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TOP PAIRS PLUS JETS AT THE LHC
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Top pairs + jets as background
to signals with jets, leptons and missing energy
(e.g. Higgs and SUSY searches)

Top-jet resonances
probe new electroweak bosons (à la Z´, W´)

[Gresham et al., PRD 84 (2011) 034025][Knapen, Zhao, Strassler, PRD 86, 014013 (2012)]
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1 Introduction
Many extensions to the standard model (SM) involve enhanced gauge symmetries that give
rise to additional gauge bosons. Within these extensions, one of the additional bosons could
be the W� boson, a proposed heavy partner to the W boson. There are many scenarios with
a W� boson: a left-right symmetric model [1], a model based upon a new SU(2) sector [1], a
technicolor model [2], and a W� as the lowest Kaluza–Klein mode of the W boson [3].

A W� boson with a coupling to top (t) and down (d) quarks has been proposed [4] to explain
the anomalous forward-backward asymmetry in tt events reported at the Tevatron [5–7]. The
observed effect, which is particularly significant for large values of the tt mass, could be ex-
plained by the production of a W� boson with a mass in the range of 200–600 GeV/c2 [4]. A
search for a W� decaying to top and light quarks was conducted by the CDF experiment [8].
With a predicted cross section around 20 pb at 7 TeV and an assumed 100% branching fraction
into t and d quarks, as illustrated in Fig. 1, the W� boson is potentially observable with the data
already collected by the Compact Muon Solenoid (CMS) collaboration at the Large Hadron
Collider (LHC).
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Figure 1: Feynman diagrams for s-channel production of (left) W�− and (right) W�+. Diagrams
for t-channel production can be found in Ref. [9].

Because the LHC collides protons with protons, rather than with antiprotons, the valence d
quarks have a much larger fraction of beam particle momentum than d quarks, which come
from the proton “sea”. The result is that, at leading order (LO), the W�− (W�+) contributes
about 85% (15%) of the total W� production cross section, for W� masses in the range from 400–
1200 GeV/c2 [9]. This feature can be used to aid in the identification of the W� , as explained in
Section 6.

The LO processes shown in Fig. 1 result in a final state of tt plus a d quark or antiquark. This
final state can be classified according to how the W bosons from the top quarks decay: all
hadronic (both W bosons decaying hadronically), partially leptonic (one decaying hadronically,
the other leptonically), or fully leptonic (both decaying leptonically). We focus on the partially
leptonic mode because it has a larger branching fraction than the fully leptonic mode and a
cleaner signature than the all-hadronic mode. The event selection for this analysis requires one
electron or muon accompanied by several jets and an imbalance in transverse momentum. The
main background originates from SM tt production with initial- or final-state radiation. We
conduct a search for the W� signal by comparing the number of observed events in data with
the total expected from SM sources. In addition, we utilize a kinematic reconstruction of the W�

resonance mass and the inherent charge asymmetry of this model to perform an independent
test for the presence of W� events in the data.

[CMS, Phys. Lett. B717, 351 (2012)]

[ATLAS-CONF-2012-096]

Charge asymmetry in top pair + jet production
probe new massive color octets (e.g. axigluons, colorons)

[Berge & Westhoff, PRD 86 (2012) 094036]
[Ferrario & Rodrigo, JHEP 1002 (2010) 051]
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[see e.g. Rainwater & Zeppenfeld, PRD 60 (1999) 113004]



TOP PAIR + JET CROSS SECTIONS
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    QCD @ NLO
    + top decay and parton shower effects

[Dittmaier, Uwer, Weinzierl, PRL 98, 262002 (2007) & Eur. Phys. J. C59, 625 (2009)]
[Melnikov & Schulze, Nucl. Phys. B840, 129 (2010)]

[Melnikov, Scharf, Schulze, PRD 85, 054002 (2012)]
[Alioli, Moch, Uwer, JHEP 01, 137 (2012)]

[ATLAS-CONF-2012-083,                                                                              ]

σtt̄j = 102± 2+23
−26 pb

σtt̄j/σtt̄ = 0.54± 0.01+0.05
−0.08

[s. also CMS-PAS-TOP-12-018]

Tevatron: little phase space, small production rate

LHC: „top factory“, high production rate

√
s = 7TeV, pjT > 25GeV, �j, L = 4.7/fb

√
s = 1.96TeV, pjT > 20GeV, �j, L = 4.1/fb

σtt̄j = 1.6± 0.2± 0.5 pb

Sizeable fraction of tt production with at least one hard jet:

[CDF Public Note 9850 (2009),                                                                                    ]



CHARGE ASYMMETRY EXCESSES AT TEVATRON 
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2.9σ

16.4± 4.5%

19.6± 6.5%

42.0± 15.0%

18.8± 3.6%
6.6± 2.0%

0 5 10 15

CDF, l!j !9.4"fb#
D0, l!j !5.4"fb#
D0, dil !5.4"fb#

NLO QCD ! EW

Top forward-backward asymmetry       

Lepton asymmetry       (no top reconstruction)
Tevatron Lepton         MeasurementsA�

FB

At
FB

A�
FB

12.0± 3.0%

9.4+3.2
−2.9 %

5.8± 5.3%

3.6± 0.2%



CHARGE ASYMMETRY DEFINITIONS
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Aexp
C =

σ(∆y > 0)− σ(∆y < 0)

σ(∆y > 0) + σ(∆y < 0) LHC: beamward-central
∆y = |yt|− |yt̄|Aexp

C = A|y|
C � AC

Tevatron: forward-backward
∆y = yt − yt̄Aexp

C = Ay = AC

AC =
σθt
A

σS
, σS,A =

� 1

0
d cos θt

dσtt̄

d cos θt
± dσt̄t

d cos θt

Probe charge asymmetry through angular correlations:

P P̄

q̄q

t

t̄ B F

θ̂θt



CHARGE ASYMMETRY APPROACHES AT LHC
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Charge Asymmetry in e/mu+jets

Ac = 0.004 ± 0.010 (stat.) ± 0.011 (syst.)
Inclusive Charge Asymm.:

! Inclusive measurement
! Differential measurement (|ytt|, pT

tt, mtt)

7 TeV arXiv:1207.0065 

SM prediction: Ac = 0.0115 ± 0.0006

Dominant Systematic Uncertainties:
model dependence (|ytt|, pT

tt, mtt), lepton eff.,
background pred., jet energy scale

Not sensitive to distinguish between 0 and SM prediction. 
Data disfavours large deviations from SM

[CMS, arXiv:1207.0065]

[CMS-PAS-TOP-12-010]

[ATLAS, Eur. Phys. J. C72 (2012) 2039]

[ATLAS-CONF-2012-057]

No observable deviations from SM                               .ALHC7

C = 1.15± 0.06%

Hard to achieve high significance for inclusive asymmetry in SM.

A|y|
C

Lepton+jets

Dilepton

CMS:

ATLAS:

CMS:

ATLAS:

A|y|
C = 0.4± 1.0± 1.1%

A|y|
C = −1.9± 2.8± 2.4%

A|y|
C = 5.0± 4.3+1.0

−3.9 %

A|y|
C = 5.7± 2.4± 1.5%

[Kühn, Rodrigo, JHEP 1201 (2012) 063]



RAPIDITY ASYMMETRIES IN THE SM
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LO:   no asymmetry
NLO: virtual + real

tt̄

LO:    real 
NLO: virtual + real

inclusive

[Ahrens et al., PRD 84 (2011) 074004][Hollik, Pagani, PRD 84 (2011) 093003]

[Kühn, Rodrigo, JHEP 1201 (2012) 063]

[Alioli, Moch, Uwer, JHEP 1201 (2012) 137,  pTj > 20 GeV]

[Alioli, Moch, Uwer, JHEP 1201 (2012) 137,  pTj > 50 GeV]

tt̄+ jet

Ay = (7.16+1.05
−0.68 %)NLO+NNLL · 1.22EW

Tevatron

A|y| = 1.15± 0.06%

LHC7

Ay
LO

= −11.1+0.2
−0.1 %

Ay
NLO

= −4.40± 0.04%

A|y|
LO

= −0.47± 0.04%

A|y|
NLO

= 0.51± 0.09%(incl. EW)

qq

q̄ q̄

t

t̄

q q q

t
t

t̄g g

dominant tiny



JET HANDLE IN TOP PAIR PRODUCTION

P P̄

q̄q

t

t̄ B F

θ̂

jet
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σtt̄j(p
j
T → 0) ∼ ln2

�
mt

pjT

�
Cross section divergent in soft and collinear limit:

Cut on jet transverse momentum defines hard jet:

pjT ≥ 20− 30GeV (also required for experimental reasons)

θt�θj



JET KINEMATICS MATTER
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σA ∼ ln

�
mt

pjT

�
, σS ∼ ln2

�
mt

pjT

�

[Berge & Westhoff, PRD 86 (2012) 094036]

Asymmetry is maximal for central jet,               . θj = π/2
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NEW OBSERVABLES

12

Based on
final-state kinematics:

qg channel:qq channel:

jet distribution symmetric jet distribution asymmetric

q q̄

g

t
t̄

�kt + �kt̄ + �kj = 0

Et + Et̄ + Ej =
√
s

[Berge, Westhoff,1305.3272 (accepted by JHEP)]

q g

t

t̄ q

new



QQ CHANNEL: COMPLEMENTARY ASYMMETRIES
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Fully differential charge asymmetry

dσ̂ϕ
A

dθj
=

dσ̂(cosϕ > 0)

dθj
− dσ̂(cosϕ < 0)

dθj

dσ̂E
A

dθj
=

dσ̂(∆E > 0)

dθj
− dσ̂(∆E < 0)

dθj

Incline asymmetry

Energy asymmetry

dσ̂A(qq̄ → tt̄j) =
�
dσ̂(tt̄)− dσ̂(t̄t)

�
(θj , Ej ,ϕ,∆E), ∆E = Et − Et̄



QQ: ASYMMETRIES AT PARTON LEVEL
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Incline asymmetry is largely independent from jet direction

and equals rapidity asymmetry for central jet emission. 

Energy asymmetry has antisymmetric jet distribution. σ̂E
A

σ̂ϕ
A

x
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INCLINE ASYMMETRY AT THE TEVATRON

S(10 fb−1) = 4.2

Total incline asymmetry: Aϕ
LO

= −15.6%
Aϕ/Ay ≈ 1.2

Statistical significance:

Aϕ =
σϕ
A

σS
=

σ(cosϕ > 0)− σ(cosϕ < 0)

σ(cosϕ > 0) + σ(cosϕ < 0)

c

AΘt

A"

0 Π
4

Π
2

3 Π
4

Π
$30

$25

$20

$15

$10

$5

0

Θj !rad "

A
"
#Θ j$!%

"

Aϕ
Ay

√
S = 1.96TeV, pjT ≥ 20GeV, |yj | ≤ 2
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√
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INCLINE ASYMMETRY AT THE LHC
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Aϕ,q =
σϕ
A(ytt̄j > 0)− σϕ

A(ytt̄j < 0)

σS

Identify quark direction via final-state boost: ytt̄j =
1

2
ln

�
x1

x2

�

!yttj ! !1

AΘt ,q , A y
qg

0 Π
4

Π
2

3 Π
4

Π
$3.5
$3.0
$2.5
$2.0
$1.5
$1.0
$0.5
0.0

Θj "rad #

A
%,
q $Θ j%"

&
#

√
S = 8TeV, pjT ≥ 25GeV, |yj | ≤ 2.5

Total incline asymmetry:

   Need efficient cuts.
Aϕ,q = −0.8%



INCLINE ASYMMETRY AT LHC8
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x
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Significance statistically limited 

Cuts
           : suppress collinear region
            : suppress gg background
                : enhance  | cos(ϕ)|min

|ŷj |max

|ytt̄j |min

σϕ
A/σS

x
Aϕ,q = −2.4%
σS = 20pb
S(22/fb) = 3.6

„S max.“ x

S(22/fb) = 2.3

Aϕ,q = −5%
σS = 1.8 pb

„A max.“

Aϕ,q =
σϕ
A(ytt̄j > 0)− σϕ

A(ytt̄j < 0)

σS
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INCLINE ASYMMETRY AT LHC14

x

x

x
Aϕ,q = −2.4%
σS = 18pb
S(50/fb) = 5

„50/fb“ x
Aϕ,q = −3.7%
σS = 3.6 pb

S(100/fb) = 5

„100/fb“

Higher luminosity:
stronger cuts,
enhanced sensitivity

Aϕ,q =
σϕ
A(ytt̄j > 0)− σϕ

A(ytt̄j < 0)

σS



QG CHANNEL: ENERGY ASYMMETRY
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Energy asymmetry
      = forward-backward asymmetry of quark-jet in tt frame
      ~ incline asymmetry in tt frame

t

q g

t̄ q

�

θ(tt̄)q

Et < Et̄ ↔ cos θ(tt̄)q > 0

, Et

, Et̄



QG: ASYMMETRIES AT PARTON LEVEL
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ENERGY ASYMMETRY AT THE LHC
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No need to identify the quark direction!

Jet distribution
is symmetric (qg + gq)
and maximal in central region.

Good to avoid collinear region.

√
S = 8TeV, pjT ≥ 25GeV, |yj | ≤ 2.5

!yttj ! !1

qggq

q g gq
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Π
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E
$Θ j%"%

#

AE =
σE
A

σS
=

σ(∆E > 0)− σ(∆E < 0)

σ(∆E > 0) + σ(∆E < 0)



ENERGY ASYMMETRY AT LHC8
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σE
A
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=
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σ(∆E > 0) + σ(∆E < 0)

    large maximal asymmetry,
but again: statistical limitations

σ(qg)/σ ≈ 25% (σ(qq̄)/σ ≈ 7%)



ENERGY ASYMMETRY AT LHC14
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AE = −11%
σS = 0.14 pb
S(300/fb) = 5

Higher luminosity:
stronger cuts,
access to maximal asymmetry
of up to -12%

Good discovery potential during first run at 14 TeV.



TAKE HOME:  TOP PAIR + JET PROSPECTS
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Charge asymmetry in tt + jet in QCD at LO.
Optimal observables respect jet kinematics.

Probe charge asymmetry in
    qq channel: incline asymmetry
    qg channel (new): energy asymmetry

Observables at
Tevatron:      incline asymmetry                , statistical limits 
LHC8:          incline & energy asymmetry, statistical limits
LHC14:        max. incline asymmetry
                   max. energy asymmetry
                   good discovery potential with

Aϕ = −15%

Aϕ,q = −5%

AE = −12%

Caveat: NLO corrections are important.

L � 50/fb


