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ü  Charm, bottom and top physics 

ü  Dominant physics is: perturbative (top) and non-perturbative (b,c) 

ü  Different energy regimes are probed: 

•  Top physics probes both QCD and bSM searches at high scales 

•  Charm/bottom test: 

•  QCD from low energy to moderately high energy 

•  bSM physics up to very high scales 
 
ü  Collider description of top/b,c is very different: 

•  Tops decay perturbatively and are studied only indirectly. Currently huge demand on MC’s 
to describe this transition accurately 

•  b&c: at high energy (i.e. the QCD aspect) they are modeled like jets 
•  At low energy we need to model meson production and decay (FONLL for example) 

ü  But there are many similarities and interplays: 
•  The top/bottom AFB connection 
•  Role in PDF’s 

Heavy Flavors: topic as diverse as it gets! 
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B-physics from hadron colliders 
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ü  Open b- and charm production is described generally OK.  

ü  Jet rates are in NLO QCD. Theory precision is lagging behind measurements. Fiducial cross-
section measurements are more precise than theory predictions. 

ü  Identified meson production is generally described with FONLL (i.e. NLO+NLL) and it shows 
agreement with data. In some cases theory is harder than data 

ü  One day, theory at NNLO will make a difference 

ü  Heavy flavor production in heavy ion collisions, and its interplay with pp collisions, will be 
discussed in a number of talks 

Further details in the talks by  
 
(Tue)  Justas ZALIECKAS 
(Wed)  Matthew WING 
(Wed)  Paolo GUNNELLINI 

Some general comments about b/charm production 
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ü  Top data gives a handle on the gluon pdf at large x. 

•  Studied at the the inclusive level at NNLO 
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!  ATLAS:*differen0al*cross*sec0ons*in*l+jets*
events*at*√s*=*7*TeV*

!  Parton*level*quarks*are*defined*before*the*
decay*and*aper*QCD*radia0on*

!  Data*have*sufficient*precision*to*probe*MC:*
•  No*single*generator*performs*best*for*all*
kinema0c*variables*studied**

•  Measured*cross*sec0on*lower*than*
expected*for*high*top:quark*momentum*

!  Measurements*also*discriminate*between*
NLO*QCD*predic0ons*for*different*PDF*sets:*
•  HERAPDF1.5*generally*shows*beUer*
agreement*with*observed*distribu0ons*

12*

PRD*90*(2014)**072004*

Differen0al*Cross*Sec0on*in*Full*Phase*Space*

Czakon, Mangano, Mitov, Rojo ‘13 

ü  Top quark differential distributions  
    give added access to the gluon PDF à 

Gauld, Rojo, Rottoli, Sarkar, Talbert, in preparation 

ü  But charm/ bottom LHC data can help, too: 

For more on HF and pdf’s  
see the talk by 

 Alberto ACCARDI 
 Amanda COOPER-SARKAR 

 
and the talks on Tue and Thu 

Heavy flavour and PDF’s 
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ü  For example:                                      shows 2.6σ deviation from SM 

Test of lepton universality using
B+ ! K+`+`�

The decay B+ ! K+`+`�, where ` represents either a muon or an electron, is a b ! s
flavor-changing neutral current process. Such processes are highly suppressed in the Standard
Model (SM) as they proceed through amplitudes involving electroweak loop (penguin and box)
diagrams. This makes the branching fraction of B+ ! K+`+`�1 decays highly sensitive to the
presence of virtual particles that are predicted to exist in extensions of the SM [1]. The decay
rate of B+! K+µ+µ� has been measured by LHCb to a precision of 5% [2] and, although the
current theoretical uncertainties in the branching fraction are O(30%) [3], these largely cancel in
asymmetries or ratios of B+! K+`+`� observables [2, 4, 5].

Owing to the equality of the electroweak couplings of electrons and muons in the SM, known
as lepton universality, the ratio of the branching fractions of B+! K+µ+µ� to B+! K+e+e�

decays [6] is predicted to be unity within an uncertainty of O(10�3) in the SM [1,7]. The ratio of
the branching fractions is particularly sensitive to extensions of the SM that introduce new scalar
or pseudoscalar interactions [1]. Models that contain a Z 0 boson have recently been proposed to
explain measurements of the angular distribution and branching fractions of B0! K⇤0µ+µ� and
B+! K+µ+µ� decays [8]. These types of models can also a↵ect the relative branching fractions
of B+! K+`+`� decays if the Z 0 boson does not couple equally to electrons and muons.

Previous measurements of the ratio of branching fractions from e+e� colliders operating at
the ⌥ (4S) resonance have measured values consistent with unity with a precision of 20–50% [9].
This Letter presents the most precise measurement of the ratio of branching fractions and the
corresponding branching fraction B(B+! K+e+e�) to date. The data used for these measurements
are recorded in proton-proton (pp) collisions and correspond to 3.0 fb�1 of integrated luminosity,
collected by the LHCb experiment at center-of-mass energies of 7 and 8TeV.

The value of R
K

within a given range of the dilepton mass squared from q2
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where � is the q2-dependent partial width of the decay. We report a measurement of R
K

for
1 < q2 < 6GeV2/c4. This range is both experimentally and theoretically attractive as it excludes
the B+! J/ (! `+`�)K+ resonant region, and precise theoretical predictions are possible. The
high q2 region, above the  (2S) resonance, is a↵ected by broad charmonium resonances that decay
to lepton pairs [10].

The value of R
K

is determined using the ratio of the relative branching fractions of the decays
B+! K+`+`� and B+! J/ (! `+`�)K+, with ` = e and µ, respectively. This takes advantage
of the large B+! J/ K+ branching fraction to cancel potential sources of systematic uncertainty
between the B+! K+`+`� and B+! J/ (! `+`�)K+ decays as the e�ciencies are correlated
and the branching fraction to B+! J/ K+ is known precisely [11]. This is achieved by using the
same selection for B+! K+`+`� and B+! J/ (! `+`�)K+ decays for each leptonic final state
and by assuming lepton universality in the branching fractions of J/ mesons to the µ+µ� and

1The inclusion of charge conjugate processes is implied throughout this Letter.

1

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+! J/ (! e+e�)K+ and B+! K+e+e� decays and
contributes a relative systematic uncertainty of 3% to the value of R

K

.
The e�ciency to select B+! K+µ+µ�, B+! K+e+e�, B+! J/ (! µ+µ�)K+ and B+!

J/ (! e+e�)K+ decays is the product of the e�ciency to reconstruct the final state particles.
This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining R

K

. Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of R

K

. The e�ciency associated with the hardware
trigger on B+! J/ (! e+e�)K+ and B+! K+e+e� decays depends strongly on the kinematic
properties of the final state particles and does not entirely cancel in the calculation of R

K

, due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B+ ! J/ (! e+e�)K+ and
B+! J/ (! µ+µ�)K+ candidates in the data, by comparing candidates triggered by the kaon
or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
systematic uncertainty on R

K

. The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on R

K

is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R

K

is measured to have a value of 0.72+0.09

�0.08

(stat)±0.04 (syst),
1.84+1.15

�0.82

(stat)± 0.04 (syst) and 0.61+0.17

�0.07

(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R

K

and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

R
K

= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R

K

.
The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4

by taking the ratio of the branching fraction from B+ ! K+e+e� and B+ ! J/ (! e+e�)K+

decays and multiplying it by the measured value of B(B+! J/ K+) and J/ ! e+e� [11]. The

7

Compare to RK≈1 in SM. 

value obtained is B(B+ ! K+e+e�) = (1.56 +0.19

�0.15

(stat) +0.06

�0.04

(syst)) ⇥ 10�7 . This is the most
precise measurement to date and is consistent with the SM expectation.

In summary, the ratio of branching fractions for B+! K+µ+µ� and B+! K+e+e� decays,
R

K

, is measured in the dilepton invariant mass squared range from 1 < q2 < 6GeV2/c4 with a
total precision of 10%. A new measurement of the di↵erential branching fraction of B+! K+e+e�

is also reported. The value of R
K

is the most precise measurement of this quantity to date. It is
compatible with the SM expectation to within 2.6 standard deviations calculated using the ratio
of the likelihoods between central value and the SM prediction.

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative sta↵ at the LHCb
institutes. We acknowledge support from CERN and from the national agencies: CAPES, CNPq,
FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3 (France); BMBF, DFG, HGF and
MPG (Germany); SFI (Ireland); INFN (Italy); FOM and NWO (The Netherlands); MNiSW and
NCN (Poland); MEN/IFA (Romania); MinES and FANO (Russia); MinECo (Spain); SNSF and
SER (Switzerland); NASU (Ukraine); STFC (United Kingdom); NSF (USA). The Tier1 computing
centres are supported by IN2P3 (France), KIT and BMBF (Germany), INFN (Italy), NWO and
SURF (The Netherlands), PIC (Spain), GridPP (United Kingdom). We are indebted to the
communities behind the multiple open source software packages on which we depend. We are also
thankful for the computing resources and the access to software R&D tools provided by Yandex
LLC (Russia). Individual groups or members have received support from EPLANET, Marie
Sk lodowska-Curie Actions and ERC (European Union), Conseil général de Haute-Savoie, Labex
ENIGMASS and OCEVU, Région Auvergne (France), RFBR (Russia), XuntaGal and GENCAT
(Spain), Royal Society and Royal Commission for the Exhibition of 1851 (United Kingdom).
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For: 

ü  Deviation suggest lepton non-universality. Major bSM discussions: 

Ghosh, Nardecchia, Renner ’14 
Gripaios, Nardecchia, Renner ‘14 
Hiller, Schmaltz ’14 
Niehoff, Stangl, Straub ‘15 

LHCb 1406.6482 

Further details in the Tue talk by Marcin CHRZASZCZ 

Known discrepancies at LHC 
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ü  Another observable that generated a lot of interest: angular analysis of the decay 
Angular analysis of the

B0! K⇤0µ+µ� LHCb CONF-2015-002 

ü  New data (full data set) has the deviation, albeit closer to SM: 

B0 ! K⇤0µ+µ� 27 / 28

P 0
5
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0 5 10 15

5'P

-1

-0.5

0

0.5

1

preliminary
LHCb

SM from DHMV

[LHCb-CONF-2015-002]

[1407.8526]

⌅ Tension seen in P 0
5

in [PRL 111, 191801 (2013)] confirmed
⌅ [4.0, 6.0] and [6.0, 8.0] GeV2/c4 show deviations of 2.9� each
⌅ Naive combination results in a significance of 3.7�
⌅ Compatible with 1 fb�1 measurement

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

•  (Blue) 2013 LHCb data 1 fb-1 

•  (Black) 2015 data 3 fm-1 

ü  The total deviation in the two bins [4-6,6-8] is 3.7σ (2.9σ in each bin)
ü  The new data goes towards the SM prediction, albeit with smaller errors 



Triple gauge boson couplings from flavour
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Indirect bounds on trilinear gauge boson couplings (TGCs) follow from Z→bb 
& various B decays. Due to anomaly in B→K*μ+μ- global fit 3σ away from SM 
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ü  More on bSM alternatives 

ü  Interesting, large charm contribution, is also a possible contender 

Bobeth, Haisch ‘15 

Triple gauge boson couplings from flavour

9

-���� -���� ���� ���� ���� ����-���

-���

-���

���

���

���

���

���

����

�
� �

Z ! bb̄

B ! Xs�

Bs ! µ+µ�

B ! K(⇤)µ+µ�

SM

b s
u, c, t

W W

�

b s
u, c, t

W W

Z

µ+

µ�

[Bobeth & UH, 1503.04829]

Indirect bounds on trilinear gauge boson couplings (TGCs) follow from Z→bb 
& various B decays. Due to anomaly in B→K*μ+μ- global fit 3σ away from SM 

Triple gauge boson couplings from flavour
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Indirect bounds on trilinear gauge boson couplings (TGCs) follow from Z→bb 
& various B decays. Due to anomaly in B→K*μ+μ- global fit 3σ away from SM •  Deviation from SM in this fit driven by this observable à 

ü  The deviation has strong implications on limits of anomalous triple gauge boson couplings: 

Talk by David Straub, Moriond EW ‘15 

Altmannshofer, Gori, Pospelov, Yavin ‘14 
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Top and Flavour 
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Roman Kogler The global electroweak fit 

Indirect determination of mt

11

Δχ2 profile vs mt

‣ determination of mt from 
Z-pole data (fully obtained 
from rad. 
corrections ~mt2)
‣ alternative to direct 

measurements
‣MH allows for significantly 

more precise determination 
of mt

‣ similar precision as determination from σtt , good agreement
‣ dominated by experimental precision
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ü  EW precision fits:    
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Roman Kogler The global electroweak fit 

Thank You For Your Attention!
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Roman Kogler The global electroweak fit 

Top Quark Mass from Loop Effects

‣mt predictions from loop effects since 1990

‣ official LEPEWWG fit since 1993

‣ the fits have always been able to predict mt correctly!

4

ü  A systematic picture of consistency, both before 
and after the Higgs discovery! 

ü  Remarkably, assuming SM Higgs, Mtop can be 
extracted with precision similar to direct extraction 
from total cross-section! 

Indirect constraints on, and extraction of, the top quark mass 

Mtop = 177 ± 2.5 GeV 



Top mass from Bs→μ+μ-: Reach
[Bobeth et al., 1311.0903]
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Lattice QCD may reduce errors from fBs & Vcb leading to a future SM 
uncertainty of 3%. LHCb may be able to achieve relative error of 4%

[LHCb, 1208.3355]
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ü  Rare B decays (BS àμ+μ-)    

Indirect constraints on, and extraction of, the top quark mass 

Top mass from Bs→μ+μ-: Present
[Bobeth et al., 1311.0903]
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SM known at 3-loop (2-) in QCD (weak interactions). Dominant errors 
of 4% each due to decay constant fBs & Vcb. Experimental accuracy of 20%

=)Current status à 

Ultimate LHC expectation à 

Bobeth, Gorbahn, Hermann, Misiak, Stamou, Steinhauser ‘13 
Talk by Uli Haisch SM@LHC ‘15 

Comparable to direct 
extraction from total 
cross-section! 
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AFB/AC in the top and bottom sectors 

Further details in the Wed talks by  
 Jon WILSON 
 Nikolaos KIDONAKIS 
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ü  Large QCD corrections: NNLO ~ 27% of NLO (recall EW is 25% of NLO) 
 
ü  Adding all corrections AFB ~ 10%  

ü  Agrees with D0 and CDF/D0 naive combination 
ü  Less than 1.5σ below CDF 

 
ü  We observe good perturbative convergence (based on errors from scale variation) 

u   NLO, NNLO :  
     exact numerator and denominator 
u   nlo, nnlo : expanded in powers of aS 

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
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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).

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  2  4  6  8  10  12

I
n
c
l
u
s
i
v
e
 
A
F
B

Scenarios

C
D
F

D
0

N
L
O

n
l
o

N
N
L
O

n
n
l
o

N
L
O

n
l
o

N
N
L
O

n
n
l
o

n
n
l
o
,
 
E
W
 
L
O

C
o
m
b
i
n
e
d

Data
pure QCD
QCD+EW

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-

Top quark pair AFB 
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ü  The observable that generate outsized interest due to discrepancy in the early days! 

ü  Prompted dramatic improvements in  
•  SM 
•  bSM 

2

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.
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which appears too small to be realistic. The inclusion
of the EW corrections, however, breaks this pattern and
brings the scale dependence in line with the unexpanded
definition eq. (4).

Factorization RR RV VV

(princ. contr.)/(↵4

SN4

) �0.47 5.34 �3.90 0.03

TABLE I: Sizes of the various principle contributions to the
numerator of the inclusive A

FB

at NNLO in pure QCD. The
size of the numerator is given in table II.

The relative contributions of the principle NNLO cor-
rections (factorisation, RR, RV, and VV) to the inclusive
numerator in eq. (4) are given in table I. From this table
we conclude that the inclusive asymmetry at NNLO is
driven by a strong cancellation of RR and RV contribu-
tions. The contribution from factorisation (which is of
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FIG. 3: As in fig. 2 but for the Mt¯t di↵erential asymmetry.
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NLO complexty) is sizeable while the pure virtual cor-
rection is quite small. We have also checked that the nu-
merator ↵4

SN4 almost exclusively originates in the qq̄ par-
tonic channel. Where present, the contribution to ↵4

SN4

due to the qg reaction is two orders of magnitude smaller
than qq̄ and the remaining qq0-type of partonic reactions
are another two orders of magnitude smaller. This pat-
tern is in line with the contributions of these partonic
reactions to the total inclusive cross-section [33–36].

NLO NNLO NLO+NNLL

↵3

SN3

+ ↵4

SN4

[pb] 0.393+0.211
�0.127 0.525+0.055

�0.085 0.448+0.080
�0.071

↵4

SN4

[pb] – 0.148 –

A
FB

[%] (eq. (5)) 7.33+0.69
�0.58 8.28+0.27

�0.26 7.24+1.04
�0.67

A
FB

[%] (eq. (4)) 5.89+2.70
�1.40 7.49+0.49

�0.86 –

TABLE II: Comparison of the numerator in eq. (4) and the
inclusive asymmetry A

FB

in pure QCD at NLO (with NLO
pdf set), NNLO and NLO+NNLL (from Ref. [20]). Only
errors from µF = µR scale variation are shown.
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which appears too small to be realistic. The inclusion
of the EW corrections, however, breaks this pattern and
brings the scale dependence in line with the unexpanded
definition eq. (4).
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driven by a strong cancellation of RR and RV contribu-
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NLO complexty) is sizeable while the pure virtual cor-
rection is quite small. We have also checked that the nu-
merator ↵4

SN4 almost exclusively originates in the qq̄ par-
tonic channel. Where present, the contribution to ↵4

SN4

due to the qg reaction is two orders of magnitude smaller
than qq̄ and the remaining qq0-type of partonic reactions
are another two orders of magnitude smaller. This pat-
tern is in line with the contributions of these partonic
reactions to the total inclusive cross-section [33–36].
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TABLE II: Comparison of the numerator in eq. (4) and the
inclusive asymmetry A
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in pure QCD at NLO (with NLO
pdf set), NNLO and NLO+NNLL (from Ref. [20]). Only
errors from µF = µR scale variation are shown.
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The slope of AFB 

•  It was noted previously that the differential asymmetry is close to a straight line 

•  For the rapidity dependence it is clear it is actually slightly curved at both NLO and NNLO 

•  For Mtt at NNLO is very close to a straight line – unlike NLO 
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TABLE II: Comparison of the numerator in eq. (4) and the
inclusive asymmetry A

FB

in pure QCD at NLO (with NLO
pdf set), NNLO and NLO+NNLL (from Ref. [20]). Only
errors from µF = µR scale variation are shown.

cally, in table II we compare 4 the exact results for AFB

and its numerator (defined as the QCD part of the nu-
merator in eq (4)) through NNLO in QCD, with the
NLO+NNLL predictions of Ref. [20]. As can be con-

cluded from table II, the ratio A(NNLO)
FB /A(NLO)

FB is 1.27
(1.13) for AFB defined through eq. (4) (eq. (5)). The cor-
responding ratio for the numerator of the asymmetry is
1.34, which is even larger than that for AFB. Clearly the
corrections to both quantities are significantly di↵erent
from the ones in approximate NNLO. 5

The large di↵erence between AFB predicted in exact
and approximate NNLO can be understood from the
PT,tt̄ dependence of AFB. We recall that soft gluon re-
summation applies to kinematical configurations that re-
semble the Born one, i.e. it should mainly contribute to
the small PT,tt̄ bins.

As fig. 4 suggests, harder radiation generates a signif-
icant portion of the NNLO corrections. Looking at the
cumulative di↵erential asymmetry AFB(PT,tt̄  Pcut

T,tt̄)
and the corresponding cumulative numerator, not shown
here, we observe that in the first bin P cut

T,tt̄  10GeV
(where soft gluon resummation should be most relevant)
the NLO and NNLO numerators are practically equal,
i.e. the 10% shift from NLO to NNLO in the first bin
in fig. 4 is exclusively due to the di↵erence between
NLO and NNLO denominators. With the inclusion of
the next bins, however, the NLO and NNLO numera-
tors start to di↵er quite rapidly. We observe that about
50% of the di↵erence between the fully inclusive NLO
and NNLO numerators is generated by the second bin
10GeV  Pcut

T,tt̄  20GeV, while the remaining 50% of

the di↵erence comes from bins with P cut
T,tt̄ > 20GeV. Fur-

ther details will be given in a forthcoming publication.
Analysing the PT,tt̄ dependence of AFB, the CDF col-

laboration [2] noted that the discrepancy between data
and NLO QCD appears to be independent of PT,tt̄. It

4

The settings in both papers are the same, except for a small

di↵erence of 0.2GeV in the value of mt which we neglect.

5

We refrain from directly comparing di↵erential asymmetries be-

cause in this work we define them through eq. (4) while the ones

in Ref. [20] are defined through eq. (5).

is easy to see from fig. 4 that the di↵erence between
NNLO and NLO corrections to the PT,tt̄ asymmetry for
PT,tt̄ � 10GeV follow precisely this pattern and is, fur-
thermore, consistent with the analysis of Ref. [31].

The pdf uncertainties are generally small and have
not been included in the results of this paper. To es-
timate pdf uncertainties, we compute AFB in NLO QCD
with both NLO and NNLO pdf sets (MSTW2008 (68%
CL) [44]). In inclusive quantities like the inclusive AFB

and numerator in eq. (4), the pdf uncertainty is smaller
than the scale uncertainty by a factor between 2 and 4
and thus can be safely neglected. Similar pattern is ob-
served in the di↵erential asymmetry with the exception
of AFB(Mtt̄) in the two highest Mtt̄ bins. In these two
bins, we observe comparable in size pdf and scale uncer-
tainties, albeit both are rather asymmetric and point in
opposite directions. Therefore, realistic theory error es-
timate in the two largest Mtt̄ bins require the inclusion
of pdf uncertainty; the total uncertainty will then be ap-
proximately symmetric and equal in size to the larger
scale variation (the one facing down) depicted in fig. 3.

The Monte Carlo (MC) integration error in all our re-
sults is insignificant. Specifically, its relative contribution
to the inclusive asymmetry and cross-section is at the
permil and sub-permil levels, respectively. In di↵erential
distributions this error is at the few–permil level in each
bin. The relative MC error in the di↵erential asymme-
tries is typically below 1% in each bin, with the exception
of the largest Mtt̄ bin and the 60  PT,tt̄  70GeV bin
where it is about 1.5% (for central scales).

In summary, in this work we have computed the largest
missing SM correction to AFB from NNLO QCD. We
observe significant correction to the inclusive and di↵er-
ential asymmetry.
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which appears too small to be realistic. The inclusion
of the EW corrections, however, breaks this pattern and
brings the scale dependence in line with the unexpanded
definition eq. (4).

Factorization RR RV VV

(princ. contr.)/(↵4

SN4

) �0.47 5.34 �3.90 0.03

TABLE I: Sizes of the various principle contributions to the
numerator of the inclusive A

FB

at NNLO in pure QCD. The
size of the numerator is given in table II.

The relative contributions of the principle NNLO cor-
rections (factorisation, RR, RV, and VV) to the inclusive
numerator in eq. (4) are given in table I. From this table
we conclude that the inclusive asymmetry at NNLO is
driven by a strong cancellation of RR and RV contribu-
tions. The contribution from factorisation (which is of
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NLO complexty) is sizeable while the pure virtual cor-
rection is quite small. We have also checked that the nu-
merator ↵4

SN4 almost exclusively originates in the qq̄ par-
tonic channel. Where present, the contribution to ↵4

SN4

due to the qg reaction is two orders of magnitude smaller
than qq̄ and the remaining qq0-type of partonic reactions
are another two orders of magnitude smaller. This pat-
tern is in line with the contributions of these partonic
reactions to the total inclusive cross-section [33–36].

In contrast to the negligible approximate NNLO QCD
correction to AFB inferred from soft-gluon resummation
[19, 20], in this work we find that the exact NNLO QCD
correction to the inclusive AFB is, in fact, large. Specifi-

3

that there are no implied cuts on the top quark distri-
butions. Thus in our calculation we do not impose any
cuts on top quarks besides the explicit binning. Our cal-
culation includes all partonic reactions that contribute
to inclusive tt̄ production in pure QCD without making
any approximations. We have checked that our calcula-
tion reproduces �tot from [33–36] for each value of µR, µF

with precision better than one permil; we also observe
cancellation of Infra Red (IR) singularities in each bin.
At NLO our calculation agrees with MCFM [23]. The
predicted PT,tt̄ dependence of AFB in the non-central bins
(with PT � 10GeV) at NNLO (see fig. below) is consis-
tent with the corresponding results [30, 53] for the NLO
QCD corrections to pp ! tt̄+ j at NLO.

In this work we use two definitions for AFB that are
formally equivalent through NNLO. One might define the
asymmetry either through the ratio eq. (1), i.e. by keep-
ing the exact results in both the numerator and denomi-
nator, or alternatively, by expanding the ratio eq. (1) in
powers of ↵S . 2 Allowing for EW corrections, eq. (1) can
be written 3 as
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✓
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The parameter  above controls the perturbative accu-
racy of AFB, 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 AFB).

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 AFB 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 N3 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

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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only. Our final prediction corresponds to scenario 10.

variation of AFB 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 AFB and of the cor-
responding di↵erential distribution, are given in fig. 2.
The Mtt̄ and PT,tt̄ dependences are shown, respectively,
in fig. 3 and fig. 4.

DISCUSSION AND CONCLUSIONS

We observe, see fig. 1, that the central values of the ex-
panded (5) and unexpanded (4) definitions of AFB di↵er
significantly at NLO but less so at NNLO. While the un-
expanded definition (4) closely resembles the experimen-
tal setup, the consistency of the two definitions within un-

certainties renders the question about choosing the more
appropriate one largely irrelevant. In line with the previ-
ous literature we thus choose as our final AFB prediction
scenario 10 in fig. 1 which is derived with the expanded
definition (5) and includes EW [26] corrections

ASM
FB = 0.095± 0.007 . (6)

As evident from all figures, the inclusion of higher order
QCD e↵ects reduces the scale errors for both di↵erential
distributions and inclusive and di↵erential asymmetries.
The only exception is the PT,tt̄ dependent asymmetry
whose scale behaviour at NLO QCD is atypical. We also
point out the small scale error for the expanded AFB

definition (5) in pure QCD at both NLO and NNLO,
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that there are no implied cuts on the top quark distri-
butions. Thus in our calculation we do not impose any
cuts on top quarks besides the explicit binning. Our cal-
culation includes all partonic reactions that contribute
to inclusive tt̄ production in pure QCD without making
any approximations. We have checked that our calcula-
tion reproduces �tot from [33–36] for each value of µR, µF

with precision better than one permil; we also observe
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At NLO our calculation agrees with MCFM [23]. The
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(with PT � 10GeV) at NNLO (see fig. below) is consis-
tent with the corresponding results [30, 53] for the NLO
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The parameter  above controls the perturbative accu-
racy of AFB, 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 AFB).

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 AFB 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 N3 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
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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.
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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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corrections are from [26]. Capital letters (NLO, NNLO) cor-
respond to the unexpanded definition (4), while small letters
(nlo, nnlo) to the definition (5). Scenario 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. Our final prediction corresponds to scenario 10.

variation of AFB 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 AFB and of the cor-
responding di↵erential distribution, are given in fig. 2.
The Mtt̄ and PT,tt̄ dependences are shown, respectively,
in fig. 3 and fig. 4.

DISCUSSION AND CONCLUSIONS

We observe, see fig. 1, that the central values of the ex-
panded (5) and unexpanded (4) definitions of AFB di↵er
significantly at NLO but less so at NNLO. While the un-
expanded definition (4) closely resembles the experimen-
tal setup, the consistency of the two definitions within un-

certainties renders the question about choosing the more
appropriate one largely irrelevant. In line with the previ-
ous literature we thus choose as our final AFB prediction
scenario 10 in fig. 1 which is derived with the expanded
definition (5) and includes EW [26] corrections

ASM
FB = 0.095± 0.007 . (6)

As evident from all figures, the inclusion of higher order
QCD e↵ects reduces the scale errors for both di↵erential
distributions and inclusive and di↵erential asymmetries.
The only exception is the PT,tt̄ dependent asymmetry
whose scale behaviour at NLO QCD is atypical. We also
point out the small scale error for the expanded AFB

definition (5) in pure QCD at both NLO and NNLO,

•  CDF (dashes = errors) 
•  D0 (dashes = errors) 
•  NNLO QCD 
•  NLO QCD 

•  Agreement with D0 within errors even  
    without EW corrections (D0 error not shown) 

Czakon, Fiedler, Mitov to appear 
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The origin of the difference w/r to approximate NNLO 

•  It is better to look at the Cumulative differential asymmetry 
    (i.e. the inclusive asymmetry with a cut on PT,tt) 

•  Recall: the inclusive asymmetry is not an integral  
    over the differential one … 

•  Soft gluon resummation “operates” near PT,tt=0. The  
    Cumulative asymmetry will illustrate how AFB develops 
 
•  Cumulative PT,tt asymmetry: 
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FIG. 4: The PT,t¯t di↵erential asymmetry in pure QCD at
NLO (blue) and NNLO (orange). Error bands are from scale
variation only. For improved readability some bins are plotted
slightly narrower. The highest bins contain overflow events.

responding ratio for the numerator of the asymmetry is
1.34, which is even larger than that for AFB. Clearly the
corrections to both quantities are significantly di↵erent
from the ones in approximate NNLO. 5

The large di↵erence between AFB predicted in exact
and approximate NNLO can be understood from the
PT,tt̄ dependence of AFB. We recall that soft gluon re-
summation applies to kinematical configurations that re-
semble the Born one, i.e. it should mainly contribute to
the small PT,tt̄ bins.

As fig. 4 suggests, harder radiation generates a signif-
icant portion of the NNLO corrections. Looking at the
cumulative di↵erential asymmetry AFB(PT,tt̄  Pcut

T,tt̄)
and the corresponding cumulative numerator, not shown
here, we observe that in the first bin P cut

T,tt̄  10GeV

5

We refrain from directly comparing di↵erential asymmetries be-

cause in this work we define them through eq. (4) while the ones

in Ref. [20] are defined through eq. (5).

(where soft gluon resummation should be most relevant)
the NLO and NNLO numerators are practically equal,
i.e. the 10% shift from NLO to NNLO in the first bin
in fig. 4 is exclusively due to the di↵erence between
NLO and NNLO denominators. With the inclusion of
the next bins, however, the NLO and NNLO numera-
tors start to di↵er quite rapidly. We observe that about
50% of the di↵erence between the fully inclusive NLO
and NNLO numerators is generated by the second bin
10GeV  Pcut

T,tt̄  20GeV, while the remaining 50% of

the di↵erence comes from bins with P cut
T,tt̄ > 20GeV. Fur-

ther details will be given in a forthcoming publication.

Analysing the PT,tt̄ dependence of AFB, the CDF col-
laboration [2] noted that the discrepancy between data
and NLO QCD appears to be independent of PT,tt̄. It
is easy to see from fig. 4 that the di↵erence between
NNLO and NLO corrections to the PT,tt̄ asymmetry for
PT,tt̄ � 10GeV follow precisely this pattern and is, fur-
thermore, consistent with the analysis of Ref. [31].

The pdf uncertainties are generally small and have
not been included in the results of this paper. To es-
timate pdf uncertainties, we compute AFB in NLO QCD
with both NLO and NNLO pdf sets (MSTW2008 (68%
CL) [44]). In inclusive quantities like the inclusive AFB

and numerator in eq. (4), the pdf uncertainty is smaller
than the scale uncertainty by a factor between 2 and 4
and thus can be safely neglected. Similar pattern is ob-
served in the di↵erential asymmetry with the exception
of AFB(Mtt̄) in the two highest Mtt̄ bins. In these two
bins, we observe comparable in size pdf and scale uncer-
tainties, albeit both are rather asymmetric and point in
opposite directions. Therefore, realistic theory error es-
timate in the two largest Mtt̄ bins require the inclusion
of pdf uncertainty; the total uncertainty will then be ap-
proximately symmetric and equal in size to the larger
scale variation (the one facing down) depicted in fig. 3.

The Monte Carlo (MC) integration error in all our re-
sults is insignificant. Specifically, its relative contribution
to the inclusive asymmetry and cross-section is at the
permil and sub-permil levels, respectively. In di↵erential
distributions this error is at the few–permil level in each
bin. The relative MC error in the di↵erential asymme-
tries is typically below 1% in each bin, with the exception
of the largest Mtt̄ bin and the 60  PT,tt̄  70GeV bin
where it is about 1.5% (for central scales).

In summary, in this work we have computed the largest
missing SM correction to AFB from NNLO QCD. We
observe significant correction to the inclusive and di↵er-
ential asymmetry.
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ü  The related asymmetry in b-pair production has been suggested as a handle on the top puzzle 

ü  There are some differences (Z->bb contributions, large gg component) 
 
ü  Measurements now available from Tevatron and LHCb. Except for D0, they agree with SM 

10

TABLE III: Systematic uncertainties.

CDF Run II Preliminary,
R
Ldt = 6.9 fb�1, A

FB

(bb̄)

Absolute uncertainty of A
FB

[%]
Mb¯b [GeV/c2]

Integrated
[40; 75] [75; 95] [95; 130] [130; 1]

fb¯b uncert. 0.06 0.06 0.04 0.01 0.04
Background A

FB

0.11 0.17 0.27 0.34 0.17
JES 0.24 0.15 0.02 0.10 0.10

ISR/FSR 0.09 0.07 0.06 0.12 0.05
total 0.29 0.24 0.28 0.37 0.22

prediction, which are calculated at the parton level using a di↵erent lower threshold for the lowest Mb¯b
bin. The measured particle-level distribution shows a tendency of the A

FB

asymmetry to increase with
Mb¯b with a spike around Z pole mass similar to the theoretical prediction. The measured integrated
asymmetry of (1.2± 0.7)% is consistent with the prediction.

TABLE IV: The results of the A
FB

measurements at three levels. The uncertainties are statisitcal only.

CDF Run II Preliminary,
R
Ldt = 6.9 fb�1, A

FB

(bb̄)

A
FB

(bb̄) [%], statistical uncertainties only
Mjj [GeV/c2]

Integrated
[40; 75] [75; 95] [95; 130] [130; 1]

detector level 0.47± 0.49 0.55± 0.61 0.70± 0.71 0.32± 0.91 0.52± 0.32
bckg subtr. 0.50± 0.54 0.60± 0.70 0.83± 0.90 0.43± 1.33 0.58± 0.37
particle level 0.83± 0.83 1.54± 0.69 0.92± 0.82 2.08± 1.03 1.17± 0.68
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FIG. 9: Measured A
FB

as a function of particle-level Mb¯b. The data are compared with the theoretical
prediction.

TABLE V: The final results of the A
FB

measurements including systematic uncertainties.

CDF Run II Preliminary,
R
Ldt = 6.9 fb�1, A

FB

(bb̄)

Mb¯b [GeV/c2]
Integrated

[40; 75] [75; 95] [95; 130] [130; 1]
particle level 0.83± 0.88 1.54± 0.73 0.92± 0.87 2.08± 1.10 1.17± 0.71

AFB in bb 
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FB (B±)
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include statistical uncertainties convoluted with systematic
uncertainties.
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tribution.
The measurement of Ab

¯

b

C

is performed in
three regions of M

b

¯

b

and the results obtained
are

Ab

¯

b

C

(40, 75) = 0.4± 0.4 (stat)± 0.3 (syst)%,

Ab

¯

b

C

(75, 105) = 2.0± 0.9 (stat)± 0.6 (syst)%,

Ab

¯

b

C

(> 105) = 1.6± 1.7 (stat)± 0.6 (syst)%,

where the ranges denote the regions of M
b

¯

b

in units of GeV/c2. These measurements are
the first to date of the charge asymmetry in
bb pair production at a hadron collider. The
results are corrected to a pair of particle-level
jets each with 2 < ⌘ < 4, E

T

> 20GeV and
�� > 2.6 rad between the jets. All results are
consistent with the SM expectations.
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Top-pair plus a boson production 



ttZ̄ and ttW̄
Evidence for ttZ̄ (ATLAS, CMS) and ttW̄ (ATLAS)! 
8 TeV NLO cross sections: σ(ttZ̄) = 206 ± 45 fb, σ(ttW̄) = 232 ± 51 fb 

Motivation                          ttW/Z                 ttƔ                     ttH (introduction, bb, ƔƔ, multileptons)                         Conclusion     7/23Heavy Flavours                                                                                   Alexander Mitov                                                               DIS 2015, SMU, 27 April 2015 

Top Physics: tt+W/Z 

ü  Rare processes in SM 
ü  Just been observed at ~ 3sigma 
ü  ttZ probes directly the ttZ coupling; not so much for ttW 

Talk by Anne-Catherine Le Bihan SM@LHC ‘15 
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ü  The top/flavour interplay can be quite dramatic here. 

ü  Anomalous ttZ couplings from LHC & Flavour: Röntsch, Schulze ’14 
Brod, Greljo, Stamou, Uttayarat ‘14 
Talk by Uli Haisch SM@LHC ‘15 

Anomalous ttZ couplings at LHC

7

Direct bounds on anomalous ttZ couplings will also arise 
from future LHC measurements. How do limits compare?

g
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Anomalous ttZ couplings: Comparison

8

SM

indirect

direct

Indirect bounds stronger than direct limits, but cancellation in 
former case possible. Definitely worth looking at pp→ttZü  Indirect bounds can be much stronger than direct one. Strong interplay between the two. 
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Top Physics: tt+gamma 

ü  Solid brand new observation (ATLAS ‘15) of this associated production mode 

ü  5.3 sigma 
ü  Fiducial measurements agrees with SM 

ü  Handling top decay correctly is crucial for getting this observable right 
ü  Opens interesting questions about how well MC’s deal with this situation 

  

Sensitivity to Qt at the LHC

→  Compare SM vs. Exotic (Qt=-4/3) hypotheses

• Naive expectation of       scaling fails:

  

NLO QCD tt+γ at the 14 TeV LHC

Smooth-cone photon isolation [Frixione]

→ Photons with pTγ<50 GeV are dominantly emitted in the decay 

[Melnikov, Scharf, MS]
Phys.Rev. D83 (2011) 074013

•  Directly probe the top electric charge •  Radiation in top decay is dominant for 
PT below 50 GeV or so.  

Melnikov, Scharf, Schulze ‘11 
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Top Physics: tt+H 

ü  New results in this difficult channel 

25

95% CL upper limit Observed �2� �1� Median +1� +2� Median (µ = 1)
Single lepton 3.6 1.4 1.9 2.6 3.7 4.9 3.6
Dilepton 6.7 2.2 3.0 4.1 5.8 7.7 4.7
Combination 3.4 1.2 1.6 2.2 3.0 4.1 3.1

Table 5 Observed and expected (median, for the background-only hypothesis) 95% CL upper limits on �(tt̄H) relative to
the SM prediction, for the individual channels as well as their combination, assuming mH = 125 GeV. The 68% and 95%
confidence intervals around the expected limits under the background-only hypothesis are also provided, denoted by ±1� and
±2�, respectively. The expected (median) 95% CL upper limits assuming the SM prediction for �(tt̄H) are shown in the last
column.
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Fig. 16 The fitted values of the signal strength and their un-
certainties for the individual channels and their combination.
The green line shows the statistical uncertainty on the signal
strength.
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Fig. 17 95% CL upper limits on �(tt̄H) relative to the SM
prediction, �/�SM, for the individual channels as well as their
combination. The observed limits (solid lines) are compared
to the expected (median) limits under the background-only
hypothesis and under the signal-plus-background hypothesis
assuming the SM prediction for �(tt̄H) and pre-fit predic-
tion for the background. The surrounding shaded bands cor-
respond to the 68% and 95% confidence intervals around the
expected limits under the background-only hypothesis, de-
noted by ±1� and ±2�, respectively.
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Fig. 18 Event yields as a function of log10(S/B), where S
(signal yield) and B (background yield) are taken from the
Hhad

T , HT, and NN output bin of each event. Events in all
fitted regions are included. The predicted background is ob-
tained from the global signal-plus-background fit. The tt̄H
signal is shown both for the best fit value (µ = 1.5) and for
the upper limit at 95% CL (µ = 3.4).

this e↵ect is caused by the interplay between the tt̄+cc̄
normalisation uncertainty and several other systematic
uncertainties a↵ecting the tt̄+ cc̄ background yield.

The noticeable e↵ect of the light-jet tagging (mistag)
systematic uncertainty is explained by the relatively
large fraction of the tt̄+light background in the sig-
nal region with four b-jets in the single-lepton channel.
The tt̄+light events enter the 4-b-tag region through a
mistag as opposed to the 3-b-tag region where tagging
a c-jet from a W boson decay is more likely. Since the
amount of data in the 4-b-tag regions is not large this
uncertainty cannot be constrained significantly.
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Figure 14: The 2D test statistic q(kV, kf) scan vs. the modifiers to the coupling of the Higgs boson
to vector bosons (kV) and fermions (kf), profiling all other nuisances, extracted using only the
ttH analysis channels. The contour lines at 68% CL (solid line) and 95% CL (dashed line) are
shown. The best-fit and SM predicted values of the coupling modifiers (kV, kf) are given by the
black cross and the open diamond, respectively.
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Figure 15: The 95% CL upper limits on the signal strength parameter µ = s/sSM. The black
solid and dotted lines show the observed and background-only expected limits, respectively.
The red dotted line shows the median expected limit for the SM Higgs boson with mH =
125.6 GeV. The green and yellow areas show the 1s and 2s bands, respectively. Left: limits as
a function of mH for all channels combined. Right: limits for each channel at mH = 125.6 GeV.

ü  Starting to test the SM cross-section predictions. 

ü  High-requirements for the MC’s to model the final state well 

ü  It is important to understand top production well in order to model ttH properly. In particular 
the top PT and tT PT are important (presently reweighting to top PT is used) 
 

ü  Also important to control exp systematics in tT: for example, in the most sensitive channel   
(H-> bb), ATLAS has S/B ~6% 
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Top physics 

Further details in the Wed talks by 
 
(exp)  Serban PROTOPOPESCU 

 Christian SCHWANENBERGER 
 Jasone GARAY GARCIA 

 
(th)  Nikolaos KIDONAKIS 
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ü  Total inclusive cross-section known fully 

ü  First differential distributions have been computed for the Tevatron.  

ü  Methods are based on the subtraction scheme STRIPPER 

ü  Alternative approaches are possible 

ü  Work in progress based on antennae subtractions.  

•  As a proof of principle the calculation of qq->tt (NF parts done). Very encouraging result 
although not yet pheno-relevant. 

ü  Alternative approach based on top pair PT resummation  

•  Currently at NNLL and NLO; the remaining tasks for NNLO are not that formidable.  

Calculational Status 

P. Bernreuther, Czakon, Fiedler, Mitov ’12-’13 

Czakon, Fiedler, Mitov ’14 and to appear 

Czakon ‘10 

Abelof, Gehrmann-De Ridder, Maierhofer, Pozzorini ‘14 

Abelof, Gehrmann-De Ridder ‘14 

Zhu, Li, Li, Shao, Yang ‘13 
Catani, Grazzini, Torre ‘14 
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ü  Inclusive top pair production is in a very good shape 
ü  Theory & experimental errors are small – at few %. 
ü  Agreement is very good (both 7 and 8 TeV).  
ü  The 8 TeV measurement dominated by luminosity/beam energy uncertainties !! 

ü  8/7 TeV ratio is not as good 
•  Is it modeling (i.e. the way we estimate theory errors in ratios – recall top AFB)? 
•  Is it real (if this then it will become obvious at 13 TeV!).  

Top Physics: top pair inclusive 

 Total inclusive cross section at NNLO (+NNLL) 
[Czakon, Fiedler, Mitov; 2013]

 Where we are

 

3

An interesting observable also for top pairs and jets ?
[ANDERSEN, MAÎTRE, SMILLIE, WINTER; LES HOUCHES 2011 PROCEEDINGS]
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Jan Winter Cannes, September 27, 2014 – p.11

Workshop on top diff distributions                                                          Alexander Mitov                                                                   Cannes, 26 Sep 2014 

!  EW corrections: are they readily available and easy to include in th/exp analyses? 

•  Computed - yes, available  - not really, in a useful way – no. 
•  Can be redone nowadays, perhaps the only question is how to do that so it is useful to  

           combine with QCD and use in analyses. Feedback welcome. 

!  Ratios 7,8 and 13,14: specific ideas for what to compute and measure. With motivation please… 

•  Talk by J. Rojo: while x-section agree well (th/exp)  
     but the 8TeV/7TeV ratio is not that good. 

            Is the ratio (and its errors) taken correctly? 
            (Recall M. Czakon’s talk today). 
 
!  The role of top decay: when it matters (much)? 

•  By now we know well that in the bulk of distributions NWA is good. Tails and other special  
           kinemics regions need special attention (all NLO talks).  
           Multi-particle correlations can be affected, too. 

•  S. Prestel told us that when resonances are  
    decaying beyond NWA, showers can be tricky. 

 
•  J. Winter suggested a new variable  

           that might be useful in the context of tt+many jets.  
           So far studied only for W+jets # 

 Need for fully merged NLO samples 

Some specific discussions/outcomes 

14

 Compare theory predictions for the 8 TeV / 7 TeV ratio with the recent ATLAS measurement:

 Interestingly, the data seem to undershoot the theory prediction by 2-sigma, and the tension 
with AMB11 is enhanced (3 sigma). To be understood ...

 For the 14 TeV / 8 TeV ratio, 10% spread between different PDF sets: clear discrimination power, 
but needs dedicated measurements

 The cross-section ratios are essentially independent of the value of the top quark mass used

Juan Rojo                                                                                                                          Top Differential Workshop, Cannes, 27/09/2014
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!  ATLAS:*differen0al*cross*sec0ons*in*l+jets*
events*at*√s*=*7*TeV*

!  Parton*level*quarks*are*defined*before*the*
decay*and*aper*QCD*radia0on*

!  Data*have*sufficient*precision*to*probe*MC:*
•  No*single*generator*performs*best*for*all*
kinema0c*variables*studied**

•  Measured*cross*sec0on*lower*than*
expected*for*high*top:quark*momentum*

!  Measurements*also*discriminate*between*
NLO*QCD*predic0ons*for*different*PDF*sets:*
•  HERAPDF1.5*generally*shows*beUer*
agreement*with*observed*distribu0ons*

12*

PRD*90*(2014)**072004*

Differen0al*Cross*Sec0on*in*Full*Phase*Space*
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ü  Inclusive differential top pair production  
•  theory at NLO(+) 
•  Discrepancies between theory  
    predictions and exp for top PT  
    (plays a role in many places: searches, ttH) 
•  Sensitive to PDF 
•  NNLO QCD should help 

Top Physics: top pair inclusive differential 

  

 SM@LHC 2014 (Summary)

 

 Differential ttbar cross section (NLO) 

 

1

● Differential ttbar cross section at NNLO

● Top Decays (NWA) at NNLO

[CMS PAS TOP-12-028]

ü  First NNLO differential results have 
appeared 

 
ü  Applied to top AFB  

•  Significant corrections 
•  SM in agreement with 

Tevatron data 

Czakon, Fiedler, Mitov ‘14 
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ü  Dominant (t-ch) NNLO QCD known; theory in good shape 
ü  Top decay will be added soon 

Top Physics: single top theory 

Single-top @ NNLO: more differential observables

pT,cut

σ(
p T

>
 p

T,
cu

t) mt/2 < μ < 2 mt 

4

p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ϵ, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ϵ; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single

•Contrary to NLO, 
results stable in the full 
spectrum

•Scale dependence 
typically improved

•K-factor is small but 
not constant 20
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LO
NLO

NNLO

top/anti-top ratio 
very stable

Charge ratio 
!  7 TeV (ATLAS):  
◦  σt(t) = 53.2 ± 10.8 pb,  σt(t¯) = 29.5 +7.4

-7.5 pb 
◦  Rt = σt(t)/σt(t¯) = 1.81+0.23

-0.22 
◦  Main systematics on Rt: background normalization (multijet from data, other from MC), JES 

!  8 TeV (CMS):  
◦  σt(t) = 53.8 ± 1.5(stat) ± 4.4(syst) pb,  σt(t¯) = 27.6 ± 1.3(stat) ± 3.7(syst) pb 
◦  Rt = σt(t)/σt(t¯) = 1.95 ± 0.10(stat) ± 0.19(syst) 
◦  Main systematics on Rt: PDF uncert., signal modeling 

!  Rt potentially sensitive to PDF 
!  Approaching the precision necessary to discriminate between different PDF models 
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7 TeV:  ATLAS-CONF-2012-056 
8 TeV : CMS-PAS-TOP-12-038 

 
 to be sub. to JHEP 

�t,NNLO/�t̄,NNLO = 1.83

�t,NLO/�t̄,NLO = 1.83

�t,LO/�t̄,LO = 1.85

8 TeV LHC,  MSTW2008,  mt = 173.2 GeV

No substantial modification w.r.t. NLO -> handle on PDF?

Single-top total cross section, NNLO QCD

�NLO
t+t̄ = 85.2+2.5

�1.4 pb, �NNLO
t+t̄ = 83.9+0.8

�0.3 pb (scale only)

�ATLAS
t+t̄ = 82.6± 1.2 (stat.)± 11.4 (syst.)± 3.1 (PDF)± 2.3 (lumi)

�CMS
t+t̄ = 83.6± 2.3 (stat.)± 7.4 (syst.)pb

Brucherseifer, Caola, Melnikov ‘14 
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ü  Inclusive and fiducial measurements available 
ü  All channels seen 
ü  Precision currently at ~ 10% 

Top Physics: single top exp 

Overview'on'inclusive'and'differen1al'single'top5
quark'cross5sec1ons'and'results'on'|Vtb|'

Kathrin(Becker,(University(of(Oxford(
on(behalf(of(the(ATLAS(and(CMS(collabora?ons(

(
(
(

SM@LHC(2015,(Florence,(22.04.2015(

Kathrin(Becker( SM@LHC(Florence,(22.04.2015( 5(

Fiducial(cross(sec?on(

•  Fiducial(cross(sec?on(reduces(the(extrapola?on(uncertain?es(from(the(measured(
region(to(the(inclusive(region,(which(are(determined(from(Monte(Carlo(

•  Cross(sec?on(measured(within(the(detector(acceptance(
•  Fiducial(region(defined(as(signal(region,(but(using(par?cleNlevel(objects(
•  σfid(tq+t̅q)(=(3.37(±(0.05((stat.)(±(0.48((syst.)(pb(N>(14%(uncertainty(

•  Reduc?on(on(signal(modeling(
uncertainty(of(about(3%((

•  Provides(feedback(to(the(
generator(community(

•  Fiducial(cross(sec?on(can(be(
extrapolated(to(the(inclusive(
cross(sec?on(using(the(
acceptance(of(the(different(
generators(and(the(BR(tN>Wb)(

ATLAS5CONF520145007'
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ü  Differential measurements also available from ATLAS and CMS 
ü  Large statistics for t-ch 
ü  Good agreement with MC’s  

Top Physics: single top exp 

•  All(distribu?ons(from(ATLAS(and(CMS(agree(well(with(SM(
predic?ons(

•  Measurements(s?ll(limited(by(data(sta?s?cs(and(background(
modelling(N>(precision(at(best(around(10%(

Kathrin(Becker( SM@LHC(Florence,(22.04.2015( 10(

Results(on(differen?al(cross(sec?ons(

CMS,(8(TeV,(

19.7(jN1(

CMS'PAS'
TOP5145004(



!  ATLAS:*differen0al*cross*sec0on*as******
a*func0on*of**pseudo:top*variables****
in*the*l+jets*channel*at*√s**=*7*TeV*

!  Observed*distribu0ons*show*some*
sensi0vity*to*PDF*sets*and*parton*
shower*models:*
•  POWHEG(HERAPDF)+PYTHIA*provides*
generally*the*best*representa0on*

*
!  Measurements*limited*by*systema0cs:*
•  b:tagging,*jet*energy*measurements,*
ini0al/final*state*parton*shower*

17*

Differen0al*Cross*Sec0on*with*Pseudo:Top*

SubmiUed*to*JHEP*
arXiv:1502.05923*
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ü  Differential measurements start to probe the tricky question: 

“How to compare measurements and predictions at the level of top quarks” 

Top Physics: New concepts: pseudo top 

ü  Operational definition is to combine particles (jets, leptons, …) to an object closely related to 
top quarks: pseudo-top. 

!  ATLAS:*using*par0cle:level*objects*as*defined*in*the*TopLHC*
working*group*to*construct*pseudo:tops*which:*
•  Avoid*large*model:dependent*extrapola0ons*to*parton:level**top*
quarks*and*to*full*phase*space*

•  Remain*strongly*correlated*with*corresponding*partons*from*QCD*
calcula0ons*

16*

Differen0al*Cross*Sec0on*with*Pseudo:Top*

!  ATLAS:*differen0al*cross*sec0on*as******
a*func0on*of**pseudo:top*variables****
in*the*l+jets*channel*at*√s**=*7*TeV*

!  Observed*distribu0ons*show*some*
sensi0vity*to*PDF*sets*and*parton*
shower*models:*
•  POWHEG(HERAPDF)+PYTHIA*provides*
generally*the*best*representa0on*

*
!  Measurements*limited*by*systema0cs:*
•  b:tagging,*jet*energy*measurements,*
ini0al/final*state*parton*shower*

17*

Differen0al*Cross*Sec0on*with*Pseudo:Top*

SubmiUed*to*JHEP*
arXiv:1502.05923*

! Could be relevant for the top PT 



Heavy Flavours                                                                                   Alexander Mitov                                                               DIS 2015, SMU, 27 April 2015 

ü  First differential cross-section measurement for boosted top: 
 

•  Using lepton + jets events in √s = 8 TeV data 
•  Hadronic top decay reconstructed as jet with R=1.0 with substructures 

Top Physics: New regimes : boosted top 

!  First*differen0al*cross*sec0on*measurement*for*boosted*top:*
•  Using*lepton*+*jets*events*in*√s*=*8*TeV*data*
•  Hadronic*top*decay*reconstructed*as*jet*with*R=1.0*with*substructures**

!  Unfolding*to*fiducial*(par0cle:level)*and*full*(parton:level)*phase*space*
•  JES*for*large:R*jets*main*systema0c*for*par0cle:level*measurements*
•  Signal*modeling*uncertainty*much*larger*for*results*at*parton*level*

!  NLO*and*LO+parton*shower*MC*predic0ons*overes0mate*data*

18*

Differen0al*Cross*Sec0on*of*Boosted*Tops*
ATLAS:CONF:2014:057*

Particle level Parton level 

ü  So far we observe a persistent feature: at high PT data is lower than theory 
ü  Is it:  

•  NNLO QCD? Or ( 2à n merged @ NLO) à matched to PS ? 
•  EW?  
•  Shower modeling? 
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Summary: Where do we go from here? 

ü  Top Physics: 

•  So far good agreement with SM everywhere 
•  Will be a dominant topic at Run II due to its omnipresence in SM and bSM analyses 
•  Expect fully differential NNLO QCD 
•  Combined with EW (fully differential) 
•  Top decay with NNLO QCD is not unlikely within 1 year’s time 
•  Single top fully differential with top decay to be expected 
•  Anticipate activity towards NNLO matched to showers (builds nicely on existing work on 

multijet merging in top). 
•  More measurements on 8 TeV data underway, Run-II data coming 
•  NLO 2-to-n MC’s are being commissioned for the new data 
•  Expect to scrutinize, for the first time, top production in the TEV range. 
•  First evidence for top pair production in association with boson (Z,W).   

ü  Bottom and Charm Physics: 

•  Overall agreement with SM but two 3σ deviations. Something to follow but may still go 
away… 

•  The SM predictions for b/c predictions are NLO. Fiducial NNLO predictions can be 
expected reasonably soon; detailed predictions may take more time. 

•  Interplay with top is very interesting; something to pay more and more attention to. 
•  Their contribution to PDF’s will become ever more important, within the Precision Frontier 


