider it as an

indication of the sensitivity of A

FB

to missing higher order terms.

3

The term New contains some terms that involve powers of ↵S .

We ignore this ↵S-dependence in the power counting in eq. (5).
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW (red). Computed at NLO and NNLO. Capital let-
ters (NLO, NNLO) correspond to the unexpanded definition
(4), while small letters (nlo, nnlo) to the definition (5). Sce-
nario 11 is derived by setting  = 0 in the term ⇠ New in (5).
The CDF/D0 (naive) average is from Ref. [27]. Error bands
are from scale variation only.

10GeV. The relative size of the corrections is in line with
tt̄j.
- Say something about statistical errors.
- explain the accidentally small scale error for the ex-

panded definition (5) of A
FB

.
- At the end it is not clear what A

FB

has to do with
BSM since it is really a non-perturbative physics and
measures the asymmetry in the proton valence pdf’s. In
this sense A

FB

is the dual e↵ect of the perturbative gen-
eration of strange asymmetry [43]; indeed the diagrams
are exactly the same (compare fig. 1 from Ref. [43] with
fig.3a of Ref. [2]), up to crossing legs from the initial to
the final state and setting to zero the top mass which
plays no essential role anyway. It is curious to remem-
ber the crucial role this generated asymmetry played in
clarifying the so-called NuTeV anomaly. Finally, in the

absence of other predictions, our results can serve as an
indication that yet higher loop corrections to the split-
ting functions may be anticipated to bring substantial
corrections to the perturbatively generated strange (or
b, c, t) asymmetry in the proton.
- We note that the unexpanded definition (4) more-

closely resembles the experimental measurements and is,
likely, better justified. Detailed comparison between the
two definitions is given below.

We thank Dante Amidei, Tom Ferbel, Amnon Harel,
Regina Demina and Jon Wilson for clarifications about
the experimental results. We also thank S. Dittmaier for
kindly providing us with his code for the evaluation of
the one-loop virtual corrections. The work of M. C. and
P. F. was supported by the German Research Founda-
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ü  We	
  find	
  large	
  QCD	
  correc)ons:	
  NLO	
  ~	
  30%	
  of	
  LO	
  (recall	
  EW	
  is	
  25%	
  of	
  LO).	
  

	
  	
  	
  	
  	
  	
  è	
  This	
  was	
  not	
  expected,	
  given	
  so`-­‐gluon	
  resumma)on	
  suggests	
  negligible	
  correc)on.	
  

ü  Adding	
  all	
  correc)ons	
  AFB	
  ~	
  10%.	
  	
  

ü  Agrees	
  with	
  D0	
  and	
  CDF/D0	
  naive	
  combina)on	
  
ü  Less	
  than	
  1.5σ	
  below	
  CDF	
  

ü  We	
  consider	
  this	
  as	
  agreement	
  between	
  SM	
  and	
  experiment.	
  

ü  We	
  observe	
  good	
  perturba)ve	
  convergence	
  (based	
  on	
  errors	
  from	
  scale	
  varia)on)	
  

ü  Expanded	
  results	
  (both	
  nlo	
  and	
  nnlo)	
  seem	
  to	
  have	
  accidentally	
  small	
  scale	
  varia)on	
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FIG. 2: The |�y| di↵erential distribution (top) and asym-
metry (bottom) in pure QCD at LO (grey), NLO (blue) and
NNLO (orange) versus CDF [6] and D0 [15] data. Error bands
are from scale variation only. For improved readability some
bins are plotted slightly narrower. The highest bins contain
overflow events.

tion (DFG) via the Sonderforschungsbereich/Transregio
SFB/TR-9 “Computational Particle Physics”, and the
Heisenberg programme. The work of A. M. is supported
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