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1 Introduction
Top quarks are produced at hadron colliders primarily in the form of tt pairs that originate
from a gtt vertex via the strong interaction [1, 2]. A fundamental difference between the tt pro-
duction in the Tevatron pp collisions and the LHC pp collisions is that the former is dominated
by qq annihilation and the latter by gluon fusion. At leading order, the standard model (SM)
predicts that the tt production is forward-backward symmetric in qq annihilation. However,
higher-order SM effects result in a small ( 6.6%) positive forward-backward asymmetry AFB,
such that the top quark (antiquark) is preferentially emitted in the direction of the incoming
quark (antiquark) [3]. There is no asymmetry in the gluon fusion tt production that dominates
at the LHC, but because valence quarks carry, on average, larger momentum than antiquarks
(from the sea), the rapidity distribution of top quarks is expected to be broader than that of top
antiquarks [4, 5]. The central-forward tt charge asymmetry is defined as

AC
N y 0 N y 0
N y 0 N y 0

, (1)

where y yt yt is the difference between the absolute value of the top quark and
top anti-quark rapidities. This distribution could be modified by beyond the standard model
(BSM) production mechanisms that exchange new bosons. AC is expected to be on the order of
1% in the SM.

Since the relative contribution of valence quarks increases at high momentum transfer [6], we
expect that measuring AC in a sample of highly boosted tt events will lead to a more stringent
probe of quantum chromodynamics (QCD) predictions and higher sensitivity to BSM physics
processes that might alter the charge asymmetry [7]. Several models predict enhancements
with respect to the SM prediction in the presence of new particles, including axigluons [8, 9],
Z bosons [10–12], and models that predict the existence of heavy W bosons, scalar isodou-
blets, color triplet scalars, and color sextet scalars [13, 14]. These models introduce new spin-0
and spin-1 particles in the interaction, modifying AC by exchanging the new particles through
interference terms and dedicated loops. Along with specific BSM models, deviations from the
SM prediction can also be explained through an effective field theory (EFT) approach in which
new physics contributions are described via a fixed set of dimension-six operators added to the
SM Lagrangian [15].

Early Tevatron AFB measurements [16, 17], based on about half of the full data set, sparked
wider interest when they showed larger asymmetries than those predicted by the SM at the
time [18]. These measurements were especially interesting because the discrepancies grew with
larger top quark pair masses and rapidity differences. Measurements using the full Tevatron
data set and combining the results from the two collaborations, CDF and D0, later became avail-
able [19]. Even though all measurements favored larger positive asymmetries than the predic-
tions [20], none of the observed differences were larger than 2 standard deviations. The ATLAS
and CMS collaborations have combined their inclusive and differential measurements of AC at
two center-of-mass energies (7 and 8 TeV), obtaining AC 0.005 0.007 (stat) 0.006 (syst) and
AC 0.0055 0.0023 (stat) 0.0025 (syst) at 7 and 8 TeV, respectively. The two independent
uncertainties reported are the statistical uncertainty in the observed data, labeled “stat”, and
the systematic uncertainty, labeled “syst”. These combined measurements show good agree-
ment with the respective SM predictions and uniquely restrict the phase space of possible BSM
phenomena that would produce large asymmetries [13].

The measurement presented in this publication is the first one that uses proton-proton colli-
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sion data at s 13 TeV and optimizes the reconstruction for highly Lorentz-boosted tt events
with invariant mass above 750 GeV. We target the single-lepton channel, in which both top
quarks decay as t bW, one W boson decays leptonically (W ), and the other decays
hadronically (W qq). The highly boosted top quarks yield collimated decay products that
are partially or fully merged. For the leptonically decaying top quark, this results in the lep-
ton (electron or muon) appearing as non-isolated because of its proximity to the b quark.
Dedicated jet and lepton cleaning at the trigger and offline levels allows us to reconstruct the
decay products of the boosted leptonically-decaying top quarks without applying an isolation
requirement on the leptons, while the multijet background is controlled with topological re-
quirements [21]. The behavior of hadronically decaying top quarks depends on the magnitude
of their transverse momentum (pT). At the high end of the pT spectrum, the top quark decay
products have angular distances between partons that can be smaller than the jet clustering
distance parameter and are thus reconstructed as a single, large-radius jet. In contrast, at the
low end of the pT near the kinematic threshold, each parton is matched to a single jet. For
intermediate pT values, the partons from the hadronic W decay are merged into a single jet,
but the b quark is reconstructed separately. All three topologies are considered in this analysis,
and are referred to as “Boosted”, “Semi-resolved”, and “Resolved”.

2 Apparatus and object reconstruction
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity ( ) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. Events of interest are selected using a two-tiered trigger system [22, 23].
A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [24].

The offline event reconstruction is based on a particle-flow algorithm [25], which combines
information from each subdetector to identify electrons, photons, and charged or neutral
hadrons. To recover inefficiencies observed in data for very high pT particle-flow muons, we
use muons that are reconstructed first in the muon system and then fitted to tracks [26]. The pri-
mary vertex (PV) is taken to be the vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [27]. Charged
hadrons associated with other vertices are removed from further consideration. The remaining
particle-flow candidates are clustered into jets using the anti-kT algorithm [28, 29] with distance
parameters of 0.4 (AK4) and 0.8 (AK8). If a lepton is found with R 2 2 0.4
with an AK4 jet, where is the azimuthal angle, its four-momentum is subtracted from that
jet [21]. The missing transverse momentum vector pmiss

T is computed as the negative vector
sum of the transverse momenta of all the PF candidates in an event, and its magnitude is de-
noted as pmiss

T [30]. Corrections are applied to improve the jet energy scale and resolution, and
the pmiss

T is modified to account for these corrections [31].

Specialized techniques use AK8 jets and jet substructure information, including the mass of
the leading three subjets [32] and the number of subjets [33], to separate the hadronic decay of
boosted top quarks into two exclusive categories: hadronically decaying top quarks (t-tag) in
which the three partons are merged into a single AK8 jet, and hadronically decaying W bosons
(W-tag) in which the two partons from the W boson are merged into a single AK8 jet, but the
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bottom quark is reconstructed as a separate AK4 jet. The identification of jets originating from
the decay of B-hadrons (b-tag) employs a deep neural network multi-classification algorithm
that relies on information from the tracker and the calorimeters [34]. The b-tagging algorithm
is applied to AK4 jets with pjAK4

T 50 GeV and jAK4 2.5; the t-tagging and W-tagging
algorithms are applied to AK8 jets with pjAK8

T 400 GeV and jAK8 2.5.

3 Collider data and simulated samples
We analyze data collected by the CMS detector during Run 2 (2018, 2017, and 2016) and cor-
responding to a total integrated luminosity of 138 fb 1 [35–37]. Events in the muon channel
( jets) are selected with a single muon trigger that requires pT 50 GeV. Events in the elec-
tron channel (e jets) are selected by either a single electron trigger with pe

T 115 GeV or a
trigger requiring one electron with pe

T 50 GeV and one jet with pj
T 165 GeV. As the e jets

trigger was not available during the early running period in 2017, the integrated luminosity
available for the 2017 e jets channel is reduced by 5 fb 1.

In the offline reconstruction, we select events for the jets (e jets) channel that contain
exactly one muon with pT 55 GeV and 2.4 (one electron with pe

T 80 GeV and
e 2.5) and at least two jets with pj1

T 150 GeV (pj1
T 185 GeV), pj2

T 50 GeV, and
j 2.4. To preserve the identification efficiency of tt decay products in the highly boosted

topology, no isolation requirement is imposed on the leptons either at trigger or offline level. To
reduce the background from QCD multijet events, we apply a two-dimensional (2D) selection
that requires leptons to satisfy the condition Rmin , j 0.4 or pT,rel , j 25 GeV, where

Rmin , j is the minimum R between the lepton and all AK4 jets, and pT,rel , j is the trans-
verse momentum of the lepton with respect to the axis of the nearest AK4 jet with pT 25 GeV
and 2.4 [21]. Finally, events need to satisfy pmiss

T 50 GeV and pmiss
T pT 150 GeV

(pmiss
T 120 GeV) in the jets (e jets) channel. To suppress the contribution from the

W jets background, at least one of the AK4 jets has to be b-tagged.

Monte Carlo (MC) samples for the tt and single top quark processes (ST) are produced with
the next-to-leading-order (NLO) POWHEG [38] generator. W jets, Drell-Yan (DY) Z jets and

jets, and QCD multijet processes are generated with MADGRAPH5 aMC@NLO [39]. All
samples are interfaced to PYTHIA8 [40] for parton showering with the CP5 tune [41]. Vector
boson pair (Diboson) events are simulated with PYTHIA8. All samples include the simulation
of additional inelastic pp interactions (pileup) within the same bunch crossing and additional
contributions from the previous and next bunch crossings. Small corrections are applied to
all MC samples to improve the agreement with the observed data, derived from data control
samples that are orthogonal to the candidate selection.

4 Event reconstruction
The tt system is reconstructed by assigning the four-vectors of the final-state objects to either
the leptonic t or hadronic th leg of the tt decay. For events with a t-tag, the t-tagged jet is
taken as the th and only AK4 jets with R 0.8 from the th are considered candidates for the
t . For events with a W-tag, the W-tagged jet is assigned to the th. AK4 jets with R 0.8 from
the W-tag can be assigned to either the t or the th. For events with no t-tag and no W-tag,
all possible assignments of AK4 jets are considered for both the t and the th. No b-tagging
information for individual jets is used in this process. Finally, one tt hypothesis is selected
for each event as the one that minimizes a 2 variable that minimizes the difference between
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t h e r e c o n st r u ct e d t a n d t h m a s s e s a n d t h e t r u e t o p m a s s ( wit hi n u n c e rt ai nti e s). B a c k g r o u n d

p r o c e s s e s t y pi c all y r e s ult i n l a r g e v al u e s of χ 2 a n d a r e r ej e ct e d f r o m t h e si g n al s el e cti o n.

T h e si g n al c a n di d at e s a m pl e i s s e p a r at e d i nt o t h r e e t o p ol o gi e s b a s e d o n t h e p r e s e n c e of
t-t a g g e d o r W-t a g g e d j et s: “ B o o st e d ” c o nt ai n s e v e nt s wit h o n e t-t a g a n d n o W-t a g; “ S e mi-
r e s ol v e d ” c o nt ai n s e v e nt s wit h o n e W-t a g a n d n o t-t a g; a n d “ R e s ol v e d ” c o nt ai n s t h e r e st of
t h e e v e nt s t h at h a v e n o t-t a g a n d n o W-t a g. O nl y e v e nt s wit h a n i n v a ri a nt m a s s of t h e t o p
q u a r k- a nti q u a r k p ai r ( M tt ) g r e at e r t h a n 7 5 0 G e V a r e r et ai n e d f o r f u rt h e r st u d y. Fi g u r e 1 s h o w s
c o m p a ri s o n s b et w e e n d at a a n d t h e S M p r e di cti o n f o r e v e nt s i n o u r c a n di d at e s a m pl e, w h e r e
t h e b o o st e d n at u r e of t h e e v e nt s b e c o m e s e vi d e nt: t h e M tt r a n g e e xt e n d s t o m ulti- Te V v al u e s,
e v e nt s wit h 2 a n d 3 j et s a r e r e c o n st r u ct e d, a n d e v e nt s wit h l e pt o n s cl o s e r t o t h e n e a r e st j et a xi s
t h a n t h e j et si z e a r e r et ai n e d. G o o d a g r e e m e nt b et w e e n p r e di cti o n a n d d at a i s o b s e r v e d i n all
c a s e s.
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Fi g u r e 1: C o m p a ri s o n b et w e e n d at a a n d S M p r e di cti o n f o r t h e e v e nt s i n t h e si g n al c a n di d at e
s a m pl e i n t h e c o m bi n e d + j et s c h a n n el aft e r t h e li k eli h o o d n o r m ali z ati o n ( s e e S e cti o n 6) f o r
s e v e r al q u a ntiti e s: ∆ |y | (t o p l eft), r e c o n st r u ct e d M tt (t o p ri g ht), di st a n c e b et w e e n t h e l e pt o n
a n d t h e cl o s e st A K 4 j et ∆ R mi n ( , j) ( b ott o m l eft), a n d t h e n u m b e r of A K 4 j et s ( b ott o m ri g ht).
D at a p oi nt s a r e s h o w n wit h t h ei r st ati sti c al u n c e rt ai nt y. T h e s h a d e d b a n d c o m bi n e s t h e M C
st ati sti c al u n c e rt ai nt y a n d t h e s y st e m ati c u n c e rt ai nt y ( s e e S e cti o n 5). O v e r all, g o o d a g r e e m e nt
b et w e e n d at a a n d si m ul ati o n i s o b s e r v e d i n all v a ri a bl e s.

5 S y st e m ati c u n c ert ai nti e s

S y st e m ati c u n c e rt ai nti e s f r o m n u m e r o u s s o u r c e s c a n aff e ct t h e n o r m ali z ati o n a n d t h e s h a p e of
t h e di st ri b uti o n s of p h y si c al o b s e r v a bl e s i n b ot h si g n al a n d b a c k g r o u n d si m ul at e d s a m pl e s.
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The systematic uncertainties affecting only the normalization come from the SM theoretical
cross section values for each process and the luminosity normalization. All MC samples are
normalized according to their respective SM cross section values and assigned a rate uncer-
tainty of 30% for background processes and 5% for the tt signal. Additionally, uncertainties
in the integrated luminosity vary per year—2.5%, 2.3%, and 2.5% for 2016, 2017, and 2018
respectively— and include both correlated and uncorrelated components across the three years.

All other systematic uncertainties affect both the normalization and the shape. Uncertainties
from experimental sources are applied to both signal and background samples. All MC sam-
ples are reweighted to match the pileup distribution in data, which is generated by using the
instantaneous luminosity per bunch crossing for each luminosity section, with a minimum bias
cross section of 69.2 mb; an uncertainty of 4.6% is applied to this value. All electrons and muons
in the simulated samples have uncertainties associated with the trigger and the reconstruction
and identification. These uncertainties are uncorrelated across lepton flavors but correlated
across years and are parameterized as a function of the pT and of the leptons. There is a flat
uncertainty in the efficiency of the 2D selection that rejects QCD background, which is uncorre-
lated across lepton flavors and years. Uncertainties in the jet energy scale (JES) and resolution
(JER) are parameterized in terms of the jet pT and and considered correlated across years.
The uncertainty in the tagging scale factors is parametrized as a function of the jet pT. The un-
certainties in t-tagging and W-tagging are 100% correlated across years, but the uncertainty in
b-tagging has both correlated and uncorrelated components. There are different scale factors to
account for the cases when the tagging algorithms incorrectly identify some jets, so a separate
mistagging uncertainty is also assigned.

In addition to the experimental sources, we consider uncertainties affecting the SM simulations.
Renormalization ( R) and factorization ( F) scales at the matrix element level are varied by a
factor of 2 or 0.5 to take into account the effect of higher-order corrections in the tt and W jets
simulations. The matrix element and parton shower (ME-PS) matching scale (hdamp) regulates
the high-pT radiation by damping real emissions from the POWHEG generator; this effect is only
taken into account for tt and evaluated using independent simulated samples. Uncertainties
related to the initial and final state radiation (ISR and FSR) modeling in the parton shower
are taken into account by varying the strong coupling constant s at the scale Q2 for the tt
samples. Finally, an uncertainty in the correction to the top quark pT in simulated tt samples,
which depends on the generator-level top quark transverse momentum, is evaluated as a one-
sided variation computed from the difference between the top quark pT distribution with and
without the correction. For all these uncertainties, those originating from the same source are
considered as 100% correlated between channels and those arising from different sources are
considered to be 100% uncorrelated.

6 Unfolded results
The top quark charge asymmetry is obtained by performing a simultaneous binned maximum
likelihood fit to data in all bins and categories of the signal candidate sample. Statistical uncer-
tainties due to the limited MC sample size are treated separately in each bin with the Barlow–
Beeston-lite [42] approach. Each source of systematic uncertainty is included in the likelihood
as a unique nuisance parameter. For contributions that apply to multiple analysis channels,
the nuisance parameters are fully correlated, allowing better constraints to be placed on the
systematic uncertainties. This unfolding approach also has the advantage that the contribu-
tions from the background processes are constrained by the fit, resulting in smaller systematic
uncertainties than a direct background subtraction. For a given channel k in our analysis, the
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channel likelihood function Lk is defined as:

Lk

Nreco

j 1
P nj;

Ngen

i 1
Aji u i bj N u , (2)

where

P n; represents the Poisson probability of observing n events when are ex-
pected.

the index i runs over the truth bins at generator level, and the index j runs over the
bins at reconstruction level. In this analysis, we use two bins corresponding to the
positive and negative difference between the absolute value of the top quark and
top antiquark rapidities y . Correspondingly, Nreco and Ngen are both set equal to
2.

the response matrix Aji gives the probability for an event produced in bin i to be
measured in bin j.
nj corresponds to the number of data events in bin j.
bj represents the number of background events predicted in bin j.

N u represents the priors from the nuisance parameters taken as normal distribu-
tions of the individual uncertainty sources u. Normalization uncertainties are taken
as log-normal distributions.

Each analysis channel is defined by a range of Mtt values and a specific year and lepton flavor.
The final result is given by the product of the individual likelihoods with the index k running
over all 12 channels: two lepton flavors ( jets and e jets), 3 years (2018, 2017, and 2016),
and two mass regions (Mtt 750, 900 GeV and Mtt 900 GeV). Table 1 shows the signal
and background yields in our final candidate sample after the likelihood fit, separated into the
two mass regions. The contributions to our candidate sample from background processes (ST,
W jets, DY, and QCD multijet) are taken from simulation. The Diboson background yield
is negligible and therefore omitted from the table. Figure 2 shows y for each of these 12
channels both before and after the likelihood normalization. As can be observed, the likelihood
fit reduces the total uncertainty significantly and improves the agreement between data and the
SM prediction.

Combinations of subsets of these channels are also possible and allow us to obtain results for
the two mass regions separately. In all cases, the unfolding performs a multi-dimensional max-
imum likelihood fit of the simulation to observed data and returns two signal strengths, rpos
and rneg, corresponding to the y 0 and y 0 regions, respectively. We choose to define
rpos in terms of rneg and Afid

C , which allows us to obtain from the likelihood fit directly:

rpos rneg
Ntruth y 0
Ntruth y 0

1 Afid
C

1 Afid
C

, (3)

where

Ntruth y is the number of events in a given y bin at the generator level,

rneg is the signal strength that scales the contribution of the events with y 0,
and
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Fi g u r e 2: C o m p a ri s o n b et w e e n d at a a n d S M p r e di cti o n f o r ∆ |y | f o r e a c h of t h e 1 2 a n al y si s c h a n-
n el s b ot h b ef o r e (l eft) a n d aft e r ( ri g ht) t h e li k eli h o o d n o r m ali z ati o n. T h e pl ot s i n t h e t o p r o w
c o r r e s p o n d t o 7 5 0 G e V ≤ M tt ≤ 9 0 0 G e V, a n d t h e pl ot s i n t h e b ott o m r o w t o M tt > 9 0 0 G e V.
D at a p oi nt s a r e s h o w n wit h st ati sti c al u n c e rt ai nt y, a n d t h e s h a d e d b a n d c o m bi n e s t h e M C st a-
ti sti c al u n c e rt ai nt y a n d t h e s y st e m ati c u n c e rt ai nt y. A s c a n b e o b s e r v e d, t h e s e u n c e rt ai nti e s a r e
r e d u c e d si g ni fi c a ntl y aft e r t h e li k eli h o o d fit, a n d t h e a g r e e m e nt b et w e e n d at a a n d si m ul ati o n
i s i m p r o v e d. O v e r all, e x c ell e nt a g r e e m e nt i n all c h a n n el s i s o b s e r v e d.
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Table 1: Event yields after the likelihood fit for each of the 12 channels used in the analysis
( jets, e jets and 3 years: 2018, 2017, and 2016), separated into the two mass regions, for
events that pass the signal sample selection. The errors shown include both the MC statistical
and the total systematic uncertainty.

Process 2018 2017 2016 e2018 e2017 e2016

750 GeV Mtt 900 GeV
tt 22226.67 1950.71 16434.01 1403.42 10368.72 965.88 4586.29 445.32 2952.65 258.24 2564.28 237.28
ST 1618.11 146.22 2154.47 190.31 912.80 77.74 413.35 34.46 506.82 43.33 286.85 25.73
W jets 966.31 107.78 1152.92 124.98 1248.75 271.95 244.14 26.93 223.16 25.24 320.43 69.12
DY 85.51 16.55 44.35 8.51 53.16 10.87 15.42 3.00 6.15 1.19 9.31 1.72
QCD multijet 415.36 101.54 270.23 55.02 182.20 43.53 5.64 2.15 1.85 1.42 0.00 0.00
Total 25311.96 1961.85 20055.99 1422.86 12765.63 1007.44 5264.85 447.48 3690.64 263.07 3180.87 248.48
Data 25417 20052 12735 5219 3674 3127

Mtt 900 GeV
tt 23343.26 2269.82 17124.51 1641.34 10697.60 1059.26 7144.49 745.33 4875.68 485.69 4111.02 425.51
ST 1646.12 143.62 2022.92 166.04 924.42 84.56 609.30 55.66 689.51 59.91 422.01 36.27
W jets 1448.65 171.68 1326.88 159.09 1968.35 449.51 518.91 63.82 435.07 52.74 741.77 161.82
DY 106.53 21.54 61.12 11.42 66.78 13.14 31.31 5.60 14.36 2.78 18.86 3.66
QCD multijet 856.61 122.48 811.55 133.86 473.15 74.80 13.17 2.58 34.19 8.59 40.16 10.30
Total 27401.17 2284.21 21346.98 1662.80 14130.29 1156.29 8317.18 750.15 6048.81 492.28 5333.82 456.81
Data 27298.00 165.22 21358.00 146.14 14157.00 118.98 8361.00 91.44 6066.00 77.88 5385.00 73.38

Afid
C is the value of the unfolded charge asymmetry in the fiducial phase space and

its uncertainty.

The measured charge asymmetry in the fiducial phase space is found to be consistent, within
uncertainty, with the expectations. This is shown in Table 2 and Fig. 3 (left), which together
summarize the Afid

C values for different mass regions with their statistical and systematic un-
certainties, compared to the theoretical values obtained using Asimov data.

Table 2: Measured unfolded charge asymmetry at fiducial phase level in individual channels
compared with the SM predictions.

Mtt ( GeV) AC (measured) stat syst MC stat total AC (theory)

AC in fiducial phase space
750 0.0022 0.0044 0.0034

0.0043 0.0032 0.0064
0.0069 0.0072 0.0064

0.0061
750 900 0.0039 0.0066

0.0065
0.0039
0.0056

0.0043
0.0044

0.0088
0.0096 0.0060 0.0097

0.0091
900 0.0118 0.0058 0.0055

0.0075 0.0041 0.0090
0.0103 0.0083 0.0085

0.0082

AC in full phase space
750 0.0069 0.0044 0.0034

0.0042 0.0032 0.0065
0.0069 0.0094 0.0005

0.0007
750 900 0.0243 0.0065 0.0029

0.0064
0.0045
0.0043

0.0084
0.0101 0.0087 0.0006

0.0008
900 0.0037 0.0058 0.0055

0.0072
0.0041
0.0040

0.0090
0.0101 0.0101 0.0006

0.0007

The measured AC is also presented in the full phase space using a correction based on , the
product of the acceptance measured at generator level times the event selection efficiency. The
number of unfolded signal events in each channel is divided by the corresponding to correct
from the fiducial phase space of that channel to the full phase space common to all 12 channels.
In this case, the relation:

rpos rneg

pos

neg
Ntruth y 0
Ntruth y 0

1 Afull
C

1 Afull
C

(4)

allows us to obtain the signal strengths rneg and Afull
C directly from the likelihood fit. Afull

C is the



7. S u m m ar y 9

> 7 5 0 G e V [ 7 5 0, 9 0 0] G e V > 9 0 0 G e V

tt
M

0. 0 8−

0. 0 6−

0. 0 4−

0. 0 2−

0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

C
A

N N L O Q C D + N L O E W c orr e cti o n s( A si m o v d at a)

M e a s ur e d fi d u ci al v al u e wit h st at & t ot al err or

C M S
 ( 1 3 T e V)- 11 3 8 f b

> 7 5 0 G e V [ 7 5 0, 9 0 0] G e V > 9 0 0 G e V

tt
M

0. 0 8−

0. 0 6−

0. 0 4−

0. 0 2−

0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

C
A

N N L O Q C D + N L O E W 

M e a s ur e d v al u e i n f ull P S wit h st at & t ot al err or

C M S
 ( 1 3 T e V)- 11 3 8 f b

Pr eli mi n ar y

Fi g u r e 3: T h e m e a s u r e d A C v al u e s i n diff e r e nt m a s s r e gi o n s, c o m bi ni n g t h e µ + j et s a n d e +
j et s c h a n n el s, c o m p a r e d wit h t h e p r e di cti o n i n t h e fi d u ci al r e gi o n o bt ai n e d b y fitti n g A si m o v
d at a (l eft) a n d t h e t h e o r eti c al p r e di cti o n i n cl u di n g N N L O Q C D a n d N L O E W c o r r e cti o n s f r o m
R ef. [ 4] ( ri g ht).

v al u e of t h e u nf ol d e d c h a r g e a s y m m et r y at p a rt o n l e v el c o r r e ct e d b a c k t o t h e f ull p h a s e s p a c e
a n d it s u n c e rt ai nt y. T h e u n c e rt ai nt y i n t h e a c c e pt a n c e a ri si n g f r o m t h e o r eti c al u n c e rt ai nti e s
i n tt g e n e r ati o n i s s e v e r al o r d e r s of m a g nit u d e s m all e r t h a n t h e s y st e m ati c u n c e rt ai nti e s a n d
t h e r ef o r e n e gl e ct e d.

T a bl e 2 a n d Fi g. 3 ( ri g ht) s h o w t h e m e a s u r e d t o p q u a r k c h a r g e a s y m m et r y aft e r u nf ol di n g t o
p a rt o n l e v el i n t h e f ull p h a s e s p a c e, c o m p a r e d wit h t h e t h e o r eti c al p r e di cti o n at N N L O Q C D
a n d N L O E W c o r r e cti o n s f r o m R ef. [ 4]. G o o d a g r e e m e nt b et w e e n t h e d at a a n d t h e S M p r e-
di cti o n i s o b s e r v e d. Fi g u r e 4 s h o w s t h e r a n ki n g of t h e m ai n s y st e m ati c u n c e rt ai nti e s f o r t h e
i n cl u si v e A C m e a s u r e m e nt.

7 S u m m ar y

T h e fi r st m e a s u r e m e nt of t h e c h a r g e a s y m m et r y f o r hi g hl y b o o st e d t o p q u a r k- a nti q u a r k p ai r s

i n p p c olli si o n s at
√

s = 1 3 Te V h a s b e e n p r e s e nt e d b a s e d o n 1 3 8 f b − 1 of d at a. T h e s el e cti o n w a s
o pti mi z e d f o r t o p q u a r k- a nti q u a r k p ai r s p r o d u c e d wit h l a r g e L o r e nt z b o o st s a n d d e c a yi n g t o
a si n gl e l e pt o n + j et s, r e s ulti n g i n n o n-i s ol at e d l e pt o n s a n d o v e rl a p pi n g j et s. T h e t o p q u a r k
c h a r g e a s y m m et r y i s c o r r e ct e d f o r d et e ct o r a n d a c c e pt a n c e eff e ct s u si n g a bi n n e d m a xi m u m
li k eli h o o d fit. T h e r e s ulti n g u nf ol d e d c h a r g e a s y m m et r y f o r tt e v e nt s wit h M tt ≥ 7 5 0 G e V c o r-

r e ct e d t o t h e f ull p h a s e s p a c e i s A f ull
C = 0. 0 0 6 9 + 0. 0 0 6 5

− 0. 0 0 6 9 . T h e c o r r e s p o n di n g t h e o r eti c al p r e di cti o n

at N N L O i n p e rt u r b ati o n t h e o r y wit h N L O el e ct r o w e a k c o r r e cti o n s f r o m R ef. [ 4] i s 0. 0 0 9 4 + 0. 0 0 0 5
− 0. 0 0 0 7 .

G o o d a g r e e m e nt b et w e e n t h e d at a a n d t h e S M p r e di cti o n i s o b s e r v e d.
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